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Dergi Hakkinda

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi (AKU FEMUBID), fen ve
miithendislik bilimleri alanlarindaki giincel gelismeleri takip etmek, meslek kuruluslart ve bireylerin
ulusal ve uluslararasi gelisimlerine katkida bulunmak ve bu alanlarda nitelikli bir kaynak olusturmak
amaciyla yayimlanmaktadir.

Eski adiyla “Afyon Kocatepe Universitesi Fen Bilimleri Dergisi”, 1999 yilinda yilda 2 say1 olarak
Tiirkce ve Ingilizce makalelerle yaym hayatina baglamistir. Ocak 2013 ten itibaren isim degistirerek
“Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi” olarak yaymn hayatina devam
etmistir. Makale degerlendirme siirecinin seffaflagtirilmasi ve optimizasyonu i¢in Subat 2013 itibartyla
cevrimici makale degerlendirme ve takip sistemi uygulamaya alinmistir. Ocak 2015 itibaren yazarlarin
bagvuru islemlerinin kolaylastirilmasi, degerlendirme siirecindeki ¢alismalarin olabildigince seffaf takip
edebilmesi, yazar ve editoryal ekip arasindaki iletisimin daha etkin kullanilabilmesi, yayilanma
stirecindeki diizenleme islemlerinin kolaylastirilmasi, okuyucularin yayimlanan makalelere daha kolay
ulasma imkanlar1 gibi avantajlar saglayan elektronik dergi (e-ISSN: 2149-3367) olarak
yayimlanmaktadir. 2015 yilindan itibaren yaymlanan sayilarla birlikte TRDizin’de (TUBITAK-
ULAKBIM) indekslenerek miihendislik ve temel bilimler konularinda makaleler yayinlamaya devam
etmektedir. Ocak 2020 yilindan itibaren AKU FEMUBID yilda 6 say1 (Subat, Nisan, Haziran, Agustos,
Ekim ve Aralik) olarak Tiirkce ve Ingilizce makaleleri Dergi Park araciligiyla online olarak kabul
etmektedir.

Makale gondermek isteyen yazarlarimiz, dergi internet sayfamizdan
(https://dergipark.org.tr/tr/pub/akufemubid) kayit yaptirarak, 6zgiin bilimsel arastirma makalelerini
cevrimigi olarak gonderebilir ve siireci takip edebilirler. Dergimize yaymlanmak iizere bagvurusu
yapilan makaleler Dergi Park arayiizii ile en az iki hakem (¢ift tarafli kor hakemlik sistemi) tarafindan
degerlendirilmektedir. Yazilar1 degerlendiren hakemlerin adlar1 yazarlara bildirilmez. Hakemler de
yazarlarin adlarin1 géremez.

Derginin Amaci

Ulusal ve uluslararasi temel bilimler ve miihendislik ile ilgili ¢esitli disiplinler iizerine ¢aligan
akademisyenler, arastirmacilar ve dgrencilerin Tiirkge ve Ingilizce yaymn yapabilmesini saglamak,
ayrica bu alanda nitelikli akademik yayinlarin toplumsal ve bilimsel gelisime katki saglamasi i¢in bir
ortam sunmak amacini giitmektedir.

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi, zgiin bilimsel arastirmalar ile
uygulama caligmalarina yer veren bir dergidir. Dergide, fen ve miihendislik bilimlerinde yapilmig
deneysel ve teorik ilerlemeleri igeren bilimsel ve 6zgiin arastirma makalesi tiiriindeki ¢alismalara yer
verilir. Ayrica, lisansiistii tezlerden hazirlanan yayinlar veya bu tezlerin bir alt ¢alismasi olarak
hazirlanan 06zgiin ve daha oOnce hicbir yerde yayimlanmamis olan aragtirma makaleleri kabul
edilmektedir.

Dergideki Yayin Cesitliligi

Ozellikle aragtirma makaleleri, Orijinal modelleme ve matematiksel g¢aligmalar, disiplinlerarasi
miihendislik uygulamalarimi igeren ¢alismalar ve son teknoloji arastirmalar1 dergimize kabul
edilmektedir. Teknik notlar, derlemeler, editére mektuplar ve kisa bildirimler kabul edilmemektedir.
Liitfen génderiminizi yaparken segenekler listesinden uygun makale tiiriinii sectiginizden emin olunuz.
Ozel sayilara basvuru yapan yazarlarin, zel say1 makale tiiriinii bu listeden sectiklerinden emin olmalari
gerekmektedir.
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Oz

%9Co izotopunun (g,n), (g,2n) ve (g,3n) fotontikleer reaksiyon
tesir kesitleri makroskopik ve mikroskopik nikleer seviye
yogunlugu modelleri (CTM, BSFGM, GSM, Goriely’s Skyrme
kuvveti, Hilaire Skyrme kuvveti, HFB Gogny) ve gama isinim
siddet fonksiyonlari (Brink-Axel, Kopecky-Uhl, HFBCS, HFB,
Goriely hibrid) TALYS 1.96 bilgisayar kodu kullanilarak 40 MeV
gelen pargacik enerjisine kadar hesaplanmistir. Sonuglar EXFOR
(deneysel nukleer reaksiyon veri tabani) kitiiphanesinden
alinan deneysel veriler ve birbirleri ile karsilagtirilmistir. Bu
galismanin amaci, nikleer seviye yogunlugu modellerinin ve
gama Isinim siddet fonksiyonlarinin 5°Co izotopunun gama ile
indlklenen reaksiyonlarinin tesir kesitleri Uzerindeki etkilerinin
arastirilmasidir.  Analiz edilen reaksiyonlarin tesir kesitleri
Gzerinde bu teorik modellerin etkileri detayl olarak bu
galismada sunulmustur.

Anahtar Kelimeler: Niikleer seviye yogunlugu modelleri; Tesir kesiti;
gama 1sinim siddet fonksiyonlari; >°Co izotopu; TALYS.

Abstract

(g.n), (g,2n) and (g,3n) photonuclear reaction cross sections of
53Co were calculated with macroscopic and microscopic nuclear
level density models (CTM, BSFGM, GSM, Goriely’s Skyrme
force, Hilaire Skyrme force, HFB Gogny) and gamma-ray strength
functions (Brink-Axel, Kopeck-Uhl, HFBCS, HFB, Goriely’s hybrid)
by using the latest version of TALYS computer code up to 40 MeV
incident energy. The results are compared with the
experimental data taken from EXFOR (Experimental Nuclear
Reaction Database) library and each other. The aim of the study
is that effects of nuclear level density models and gamma-ray
strength functions are investigated on cross section of gamma
induced reactions of >°Co. The effects of these theoretical
models on cross section of analyzed reactions are presented in
detail in this study.

Keywords: Nuclear level density models; Cross section; Gamma ray
strength functions; >°Co isotope; TALYS.

1. Giris

Gama pargacigl kaynakli reaksiyon verilerinin 6zellikle son
yillarda astrofiziksel niikleosentez, radyasyondan koruma
ve kalkan tasarimi, radyoterapide radyasyon doz durumu,
noétron teorik ve

Uretimi, aktivasyon analizi gibi

uygulamali arastirmalarda éneminin arttig
goriilmektedir. Bu tip reaksiyonlarin tesir kesiti verileri,
dev dipol rezonansinin (GDR) baskin oldugu 30 MeV gelen
altindaki

dikkate alinmaldir. Bu ylzden, bu ¢alismada, yapisal bir

parcacik enerjilerinin enerjilerde 06zellikle
Flizyon malzemesi olan *°Co izotopunun gama parcacigl
5-40 MeV enerji
araliginda incelenmistir. >*Co izotopunun deneysel toplam

kaynakli reaksiyon tesir kesitleri
tesir kesiti degerleri (g,n), (g,2n) ve (g,3n) reaksiyonlari

icin 40 MeV enerjiye kadar Alvarez vd. 1979 tarafindan

dlgllmistiir. *°Co izotopu igin farkl teknikler kullanilarak
450 MeV gelen pargacik enerjisine kadar gergeklestirilen,
baska deneysel c¢alismalarda literatiirde mevcuttur
(Bazhanov vd. 1964, Davydov vd. 1987, David vd. 1974).

GDR, yaklasik 10-30 MeV enerji araliginda ¢ekirdeklerin
elektromanyetik radyasyonu sogurmasini tanimladigi igin
kesiti
gérmektedir. Hem °°Co hem de diger bazi kiiresel

teorik  tesir hesaplamalarinda buydk ilgi
cekirdeklerin reaksiyon tesir kesitleri tGzerindeki kollektif
GDR etkilerinin incelendigi calismalar mevcuttur (Tuan vd.
1968, Huber vd. 1967). Yapilan galismalarda kiresel
cekirdeklerin  ¢cogunda bu etkinin  tesir  kesiti
hesaplamalarinda 6nemli oldugu gorilmustir. Ayrica, bu
calismalara ek olarak, *°Co izotopu icin toplam tesir kesiti

ve GDR bolgelerinde nikleer spin-spin ve isospin etkileri
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arastirlmistir (Nagamine vd. 1970, Fisher vd. 1972,
Tsubota vd. 1978).

Nikleer reaksiyonlarin tesir kesitlerini istatistiksel teori ile
hesaplamak igin iki 6nemli girdi vardir. Bunlardan biri

cekirdegin uyarilma enerjisi civarindaki uyarilmis

seviyelerin sayisina karsilk gelen nikleer seviye

yogunlugu, digeri ise gama emisyon kanalini tanimlayan
siddet
kullanilarak reaksiyon tesir kesiti hesaplamalarinin *°Co

gama Isinim fonksiyonudur. Bu girdilerin
izotopu igin yapildigi ¢alismalar literatiirde mevcuttur
(Ratkevich vd. 2000, Barret vd. 1973, Fedorets vd. 2001,
Larsen vd. 2014). Son yillarda, iyi bilinen niikleer reaksiyon
kodlari TALYS (Koning vd. 2007), ALICE/ASH (Broeders vd.
2006) ve EMPIRE (Capote vd. 2007), bu girdilerin
parametrelerini yaygin

kullanilmaktadir. Bu bilgisayar kodlarindan bazilarinin

tanimlamak igin olarak
kullanilarak >°Co izotopu icin reaksiyon kesiti hesabinin
yapildigi ve deneysel veriler ile karsilastirilarak tartismali
olarak sunuldugu calismalar mevcuttur (Demir vd. 2015;
Kavun ve Makwana, 2020). Gurubumuzun daha onceki
TALYS  kodu,
reaksiyonlarin tesir kesiti hesaplamalarinda kullanilmistir
(Canbula B. 2020, Canbula D. 2021, Canbula ve Canbula
2022). Bu calismada, *°Co izotopunun gama parcacig

bazi  calismalarinda, fotonikleer

kaynakli reaksiyonlarinin tesir kesitleri tGzerinde nikleer
seviye yogunlugu modellerinin ve gama isinim siddet
fonksiyonlarinin etkileri TALYS 1.96 kodu kullanilarak
arastiriimistir.

Calismanin devaminda; Materyal ve Metot kisminda,
hesaplama ydntemi sunulmustur. Bulgular kisminda,
sonuglarimizi ve tartismalarimizi sunuyoruz. Son olarak,
sonu¢ kisminda, elde edilen sonuglarin karsilastirmali

analizini veriyoruz.

2. Materyal ve Metot
2.1. Seviye Yogunlugu

Belirli  bir etrafindaki

seviyelerin

uyarilma enerjisi uyarilmis

sayisi nukleer seviye yogunlugu olarak
tanimlanir ve her c¢ekirdek icin karakteristik bir dagihma
sahiptir. Astrofizikte, reaktor dizayninda, medikal fizikte
ve Ozellikle reaksiyon tesir kesiti hesaplamalarinda 6nemli
bir yeri vardir. Literatirde bilinen 6 nikleer seviye
yogunlugu modeli vardir, bunlardan geri-kaydirilmis
Fermi gaz modeli (BSFGM) (Bethe 1937, Dig vd. 1973),
sabit sicakhk modeli (CTM) (Gilbert ve Cameron 1965),
genellestirilmis stiperakiskan model (GSM) (Ignatyuk vd.
1979, Ignatyuk vd. 1993) makroskopik olanlar, Goriely’nin
kombinasyonel tablolarindan Skyrme kuvveti (Goriely
Skyrme) (Goriely vd. 2001), Hilaire’in kombinasyonel
tablolarindan Skyrme kuvveti (Hilaire Skyrme) (Goriely vd.

2008) ve Hilaire’in kombinasyonel tablolarindan sicakliga

bagh Hartree-Fock-Bogolyubov Gogny kuvveti (HFB
Gogny) (Hilaire vd. 2012) mikroskopik olanlardir.
Bunlardan ilki ve en basit olani Bethe (Bethe 1937)
tarafindan Onerilmektedir. Modele gore, nikleonlar
birbirleri ile etkilesime girmez, tek pargacik durumlarina
esit araliklarla yerlesirler ve kollektif seviyeler yoktur.
Uyarilma enerjisine bagh toplam nikleer seviye yogunluk
fonksiyonu asagidaki gibi verilir,

1 exp[2Val]
ptot(U) = o5 el (1)

U, d?, a sirastyla uyariima enerjisi, spin-kesme
parametresi ve nlkleer seviye yogunlugu parametresidir.
a niikleer seviye yogunlugunun ana degiskenidir ve
yaygin olarak uyarilma enerijisine baglh Ignatyuk’un
formilu (Ignatyuk 1975) kullantlir,

aU) = a (1 + oW 1‘%[‘””) 2)

d, yuksek enerjilerde a degerinin limit degerine karsilik

gelen asimptotik nikleer seviye yogunlugu
parametresidir. W sivi damlasi kitle formilindeki

mikroskopik diizeltme terimidir.

BSFGM yiiksek uyarilma enerjilerinde glvenilir bir yapi
saglarken, dislk uyarilma enerjilerinde iraksama sorunu
yasamaktadir. Bu probleme ¢6ziim Onerisinden sonra
(Grossjean ve Feldmeier, 1985, Demetriou ve Goriely
2001) niikleer reaksiyon hesaplamalarinda yaygin olarak
kullanilmaya baslanmistir. CTM, diisik ve yiksek uyariima
enerjileri arasinda bir eslesme enerjisi icerir. Bu eslesme
enerjisine kadar CTM kullanilir, bu enerjinin Gzerindeki
enerjilerde Fermi gaz modeli tercih edilir. GSM ise,
Bardeen-Cooper-Schrieffer teorisine gore slperiletken
eslesme korelasyonlarini dikkate alir (Ignatyuk vd. 1979,
1993).
modellerinde Ignatuk’un formulasyonu kullanilmigtir
(Ilgnatyuk 1975).

ilk makroskopik niikleer seviye yogunlugu

Nikleer astrofizik veya hizlandirict bazh sistemler
Gzerindeki spesifik uygulamalar icin deneysel verilerin
daha

gerekmektedir. Bu nedenle, deneysel verilerin eksik veya

genis bir enerji araligina  genisletiimesi

hic olmadigi durumlarda mikroskobik veya yari

mikroskobik temelli nilikleer modellerin kullaniimasi
gerekmektedir. Hartree-Fock BCS modelini istatistiksel
yaklasimla iceren mikroskobik seviye yogunluk modelleri,
deneysel verileri en az makroskobik modeller kadar
yeniden lretmede basarilidir. S. Goriely (Goriely vd.
2001), 150 MeV uyarilma enerjisine ve I = 30 spin
degerine kadar Hartree-Fock modeli temelli Skyrme
kuvvetini kullanarak nikleer seviye yogunluklarini
hesaplanmistir. S. Hilaire (Goriely vd. 2008), 200 MeV

uyarilma enerjisine ve I =49 spin degerine kadar
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8500’den fazla gekirdek igin enerji, spin ve pariteye bagl
seviye yogunluklarini mikroskopik kombinasyonel model
tabanli  olarak  Onermistir. Diger kombinasyonel

mikroskobik model ise sicakhiga bagh Hartree-Fock-
Bogolyubov ve Gogny kuvvetine dayanmaktadir (Hilaire
vd. 2012). Bu model, tek pargacik seviyelerini ve kolektif
ozellikleri ayni anda kullanarak seviye yogunluklarini

tahmin eder.

2.2 Gama Isinim Siddet Fonksiyonlari

Gama 1sinim siddet fonksiyonu, istatistiksel teori ile
fotonikleer reaksiyonlarin tesir kesitlerinin belirlenmesi
icin gerekli girdilerden biri olup, ayrica nikleer
reaksiyonlarda gama emisyon kanalini tanimlamak igin de
6nem arz etmektedir. Bu fonksiyonu, niikleer seviye
yogunlugu gibi ortalama bir niceliktir ve elektrik ve
manyetik gecisleri ifade eder. E1 radyasyonu icin Kopeck-
UhI’nin genellestirilmis Lorentzian formu (Kopecky ve Uhl

1990) kullanilir:

EyTg1(Ey)
- 2
(51% —51%1)*'5}% Te1(Ey)

_ og1lE1
fEI(EV'T) T (2U+D)m2h2c? [

0.7Tg1472T?
B3y ’
f(Ey) enerjiye bagl soniimleme genisligi su sekilde

verilir:

2 2m2
E}+4m?T
2
Egy

rE1 (Ey) =Tg , (4)

T nikleer sicaklik agagidaki gibi tanimlanir:

En+Sp—A-E,
T= |[—/———, 5
m )

E, gelen pargacigin nétron enerjisi, S,, nétron ayrilma
enerjisi, A giftlenme diizeltmesi, a(S,,) ise S,, degerindeki
nikleer seviye yogunluk parametresidir. E1 disindaki tim
gecis tiirleri icin dev dipol rezonansi tanimlayan standart
bir Lorentzian formu olan Brink-Axel formu (Brink 1957,
Axel 1962) kullanilmistir. Enerjiye bagh gama isinim siddet
fonksiyonu da asagidaki gibi tanimlanir,

_ 1 ox1EyTg
le(EV) T @uDnh2c? (ER-Ey)+ERTE (6)

ox1, Ex; ve I'y; sirasiyla dev rezonansin kuvveti, enerijisi
ve genigligidir.

1
Ky =—"—"7—=.
XU u+1)m2h2c2

(7)

E1,E2 ve E2’den buyilk ¢ok kutuplu gegisleri icin dev
rezonans parametrelerinin kuvveti, enerjisi ve genisligi
tablolardan alinmistir (Plujko vd. 2011). Gama isini siddet
fonksiyonlarinin iki mikroskopik formu Stephane Goriely

tarafindan Hartree-Fock-BCS (HFBCS) ve Hartree-Fock-
Bogoliubov (HFB) modellerine gore hesaplanmistir
(Capote vd. 2009). Hartree-BCS tablolari, 10 parametreli
bir Skyrme kuvvetinin yani sira 4 parametreli bir &
kuvveti ve 3 parametreli
ayrica 9200

cekirdegi temsil eder. HFB modeli, etkili nucleon-nikleon

fonksiyon c¢iftlenme

fenomenolojik Wigner terimini igerir
etkilesimlerini iceren Gogny kuvvetine dayanmaktadir.
HFBCS modelinden farkh olarak, tim doért kutuplu
kendi

hesaplamasi, 5D kollektif Hamiltoniyen yaklasimina dabhil

korelasyon  enerijilerinin kendine  tutarh
edilmistir (Goriely vd. 2009). Son olarak, Goriely’nin hibrit
(Goriely 1998), GDR

Lorentzian tanimini, nétron ayrilma enerjisinin altindaki

modeli yuksek enerjilerdeki
sonlu Fermi sistemler teorisinin (Fayans vd. 1979) analitik
yaklasimiyla bilestirir.

2.3 TALYS Bilgisayar Kodu

TALYS (Koning vd. 2007), niikleer yapi ve reaksiyon
gozlenebilirlerinin tanimlanmasi ve analizi i¢in bilinen en
iyi programlardan bir tanesidir. 1keV ile 1GeV gelen
parcacik enerji araligindaki proton, gama, doteron, alfa
gibi hafif parcaciklari igeren nikleer reaksiyonlari simile
edebilir. Nikleer seviye yogunlugu modelleri ve gama
1sinim siddet fonksiyonlari TALYS kodunda opsiyonel birer
girdi olarak kullanilabilir. Bu c¢alismada, makroskopik
(BSFGM, CTM, GSM) ve mikroskopik (Goriely’s Skyrme
force, Hilaire Skyrme force, HFB Gogny) niikleer seviye
yogunluk modelleri ve gama i1sinim siddet fonksiyonlari
(Kopecky-Uhl, Brink-Axel, Hartree-Fock BCS, Hartree-Fock
Bogol., Gorielys Hybrid) kullaniimistir.

3. Bulgular

Bu calismada, alti farkh nikleer seviye yogunlugu modeli
(BSFGM, CTM, GSM, Goriely Skyrme, Hilaire Skyrme, HFB
Gogny) ve bes farkli gama isinim siddet fonksiyonu
(Kopack-Uhl, Brink-Axel, HFBCS, HFB, Gorieys hibrid)
kullanilarak TALYS bilgisayar kodu ile >3Co(g,n)*%Co,
Co(g,2n)°’Co ve  >°Co(g,3n)¢Co
fotontiikleer tesir kesitleri hesaplanmistir. Elde edilen

reaksiyonlarinin

teorik sonuglar hem birbirleri ile hem de mevcut deneysel
veriler ile karsilastirilarak sunulmustur.

Sekil 1, >°Co(g,n)*®Co reaksiyonu icin, nikleer seviye
yogunluk modelleri (st panel) ve gama isinim siddet
fonksiyonlari (alt panel) kullanilarak elde edilen tesir kesiti
tahminlerinin deneysel veriler ile karsilastiriimasini
gostermektedir. Bu reaksiyonun deneysel verileri, glincel
deneysel veri tabaninda yer alan Alvarez ve ark. (Alvarez
vd. 1979) calismasindan alinmistir. Reaksiyonun esik
enerjisi 10.454 MeV dir. Niikleer seviye yogunluk
modelleri Hesaplamalarda birbirlerine yakin sonuglar
vermistir. Gama isinim siddet fonksiyonlarina bakildiginda
ise  Kopecky-Uhl Lorentzian ve Brink-Axel formlari

457



Niikleer Seviye Yogunlugu ve Gama Isinim Siddet Fonksiyonu Modellerinin 59Co [zotopunun Gama ile...,CANBULA ve CANBULA.

deneysel verileri diger modellere kiyasla tekrar saglamada
daha basarilidir. Yaklasik 22 MeV gelen parcacik enerjisi
Uzerinde deneysel verileri elde etmede tim modellerin
yetersiz kaldig1 sdylenebilir.

%9Co(g,2n)°’Co reaksiyonu igin, alti niikleer seviye
yogunluk modeli (st panel) ve bes gama isinim siddet

80 T T T T
- Alvarez 1979 »
CTM
70 BSFGM
GSM -----
60 Goriely's Skyrme force —— -
Hilaire Skyrme force ——
50 HFB Gogny

40

30

Tesir kesiti [mb]

20

10

10 1 1 1 ! L 1

Gama enerjisi [MeV]

fonksiyonu (alt panel) ile elde edilen tesir kesiti sonuglari
Sekil 2 de sunulmustur. Deneysel veriler Sekil 1’deki ayni
caligmada alinmigtir. Tim seviye yogunluk modelleri tiim
enerji bolgesinde benzer sonuglar sergilemektedir. Brink-
Axel Lorentzian ve Goriely'nin hibrit modeli, diger gama
isinim siddet fonksiyonlariyla karsilastirildiginda en iyi
sonuglari sunmaktadir.

120 T T T T T
Alvarez 1979 «
r“\ Kopeck-Uhl =——
100 + N Brink-Axel - 4
Y Hartree-Fock BCS ———
PoA Y Hartree-Fock-Bogol, —-—--
80 i A Gorielys hybrid —— |

Tesir kesiti [mb]

5 10 15 20 25 30 35 40
Gama enerjisi [MeV]

Sekil 1. 5°Co(g,n)58Co reaksiyonu igin ntikleer seviye yogunlugu modelleri (Ust panel) ve gama i1sinim siddet fonksiyonlari (alt panel)
kullanilarak hesaplanan tesir kesiti degerlerinin deneysel veriler (Alvarez vd. 1979) ile karsilastiriimasi.

50 T T

T
Alvarez 1979
CT™

BSFGM

GSM

40 - Goriely's Skyrme kuvveti
Hilaire Skyrme kuwveti ——
HFB Gogny ——
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I \ Goriely's hibrit ——
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Gama enerjisi [MeV]

Sekil 2. 5°Co(g,2n)57Co reaksiyonu igin niikleer seviye yogunlugu
modelleri (Ust panel) ve gama i1sinim siddet fonksiyonlar (alt
panel) kullanilarak hesaplanan tesir kesiti degerlerinin deneysel
veriler (Alvarez vd. 1979) ile karsilastiriimasi.
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Hilaire Skyrme kuvveti
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- 4r
3
£
2 3
£
E ool
1k
.
0
.
1 L . L . L
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Gama enerjisi [MeV]
Sekil 3. 3°Co(g,3n)%¢Co reaksiyonu igin niikleer seviye yogunlugu
modelleri (Ust panel) ve gama 1sinim siddet fonksiyonlari (alt
panel) kullanilarak hesaplanan tesir kesiti degerlerinin deneysel
veriler (Alvarez vd. 1979) ile karsilastiriimasi.

Sekil 3'te ise 5°Co(g,3n)°®Co reaksiyonunun tesir kesitini
hesaplamak icin farkh nikleer seviye yogunluk modelleri
(ust panel) ve gama i1sinim siddet fonksiyonlari (alt panel)
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kullanilmistir. Deneysel veriler Sekil 1 ve 2'deki ayni
calismadan alinmistir ve olduk¢a daginik bir dagilim
gostermektedir. Hesaplamalarda kullanilan  teorik
modeller de benzer trende sahip dagilim sergilemektedir.

4. Sonuglar ve Tartigsma

%9Co(g,n)*8Co,  °°Co(g,2n)’’Co  ve  >°Co(g,3n)°¢Co
reaksiyonlarinin gama pargacigi kaynakli reaksiyon tesir
kesitleri, nikleer seviye yogunlugu modelleri ve gama
isinim siddet fonksiyonlari ile TALYS bilgisayar kodu
kullanilarak hesaplanmigtir. TALYS kodunun iginde var
olan makroskopik ve mikroskopik niikleer seviye
yogunluklari ve gama isinim siddet fonksiyonlari girdi
olarak kullanilmistir. Her bir reaksiyon icin ayri elde edilen
sonuglar deneysel veriler ve birbirleri ile karsilagtirmal
olarak sunulmustur.

Sekil 1 ve 2 de, seviye yogunlugu kullanilarak elde edilen
tesir  kesiti  degerleri  birbirine yakin  sonuglar
gostermektedir. Sonuglari makroskopik veya mikroskopik
model olarak ayirt etmek bu reaksiyonlar igin zordur.
Dolayisiyla, modeller arasindaki farkhliklarin  bu
reaksiyonlarin tesir kesiti hesaplamalarinda biyik 6nem
arz etmedigi yorumu yapilabilir. Bu beklenen bir
durumdur ¢iinki gama ile indiklenen reaksiyonlarda en
onemli girdi parametreleri dev dipol rezonans
parametreleridir.

incelenen (g fotoniikleer reaksiyon icinde sdylenebilir ki,
gama 1sinim siddet fonksiyonlarinin etkisi tesir kesiti
sonuglarinda belirgin sekilde goriilmektedir.

Sekil 1 ve 2 igin gama 1sinim siddet fonksiyonlarinin
etkilerini ayirt etmek ve bunlardan birini segmek daha
kolaydir. Bu Sekillerde gézlenen pikler igin belirgin bir GDR
etkisi oldugu yorumu yapilabilir.

Sekil 3'te hem deneysel verilerin hem de teorik sonuglarin
birbirinden uzak olmasi  reaksiyon sonuglarinin
yorumlanmasini zorlastirmaktadir. Ancak, gama kaynakl
reaksiyonlar i¢in nikleer seviye yogunlugu modelleri ve
gama 1sinim siddet fonksiyonlarinin reaksiyon tesir
kesitini belirlemek amaciyla istege bagh girdiler olarak
segcilebilecegi soylenebilir.

GDR, 30 MeV’e kadar olan fotonikleer reaksiyon tesir
kesitlerinde baskin olan bir mekanizmadir ve 6zellikle 1.
ve 2. Sekiller de gorildigu Uzere, ¢cekirdegin kiiresel veya
deforme olmasina da bagli olarak gelen foton enerjisine
karsi bir veya birka¢ Lorentzian tepe noktasi seklinde
karakterize edilebilir. Fotoniikleer reaksiyonlar igin teorik
tesir kesiti hesaplamalari GDR parametrelerine odaklanir.
Bu parametreleri de TALYS gibi nikleer reaksiyonlari
dogru ve tam olarak simile etmeyi amaglayan teorik
reaksiyon kodlarinda kullantlir.

TALYS gibi dizenli araliklarla giincellenen hesaplama
araclari ile deneysel verilere erisilemeyen yada deneysel
verilerin eksik kaldigi enerji bolgelerinde daha dogru
hesaplamalar yapilmasina, bu sayede de arastirmacilara
genis analiz olanaklari sunabilecegi 6ngorilmektedir.

Etik Standartlar Bildirgesi
Yazarlar tiim etik standartlara uyduklarini beyan ederler.

Yazarlik Katki Beyani
Deniz Canbula: Arastirma, Yazma
Bora Canbula: Hesaplama, Bigimsel analiz, Metodoloji

Cikar Catismasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri
higbir gikar ¢atismasi yoktur.

Verilerin Kullanilabilirligi
Bu ¢alisma sirasinda olusturulan veya analiz edilen tim veriler,
yayinlanan bu makaleye dahil edilmistir.
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Abstract

In this study, it has been aimed to investigate the effect of Co
doping on the optical properties of TiO; thin film and the change
in optical properties of Co doped TiO; thin film with the widest
optical band gap during illuminating by light. For this purpose,
Pure and cobalt-doped TiO, thin films have been prepared by
sol-gel technique. The optical properties of the thin films have
been characterized by ultraviolet-visible (UV-Vis) light
spectrometer. The optical band gap, transmittance, reflectance
and refractive index have been determined. The highest optical
band gap has been recorded for the 3% Co doping as 3.01 eV.
Additionally, it has been determined that since cobalt exhibits
absorption characteristics that differ from TiO,, particularly at
longer wavelengths, it leads to a decrease in the effective
refractive index for the composites. The results indicated that
the cobalt additive significantly enhanced photo-degradation.
To analyze this effect, the composite having 3% Co doping has
also been illuminated by 412 nm light that corresponds to 3.01
eV between 20 minutes and 1 hour. As a result, a slight increase
in the absorbance has been recorded.

Keywords: TiO; thin film; Sol-gel; Cobalt dopant; Photo-degredation.

Oz

Bu ¢alismada, Co katkisinin TiO; ince filminin optik 6zellikleri
lizerindeki etkisi ve en genis optik bant araligina sahip Co katkili
TiO, ince filminin sikla aydinlatiimasi sirasinda optik
ozelliklerindeki degisimin incelenmesi amaglanmistir. Bu
amagla, saf ve kobalt katkili TiO; ince filmler sol-jel teknigi ile
hazirlanmistir. ince filmlerin optik dzellikleri ultraviyole-gériinir
(UV-Vis) i1sik spektrometresi ile karakterize edilmistir. Optik bant
araligi, gecirgenlik, yansima ve kirilma indisi belirlenmistir. En
yuksek optik bant arahgi %3 Co katkisi icin 3.01 eV olarak
hesaplanmistir. Ayrica, kobaltin 6zellikle uzun dalga boylarinda
TiO,'den farkli sogurma oOzellikleri sergilemesi nedeniyle,
bilesimlerin kirilma indisinde bir disitse yol actigi belirlenmistir.
Sonuglar, kobalt katkisinin foto-bozunmayi o6nemli 6lglde
artirdigini géstermistir. Bu etkiyi analiz etmek igin, %3 Co katkili
bilesimde 20 dakika ile 1 saat arasinda 3,01 eV'a karsilik gelen
412 nm gikla aydinlatilmistir.  Sonug¢ olarak, absorbans
degerinde nispeten bir artis gérilmustar.

Anahtar Kelimeler: TiO:ince film; Sol-Jel; Kobalt katki; Foto-bozulma

1. Introduction

In recent years, there has been significant interest in
titanium dioxide-titania (TiO2) materials due to their
These
materials find extensive applications in areas such as

modified electronic and optical properties.
photocatalysis (S.Scire et al., 2021), photoelectrochemical
solar cells (T.S. Bhat et al., 2021), bone implants (N.
Sehrish et al.,2022) optical coatings (K. Albaidani et al.,
2023) and sensors (E.A.S. Simonetti et al.,2021). In recent
times, there has been a focus on studying bulk materials,
nanoparticles, and thin films of TiO> doped with various
elements to enhance their properties. Especially, the
introduction of various transition metal ions into the TiO2
lattice also induces varying strains and results in changes
in the lattice parameters depending on the dopant
enable to

concentration. This modification also

adjustment of the electronic, optic, and magnetic
properties of the TiO> for various applications
(M.Hamadanian et al. 2010, C.Stella et al. 2016).

The primary emphasis in these studies was on doping at
Ti sites, with dopants such as Fe, Co, Cr, V, Ni, Cu, Mn, and
Rb (J.R.Simpson and H.D.Drew 2004, G.He et al. 2008,
P.C.Mclntyre et al. 1997, Z.S.Cai et al.2011). Among these
additives, due to the close values of atomic radii of cobalt
(Co) and titanium (Ti), the seamless integration of Co
atoms into the TiO2 lattice is possible without inducing
notable lattice distortions. This form of substitutional
doping ensures a consistent dispersion of Co across the
TiO2 material, resulting in a uniform doping profile.
Besides, as reported by (Yamada et al. 2011), it is known
induced at

that ferromagnetism can be room

temperature with cobalt. On the other hand, it has been
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reported by Barakat et al. that the transition from the
anastasis phase to the rutile phase for TiO2 can be
accelerated by the addition of cobalt (M.A. Barakat et al.
2005). It has been also reported by Tian et al. that cobalt
doping to TiO2 causes a change in the optical band gap
(Jianjun Tian et al. 2012).

In the light of all this scientific literature, this study
attempted to improve the optical properties of TiO2 thin
films with Co doping and also focused on the investigation
of the photo-degradation properties of the sample with
the widest optical band gap. In this context, the Co-doped
TiOz thin film with the widest optical band gap has been
exposed to light at the wavelength corresponding to its
optical band gap for different time durations and the
change of its optical properties has been discussed.
Additionally, in the photo-degradation analysis, the Co-
doped TiOz thin film as well as the Ruthenium -coated Co-
doped TiOz thin film have also been taken into account.

2. Experimental
2.1 Materials

Titanium-4-isopropoxide (TTIP) used in the preparation of
Co-doped TiO: films has been obtained from Sigma
Aldrich Company with CAS number of 546-68-9. Methanol
(CH30H) and acetic acid (CH3COOH) have been supplied
from Sigma Aldrich Company with the CAS numbers of 67-
56-1 and 64-19-7, respectively. Additionally, cobalt (I1)
chloride hexahydrate (CoCl2..6H20) has been purchased
from Acros Organics Company with the CAS number of
7791-13-1. The alcohols used for cleaning purposes are of
technical quality and have been supplied by the Shell

CH,COOH

Ve

s !

TTIP

Stirred for
24 hours

Company. The microscope slides (soda lime glass)
substrates have been purchased from IsoLab Company

with 50 pieces.
2.2 Preparation of Co-doped TiO: Thin Films

TiO2 doped with cobalt in 1%, 2%, 3%, 4%, and 5%
concentrations have been synthesized by sol-gel method
at room temperature. The preparation steps of the
samples in thin film form onto glass substrates have been
illustrated representatively in Figure 1. Glass has been
used as the substrate to be coated with films. The glasses
have been cleaned ultrasonically in DI-W (deionized
water) for 15 minutes, then ultrasonically cleaned in
isopropyl alcohol for 15 minutes, rinsed with DI-W and
dried. After mixing 3.5 mL of Titanium-4-isopropoxide
with 31.5 mL of methanol in a magnetic stirrer for 1 hour,
350 pL HCl has been added and this mixture has been
stirred in a magnetic stirrer for 24 hours to obtain a
homogeneous mixture (TiO2 solution). CoCl..6H20 has
been used as the starting material for the cobalt additive.
A cobalt solution has been prepared by dissolving 0.2M
CoCl2.6H20 in the appropriate volume of methanol. This
solution has been added into the previously prepared
TiOz solution at the rate of 1, 2, 3, 4, and 5% by volume of
the cobalt sol solution and mixed. Un-doped (i.e. pure)
TiO2and 1, 2, 3, 4, and 5% (V/V) Co-doped TiOz solutions
have been coated on previously prepared substrates by
spin coating method at 3000 rpm in 30 seconds. To
evaporate the solution, the obtained films have been
heated at 100 °C for 10 minutes. Finally, the films have
been annealed at 500°C for 30 minutes.

30 minutes

- —_— < Annealed at 500 oC \>
r & ,,

Spin Coating
3000 rpm 30 seconds

Figure 1. The preparation steps of the samples prepared onto glass substrates.

2.3 Methods

The structural analysis of the TiO2 has been determined
by X-Ray Diffraction (XRD) patterns obtained by
PANalytical X'Pert PRO XRD model XRD device between
260=15°-70°. A CuKs source with the wavelength of
1.54059 A has been in an XRD device. The scanning rate
was 1°/min. The surface morphology of the thin film has
also been viewed by images taken from Zeiss EVO LS 10
model Scanning Electron microscope (SEM). The optical

properties of the samples have been determined by using
their UV-Vis spectra obtained from Perkin Elmer Lambda
35 UV/Vis spectrometer at room temperature between
350-1100 nm wavelength.

3. Results and Discussions
3.1. Structure, Morphology and FTIR Analysis

As shown in Figure 2, pure TiOz2 thin film exhibits a broad
diffraction peak from 206=20° to 70°. These peaks
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corresponding to 26.35°, 37.58°, 48.40°, 55.45° and
59.35° is attributed to (101), (004), (200), (105) and (211)
planes, respectively, for the anatase phase. These XRD
peaks are consistent with the characteristic XRD peaks of
TiO2 thin films (JCPDS Card No. 21-1272) (V. Mishra et al.
2019, F. Z. Haque et al. 2016, N.A. Bakr et al. 2017).

Intensity [Counts]

i

15 20 25 30 35 40 45 50 55 60 65 70
Pos. [°26]

Figure 2. XRD patterns of the pure TiO,.

Figure 3 shows an SEM image of the surface of a pure TiO2
thin film at 50,000x magnification. The image reveals the
formation of inhomogeneous particles with various
geometries.

Figure 3. SEM image of the pure TiO,.

110

Pure TIO, —— %1 Co:TiO, —— %2 Co:TiO,

—— %3 Co:TiO, —— %4 Co:TiO, —— %5 Co:TiO,
100 +

L —
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Ti-O
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Figure 4. FTIR Spectrum of the pure and Co doped TiO, samples.

Fourier Transformed Infrared (FTIR) spectroscopy has also
been employed to investigate the TiO: lattice vibrations
significantly influenced by the presence of Co atoms.
Figure 4 displays the FTIR spectra of pure and Co-doped
TiO2 thin films. The wide band observed between 500
cm™ and 900 cm™ is associated with anatase titania, and
it is attributed to the Ti—O stretching and Ti—O-Ti bridging
stretching modes (P. Praveen et al.,2014, C. Stella et
al.,2016). In pure TiO2, the Ti—O frequency peak has been
observed at 553 and 765 cm™, while in the Co doped TiO>
samples, the shift in this peak indicates the presence of
oxygen vacancies and confirms the formation of Co-O
bonds due to the substitution of Co atoms in the TiO2
lattice. Additionally, compared to the pure sample, the
doped samples show shifts towards higher wave
numbers, suggesting the successful doping of Co atoms
into the TiO: lattice (B. and A. Choudhury ,2012, K. Das et
al., 2009). The peak at 1035 cm™ is also attributed to Si-
O-Si vibrations, likely originating from the soda-lime glass
substrate (J. Wan et al., 2021). The peak at 1580 cm™’
corresponds
physisorbed water molecules (H-O-H) on the sample
surface (M. Hamadanian et al.,2010). Additionally, the
bands at 2351 cm™ and 2800 cm® confirm the presence
of respectively CO2 molecules and C-H, detectable due to
the measurement being conducted in air. Finally, the peak
appeared between 3200 cm™ and 3400 cm™ is associated

to the bending vibration mode of

with the O-H stretching vibration of the hydroxyl group
(M. Hamadanian et al.,2010).

3.2 Analyzes of Optical
Depending on Their Interaction with UV-Vis Light

Parameters of Samples

The UV-Vis spectroscopy technique has been realized to
determine the photo-activated optical features of the
pure TiO2 and TiO2:Co thin films. The UV-Vis light
absorption spectra of the samples have been shown in
Figure 5(a).

As shown in Figure 5(a), the pure TiO: film shows typical
absorption in the UV range and the optical absorption of
the pure TiO2 decreases considerably from the UV to near
IR region of the electromagnetic spectrum. The same
behavior with increasing wavelengths of light has been
observed for the Co:TiO; thin films.
absorbance values of the Co-doped TiO: thin films are less

However, the

than that of pure TiO2 between the wavelength of 350 nm
and 550 nm. As aresult of Cobalt substitution for titanium
in the TiO2 lattice can modify the band gap of the material.
The electronic structure changes associated with Co
incorporation could result in a shift of the absorption
edge to longer wavelengths, leading to a decrease in
absorption in the specified range. Additionally, the

464



Optical Properties of Cobalt Doped TiO2 Thin Films: Study of Degradation under Band Gap Edge of 412 nm Light..., SAHIN et al.

introduction of cobalt ions into Ti sites may lead to crystal
field effects. The local environment around the Co ions
can influence the energy levels of the transition metal d
orbitals, impacting the electronic transitions and,
consequently, the absorption spectrum. Moreover, cobalt
incorporation could induce local structural distortions
around the substituted sites. These distortions may alter
the electronic and optical properties of the TiO: lattice,

contributing to changes in absorption characteristics.

To evaluate the effect of Co contribution to TiO2 on the
band gap, the direct allowed transition energy band gap
values of the pure TiO2 and the Co:TiO2 have been
determined by using the (ahv)?=f(hv) Tauc’s plots given in
Figure 5(b). The direct optical band gap (Eg) has been
calculated by Eq. (1):

(ahv)® = A[E-E, | (1)

where a is the absorption coefficient, E=hv represents the
energy of incoming photon, and A is the coefficient of
proportionality. The estimated direct optical band gap
value of the samples has also been listed in Figure 5(b).
As shown in Figure 5(b), The E; values of all Co-doped
samples are greater than the E; value of pure TiO; thin
film, and the highest band gap value has been recorded
as 3.01 eV at the value of 3% Co doping.

The increase in the calculated optical band gap suggests a
modification of the electronic band structure of the
TiO2:Co thin films. This modification could be due to the
introduction of Co atoms into Ti sites, leading to changes
in the energy levels and electronic transitions. On the
other hand, the fluctuation in the optical band gap implies
many factors may co-operate on the optical band gap
(Jianjun Tian et al. 2012). According to Toyosaki et al. (H.
Toyosaki et al.,2005) and Hirose et al. (Y. Hirose et al.,
2006) when Ti site is substituted by Co, this can increase
the optical band gap. In the increase in the optical band
gap may also be attributed to the relevant substitution.
Furthermore, as was reported the increase in Eg may be
related to the enhancement of compressive stress due to
Co doping. The possibility of occurrence of increased
compressive stress had already been mentioned by Shi et
al. (J. Y. Shi et al.,2006).

According to Shi et al., this could be attributed to the
larger ionic radius of Co?* (65 pm) compared to Ti** (60.5
pm), which creates a variable octahedral ligand field in
TiO,. Consequently, the stress resulting from lattice
distortion contributes to an increase in Fermi energy and
the energy of the lower edge of the conduction band (J. Y.
Shi et al., 2006). Moreover, the slight decrease in
absorption accompanying increasing band gap may

indicate some changes in charge carier dynamics. The
addition of Co might be affecting the efficiency of charge
separation and migration, leading to a reduction in the
number of electrons available for absorption.
Furthermore, the higher band gap can be the result in a
decrease in the generation of electron-hole pairs upon
exposure to light. This may be attributed to changes in the
electronic structure that affect the photoexcitation
process in the Co:TiO2 samples. When evaluated in terms
of technological applications, the increase in the band gap
value of TiO2 due to Co doping can make TiO2 more

suitable for applications requiring UV detection.

This is important in fields such as UV sensing, imaging, and
monitoring, where the ability to detect ultraviolet light is
essential. Moreover, TiO2 with an increased band gap can
be used in protective coatings and films that can block
harmful UV radiation while allowing visible light to pass
through.

To determine the influence of Co doping on the refractive
index (n) of the pure TiOz thin film, the transmittance and
reflectance spectra of the samples shown in Figure 6(a)
and (b), respectively have also been examined. While the
transmittance (T) and absorbance (A) values of the
samples have been measured with UV-Vis spectrometer.

Reflectance values have been calculated according to Eq.
(2):

R=1-A-T (2)
While all other Co-doped thin films, except 4% Co-doped
TiO2, have higher transmittance values than pure TiOz in

the 350-700 nm wavelength it has
transmittance values at wavelengths larger than 700 nm.

range; lower
However, higher transmittance was observed in the 4%
Co doped sample than pure TiOz in the entire wavelength
range studied. Based on this point, it can be thought that
4% Co contribution is the most suitable concentration for
better transparency for TiO2 compared to other additives.
On the other hand, except for 4% Co doping, the decrease
in transmittance values and increase in absorbance values
of TiOz thin film in the 700-1100 nm range with Co doping
can be attributed to the increased optical density in the
crystal lattice with the doping. Namely, the presence of
Coions in the TiO2 lattice may increase the optical density
of the material, particularly in the near-IR region. This
increased optical density can result in higher absorption
and lower transmittance. Additionally, the transmittance
values of all samples tended to increase when changing
from the UV region to the near-IR region.

Considering the reflectance changes given in Figure 6(b),
while the 1% Co-doped sample received reflectance
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values almost close to pure TiOz in the 350-700 nm range;
with increasing Co contribution, lower reflectance values
were recorded in the same wavelength range compared
to the pure TiOa. At lower Co concentrations (1% doping),
the influence of Co on the band structure of TiO2 can be
minimal, resulting in reflectance values similar to pure
TiOa.
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Figure 5 (a). UV-Vis light absorption spectra and (b) versus
Energy curves of the samples

As Co concentration increases, the change of the band

structure can become more important, leading to
changes in optical properties and lower reflectance.
When shifting to the near-IR region, reflectance values
continued to decrease with increasing wavelength for all
samples; however, except for the 4% Co added sample,
the reflectance values for the other samples were higher
than the pure TiO2. The decrease in reflectance values in
the near-infrared (NIR) region for most samples, except
the 4% Co-doped sample, may be related to the
introduction of energy levels by Co dopants that enhance

NIR transparency.

By using reflectance values (R), the refractive index of the
samples has been calculated by Eq. (3) (Thombare J.V. et
al. 2013, Lohar G.M. et al. 2014).
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Figure 6. UV-Vis light (a) transmission and (b) reflectance
spectra of the samples.

As shown in Figure 7, due to the Co contribution to the
TiO,, refractive indices higher than those of the pure TiO2
film have been experimentally determined for light up to
500 nm wavelength. However, when the incident light is
800 nm and above, the refractive indexes for Co
contributions excluding the 4% Co contribution, have
been determined to be lower than the value of pure TiO..
This behavior can be explained by the fact that the
presence of cobalt could induce structural changes in the
TiO: lattice, affecting its optical properties differently at
various wavelengths. These changes may result in a
wavelength-dependent refractive index behavior.
Additionally, cobalt may exhibit absorption
characteristics that differ from TiO, particularly at longer
wavelengths, this absorption could lead to a reduction in

the effective refractive index.

since

3.3. Photo-degradation Properties of the 3% Co-doped
TiO: thin films with Ruthenium dye coating under 412
nm Light lllumination

In the first part of the experimental study, the widest
optical band gap was detected as 3.01 eV in the Co:TiO>
thin film samples with 3% Co doping. Starting from this
point, the second part of the experimental study is
devoted to examining the optical properties of 3% Co:TiO>
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thin film by photo-degradation. For photo-degradation,
the relevant sample has been aged by light with a
wavelength of 412 nm, which corresponds to the bad gap
energy of the sample, for a period ranging from 20
minutes to 1 hour.

- Pure Co:TiO,
247 ... %l CoTio,
- %2 Co:TiO, .
~ 227 ---- %3 Co:TiO, w
> ) ot
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Wavelength(nm)

Figure 7. The variations of refractive index of the samples with
wavelength.

For comparison, photo-degradation processes have been
carried out for three different samples: glass coated with
ruthenium dye as a thin film (coded as RD), glass coated
with 3% Co:TiOz thin film (coded as 3% Co:TiOz), and glass
coated with ruthenium dye on 3% Co:TiO: thin film (coded
as 3% Co:TiO2/RD). Then the
transmittance spectra of the samples aged with 412 nm

absorbance and

light for 20, 30, 40, and 60 minutes have been measured
between 350-1100 nm wavelength range by UV-Vis
spectrometer. The absorbance spectra of the three
samples aged with 412 nm light for 20, 30, 40, and 60
minutes along with non-aged ones have been shown in
the panels of Figure 8.

As shown in Figure 8(a), before the ruthenium dye-coated
glass is illuminated with 412 nm light, it has two
absorption peaks in the absorbance spectrum, one
centered at 390 nm and the other centered at 540 nm.
The absorption bands observed at 390 nm and 540 nm
can be attributed to a metal-to-ligand charge transfer
(Abdulraheem S. A. Almalki et al. 2021, Puhong Wen et al.
2012).

On the other hand, it has been determined that the center
of the absorbance peaks did not change in the absorbance
spectrum obtained after illumination with 412 nm light
for 20 minutes. Still, the absorbance intensity increased
for both peaks (see Figure 8(a)).

The transmittance spectra of the three samples aged with
412 nm light for 20, 30, 40, and 60 minutes along with
non-aged ones have been shown in the panels of Figure
9. As shown in Figure 9(a), before the ruthenium dye-

coated glass is illuminated with 412 nm light, the
transmittance spectrum has two troughs, one at 390 nm
and the other at 540 nm, due to charge transfer. After 20
minutes of illumination, the transmittance slightly
decreases across the entire wavelength range, indicating
easier electron excitation. Figure 9(c) demonstrates that
the transmittance of the 3% Co-doped TiO2/RD thin films
rises when exposed to 412 nm light, in contrast to the

films that remain unexposed.
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Figure 8. The variations of absorbance spectra of the samples (a)
RD thin film (b) %3 Co:TiO; thin film (c) %3 Co:TiO,/RD thin film
under 412 nm light illumination at different time durations.
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Figure 9. The variations of transmittance spectra of the samples

(a) RD thin film (b) %3 Co:TiO; thin film (c) %3 Co:TiO,/RD thin

film under 412 nm light illumination at different time durations.

4.Conclusions

Pure and cobalt-doped TiO2 thin films have been
synthesized by using the sol-gel method at room

temperature.

The increase in absorbance values means that electrons
are excited more easily after illuminating the film with
412 nm light. Considering the absorbance spectrum of 3%
Co:TiO2 coated thin films on glass given in Figure 8(b), it
has been observed that the absorbance increased slightly
in the entire measured wavelength range after 20
minutes of light illumination. Figure 8(c) clearly shows

that the absorption values of the 3% Co-doped TiO2/RD
thin films decrease in the range of 390 nm to 540 nm
compared to both the films that were not exposed to light
and those exposed to 412 nm light.

The synthesis involved the acid hydrolysis of TTIP and
cobalt chloride, with cobalt concentrations varying at 1%,
2%, 3%, 4%, and 5%. It has been shown that pure TiO: thin
films crystallize in the anatase phase and granules of
different geometries are formed on the film surface. The
optical parameters of the pure and cobalt-doped TiO: thin
films have been characterized by UV-Vis spectroscopy.
The study demonstrated that as the concentration of
cobalt dopant increased, the absorption, transmission,
and reflection of the TiO2 thin films also changed.
Moreover, an increase in cobalt concentration led to a
reduction in the band gap. All thin films showed increased
transmittance when moving from the UV to the NIR
region. The results indicated that the cobalt additive
significantly enhanced photo-degradation. To optimize
this effect, thin films have been exposed to 412 nm light,
matching the band gap edge, for durations between 20
minutes and 1 hour. It has been observed that the
positions of absorbance peaks remained stable in the
spectrum, while a slight increase in absorbance occurred
after 20 minutes of illumination at 412 nm.
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Oz

Bu calismada ilk olarak fluoresans sensor 6zelligi incelenecek
yeni bir Schiff bazi (HQ-BT) bilesiginin sentezi gergeklestirilmis ve
yapist *H-NMR ve 13C-NMR yontemleri ile karakterize edilmistir.
Daha sonra bu Schiff bazi tirli HQ-BT bilesiginin ¢esitli metal
iyonlari (Al3+, Cd?*, Li*, Co?*, Ni%*, Fe2*, Zn2*, Mn2*, BaZ*, Hg?*, Fe3*,
Mg?*, Cu?*, Ag*) ile fluoresans emisyon ozellikleri incelenmistir.
Calisilan metal iyonlari igerisinde sadece Al3* metaline karsi
onemli derecede fluoresans emisyon (yaklasik 100 kat artis)
verdigi tespit edilmistir. Sonu¢ olarak HQ-BT bilesigi ile Al3*
metalinin 1:1 oraninda komplekslesme yaptigi tespit edilmistir.

Anahtar Kelimeler Schiff bazi; NMR; AF; Fluoresans sensér

Abstract

In this study, firstly, the synthesis of a new Schiff base (HQ-BT)
compound, to be used as a fluorescence sensor, was carried out
and its structure was characterized by 1H-NMR and 13C-NMR
methods. Then, the fluorescence emission properties of this
Schiff base HQ-BT compound with various metal ions (Al?*, Cd?*,
Li*, Co%*, Ni?*, FeZ*, ZnZ*, Mn2*, Ba2*, Hg?*, Fe3*, Mg?*, Cu?*, Ag*)
were investigated. The metal ions studied; it was determined
that only APP* metal gave significant fluorescence emission
(approximately 100-fold increase). It was then found that the
new HQ-BT compound gave a significant fluorescence emission
(about 100-fold increase) only towards Al3* metal among the
metal ions used. Consequently, it was determined that HQ-BT
compound and Al3* metal complexed at a ratio of 1:1.

Keywords Schiff base; NMR; AF; Fluorescence sensor

1. Giris

Aliminyum metali yer kabugunda bol miktarda bulunan
metal iyonlarindan biridir (Baral et al. 2008, Jali and
Baruah 2014, Anand et al. 2018, Das et al. 2013, Sahana
et al. 2013, Bhardwaj et al. 2021). Bu sebepten dolayi;
havacilik, otomobil, bilgisayar, paketleme malzemeleri,
elektrik ekipmanlari, gida katki maddeleri, bina insaati,
klinik ilaglar ve su aritma gibi bircok alanda
kullanilmaktadir (Gupta and Kumar 2016, Kim et al. 2012,
Liu et al. 2016, Pu et al. 2016, Xing et al. 2022, Mohanty
et al. 2022, Khan et al. 2021, Krewski et al. 2007). Asiri
aliminyum  maruziyetinin  insanlarda  Parkinson,
Alzheimer, kronik bobrek yetmezligi, bébrek hasari ve
kemik yumusamasi gibi cesitli rahatsizliklara neden
oldugu literatiirde bulunmaktadir (Silva et al. 1997, Jeong
and Yoon 2012, Bissell et al. 1992, Krewski et al. 2007,
Exley 2013). Dolayisiyla aliiminyum metalinin varliginin
tespit edilmesi oldukg¢a 6nemlidir. Aliminyum metalinin
tespit edilmesi icin elektrokimyasal yontemler, kitle
spektroskopisi (MS), izotop kromotografisi gibi geleneksel
yontemler vardir (Xing et al. 2022, Chen et al. 2017). Bu

geleneksel yontemler her ne kadar dogru sonuglar verse

de bazi zorluklar igermekle beraber yetersiz tespit limiti
gibi sinirlamalarda olusturmaktadir. Ayrica bu geleneksel
yontemlerin islemlerinin zahmetli ve maliyetli olmasinin
yaninda nitelikli personele, pahali cihazlara ihtiyag
duymasi en biyik olumsuzluklarindandir (Peng et al.
2022, Roy et al. 2021, Sidqi et al. 2022, Li et al. 2021). Son
ylllarda bu geleneksel ydntemlere alternatif olarak
fluoresans sensorler bilim insanlari tarafindan oldukga ilgi
gormektedir. Diger yontemler ile kiyaslandiginda
fluoresans sensorler kimyasal modifikasyon kolayligl,
kalitatif ve
kantitatif veri saglamasi gibi avantajlar saglamaktadir
(Peng et al. 2022, Liang et al. 2015, Kang et al. 2016,
Erdemir vd. 2020, AL-Saeedi et al. 2023). Bu ¢alismada, ilk
olarak 8-hidroksi kinolin kullanilarak 7-karbaldehit-8-
hidroksikinolin (HQA) sentezi literatlire uygun olarak
2006).

gerceklestirilen HQA bilesigi ile 2-aminotiyofenol arasinda

disuk maliyeti, kolay uygulanabilirligi,

gerceklestirilmistir  (Zeng et al. Sentezi
gerceklestirilen kondensasyon reaksiyonu sonucu yeni 8-
hidroksikinolin temelli Schiff bazi turevi (HQ-BT) elde
edilmistir. Elde edilen yeni bilesigin kimyasal yapisi H-
NMR ve 3C-NMR spektroskopik yontemler kullanilarak
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aydinlatilmistir. Kimyasal yapisi dogrulanan yeni Schiff
bazi tlrevi (HQ-BT) bilesiginin fluoresans c¢alismalari
DMSO/H20 (v/v; 3/7) ortaminda gergeklestirilmistir.
Yapilan ¢alismalar sonucunda bazi metal katyonlari (AI%*,
Cd2+, Li*, C02+, Ni2+, Fe2+, an", an", Ba2+, Hg“, Fe3+, I\/Igz*,
cu, Ag’)
renksizden parlak vyesil

arasindan sadece AI®* katyonuna Kkarsi
renge dogru bir fluoresans
emisyonu verdigi tespit edilmistir. Ayrica yapilan
calismalar sonucunda HQ-BT bilesiginin AI** tespit limiti
(LOD) 2.61 uM gibi dusik bir deger bulunmustur. Sonug
olarak bu calismada ortamlardaki APP* metalinin tespiti
icin kolay ve basit bir floresans probun sentezi

gerceklestirilmistir.
2. Materyal ve Metot

Analitik kalitede ticari olarak temin edilebilen 8-hidroksi

kinolin ve 2-aminotiyofenol Sigma-Aldrich'ten satin
alinmistir.  Calismada katyonlarin  perklorat tuzlar
kullanilmigtir.  7-karbaldehit-8-hidroksikinolin ~ (HQA)

bilesiginin sentezi literatir bilgilerine uygun olarak
gergeklestirilmistir (Zeng, et al.,, 2006). Sentezlenen
bilesiklerin yapilari NMR (Nuclear Magnetic Resonance
400)

Emisyon

Spectroscopy, Bruker Ascend™ spektrometresi

kullanilarak  belirlenmistir. spektrumlari
Edinburgh Instruments FS5 floresan spektrofotometre ile
elde edilmistir. Erime noktasi Stuars SMP3 melting point

cihazi kullanilarak tespit edilmistir.

2.1 7-(((2-merkaptofenil)imino)metil)kinolin-8-ol (HQ-
BT) Sentezi

50,00 mg (0,288 mmol) HQA bilesigi 30 mL susuz etanol
icerisinde ¢ozildl. Bu ¢ozelti Gzerine 44 mg (0,35 mmol)
2-aminotiyofenol bilesiginin 10 mL etanol igerisindeki
¢Ozeltisi ilave edildi. Elde edilen karisim 24 saat geri
sogutucu  altinda  karistirildi.  Reaksiyon  sdiresi
tamamlandiktan sonra karisim oda kosullarina kadar
sogutuldu. Olusan sari ¢okelti stiziildi ve etanol ile iyice

yikandiktan sonra vakumlu etlivde kurutuldu.

Verim: 44%; 36 mg.

Erime Noktasi: 272-273 °C;

'H NMR (400 MHz, CDCls): § 9.63 (dd, J = 8.7, 1.5 Hz, 1H,
OH), 8.78 (dd, J = 4.2, 1.5 Hz, 1H, CH=N), 8.06 (m, 1H,
Aromatik CH), 7.94 (dd, J = 7.8, 4.5 Hz, 1H, Aromatik CH),
7.87 (m, 1H, Aromatik CH), 7.55 (dd, J = 8.7, 4.2 Hz, 1H,
Aromatik CH), 7.44 (m, 1H, Aromatik CH), 7.35 (m, 1H,
Aromatik CH), 7.08 (d, J = 0.6 Hz, 1H, Aromatik CH), 7.06
(d, J = 1.6 Hz, 1H, Aromatik CH), 6.64 (m, 1H, Aromatik
CH).

13C NMR (100 MHz, CDCls): § 167.33 (CH=N), 156.76 (Arm.
C), 149.22(Arm. C), 138.90(Arm. C), 135.07(Arm C.),
134.38(Arm C.), 132.46(Arm. C), 131.61(Arm. C),

127.01(Arm. C),
123.93(Arm. (),
111.63(Arm. C).

126.60(Arm. C),
122.39(Arm. CQ),

125.87(Arm. C),
116.89(Arm C.),

3. Bulgular

Bu c¢alismada ilk olarak fluoresans ¢alismalarinda
kullanilacak olan baslangic maddesi 7-karbaldehit-8-
(HQA)
bilgilerine gore gergeklestirilmistir. Daha sonra son (riin
olan Schiff bazi bilesigi 7-(((2-

merkaptofenil)imino)metil)kinolin-8-ol (HQ-BT) sentezi

hidroksikinolin bilesiginin  sentezi literatir

uygun sartlar altinda gergeklestirilmistir. HQ-BT bilesiginin
kimyasal yapisi spektroskopik yéntemler (*H-NMR ve 3C-
NMR) kullanilarak aydinlatiimigtir. HQ-BT bilesgiginin *H-
NMR spektrumu incelendiginde HQA bilesiginin 10.14
ppm’ de gikan aldehit (CHO) pikinin kaybolmasi ve bunun
yerine 8.78 ppm’ de Schiff bazi (CHN) pikinin varlig
gozlenmistir. Tiim sentez semasi sekil 1 de verilmistir.

[ N Reimer-Timann Reaksiyonu i ey
N? N? A0

OH EtOH, NaOH, CHCl, OH

HQA
S SH . | S SH
LA A0 + HN —BoH AN
OH 24 saat Refluks OH

HQ-BT

Sekil 1. Bilesik HQA ve HQ-BT Sentezi

Sentezlerin basarili sekilde gerceklestirilmesinden sonra
HQ-BT Schiff baz
gerceklestirilmistir. Bu ¢alismalari gergeklestirmek igin ilk

bilesiginin fluoresans c¢alismalari

olarak HQ-BT bilesiginin ve kullanilan tiim metallerin (AI*,
Cd?, Li*, Co?*, Ni?*, Fe?*, Zn?*, Mn?*, Ba*, ng+, Fe3*, I\/Ig“,
Cu?*, Ag') stok cozeltileri hazirlanmistir. Fluoresans
calismalarinin hassasiyetinden dolaylr hazirlanan stok
¢Ozeltiler direkt olarak kullaniimamistir. Fluoresans
calismalarinda HQ-BT bilesiginin 10 pM ¢ozeltisi
DMSO/H:20 (v/v:3/7) karisimda hazirlanarak kullanilmistir.
Fluoresans calismalarinda ilk olarak HQ-BT bilesiginin
herhangi bir metal iyonuna karsi secici olup olmadiginin
¢alismasi yapilmistir. Bunun igin tiim metal iyonlariile ayri
ayri olarak fluoresans calismalari gercgeklestirilmistir. Bu
¢alismada goruldigu Gzere tim metal iyonlari varliginda
sadece AlI3* metal iyonuna karsi bir fluoresans emisyonu
gorilmektedir (Sekil 2). Bu durum HQ-BT bilesiginin
sadece AP* metaline fluoresans

karsi segicilik

gosterdiginin kanitidir.

HQ-BT bilesiginin Al** metal iyonlarina karsi fluoresans
olarak seciciliginin tespitinden sonra HQ-BT ile AP*
arasindaki etkilesimi daha ayrintih olarak incelenmistir.
Bunun igin HQ-BT ile AI** metalinin fluoresans titrasyon
calismasi gercgeklestirilmistir.
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Sekil 2. a) HQ-BT’nin farkli metal iyonlari varliginda fluoresans grafigi (Aex: 380 nm; Ex-Slit: 2, Em-Slit: 2; Aem: 532 nm) b) HQ-BT’nin

farkl metaller varliginda fluoresans segicilik kolon grafigi.
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Sekil 3. a) HQ-BT’nin farkli konsantrasyonlarda Al3* varliginda fluoresans titrasyon grafigi (Aex: 380 nm; Ex-Slit: 2, Em-Slit: 2; Aem: 532

nm) b) HQ-BT-AI3* kompleksinin JOB Plot’s Grafigi.

(Sekil 3a). Titrasyon grafiginden de goruldugu gibi belli bir
Al3* sonucu
komplekslesmenin doyuma ulastigi goriilmektedir. Bu

konsantrasyonda (10 esdeger) ilavesi
noktadan sonra ilave edilen AI** metali HQ-BT bilesiginin
emisyon yogunlugunda ciddi bir degisime neden olmadigi
gérilmektedir. HQ-BT ile AI** arasindaki komplekslesme
oraninin ne oldugunu belirlemek icin fluoresans titrasyon
verileri kullanilmis ve Sirekli Degistirme Metodu (JOB
Metodu) ile gergeklestirilmistir. JOB ybntemine gore
grafigin tepe noktasi 0,33 degerine karsilik gelmesi L-M
(1:2), 0,5 degeri L-M (1:1), 0,66 degeri ise L-M (2:1)
komplekslesmeyi JOB
grafiginden de gérildigi gibi HQ-BT-AI** arasindaki
komplekslesmenin (1:1) oldugu gorilmektedir (Sekil 3b).

gostermektedir.  Calismanin

Yine fluoresans titrasyon verileri kullanilarak HQ-BT ile
Al** metal iyonunun baglanma sabiti Benesi-Hildebrand

1.0x10° 4 a)
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esitligi kullanilarak hesaplanmis ve baglanma sabiti Ka
degeri 1.99 x 10* M2 olarak bulunmustur (Sekil 4a). Ayrica
HQ-BT’ nin AI** metal iyonlarini tespit limiti (LOD) 3s/k
esitligi kullanilarak hesaplamistir. Bu esitlikte s: standart
sapma, k: fluoresans titrasyon grafiginin egimini ifade
etmektedir. Yapilan hesaplamalar sonucunda HQ-BT’ nin
AB* iyonlarini  tespit (LOD) 2.91 upM olarak
bulunmustur (Sekil 4b). Dinya saghk o6rgitine (WHO)

limiti

gore icme sularinda APP* iyon konsantrasyonunun
maksimum 7.41 puM olmasi gerekmektedir (Carlos et al.
2020, Boonkitpatarakul et al. 2016). Sentezlenen yeni
HQ-BT WHO’'nun kabul
daha altinda

konsantrasyonlardaki Al3* iyonlarini dahi tespit edebilme

fluoresans sensor ettigi

konsantrasyonlarin cok olan

ozelligine sahiptir.
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Sekil 4. a) HQ-BT-AI3* (1:1) kompleksine ait Benesi-Hildebrand grafigi b) Farkli konsantrasyonlarda Al3* metaline karsi 532 nm’ de HQ-

BT’ nin fluoresans emisyon siddet grafigi.
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Tim bu galismalar ek olarak fluoresans sensor bilesikleri
icin cok 6nemli olan yasam omriu (Lifetime) calismasi
gerceklestirilmistir. Sekil 5’ de gorildtgi gibi hem HQ-BT
bilesiginin hem de HQ-BT-AI** kompleksinin yasam émrii
grafigi birlikte verilmistir. Buradaki veriler 1siginda HQ-BT
icin yasam émri 3.85 ns, HQ-BT-AP* icin yasam émrii ise
6.23 ns olarak hesaplanmistir. Buna goére HQ-BT-AI?*

kompleksinin daha kararh bir yapida oldugunu
gostermektedir.
10000 4
HQ-BT
(Yasam Omrii: 3.85 ns)
HQ-BT-AP
(Yasam Omrii: 6.23 ns)
1000

Foton Sayisi

100 4

o "

0 10 20 30 40 S0 60 70 80
Zaman (ns)
Sekil 5. HQ-BT ve HQ-BT-AB* nin Yagam Omrii (Lifetime) grafigi

4. Sonuglar ve Tartisma

Sonug olarak bu ¢alismada yeni bir florimetrik sensor (HQ-
BT) bilesiginin sentezi kolay ve basit bir sekilde basariyla
gerceklestirilmis ve yapisi karakterize edilmistir. *H-NMR
spektrumlari incelemesi sonucu HQA bilesiginde gozlenen
10.14 ppm’ deki aldehit piki HQ-BT bilesiginin *H-NMR
spektrumunda goézlenmemistir. Aldehit pikinin yerine
8.64 ppm’ de Schiff bazi pikinin varligi da HQ-BT bilesiginin
kanitidir.
asamasinin kolayhgi ve hizla elde edilebilmesi bash basina

basarili  sekilde sentezlendiginin Sentez
bir avantaj saglamaktadir. Ozellikle bircok katyonun
icerisinde sadece AI* metaline karsi ciddi bir emisyon
artisi (yaklasik 100 kat) gostermistir. Ayrica HQ-BT Schiff
bazinin AI** metal iyonlari icin ¢ok diisiik bir fluoresans
tespit limitine (2.91 pM) sahip olmasi da oldukga
onemlidir. Calismada ¢ozelti ortami olarak DMSO/H,0
(v/v 3/7) HQ-BT fluoresans
sensorin  farkli  ortamlarda (su, gida,
bulunabilecek Al

geleneksel yontemlere nazaran daha fazlaca tercih

karisimin  kullanilmasi
hiicre vb.)
metal iyonlarini tespit etmekte
edilmesine neden olacaktir. Son olarak bu cgalisma
sonuglarinin diger bilim dallarindaki (mtihendislik, tip vb.)
farkli

kullanilmasina onciiliik edebilecektir.

arastirmacilar tarafindan uygulamalarda

Etik Standartlar Beyani
Yazarlar tum etik standartlara uyduklarini beyan ederler.

Yazarhk Katki Beyani
Yazar 1: Kaynaklar, Arastirma, Deney, Yazma - orijinal
Gorsellestirme, Yazma — orijinal taslak

taslak

Cikar Catismasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir
¢ikar catismasi yoktur.
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yayinlanan bu makaleye dahil edilmistir.

Tesekkiir
Bu calismayr destekleyen Nigde Omer
Universitesi' ne tesekkiir ederim.

Halisdemir

5. Kaynaklar

AL-Saeedi, A., Aydin, D., & Alici, O. (2023). “Lighting up”
fluorescence precise recognition of AI** with an
effective fluorescence detection using a Bisphenol
A-based sensor. Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, 294,
122532.
https://doi.org/10.1016/j.saa.2023.122532.

Anand, T., Ashok Kumar, S., & Sahoo, S. K. (2018). A new
AIP* selective fluorescent turn-on sensor based on
hydrazide-naphthalic anhydride conjugate and its
application in live cells imaging. Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy,
204, 105-112.
https://doi.org/10.1016/j.saa.2018.06.033.

Baral, M., Sahoo, S., & Kanungo, B. (2008). Tripodal amine
catechol ligands: A fascinating class of chelators for
aluminium(Ill). Journal of Inorganic Biochemistry,
120 (8), 1581-1588.
https://doi.org/10.1016/j.jinorgbio.2008.02.006.

Bhardwaj, V., Bothra, S., Upadhyay, Y., & Sahoo, S. (2021).
Cascade Detection of Pyridoxal 5’-Phosphate and
Al** lons Based on Dual-Functionalized Red-Emitting
Copper Nanoclusters. ACS Appl. Nano Mater., 4 (6),
6231-6238.
https://doi.org/10.1021/acsanm.1c01019.

Bissell, R., Silva, A., Gunaratne, H., Lynch, P., Maguire, G.,
& Sandanayake, K. (1992). Molecular fluorescent
signalling with ‘fluor—spacer-receptor’ systems:
approaches to sensing and switching devices via
supramolecular photophysics. Chem. Soc. Rev., 21,
187-195.
https://doi.org/10.1039/CS9922100187.

Boonkitpatarakul, K., Wang, J., Niamnont, N., Liu, B.,
Mcdonald, L., Pang, Y., & Sukwattanasinitt, M.
(2016). Novel Turn-On Fluorescent Sensors with
Mega Stokes Shifts for Dual Detection of Al3* and
Zn%**. ACS Sensors, 1, 144-150,
https:// doi.org/10.1021/acssensors.5b00136.

Carlos, F., Monteiro, R., Silva, L., Zanlorenzi, C., & Nunes,
F. (2020). A highly selective acridine-based
fluorescent probe for detection of AI** in alcoholic
beverage samples. Spectrochim. Acta - Part A Mol.
Biomol. Spectrosc., 231, 118119.

474



Aliiminyum Tespiti icin Kullanilabilecek Kinolin Temelli Yeni Schiff Bazi Sentezi, Karakterizasyonu ve Florimetrik Calismalari, ALICI.

https://doi.org/10.1016/j.saa.2020.118119.

Chen, Y., Wei, T., Zhang, Z., Chen, T., Li, J., Qiang, J., . ..
Chen, X. (2017). A Benzothiazole-Based Fluorescent
Probe for Ratiometric Detection of AI** in Aqueous
Medium and Living Cells. nd. Eng. Chem. Res., 56
(43), 12267-12275.
https://doi.org/10.1021/acs.iecr.7b02979.

Das, S., Dutta, M., & Das, D. (2013). Fluorescent probes
for selective determination of trace level Al3*: recent
developments and future prospects. Anal. Methods,
5,6262-6285.
https://doi.org/10.1039/C3AY40982A.

Erdemir, S., Malkondu, S., & Kararkurt, S. (2020).
Synthesis and cell imaging studies of an unusual
“OFF—-ON” fluorescent sensor containing a triazole
unit for AI?* detection via selective imine hydrolysis.
Analyst, 145, 3725-3731.
https://doi.org/10.1039/C9AN02500F.

Exley, C. (2013). Human exposure to aluminium. Environ.
Sci.: Processes Impacts, 15, 1807-1816.
https://doi.org/10.1039/C3EM00374D.

Gupta, A., & Kumar, N. (2016). A review of mechanisms
for fluorescent “turn-on” probes to detect AI** ions.
RSC Adv., 6, 106413-106434.
https://doi.org/10.1039/c6ra23682k.

Jali, B., & Baruah, J. (2014). Fluorescence properties,
aluminium ion selective emission changes and self-
assemblies of positional isomers of 4-
(hydroxyphenylthio)naphthalene-1,2-diones. Dyes
and Pigments, 110, 56-66.
https://doi.org/10.1016/j.dyepig.2014.05.023.

Jeong, Y., & Yoon, J. (2012). Recent progress on
fluorescent chemosensors for metal ions. Inorganica
Chimica Acta, 381, 2-14.
https://doi.org/10.1016/j.ica.2011.09.011.

Kang, L., Xing, Z.-Y., Ma, X.-Y., Liu, Y.-T., & Zhang, Y. (2016).
A highly selective colorimetric and fluorescent turn-
on chemosensor for AI** based on naphthalimide
derivative. Spectrochimica Acta Part A: Molecular
and Biomolecular Spectroscopy, 167, 59-65.
https://doi.org/10.1016/j.saa.2016.05.030.

Khan, S., Chen, X., Almabhri, A., Allehyani, E., Alhumaydhi,
F., lbrahim, M., & Ali, S. (2021). Recent
developments in fluorescent and colorimetric
chemosensors based on schiff bases for metallic
cations detection: A review. J. Environ. Chem. Eng.,
9, 106381.
https://doi.org/10.1016/j.jece.2021.106381.

Kim, S., Noh, J., Kim, K., Kim, J., Kang, H., Nam, S., . . . Kim,
J. (2012). Salicylimine-based fluorescent
chemosensor for aluminum ions and application to
bioimaging. Inorg. Chem., 51, 3597—-3602.
https://doi.org/10.1021/ic2024583.

Krewski, D., Yokel, R., Nieboer, E., Borchelt, D., Cohen, J.,
Harry, J., . . . Ron, V. (2007). Human Health Risk
Assessment for Aluminium, Aluminium Oxide, and
Aluminium Hydroxide. Journal of Toxicology and
Environmental Health, Part B Critical Reviews, 10 (1),
1-269.
https://doi.org/10.1080/10937400701597766.

Li, R.-Y., Wei, Z.-L., Wang, L., Zhang, Y., & Ru, J.-X. (2021).
A new salamo-based fluorescence probe to visually
detect aluminum(lll) ion and bio-imaging in
zebrafish. Microchemical Journal, 162, 105720.
https://doi.org/10.1016/j.microc.2020.105720.

Liang, C., Bu, W,, Li, C., Men, G., Deng, M., Jiangyao, Y., ..
. Jiang, S. (2015). A highly selective fluorescent
sensor for AI?* and the use of the resulting complex
as a secondary sensor for PPi in agueous media: its
applicability in live cell imaging. Dalton Trans., 44,
11352-11359.
https://doi.org/10.1039/C5DTO0689A.

Liu, B., Wang, P., Chai, J., Hu, X., Gao, T., Chao, J., ... Yang,
B. (2016). Naphthol-based fluorescent sensors for
aluminium ion and application to bioimaging.
Spectrochim. Acta - Part A Mol. Biomol. Spectrosc.,
168, 98—-103.
https://doi.org/10.1016/j.saa.2016.06.002.

Mohanty, P., Behura, R., Bhardwaj, V., Dash, P., Sahoo, S.,
& Jali, B. (2022). Recent advancement on chromo-
fluorogenic sensing of aluminum(lll) with Schiff
bases. Trends Environ. Anal. Chem., 34, e00166.
https://doi.org/10.1016/j.teac.2022.e00166.

Peng, S., Wang, H., Ding, H., Fan, C,, Liu, G., & Pu, S. (2022).
A high selective chemosensor for detection of Al?*
based on diarylethene with a hydrazide unit. Journal
of Photochemistry and Photobiology A: Chemistry,
425,113718.
https://doi.org/10.1016/j.jphotochem.2021.113718

Pu, S., Zhang, C.,, Fan, C., & Liu, G. (2016). Multi-
controllable properties of an antipyrine-based
diarylethene and its high selectivity for recognition
of AI**. Dye. Pigment., 129, 24-33.
https://doi.org/10.1016/j.dyepig.2016.02.001.

Roy, A., Nandi, M., & Roy, P. (2021). Dual chemosensors
for metal ions: A comprehensive review. TrAC Trends
in Analytical Chemistry, 138, 116204.
https://doi.org/10.1016/j.trac.2021.116204.

Sahana, A., Banerjee, A., Lohar, S., Banik, A,
Mukhopadhyay, S., Safin, D., ... Das, D. (2013). FRET
based tri-color emissive rhodamine—pyrene
conjugate as an AI** selective colorimetric and
fluorescence sensor for living cell imaging. Dalton
Trans., 42,13311-13314.
https://doi.org/10.1039/C3DT51752G.

Sidgi, M., Abdel Aziz, A., Abolehasan, A., & Sayed, M.
(2022). Photochemical processing potential of a
novel Schiff base as a fluorescent probe for selective

475



Aliiminyum Tespiti icin Kullanilabilecek Kinolin Temelli Yeni Schiff Bazi Sentezi, Karakterizasyonu ve Florimetrik Calismalari, ALICI.

monitoring of AI** ions and bioimaging in human
cervical cancer Hela cells. Journal of Photochemistry
and Photobiology A: Chemistry, 424, 113616.
https://doi.org/10.1016/j.jphotochem.2021.11361.

Silva, A., Gunaratne, H., Gunnlaugsson, T., Huxley, A,
McCoy, C., Rademacher, J.,, & Rice, T. (1997).
Signaling Recognition Events with Fluorescent
Sensors and Switches. Chem. Rev., 5, 1515-1566.
https://doi.org/10.1021/cr960386p.

Xing, Z., Wang, J., Huang, J., Chen, X., Zong, Z., Fan, C., &
Huang, G. (2022). A Significant Fluorescence Turn-
On Probe for the Recognition of AP* and Its
Application. Molecules, 27, 2569.
https://doi.org/10.3390/molecules27082569.

Zeng, H.-P., OuYang, X.-H., Wang, T.-T., Yuan, G.-Z., Zhang,
G.-H., & Zhang, X.-M. (2006). Synthesis, Crystal
Structure, and Prediction of Hole Mobilities of 2,7'-
Ethylenebis(8-hydroxyquinoline). Crystal Growth &
Design, 6 (7), 1697-1702.
https://doi.org/10.1021/cg060197s.

476



Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi

Afyon Kocatepe University - Journal of Science and Engineering
https://dergipark.org.tr/tr/pub/akufemubid

e-ISSN: 2149-3367
AKU FEMUBID 25 (2025) 031301 (477-482)

Barnes-Mittag-Leffler Fonksiyonu ile iligkili
Spirallike Fonksiyonlar Sinifinin Sabordinasyon

Ozellikleri

Subordination Properties of the Class of Spirallike

Aragstirma Makalesi / Research Article

DOI: https://doi.org/10.35414/akufemubid.1511776
AKU J. Sci. Eng. 25 (2025) 031301 (477-482)

*Makale Bilgisi / Article Info
Alindi/Received: 10.07.2024
Kabul/Accepted: 05.12.2024
Yayimlandi/Published: 10.06.2025

Functions Associated with the Barnes-Mittag-Leffler

Function

Sahsene ALTINKAYA"

istanbul Beykent Universitesi, Fen Edebiyat Fakiiltesi, Matematik B6limi, istanbul, Tiirkiye

© 2025 The Author | Creative Commons Attribution-Noncommercial 4.0 (CC BY-NC) International License

Oz

Mittag-Leffler fonksiyonunun ve genellestirmelerinin
muhendislik, fizik, biyoloji ve diger uygulamal bilimlerdeki
dogrudan kullanimlari daha fazla taninmasini saglamistir. Bunun
yani sira bu fonksiyonun analitik 6zelliklerinin arastirilmasina
yonelik de birgok arastirma mevcuttur. Bu ¢alismada, Barnes-
Mittag-Leffler fonksiyonu, Mittag-Leffler fonksiyonun bir

. . z"
genellestirmesi, ER,(z;5) = 2?10=OW

C a,v € C\Zy; ve Re(K) > 0) arastirilmistir. Ayrica, Barnes-
Mittag-Leffler fonksiyonunu iceren spirallike fonksiyonlar
sinifinin yeni bir alt sinifi Sg ,(A, ) tanimlanmistir. Tanimlanan
Sk »(A4, 1) sinifi igin sabordinasyon 6zellikleri incelenmistir ve bu
sinifa ait fonksiyonlar igin katsayi esitsizlikleri elde edilmistir.

(z,s €

Anahtar Kelimeler: Spirallike fonksiyon; Sabordinasyon; Konvoliisyon;
Barnes-Mittag-Leffler fonksiyonu

Abstract

The applications of the Mittag-Leffler function and its
generalizations in engineering, physics, biology, and other
applied sciences have led to its increased recognition. In
addition, numerous studies investigate the analytical properties
of this function. In this study, we examine the Barnes-Mittag-
Leffler function, a generalization of the Mittag-Leffler function,

defined as E,?,V(Z;S)Zz;ﬁom'

C,a,v € C\Z; and Re(K) > 0. Further, a new subclass
Sg»(A4,2) of spirallike functions involving the Barnes-Mittag-
Leffler function is defined. Subordination properties are
investigated for the newly defined class, and coefficient
inequalities are obtained for functions belonging to this class.

where z,s €

Keywords: Spirallike function; Subordination; Convolution; Barnes-
Mittag-Leffler function

1. Giris
C kompleks diizlem olmak Uzere, agik birim disk
D={z€eC: |z| < 1}

seklinde tanimlanir. Bir D bolgesinde f: D — C donlsimi
birebir ise f fonksiyonuna vyalinkat fonksiyon denir.
Geometrik olarak, dizlemde gorinti bolgesinin katli
bolge olmamasi seklinde yorumlanir.

Surekli bir f:D — C donusimi igin aralarinda a agisi
bulunan, z, € D noktasindan gegen herhangi iki dizgiin
¥, ve ¥, egrilerinin; f(y,) ve f(y,) resim egrilerinin
de W, = f(z,) noktasinda aralarinda yon ve biyuklik
bakimindan a agisi varsa f fonksiyonuna z, noktasinda bir
konform donisim denir. Her z, € D noktasi igin
konformluk saglaniyor ise f fonksiyonuna D bolgesinde
konform doénlisim denir.

Geometrik Fonksiyonlar Teorisi (GFT), 1851 vyilinda
Riemann’in kompleks diizlemin basit baglantil bir 6z alt
kiimesini birim diske konform olarak resmeden bir f
analitik fonksiyonunun varligini ispat eden; ”Riemann
Donlsim Teoremi” olarak bilinen teoremiyle ortaya
c¢tkmistir (Riemann 1851). Analitik yalinkat fonksiyon,
sifirdan farkli tlrev degerlerine sahip oldugunda,
basit

donisturir. Bu durum, analitik yalinkat fonksiyonlarin,

geometrik olarak da egrileri basit egrilere
basit baglantili bolgeleri yine basit baglantili bolgelere

doniistirdiigti anlamina gelir. Dolayisiyla, Riemann
Donlslim Teoremi geregi, yalinkat bir f fonksiyonunu
herhangi bir basit baglantili bolgede incelemek yerine, D
birim diskinde incelemek yeterlidir. Bu durumda f(0) =
0 ve f'(0) =1 normalizasyon sartlarini saglayan, D
diskinde analitik f fonksiyonuna normalize edilmis

analitik fonksiyon denir. Normalize edilmis analitik
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fonksiyonlar sinifi A ile gosterilir. Diger yandan, her f €
A igin

f@D=z+a,z>+=z+3¥2,a,z" (1)
seklinde Taylor seri agilimi mevcuttur. Seri agilimindaki
katsayilarin fonksiyonun geometrik davranisi Uzerinde
etkili
ozelliklerinden biridir.

olmasi bu teoriyi 6nemli kilan en temel
D diskinde normalize edilmis yalinkat fonksiyonlar sinifi §
ile gosterilir. Ayni zamanda S A o6zelligi saglanir. §
sinifina ait her analitik fonksiyon, kompleks diizlemde D
diskini basit baglantili bir bolge tizerine konform ve birebir
olarak donugsturir. § sinifinin alt siniflarinin en énemlileri;
yildizil, konveks, konvekse yakin, a-mertebeli yildizil, a-

mertebeli konveks, spirallike fonksiyon siniflaridir.

Wy # 0 karmasik sayisi, —oo <p < oo ve A € (—g,%)
icin logaritmik A-spiral w =W0exp(—e‘“p) seklinde
tanimlanan bir egridir. Dolayisiyla w = w(p) logaritmik A-
spiral ise Im[e"*logw(p)] = sabit olur. D orijini
iceren bir bolge olmak lizere, her w # 0 icin w’dan gikan
A-spiral yay orijinle birlesirse D bdlgesine A-spirallike
bolge denir. Bu durumda, f fonksiyonu D diskinde
yalinkat ve f(D) A-spirallike bolge oldugunda f
fonksiyonu A-spirallike olur. A-spirallike fonksiyonlar sinifi
S, ile gosterilir ve §; € § ozelligi saglanir. Bu tanim
analitik olarak “f € A fonksiyonunun §; sinifina ait

olmasi icin gerek ve vyeter sart Re (ei/lzf (z))>0

f@
olmasidir” seklinde ifade edilir (Spacek 1933). A-
C 9 emirall . . irzf' (2
mertebeli A-spirallike fonksiyonlar ise Re (e —f(z))

Acos A esitsizligi ile tanimlanir ve bu fonksiyonlar sinifi

S,(A) ile gosterilir (Libera 1967).
iligkili

ozelliklerinin

Bazi 6zel fonksiyonlarla analitik fonksiyon

siniflarinin -~ geometrik incelenmesi,

matematiksel arastirmalar igin 6nemli bir alandir.
Ozellikle Mittag-Leffler fonksiyonu bu alanda genis capta
incelenmis ve birgok arastirmacinin ilgisini cekmistir. Daha
sonra yapilan calismalarda Mittag-Leffler fonksiyonu ve
genellestirmeleri  kesirli  mertebeden  diferansiyel
denklemler veya kesirli mertebeden integral denklemlerin
¢6zUmuinde ortaya ¢ikmistir (Gorenflo et al. 2018). Bu
alandaki en bilinen sonug¢ 1930 yilinda Hille ve Tamarkin
Mittag-Leffler

integralini

tarafindan kanitlanan, fonksiyonunun

Riemann-Liouville kesirli ¢6zen acik bir

formulidir. Dolayisiyla, bu fonksiyon uygulamali
matematik ve mihendislik bilimlerinin gesitli dallarinda
etkin rol oynar (Gorenflo and Mainardi 1997, Kilbas and
Saigo 1996, Mehrez et al. 2023, Srivastava and Tomovski

2009).

Mittag-Leffler fonksiyonunun Geometrik Fonksiyonlar
2016 yilina
Bansal ve Prajabat tarafindan normalize

Teorisi'nde  kullanimi dayanmaktadir.
Fonksiyon,
edilerek D diskinde yalinkatlik, yildizillik ve konvekslik gibi
bazi geometrik 6zellikleri incelenmistir (Bansal ve Prajabat
2016). Daha sonra, Mittag-Leffler fonksiyonunu iceren
yalinkat fonksiyon siniflari tanimlanmistir. Bu siniflara ait
fonksiyonlar igin sabordinasyon ve konvolusyon kosullari,

katsayi tahminleri gibi problemler incelenmistir.

Mittag-Leffler
fonksiyonu ile yakindan iliskilidir ve bu fonksiyonlar kesirli

Barnes-Mittag-Leffler fonksiyonu,
analiz, yaklagim teorisi ile bilimin ve mihendisligin gesitli
dallarinda kritik bir rol oynar. Giris boliminde, ilgili
Mittag-Leffler
fonksiyonununn matematiksel ve uygulamali alanlardaki

literatirde bu  konunun  Onemi,
rolii ifade edilmistir. Materyal ve Metot bdlliminde,
Barnes-Mittag-Leffler fonksiyonu, calismada kullanilan
yontemler, ihtiya¢ duyulan lemmalar detayh bir sekilde
aciklanmistir. Ayrica Barnes-Mittag-Leffler fonksiyonunu
EI%,vf
fonksiyonlarin yeni bir alt sinifi Sg ,(4, 1) tanimlanmistir.
Bulgular bélumiinde, f € A fonksiyonunun Sg,(4,4)

sinifina ait olma sartlari, katsayi esitsizlikleri ve bu sinif igin

iceren operatorii  yardimiyla  spirallike

sabordinasyon ozellikleri verilmistir. Sonuglar ve Tartisma
boéliminde ise, elde edilen bulgular literatirdeki mevcut
bilgilerle karsilagtirilmigtir. Bulgularin uygulamalari ve
matematiksel  Gneriler

gelecekteki ¢alismalar igin

sunulmustur.

2. Materyal ve Metot

Bu bélimde, normalize edilmis Barnes-Mittag-Leffler
fonksiyonunun tanimi verilecek ve bu fonksiyonun

ozelliklerini incelemek igin kullanilan matematiksel

yontemler ayrintili olarak sunulacaktir.

Tanim 2.1 D diskinde analitik ve Vz € D i¢in w(0) = 0,
Iw(z)| < 1 sartlarini saglayan w fonksiyonuna Schwarz
fonksiyonu denir (Goodman 1984).

Schwarz fonksiyonlarinin sinift €2 ile gosterilir.
Tanim 2.2 D diskinde analitik f; ve f, fonksiyonlari igin
fi(2) = fz(W(Z)):

esitligini saglayan bir w € Q2

(zeD)

fonksiyonu varsa fi,
f> fonksiyonuna sabordinedir denir (Goodman 1984).

Bu sabordinasyon islemi f; < f; ile gosterilir.

Tanim 2.3 f; fonksiyonu (1) formunda ve f,(z) =z +
Yo, bpz™ € A olmak lzere

A@D ) = (s )@ =2+ ) anby 2"
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ifadesine Hadamard ¢arpimi (konvoliisyon) denir.

Tanim 2.4 DcC olmak Uzere her z,,z, €D igin z
noktasini z, noktasina birlestiren dogru pargasi tamamen
D kumesi iginde kaliyorsa D kiimesine konveks kiime
denir. D diskini konveks bir kimeye resmeden fonksiyona
konveks fonksiyon denir (Pommerenke 1975).

Konveks fonksiyonlar sinifi C ile gosterilir.

Teorem 2.5 f, € § olsun. Bu durumda

f2(z) EC © Re (1 +2 ?”(Z)> >0
f; (2)

dir (Pommerenke 1975).

Tanim 2.6 Kompleks sayilarin bir {t,, };—, dizisine, eger f,
f2(2) = Xozibpz", (b =1)
verilmisse ve D diskinde analitik, yalinkat ve konveks ise

fonksiyonu seklinde

> bataz" < f(2),

n=1

kosulunu saglayan bir sabordine faktor dizisi denir (Wilf
1961).

Lemma 2.7 {t, };—, dizisinin bir sabordine faktér dizisi
olmasi igin gerek ve yeter sart

Re<1+22tnzn>>0

n=1
esitsizliginin saglanmasidir (Wilf 1961).

Mittag-Leffler fonksiyonu

oo Zn

E = —_— KeGK =

<) ZOFWH)’ (2K €CK 2 0)
n=

Leffler 1903).
acithmi  goz

Ustel
onilinde

seklinde tanimlanir (Mittag

MclLaurin  seri
Ex(2)
genellemesidir. Dolayisiyla, K = 1 i¢in Ustel fonksiyon

fonksiyonun

bulunduruldugunda, Ustel fonksiyonun bir
elde edilir. Ayrica Ex(z) bir parametreli Mittag-Leffler
fonksiyonu olarak da adlandirilir. iki parametreli Mittag-
Leffler fonksiyonu, Wiman tarafindan 2z K,v €

C,Re(K) > 0 ve Re(v) > 0 olmak uizere

E =) — -
kv () ZO T (Kn + v)
n=

olarak tanimlanmistir (Wiman 1905). Yillar iginde Mittag-
Leffler fonksiyonu farkli sekillerde genellestirilmistir
(Dorrego and Cerutti 2012, Garg et al. 2013, Gehlot 2018,
Prabhakar 1997, Shukla and Prajapati 2007). z,s € C,

a,v € C\Zy ve Re(K) > 0 olmak lzere, Mittag-Leffler
fonksiyonunun en énemli genellestirmelerden biri

[oe] Zn
Ef ,(z;s) = Z
0(2;9) 0F(Kn+v)(n+a)s
n=

olarak tanimlanan Barnes-Mittag-Leffler fonksiyonudur
(Barnes 1906).

Bu fonksiyonlarin aralarindaki iliski Eg,(z; 0) = Ex ,(2),
Ex1(2) = Ex(2) ve E;(z) = e” esitlikleri ile ifade edilir.

Barnes-Mittag-Leffler fonksiyonu E¢ ,,(z; s), A sinifina ait
olmadigindan

E% ,(z;s) = a® T (v)zEg ,(2; 5)

=z+ z h&(K,v,s)z"
n=2

seklinde normalize edilir (Alenazi and Mehrez 2023).
Burada

a’I"(v)

hé(K,v,s) =
n(Kv,s) T'Kn+v—-K)(n+a-1)S

dir ve [7{.) notasyonu Gama fonksiyonunu belirtir.
Boylece f € A fonksiyonu igin £ ,f: A — A operatorii

gl%,vf(Z; s) = E%,v(zi s)* f(2)
(2)

a’r() n
v—K)(n+a-1)5 "

=7+ Xn=2 I(Kn+
elde edilir.

Bu calismada pozitif reel degerli a, K, s, v parametreleri
ve z€D kosullari ele alinmistir. Bu baglamda, &g, f
operatori ile spirallike fonksiyonlarin yeni bir alt sinifi
asagidaki sekilde tanimlanir.

Tanm280<A<1lve|l| < g olmak tizere

Re <e“ z(Ekpf (2 5))

> AcosA
Exkof (z;5) )

esitsizligi saglanirsa f € A fonksiyonuna Sg,(4,1)
sinifina ait denir.

3. Bulgular

Bu bélimde bir f € A fonksiyonunun S¢ (4, 1) sinifina
ait olma kosullari, katsayi esitsizlikleri ve bu sinif igin
sabordinasyon o6zellikleri verilecektir.
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Lemma 3.1 fEA, 0<A<], |A|<§ ved<p <1

sartini saglayan bir S reel sayisi igin

o o f @)
ER o (:5)

—1|S1—[¥, (z e D) (3)
olsun. Bu durumda

1- [3)

1-A4

ise f € Sg,(4,2) dir.

[A] € cos™? (

ispat. Pozitif reel degerli a, K, s, v parametreleri, 0 < § <
1 ve z € D igin (3) esitsizliginden

z(Ekwf(2;5))

£ fs) L TATAW@

elde edilir. Bu esitligin her iki tarafi e ile carpilip reel

kismi alinirsa

2(68,f ()

Re| e Ex f(z;8) = Ref{e"[1+ (1 - pHw()1}

= cosA + (1 — B)Re{e*w(2)}

bulunur. Tanim 2.1 kullanilarak

> cosA — (1 — B)|e*w(2)|

>cosA—(1—-p)

esitsizligi elde edilir. Tanm 2.8 gbéz ©nlinde

bulunduruldugunda esitsizligin sag tarafindan cosA —
(1 —pB) =AcosA elde (4] <

- 1-
cos™! (1 B) sonucuna ulasilir.

edilir.  Dolayisiyla,

z(E,%’vf(z;s))l
ER oS (z:5)
saglanirsa f € Sg (4, 4) dir.

Lemma 3.2 — 1| £ (1 — A)cosA esitsizligi

ispat. Lemma 3.1’de § = 1 — (1 — A)cosA olarak alinirsa
ispat tamamlanir.

Teorem 33 feEA, 0<A<1 vel} <§ olsun. Bu

durumda

> (142

n=2

secl) h&(K,v,s)|a,| <1 4)

ise f fonksiyonu Sg ,(4, 4) sinifindadr.

ispat. (4) ile verilen katsayi esitsizligini gdstermek icin
Lemma 3.2 kullanilarak

2(E80f 39) — €8S @9)|

2(&8,f )
- Ekof (79) |

Ekof (2:9)

esitigi yaziir. (2) ile verilen &%,/ (z5) operatord

yukaridaki esitlikte yerine yazilirsa

(8, @5)) — E8uf 59)
Exvf(Z5)

® (n— DAYK,v,8)a,z" 1
1-Y> , hi(K,v,s)a,z" 1

Lna(n — DAG(K, v, 5)lanllz|" "
1= 2= (K, v, 9)lan| |z

< Z‘;.lo=2(n - 1)h%(K! v, S)lanl
1= hii (K, v,5)|ay,|

elde edilir. Lemma 3.2 yardimiyla, bu esitsizlik
D = DR, v, )la

< (1 — A)cosA {1 - z ha(K, v, S)lanl}

n=2

olarak yazilir ve buradan

> (42

n=2

secl) he(K,v,8)|a,| <1

dir. Boylece ispat tamamlanir.

Sonug¢ 3.4 f € S¢,(4,41) olsun. Bu takdirde H, =
[1—A+ (n—1)secA]h%(K,v,s) olmak Gzere

1-4

la,| <
n Hn ’

dir. f(z) =z + 1H_—AZ" fonksiyonu igin esitlik saglanir.
n

Teorem 3.5 f € S¢,(4,1) ve f, € C olsun. Bu durumda

= [1— A+ secA]hS (K, v,s) olmak Gzere

1—A+H,
Re(f(2)) > TTTH, 5)
ve
m(f f2)(@) < f,(2) (6)
dir.
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ispat. a; = 1 olmak {izere Tanim 2.6 yardimiyla

e,

n=1

dizisi ele alinsin. Bu dizi bir sabordine faktor dizisi ise
denklem (6) saglanir. Dolayisiyla Lemma 2.7 kullanilarak

Re( 1 227 n)>0
e<+ 12(1—A+H2)‘7‘”Z>
n=

esitsizligini ispat etmek gereklidir. |z] = r < 1 igin

Re 1+Lia z"
1-A+H, n

n=1

Rell+— 12 P OOEH n
T T I AT, T 1A+ H, . 20n?
n=

H,

>1-— 2
1-A+H,

1-4

i(l_l_n—l
1-A+H, 1-A

n=2

sec/1> ha(K,v,s)|a,|r™

bulunur. Simdi, denklem (4) yardimiyla

1-A+H,

=12
1—a+n, 0

elde edilir. Boylece (6) denklemi saglanir. Diger yandan (6)
denkleminde, 6zel olarak

z
fz(z)=1_z=z+22"
n=2

konveks fonksiyonu alinirsa (5) esitsizligi elde edilir. Yani,

H,
a-ariy V=@
H,
mRe(f(z)) > Re(fz(z))
H, 1
- aviy V@73

Simdi, esitlik icin

. 1-4
S I T

fonksiyonu gbz onine alindiginda, (6) denklemi

yardimiyla

H,

20— A +H,) (zeD)

F(z) < z
D177

sabordinasyonu elde edilir. Buradan

| H, 1
BE [Re (2(1 —A+Hy) F(Z))] -T2
dir.

4. Sonuglar ve Tartisma

Bu c¢alismada, Barnes-Mittag-Leffler fonksiyonunu igeren
Ex »f operatorii yardimiyla spirallike fonksiyonlarin yeni
bir alt sinifi Sg ,(A, 1) tanimlanmistir. Daha sonra f € A
fonksiyonunun bu yeni sinifa ait olma sartlari ve katsayi
esitsizlikleri

incelenmistir.  Ayrica, bu sinif igin

sabordinasyon o6zellikleri de sunulmustur.

Elde edilen sonuglar, mevcut literatiirdeki bulgularla
katki
Literatlrdeki c¢alismalar (Alenazi and Mehrez 2023,
Mehrez et al. 2023) DD diskinde Barnes-Mittag-Leffler
fonksiyonunun yildizillik, diizgtin yillizilhk, glgla yildizilhk,

karsilastirildiginda 6nemli  bir saglamaktadir.

konvekslik ve konvekslige vyakinlik gibi geometrik
ozelliklerini incelemistir. Bu g¢alismada ise mevcut olan
literatlire ek olarak § sinifinin bir alt sinifi olan Barnes-
Mittag-Leffler fonksiyonunu igeren spirallike fonksiyonlar
sinifi ozellikleri

tanimlanmis ve bu sinifin  gesitli

incelenmistir. Literatlirde, Barnes-Mittag-Leffler
fonksiyonunu iceren § sinifinin herhangi bir alt sinifi
tanimlanmamistir. Bu galisma, bu alanda 6nci bir nitelige

sahiptir.

Diger yandan, a,s,K,v,A ve 1 parametreleri icin belirli
Ozel degerler secilerek, Mittag-Leffler fonksiyonu ve
genellestirmeleri icin benzer sonuglar elde edilebilir.
Gelecekteki arastirmalar icin Sg,(4,1) sinifina ait
fonksiyonlar icin Fekete-Szegd esitsizlikleri ve Hankel
determinanti ¢aligilabilir. Ayrica, Barnes-Mittag-Leffler
fonksiyonunu iceren daha genis alt siniflar tanimlanabilir
ve incelenebilir.

Sonug olarak, bu ¢calisma, matematiksel analiz ve 6zellikle
Geometrik Fonksiyonlar Teorisi (GFT)’nin gelisimine katki
sunmaktadir. Gelecek ¢alismalarda, bu bulgularin daha da

gelistirilerek  yeni uygulama alanlari  olusturmasi
beklenmektedir.

Etik Standartlar Bildirgesi

Yazarlar tiim etik standartlara uyduklarini beyan ederler.
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Oz

Bu calismada, 4-boyutlu Lorentz-Minkowski uzayr Ef} de
timelike egriler tarafindan olusturulan tubular hiperyiizeylerin
Gauss donugiimlerinin dogrusallastiriimis operatéri Ly ile
ilgilendik. Bu baglamda ilk olarak, E} de timelike egriler
tarafindan  olusturulan  tubular  hiperylzeylerin  Gauss
déniugumlerinin Ly operatorini elde ettik. Ardindan sirasiyla,
genellestirilmis Lo 1-tipli Gauss dénlisiimiine sahip, birinci ve
ikinci gesit Lo-noktasal 1-tipli Gauss dénlisimiine sahip ve Ly-
harmonik Gauss donisiimine sahip olan bu hiperyizeyler igin
bazi siniflandirmalar verdik.

Anahtar Kelimeler Dogrusallastiriimis Ly-operatéri; Gauss dénisimdi;
Genellestirilmis L, I1-tipli Gauss dénisimi; Tubular hiperyiizeyler.

Abstract

In this study, we are interested in the linearized operator L, of
the Gaussian maps of tubular hypersurfaces formed by timelike
curves in the 4-dimensional Lorentz-Minkowski space Ef. In
this context, firstly we obtained the L, operator of the Gauss
maps of the tubular hypersurfaces formed by timelike curves in
E;. After, we gave some classifications for these hypersurfaces,
which have the generalized Ly 1-type Gauss map, the first kind
and second kind Ly-pointwise 1-type Gauss map and the L,-
harmonic Gauss map, respectively.

Keywords Linearized L,-operator; Gauss map; Generalized L, 1-type
Gauss map; Tubular hypersurfaces.

1. Giris

Laplace-Beltrami  operatori nesne tanima ve

siniflandirma, yapay zekd ve makine 6grenmesi, ylzey
modelleme ve grafik ile medikal gorintileme gibi bircok
alanda 6nemli uygulamalara sahiptir. Koordinat
fonksiyonlari Laplace operatériiniin 6z fonksiyonlari olan
incelenmesi  ve bunun

alt  manifoldlarin birgok

genellemesi, diferensiyel geometri icin o6nemli bir
arastirma alanidir. E™*! e gémiilii bir M hiperyiizeyi ile
iliskili Laplacian operatori, bir (i¢sel) ikinci dereceden
dogrusal diferensiyel operatordiir. Hiperylizeyin normal
degisimleri icin bu operatérler, dogal olarak ortalama
egriligin ilk degisiminin dogrusallastirilmis operatori
olarak gorillr. Laplace operatoéri, bu agidan bakildiginda

n-tane operatdrden olusan bir Ly =4, Ly, Ly, ..., L4
dizisindeki ilk operatordir. Hiperylzeyin normal
degisimlerinden kaynaklanan (k + 1)’inci ortalama

egriligin birinci degisiminin dogrusallastirilmis operatord,
bu dizide L, ile gosterilir. Bu operatorler, M Uzerinde
diferensiyellenebilir bir f fonksiyonu igin, L,(f) =
iz(P,0V?f) esitligini saglarlar. Hiperyiizeyin ikinci temel

formuyla iliskili k'yinct Newton donisimd,

f'nin
Hessian'ina metrik olarak esdeger olan kendine eslenik
dogrusal operatér V2 £ ile temsil edilir ve bu déniisiim Py
ile gosterilir. Ozel olarak k = 1 ise, bu durumda L,
Cheng-Yau operatoridur.

Bu calismada tubular hiperylzeyleri karakterize etmek
icin bu hiperylizeylerimize uygulayacagimiz Laplace-

Beltrami operatori, gorintli isleme ve bilgisayar

grafikleri alanlarinda 6zellikle ylzeylerin geometrik

ozelliklerinin analizini yaparak bu yuzeylerin temsillerini
elde etmek icin kullanilir. Bu baglamda, 3-boyutlu bir

nesnenin veya seklin matematiksel bir temsilini

olusturmak icin yazilim kullanma sireci olan 3B modelin
plrizsiazlGgini veya kavisli bolgelerini belirlemek igin

kullanilabilen Laplace-Beltrami operatori; bilgisayar

grafikleri ve gorinti isleme alanlarinda model

olusturmak, ylizeyleri segmente etmek, sekil benzerligini
karsilastirmak ve siniflandirmak icin olduk¢a 6nemlidir.
Ayrica Laplace-Beltrami  operatérii, biyomedikal
mihendislikte, medikal goriintiileme verilerinin analizini

yapmak icin fazlastyla kullanisli bir aractir. Ornegin, organ
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veya doku ylizeylerinin analizi ve segmentasyonu igin, CT
veya MRI taramalarindan elde edilen 3B goriintilerinin
islenmesi icin ve anatomik yapilarin belirlenmesi igin
kullanilabilir.

Diferensiyel geometri icin de 6énemli bir arastirma alani
olan manifoldlar Uzerinde Laplacian operatoru ile ilgili
olarak Takahashi,

operatoériiniin 6z fonksiyonlari olan ve ayni A 6zdegeri ile

koordinat fonksiyonlari Laplace
iliskili olan Oklid uzayindaki izometrik daldirmalari
incelemistir. Takahashi, eger (n+ k)-boyutlu Oklid
uzayinda bir  Riemannian  n-manifoldunun  bir
x:M = R™k izometrik daldirmasi bazi sifirdan farkli

sabitler icin Ax = Ax sartini sagliyorsa, bu durumda A’'nin
pozitif olmasi ve x’in de R™* deki \/m yaricaph bir
S™HKk+1 Kkiiresine minimal bir daldirma gergeklestirmesi
gerektigini gostermistir. Tersine eger x, R"** da yaricapi
r olan bir kiireye minimal bir daldirma gergeklestirirse, o
zaman x’in, R™** de paralel bir yer degistirmeye kadar
Ax = Ax'i sagladigini ve A = n/r? oldugunu ispatlamistir
(Takahashi 1966). 1990 yilinda ise Garay, Takahashi'nin
teoreminin daha genel bir halini olusturmustur (Garay
1990). Bu galismalarin ardindan, Laplacian operatori
ait  farkh
geometriciler tarafindan elde edilmistir (bkz. Chen ve
Petrovic 1991, Dillen vd. 1990, Hasanis ve Vlachos 1992).

yardimiyla c¢esitli ylzeylere siniflamalar

E™1 e gomili bir M hiperyiizeyi ile iliskili Laplacian

(icsel)
diferensiyel operatordir ve bu operator
L (f) = iz(P,oV2f) ifadesinde k =0 icin saglanir.
Yine literatiirde L, dogrusallastirilmis operatorleriyle

operatorli  bir ikinci dereceden dogrusal

ilgili ve Ozellikle de k =1 icin elde edilen Cheng-Yau
operatoriyle ilgili pek c¢ok calismaya rastlanmaktadir
(bkz. Cheng ve Yau 1977, Giiler ve Turgay 2019, Kazan
vd. 2024a-2024b, Kelleci 2021, Kim vd. 2016, Lucas ve
Ramirez-Ospina 2011, Tetsing 2021, Yang ve Liu 2009).

Biz de bu ¢alismamizda, dort boyutlu Lorentz-Minkowski
uzayl E{ de timelike egriler tarafindan olusturulan
tubular hiperylzeylerin Gauss donisiimlerinin
dogrusallastirilmis operatéri L, (Laplacian operator)’i
hesaplayarak bu tubular hiperylizeyler icin diferensiyel
geometride 6nem teskil eden bazi siniflandirmalar elde

ettik.

Bu baglamda ilk olarak, ileriki bdlimde kullanacagimiz
bazi temel bilgileri hatirlatalim.

EP*1;indeksi 1, isareti (—, +, +, ..., +) olan ve E'*1 de
dik koordinat sistemi (x;, X5, ... X,41) olmak lzere (,) =
—dx? + dx% + dx% + -+ dx2,, ile verilen pseudo-
Oklidyen metrigiyle donatilmis (n + 1)-boyutlu Lorentz-

n+1

Minkowski uzayi olsun. Eger ©: M — E]""*, n-boyutlu bir

M yénlendirilebilir manifoldundan EI**! e bir izometrik

daldirma ise, bu takdirde @ daldirmasi tarafindan M
Uzerinde indirgenmis  metrik, Riemannian veya
Lorentzian olabilir. Eger G birim normal vektdér alani ve
(G,G)=¢e=%1 takdirde =1 iken M

Lorentzian metrikle, € = —1 iken de M Riemannian

ise, bu

metrikle donatiimistir.

(n + 1)-boyutlu Lorentz-Minkowski uzayr EI'*! de M
G Gauss
fonksiyonlari Gzerinde aksiyon alan L; operatoru

hiperylizeyinin donlisiminin  koordinat

LG = —eC(VHiyq + (H Hyyy — (0 — k — 1) Hy42)G) (1.1)

esitligi ile verilir. Burada

n Nk n _ n!
(k) Hy = (=&)*ax, ((k) - k!(n—k)!) (1.2)
dir, oyle ki
a; = — XL K,
(1.3)

— k yn —
a, = (—1) 2i1<i2<---ik Kil'Kiz "'Kik’ k= 2,3, o n

dir ve H;'ya M’nin k-yinci ortalama egriligi denir. Ayrica,
Cy, sabiti de

Ge= (1)

formilu ile bulunur. Dogrusallastirilmis L -operatoriyle

(1.4)

ilgili detayli bilgi icin (Lucas ve Ramirez-Ospina 2011)
kodlu kaynaga bakilabilir.

Diger taraftan, eger Ef de vyénlendiriimis bir M
altmanifoldunun G Gauss donusimi L,G = fG + gC
sartini sagliyorsa, M genellestirilmis L, 1-tipli Gauss
donlisiimine sahiptir; eger LG = fG sartini sagliyorsa,
M birinci gesit Li-noktasal 1-tipli Gauss dénusimiine
sahiptir; eger L, G = f(G + C) sartini saglyorsa, M ikinci
cesit Lp-noktasal 1-tipli Gauss donusimune sahiptir ve
eger LG = 0 sartini saghyorsa M’ye L;-harmonik Gauss
donlisiimine sahiptir denir. Burada f ve g'ler M
Uzerinde sifirdan farkh diferensiyellenebilir fonksiyonlar,

C € E{ sifirdan farkli bir sabit vektér ve k € {1,2,3}tir.

Biz bu calismada, 4-boyutlu Lorentz-Minkowski uzayi E;
de tubular hiperyizeyler ile ilgilenecegimizden dolayi,
simdi E} uzay! icin bazi temel kavramlari hatirlatalim.

E} de
W = (wq, Wy, ws,w,) Uc vektér olsunlar. Bu durumda, ig

U= (U, Uy Uz, Uy), U= (V,V,V3,1,) Ve

carpim ve vektorel carpim, {eq, e,, e;,e,} standart baz
vektorleri olmak lizere, sirasiyla

<ﬁ, ﬁ) = —uv + U, v, + U3v3 + UyVy (1.5)

ve
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—61 62 63 64
ul uz u3 u4
—
X =
w=det| oy, v, v,

<

U X (1.6)

Wi W Wz W

seklinde tanimlanir. Ef de bir 1 vektériine, eger (i, u) >
0 (veya u = 0), {(u,u) < 0 veya (u,u) = 0 ise, sirasiyla,
spacelike, timelike veya lightlike (null) denir. E} de bir
y(x) egrisine ise spacelike, timelike veya lightlike (null)
denir, eger bu egrinin tim hiz vektérleri y'(x), sirasiyla
spacelike, timelike veya lightlike (null) iseler. Bir null
olmayan (yani spacelike veya timelike) egriye birim
hizhidir denir, eger (y',y') =41 ise. Ayrica bir U
vektériiniin normu ise ||| = +/ [{%, #)| seklindedir.

T,N,B;,B, bir timelike y(x) egrisinin sirasiyla, birim
tanjant vektor alani, asli normal vektor alani, binormal
vektor alani, trinormal vektor alani ve {T,N, By, B,} de
E} de y(x) egrisi boyunca hareketli Frenet ¢atisi olsun.
Bu durumda, y(x)timelike egrisi igin (T, T) = —1,
(N,N) =(B;,B;) = (B,,B,) =1 olmak uzere Frenet
denklemleri,

T' = kN,
N' =T + tB;,
(1.7)
B{ = —1N + UBz,
B, = —0B;

seklindedir. Burada k,7 ve o, y(x) egrisinin, sirasiyla
birinci, ikinci ve Ggiincl egrilikleridir.

Ayrica, M'de tanimli bir (x,y,z) diferensiyellenebilir
fonksiyonunun gradienti,

(933 — 922933V
+(=913923 + 912933)¥y | 0x
+(913922 — 912923)¥;
(=913923 + 912933) ¥«
+(9%3 — 911933y ay
+(—912913 + 911923)¥2
(913922 — 912923) ¥«
+(=912913 + 911923)¥y |0z

+(9%2 — 9119220

vy

- detg

elde edilir. Burada

detg = —g%3922 + 2912913923 — 911953 — 912933

+911922933

{x,y,z}, M’nin lokal koordinat sistemi; 1, 1,3, ler
Y’'nin kismi turevleri ve g;; = (9x, 0x), g, = (0x, dy),
913 =(0x,02), gy =(0y,0y), Ggp3 =(0y,0z) ve

33 = (0z,0z) dir.

2. E? de Timelike Egriler Tarafindan Olusturulan
Tubular Hiperyiizeyler i¢in Bazi Siniflandirmalar

Bu bélimde, éncelikle Ef de timelike egriler tarafinan
tubular  hiperyiizeylerle ilgili  baz
(bkz. Altin vd., 2023) bu
hiperyuzeylerin Gauss donilisimlerinin L, operatéri elde
Ardindan da bu

genellestirilmis L, 1-tipli Gauss donisimine sahip olma,

olusturulan
hatirlatmalar  yapilarak

edilecektir. hiperyuzeyler igin
birinci ¢esit Ly-noktasal 1-tipli Gauss donlsiimiine sahip
olma, ikinci gesit Ly-noktasal 1-tipli Gauss dénlisimiine
sahip olma ve Ly-harmonik Gauss donlislimine sahip
olma durumlari igin sonuglar verilecektir.

E} de merkezleri bir timelike egri tzerinde bulunan

pseudo-hiperkirelerin  bir  ailesinin  zarfi  olarak
olusturulan T (x, y, z) tubular hiperylzeyleri

cosycosz N(x)
T(x,y,z) =y(x)+p| +sinycosz B;(x) (2.1)

+sinz B,(x)

seklinde parametrelendirilebilir. (2.1) numarah tubular
hiperyuzeyin birim normal vektér alani

cosycosz N(x)

G =—| +sinycosz B;(x) (2.2)
+sinz B,(x)

dir ve dolayisiyla

G.6)=1 (2.3)

dir. (2.1) numaral tubular hiperylizeyin birinci temel
formunun katsayilari

911 = (pTCcosy cosz — po sin z)?
—(1 4+ px cosy cos z)*
+p2%(t? + 0%) sin? y cos? z,

J12 = o1 = p*>(tcosz — o cosysinz) cosz,

922 = p* cos? z, 24
913 = g31 = p*osiny,
923 = 932 = 0,
g3z =p°
ve asli egrilikleri ise
K1 = Ky = l
s (2.5)

KCOSYy COosZz

K3 -
1+pK cosSy cosz

dir. (1.3) ve (2.5) numarah denklemler kullanilirsa, (2.1)
numarali tubular hiperytizey igin a; fonksiyonlari
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_ —2-3pkcosycosz

a, =
1™ p(1+pK cosy cosz)’
_ 1+3pkcosycosz
R — (2.6)
p?(1+pK cosy cosz)
= -K
3 7 p2(pr+secysecz)

olarak elde edilir. Ayrica, (1.8) numarali denklemde (2.4)
ve (2.6) kullanilirsa

(cos Z(KT sin y+x’ cos y)) T
(1+pk cos y cos z)3
—3+cos(2y)
(+2c002y coszr)*
+2cos“ y cos(2z)

41 (1+pk cosy cos z)?2
Va, = (1+p y )

( K siny cosy cos? z )
1

p(1+pk cos y cos z)?
( K cosysinzcosz )
p(1+pk cosy cosz)2/) 2

seklinde bulunur. Dolayisiyla, (1.1), (1.2), (1.4), (2.2),
(2.3), (2.6) ve (2.7) numarali esitliklerden

((K‘[ sin y+k cos y) cos z) T
(1+pr cosycosz)?
1+5 cos(2y)
8 cosy cos z+px< +10 cos? y cos(2z) )
+12pK cos® y cos®z

+

N
4p?(1+pk cos y cos z)?

(2+3pr cosy cos z) siny cos z

( p?(1+pk cos y cos z) ) B,
(2+3pK cos y cos z) sin z

( p2(1+pK cos y cos z) ) 2

numaral tubular
1-tipli

dontsimune sahip olma, birinci gesit Ly-noktasal 1-tipli

olarak elde edilir. Simdi, (2.1)

hiperylzey igin genellestirilmis L, Gauss
Gauss donlsumiine sahip olma, ikinci gesit Ly-noktasal
1-tipli Gauss donusimune sahip olma ve Ly-harmonik

Gauss donlisimine sahip olma durumlari igin sonuglar

verilecektir.

ilk olarak, (2.1) numarali tubular hiperyiizey igin
genellestirilmis Ly 1-tipli Gauss donusimune sahip olma
durumunu, yani LoG = fG+gC durumunu

C = CF, + C,F, + C3F; + C,F, icin ele alalim. Burada
C’'nin x’e gore tilrevini alirsak, (1.7)'den

Ci+Ck=0,

Cy+ Cik—C31=0,

C;+Cyt—Cho=0,

C,+C30=0

(2.9)

olur. Ayrica, C’nin y’ye ve z'ye gore de tlrevlerini alirsak,
C’nin sadece x’ye bagli oldugu gorilebilir.

(2.2) ve LoG = fG + gC ifadesinde

kullanilirsa,

(2.8) esitlikleri

(ktsiny + k' cosy) cos z

=g(x,y,2)C,

1+ 5cos(2y)
8cosycosz+ pr| +10cos?y cos(2z)
+12pK cos® y cos® z

(1 + prcosycosz)?

4p?(1 + px cosy cosz)?
f(x,y,2)(—cosycosz) + g(x,y,2)C,,
(2 4+ 3pKcosycosz)sinycosz

p?(L+prcosycosz) f&.y,2)(=siny cos2)

+9(x,y,2)Cs,
(2 + 3prcosycosz)sinz

p?(1 + prcosycosz) =f(xy,2)(=sinz) + g(x,y,2)C,
(2.10)

denklemleri elde edilir. Simdi bu denklemleri ¢ézelim.

ilk olarak C; # 0 olsun. (2.10) numarali denklemlerin
ilkinden

(ktsiny + k' cosy) cos z
(1 + prcosycosz)3C,

9gx,y,2) = (2.11)
olur. Bu g(x,y, z)’yi (2.10)’un ikinci, Gglnci ve dérdlnci
denklemlerinde vyerlerine vyazarak f(x,y,z)’leri elde
edip, bu denklemleri birbirine esitlersek

(Cysinycosz — C3sinz)(ktsiny + k' cosy) =0 (2.12)

Cipx + C;secysecz
K (+pr (—C4 siny cotz))+ p(Cy, — Cypcosycotz)k’ =0
+C,tany
(2.13)

7(Coptany — C3p)

2
Cipre +K< +C, secysecz

) + p(C, — C3coty)k’ =0
(2.14)

esitliklerine ulagilir. Burada ktsiny + k' cosy # 0 ise,
(2.12)den C3 =C, =0 olur. C3 =0 oldugu (2.14)'te
kullanihirsa €; = 0 oldugu goralir ve bu da bastaki
C, # 0 varsayimimizla celisir. krsiny+k'cosy =0
olmasi durumunda ise, bu durumda da (2.10)'un ilk
denkleminden g(x,y,z) = 0 olur ve bu da g(x,y, z)'nin
tanimiyla gelisir.

ikinci olarak C; = 0 olsun. (2.9)'un ilk esitliginden ya k =
0 ya da C, = 0’dir. ilk olarak k¥ = 0 alinirsa, (2.10)’un ilk

esitligi zaten saglanir. (2.10)'un ikinci, (glinci ve
dérdiincii denklemlerinden de, sirasiyla

(2 +p*f(x, y/;f)) OS2 _ ey, 2C,  (215)
(2 +p2f(x,3;;22)) siny cosz = 9(x,7,2)C; (2.16)
(2 +p*f (J;zy, z))sinz _ 9(x%,y,2)C, (2.17)

elde edilir. Burada C;’ler sadece x’e bagli oldugundan,
(2.15), (2.16) ve (2.17) esitlikleri ayni anda saglanamaz.
Yani, bu da bir geligkidir. C, = 0 alinirsa da, (2.10)’un ilk
denkleminden ya k =0 ya da k" =0 =17 olur. k=0
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olamadigini az énce goérmistiik. O halde k' =0=7
durumunu ele alalim. (2.10)’un ikinci denkleminden

8cosycosz
1+ 5cos(2y) \
secz \+p}c +10 cos? y cos(2z) /
+12pk cos®y cos® z
f(x'y! Z) = 2 2
—4p?(1 + px cosy cos z)? cosy
olur. Bu ifade (2.10)'un {glncli ve doérdinci

denklemlerinde kullanilirsa da, sirasiyla

Ktany — g Y
p(1+ pxcosycosz)? g\x ¥, 2)%s
K secy tan z
=g(x,y,2)Cs

p(1+ pk cosy cos z)?
bulunur ve dolayisiyla

— = CSC anz
Cs Y

elde edilir ve bu da bir geligkidir.
Bu nedenle su teoremi ifade edebiliriz:

Teorem: E; de merkezleri bir timelike egri zerinde
bulunan pseudo-hiperkirelerin bir ailesinin zarfi olarak
olusturulan ve (2.1) ile parametrelendirilen tubular
1-tipli  Gauss

hiperylzeyleri,  genellestirilmis  Lg

dénisiimiine sahip olamaz.

Simdi de (2.1) numaral tubular hiperyizey icin ikinci
cesit Ly-noktasal 1-tipli Gauss donisimiine sahip olma
durumunu, vyani LyG=f(G+C), C+#0 durumunu

inceleyelim.

(2.2) ve (2.8) esitlikleri LyG = f(G + C) ifadesinde

kullanilirsa,

(ktsiny + k' cosy) cos z
(1 + px cosycos z)3

= g(x,y, Z)Cl;

1+ 5cos(2y)
8cosycosz+ pk| +10cos?y cos(2z)
+12pic cos® y cos® z

4p2(1 + pk cosy cos z)?
= f(x,y,2)(—cosycosz + C3),

(2 + 3pKrcosycosz)sinycosz

p?(1 + pr cosy cosz)

= f(x,y,z)(—sinycosz + C3),
(2 + 3pKr cosycosz)sinz

p?(1+ pxcosycosz) fy,2)(=sinz + Cy)

denklemleri elde edilir. Simdi de bu denklemlerle
ilgilenelim.
(2.18) numarali denklemlerin ikincisi, Uglncusi ve

dérdincusiinden f(x, v, z)’leri bulursak, sirasiyla

(2.18)

1+ 5cos(2y)
8cosycosz+ pr| +10cos?ycos(2z)
+12pk cos® y cos® z

fGy,2) = 4p?(1 4+ px cosy cos z)%(C, — cosy cos z)
(2.19)
_ (2+3pK cosy cos z)siny cosz
f(x' Y, Z) - p2(1+pk cos y cos z)(C3—sin y cos z) (2'20)
ve
f(x, y, Z) — (2+3pK cosycosz)sinz (2.21)

p2(1+pK cosy cos z)(C4—sin z)

olur. (2.20) ve (2.21) birbirine esitlenirse C; =C, =
0 bulunur. (2.19) ve (2.21) birbirine esitlenirse de C, = 0
ve Kk = 0 olur. Buldugumuz bu degerler (2.18) numarah

denklemlerin ikincisi, Uglnclisi ve doérdincisiinde
kullanilirsa

2
fx,y,2) = ry (2.22)
elde edilir. (2.22) numaral esitlik (2.18) numaral

denklemlerin birincisinde kullanilirsa da C; = 0 oldugu
gorilir. O halde asagidaki teoremleri elde ederiz:

Teorem: E; de merkezleri bir timelike egri izerinde
bulunan pseudo-hiperkirelerin bir ailesinin zarfi olarak
olusturulan ve (2.1) ile parametrelendirilen tubular
hiperylzeyleri, ikinci c¢esit Ly-noktasal 1-tipli Gauss
dénusimune sahip olamaz.

Teorem: Ef de merkezleri bir timelike egri izerinde
bulunan pseudo-hiperkirelerin bir ailesinin zarfi olarak
olusturulan ve (2.1) ile parametrelendirilen tubular
hiperyuzeyleri, k = 0 iken birinci gesit Ly-noktasal 1-tipli
Gauss donlisimine sahiptir, yani LyG = fG dir ve
burada f = —%dir.

Son olarak da (2.1) numarali tubular hiperyiizeyinin
Ly-harmonik Gauss dénligimiine sahip olma durumunu,
yani LG = 0 durumunu inceleyelim.

(2.8) esitligi icin LyG = 0 ise, bu durumda

(krsiny+x’ cosy)cosz _ 0
- Y%

(1+pkK cos y cos z)3
1+5cos(2y)
8cosycosz+pk( +10 cos? y cos(2z)
+12pK cos® y cos® z
=0
4p2(1+pk cos y cos z)?
(2+3prcosycosz)sinycosz __ 0
- ’

(2.23)

)

p2(1+pK cos y cos z)
(2+3pK cosycosz)sinz _ 0

p%(1+pk cos y cos z) )
olmalidir. Bu durum mimkin olmadigindan, asagidaki

teoremi ifade edebiliriz:

Teorem: E; de merkezleri bir timelike egri izerinde
bulunan pseudo-hiperkiirelerin bir ailesinin zarfi olarak
olusturulan ve (2.1) ile parametrelendirilen tubular
hiperyuzeyleri, Ly-harmonik Gauss donligimiine sahip

olamaz.
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3. Sonuglar ve Tartisma

Bu calismada, 4-boyutlu Lorentz-Minkowski uzayi Ef de
merkezleri bir timelike egri Uzerinde bulunan pseudo-
hiperkiirelerin bir ailesinin zarfi olarak olusturulan ve
(2.1)
Gauss donlisimlerinin L, operatdri elde edilerek, bu

ile parametrelendirilen tubular hiperylizeylerin

operator yardimiyla tubular hiperytzeylerin
genellestirilmis L, 1-tipli Gauss donlsiimiine ve ikinci
1-tipli
olamadigi, fakat bu tubular hiperyilzeyler Gizerinde k =
0 iken f=—-2/p? igin LoG=fG oldugu, yani bu

hiperylzeylerin birinci ¢esit Ly-noktasal 1-tipli Gauss

cesit Ly-noktasal Gauss donligimiine sahip

donidsimine sahip oldugu goérilmis oldu. Ayrica, (2.1)
numarali tubular hiperylizeylerin Ly-harmonik Gauss
donlisimine sahip olamadigi da gorilmuistir.

Bu c¢alismanin 4-boyutlu farkh uzaylarda degisik
tiplerdeki (hiper)ylzeyleri calisan arastirmacilara isik
tutacagl kanaatindeyiz.
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Abstract

Providing numerical solutions to differential equations in cases
where analytical solutions are not available is of great
importance. Recently, obtaining more accurate numerical
solutions with artificial neural network-based machine learning
methods are seen as promising developments for numerical
solutions of differential equations. In this paper, a low-cost,
orthogonal embedding-based network with fast training by
simple gradient descent algorithm is proposed to obtain
numerical solutions of differential equations. This architecture
is essentially a two-layer neural network that takes orthogonal
polynomials as input. The efficiency and accuracy of the method
used in this paper are demonstrated in various problems and
comparisons are made with other methods. It is observed that
the proposed method stands out especially when compared
with high-cost solutions.

Keywords: Non-linear ordinary differential equations; Numerical
approximation; Artificial neural networks; Orthogonal polynomials.

Oz

Analitik ¢oziimlerin mevcut olmadigi durumlarda diferansiyel
denklemler igin nimerik ¢o6ziimler elde etmek biyik 6nem
tagimaktadir. Son zamanlarda, yapay sinir agi tabanh makine
o6grenmesi yontemleriyle daha tutarli nimerik ¢éziimlerin elde
edilmesi diferansiyel denklemlerin niimerik ¢éziimleri igin mit
verici gelismeler olarak gorilmektedir. Bu makalede,
diferansiyel denklemlerin niimerik ¢oztiimlerini elde etmek igin
basit gradyan diisim algoritmasi ile hizli egime sahip disik
maliyetli bir ortogonal gdmme tabanl ag onerilmektedir. Bu
mimari, temelde, ortogonal polinomlari girdi olarak alan iki
katmanli bir sinir agidir. Bu makalede kullanilan yontemin
verimliligi ve tutarlihg, cesitli problemlerde goésterilmis ve diger
yontemlerle karsilastirmalar yapilmistir. Kullanilan y&ntemin,
ozellikle ylksek maliyetli ¢ozlimlerle karsilastirildiginda 6ne
ciktig goralmastar.

Anahtar Kelimeler: Dogrusal olmayan adi diferansiyel denklemler;
Niimerik yaklasim; Yapay sinir aglari; Ortogonal polinomlar.

1. Introduction

Many disciplines, especially physics and economics,
express their most important problems in the form of
differential equations. The differential equation modeling
the independent and dependent variables present in the
phenomena along with the conditions that we know are
true for the given independent variable formulate the
initial value problem. The general initial value problem is

G (% ¥,y @), -, y™® (@) = 0 (1)

subject to the conditions y(xy) = yo, ¥(xg) = Vg,

y(xén—l)) — yén—l)

compute y(x). Analytic solutions are limited to certain

where x € R. Our objective is to

classes of differential equations, and they are mostly not
available, so we are obliged to come up with different
methodologies. Numerical methods, building the bridge
between mathematics and real-life phenomena, has
become an effective approach in the absence of an

analytic solution. Classical methods such as Euler's and

Runge-Kutta are useful, yet they require heavy
computation and extensive math when applied to higher
order problems. The resulting approximation being only
discrete and not continuous is another limitation for
these classical methods (Strang, 2007). Lately, neural
network based methods are being proposed to overcome
the obstacles before solving differential equations
(Meade and Fernandez, 1994). The neural network based
approximation is a continuous approximation of the
unknown function and it is in closed, differentiable form
1998; Hornik et al., 1989). This
approximation can also handle differential equations with
singularity (Chakraverty and Mall, 2017). Methodology of

the neural network based solution is easy to implement

(Lagaris et al.,

and is of low computational demand when an effective
architecture design is provided. The robustness of neural
networks make them applicable to both ordinary and
partial differential equations and system of ordinary or
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partial differential equations with trivial changes to the
theory.

There are various machine learning based methods for
solving initial value problems. The least squares support
vector machine methodology from statistical learning
literature is successfully applied on differential equations
(Mehrkanoon et al., 2012). The fundamental neural
network, i.e. multilayer perceptron with nonlinear

activation  functions, is considered a universal
approximator. In this regard Cybenko (1989) shows that a
single hidden layer along with the sigmoid function can
approximate any continuous function with support in the
unit hypercube, to an arbitrary degree. Later on, Pinkus
(1999) reviews the answers of questions in approximation
theory of neural networks. Malek and Beidokhti (2006)
use a hybrid method mixing neural networks and Nelder-
Mead optimization method. Wen et al. (2022) combines
neural networks and the Lie group applications on
differential equations. In Schiassi et al. (2021), the Theory
of Functional Connections (TFC) is used to create an
expression that utilizes neural networks, and this reduces
the training solely to a simple least-squares, since the only
parameters tuned by this methodology are the output
weights. An advancement on the classic neural networks
are orthogonal networks using the orthogonal
polynomials as hard-coded activation functions. Most
basic of these architectures is equivalent to the
Chebyshev method  with

coefficients (Mall 2014).

polynomials which are also the foundation of our

collocation optimized

and Chebyshev, Legendre
proposal here are previously applied in the work of Mall
and Chakraverty (2016). A more complex version include
the repeated use of orthogonal layers in deeper neural
networks (Parand et al., 2024). In particular, Ginel and
GOr (2022) examine the swarm intelligence methods
employing neural networks for solving Dirichlet boundary
problems. A survey of neural network methods along with
radial basis function methods for solving differential
equations is the work of Kumar and Yadav (2011). Knoke
and Wick (2021) present some numerical tests for the
sensitivity of the objective function to show that some
misleading initial weights can minimize the cost function
while not satisfying the equation.

We propose an orthogonal embedding based artificial
neural network with simple adjustments providing the
following contributions:

1. Robust methodology of our proposal makes the
solution applicable to problems from any discipline.

2. The appropriate utilization of Legendre polynomial
based orthogonal representations lead to a low demand,

fast runtime exceeding the accuracy of highly demanding
deep architectures.

3. The efficient backpropagation results in easy
convergence by basic gradient descent with constant
learning rate.

We start by introducing the mathematical properties and
formulate the architecture methodology in Section 2. In
Section 3 the method is applied to some initial value
problems. The Section 4 discusses the results and
concludes the proposal.

2. Methods

In this section we discuss the Legendre polynomials,
formulate the architecture and present the optimization
Among the obtain

procedure. many ways to

approximations are series expansions. The most
fundamental method in this regard is Taylor's series,
which is a useful method since one can easily calculate the
expansion coefficients. Orthogonal polynomial
expansions are also used to obtain approximations and
the theory is well studied to show that they possess useful
properties for numerical analysis (Snyder, 1966). We first
define the Legendre polynomials, then note that they
fundamentally form an orthogonal basis, which will help

us obtain useful representations of input scalars.

2.1 Legendre polynomials

Consider the below differential equation, namely

Legendre's differential equation.
(1—x»)P/(x) = 2xP,(x) +n(n+ DP,(x) =0 (2)

The solutions P,(x) to the differential equation (2) are
called the Legendre polynomials. The polynomials B, (x)
are defined explicitly as

P(x) = — 2 (x2 — 1), 3)

2Mn! dx™

The first five Legendre polynomials which we will use in
order to create our embeddings are as the following:

Po(x) =1,

Pi(x) =x,
P. —132 1
() =5 (3% = ),

1
P,(x) = > (5x3 — 3x).
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The polynomials given above are graphed in Figure 1.

1.00 A

0.75

0.50

0.25

0.00

—0.25 1

—0.50
— Pilx)

— A
=0:257 - Bi(x)
— Pi(x)
—1.00 A Pi(x)

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Figure 1. The first five of the Legendre polynomials.

2.2 Orthogonality and completeness

Now we state a theorem to show the orthogonality and
completeness of Legendre polynomials. The Legendre
polynomials are orthogonal with w(x) =1 on the
interval [—1,1], i.e.

2

1
f—l Pn(x) Pm(X)dX = mgmn (4)
where §,,, is the Kronecker delta. Morevover, the
Legendre polynomials are complete. We refer to Lebedev
(1965) for orthogonality and Weidmann (1980) for
completeness proof.

2.3 Orthogonal embedding-based artificial neural
network

Initially, the real continuous space of the problem domain
is discretized into D from which the input x € D c R is
received. In the first layer of the architecture, the
orthogonal embedding represents the input x by the
orthogonal basis the Legendre polynomials exhibit. The
evaluated Legendre polynomials are then fed into a two-
layer neural network whose hidden layers are the same
size as the orthogonal embedding, parameterized by p,
with sigmoid activation function. Denoting the operations
of the linear layers with matrices L}, and Lf,, respectively,
we obtain the formulation below for the architecture

output.
Py(2)
Py (2)
Np(x) = L1 [ P,(2) (5)
P3(2)
Py(2)

where z = tanh(x).

The computation of the orthogonal embedding is fast and
the optimization is only required for the small neural

network using these representations. Although small, this
network can learn powerful approximations working on
the orthogonal representations of inputs.

Po()
P()
15 4
Py(. — > S
CGO—fmal—| %0 (=] e [~ 6
Py(.)

(O]

Orthogonal
representation

Figure 2. Orthogonal embedding-based artificial neural
network. Here (5,5) and (5,1) denote the matrix dimensions of
linear transformations Li, and Lf,, respectively.

2.4 Approximation

We formulate the approximation of y(x), namely 3,(x),
using the appropriate trial solution form. For a first-order
differential equation, we write

yp(x) =Yo + pr(x) (6)
and for a second-order differential equation we write
j;p(x) =Yo + xy(,) + szp(x)- (7)

Substituting the appropriate trial solution in the equation
(1) we obtain the following optimization problem.

1oy - o o () 2 _
S2i=1G (xi:yp(xi):yp (x:), s Dp (xi)) =0 (8)

The optimization objective is accomplished by the
gradient descent algorithm. The principle is to update the
parameters p based on the gradient of the function we
aim to optimize, namely

1 “ ~ “ 2
o) =331 6 (3, 5p (), 9/ (), -, 3, @) . (9)
At each step we compute

aF _ .
Vol = d—pryp, (10)

then perform the update

P=PpP— prFp (11)
where y is the learning rate tuning the update magnitude.
In our numerical applications, learning rate can remain

constant throughout the iterations, thus providing a
simple low-cost training procedure.

3. Results and Discussions

In this section we consider some initial value problems to
illustrate the efficiency of our method. First three
examples are ordinary Lane-Emden type equations. The
fourth example is a nonlinear ordinary Riccati type
equation. Our method takes 20-equidistant points from
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the problem domain and outputs a continuous
approximation of the unknown function. We perform the
computations on 2.20GHz Intel Xeon CPU with 12

gigabytes of memory.

For each of the examples the optimization of model
parameters is demonstrated through the graph of the
entries in Lf,, denoted in the figures as

wi = (L) (12)
3.1 Standard Lane-Emden with g(y) = 1
V') +2y ) +1=0 (13)

with initial conditions y(0) =1, y'(0) = 0. The exact
solution of this initial value problem is

y(x)=1- z—? (14)

In Table 1 we compare our approximations with the
approximations presented by ChNN (Mall and Chebysheyv,
2014). In Table 2 we compare them with the results of
Parand et al. (2024). Both comparisons make it clear that
our method can produce highly accurate approximations
while remaining low-cost. Table 3 tests the approximation
on some randomly generated points to demonstrate the
smoothness of the result. In Figure 3 we compare our
estimated graph for the unknown function with the exact
solution (14). We give a summary in Table 4. In Figure 4
we see that the optimization successfully converges to
some specific values from random initialization.

Table 1. Comparison with ChNN for example 3.1.

Input Exact ChNN Proposed Absolute
method error

0 1.0000 1.0000 1.0000 0

0.1 0.9983 0.9993 0.9983 2.38e-06
0.2 0.9933 0.9901 0.9933 2.98e-06
0.3 0.9850 0.9822 0.9850 8.34e-07
0.4 0.9733 0.9766 0.9733 1.78e-07
0.5 0.9583 0.9602 0.9583 6.37e-06
0.6 0.9400 0.9454 0.9400 1.78e-07
0.7 0.9183 0.9139 0.9183 3.69e-06
0.8 0.8933 0.8892 0.8933 3.39e-06
0.9 0.8650 0.8633 0.8650 4.76e-07
1.0 0.8333 0.8322 0.8333 3.45e-06

Table 2. Comparison with Parand et al. for example 3.1.

Input Exact Parand Proposed Absolute
etal. method error

0 1.0000 0.9999 1.0000 0

0.01 0.999983 0.999974 0.999984  2.38e-07
0.02 0.999933  0.999925 0.999934 5.96e-07
0.05 0.999583  0.999575 0.999585  2.02e-06
0.10 0.998333 0.998321 0.998336 2.38e-06
0.50 0.958333  0.958322 0.958340 6.37e-06
1.00 0.833333 0.833326 0.833337 3.45e-06

Table 3. Absolute errors on example 3.1. for randomly
generated points.

Input Exact Proposed Absolute
method error

0.2840 0.9866 0.9866 8.92e-05
0.7554 0.9049 0.9049 4.67e-05
0.8290 0.8855 0.8854 1.48e-05
0.7711 0.9009 0.9009 3.63e-05
0.6168 0.9366 0.9366 7.56e-06
1.000 - EXxact

= = Approximation
0.975
0.950
0.925
0.900
0.875
0.850
0:825 0.0 0.2 0.4 0.6 0.8 1.0

Figure 3. Comparison of the proposed solution with exact
solution for example 3.1.

Table 4. Comparison of methods for example 3.1.

Method Number of Optimization Mean
parameters  algorithm squared
error
ChNN 5 Gradient 9.36e-06
descent
Parand etal. 550 Adam 1.04e-10
Proposed 30 Gradient 6.64e-12
descent
(constant
learning
rate)
1.0
0.5
0.0
-0.5

0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Figure 4. Convergence of the model parameters for example 3.1.

The convergence time for the solution of example 3.1. is
5 seconds.
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3.2 Standard Lane-Emden with g(y) = y°(x)
Y +2y' () +y5(x) =0 (15)

with initial conditions y(0) =1, y'(0) = 0. The exact
solution of this initial value problem is

) = (1+5)72, (16)

As above we make comparison with ChNN (Mall and
Chebyshev, 2014) and Parand et al. (2024) in Table 5 and
6, respectively. In Table 7, we give some randomly
generated examples to prove continuity. Figure 5
contains the graph of our estimation and the graph of the
exact solution (16). The efficient usage of neural network
parameters can be observed in Table 8. The convergence
performance of the simple gradient descent with

constant learning rate is visible in Figure 6.

Table 5. Comparison with ChNN for example 3.2.

Input Exact ChNN Proposed Absolute
method error

0 1.0000 1.0000 1.0000 0

0.10 0.9983 0.9981 0.9983 4.82e-06
0.20 0.9934 0.9935 0.9934 5.36e-07
0.30 0.9853 0.9899 0.9853 5.96e-08
0.40 0.9744 0.9712 0.9744 9.59e-06
0.50 0.9607 0.9684 0.9608 1.18e-05
0.60 0.9449 0.9411 0.9449 1.84e-06
0.70 0.9271 0.9303 0.9272 7.27e-06
0.80 0.9078 0.9080 0.9078 3.45e-06
0.90 0.8874 0.8830 0.8873 7.86e-06
1.00 0.8660 0.8651 0.8660 5.00e-06

Table 6. Comparison with Parand et al. for example 3.2.

Input Exact Parand Proposed Absolute
etal. method error

0 1.0000 1.0000 1.0000 0

0.01 0.999983 0.999976 0.999984  3.57e-07
0.02 0.999933 0.999927 0.999934 1.07e-06
0.05 0.999584 0.999579 0.999588  3.93e-06
0.10 0.998338 0.998332 0.998342 4.82e-06
0.50 0.960769 0.960762 0.960781 1.18e-05
1.00 0.866025 0.866022 0.866030 5.00e-06

Table 7. Absolute errors on example 3.2. for randomly
generated points.

Input Exact Proposed Absolute
method error
0.6596 0.9345 0.9345 7.27e-06
0.4847 0.9630 0.9630 2.61e-05
0.8548 0.8967 0.8967 2.43e-05
0.2336 0.9910 0.9910 6.97e-06
0.8425 0.8993 0.8992 2.06e-05

1.00 4 - Exact
= = Approximation

0.94 1

0.92 A

0.90 1

0.88 1

0.86 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 5. Comparison of the proposed solution with exact
solution for example 3.2.

Table 8. Comparison of methods for example 3.2.

Method Number of Optimization Mean
parameters  algorithm squared
error
ChNN 5 Gradient 1.21e-05
descent
Parand etal. 550 Adam 5.87e-11
Proposed 30 Gradient 3.74e-11
descent
(constant
learning
rate)

0.0
-0.5 f
=1.0
- W
B ol
-1.51 - w}
-~ w}
wi
-2.0

0123456 7 8 910111213141516171819
Figure 6. Convergence of the model parameters for example 3.2.

The convergence time for the solution of example 3.2. is
30 seconds.

3.3 Lane-Emden with g(y) = —2(2x? + 3)
Y00 +2y'(0) —2(2x% +3)y(x) = 0 (17)

with initial conditions y(0) =1, y'(0) = 0. The exact
solution of this initial value problem is

y(x) = e (18)
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Table 9 and 10 compare the obtained results with ChNN
(Mall and Chebyshev, 2014) and Parand et al. (2024),
respectively. In Table 11 we present examples for points
not present among the training points. Table 12 compares
the methods. Figure 7 shows the graph of the exact
solution (18) and the estimated solution obtained by our
method. The succcessful convergence is observed in

Figure 8.

Table 9. Comparison with ChNN for example 3.3.
Input Exact ChNN Proposed Absolute

method error

0 1.0000 1.0000 1.0000 0
0.10 1.0101 1.0094 1.0101 1.97e-05
0.20 1.0408 1.0421 1.0408 2.01e-05
0.30 1.0942 1.0945 1.0942 1.70e-05
0.40 1.1735 1.1598 1.1735 2.58e-05
0.50 1.2840 1.2866 1.2840 2.02e-05
0.60 1.4333 1.4312 1.4334 2.98e-05
0.70 1.6323 1.6238 1.6323 3.01e-05
0.80 1.8965 1.8924 1.8965 2.95e-05
0.90 2.2479 2.2392 2.2480 5.12e-05
1.00 2.7183 2.7148 2.7183 5.17e-05

Table 10. Comparison with Parand et al. for example 3.3.

Input Exact Parand Proposed Absolute
etal. method error

0.00 1.0000 1.0001 1.0000 0

0.01 1.0001 1.0002 1.0001 1.54e-06
0.02 1.0004 1.0005 1.0004 5.00e-06
0.05 1.0025 1.0026 1.0025 1.63e-05
0.06 1.0036 1.0037 1.0036 1.87e-05
0.07 1.0049 1.0050 1.0049 2.00e-05
0.10 1.0101 1.0101 1.0101 1.97e-05
0.20 1.0408 1.0409 1.0408 2.01e-05
0.30 1.0942 1.0942 1.0942 1.70e-05
0.40 1.1735 1.1736 1.1735 2.58e-05
0.50 1.2840 1.2841 1.2840 2.02e-05
1.00 2.7183 2.7185 2.7183 5.17e-05

Table 11. Absolute errors on example 3.3. for randomly
generated points.

Lo - Exact

= = Approximation
2.50 4

2.25 1

2.00 1

1.75 1

1.50 1

1.25 1

1.00 1

T T T

0.0 0.2 0.4 0.6 0.8 1.0

Figure 7. Comparison of the proposed solution with exact
solution for example 3.3.

Table 12. Comparison of methods for example 3.3.

Method Number of Optimization Mean
parameters  algorithm squared
error
ChNN 5 Gradient 3.44e-05
descent
Parandetal. 2291 Adam 1.22e-08
Proposed 30 Gradient 9.22e-10
descent
(constant
learning
rate)

Input Exact Proposed Absolute
method error
0.5694 1.1423 1.1423 2.14e-05
0.0545 1.0016 1.0016 1.21e-05
0.9987 1.2980 1.2981 2.01e-05
0.5940 1.0691 1.0691 2.55e-05
0.6833 1.1653 1.1653 2.24e-05

- W}
- w
1.0 1 - v}
- w}
wi
0.5 1 ./p—o—o—o—o—o—0—0—0—0—0—0—0—0—0—0—0—0—0

0.0 1

-0.51 §
-1.04 /|

—1.5

—2.0 -

0123 456 7 8 91011121314151617 1819

Figure 8. Convergence of model parameters for example 3.3.

The convergence time for the solution of example 3.3. is
24 seconds.

3.4 Riccati equation

Consider the Riccati equation
Y'Y = y(x) = 2y*(x) (19)

with initial condition y(0) = 1. The exact solution of this
initial value problem is

1

2—e~X’

y(x) = (20)
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The problem is previously solved by Gilsii and Sezer
(2006) using the Taylor matrix method. We compare the
errors of methods in Table 13. Our proposal achieves to
exceed previous accuracies without heavy mathematics
of the Taylor matrix method. Table 14 test the estimation
on some new points to prove continuity. In Figure 9 we
present the estimated graph and the exact solution (20).
Figure 10 presents the convergence of architecture
parameters.

Table 13. Comparison of methods for example 3.4.

Input Exact Euler’s Taylor Proposed
Method Matrix Method
(Absolute (Absolute (Absolute
Error) Error) Error)
0.10 0.9131 5.85e-03 2.94e-07 2.68e-04
0.20 0.8465 8.47e-03  1.48e-04  1.50e-04
0.30 0.7942 1.55e-02 1.97e-03 2.20e-04
0.40 0.7521 9.73e-03 1.11e-02 1.44e-04
0.50 0.7176 9.54e-03  4.14e-02  5.02e-05

Table 14. Absolute errors on example 3.4. for randomly
generated points.

Input Exact Proposed Absolute
method error
0.5694 0.6973 0.6975 4.92e-04
0.0545 0.9497 0.9507 9.60e-04
0.9987 0.6129 0.6130 1.97e-04
0.5940 0.6907 0.6909 5.17e-04
0.6833 0.6689 0.6691 4.15e-04
1.00 —— Exact
- - Approximation

0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.601__ i . . , ,

0.0 0.2 0.4 0.6 0.8 1.0

Figure 9. Comparison of the proposed solution with exact
solution for example 3.4.
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Figure 10. Convergence of model parameters solving example
3.4.

The convergence time for the solution of example 3.4. is
29 seconds.

4, Conclusion

We have introduced a low-cost method for solving
nonlinear ordinary differential equations which exceeds
the efficiency of previous approaches. This fast
computation of complex unknown functions is achieved
through the fundamental two-layer neural network with
improved representations. Our method evaluates the
corresponding Legendre polynomials in order to compute
an orthogonal representation that work as improved
representations to learn neural network parameters. The
illustrations on various examples show that this method
better

computational cost. Alongside these improvements, the

can achieve results while also reducing

proposed method is applicable to a wide range of
problems and the solution is continuous while the input is
discrete. We observe that the illustration of orthogonal
representations as empowering embeddings for simple

neural networks to work on implies further important
research.
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Abstract

Product reviews on e-commerce platforms constitute an
important source of information for customers’ shopping
processes. Learning about various product features and
evaluating user experiences makes shopping more reliable and
provides sellers with valuable customer satisfaction feedback. In
order for sellers to make strategic decisions about their
products, customer satisfaction and product feedback should be
analyzed in detail. For this purpose, sentiment analysis methods
were applied to the data to analyze the sentiment of the
comments. In this study, sentiment analysis was performed
using comments from the Trendyol e-commerce site. Our
dataset consists of a total of 73392 data, retrieved from six
different categories: Computer, Phone, Shoes, Clothing,
Cosmetics, Sports and Outdoor through Selenium. The
generated dataset is published in the Kaggle public database.
Since the distribution of positive, negative and neutral labeled
classes is unbalanced in the obtained data, a second dataset was
created by applying a cluster-based undersampling method.
After the preprocessing stage, these datasets were divided into
80% training data and 20% test data. As a result of the
experiments, among the traditional machine learning models,
Support Vector Machines (SVM) gave the highest accuracy rate
with 89% (original) and 84% (undersampled) in both datasets,
while the BERTurk model, one of the transformer-based models,
was determined as the most successful model with an accuracy
rate of 96% (original) and 93% (undersampled) compared to all
methods.

Keywords: Natural language processing; Sentiment analysis; Machine
learning, BERTurk.

Oz

E-ticaret platformlarindaki Griin yorumlari, misterilerin aligveris
slireglerinde énemli bir bilgi kaynagi olusturmaktadir. Uriinlerin
cesitli  Ozellikleri hakkinda bilgi edinmek ve kullanici
deneyimlerini degerlendirmek, alisverisi daha givenilir hale
getirirken saticilara da misteri memnuniyeti konusunda degerli
geri bildirimler saglar. Saticilarin Urunleriyle ilgili stratejik
kararlar alabilmesi icin miisteri memnuniyeti ve Grinle ilgili geri
bildirimlerin ayrintili bir sekilde analiz edilmesi gerekmektedir.
Bu amagla, yorumlarin duygu durumunu analiz etmek igin veriler
lizerinde  duygu analizi yontemleri  uygulanmaktadir.
Calismamizda, Trendyol e-ticaret sitesinin yorumlari kullanilarak
duygu analizi yapilmistir. Veri setimiz, Selenium araciligiyla
Bilgisayar, Telefon, Ayakkabi, Giyim, Kozmetik, Spor ve Agik Hava
olmak Uzere alti farkh kategoriden veri gekilerek toplamda
73392 veriden olugmaktadir. Olusturulan veriseti Kaggle agik
veritabaninda yayinlanmistir. Elde edilen verilerde pozitif,
negatif ve nort etiketli sinif dagilimlari dengesiz oldugu igin kiime
tabanli 6rnek azaltma yontemi uygulanarak ikinci bir veriseti
olusturulmustur. Onisleme asamasindan sonra bu verisetlerinin
%20'si test ve %80'i ise egitim verisi olarak ayrilmigtir. Deneyler
sonucunda geleneksel makine 6grenmesi modellerinden Destek
Vektor Makineleri (DVM) her iki veri kiimesinde de %89 (orijinal)
ve %84 (undersampled) ile en ylksek dogruluk oranini verirken,
transformator tabanli modellerden BERTurk modeli %96
(orijinal) ve %93 (undersampled) dogruluk orani ile tim
yontemlere gore en basarili model olarak belirlenmistir.

Anahtar Kelimeler: Dogal dil isleme; Duygu analizi; Makine 6grenmesi;
BERTurk.

1. Introduction

Natural Language Processing (NLP) refers to the encoding
of human senses, such as seeing, hearing, feeling, and life
experiences through language (Amirhosseini and
Kazemian, 2019). It offers a variety of methods that make
emotions, thoughts, and behavioral patterns conscious
and allow them to be developed in a goal-oriented and
constructive manner. These methods enable modeling of
the behavior of individuals or groups by analyzing

successful performances and occasionally comparing

unsuccessful actions. Modeling behavior allows
predictions of the future in many fields, and these
predictions contribute to the growing use of sentiment
analysis (Anvar Shathik and Krishna Prasad, 2020).
Sentiment analysis applications using NLP are especially
critical for sellers and customers on e-commerce

platforms. Studies have shown that sellers' sales
strategies and customer satisfaction change significantly
in a positive direction after sentiment analysis (Lyu and

Choi 2020).
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Sentiment analysis plays a critical role in NLP and aims to
identify attitudes, evaluations, thoughts, opinions, or
judgments about a particular topic. With the rise of social
media platforms, the proliferation of user-generated
unstructured text has made sentiment identification
imperative for individuals, businesses, and governments.
Sentiment analysis methods can be broadly categorized
into two main groups: dictionary-based and machine
While
methods attempt to identify the emotional aspects of text

learning-based approaches. dictionary-based
documents by evaluating the semantic orientation of
words and sentences, machine learning-based methods
construct classification models using labeled datasets and
employ supervised learning techniques (Kratzwald et al.
2018). Various deep learning architectures such as
Recurrent Neural Networks (RNNs), Convolutional Neural
Networks (CNNs), Gated Recurrent Units (GRUs), and long
short-term memory (LSTM) networks, can be used to
addition, the
representation of text documents plays a critical role in

perform  sentiment analysis. In
realizing NLP tasks based on machine learning. Although
traditional bag-of-words representations ignore syntax
and grammar rules, recent developments in word
embedding representations have addressed the issues of
high dimensionality and sparsity by representing texts
through fixed-length vectors. These developments have
led to significant advances in text representation. When
the literature on sentiment analysis is reviewed, product
reviews on e-commerce sites or social media posts are
often used as data sets. In sentiment analysis studies,
stages such as data collection, data preprocessing,
sentiment classification, creation of a recommendation
system, and evaluation are performed. In addition to
traditional machine learning methods, BERT (Alaparthi
and Mishra 2021) is one of the most widely used
sentiment analysis methods. It is a word embedding
model based on transformer architecture that
bidirectionally reads word sequences in the input text.
Being bidirectional means that a word learns its meaning
from both the words before and after it. BERT tries to
extract the correct meaning by reading both sides. It
contains an attention mechanism that allocates words to
their vectors based on nearby words (Ullah et al., 2023).
It is a state-of-the-art (SOTA) language model that is
highly bidirectional and pre-trained on a wide range of
English Wikipedia texts (Prottasha et al. 2022). Thanks to
BERT's bidirectional approach, the meaning of texts is
understood more accurately and comprehensively. We
can examine the way BERT works under two main
headings named pre-training and fine-tuning. After
masked language modeling and next sentence prediction

parts in the pre-training phase, BERT is fine-tuned and

customized for specific tasks. Smaller and specific
datasets are used during the fine-tuning phase.

In this study, a dataset comprising six categories was
created using reviews from a Turkish e-commerce
platform named Trendyol. In the dataset, unnecessary
punctuation marks, emojis, and meaningless words were
removed in the preprocessing steps. Then, tokenization,
stemming, and vectorization operations were applied to
prepare data for the model. During the training process,
the comments were labeled as positive, negative, or
neutral, and the accuracy rate was ensured as a result of
this labeling. As a result of the analysis, the BERTurk
model obtained the highest accuracy rate. The primary
contributions of this study are summarized as follows:

e Consumers' comments were categorized and publicly
accessible.
e Emotional ambiguity of comments was reduced by
applying cluster-base undersampling method.
e The system minimizes the loss of time that consumers
make in choosing products based on product reviews.
e Sellers can more effectively analyze customer
satisfaction and develop more planned and effective
sales strategies based on this analysis.
The following sections of this study are organized as
follows: In Section 2 describes previous studies and
related articles. Section 3 provides preliminary
information about the materials and methods used.
Section 4 discusses the implementation stages of the
proposed method in this study. Sentiment analysis is
explained, and the methodology used is described.
Section 5 discusses and evaluates the results obtained by
the machine learning methods used and the pre-trained
transformer models. Section 6 summarizes the overall

study results.
2. Related Work

In recent vyears, researchers have been actively
investigating the critical role of sentiment analysis in
online product reviews. These studies have emphasized
how sentiment analysis influences consumer decision-
making processes and contributes to product quality
improvement. As the volume of online data continues to
grow exponentially, researchers have pointed out the
increasing necessity for robust and efficient information
extraction techniques. The application of sentiment
analysis to recommendation systems has emerged as a
promising avenue to enhance system performance by
interpreting user feedback more accurately. Sentiment
analysis, which seeks to determine the sentiments
conveyed in reviews, can be executed at different

granularity levels: document, sentence, or attribute. The
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primary methodologies employed for sentiment analysis
are categorized into three main approaches: lexicon-
based techniques, machine learning-based techniques,
and hybrid approaches combining both. Among these,
machine learning methods have generally outperformed
traditional lexicon-based techniques, particularly in text
classification tasks. Sasikala and Lourdusamy (2020)
developed two advanced techniques for sentiment
analysis and performance prediction of online products:
the Deep Learning Modified Neural Network (DLMNN)
and the Adaptive Neuro-Fuzzy Inference System (IANFIS).
These models operate within three analytical
frameworks: rating-based (GB), content-based (CB), and
(CLB) DLMNN model

demonstrated efficiency by reducing training time while

collaborative analysis. The
enhancing classification accuracy. Conversely, the IANFIS
system was designed to forecast product performance
and anticipate consumer behavior trends. This approach
incorporated essential preprocessing, feature extraction,
feature selection, and review classification. Sentiment
polarity was determined by calculating scores, enabling
the classification of reviews as positive, negative, or
neutral. For predictive analysis, weighted data metrics
such as keyword frequency, word polarity, support,
confidence, and entropy were utilized. Performance
evaluations revealed that the CLB scenario achieved the
highest accuracy, with a rate of 96.83% on a dataset of
5000 records.

In the study proposed by Zada and Albayrak (2023),
Random Forest and AdaBoost ensemble learning
techniques were used to compare user comments and
user ratings on an online platform in Turkiye. First, 2237
comments were collected in a specific category. Basic
natural language processing techniques were applied on
the comments, the data was cleaned and analyzed. As a
result of the experiments, the highest success was
obtained using the Random Forest algorithm in the
category with four stars (87.9%). As a result of the study,
it was seen that user comments and ratings are not
always compatible. For this reason, it is concluded that e-
commerce platforms should integrate machine learning
and natural language processing techniques into their
systems while collecting user reviews. The integration of
sentiment analysis with recommendation systems has the
potential to greatly enhance recommendation quality by
offering granular insights into user preferences and
aversions. With a refined understanding of user needs,
these systems can deliver more personalized and context-
aware suggestions. Karabila et al. (2023) introduced a
recommendation system leveraging the BERT model to
analyze user sentiments expressed in comments. Their

six-stage framework encompassed data collection,
preprocessing, sentiment classification, recommendation
generation, and evaluation. Comparative analysis of
machine learning models used in the study revealed
accuracy scores of 80.61% for Naive Bayes, 81.45% for
Decision Tree, 81.61% for Logistic Regression, and 80.90%
for Support Vector Machine, whereas the BERT model
achieved a notably higher accuracy of 91%.

Table 1. Comparison of state-of-the-art sentiment analysis in
the literature.

Article Dataset Method Performance
Amazon
(Ullah et al., F1-Macro:
2023) pronuct QBERT 0.91
reviews
SemEval 2014 Embedding F1-Score:
(Ahmed and & Amazon CNN & 0.81
Wang, 2023) product BiLSTM using Accuracy:
reviews NGD 0.83
Taobao,lD
(zhao et al., - Accuracy:
2021) Amazon aind LSIBA-ENN 92.01%
Ebay websites
Facebook, Bangla-
(Prottasha et Twitter, and BERT+gLSTIVI Accuracy:
al., 2022) YouTube 94.15%
Word2vec
comments
( Sasikala and
Mary Food review Accuracy:
Immaculate dataset DLMNN, IANFIS 93.77%
Sheela, 2020)
. Accuracy:
(Onan, 2021) Twitter CNN-LSTM 93.85%
Flipkart
(Shankar et Products Support Yector Accuracy:
al., 2024) Machine 85%
(Zad d E-commerce
Ala;aaifank product RandomForest Accuracy:
’ reviews 9
2023) 87.9%
Amazon Accuracy:
(Karabila et Musical BERT 91%
al, 2023) Instruments F1-Score:
reviews 95%
A H
E-commerce ccgt:;:;cy
Thi BERTurk °
is Study :)er:itx: ur Fl-score:
96%

Table 1 provides a comparative overview of state-of-the-
art sentiment analysis methods from the literature,
highlighting their datasets, methods, and performance
metrics. For example, Ullah et al. (2023) employed QBERT
on Amazon product reviews, achieving an F1-Macro score
of 91%. Ahmed and Wang (2023) combined Embedding
CNN and BiLSTM, obtaining an accuracy of 83% on
datasets like SemEval 2014. Zhao et al. (2021) proposed a
Local Search Improvised Bat Algorithm based Elman
Neural Network (LSIBA-ENN) on data from platforms such
as Taobao and Amazon, reporting an accuracy of 92.01%.
Prottasha et al. (2022) demonstrated a 94.15% accuracy
using a Bangla-BERT+LSTM model for sentiment analysis
of Facebook, Twitter, and YouTube comments. Our study
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stands out by employing a BERTurk model on e-
commerce product reviews, yielding an accuracy and F1-
score of 96%.

3. Materials and Methods

In this study, we compared the performance of machine
learning models and pre-trained transformer-based
models on 73392 data obtained via web scraping to
perform sentiment analysis in product comments. The
data preparation process included text conversion to
lowercase letters, removal of punctuation and stop
words, stemming, and TF-IDF vectorization. After these
preprocessing steps, training and classification were
applied. The machine learning models used include
Support Vector Machine (SVM) (Suthaharan and
Suthaharan, 2016a), Random Forest (RF) (Rigatti, 2017),
Naive Bayes (NB) (Xu, 2018), Logistic Regression (LR)
(Maalouf 2011), k-Nearest Neighbor (k-NN) (Peterson,
2009), Gradient Boosting (GB) (Natekin and Knoll, 2013),
and decision tree (DT) (Suthaharan and Suthaharan,
2016b). Moreover, among the pre-trained transformer-
based models, mBert (bert-base-multilingual-cased),
BERTurk (bert-base-turkish-cased), XLNet, and DistilBERT
were applied and compared. All materials and methods
used in this study are explained in detail.

3.1 Data collection phase

In the data collection phase, a novel Turkish product
reviews dataset on Trendyol e-commerce platform was
created. To ensure both data quality and integrity, the
data collection process is divided into several stages.
These stages are described below:

Automatic Data Extraction: Using the Selenium library
(Gundecha, 2015), automatic access to product review
pages on the Trendyol platform was provided. By
managing the Chrome driver via ChromeDriverManager
(Sasikala and Mary Immaculate Sheela 2020; Wang et al.
2021), the relevant product pages were dynamically
loaded and the page was scrolled by controlling the scroll
bar so that all comments on the page were visible. This
automation made the collection of large volumes of data
efficient by providing access to all reviews of each
product. This first step included a delay setting to account
for the loading time between page scrolls. This ensured
that no reviews were missed due to incomplete page
loads.

HTML Parsing and Filtering: Once the visible page content
was collected, the HTML content was parsed using the
BeautifulSoup library and relevant information was
extracted according to the HTML structure of the website
(Shariff, 2019). Only the sections containing customer
reviews were selected, excluding irrelevant text such as
advertising content that was not included in the dataset.

Manual Data Labeling: After a total of 73392 comments
were captured, each comment was manually checked and
labeled into positive, negative or neutral categories for
sentiment analysis. The labeling resulted in 60109
positive, 11867 negative and 1416 neutral samples.
Manual labeling, performed by three anotators, was used
to ensure consistency and reduce bias. Following specific
guidelines, anotators labeled positive comments with
expressions of satisfaction or high scores, negative
comments with complaints or low scores, and neutral
comments with mixed or objective statements. To
maintain labeling quality, agreement checks were
regularly performed between anotators to ensure
consistency across emotion labels. The generated dataset
can be accesed in Data Availabiliy section.

After the labeling process, the 15 most frequently used
bigrams in positive, neutral and negative comments were
extracted shown in Figures 1. The graphs in Figure 1 show

that bigrams such as “tam”, “oldu”, “tam”, “beden” are
commonly used in all class types.

Top-15 Most Common Bigrams in Positive Comments

{‘tam’, ‘oldu’)

(‘tavsiye', ‘ederim’)
{'numara’, 'buyuk')
('beden’, 'buyuk’)

(‘tam’, ‘beden’)
(‘tegekkur', ‘ederim')
('numaranizr’, ‘alabilirsiniz')
(‘kendi’, ‘numaranizi’)
(*kendi", 'bedeninizi')
(‘rahat’, "ayakkabr’)
('numaranizr’, ‘alin')
(*tam’, "'numaranizi’)
('bedeninizi', "alin’)
(‘bedeninizi', ‘alabilirsiniz’)
(‘tamy’, 'bedeninizi')

o 1000 2000 3000 4000
Counts

Top-15 Most Common Bigrams in Notr Comments

{'tam’, 'beden')
({'bedeninizi', ‘alin')
('kendi', 'bedeninizi'}
('tam, 'bedeninizi')
(‘bedeninizi', ‘alabilirsiniz')
(‘beden’, *buyik')

(*Grin', "tam’)

(‘ahn', ‘tam’)

(‘kendi', ‘numaranizi'y
('beden’, 'alin')
('numaranizi', ‘alabilirsiniz')
(‘tam’, 'numara’)
{'numaramizr’, 'alin')
(*tam’, ‘numaramiz')
(‘alabilirsiniz', ‘tam')

0 20 40 60 80 100 120 140 160
Counts
Top-15 Most Common Bigrams in Negative Comments

('beden’, 'buyuk')
(*beden’, kilgiik')
(*numara’, 'bayik')
('biyik’, ‘alin’)
('bedeninizi’, ‘alin')
('s', 'beden’)
("buyuk’, 'alinmal')
('kendi', 'bedeninizi')
('m', 'beden’)

(*tam’, ‘oldu’)
('tam’, 'beden’)
('buyuk’, ‘beden’)
(‘almama’, ‘ragmen’)
(‘numara’, "kiigiik')
('iade’, ‘ettim’)

0 200 400 600 800 1000 1200
Counts

Figure 1. Top-15 Most Common Bigrams for Each Type of
Comments
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Data Quality Checks and Preprocessing: Before the
dataset was finalized, data quality checks were performed
to identify and remove duplicate, missing or irrelevant
comments. The preprocessing step is one of the necessary
steps to build models efficiently and accurately. The
preprocessing step is designed to remove unimportant
features from the text and select important features,
revealing the distinctive features of the data. This process
involves a series of operations that transform the raw text
into a clean and structured format suitable for deep
learning algorithms:

° Lowercase conversion : This step standardizes the
text by converting all characters to lowercase. It
ensures that words are treated the same regardless
of case, which helps to identify patterns and
semantics without case-related inconsistencies.

. Removal of punctuation, numbers and emojis: They
do not carry semantic meaning within the sentence
and can create noise in the data. Removing them
helps clean up the text and makes it easier for the
model to focus on and process meaningful content.

e  Removal of stopwords: Stopwords are common
words that do not add significant meaning to the
text. Removing stopwords reduces the size of the
text and improves the ability to identify patterns and
related features in the data by shifting the focus to
meaningful words. In the scope of the study, the
Turkish stopwords of the nltk library as well as a
manually defined stopword list were created and
applied to the dataset.

The aim of this step is to prepare the data for artificial
intelligence models by removing noise and emphasizing
relevant information. After preprocessing, the dataset
was found to be unbalanced in terms of class distribution.
To avoid this, cluster-based undersampling method was
applied to the original dataset. Cluster-based
undersampling is an advanced undersampling method in
contrast to the classical randomization-based
undersampling method, which is applied when there are
large imbalances in the data sets (Vigneron et al, 2016).
This method first divides the samples from the majority
class into various clusters. By selecting a few
representative samples for each cluster, the total data set
is reduced and made more balanced by ensuring that
meaningful samples are selected from the majority class
while preserving the diversity in the data set. This method
aims to minimize information loss and provide a more
meaningful representation of the majority class by
selecting samples representing different regions in the
dataset. In this dataset with a high number of positive
classes, K-Means Clustering algorithm was used for

clustering using feature vectors generated by TF-IDF (Lin

et al. 2017). A certain number of samples were selected
from each cluster and the dataset was balanced by
reducing the total number of the positive class while
preserving different examples of positive comments in
the dataset. Thus, we obtained two different datasets on
which we can measure performance, together with a new
undersampling dataset with a total of 28283 samples,
including 15000 positive, 11867 negative and 1416
neutral samples.

Figure 2 shows the general flowchart of data collection
and web scraping processes. As a first step of the process,
a cs file containing Trendyol reviews was read using the
pandas library. Each line in this file contains a URL link to
a product’s reviews. Next, the selenium library was used
to create a web driver that automatically controls the web
browser; the tools required for this purpose include
cabdriver and ChromeDriverManager (Sasikala and Mary
2020; Wang et al, 2021). A
connection to the Trendyol website was established by

Immaculate Sheela,

launching the browser service. The browser was then
opened to access the Trendyol website. To collect product
reviews, we navigated to the relevant pages on Trendyol
and scrolled the page so that all reviews were visible.
After scrolling, the HTML content containing the reviews
was extracted using the BeautifulSoup library, and the
reviews were filtered according to a specific HTML
structure (Shariff 2019). The resulting reviews were
combined with other information, such as the product
name, price, and review score, etc. and a single data
frame was created. Finally, the data frame was exported
to a CSV file containing reviews and other information
about Trendyol products.

B-&-8
: d@» Doata
ﬁi” glg reabine

. CREATE
r— & COMMENTLINKS

CREATE
WEBDRIVER

@ CREATE

CHROMEDRIVERMANAGER ¢

\ MERGE
—_— COMMENTS AND
PRODUCTIONS

7 MINING
a COMMENTS

GENERATE
DATASET

Figure 2. The general flowchart of web scraping and data
collection phase
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3.2 Sentiment Analysis

Today, one of the most important factors when shopping
online is product reviews (Bauboniené and Gulevicitté
2015). There are many positive, negative, or neutral
comments on the products we purchased. By analyzing
the sentiments expressed in these comments, it is
possible to evaluate the overall satisfaction of customers
and make decisions accordingly. For sellers, developing
product-related strategies, such as sales planning and
material stock, depends on customer satisfaction (Jones
et al. 2008). In this context, sellers must use sentiment
analysis to understand customer satisfaction. Sentiment
analysis in reviews is crucial for both customers and
sellers to learn about a product and facilitate the
shopping experience. Therefore, sentiment analysis on e-
commerce platforms is a critical step to ensure an
effective shopping experience. Sentiment analysis is a NLP
technique that is used to automatically detect and classify
emotions and feelings in texts. In the sentiment analysis
process, the data cleaning phase after data collection is of
great importance. This stage includes data preprocessing
steps. When performing sentiment analysis on the
commentary texts, elements that are not useful for
analysis, such as numerical information, punctuation
marks, and words without meaning, are removed. In
addition, the entire text is converted to lower-case
letters, and stemming is performed. After these
preprocessing steps, the cleaned data are presented to
the sentiment analysis algorithms. The results of the
algorithm classified the emotions in the texts into specific
categories. A general sentiment analysis flow diagram is
presented in Figure 3.

Product

Comments

5
=
£
s
Data Pre- Model .
. . Positive
Processing Training
A e —
-

l

)
Classifier
output—| Neutral
Layer
| S —

Negative

| —

Figure 3. Fundamental sentiment analysis flowchart

There are various methods used in the field of sentiment
analysis. These methods include algorithms such as
Support Vector Machines (SVM), Naive Bayes (NB) and
Long Short-Term Memory (LSTM), which are machine

learning techniques. In addition, deep learning methods
such as recurrent neural networks (RNN), convolutional
neural networks (CNN) and Transformer-based models,
especially BERT, are widely used for sentiment analysis.
Deep learning models have the capacity to perform
sentiment analysis with higher accuracy on large data
sets. In this section, the sentiment analysis was examined
in detail using both machine learning methods and deep
learning approaches.

3.2.1. Sentiment analysis with Traditional Machine
Learning Models

In this section, sentiment analysis was performed on

Turkish product reviews using traditional machine
learning methods. The goal of this analysis was to
compare the sentiment classification performances of
various machine learning algorithms. The dataset used
included product reviews collected from the Trendyol e-
commerce platform. The reviews were manually labeled
as positive, negative, and neutral. Due to imbalanced
data, we used undersampling method and created
smaller dataset by dividing the samples in the majority
class into various clusters. The two datasets were
classified using machine learning methods. Table 2 and 3
shows the distribution of positive, negative, and neutral
product reviews in the original and undersampled dataset

resepectively.

Table 2. Number of instances according to the sentiments in the
original dataset

Class Number of instances
Positive 60109
Neutral 11867

Negative 1416

Table 3. Number of instances according to the sentiments in the
undersampled dataset

Class Number of instances
Positive 15000
Neutral 11867

Negative 1416

Figure 4 shows a flowchart of a basic sentiment analysis
using machine learning models. After generating the
dataset, preprocessing techniques were applied to a
dataset of product reviews received from Trendyol
customers. The aim was to highlight relevant information
by removing noise from the data. These preprocessing
steps are critical for ensuring that the deep learning
model can learn effectively from the data and make
accurate predictions. First, the text was standardized by
converting all characters into lowercase letters. This
process ensures that words are treated the same
regardless of their uppercase/lowercase letters, thus
eliminating inconsistencies between patterns and
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meanings (Rathi et al. 2018). Removing punctuation
marks helps clean up signs that create noise rather than
meaningful content, which makes it easier for the model
to focus on meaningful content. In addition, the text size
was reduced by removing “stopwords” that did not
meaningfully contribute, and focus was placed on
meaningful words. This step improves the identification
of patterns and important features in the data. The

Comments Dataset

implementation of these preprocessing steps attempts to
increase the performance and accuracy of deep learning
models by improving the quality of the input data. The
careful preparation of data is fundamental to the success
of machine learning and deep learning tasks because it
directly affects the model’s ability to learn and generalize
from the data.

4‘ Stemming %J ( ’
0 Positive
Labels

Labelled
Data

Feature Extraction

Figure 4. Flowchart of sentiment analysis with machine learning models

Stemming, a preprocessing method, is the process of
reducing words to their root or basic form. This step is of
great importance in the context of NLP because it reduces
the dimensionality of data and allows words derived from
the same root to be treated as a single feature. For
example, the Turkish words "kosmak" (running) and
"kosucu" (runner) can be reduced to the root "kos" (run).
In our study, Snowball stemmer was used to effectively
handle the morphological complexity of Turkish. This tool
provides a convenient method for processing various root
and suffix forms in the Turkish language. Then, we applied
term frequency-inverse document frequency (TF-IDF)
vectorization to the preprocessed and stemmed text
data. TF-IDF
Frequency) vectorization is a statistical measure used to

(Term Frequency-Inverse Document
evaluate the importance of a word in a document against
a collection of documents (Kubrusly and Valenotti 2024).
This method determines the importance of a word by
taking into account how often the word occurs in a given
document (term frequency) and how common the word
is in the entire collection (inverse document frequency).
After data preprocessing and vectorization, the dataset
was divided into training and testing sets. Various
machine learning models used in this study were trained
on training data and evaluated on test data. The models
used included support vector machine (SVM), Random
Forest (RF), Naive Bayes (NB), Logistic Regression (LR), k-
Nearest Neighbors (kNN), Gradient Boosting (GB), and
Decision Trees (DT). Each model was trained on the same
dataset to ensure fair comparison of performance.

The results of each model were compared based on
performance metrics such as accuracy, precision, recall,
and F1 score. The SVM model demonstrated superior
performance with 89% and 84% accuracy rates, as shown
in Table 4 and Table 7, demonstrating its effectiveness in
emotion classification tasks. The evaluation metrics and
complexity matrices provided detailed insight into the
performance of each model, highlighting strengths and
areas for improvement.

3.2.2. Sentiment analysis using BERT

In this study, in addition to traditional machine learning
models, it was aimed to comprehensively evaluate the
performance of sentiment analysis using the BERT model
on Turkish product reviews. Within the scope of the
study, it was aimed to compare the performances of both
a transformer-based model such as BERT and classical
machine learning algorithms such as SVM, Naive Bayes
and Random Forest by training them on the same dataset.
Reviews are divided into positive, neutral or negative
categories and analysis processes are discussed in detail.
In the
evaluation and prediction processes are explained

research, data preparation, model training,
comprehensively. After the training was completed, the
proposed models were tested on new probes and the
results were comparatively discussed. Sentiment analysis
is a critical area of NLP and focuses on accurately
detecting and categorizing opinions in texts. This analysis
is critical to understanding customer feedback, improving
user experiences, and helping businesses make strategic
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The BERT Encoder

Representations from Transformers) model used in the

decisions. (Bidirectional
study stands out with its ability to analyze the meanings
of words not only in context but also according to their
relationships in the sentence. This feature makes BERT an
ideal model for sentiment analysis, especially in
morphologically rich languages such as Turkish. The
model's ability to accurately capture the semantic
relationships between words and cope with complex

language structures increased its effectiveness in this

project. As a result of this study, transformer-based
models and traditional machine learning models were
compared and the effectiveness of the modes was
evaluated according to the performance metrics. The
findings aim to guide businesses and researchers on
which models can be used in sentiment analysis and how
to get better results. Figure 5 shows the steps of
sentiment analysis performed with the BERT model and
the operation of the process in detail.

FEATURE EXTRACTION AND MODELING

A

i

Data Collection
(The data was collected
from Trendyol)

L

Product
Comments

1l

Transformers

'

Machine Learning Methods

o [ ]

>
Positive |

2%

Santeree 1

Figure 5. Flowchart of sentiment analysis with BERT model

First,
tokenization to make them suitable for the input data of

the text data were processed using BERT

the BERT model. This process converts the texts into
tokens that the BERT model
organizes the data in the structure required by the model.

can understand and

During the tokenization process, special tokens ([CLS] and
[SEP]) are added; the [CLS] token is used for classification
tasks, and the [SEP] token indicates the distinction
between sentences. While the tokens are converted to
numerical values, attention masks are created that
indicate which tokens the model should pay attention to.
In these masks, the real tokens are denoted by 1, and the
padding tokens are denoted by 0. For the model to
process efficiently, all input sequences were filled to the
same length, and short sequences were completed with
zeros in this process. Processed tensors are prepared as
inputs to the model, and the model receives these
tensors. The model outputs were obtained in the form of

raw scores (logits), which were converted to probabilities
using the softmax function. These probabilities are used
to determine which sentiment label has the highest
accuracy. In the model training and classification phases,
the BERT model was loaded and configured to classify the
three emotional labels. If available, the model was
transferred to a GPU, and the loss function was defined
using the optimizer. The model was trained for several
epochs, and during each epoch, the training loss was
calculated and printed to the screen. The performance of
the model was evaluated on the validation set, and the
validation loss and accuracy were reported. After training,
the performance of the model was analyzed in more
detail using a classification report and confusion matrix;
this analysis provides information about how well the
model can distinguish between different emotion classes.
The weights of the trained model were saved for future
use. The trained model was loaded with a new dataset to
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predict the sentiment of new comments, converted the
comments into tokens, and then applied to generate
emotional predictions. A function was defined to predict
the sentiment of a given text, which converted the text
into tokens, applied the model, and returned the
probabilities along with the predicted sentiment. The
comments were processed, and the predicted sentiments
and probabilities of these sentiments were added to the
dataset. The dataset was then saved in an Excel file. This
study demonstrated the effectiveness of BERT in the
sentiment analysis of Turkish product reviews. By
carefully preparing the data, fine-tuning the model, and
evaluating its performance, a robust sentiment analysis
system was obtained. The data were classified into three
categories: positive, negative, and neutral. The model's
predictions can be used to obtain valuable information
from customer feedback, which helps businesses in their
decision-making processes and increases customer
satisfaction.
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Figure 6. The confusion matrices obtained from the most
successful traditional machine learning methods (SVM and LR)
on cluster-base undersampled dataset

4. Experimental Results

In our dataset, 20% of the total comments were
separated as test data, and the distinct remaining 80%
were used as training data. This method allows a more
reliable evaluation of model performance by dividing the
dataset into training and testing stages. The training
model was validated with 3-fold cross validation in
machine learning methods. The confusion matrices
obtained by the most successful traditional machine
learning methods are presented in Figure 6.

The results obtained from the confusion matrix and
calculated performance metrics demonstrate that the
proposed model demonstrates high performance in some
classes; however, improvement is required in other
classes. As a result of evaluations conducted among
traditional machine learning methods, the SVM model
obtained the highest accuracy rate (84%) according to the
confusion matrices. According to the confusion matrix
obtained from the BERTurk model in Figure 7, the model
performs better in distinguishing between neutral and
positive emotions than traditional machine learning
methods. 129 positive predictions were found as neutral,
and 207 positive predictions are found as negative
emotions. The other 11616 positive emotions were
classified correctly. The number of false negative and
false positive predictions was relatively low, indicating
that the model generally provided high weighted average
accuracy.
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Figure 7. Confusion matrix obtained from BERTurk model on the
cluster-base undersampled dataset

When we examine the sentiment analysis test results on
original dataset in Table 4; although the accuracy rates of
traditional machine learning models are promising, the
differences in recall and F1-Score values demonstrate
that these models are unsuccessful in predicting data
belonging to certain classes. The reason for this failure
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may be that these models are not sufficiently complex to
analyze complicated data structures. The experimental
results show that BerTurk, which is a pre-trained model
with a multi-layer transformer architecture, produced
higher results compare to the other transformer-based
models and machine learning methods. Owing to the
complex neural network structures, the model
successfully processed long-distance dependencies and
exhibited at least 7% higher accuracy than machine

learning methods.

Table 4. Performance comparison of the machine learning
models, mBERT, BERTurk, XLNet and DistilBERT on the original
dataset

Table 5. Training and validation loss and validation accuracy per
epoch using the BERTurk model on the original dataset

Epoch Training Validation Validation
Loss Loss Accuracy
1/5 0.28 0.30 0.91
2/5 0.20 0.25 0.92
3/5 0.15 0.24 0.92
4/5 0.12 0.20 0.92
5/5 0.10 0.19 0.92

Table 6. Precision, Recall, and F1-Score values for each class in
the BERTurk model on the original test dataset

Class Precision Recall F1 Score
Negative 0.92 0.93 0.93
Neutral 0.77 0.11 0.20
Positive 0.97 0.99 0.98

Accuracy Precision Recall  F1 Score
Model

(%) (%) (%) (%)
SVM 89 87 89 88
RF 88 87 88 86
NB 83 83 83 77
LR 88 86 89 87
kNN 82 81 83 82
GB 85 84 86 83
DT 84 84 85 84
mBERT 95 95 95 95
BERTurk 96 96 96 96
XLNet 92 92 93 92
DistilBERT 83 83 83 83

In this study, promising results were obtained despite
training on a very low number of steps by limiting the
number of epochs to five to prevent overfitting. Table 5
presents the training and validation losses and validation
accuracy depending on the number of steps. The gradual
decrease in training loss and relative stability of validation
loss and accuracy across epochs indicate that the model
learned effectively but did not exhibit significant
overfitting. Further increasing the number of epochs may
lead to overfitting and reduce the ability of the model to
generalize to unseen data. On the other hand, a smaller
number of epochs may lead to underfitting, such as the
model is not learning enough from the training data and
performs poorly on both the training and validation sets.
By training with five epochs, the model was allowed to
learn from the training data for a sufficient period of time,
and overtraining, which could lead to overfitting, was
avoided. This approach allowed the model to maintain
high validation accuracy throughout the training process.

Although the average precision and recall values of the
BERTurk model are quite high compared to traditional
machine learning models and other transformer-based
models, the performance of the neutral comment
analysis is lower than other classes due to the unbalanced
distribution in our dataset. Class-based precision, recall
and F1 score values are given in Table 6.

Table 7. Performance comparison of the machine learning
models, mBERT, BERTurk, XLNet and DistilBERT on cluster-based
undersampled dataset

Accuracy Precision Recall F1 Score

Model

(%) (%) (%) (%)
SVM 84 83 84 83
RF 82 81 83 82
NB 80 77 80 78
LR 83 82 84 83
kNN 72 73 73 73
GB 80 80 81 80
DT 77 77 78 77
mBERT 92 92 92 92
BERTurk 93 93 94 93
XLNet 88 88 88 88
DistilBERT 89 87 89 88

In order to increase the recall and F1 score values of the
neutral labeled data in the original test dataset and to
measure the performance of the algorithms on the
balanced dataset, a more balanced dataset was created
with the cluster-based undersampled method applied to
the original dataset. Table 7 shows the performance of
machine learning and transformer-based methods
applied to the undersampled dataset. As seen in Table 7,
the original dataset and cluster-based undersampled
dataset showed similar performances in weighted
average accuracy, precision, recall and F1 score values.
SVM, one of the machine learning methods,
outperformed the other machine learning models with an
accuracy of 84%, while the BERTurk model outperformed
all the methods performed in the experiment with an
accuracy of 93% and an F1 score of 94%.

Table 8. Training and validation loss and validation accuracy per
epoch using the BERTurk model on cluster-based undersampled
dataset

Training Validation Validation
Epoch
Loss Loss Accuracy
1/5 0.44 0.42 0.87
2/5 0.31 0.35 0.88
3/5 0.24 0.32 0.88
4/5 0.20 0.30 0.88
5/5 0.17 0.29 0.88
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Table 9. Precision, Recall, and F1-Score values for each class in
the BERTurk model on cluster-based undersampled test dataset

Class Precision Recall F1 Score
Negative 0.94 0.97 0.96
Neutral 0.71 0.36 0.48
Positive 0.95 0.97 0.96

The training, validation losses and validation accuracy per
epoch of the BERTurk model applied on the cluster-based
undersampled dataset are given in Table 8, and the class-
based performance of the BERTurk model on the test set
is given in Table 9.

When the performance metrics of the neutral class
obtained in Table 9 are compared with the metrics
obtained from the original dataset shown in Table 6, an
increase of 0.25 and 0.28 in recall and F1 score values is
observed respectively. However, in terms of weighted
average accuracy, precision, recall and F1 score values,
the BERTurk model performed 3% better than the
undersampled dataset due to the high number of positive
values in the original dataset.

5. Discussion

In this study, we explored the efficacy of using the BERT
model to analyze the sentiment of Turkish product
reviews collected from the Trendyol e-commerce
platform. The primary objective was to classify the
sentiments expressed in reviews into positive, negative,
or neutral categories, thereby providing valuable insights
to help businesses improve customer satisfaction and

product offerings.

Our experiments demonstrated that the BERTurk model
outperformed traditional machine learning models and
other transformer-based models in terms of accuracy,
precision, recall, and F1-score (see Table 4 and Table 7).
The traditional models, while effective to some extent,
fell short in handling the complex structure of text data,
which led to lower performance metrics. This underscores
the limitations of classical approaches in capturing
nuanced sentiments, particularly in a morphologically rich
language like Turkish.

The BERTurk model's superior performance can be
attributed to its ability to understand context and
semantics through its bidirectional encoding mechanism.
By fine-tuning the BERTurk model on our original dataset,
we achieved significant improvements to the sentiment
classification accuracy, reaching up to 96%. The confusion
matrix (Figure 6) highlights the model’s proficiency in
distinguishing between positive and neutral sentiments,
with high true positive and low false positive and false
negative rates.

6. Conclusion

This study identifies positive comments that indicate
customer satisfaction on e-commerce sites and helps
understand the emotional states of customers by reading
the comments. The dataset used to train the model was
obtained through web scraping and included Turkish
product reviews. The generated dataset was then
semantically labeled with positive, negative, and neutral
emotions. To make the data suitable for the model, the
dataset was transformed and organized in the format
required by the BERTurk model. The experimental results
demonstrate that the proposed BERTurk model

significantly exceeds traditional machine learning
methods in terms of accuracy, precision, recall, and F1
BERTurk exhibited

performance with a 96% and 93% accuracy rate in the

score. The model superior
original and undersampled dataset resepectively. When
we consider the class-level performance, the results
indicate that neutral labeled comments’ classification is
lower than the other classes. The reason why the
precision, recall and F1 score values of the neutral labeled
data in both datasets are lower than the other classes is
that the words (“tam beden”, “tam numara”,”kendi
numaranizi”, bedeninizi alabilirsiniz“) in the comments
with these labels are also included in the positive and
negative comments. In conclusion, the experimental
results have the potential to facilitate transactions
between store owners and customers. Future research
can improve the findings of this study. These may include
expanding the dataset, integrating with more
sophisticated recommendation systems, fine-tuning and
optimizing the model, and developing real-time analysis
systems. Overall, this study highlights the potential of the
BERTurk model to revolutionize sentiment analysis in the
e-commerce industry. The use of these techniques can
provide businesses with deeper insights into customer
feedback, thereby contributing to better decision making

and increasing user satisfaction.
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Pandemiler, toplumlarin sosyal ve ekonomik yapilari tzerinde
onemli etkiler yaratan olaylardir ve bu sireglerin yayilmasini
etkileyen faktorlerin belirlenmesi, krizlerin yonetimi igin dnemli
bilgiler sunar. Bu galismada, Tirkiye'de COVID-19 pandemisi
sirasinda enfekte olan ve olmayan bireylerin davranissal
ozellikleri ve aliskanliklari yapay zeka teknikleri, oOzellikle
siniflandirma ve birliktelik kurali metodolojileri kullanilarak
analiz edilmistir. Bulgular, Random Committee algoritmasinin
basarili bir performans sergiledigini ortaya koymustur. Ayrica,
Oznitelik indirgeme uygulanmis ve RRF algoritmasinin %81
dogruluk orani ve 0.3663 kappa degeri ile daha yuksek
performans gosterdigi gozlemlenmistir. Birliktelik kurallari
analizi sonucunda, "Evet" sinifi (COVID-19 enfekte olan) igin 21
kural, "Hayir" sinifi iin ise 2805 kural tespit edilmistir. Sonuglar,
yalniz yagayan, glinde 1-3 yakin temas yasayan ve ev disinda 4-6
saat yakin temasta bulunan bireylerin "Evet" sinifinda giigli
birliktelikler sergiledigini gdstermektedir. "Hayir" sinifinda ise sik
sik seyahat etmekten kaginan, pandeminin basindan beri 6nemli
bir kilo degisikligi yasamayan, evden c¢alisan ve bazen agik
alanlarda kiiglik sosyal etkinliklerden kaginan bireylerin giicli
birliktelikler gosterdigi ortaya ¢ikmistir. Sonug olarak, bu ¢alisma
yasam tarzi ahskanliklarinin pandemilerin yayilimi Gzerindeki
etkisini bilimsel bulgularla gostermis ve bu faktérlerin yapay
zeka teknikleri  kullanilarak modellenebilecegini ortaya
koymustur.

Anahtar Kelimeler: Pandemi; Yasam Aliskanliklari; Yapay Zeka; Makine
Odgrenmesi; Birliktelik Kurallari; Siniflandirma.

Abstract

Pandemics are events that significantly impact the social and
economic structures of societies, and identifying the factors
influencing their spread provides valuable insights for managing
these crises. This study analyzed the behavioral characteristics
and habits of individuals infected and not infected during the
COVID-19 pandemic in Tirkiye using artificial intelligence
techniques, specifically classification and association rule
methodologies. The findings revealed that the Random
Committee algorithm performed effectively. Additionally,
feature reduction was applied, and the RRF algorithm achieved
higher performance with 81% accuracy and a kappa value of
0.3663. In the subsequent analysis of association rules, 21 rules
were identified for the "Yes" class (infected with COVID-19),
while 2805 rules were found for the "No" class. The results
indicated that individuals who live alone, have 1-3 close contacts
per day, and spend 4-6 hours in close contact outside the home
exhibited strong associations in the "Yes" class. For the "No"
class, individuals who frequently avoid travel, have had no
significant weight change since the start of the pandemic, work
from home, and sometimes avoid small social gatherings in open
spaces showed strong associations. In conclusion, the study
scientifically demonstrated that lifestyle habits impact the
transmission and spread of pandemics and that these factors
can be modeled using artificial intelligence techniques.

Keywords: Pandemic; Life Habits; Artificial Intelligence; Machine
Learning; Association Rules; Classification.

1. Introduction

The coronavirus is a contagious virus that causes
respiratory infections and can spread from person to
person. It was first identified in the Wuhan region of China
in early December 2019. The COVID-19 pandemic has
become a significant public health crisis, severely
impacting human health, well-being, and freedom of
movement, while also negatively affecting the global
economy (Tandan et al., 2021). As of April 30, 2022, a total
of 510,270,667 cases and 6,233,526 deaths have been

recorded worldwide (Asia, 2022). Scientists from around

the world are working intensively and competing to
develop vaccines and treatment methods.

One example of numerous studies is the Recovery trial,
which demonstrated the benefits of dexamethasone use
in hospitalized COVID-19 patients requiring respiratory
support (The RECOVERY Collaborative Group, 2021).
Similarly, significant progress has been made in the
development of vaccines. Scientists are testing 119
vaccines in clinical trials. Vaccines such as Pfizer-BioNTech
and Sinovac have demonstrated efficacy against COVID-
19, leading to emergency use authorizations in the United
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States, Canada, China, and many other countries (Zimmer
et al., 2020). However, the safety profile of these vaccines
in specific groups such as the elderly and those with
chronic conditions remains unclear. Moreover, there is
uncertainty regarding whether vaccine manufacturers
will be able to meet the global demand and when the
entire population will be vaccinated and fully protected
against COVID-19.

According to a report from the Center for Infectious
Disease Research and Policy, achieving herd immunity-
where at least 60-70% of the global population is
immune-is essential for ending the COVID-19 pandemic
(Moore et al., 2020). For these reasons, it is clear that
implementing appropriate health measures, such as
testing individuals with symptoms similar to COVID-19,
quarantining them, and identifying candidates for
hospital care, is crucial. These measures are critical for
controlling and managing COVID-19. Numerous studies
have emerged that identify the clinical characteristics and
determinants of the unprecedented increase in global
COVID-19 cases (Algd et al., 2020; Epsi et al., 2024; Mallah
et al., 2021; Sahu et al,, 2021; Xie et al., 2023). Cough
59.6%, fever 46.9%, fatigue 27.8% and dyspnea 20.23%
were the most common clinical symptoms (Israfil et al.,
2021). (Kartsonaki et al., 2023) found age, co-morbidities,
smoking and obesity increased the risk of dying from
SARS-CoV-2. (Tadie et al., 2024) stated that severe COVID-
19 cases are affected by factors such as age, gender,
vaccination, knowledge, diabetes, hypertension and
insufficient knowledge; advanced age, diabetes and
hypertension are important determinants. However,
there are few modeling studies related to COVID-19 that
address the
determinants. (Sabherwal et al., 2024) used various
mathematical methods to model the spread of COVID-19,

attempting to simulate the movement of the virus within

relationships among various disease

the population, disease symptoms and spread. (Zheng et
al., 2020) developed a hybrid Al model for China's COVID-
19 outbreak prediction, enhancing accuracy with

pandemi propagation data and natural language

processing modules.

Today, advancements in data processing capabilities,
structured data extraction, and data mining have made it
possible to perform analyses using multiple data-related
techniques, such as data classification, clustering, and
similarity analysis, to establish relationships among
different determinants (Adamo, 2001). In addition to the
efforts made in developing COVID-19 vaccines, it is
believed that using machine learning and artificial
intelligence techniques can also accelerate the process
(Libbrecht & Noble, 2015). Although many studies have

been conducted on COVID-19, most approaches have
focused on more complex methods for predictions, such
as deep neural networks, RNNs, CNNs, and LSTMs (Alakus
& Turkoglu, 2020). In recent years, machine learning
techniques have been widely used in biomedical studies
for prediction and knowledge discovery (Tarca et al,
2007).

This study examines the impact of lifestyle habits in
Tirkiye on the likelihood of contracting the virus
responsible for the COVID-19 pandemic. The first section
of the study reviews previous research in this area,
followed by a description of the study's methodology.
After providing information about the methodology, the
experimental design section outlines the methods used in
the study and the evaluation metrics, and the analysis
results are discussed. Finally, the experimental results
section presents and interprets the findings from
classification and association rule analysis.

1.1 Literature Review

This section provides an overview of significant studies
and current approaches in the literature for the automatic
detection of COVID-19. In their study on the impact of
COVID-19 and the Dutch ‘intelligent lockdown’ on daily
mobility, de Haas, Faber, and Hamersma (2020) highlight
significant changes in work, travel, and outdoor activities.
(De Haas et al., 2020) approximately 80% of people
reduced their outdoor activities, with older individuals
showing the largest decline. Remote work increased
substantially, with 39% of employees working almost
entirely from home, and 27% expecting to continue this
practice after the pandemic. Travel behavior also shifted,
with a 55% reduction in trips and a 68% decrease in
distance traveled. The study suggests that some of these
changes, especially regarding remote work and active
modes of transportation like walking and cycling, may
become long-term trends (De Haas et al., 2020).
Muralidharan et al. (2022) propose an approach for
automatic COVID-19 detection using chest X-rays. They
decompose a single X-ray image into seven modes, which
are classified by a multi-scale deep CNN into normal,
pneumonia, or COVID-19. Using two public datasets
(1,225 and 9,000 images), the model achieved 96% and
100% accuracy for multi-class and binary classification,
and 97.17% and 96.06% accuracy for the second dataset.
The model
(Muralidharan et al.,,

outperformed methods
2022). (2022)
developed a machine learning model using data from the

existing
Linden at al.

Lean European Open Survey on SARS-CoV2-infected
patients (LEOSS) to predict COVID-19 patient mortality,

achieving 80% AUC. The study found intersections
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between dementia-related molecular mechanisms and
COVID-19 and suggested that some anti-cancer drugs
might have potential efficacy against COVID-19 (Linden et
al.,, 2021). Van Lissa et al. (2022) investigated the
determinants of infection prevention behaviors during
the early stages of the COVID-19 pandemic using a
multinational survey. Conducted from March to May
2020 with 56,072 participants from 28 countries, the
study used the Random Forests (RF) algorithm and
predicted 52% of the variance in infection prevention
behavior. The model highlighted that social beliefs and
societal factors are more significant predictors than
individual psychological states (Van Lissa et al., 2022).
Tandan et al. (2020) analyzed COVID-19 patient data to
identify common symptoms and patterns. In a study of
1,560 patients, the most common symptoms were fever
(67%), cough (37%), fatigue/body ache (11%), pneumonia
(11%), and sore throat (8%). The study highlights that
cough is a significant symptom, especially in patients
presenting with fever and heart failure (Tandan et al.,,
2021). Rahimi et al. (2021) reviewed machine learning
prediction models for COVID-19. The study focused on
classifying these models, evaluating their criteria, and
comparing solution approaches. It highlighted COVID-19's
global spread and over 36 million cases. Key findings
include that medicine, biochemistry, and mathematics
are the most discussed fields, with terms such as
coronavirus, prediction, and epidemic being prominent.
Deep Learning and sir models are noted as the most
frequently used. The research aims to help identify gaps
and develop new prediction models (Rahimi et al., 2023).
Brinati et al. (2020) address the limitations of RRT-PCR
tests for COVID-19 detection, such as long turnaround
times and high costs, suggesting a need for quicker,
cheaper alternatives. Using data from 279 patients at San
Raffaele Hospital in Italy, two machine learning models
were developed to distinguish between positive and
negative cases. An interpretable decision tree model was
also created to assist clinicians. The study shows that
blood test analysis combined with machine learning can
be a valuable alternative, particularly in resource-limited
settings. Key indicators like lymphopenia and elevated C-
reactive protein (CRP) levels were effectively linked to
COVID-19 positivity by the models (Brinati et al., 2020).

In a study conducted by Zhang et al. (2020) in Hong Kong,
the effects of the COVID-19 pandemic on social behaviors
were examined. Their findings revealed that during the
pandemic, daily close contacts decreased by 59%, while
the total close contact time was reduced by 10%. These
behavioral changes contributed to a 63.1% reduction in
the risk of influenza transmission. The study highlighted

that limiting close contact played a critical role in curbing
the spread of the virus (Zhang et al., 2021). Similarly, in
this study conducted in Tirkiye, individuals who live alone
and engage in 4-6 hours of close contact per day were
found to have a higher likelihood of contracting COVID-
19. These results underscore the significant impact of
human behaviors on the transmission dynamics of
pandemics.

This study examines the impact of factors, generally
defined as personal characteristics and behaviors, on the
spread of the COVID-19 pandemic using data mining and
The analysis was

artificial intelligence techniques.

conducted on data collected from survey forms
completed voluntarily. Initially, a data preprocessing
phase was applied using basic data mining techniques.
Then, classification algorithms were employed to predict
whether individuals were infected with the virus based on
their personality and behavioral characteristics. Finally,
the behavior patterns of infected and non-infected
individuals were extracted using association rules. This
study provides several significant contributions to the
existing literature on COVID-19:

e This research focuses on individuals' daily behavioral
patterns and habits to identify precursor behaviors
influencing individual transmission risk, contrasting
previous studies that primarily focused on symptoms
and medical data.

e This study uses association rule mining to analyze
behavioral and habit-based data, expanding our
understanding of social and individual factors
influencing disease spread.

e Feature reduction techniques were applied to
enhance the efficiency and performance of the data
mining process.

e An Al-based model has been developed to automate
the prediction of COVID-19 transmission by utilizing
behavioral data. This model can serve as a valuable
tool for decision-making and policy development.

This study addresses a gap in the existing literature on the
transmission of the COVID-19 virus by exploring the role
of behavioral factors, including the avoidance of travel,
time spent in enclosed areas, and habits within and
outside the home environment. The findings offer insights
that can inform predictions regarding the spread of
disease.

2. Materials and Methods
2.1 Data Preparation and Analysis

The data used in this study were collected through a
survey created via Google Forms. The survey consists of
43 questions compiled from two main sources. The first
source is the “ICARE Study Survey” (Duval & Collaborator,
2020). The second source comes from the survey
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questions used in Zhang et al.'s study (Zhang et al., 2021).
515 survey responses formed the dataset for this study.
Preprocessing involved converting data to nominal values
using WEKA (Waikato
Environment for Knowledge Analysis) and R-Studio. The

and identifying outliers
processed data were then formatted as .arff for WEKA
and .csv for R-Studio. The dataset contains 397 examples
classified as "Yes" and 118 examples classified as "No".
The data were transferred to WEKA in. arff format and to
R-Studio in
provided by WEKA and the apriori algorithm in R-Studio

.csv format. All classification methods
were used for analysis. The results obtained are detailed
in the experimental results section.

2.2 Experimental Design

In this study, the data was analyzed using 54 nominal
classification algorithms in WEKA with a 10-fold cross-
validation method. The dataset was divided into 10 folds;
each fold was used as a test set while the remaining 9 fold
were used for training the model. In R-Studio, the apriori
algorithm was employed for association rule mining with
R programming language for each attribute in the dataset.
Rules were derived based on the presence of COVID-19
virus in the test. The dataset contains two classes:
“cov_enf_ol = Yes” and “cov_enf_ol” = No. To generate
more reliable and robust rules, parameter constraints on
confidence and support were applied to the algorithm.
The performance of the methods was evaluated using
metrics such as correctly classified instances, Kappa,
precision, recall, f-measure, and root mean square error
(RMSE). These metrics were compared to determine
which methods yielded better results.

3. Methods Used in the Analysis

This section provides a detailed explanation of the
classification and association rule mining algorithms used
in the study. This study utilized the open-source software
WEKA for applying classification models. Various machine
learning algorithms were applied to the dataset created
from the survey responses using WEKA, and their
performance was evaluated. A total of 54 classification
models were tested in WEKA, and the top 5 models
RDA,
Boosting) were selected based on the Kappa metric and

(Random Committee, RRF, Random Forest,
are discussed in this section. Additionally, the apriori
algorithm was used for association rule mining in the R-
Studio application, and details of the algorithm are
provided in this section.

3.1 Random Commiittee

In the Random Committee algorithm, a series of base
classifiers are created by using different random number

nodes on the same data, and the final classification result
is obtained by averaging the predictions made by these
base classifiers (Niranjan et al., 2018). When analyzing
algorithm performance, it was found that the best results
were achieved by providing the Random Committee
parameter to the MLR algorithm included in the R
package.

3.2 RRF (Regularized Random Forest)

The RRF algorithm is a prediction model that works by
creating numerous copies of a decision tree prediction
model and using all these trees together. It operates
similarly to the Random Forest algorithm but with a few
differences. One major difference is that during the
training of trees in the RRF algorithm, regularization is
applied to prevent the overfitting problem. Another
difference is the random rotation of attributes during the
training process, giving each tree a unique attribute
configuration, which helps improve the model's
generalization. Finally, while the RRF algorithm uses a
regularization parameter added to the loss function to
prevent overfitting during training, this is not used in the

Random Forest algorithm (Jana et al., 2021).
3.3 Random Forest

Random Forest is a machine learning method used for
classification and regression analysis. It involves creating
numerous copies of a decision tree prediction model and
using all of these trees together. Each tree is trained on
randomly selected samples from the dataset, and then
makes predictions for all samples in the dataset
(Fernandez et al., 2020). The final prediction is made by
averaging the predictions of all trees to achieve the most
accurate result. A key feature that distinguishes Random
Forest from other decision tree algorithms is that each
tree works with a unique subset of data, leading to
different predictions. This process reduces the influence
of dominant features in the dataset and helps build a
more robust model (Grekousis et al., 2022). Important
parameters of the Random Forest algorithm include the
number of trees, sampling method, feature selection, and

node splitting criterion (Breiman, 2001).

3.4 Boosting

Adaboost is a boosting algorithm in machine learning
designed to enhance accurate predictions. The core
concept of this algorithm is to build an ensemble model
to improve weak models and increase model accuracy. A
weak model is defined as one with low performance or
Adaboost
improves these weak classifiers by adjusting their weights
and then constructs the final model (Walker, 2021).

slightly better than a random classifier.
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3.5 Apriori

The Apriori algorithm is used in data mining and statistics.
It was first introduced by Agrawal and Srikant in 1994
(Agrawal & Srikant, 1994). This algorithm helps to find
frequently occurring items in a dataset and to identify
item co-occurrences. It uses a frequency counter to
calculate the occurrence of items, which increments for
each row in the dataset where an item set appears (Papi
etal., 2022).

4. Metrics Used in Evaluating Analysis Results

In this study, the open-source WEKA program was used to
evaluate the performance of classification models. WEKA
was employed to test 54 different classification
algorithms on the dataset created from survey responses.
The performance evaluations were based on the kappa
metric as well as other important metrics, including
Correctly Classified Instances (CCl), f-measure, precision,
and recall. The top-performing algorithms, namely
Random Committee, RRF, Random Forest, RDA, and
Boosting, were identified and their details are discussed
in this section. Additionally, the apriori algorithm was
used for association rule mining in R-Studio, and details of
this algorithm are also provided in this section.

4.1 Confusion Matrix

The confusion matrix is a table that includes all positive
and negative examples of the model, showing how well
the model has performed in classifying the test data. It is
an important concept for performance evaluation. The
matrix is calculated using four quantities, which are the
entries of the confusion matrix. Table 1 presents the
confusion matrix.

Table 1. Confusion Matrix.

Actual Positive
True Positive (TP)
False Negative (FN)

Actual Negative
False Positive (FP)
True Negative (TN)

Predicted Positive
Predicted Negative

e TP (True Positive): Represents the number of positive
examples correctly classified as positive. TP is the
count of examples that are actually positive and are
classified as positive by the model.

e TN (True Negative): Represents the number of
negative examples correctly classified as negative. TN
is the count of examples that are actually negative and
are classified as negative by the model.

e FP(False Positive): Represents the number of negative
examples incorrectly classified as positive. FP is the
count of examples that are actually negative but are
classified as positive by the model.

e FN (False Negative): Represents the number of
positive examples incorrectly classified as negative. FN
is the count of examples that are actually positive but
are classified as negative by the model.

4.2 Root Mean Squared Error (RMSE)

Root Mean Squared Error (RMSE) is a measure of
precision commonly used to assess the accuracy of a
prediction model. It quantifies how much predicted
values deviate from actual values. RMSE is particularly
useful in evaluating the effects of different parameters
during model development. The primary advantage of
RMSE is that it provides a clear indication of the
magnitude of errors in predictions. The RMSE formula is
expressed in Equation (1) (Liemohn et al., 2021).

RMSE = €9)

4.3 Precision

Precision measures the proportion of truly positive
instances among those classified as positive. It indicates
how many of the positively classified examples are
actually positive. Precision is calculated as the ratio of
correctly classified examples to all examples assigned to
the positive class. Precision ranges from 0 to 1, where 1
means all examples in the class are correctly predicted,
and 0 means none of the examples in the class are
correctly predicted (Isik & Kapan Ulusoy, 2021). Precision
is formulated by the Equation (2):

Precision = TP @
recision = ————

4.4 Recall

Recall, also known as True Positive Rate, is defined as the
ratio of correctly classified positive examples to all
examples assigned to the positive class. In short, it
measures the proportion of positive examples that are
correctly classified. Recall ranges between 0 and 1, where
1 represents a perfect positive class and O represents a
complete miss of positive class examples. Recall is a
crucial metric because it focuses on minimizing the
number of missed positive examples. It provides the
proportion of positive examples that the model
successfully identifies or classifies. The formula for recall
is given in Equation (3).

Recall = — ¥ 3
A = TP N 3

4.5 F-Measure (F-score)

When evaluated individually, precision and recall metrics
may not yield meaningful and definitive results. In
particular, with datasets that have imbalanced class
distributions, these metrics can lead to misleading
evaluations. Evaluating both metrics together provides a
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more accurate assessment. The F-Measure, also known as
the F-score in the literature, is the harmonic mean of
precision and recall. The harmonic mean is used to avoid
ignoring extreme values (lsik & Kapan Ulusoy, 2021). A
high F1 score indicates that both metrics have high values,
as shown in Equation (4).

Precision - Recall

F,=2- 4
1 Precision + Recall )

4.6 Accuracy (CCI-Correctly Classified Instances)

Accuracy is the ratio of the number of correctly classified
instances by the model to the total number of instances
in the dataset. While accuracy is a commonly used
evaluation metric, it can be misleading, especially in
with
example, assigning all instances to the dominant class can

datasets imbalanced class distributions. For
achieve high accuracy, regardless of the performance on
the minority class. Therefore, accuracy should be
interpreted considering the actual class distribution. It
generally represents the percentage of instances in the
training data that were correctly predicted by the model.

The formula for accuracy is given in Equation (5):

A TP + TN
CCUracy = TP TN + FP + FN

5)

4.7 Kappa

Kappa is a metric that ranges between -1 and +1 and

quantitatively measures the agreement between
expected and observed values. A value close to +1
indicates a high level of agreement between the model's
predictions and the actual values. Kappa is calculated
using the formula in Equation (6) and represents the
harmonic mean of precision and recall. Here, Pr(a)
represents the expected agreement, Pr(e) represents the
is calculated

observed agreement, and Kappa (K)

according to the chi-square table.

_ Pr(a) —Pr(e)

1 —Pr(e) ©)

5. Experimental Results

This section details the results of applying various artificial

intelligence-based classification algorithms to our
dataset. We first identify the most influential features for
classification and then explore association rules within
the data to understand relationships between variables

and COVID-19 infection status.
4.1 Performance Evaluation of Classification Algorithms

In this study, the performance of classification algorithms
was evaluated using the open-source software WEKA.

WEKA is a comprehensive tool that encompasses machine
learning and data mining techniques. Among WEKA's
classification algorithms, 54 different models were tested.
Based on the kappa value, the top 5 algorithms
demonstrating the highest performance were identified,
and the evaluation metrics for these algorithms are
presented in Table 2.

Table 2. Top 10 Algorithms with the Best Evaluation Results.

Evaluation Metrics

Algorithm

ca Kappa Precision Recall F-Measure
Random 420 0.3172 0.812 0.816 0.777
Committee
RRF 417  0.2983 0.8 0.81 0.771
Random 422 0.293 0.854  0.819 0.77
Forest
RDA 421 0.2883 0.845 0.817 0.769
Boosting 410 0.279 0.772 0.796 0.764
Ranger 416  0.2411 0.828 0.808 0.753
Lazy.IBk 388  0.2102 0.726 0.753 0.735
Evtree 407  0.2083 0.765 0.79 0.742
Ada 409 0.204 0.779 0.794 0.741
SMO 375  0.2019 0.718 0.728 0.723

Table 2 presents the top 10 algorithms based on various
evaluation metrics. Among these, Random Committee
exhibits the highest F-Measure score of 0.777. This
indicates that Random Committee provides a well-
balanced performance in terms of precision and recall.
Although Random Forest leads in precision (0.854) and
Recall (0.819), the Random Committee’s F-Measure
demonstrates superior overall classification
effectiveness, highlighting its capability to harmonize
precision and recall. Therefore, despite other algorithms
showing higher precision or recall individually, Random
Committee's robust F-Measure makes it particularly

effective for classification tasks.

4.2 Feature Extraction and Reduction

Feature extraction and reduction play a crucial role in

enhancing model performance. By using reduced
features, models can achieve the same classification
success with less data, which shortens the data collection
process. Additionally, models with fewer features utilize
computational resources more efficiently, leading to

reduced hardware usage and shorter time to obtain
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results. The most important features were identified
using the SignificanceAttributeEval function in the WEKA

software, as shown in Table 3.

Table 3. Top 10 Important Features.

Ranking Attribute Name Full Attribute Name
Value
0.2714  kap_al_mas_tak Mask Wearing in
Indoor Spaces
Avoiding
0.2412  ger_olm_sey_kac Unnecessary Travel
0.2299  kac_coc? Number of Children
0.2272  sab_suy_el_yik Hand Washing with
Soap
0.2128  int_haberden* Internet N.ews
- Consumption*
0.2107 yas_ara Age Range
0.2072  han_kac_kisi Number of People in
Household
0.2040 siz_vir_var_ken_kar_al Taklr'mg Precautlo.ns
m During Pandemic
. Electronic Cigarette
*
0.1781  elt_sig Use*
aci_al_buy_sos_top_ka Avoiding Large Social
0.1571 c* Gatherings*
Mask Weari
0.1505  dis_mas_kul ask viearing
Outdoors
0.1403  kil_ara Age Interval
yem_icm_mek_kac_der Eating/Drinking
01368 Outside Frequency*
L . Word of Mouth
0.1311 soylenti_agizdan_agiza RuUMors
0.1264 aci_al_kuc_sos_top_kac  Avoiding Srr.wll Social
* Gatherings*
0.1224  sag_diy_yem Healthy Diet
0.121 sig_icm Smoking
01196  sos_med_hab* Social Medla. Ne*ws
Consumption
0.1178  radyo_haber Radio Ne‘f"s
Consumption
Overall Life Quality
0.1175  sal_gen_hay_kal During Pandemic
0.1505  dis_mas_kul Mask Wearing

Outdoors

The top feature in Table 3, "Mask Wearing in Indoor
Spaces" (kap_al_mas_tak), has the highest importance
value of 0.2714. This suggests that mask usage in enclosed
areas plays a significant role in the classification model.
Following closely, "Avoiding Unnecessary Travel"
(ger_olm_sey_kac) and "Number of Children" (kac_coc?)
are also highly influential with values of 0.2412 and
0.2299, respectively. These features indicate that both
travel behavior and family size contribute significantly to
the model's predictions. "Hand Washing with Soap"
(sab_suy_el_yik) and "Internet News Consumption*"
(int_haberden*) further highlight critical factors such as
hygiene practices and information sources. The
importance of these features underscores the role of
personal health practices and news consumption in the

classification process.

For feature reduction, the Particle Swarm Optimization
(PSO) package developed by Moraglio et al. was used in
(Moraglio et al., 2007). The
“iterations=200,
populationSize=40,” different from the default values.

the Weka software

parameters were adjusted to
Results obtained using the “Use full training set” option
are shown in Figure 2. Upon examining the reduced
features and their importance ranking, it was observed
that the features marked with * in Table 3 were not
included among the reduced features. When the reduced
features were used to reclassify the algorithms from Table

2, the results shown in Table 4 were obtained.

Table 4. Performance of classification algorithms using reduced
features.

Evaluation Metrics

Algorithm CCl Kappa Precision Recall F-Measure
RRF 421 0.3663 0.804 0.817 0.792
RDA 409 0.324 0.774 0.796 0.775
Random Forest 421 0.3164 0.820 0.817 0.777

Random Committee 413 03124  0.780 0.802  0.774

Boosting 407 0.3073 0.767  0.790 0.769
Lazy.IBk 402  0.302 0.759  0.781 0.765
Ranger 411 0.2437 0.780 0.798 0.754
Evtree 409 0.2351 0.771  0.794 0.751
Ada 405 0.2124 0.756  0.786 0.743
SMO 399 0.1564 0.732 0.775 0.725

In Table 4, the RRF algorithm demonstrates the highest
performance in terms of accuracy (CCl: 421), which is
comparable to the best-performing Random Forest
algorithm from the Table 2. The RRF algorithm also shows
high values in Kappa and F-Measure metrics, indicating a
strong overall performance. Although the Random
Committe algorithm maintained the highest F-Measure
value in the Table 2, its performance has declined in some
metrics. Specifically, the F-Measure value for Random
Committe decreased from 0.777 to 0.774. In summary,
feature reduction has improved the performance of some
algorithms, with RRF achieving the highest results.
However, the performance of some algorithms has
declined compared to the Table 2. The comparison of
Table 2 and Table 4 reveals that feature reduction has
positively impacted the performance of certain
algorithms, while it has led to a decrease in others.
Notably, significant increases in F-Measure values are
observed in the Lazy.IBk and RRF algorithms, indicating
substantial improvements in classification performance
after feature reduction. However, the Random
Committee algorithm experienced a decline in its F-
Measure, suggesting that reduced features resulted in a

performance loss for this algorithm. Other algorithms
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exhibited more limited changes in their F-Measure values
(see Figure 1).
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Figure 1. F-Measure Change After Feature Reduction
4.3 Association Rule Analysis and Results

In this section, the Apriori algorithm was used to discover
association relationships between the attributes in the
dataset. Specifically, the virus infection status
(cov_enf_ol) was categorized into two classes: "Yes" and
"No," and rules were extracted for both classes. During
the tests, constraints were imposed on confidence and

support values to obtain stronger rules.

The algorithm discovered only 90 rules for the "Yes" class,
while approximately 7,469,192 rules were obtained for
the "No" class. After rule reduction, the number of rules
for the "Yes" class was reduced to 21. Table 5 lists the top
3 rules for the "Yes" and “No” class based on their

These better
interaction attributes

confidence values. results help us

understand the between

concerning the virus infection status.

The association rules displayed in Table 5 highlight the
first three rules identified for the “Yes” and “No” COVID-
19 infection classes. In the “Yes” class, the first rule shows
that individuals who live alone, have 1-3 daily close
contacts, and spend 4-6 hours in close contact outside the
home have a high likelihood of being infected. Similarly,
men with a bachelor's degree, who spend 4-6 hours in
closed spaces on weekends and have 1-3 close contacts
daily, are also likely to be infected.

Shown in Table 5, In the "No" class, the first rule reveals
that high school graduates who often believe in false
information and experience no changes in body pain are
not infected with COVID-19.

Likewise, those who mostly work remotely, attend small
social gatherings, and follow TV news are not infected

either. The third rule indicates that individuals living in a
household of 4, who spend 1-3 hours outside the home
on weekdays and mostly follow internet news, are not
infected.

Table 5. Association rules for “Yes” and “No” classes.

Association Rule Sup.  Conf.
{household_size=1,
daily_close_contacts=1-3,
time_spent_outside_close_contacts
=4-6 hours}

{gender=Male,
last_degree=Bachelor,
weekend_indoor_time=4-6 hours,
daily_close_contacts=1-3}
{gender=Male, household_size=1,
num_of_children=0,

Evet chronic_illness=No, 0.02 0.92
daily_close_contacts=1-3,

keep_distance=Most of the time}
{last_degree=High School,
belief_in_false_information=0ften, 0.07 1
headache_bodypain=No Change}
{work_remotely=Most of the time,
small_social_gatherings=Sometimes  0.07 1

, tv_news=Mostly}

{household_size=4,
weekday_time_outside_home=1-3, 0.08 0.98
internet_news=Mostly}

Class

Evet 0.02 1

Evet 0.02 1

Hayir

Hayir

Hayir

6. Results and Discussion

Understanding whether people's habits and behavioral
characteristics are effective in the spread of epidemics
can improve our ability to cope with future outbreaks. In
this study, the impact of human habits and behavioral
characteristics on the spread of COVID-19 during the
pandemic in Tirkiye was examined using artificial
intelligence data mining techniques. Data collected
through surveys were first cleaned and organized. The
performance of classification algorithms was tested on
the prepared data, and it was observed that the Random
Committee  algorithm  demonstrated the  best
performance. This test, performed with 43 features, was
repeated after feature reduction. It was found that the
number of features could be reduced to 14. With these
findings, performance tests of all classifiers were
repeated, and an increase in performance was observed
for all algorithms except Random Committee. The RRF
algorithm, which showed the highest performance
increase and vyielded better results after feature
reduction, was identified as the most suitable algorithm
for classification. Additionally, the fact that the highest
performance was observed with tree-based ensemble
learning algorithms suggests that these algorithms are
more effective for classifying this type of categorical

nominal data.
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According to the results of feature reduction, the
variables mask_in_indoor, avoid_travel, num_children,
hand_wash_soap, and age_range have been identified as
the top 5 behavioral traits with the most significant
impact on the course of the pandemic.

The association rule analysis provides significant findings
regarding factors influencing COVID-19 infection for both
the "Yes" and "No" classes. For the "Yes" class, rules such
as living alone, frequent close contact, and spending 4-6
hours in close contact outside the home show a strong
confidence level and high lift value. Additionally, an
important rule involves males with a bachelor's degree
who spend 4-6 hours in closed spaces on weekends and
have frequent close contact, reinforcing the association
with COVID-19
particularly the strong correlation between mask-wearing

infection. The survey's findings,
in enclosed spaces and avoiding travel, highlight potential
crucial preventative measures for future pandemics. The
association between virus transmission and lack of
children also suggests a connection to loneliness.
Loneliness might increase individuals' need to leave home
and socialize, thereby potentially increasing the risk of
virus  transmission and spread. This warrants
consideration of measures to address loneliness in future
such as

guarantines, teleconferencing-based

interventions specifically targeting individuals living

alone.

On the other hand, for the "No" class, key rules indicate
that frequent mask usage, avoidance of travel, and a
lower number of children are strongly associated with not
contracting COVID-19. Furthermore, behaviors such as
adhering to proper handwashing practices and avoiding
travel unless necessary are also significant for this class.

These findings highlight the impact of specific behavioral
traits on virus spread, showing that behaviors like mask-
wearing and travel restrictions significantly affect
infection rates. The performance improvements observed
in classification algorithms when feature reduction was
applied emphasize the importance of these factors in

predicting COVID-19 outcomes.
7. Conclusions

In conclusion, it has been observed that the behaviors and
habits exhibited by individuals during the pandemic in
Turkiye had a significant impact on the progression of the
outbreak. This impact can be utilized through artificial
both
development and association rule mining. The findings

intelligence techniques for classifier model

indicate that tree-based algorithms are more suitable for

classification success and that feature reduction

positively affects classification performance. During the
pandemic, it was evident that patterns in the behaviors
and habits of individuals infected and not infected with
the virus could be revealed using artificial intelligence
techniques. In the future, researchers can use or develop
the methods employed in this study to conduct research
on populations in different regions of the world and
compare their findings with those from Tiurkiye.

8. Limitations and Recommendations

It should be noted that this study is subject to a number

of acknowledged limitations. Primarily, the dataset
comprises 515 responses, which, while sufficient for
preliminary data mining analyses, may not fully represent
the population of Turkey. Furthermore, the majority of
participants are from Istanbul and the Marmara region,
which may limit the generalizability of the findings to
other regions with different cultural, social, or economic

characteristics.

Due to the fact that the survey was conducted within a
particular time frame, it is likely that the social and
economic conditions that were in place at the time had an
impact on the responses that the participants gave.
Future research can aim to obtain a larger and more
diverse data set with the objective of enhancing the
findings' generalizability and robustness. Furthermore,
the validity and generalizability of subsequent findings
may be enhanced through the utilization of a combination
of methods, approaches and/or longitudinal studies.

Declaration of Ethical Standards

Ethical approval for this study was obtained from the Scientific Research
and Publication Ethics Committee of Tekirdag Namik Kemal University,
with the decision dated 18/06/2021, numbered T2021-648, and decision
number 8.

This study is derived from a master's thesis (thesis number: 10529711)
titled "Analysis of the Effect of Life Habits in the Spreading Process of
COVID-19 with Artificial Intelligence,” defended on January 30, 2023,
under the supervision of Assist. Prof. Erkan Ozhan by irem Sena Tekin in
the Department of Computer Engineering at Tekirdag Namik Kemal
University, Institute of Natural and Applied Sciences.

Acknowledgments

This study is part of the Master of Science thesis by irem Sena Tekin,
conducted in the Department of Computer Engineering within the
Institute of Natural and Applied Sciences at Tekirdag Namik Kemal
University, under the supervision of thesis advisor Erkan Ozhan. The
authors would like to thank the Institute for its support and all survey
participants for their valuable contributions.

Credit Authorship Contribution Statement

Author-1: Research, Analysis, Writing, Data curation, Review.
Author-2: Research, Analysis, Data curation, Writing, Visualization,
Editing and Supervision.

Declaration of Competing Interest
The authors have no conflicts of interest to declare regarding the
content of this article.

518



Analysis of the Impact of Lifestyle Habits on the Spread of COVID-19 Using Artificial Intelligence, TEKIN and OZHAN.

Data Availability Statement

All data generated or analyzed during this study are included in this
published article.

The data used in this study are retained for use in future research and
are not currently available for public access. For further information
about the data, please contact the authors.

9. References

Adamo, J.-M. (2001). Data Mining for Association Rules
and Sequential Patterns. Springer New York.
https://doi.org/10.1007/978-1-4613-0085-4

Agrawal, R., & Srikant, R. (1994). Fast Algorithms for
Mining Association Rules in Large Databases.
Proceedings of the 20th International Conference on
Very Large Data Bases, 487—-499.

Alakus, T. B., & Turkoglu, I. (2020). Comparison of deep
learning approaches to predict COVID-19 infection.
Chaos, Solitons & Fractals, 140, 110120.
https://doi.org/10.1016/j.chaos.2020.110120

Algd, A., Eriksson, O., & Nordberg, M. (2020). Analysis of
Scientific Publications During the Early Phase of the
COVID-19 Pandemic: Topic Modeling Study. Journal
of Medical Internet Research, 22(11), e21559.
https://doi.org/10.2196/21559

Asia, S. (2022). Americas Covid-19 South-East Asia. 1-5.

Breiman, L. (2001). Random Forests. Machine Learning,
45(1), 5-32.
https://doi.org/10.1023/A:1010933404324

Brinati, D., Campagner, A., Ferrari, D., Locatelli, M., Banfi,
G., & Cabitza, F. (2020). Detection of COVID-19
Infection from Routine Blood Exams with Machine
Learning: A Feasibility Study. Journal of Medical
Systems, 44(8), 135.
https://doi.org/10.1007/s10916-020-01597-4

De Haas, M., Faber, R.,, & Hamersma, M. (2020). How
COVID-19 and the Dutch ‘intelligent lockdown’
change activities, work and travel behaviour:
Evidence from longitudinal data in the Netherlands.
Transportation Research Interdisciplinary
Perspectives, 6, 100150.
https://doi.org/10.1016/].trip.2020.100150

Duval, K. L., & Collaborator,
Collaborator Documents.
https://doi.org/10.17605/0SF.I0/NSWCM

S. B. (2020). iCARE

Epsi, N. J., Chenoweth, J. G., Blair, P. W,, Lindholm, D. A.,
Ganesan, A, Lalani, T., Smith, A., Mody, R. M., Jones,
M. U., Colombo, R. E., Colombo, C. J., Schofield, C.,
Ewers, E. C., Larson, D. T., Berjohn, C. M., Maves, R.
C., Fries, A. C., Chang, D., Wyatt, A,, ... Richard, S. A.
(2024). Precision Symptom Phenotyping Identifies
Early Clinical and Proteomic Predictors of Distinct
COVID-19 Sequelae. The Journal of Infectious
Diseases, jiae318.

https://doi.org/10.1093/infdis/jiae318

Fernandez, R. R., Martin De Diego, |, Aceia, V.,
Fernandez-lsabel, A., & Moguerza, J. M. (2020).
Random forest explainability using counterfactual
sets. Information Fusion, 63, 196-207.
https://doi.org/10.1016/j.inffus.2020.07.001

Grekousis, G., Feng, Z., Marakaksis, I., Lu, Y., & Wang, R.
(2022). Ranking the importance of demographic,
socioeconomic, and underlying health factors on US
COVID-19 deaths: A geographical random forest
approach. Health & Place, 74, 102744.
https://doi.org/10.1016/j.healthplace.2022.102744

Isik, K., & Kapan Ulusoy, S. (2021). Metal Sektorinde
Uretim surelerine etki eden faktorlerin veri
madenciligi yéntemleriyle tespit edilmesi. Gazi
Universitesi Miihendislik Mimarlik Fakiiltesi Dergisi,
36(4), 1949-1962.
https://doi.org/10.17341/gazimmfd.736659

Israfil, S. M. H., Sarker, Md. M. R., Rashid, P. T., Talukder,
A. A, Kawsar, K. A., Khan, F., Akhter, S., Poh, C. L.,
Mohamed, I. N.,, & Ming, L. C. (2021). Clinical
Characteristics and Diagnostic Challenges of
COVID-19: An Update From the Global Perspective.
Frontiers in  Public Health, 8, 567395.
https://doi.org/10.3389/fpubh.2020.567395

Jana, R. K., Ghosh, |, Das, D.,, & Dutta, A. (2021).
Determinants of electronic waste generation in
Bitcoin network: Evidence from the machine
learning approach. Technological Forecasting and
Social Change, 173, 121101.
https://doi.org/10.1016/j.techfore.2021.121101

Kartsonaki, C., Baillie, J. K., Barrio, N. G., Baruch, J., Beane,
A., Blumberg, L., Bozza, F., Broadley, T., Burrell, A,,
Carson, G., Citarella, B. W., Dagens, A., Dankwa, E.
A., Donnelly, C. A., Dunning, J., Elotmani, L., Escher,
M., Farshait, N., Goffard, J.-C,, ... Zucman, D. (2023).
Characteristics and outcomes of an international
cohort of 600 000 hospitalized patients with COVID-
19. International Journal of Epidemiology, 52(2),
355-376. https://doi.org/10.1093/ije/dyad012

Libbrecht, M. W., & Noble, W. S. (2015). Machine learning
applications in genetics and genomics. Nature
Reviews Genetics, 16(6), 321-332.
https://doi.org/10.1038/nrg3920

Liemohn, M. W., Shane, A. D., Azari, A. R., Petersen, A. K.,
Swiger, B. M., & Mukhopadhyay, A. (2021). RMSE is
not enough: Guidelines to robust data-model
comparisons for magnetospheric physics. Journal of
Atmospheric and Solar-Terrestrial Physics, 218,
105624.
https://doi.org/10.1016/].jastp.2021.105624

Linden, T., Hanses, F., Domingo-Fernandez, D., DelLong, L.
N., Kodamullil, A. T., Schneider, J., Vehreschild, M. J.
G. T., Lanznaster, J., Ruethrich, M. M., Borgmann, S.,
Hower, M., Wille, K., Feldt, T., Rieg, S., Hertenstein,

519



Analysis of the Impact of Lifestyle Habits on the Spread of COVID-19 Using Artificial Intelligence, TEKIN and OZHAN.

B., Wyen, C., Roemmele, C., Vehreschild, J. J., Jakob,
C. E. M,, ... Frohlich, H. (2021). Machine Learning
Based Prediction of COVID-19 Mortality Suggests
Repositioning of Anticancer Drug for Treating Severe
Cases. Artificial Intelligence in the Life Sciences, 1,
100020.
https://doi.org/10.1016/].ailsci.2021.100020

Mallah, S. I., Ghorab, O. K., Al-Salmi, S., Abdellatif, O. S.,
Tharmaratnam, T., Iskandar, M. A., Sefen, J. A. N,,
Sidhu, P., Atallah, B., El-Lababidi, R., & Al-Qahtani,
M. (2021). COVID-19: Breaking down a global health
crisis. Annals of Clinical Microbiology and
Antimicrobials, 20(1), 35.
https://doi.org/10.1186/s12941-021-00438-7

Moore, K. A., Lipsitch, M., Barry, J. M., & Osterholm, M. T.
(2020). COVID-19: The CIDRAP Viewpoint. Center of
Infectious Diseases Research and Policy, 1-9.

Moraglio, A., Di Chio, C., & Poli, R. (2007). Geometric
Particle Swarm Optimisation. In M. Ebner, M.
O’Neill, A. Ekart, L. Vanneschi, & A. |. Esparcia-
Alcdzar (Eds.), Genetic Programming (Vol. 4445, pp.
125-136). Springer Berlin Heidelberg.
https://doi.org/10.1007/978-3-540-71605-1_12

Muralidharan, N., Gupta, S., Prusty, M. R., & Tripathy, R.
K. (2022). Detection of COVID19 from X-ray images
using multiscale Deep Convolutional Neural
Network. Applied Soft Computing, 119, 108610.
https://doi.org/10.1016/j.as0c.2022.108610

Niranjan, A., Prakash, A., Veena, N., Geetha, M., Shenoy,
P.D., & Venugopal, K. R. (2018). EBJRV: An Ensemble
of Bagging, J48 and Random Committee by Voting
for Efficient Classification of Intrusions. WIECON-ECE
2017 - IEEE |International WIE Conference on
Electrical and Computer Engineering 2017, 51-54.
https://doi.org/10.1109/WIECON-
ECE.2017.8468876

Papi, R., Attarchi, S., Darvishi Boloorani, A., & Neysani
Samany, N. (2022). Knowledge discovery of Middle
East dust sources using Apriori spatial data mining
algorithm. Ecological Informatics, 72, 101867.
https://doi.org/10.1016/j.ecoinf.2022.101867

Rahimi, I., Chen, F., & Gandomi, A. H. (2023). A review on
COVID-19 forecasting models. Neural Computing
and Applications, 35(33), 23671-23681.
https://doi.org/10.1007/s00521-020-05626-8

Sabherwal, A. K, Sood, A., & Shah, M. A. (2024).
Evaluating mathematical models for predicting the
transmission of COVID-19 and its variants towards
sustainable health and well-being. Discover
Sustainability, 5(1), 38.
https://doi.org/10.1007/s43621-024-00213-6

Sahu, A. K., Mathew, R., Aggarwal, P., Nayer, J.,, Bhoi, S,,
Satapathy, S., & Ekka, M. (2021). Clinical
Determinants of Severe COVID-19 Disease — A

Systematic Review and Meta-Analysis. Journal of
Global Infectious Diseases, 13(1), 13-19.
https://doi.org/10.4103/jgid.jgid_136_20

Tadie, M. B., Yimer, Y. S., & Taye, G. (2024). Determinants
of COVID-19 severity in Ethiopia: A multicentre
case—control study. BMJ Open, 14(5), e083076.
https://doi.org/10.1136/bmjopen-2023-083076

Tandan, M., Acharya, Y., Pokharel, S., & Timilsina, M.
(2021). Discovering symptom patterns of COVID-19
patients using association rule mining. Computers in
Biology and Medicine, 131, 104249.
https://doi.org/10.1016/j.compbiomed.2021.10424
9

Tarca, A. L., Carey, V. J., Chen, X., Romero, R., & Draghici,
S. (2007). Machine Learning and Its Applications to
Biology. PLoS Computational Biology, 3(6), ell6.
https://doi.org/10.1371/journal.pcbi.0030116

The  RECOVERY  Collaborative  Group.  (2021).
Dexamethasone in Hospitalized Patients with Covid-
19. New England Journal of Medicine, 384(8), 693—
704.
https://doi.org/10.1056/NEJM0a2021436

Van Lissa, C. J., Stroebe, W., vanDellen, M. R., Leander, N.
P., Agostini, M., Draws, T., Grygoryshyn, A.,
Gltzgow, B., Kreienkamp, J., Vetter, C. S,
Abakoumkin, G., Abdul Khaiyom, J. H., Ahmedi, V.,
Akkas, H., Almenara, C. A,, Atta, M., Bagci, S. C,,
Basel, S., Kida, E. B., ... Bélanger, J. J. (2022). Using
machine learning to identify important predictors of
COVID-19 infection prevention behaviors during the
early phase of the pandemic. Patterns, 3(4), 100482.
https://doi.org/10.1016/j.patter.2022.100482

Walker, K. W. (2021). Exploring adaptive boosting
(AdaBoost) as a platform for the predictive modeling
of tangible collection usage. The Journal of Academic
Librarianship, 47(6), 102450.
https://doi.org/10.1016/j.acalib.2021.102450

Xie, N., Zhang, W., Chen, J.,, Tian, F., & Song, J. (2023).
Clinical Characteristics, Diagnosis, and Therapeutics
of COVID-19: A Review. Current Medical Science,
43(6), 1066—1074.
https://doi.org/10.1007/s11596-023-2797-3

Zhang, N., Jia, W., Lei, H.,, Wang, P., Zhao, P., Guo, Y.,
Dung, C.-H., Bu, Z., Xue, P., Xie, J., Zhang, Y., Cheng,
R., & Li, Y. (2021). Effects of Human Behavior
Changes During the Coronavirus Disease 2019
(COVID-19) Pandemic on Influenza Spread in Hong
Kong. Clinical Infectious Diseases, 73(5), ell42—
e1150.
https://doi.org/10.1093/cid/ciaa1818

Zheng, N., Du, S., Wang, J., Zhang, H., Cui, W., Kang, Z.,
Yang, T., Lou, B., Chi, Y., Long, H., Ma, M., Yuan, Q.,
Zhang, S., Zhang, D., Ye, F., & Xin, J. (2020).
Predicting COVID-19 in China Using Hybrid Al Model.
IEEE Transactions on Cybernetics, 50(7), 2891-2904.

520



Analysis of the Impact of Lifestyle Habits on the Spread of COVID-19 Using Artificial Intelligence, TEKIN and OZHAN.

https://doi.org/10.1109/TCYB.2020.2990162

Internet References

1-  Zimmer, C., Corum, J., Wee, S.-L., & Kristoffersen,
M., Coronavirus Vaccine Tracker,
https://www.nytimes.com/interactive/2020/scienc
e/coronavirus-vaccine-tracker.html, (10.06.2020).

521


https://www.nytimes.com/interactive/2020/science/coronavirus-vaccine-tracker.html
https://www.nytimes.com/interactive/2020/science/coronavirus-vaccine-tracker.html

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi

Afyon Kocatepe University - Journal of Science and Engineering
https://dergipark.org.tr/tr/pub/akufemubid

e-ISSN: 2149-3367
AKU FEMUBID 25 (2025) 035103 (522-534)

Deprem Siddet Tahmini i¢in Derin Ogrenme
Yontemlerinin Karsilastirilmasi ve Model Onerisi

DOI: https://doi.org/10.35414/akufemubid.1511843
AKU J. Sci. Eng. 25 (2025) 035103 (522-534)

*Makale Bilgisi / Article Info
Alindi/Received: 07.07.2024
Kabul/Accepted: 26.12.2024
Yayimlandi/Published: 10.06.2025

Comparison of Deep Learning Methods and Model

Proposal for Earthquake Intensity Estimation)

Rabia UYAR'" "/, Durmus OZDEMIR?

Kiitahya Dumlupinar Universitesi, Miihendislik Fakiiltesi, Bilgisayar Miihendisligi Béliimii, Kiitahya, Tiirkiye

© 2025 The Authors | Creative Commons Attribution-Noncommercial 4.0 (CC BY-NC) International License

Oz

Deprem, yer kabugundaki kirilmalar sonucu olusan enerjinin
sismik dalgalar seklinde vyayilarak vyerylziini sarsmasidir.
Deprem afeti lilkemizde dahil olmak Uzere birgok ulkede
sehirlesme ve yapilasmadaki temel sorunlardan dolayi yeterince
onlem alinamadig igin ciddi Olglide kayiplar meydana
getirmektedir. Bu tlr kayiplari 6nlemek amaciyla, arastirmacilar
deprem siddetini ve depremin meydana gelecegi yeri 6nceden
tahmin etmek igin c¢alismalar vyiritmektedir. Depremin
meydana gelecegi zamani ve siddetini tahmin edebilmek igin,
onceden meydana gelen depremlerin olustugu tarih, zaman,
derinlik, enlem, boylam ve siddet gibi verilerin bir araya
getirilerek olusturulan veri setinin ¢ok iyi analiz edilerek faydal
deprem tahmin calismalari yiritilmektedir. Bu kapsamda,
1965-2022 yillari arasinda tlkemizde meydana gelen buyik ve
kiicik siddetteki depremlerin sadece deprem siddeti verileri
esas alinarak, meydana gelmesi muhtemel depremlerin
siddetlerinin tahmin edilmesi amacglanmistir. Belirlenen bu
amaglar  dogrultusunda, depremlerin  siddetini tahmin
edebilmek igin, Amerika Birlesik Devletleri Jeolojik Arastirma
Kurulundan elde edilen deprem katalog verileri kullanilarak,
LSTM (Uzun-Kisa Vadeli Bellek) ile Deprem Siddeti Tahmin
Modeli ve YSA ile Deprem Siddeti Tahmin Modeli olmak tzere iki
farkll tahmin modeli gelistirilmistir. Onerilen bu iki modelin
tahmin sonuglari hem gergcek deprem verileriyle hem de
Otomatik Regresif Entegre Hareketli Ortalama (ARIMA)
modelinin tahmin sonuglari ile karsilastiriimistir. Onerilen iki
modelden LSTM ile olusturulan Deprem Siddeti Tahmin Modeli
(0,561 R-kare degeri), YSA ile olusturulan modele (0,3 R-kare)
kiyasla daha basarili sonuglar vermistir.

Anahtar Kelimeler: Derin égrenme; Yapay sinir aglari; ARIMA; LSTM.

Abstract

An earthquake is the shaking of the earth by the propagation of
the energy generated as a result of fractures in the earth's crust
in the form of seismic waves. Earthquake disasters cause severe
losses in many countries, including our country, due to the lack
of adequate precautions and fundamental problems in
urbanization and construction. In order to prevent such losses,
researchers are engaged in the process of developing predictive
models for the intensity and location of earthquakes. To predict
the time and intensity of the earthquake, helpful earthquake
prediction studies are carried out by analyzing the data set
created by combining data such as the date, time, depth,
latitude, longitude, and intensity of previous earthquakes. In this
context, the aim is to estimate the intensities of possible
earthquakes based only on the earthquake intensity data of the
large and small earthquakes that occurred in our country
between 1965 and 2022. In line with these determined
purposes, two different estimation models, namely the
Earthquake Intensity Prediction Model with LSTM (Long short-
term memory) and the Earthquake Intensity Prediction Model
with ANN, were developed by using earthquake catalog data
obtained from the United States Geological Survey Board to
predict the intensity of earthquakes. Of the two proposed
models, the Earthquake Intensity Prediction Model (0.561 R-
square value) created with LSTM gave more successful results
compared to the model created with ANN (0.3 R-square value).

Keywords: Deep learning; Artificial neural networks; ARIMA; LSTM

1. Giris

Deprem, yer kabugu icindeki kirilmalarin ve magnetik
hareketliligin bir sonucu olarak ortaya ¢ikan titresimlerin,
dalga halinde vyayillm vyapmasiyla ani
(Topgu vd. 2017).

nedeniyle yerkilirenin lizerinde yer alan yapilari yikarak

yeryuzunln

sarsilmasi olayidir Bu sarsilma
¢ok ciddi 6lgiide can ve mal kayiplarina yol agmaktadir
(Ozger, 2020; Oztiirk ve Alkan, 2022). Ulkemiz, diinyanin

en aktif fay hatlarinin Gzerinde yer aldigi icin kiiglk ve

bliyik boyutlarda ¢ok sayida deprem meydana
gelmektedir (Guo vd. 2022, Tan vd. 2021, Wu, 2022).

Gegmiste Tirkiye’de birgok yikici deprem meydana
geldigi icin, gelecekte depremin Ulkemizde gerceklesme
ihtimali bulundugundan depremlerin tahmin edilmesi
oldukca 6nem arz etmektedir. Glinimizde insanoglu,
bilimsel agidan  depremlerin  yikici  etkilerinden
korunmamiza olanak saglayacak ve stiirekli olarak yeni

bilgiler ile glincellenen bilgi birikimine sahiptir (Sumy vd.
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2022). Fakat, deprem felaketi tlkemizde dahil olmak
Uzere birgok llkede sehirlesme ve yapilasmadaki temel
sorunlardan dolayi, can ve mal kayiplarina neden olmaya
devam etmektedir. Bu tlr temel yetersizliklerin meydana
getirecegi hasarlari en aza indirebilmek ve 6nemli can ve
mal kayiplarinin 6niine gecgebilmek igin arastirmacilar,
deprem siddeti ve depremin meydana geldigi vyeri
onceden tahmin etmek icin ¢calismalar ylriatmektedirler
(Kuyuk ve Susumu, 2018; Laurenti vd. 2022). Ancak
deprem felaketinin yeri, blyikligl ve zamani kesin
olarak dogru bir sekilde tahmin edilememektedir. Bu
amagla, gecmisten glnimuize bircok matematiksel
istatistiksel teknikler

hesaplamalar, yontemler ve

kullaniimaktadir.

Deprem felaketinin ¢ok yonlii analiz edilebilmesi igin,
depremin siddeti, yeri ve zamaninin belirlenmesi oldukca
onemlidir. Cesitli hesaplama yontem ve metodlar
kullanilarak yapilan tahmin calismalarinin sayisi, her
gecen gin artmaktadir. Yapay sinir aglar, makine
O6grenimi algoritmalar vs. gibi yontem ve teknikler
kullanilarak farkh yer ve zamanlarda meydana gelen
deprem felaketlerinin arasindaki temel iliskileri ortaya
¢ikarmak ve olasi depremi 6nceden tahmin etmek igin
arastirmalar yapiimaktadir (Kuang vd. 2021a). Kullanilan
dnemli yéntemlerden birisi de Derin Ogrenme teknigidir.
birlikte  Makine
algoritmalari ve Yapay Sinir Aglarida deprem tahmini igin
kullanilmaktadir (Guo vd. 2022b). Deprem dogal afeti,
tiim diinyada oldugu gibi Glkemizde de ¢ok fazla can ve

Derin  6grenmeyle Ogrenmesi

mal kaybina neden olmaktadir. Bu yikici hasari en aza
indirmek igin bu tir deprem tahmini calismalarina
yogunlasiimasi, gelecegimiz adina olduk¢a umut verici bir
eylemdir. Diger afetlere gore etki alaninin genis olmasi
sebebiyle ¢cok yonli kayiplar meydana getiren depremler,
beseri ve ekonomik faaliyetlerimizi buyuk 6lgiide olumsuz
yonde etkilemektedir (Jena vd. 2020a). Bu olumsuz
etkileri en aza indirmek adina yapilan ve yapilacak olan
tim c¢alsmalarda, deprem tahmini arastirmalari
populerligini her zaman koruyacak ve genis arastirma
alanlari sunacaktir (Bayrak vd. 2021, Crespi vd. 2022,

Dogan 2021, Jiao ve Shan 2022).

Bliyik ve kigik siddette meydana gelen depremler,
gliniimiizde tam anlamiyla tahmin edilemez durumdadir
(DeVries vd. 2018, Tan vd. 2021). Fakat depremin
meydana getirdigi hasari azaltmak igin 6nemli adimlar
atilarak, maddi ve manevi meydana gelecek kayiplari
disik seviyelere indirmek miumkiindir. Deprem tahmin
calismalarinin asil amaci, meydana gelecek depremleri
onceden belirleyerek gerekli 6nlemlerin alinmasi ve bu
sayede can ve mal kayiplarini azaltmaktir (Sumy vd.
2022). Depremin zamani ve siddetini tahmin edebilmek

icin, 6nceki depremlerin tarih, zaman, derinlik, enlem,
boylam ve siddet gibi verilerini iceren veri setleri analiz
edilmekte ve bu sayede deprem tahmin ¢alismalari
yurutilmektedir (Joshi vd. 2022, Song vd. 2022).

Bu c¢alismada, 1965-2022 yillari arasinda Ulkemizde
meydana gelen blyuk ve kiiclk siddetteki depremlerin
sadece deprem siddeti verileri esas alinarak, meydana
gelmesi muhtemel depremlerin klasik yapay sinir aglari
kullanilarak gelistirilen Deprem siddeti tahmin modeli
(YSA ile DSTM) ile olasi depremlerin siddetlerinin tahmin
edilmesi amaglanmigtir. Calismanin bir diger amaci ise,
depremin temel paremetleri olan tarih, zaman, derinlik,
enlem, boylam ve siddet verileri LSTM (Long-Sort Term
Memory) ile DSTM gelistirilmistir. LSTM ile DSTM
modeliyle, depremin meydana geldigi zaman periyodunu
dikkate alarak meydana gelmesi muhtemel depremin
siddet tahmininin yapilmasi amaglanmaktadir. Belirlenen
bu amaglar dogrultusunda, depremlerin siddetini tahmin
edebilmek igin, Amerika Birlesik Devletleri Jeolojik
Arastirma Kurulundan elde edilen deprem katalog verileri
kullanilarak, iki farkl model gelistirilmistir. Onerilen bu iki
modelin tahmin sonuglari hem gercek deprem
sonuglariyla hem de Otomatik Regresif Entegre Hareketli
Ortalama (ARIMA)

karsilastiriimis  ve

modelinin tahmin sonuglari ile

gelistirilen  modellerin  basarisi

sunulmustur.
1.1.Literatiir Taramasi

Bu alandaki ¢alismalardan bazilar asagida belirtilmistir.
(2023),
sistemlerinde

Ren vd. calismada deprem erken uyari
siddetin

konvoliisyonel sinir agr (CNN) kullanilmistir. CNN, 4

sismik tahmini i¢cin  bir
saniyelik tek kanalli dalga formlarini analiz ederek
deprem siddetini siniflandirir. Model, 5 buydklaginin
Uzerindeki depremleri %97.9 dogrulukla tespit etmistir.
Egitim ve test verileri, Cin Deprem Ag1 Merkezi (CENC) ve
Stanford Deprem Veritabani'ndan (STEAD) alinmistir.
Model, iki bliylik deprem dizisi (Cangning ve Tangshan)
Gzerinde test edilmis ve genel anlamda basarili sonuglar
CNN'nin  hizli
geleneksel

elde etmistir. ve glvenilir tahmin

yetenekleri, yontemlerle kiyaslandiginda
onemli avantajlar sunmaktadir. Model, gercek zamanli

testlerde de iyi bir performans gostermistir.

Sebatli-Saglam ve Cavdur (2021), ¢alismada yapay sinir
agl (YSA) ile deprem siddeti tahmini gergeklestirilmistir.
Depremin biyuklGgl, derinligi ve merkez Ussiine olan
uzaklk verileri, YSA'nin girdileri olarak kullanilmistir. ABD
Jeoloji Arastirmalari Kurumu'nun (USGS) veri tabanindan
elde edilen 6nemli depremler bu analizlerde temel
alinmigtir. Farkli ag tasarimlari degerlendirilmis ve en iyi
katmanli  bir ag vyapisi

sonuglart veren iki gizli
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belirlenmistir. Her katmanda bes ve on gizli néron
bulunan bu yapi, ortalama karesel hata (OKH) agisindan
en iyi performansi saglamistir. Egitim igin Levenberg-
Marquardt algoritmasi ile Bayes diizenlemesi kullaniimis
ve %96'ya yakin dogruluk elde edilmistir. Bu yontemle,
tahmininde kullanilabilecek

deprem sonrasl zarar

guvenilir bir model gelistirilmistir. Calisma, afet
operasyonlari yonetiminde de kullanilabilir ve gelecekteki
calismalarda vyarali sayisi ve ekonomik kayip gibi

parametrelerin tahmini icin temel olusturabilir.

Abri ve Artuner (2022), calisma depremlerin tespiti igin
iyonosferdeki Toplam Elektron igerigi (TEC) degerlerine
LSTM
onermektedir. Arastirmada, iki GPS istasyonundan

dayalh tabanh derin 6grenme modelleri

toplanan TEC verileri kullanilarak depremler ile
iyonosferdeki bozulmalar arasindaki iliski incelenmistir.
Sili bolgesi, glicli depremlerle bilinirken, Karratha bolgesi
daha sakin bir bolge olarak ele alinmistir. Onerilen LSTM
modellerinin performansi, SVM, LDA ve Rastgele Orman
siniflandiricilari ile karsilastirilmistir. Deprem Oncesi
giinlerdeki iyonosferik bozulmalari tahmin eden LSTM
tabanli modeller, test setlerinde %80-85 dogruluk orani
elde etmistir. Stacked-LSTM modeli, dogruluk, geri
¢agirma, kesinlik, F1-skora ve ROC egrisi gibi metriklerde
SVM'den daha basarili bulunmustur. LSTM tabanh
modellerin deprem tahmininde daha glvenilir oldugu
belirlenmistir.  Arastirma, iyonosfer bozulmalarinin
deprem 6ncesinde tespit edilebilecegini gostermistir. Bu
bulgular, LSTM tabanl modellerin iyonosfer gozlemlerine
dayali olarak deprem tahmininde &énemli bir arag
olabilecegini ortaya koymaktadir. Model, 6zellikle siddetli
ve orta buydklikteki depremler igin etkili sonuglar

vermektedir.

Pura vd. (2023), calisma depremlerin tahmin edilmesine
yonelik RNN (tekrarlayan sinir agi1) yontemini kullanarak
Diizce ilcesi'nde 1990-2022 vyillari arasinda meydana
gelen 3.0 ve Uzeri buylklikteki depremler Uzerinde
gerceklestirilmistir. Calismada, depremlerin b ve d
degerleri  hesaplanarak  6grenme  potansiyelinin
artirilmasi hedeflenmistir. Marmara bolgesinde belirli bir
zaman diliminde depremlerin tespit edilmesi, sismik
verilerin yapay sinir aglari ile siniflandirilmasi ve gelecege
yonelik tahminler vyapilmasi ¢alismanin  6nemini
vurgulamaktadir. Sonuglar, RNN yéntemlerinin yani sira,
ay ile Dinya arasindaki mesafe verileri ve b ve d
katsayilarinin dahil edilmesiyle tahmin performansinin
onemli olclide artirilabilecegini gostermistir. Kullanilan
veri seti, deprem bulyulkligi, derinlik, ay mesafesi, b
degeri ve d degerini icermektedir. Calisma, farkh
yontemlerin uygulanmasina ragmen, verilerin diizensiz

yapisi nedeniyle %100 dogru tahmin yapmanin zor

Ancak,
sonuglarina ve uygulanan yonteme gore olusturulan veri

oldugunu ortaya koymustur. arastirma
seti ile tahmin edilen buyiikliklerin gercek depremlerin

biyuklaklerine yakin oldugu bulunmustur.

Senkaya vd. (2023), calisma 6 Subat 2023 Tirkiye
depremlerinde yerel sismik 6zelliklerin hasar tzerindeki
etkisini makine 6grenmesi yontemleriyle analiz etmistir.
Kullanilan giris 6zellikleri arasinda Vs30 (30 m derinlikte
ortalama kayma dalgasi hizi), fO (alanin baskin frekansi),
AO (HVSR orani) ve EBd (mihendislik temeli derinligi)
bulunmakta olup, hedef 6zellik olarak hasar durumu
degerlendirilmistir. Makine 06grenmesi kapsaminda
Random Forest (RF), K-en yakin komsu (KNN), Lojistik
Regresyon (LR), Karar Agaclan (DT), Destek Vektor
Makineleri (SVM), Stokastik Gradyan inisi (SGD) ve Cok
Katmanl Algilayict (MP) algoritmalari kullaniimistir. Bes
kath capraz dogrulama ile uygun hiperparametreler
belirlenmis ve kiicik orneklem setlerinde modelleme
etkinligi artinlmistir.  RF, hasar ve hasar olmama
durumlari igin sirasiyla %94 ve %92 geri ¢cagirma skorlari
ile en yuksek performansi gbstermis ve hasar tahmin
dogrulugu %93 olmustur. Diger algoritmalar da %89
dogruluk orani ile dikkat ¢ekmistir, MP hasar olmama
durumunda %80, SVM ve SGD ise hasar durumu igin
sirasiyla %88 ve %80 geri ¢cagirma skorlari elde etmistir.
EBd, hasar olusumunda %52 6nem ile en kritik parametre
olarak belirlenmistir; f0, Vs30 ve AO sirasiyla %24, %18 ve
%6 onem degerlerine sahiptir. Bu bulgular, yiksek sismik
riskli bolgelerde ilk hasar tahminlerinin makine
o6grenmesi yontemleriyle etkili bir sekilde yapilabilecegini
gostermektedir. Gelecek galismalar, yerel veri setlerinin
artirlmasi ve kiiresel veri setlerinin olusturulmasina

odaklanacaktir.

Wang vd. (2023), calismada deprem erken uyari (EEW)
sistemleri igin derin 6grenme tabanli yeni bir yaklagim
olan EEWNet'i 6nermektedir. EEWNet, herhangi bir 6n
isleme yapmadan tek bir istasyondan kaydedilen ilk
birka¢ saniye P-dalgasini giris olarak kullanarak,
maksimum yer degistirmeyi tahmin etmekte ve bdylece
blyuklugli hesaplamaktadir. Genis bir yer alti gigli
hareket kayitlari veri seti kullanilarak egitim, dogrulama
ve test islemleri gerceklestirilmistir. EEWNet'in sonuglari,
geleneksel Pd (empirik tepe yer degistirme) yontemine
kiyasla daha hizli ve dogru sonuglar verdigi gosterilmistir.
EEWNet, 4.0 ile 5.9 biyuklGgindeki depremleri ilk 0.5
saniyede tahmin edebilmekte ve bu yontem, Pd'nin 3
saniyelik verilerini kullandigi biyuklikler arasinda 1 ile
2.5 saniye kadar 6nde tahmin yapabilmektedir. Ayrica,
EEWNet, ilk 0.5 ila 3 saniyelik verilerle bliyukligu daha iyi
tahmin edebilmektedir. Derin 6grenmenin, P-dalgasinin

ilk saniyelerinden buyuklige iliskin 6zellikleri insanlardan
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daha etkili bir sekilde cikarabildigi kanitlanmistir. Bu
bulgular, derin 6grenmenin EEW ve diger sismoloji
alanlarinda  blylk potansiyele

sahip  oldugunu

gostermektedir.

Khosravikia ve Clayton (2021), bu ¢alismada farkh makine
o6grenimi tekniklerinin yer hareketi siddetini tahmin etme
konusundaki avantajlari ve dezavantajlari analiz
edilmistir. Geleneksel olarak, yer hareketi tahminleri
dogrusal

tanimlanmis

regresyon modelleri kullanilarak 6nceden

denklemler ve katsayillar araciligiyla
yapilmaktadir; ancak bu modeller, veride bulunan
karmasik dogrusal olmayan iliskileri yakalamada yetersiz
kalabilmektedir. Bu baglamda, ¢alismada yapay sinir
aglari (ANN), rastgele orman (RF) ve destek vektor
makineleri (SVM) gibi makine 0grenimi algoritmalar
kullanilarak yer hareketi siddeti tahmin edilmistir. Model
egitimi, 2005 yilindan bu yana Oklahoma, Kansas ve
Teksas'ta kaydedilen 4528 yer hareketi kaydi ve 376
deprem olayini (buytiklik 3 ile 5.8 arasinda) igeren bir veri
seti ile gerceklestirilmistir. Sonuglar, rastgele orman
algoritmasinin dogruluk agisindan diger algoritmalardan
Ustlin performans gosterdigini ve yeterli veri oldugunda
tlim alternatif modellerin geleneksel dogrusal regresyon
yontemine kiyasla daha yiksek tahmin dogruluguna
sahip oldugunu gostermektedir. Ek olarak, olaylar ve
bolgeler arasindaki degiskenlikler rastgele etkiler olarak
modele entegre edilmis, bu sayede aleatorik belirsizlikler
azaltilmistir. RF ve SVM algoritmalarinin, mihendislik
analizlerinde kullanilacak  dogrudan matematiksel
denklemler sunmamasina ragmen, yazilim ortaminda
yeni veri igin tahmin vyapilmasina olanak tanidig

vurgulanmistir.

Nicolis vd. (2021), Sili'deki sismik oranlari tahmin etmek
icin iki Derin Sinir Ag1 (DNN) mimarisini, Uzun Kisa Sureli
Bellek (LSTM) ve (CNN)
kullanmaktir. moddlden

Evrisimsel Sinir  Aglan

Onerilen metodoloji g
olusmaktadir: 6n isleme, uzaysal ve zamansal tahmin ve
nihai tahmin moddld. ilk modiil, Epidemik Tip Artgi Sok
Dizileri (ETAS) modelini kullanarak sismik oran tahminleri
icin yogunluk fonksiyonunu hesaplamaktadir. LSTM, son
30 gliniin maksimum sismik yogunluk verilerini kullanarak
bir sonraki glinin maksimum yogunlugunu tahmin
ederken, CNN, son 30 ginin uzaysal verilerini analiz
ederek bir sonraki gin olasi deprem alanini tahmin
etmektedir. Modeller, R? ve dogruluk gibi performans
Olgltleriyle dogrulanmistir.

(2021), bulunan

RIDGECREST bolgesinde bulunan bir sismik agdan gelen

Kuang vd. Glney Kaliforniya’da

verileri kullanarak depremin odak mekanizmasini tahmin
etmeyi saglayan derin 6grenme tabanli yeni bir algoritma

onermislerdir. Yerel veya bolgesel, orta veya bilylk
Olcekli deprem hareketlerini izlemek icin FMnet modeli
gelistiren arastirmacilar sonug olarak otomatik deprem
izleme ve raporlama sistemi gelistirmislerdir.

Karci ve Sahin (2022), Tirkiye’deki depremlerden elde
edilen enlem, boylam, tarih, deprem derinligi ve yer
yuzeyindeki sismik siddet gibi parametreleri kullanarak
derin 6grenme tabanli bir uzun-kisa sureli bellek (LSTM)
modeli gelistirmistir. Arastirmada, gelistirilen modelin
performansi, geleneksel regresyon yontemleri, karar
agaclari ve rastgele orman teknikleri ile karsilagtirilmistir.
Elde edilen bulgular, LSTM modelinin %93.4 dogruluk
orani ile en yuksek tahmin basarisini sagladigini
gostermektedir. Diger yontemlerin ise %85.2 ile %88.7
arasinda degisen dogruluk oranlariyla daha disilik
performans sergiledigi gozlemlenmistir. Calisma, derin
O0grenme tabanli yaklasimlarin deprem tahmininde
sagladigi avantajlari vurgulamaktadir. Sonug¢ olarak,
onerilen model, sismik tehlike degerlendirmeleri igin
onemli bir katki sunmakta ve gelecekteki arastirmalara
yon vermektedir.

Jena vd. (2020), Hindistan bdlgesinden elde edilen
yikseklik, deprem buyukligi yogunlugu, merkez Ussi
yogunlugu, merkez Gssiinden olan uzaklk, sismik aktivite
yogunlugu, Deprem derinligi, zemin vyapisi, tarihsel
deprem verileri, jeolojik 6zellikler gibi 9 farkli deprem
gostergesini girdi parametresi olarak kullanarak deprem
olasiligi haritalamasi yapmistir. Arastirmada, derin
0grenme tekniklerinden konvolisyonel sinir agi (CNN)
kullanilarak bir siniflandirma modeli gelistirilmistir.
Modelin performansi, dogruluk, F1 skoru ve kesinlik gibi
degerlendirme kriterleri ile olglilmis ve geleneksel
yontemlerle karsilastirlmistir. Elde edilen sonuglar,
onerilen CNN modelinin  %95.1 dogruluk orani ile
geleneksel yontemlere gore daha yiksek bir basari
sagladigini gostermektedir. F1 skoru ve kesinlik degerleri
de geleneksel yontemlerle kiyaslandiginda belirgin bir
Gstlinlik sergilemistir. Bu g¢alisma, derin 6grenme
analizi ve haritalama

tekniklerinin  deprem  risk

slireglerindeki potansiyelini ortaya koymaktadir.

Li vd. (2020), Japonya,
bolgelerden elde edilen, sekiz farkli veri setiyle derin

Filipinler, Losangeles gibi
ogrenme kullanarak DLEP (Explicit and implicit features
for accurate Earthquake Prediction) deprem modelini
gelistirmislerdir. Kullandiklari modeldeki ortik ozellikleri
¢itkarmak icin CNN agini kullanmiglardir. Daha sonra DLEP
modelini ve CNN agini birlestirerek basarili bir sekilde
deprem tahmini yapmislardir.

Wang vd. (2020), derin 6grenme teknigi olan LSTM

yontemini  kullanarak deprem tahmini modelleri
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ettikleri
iliskisinden

Farkh
arasindaki

gelistirmislerdir. bolgelerden elde

depremler uzay-zaman

yararlanarak basarili sonuglar elde etmislerdir.

Altan ve Karasu (2020), topluluk ampirik kip ayrisimi,
dalgacik donlsiimG ve ampirik kip ayrisimi olmak tzere
Ug farkl ayristirma yontemi kullanarak, derin 6grenme
yontemlerinden olan LSTM ile elde ettikleri tahmin
modelini basarimini arastirmislardir. Daha sonra g ayri
ayristirma yontemiyle elde edilen birlesik modellerin
istatistiksel  hata
degerlendirmislerdir.

basarimlarini Olgutlerine  gore

Duman (2016), Bati Anadolu Bolgesinde bulunan ve
yogun sismik aktivite bulunduran dort bélgenin deprem
verileri  kullanilmistir.  Gutenberg-Richter  oOlgegini
kullanarak ileri beslemeli geri yayihmh yapay sinir agi
gelistirmistir. Egitim tamamlandiktan sonra bu dort farkh
bolge icin ayri ayri test gergeklestirilmis ve agin basarisi
bakildiginda ise,

sunulmustur. Tahmin sonuglarina

gerceklesmesi beklenen deprem tahmin sonuglari
calisilan dort bolgede de belli oranlarda farkh sonuglar
vermis fakat bu yontem kabul edilebilir bir oranda basaril

bulunmustur.

Utku ve Akcayol (2020), dogal afet, musteri davranisi gibi
bazi olaylarin meydana gelmeden 6nce, olus zamanini
onceden tahmin edilmesine yoénelik ¢alismalar
yuriatmauslerdir. Bu kapsamda gelistirdikleri model ile elde
edilen sonuglari ARIMA (istatistiksel Zaman Serisi
Tahminleme Yontemi) ile karsilastirmislardir. Deneysel
bakildiginda

gelistirilen bu modelin ileriye donik olus zamani

sonuglara ise derin 6grenme tabanl
tahmininde, ARIMA’dan daha basarili oldugunu ileri

strlp kanitlamiglardir.

Seving ve Kaya (2021), Dogu Anadolu Bolgesi’nde yer alan
bazi il ve ilgelerin verilerini kullanarak LSTM ve ARIMA
modelleriyle analiz gergeklestirilmistir. Bu iki modelin,
tahmin  performansini  karsilastirmak icin  farkh
degerlendirme parametreleri kullanmiglardir. Gergek
deger ile tahmin degeri arasindaki iliskiyi veren R Kare
skor degeri, ARIMA Modelinde, LSTM modeline goére
daha yiksek ¢ikmis ve bu iki modelinde tahmin
¢alismalarinda basarili sonuglar vererek kullanilabilirligini

gostermislerdir.

Seving ve Kaya (2021a), Gineydogu Anadolu Bélgesi’'nde
yer alan bazi il ve ilgelerin verilerini kullanarak
Ozyinelemeli Sinir Aglarinin dzel tiirii olan LSTM modelini
blyuklik
gerceklestirmeye calismislardir. Daha sonra bu model ile

kullanarak depremin tahmini  modelini
egittikleri sistemin R kare skoruna gore degerlendirme

yapip modelin basarisi ortaya konulmustur.

Fidanboy vd. (2022), resmi kaynaklardan elde ettikleri
verileri derin 6grenme teknikleri ile isleyerek yeni bir
model gelistirmisler ve bu model ile risk haritasi elde
etmislerdir. OYAT (Orman Yangini Tahmini) bu model,
dinamik veriler ile gincellenebilir yapida olup gorsel
olarak da saklanabilirdir. OYAT modelinin, veri setinin de
zamanla blyumesiyle daha verimli ve basarili sonuglar
verecegi 6ngorilmektedir. Bu modelle gelistirilen yapinin
suan %98 dogruluk oranina sahip oldugu gorilmektedir.

Sabah ve Bayraktar (Sabah ve Bayraktar 2020), cesitli
deprem senaryolari olusturarak Diizce ili ve gevresindeki
deprem siddet bolgeleri secilmis daha sonra Tirkiye
istatistik Kurumundan (TUIK) aldiklari resmi veriler ile az
hasarli, orta hasarli ve gok hasarli binalar igin istatistiksel
olarak hasar tahmin sistemi gelistirmislerdir. Bu hasar
tahmin sistemi ile bolgede gerekli olan ¢adir ihtiyacini
belirlemeye calisarak bolge halkinin maddi imkanindaki
eksikliklerini gidermeyi amaglamislardir.

Akyiiz (2019), deprem buyilkIiGgu verilerini inceleyerek,
her yil max deprem biyklGglini kaydetmis ve veri seti
olusturmustur. Daha sonra olusturmus oldugu bu veri
setini kullanarak deprem olma olasiligini incelemistir. Bu
incelemeyi, kisa sureli elde edilen verileri gz 6niinde
bulundurarak, uzun sireli depremlerin olma olasiligini
elde ederek gergeklestirmistir. K- kare, Ortalama Hata,
Ortalama Mutlak Hata vb. gibi birden ¢ok istatistiksel
dagihm kullanarak yapilan bu ¢alismaya goére, gelecek 10
yil iginde 5 ve Uzeri siddetinde deprem olma olasig %10
olarak belirlenmistir.

Emeksiz ve Tan (2021), hibrit ayriklastirma yontemi
gelistirerek bu yontem ile veri seti olusturmuslardir. Daha
sonra bu veri setini Geri Beslemeli Sinir Agina uygulayarak
¢ok adimli bir tahminleme islemi gergeklestirmislerdir.
Onerilen bu modelin tekil ayriklastirma ile olusturulan
yontemden daha basarili oldugunu tespit etmislerdir.
Tahmin performansini ise determinasyon katsayisi,
ortalama mutlak yiizde hata ve ortalama karakok hata ile
hesaplayip incelemisler. Onerilen hibrit modelin, yiiksek
tahminler modelin

hassasiyette gerceklestirmesi

basarisini gostermistir.

Ozmen (2011), Kastamonu ili ve gevresinde 4.0 ve daha
bliyik siddette meydana gelmis olan depremlerin
verilerini  kullanarak  Gutenberg-Richter  0lgeginde
magnitiid-frekans parametreleri arasindaki bagintidaki a
ve b degerlerini bulmustur. Ve bu deger parametrelerden
blyukltukteki

depremlerin meydana gelme olasiligini istatistiksel olarak

yararlanarak, Poisson modelini farkli
incelemislerdir. Bu modele gore gelecek 100 yil icerisinde
7.5 siddetinde deprem olma olasiligi %75 olarak tahmin

edilmistir.
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Topgu vd. (2017), iyonosfer toplam elektron icerigi,
atmosferin 1s1 ve sicaklik degerleri, bagil nem miktari ve
TUSAGA-AKktif
kinematik deprem verilerini, kullanarak deprem tahmini

konumlama sistem istasyonunun

yapmislardir.

Saglam ve Gavdur (2022), ileri beslemeli geri yayilimh
yapay sinir agl ile deprem buylklGgini (earthquake
magnittide), derinligini ve depremi birebir yasayan
afetzedelerin depremin gercgeklestigi Merkez lssiine olan
uzakhk mesafelerine bakarak deprem siddet tahmini
yapmislardir. Farkli yapay sinir agi tasarimlari denemisler
ve en uygun sinir agl tasarimi elde edip dnermislerdir.
Uygun gorilen sinir agi ile gesitli egitim algoritmalarini
kullanarak egitim gergeklestirmisler. Daha sonra farkli
sinir ag1 tasarimlarini ve farkli egitim algoritmalarinin
performanslarini  karsilastirmislardir. Bu karsilastirma
icin, ortalama karesel hata ve korelasyon katsayisi
kullanilmis ve analiz edilmistir. Bu g¢alisma igin iki gizli
katman ve her katman igin bes ve on gizli néron
kullanilmistir. Ag, Bayes dizenlemesi ve Levenberg-
Marquardt egitim algoritmasinin kullanildigi durumda en
iyi performansi sergilemistir. Turgut vd. (2019), analog
bilgileri sersorler ile elde ettikleri verileri veri kaybina
ugramadan veri tabanina, kaydetmislerdir. Daha sonra
olusturulan bu veri tabanini KNN (K-Nearest Neighbors),
RF (Random Forest) algoritmalari tarafindan islenmis ve
YSA ag modeli olusturulmustur. Bu sekilde olusturulan
systemin tahmin degeri %87 olarak hesaplanmistir.

Literatirde de goruldugi Gzere deprem siddeti tahmin
¢alismalarinda yapay sinir aglari, makine 6grenmesi
algoritmalari ve derin 6grenme mimarileri kullanilarak
yeni modeller gelistirerek deprem siddeti tahmin
edilmeye calisilmistir. Fakat derin 6grenme modellerine
¢alismalarin  oldukga kisith ve bu

dayali oldugu

yontemlerle vyapilan ¢alismalara ihtiyag oldugu
gorilmustir. Bu c¢alismalarda tarih, zaman, enlem,
boylam ve derinlik gibi parametreler kullanilarak deprem

siddeti tahmini yapilmaya galisiimistir.

2. Materyal ve Metot / Materials and Methods

2.1. Deprem veri setinin hazirlanmasi

Amerika Birlesik Devletleri Jeolojik Arastirma Kurulundan
elde edilen 3.0- 10.0 siddetlerindeki depremler .csv
formatinda indirilip, kaydedilmistir. Daha sonra deprem
siddet tahmininde kullanilacak depremin meydana gelis
tarihi, depremin meydana geldigi zaman, enlem, boylam,
derinlik ve bliytkliik bilgileri haricindeki alanlar ve veri
setinde vyer alan alanlari

istenmeyen bos veri

temizlenmistir.

Cizelge 1. Xm>=3.0 veri kiimesinin detaylari.

Tarih 01.01.1965 - 31.12.2022
Enlem 36.0-42.0
Boylam 26.0-45.0
Derinlik 0-500
Blyuklik 3.0-10.0
Sarsinti Turd Deprem
Deprem Sayisi 24.007

2.2. calismada 6nerilen deprem tahmin modelleri ve
uygulama siiregleri

Bu calismada deprem tahmini ile ilgili bir model
onerilmistir. Deprem biylkligu tahmin modeli, Python
programlama dili ve Python igin bir derin 6grenme
kitiphanesi olan keras kullanilarak hazirlanmigtir. 1965-
2022 yillari arasinda meydana gelen depremler igin,
meydana gelecek depremleri tahmin edebilmek amaciyla
Long Short Term Memory kullanilarak bir model
olusturulmustur.

2.2.1. Yapay sinir agi ile deprem siddeti tahmin modeli

Ylrutilen ¢alismada, 6nerilen modelin programlamasi
icin Python programlama dili, gelistirilmesi icin ise
PyCharm IDE’si kullaniimistir. Derin 6grenme modellerini
olusturmak icin ise Keras ve Tensorflow kitliphaneleri
kullanilmigtir. Keras kutliphanesi, farkli tirden derin
6grenme modellerinin tanimlanmasi ve egitilmesini
saglayan derin 6grenme kiitliphanesidir. Tensorflow ise,
derin 6grenme modelleri gelistirmek ve degerlendirmek
icin givenilir ve agik kaynakh Python kitiiphanesidir.

Keras kltlUphanesi kullanilarak tasarlanan YSA ile DSTM;

. 4 girisli girdi katmani
. 5 gizli katmani
. 1 cikish ¢ikti katmani

kullanilarak olusturulmustur. Olusturulan YSA ile DSTM
modelinin sematik gdsterimi Sekil 1’de verilmistir.

. N L —
b b o )
" AN N A
X1 —
TN T TN TN T
X2 —» ~ " " e~ N \ .
( > Y1)
X3 - Fe e b /
S N
reel R )
___ 4 g
L ] L 1 L ]
T T T
Girdi Katmani Gizli Katmanlar Cikti Katmani

Sekil 1. Deprem siddeti tahmini igin 6nerilen YSA modeli

Deprem siddeti tahmin modelini

modelden bir ¢ikti degeri almak icin, modelde kullanilacak

olusturmak ve

veriler sirasiyla, Girdi (Xn) ve Cikti (Y) olarak bélinmesi
gerekmektedir. Bu uygulamada girdi parametreleri;
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. Zaman Damgasi (X1)

. Derinlik (X2)

. Enlem (X3)

o Boylam verileridir (X4).

Cikti olarak ise deprem siddeti bilgisi alinmaktadir. Keras
kUtuphanesi kullanilarak model olusturuldu. Daha sonra
olusturulan bu modele belirtilen sayida gizli katmanlar
eklendi ve bu katmanlarin dugum sayilari, aktivasyon
fonksiyonlari ve egitim sayilari belirlendi. Bu modelde
aktivasyon fonksiyonu olarak Relu, Lineer ve Softmax
olmak lzere (¢ tane aktivasyon fonksiyonu kullanilmistir.
Kayip fonksiyonu olarak ise Mean Squared Error
kullanilmis ve optimizasyon fonksiyonu olarak da Adam
fonksiyonu kullanilmistir.  Olusturulan model 20’ser
batchler halinde Adam optimizasyon fonksiyonunu
calistirmaktadir. Modelde kullanilan veri seti, egitim ve
test veri kiimeleri olmak tzere iki farkli veri kiimesine
bolinmis ve tiim veri seti 100 kez egitilmistir. Model veri
kiimelerinin, 0.80’ini kullanarak egitilmekte ve kalan 0.20
ile de test edip, hatalarini diizeltmektedir.

Deprem siddeti tahmin modelinde kullanilan epochs,
batch,
fonksiyonu, kayip fonksiyonu ve aktivasyon fonksiyonlari

katmanlardaki néron sayilari, optimizasyon
degistirilip farkli kombinasyonlarla tekrar egitilmis ve en
iyi sonu¢ veren parametreler belirlenmistir. YSA ile
DSTM’de en iyi performans veren parametreler Cizelge
2’te gosterilmistir.

Cizelge 2. YSA ile deprem siddeti tahmin modelinde kullanilan
parametreler

Parametreler Degerler
Epoch 100
Gizli Katman Sayisi 5
Batch 20

Katmanlardaki N6ron Sayisi
Aktivasyon Fonksiyonlari
Optimizasyon Fonksiyonu

128,64,64,32,32
Lineer, Relu, Softmax
ADAM

Kayip Fonksiyonu Mean Squared Error

2.2.2. Uzun kisa siireli bellek ile deprem siddeti tahmin
modeli

Genellikle bir sonraki meydana gelecek durumu tahmin
edebilmek icin kullanilan 6zyinelemeli sinir aglarindan biri
olan LSTM, girdiler arasinda iliski kurarlar ve kurduklari
tum iliskileri hatirlamaktadirlar (Wang vd., 2020b). LSTM,
ayni  zamanda uzun sdreli  bagimliik durumunu
tekrarlayan sinir aglarindan dogru bir sekilde modellemek
icin olusturulmus ve derin 6grenme igin kullanilan,
tekrarlayan sinir agi mimarilerinden birisidir. LSTM’ler
zaman serisi verilerini kullanarak, tahmin problemlerinin
¢6ziimiinde kullanilan uygun vyapilardir. LSTM aglari

kullanilarak tasarlanan bu model;

J Katmanda 128 LSTM hdicresi
. 2. Katmanda 64 LSTM hiicresi
o 3. Katmanda 64 LSTM hicresi
. 4. Katmanda 32 LSTM hicresi
o 1 tane dropout katmani

. 1 tane ¢ikti katmani

kullanilarak tasarlanmistir. Onerilen LSTM ile DSTM
modelinin sematik gdsterimi Sekil 2’ de verilmistir.

Xt Yt
Cikty

Katmany

Gird Dropout
rdi 1.LSTM 2. LSTM 3 LSTM 4. LSTM | Katmani
\ Hileresi Hileresi Hilcresi Hilcresi

Sekil 2. LSTM ile deprem siddeti tahmin modeli

LSTM ile deprem siddeti tahmin modelinde, Aktivasyon
fonksiyonu olarak RelLu, Lineer ve Softmax kullanilmistir.
Optimizasyon fonksiyonu olarak ADAM, kayip fonksiyonu
olarak ise Mean Squared Error kullanilmistir. Olusturulan
modelde dropout orani 0.2 olarak alinmistir. LSTM aglari
icin girdi verileri, veri normalizasyon islemleri yapilarak
tekrardan sekillendirilmistir. LSTM ile model egitiminde,
parametre degerlerinin sirasi 6nemlidir. Bu sebeple, veri
kiimesi siralandiktan sonra boliinmektedir. Veri kimeleri,
0.80 egitim ve 0.20 test veri kiimesi olmak Uzere
bolinmustdr.

LSTM modeli 20’ser batchler halinde ADAM optimizasyon
fonksiyonunu calistirmaktadir. Tim veri kiimesi egitim
icin 100 kez tekrarlanmigtir. Olusturulan bu modelde,
egitim icin kullanilan veri kiimesi 1’er haftalik periyotlar
halinde alinmaktadir. ilk 1 haftalik deprem verileri
alinarak sekizinci ginin, daha sonra ikinci 1 haftalik
deprem verileri alinarak dokuzuncu giinin deprem
siddeti tahmin edilmeye calisiimistir. 1’er haftalik
periyotlar  halinde, egitim  kiimeleriyle  model
egitiimektedir. Modelde gelecek glinlerin depremlerinin
tahmini icin gerekli degisken  tanimlamalari
yapiimaktadir. Gelecek dénemlerde meydana gelmesi
muhtemel depremleri tahmin etmek igin, kullaniimak
istenen gecmis gilinlerin sayisi ve gecmis glinlere bagh
olarak, tahminde bulunmak istenilen gelecek gilnlerin
sayisi  belirlenmistir. Modelin performansini ortaya
koymak adina hem egitim kiimesiyle hemde test kiimeleri

kullanilarak tahminler yapilmaya galisiimistir.

Olusturulan LSTM ile deprem siddeti tahmin modelinde
farkli farkli epoch, batch, néron sayilari, aktivasyon
kayip
fonksiyonu parametreleriyle egitilmis ve en iyi sonug

fonksiyonlari, fonksiyonu ve optimizasyon

veren parametre degerleri belirlenmistir. En iyi

performans veren parametre degerleri Cizelge 3’de
sunulmustur.
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Cizelge 3. LSTM ile deprem siddeti tahmin modelinin
parametleri
Parametreler Degerler
Epoch 100
1.LSTM Hdicresi 128
2.LSTM Hucresi 64
3.LSTM Huicresi 64
4.LSTM Hucresi 32
Batch 20
Dropout Orani 0.2

Lineer, ReLU, Softmax
ADAM
Mean Squared Error

Aktivasyon Fonksiyonu
Optimizasyon Fonksiyonu
Kayip Fonksiyonu

3.Bulgular

Bu boélimde onerilen iki modelin ve istatistiki tahmin
modeli olan ARIMA modelinin performans sonuglari
Olculmis ve detaylari verilmistir.

3.1.Elde edilen performans sonuglarinin
degerlendirilmesi

Hem onerilen YSA ile deprem siddeti tahmin modelinin
hem LSTM ile deprem siddeti tahmin modelinin hemde
siklikla ARIMA
modelinin performanslari, xM 2 3.0 veri kiimesi igin

tahmin arastirmalarinda kullanilan
performans degerleri dl¢tlmustdr.

Cizelge 5. ARIMA modelinin gergek veri seti ile karsilastirilmasi

3.2. ARIMA

istatistiksel modelleme ydntemi olan ARIMA ile deprem
tahmini igin olusturulan xM2 3.0 veri kiimesi egitilmistir.

3.2.1. ARIMA Modelinin Performans Sonuglari

ARIMA modeli, deprem tahmini igin olusturulan xM > 3.0
veri kiimesi ile egitilmis ve performans sonuglar Cizelge
4’te verilmistir.

Cizelge 4. ARIMA modelinin performans sonuglari

Olgiim Metrigi Performans Sonucu
R-Kare 0.268
MAE 0.312
MSE 0.173
RMSE 0.513

3.2.2. ARIMA modelinin gergek veri seti ile test edilmesi

Meydana gelen depremlerin bazilari tarih, derinlik, enlem
ve boylam degerleri ARIMA modeli ile test edilmis ve
gercek deprem sonuglari ile modelin tahmin ettigi
deprem sonuglar Cizelge 5’te karsilastirilmistir. Cizelge
5’teki sonuglara bakildiginda ARIMA modelinin gercek
deprem degerlerine ¢ok yakin olmayan ve birbirine ¢ok
yakin deprem tahmininde bulundugu gorilmektedir.

Tarih Enlem Boylam Der(km) Yer xM ARIMA ile DSTM
18.10.2022 38.6562 39.7057 007.0 Malatya 5.9 4.0
10.08.2022 39.8423 39.4025 005.3 Elazig 5.6 4.52
07.07.2022 38.5530 39.4844 022.3 Elazig 6.1 5.22
22.03.2022 38.3819 26.9856 012.0 izmir 6.7 5.10
26.02.2022 38.1943 38.8520 002.7 Malatya 5.5 4.5

3.3. Yapay sinir agi ile deprem siddeti tahmin modeli
3.3.1. Yapay sinir agi ile DSTM’nin performans

Yapay Sinir AgI Deprem siddeti tahmin modeli, deprem
tahmini icin olusturulan xM = 3.0 veri kiimesi ile egitilmis
ve sonuglar Cizelge 6’da verilmistir.

Cizelge 6. YSA ile DSTM modelinin performans sonuglari

Olglim Metrigi Performans Sonucu
R-Kare 0.3
MAE 0.220
MSE 0.158
RMSE 0.357

Cizelgeye bakildiginda YSA ile Deprem Siddeti Tahmin
Modelinin gercek deprem degerlerine yakin deprem
tahmininde bulundugu gorilmektedir.

Cizelge 7. YSA ile DSTM modelinin gercek veri seti ile
karsilagtiriimasi

Tarih Enlem Boylam  Der(km) Yer XM YSA
lle

DSTM

18.10.2022  38.6562  39.7057 007.0 Malatya 5.9 4.40
10.08.2022  39.8423 39.4025 005.3 Elazig 56 4.72
07.07.2022  38.5530 39.4844 022.3 Elazig 6.1 5.67
22.03.2022 38.3819 26.9856 012.0 izmir 6.7 5.42
26.02.2022 38.1943  38.8520 002.7 Malatya 5.5 4.70

3.3.2. Yapay sinir agi ile DSTM’nin gergek veri seti ile
test edilmesi

Meydana gelen depremlerin bir kismi; zaman, tarih,
derinlik, enlem ve boylam bilgileri ile deprem siddeti
tahmin modeli test edilmis ve gergek deprem sonuglariyla
YSA ile DSTM’nin tahmin ettigi deprem sonuglarinin
karsilastiriimasi Cizelge 7'de gosterilmistir.

3.4. Long Short Term Memory ile deprem siddeti tahmin
modeli

3.4.1. LSTM ile deprem siddeti tahmin modelinin
performans sonuglari

LSTM ile deprem siddeti tahmin modeli, deprem tahmini
icin olusturulan xM = 3.0 veri kiimesi ile egitilmis ve
sonuglar Cizelge 8'de verilmistir.
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Cizelge 8. LSTM ile DSTM modelinin performans sonuglari

Ol¢lim Metrigi Performans Sonucu
R-Kare 0.561
MAE 0.2
MSE 0.160
RMSE 0.373
LSTM ile deprem siddeti tahmin modelinin xM 2 3.0 veri
kiimesi ile egitim sonuglarina bakildiginda R-Kare

degerinin 0.561 ile DSTM’ne gore daha yiiksek oldugu ve
ortalama mutlak hata degerinin de daha dusik oldugu
gorulmektedir. LSTM ile deprem siddeti tahmin modelinin
XM 2 3.0 veri kiimesiyle tahmin sonuglari incelendiginde 1
haftalik tahminde en yiiksek 5.7 siddetinde, en diisik 3.5
siddetinde deprem siddeti tahmininde bulunmustur.
Kisaca LSTM ile deprem siddeti tahmin modeli 1 haftalik
kisa bir periyotta 5.7 siddetinin Uzerinde herhangi bir

Cizelge 9. 2022 Aralik ayinda meydana gelen depremlerin listesi

deprem meydana gelmeyecegini tahmin etmistir. ki
haftalik tahmin sonuglari incelendiginde ise en yiiksek 5.0
siddetinde, en disik 3.7 siddetinde deprem tahmini
yaptig gorulmektedir. Buda LSTM ile deprem siddeti
tahmin modelinin 2 haftalik siiregte 5.0 siddetinin
Ustlinde bir deprem meydana gelmeyecegini tahmin ettigi
anlamina gelmektedir.

3.4.2. LSTM ile deprem siddeti tahmin modelinin gergek
veri ile karsilastiriimasi

2022 yili Aralik ayinda meydana gelen depremlerin olus
zamani, tarih, derinlik, enlem ve boylam bilgilerine
bakildiginda 2022 Aralik ayinda en yiksek 6.9, en disilik
3.1 siddetinde deprem meydana geldigi Cizelge 9'da
gorilmektedir.

No Kod Tarih Zaman Enlem Boylam Derin xM MD ML Mw Ms Mb Yer
000001 20221231062528 2022.12.31 06:25:28 37.1217 36.5458 0103 36 00 34 36 0.0 0.0 Osmaniye
000002 20221231014148 2022.12.31 01:41:48 35.2116 32.4582 0089 43 00 5.2 00 00 0.0 Akdeniz
000003 20221231124250 2022.12.31 12:42:50 39.1120 40.5025 0050 40 00 00 37 00 0.0 Elazig
000004 20221231055705 2022.12.31 05:57:05 37.1217 355458 0041 39 00 37 38 00 0.0 Adana
000005 20221231111413 2022.12.31 11:14:13 39.1717 40.6958 001.0 47 00 34 35 00 0.0 Elazig
000006 20221229173159 2022.12.29 17:31:59 37.1806 32.4586 002.8 3.1 00 37 38 0.0 0.0 Konya
000007 20221229005018 2022.12.29 00:50:18 35.9210 32.5228 0100 42 00 64 64 0.0 0.0 Akdeniz
000008 20221228222814 2022.12.28 22:28:14 35.1003 32.6850 009.2 69 00 40 41 00 0.0 Akdeniz
000009 20221226034022 2022.12.26 03:40:22 37.1947 29.3320 003.7 36 00 42 41 00 0.0 Denizli
000010 20221226110334 2022.12.26 11:03:34 38.2015 436359 0050 32 00 39 40 00 0.0 Van
000011 20221223212543 2022.12.23  21:25:43 38.2879 26.3693 009.0 3.7 00 34 36 00 00 izmir
000012 20221222124716 2022.12.22 12:47:16 39.3214 28.5698 0050 5.0 0.0 49 4.7 0.0 0.0 Balikesir
000013  20221222024345 2022.12.22 02:43:45 38.2563 42.5450 0015 38 00 41 40 00 0.0 Mus
000014 20221221101435 2022.12.21 10:14:35 38.3265 42.2010 002.7 43 00 43 43 00 0.0 Mus
000015 20221220200807 2022.12.20 20:08:07 38.8957 42.2134 001.0 3.1 00 43 42 00 0.0 Mus
000016 20221219062559 2022.12.19 06:25:59 40.4574 29.6778 0069 39 00 38 37 0.0 0.0 Bursa
000017 20221219092336 2022.12.19 09:23:36 39.6279 35.2783 0049 52 00 38 40 0.0 0.0 Kayseri
000018 20221219055846 2022.12.19 05:58:46 39.1937 352846 0035 50 00 36 34 00 0.0 Kayseri
000019 20221219203529 2022.12.19 20:35:29 37.2837 32.5654 003.0 49 00 00 42 00 0.0 Konya
000020 20221215055900 2022.12.15 05:59:00 37.4121 29.5158 003.5 43 00 37 00 0.0 0.0 Denizli
000021 20221214131250 2022.12.14 13:12:50 35.3210 32.1356 007.1 4.0 00 338 3.7 0.0 0.0 Akdeniz
000022  20221213235745 2022.12.13  23:57:45 35.4620 33.0051 005.7 3.6 00 35 34 00 0.0 Akdeniz
000023  20221212024243  2022.12.12 02:42:43 39.2085 40.7410 0048 47 00 3.8 37 00 0.0 Elazig
000024  20221212221943  2022.12.12  22:19:43 38.3025 43.5564 0052 42 00 50 54 00 0.0 Van
000025 20221211202149 2022.12.11 20:21:49 38.4560 26.1009 008.7 5.2 0.0 41 40 0.0 0.0 izmir

Tiirkiye -iran
000026 20221210032115 2022.12.10 03:21:15 38.1248 44.5306 002.0 46 00 41 4.2 0.0 0.0 . .

Sinir Bolgesi
000027 20221210111713 2022.12.10 11:17:13 35.9817 32.4238 0050 46 00 40 39 00 0.0 Akdeniz
000028 20221210004951 2022.12.10 00:49:51 39.8947 28.4613 0060 47 00 36 34 00 0.0 Balikesir
000029 20221207225508 2022.12.07 22:55:08 39.0868 28.9795 003.0 52 00 40 41 00 0.0 Kitahya
000030 20221206200729 2022.12.06 20:07:29 40.4225 29.8868 0049 45 00 43 37 00 0.0 Bursa
000031 20221205062547 2022.12.05 06:25:47 40.0004 29.5673 0069 42 0.0 42 43 00 0.0 Bursa
000032 20221204031929 2022.12.04 03:19:29 37.7896 35.1234 0081 48 0.0 37 38 00 0.0 Adana
000033  20221201203537 2022.12.01 20:35:37 35.4319 32,5411 0069 32 00 40 38 00 0.0 Akdeniz

Deprem siddetine yonelik olarak kullanilan LSTM ile
deprem siddeti tahmin modelinin xM = 3.0 veri kiimesi ile
yaptigi bir haftalik ve iki haftalik deprem tahminleri Sekil
3 ve Sekil 4’te gosterilmektedir. LSTM ile deprem siddeti
tahmin modelinin xM > 3.0 veri kiimesi ile tahmin

sonuglarina bakildiginda modelin 1 haftalik tahmininde en
yiksek 5.7 siddetinde en distk 3.5 siddetinde, 2 haftalk
siddet tahmininde ise en yiliksek 5.0 siddetinde, en duslik
3.7 siddetinde tahminde bulundugu gorilmektedir. LSTM
ile deprem siddeti tahmin modelinde 1 haftalik zaman
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periyotlari ve 2 haftalik zaman periyotlarindaki deprem
siddeti tahminleri karsilastirildiginda, egitilen modelin 1
haftalik deprem siddeti tahmininde daha basarili oldugu
gorilmektedir.
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deprem tahmini
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Sekil 4. LSTM ile DSTM’nin Xm 2 3.0 veri kiimesi ile iki haftalik
deprem tahmini

3.5. Modellerin performans sonuglarinin
karsilastiriimasi

Onerilen her iki modelin performans degerleri Cizelge
10'da gosterilmektedir. Olusturulan modellerin Cizelge
10’da verilen xM 2 3.0 veri kiimesindeki performansina
bakildiginda ARIMA modelinin 0.268 R-Kare degeriyle en
kotl performansa sahip oldugu gorilmektedir. DSTM, 0.3
R-Kare degeriyle ARIMA modeline goére daha iyi
LSTM ile
deprem siddeti tahmin modeli ise 0.561 R-Kare degeriyle

performansa sahip oldugu gorilmektedir.

diger iki modele gore daha iyi performansa sahip oldugu
gorialmektedir. Ayrica ARIMA’nin ortalama mutlak hata
degeri 0.312 ile 6nerilen diger iki modele gore daha
yuksek ¢ikmistir.

Cizelge 10. Modellerin xM > 3.0 veri kiimesindeki performans
sonuglarinin karsilastiriimasi

Model R-Kare MAE MSE RMSE
YSAile DSTM 0.3 0.220 0.158 0.357
LSTM ile DSTM 0.561 0.2 0.160 0.373
ARIMA 0.268 0.312 0.173 0.513

Onerilen deprem siddeti tahmin modelleri, xM 2 3.0 veri
kiimesi ile ARIMA modeline gore daha ylksek bir
performans gostermektedir. Deprem siddet tahmin
modelinin R-Kare degeri 0.3 ve LSTM ile deprem siddet
tahmin modelinin 0.561 olarak goriilmektedir. xM > 3.0
veri kimesindeki en iyi performansi LSTM ile deprem

siddeti tahmin modeli gostermektedir.
4. Tartigma ve Sonug

insanoglunun maruz kaldig yikici dogal afetlerin basinda
gelen depremleri, 6nceden ve kesin olarak tahmin
edebilen ve dogrulugu ispatlanan bir ydntem veya galisma
henliz gerceklesmemistir. Fakat bu alandaki ¢alismalar
sensor teknolojilerinin, yapay zeka tahmin modellerinin
ve cografi bilgi sistemlerinin gelismesiyle faydali sonuglar
Uretmeye baslamistir.

Bu c¢alismada, meydana gelecek depremin siddetini
tahmin edebilmek icin DSTM (Deprem siddeti tahmin
modeli) ve LSTM ile deprem siddeti tahmin modeli olmak
tizere iki farkli model gelistirilip egitilmistir. Onerilen bu
tahmin modelleri, depremler arasindaki iliskiyi analiz
etmek i¢in kullanilan, tahmin problemlerinin ¢d6ziimiinde
basarili oldugu bilinen 6zyinelemeli sinir mimarisinin
ornekleridir. Calismada gec¢miste meydana gelen
depremlerin olus zamani, tarih, derinlik, enlem ve boylam

parametreleri kullanilmistir.

Deprem siddeti tahmini igin olusturulan deprem veri
kiimesi xM = 3.0 olan depremlerin bilgilerini icermektedir.
Veri kiimesinin 3.0 siddeti ile sinirlandirilmasinin nedeni
ise artgl depremleri inceleme disinda tutmaktir. Artgi
depremlerin g¢alismaya dahil edilmemesinin nedeni ise
deprem tahmininin olumsuz etkilenmesini 6nlemektir. Bu
sekilde art¢i depremleri temizleyerek daha dogru deprem
tahmini yapilabilecegi duistiniimektedir.

Onerilen iki model ve ARIMA modeli hazirlanan veri
kiimesi ile test edilmistir. Genel olarak, xM > 3.0 veri
kiimesi ile en k6t sonucu ARIMA modeli vermistir. DSTM
ise ARIMA modeline gore daha iyi sonu¢ vermesine
ragmen LSTM ile deprem siddeti tahmin modeline gore
genel performansinin kotd oldugu goérialmustir. Sonuglar
Onerilen deprem siddeti tahmin modelinin ve LSTM ile
deprem siddeti tahmin modelinin, istatistiki model olan
ARIMA modeline gore daha iyi bir performansa sahip
oldugunu gostermektedir.

Ayrica LSTM ile deprem siddeti tahmin modeli, kendi
icerisinde performans bakimindan incelendiginde ise, bir
haftalik periyotlarda, iki haftalik periyotlara gére daha iyi
deprem siddeti tahmini performansina sahip oldugu
gorilmiustar.
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Elde edilen sonuglar, deprem katalog veri kiimeleri ile

deprem siddeti tahmini konusunda Onerilen derin

0grenme modellerinin, gercek deprem verileriyle

kiyaslandiginda kabul edilir bir performansa sahip oldugu
gorilmektedir. Bu durum da énerilen ve gelistirilen derin

O0grenme modellerinin  deprem siddeti tahmininde

iyilestirilip, gelistirilebilecegini gdstermistir.

Gelecek caligmalarda, deprem siddeti tahminleri igin veri
seti gelistirilip, artinlabilir ve bu sayede daha kesin
deprem siddeti tahminleri gergeklestirilebilir. Deprem
siddeti tahmin calismalarinda farkli girdi parametreleri

kullanilarak ayni modeller icin performans

degerlendirmesi yapilabilir. Gizli katman sayisi artirilip
model daha iyi egitilip, hafizasinda daha uzun siire
tutmasi saglanarak modellerin performansi artirilabilir.
Boylece bu alandaki deprem siddeti tahmin galismalar
artirilarak, onlenmesi imkansiz olan bu afet icin erken
korunma 6nlemlerinin alinmasi saglanabilir.
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Abstract

Power Quality (PQ) disturbances play a critical role in ensuring
the reliability and efficiency of electrical systems. These
disturbances can severely impact device performance, leading
to malfunctions and significant energy losses. Accurate
identification and classification of PQ disturbances are therefore
vital for maintaining system stability and optimizing energy
consumption. The proposed method stands out by emphasizing
two key feature extraction techniques: the Teager-Kaiser Energy
Operator (TKEO) and the Fast Walsh-Hadamard Transform
(FWHT). After applying the Fast Fourier Transform (FFT) to
randomly generated PQ disturbance events from nine different
types, TKEO and FWHT are used to extract features that capture
both the energy dynamics and structural patterns of the
disturbances. These features provide a highly detailed and
compact representation of the signal, crucial for effective
classification. The Random Forest (RF) classifier, powered by
these robust features, achieves an impressive classification
accuracy of 99.35% with pure signals. Moreover, the method
demonstrates strong noise resistance, maintaining a high
accuracy of 98.26% even under 40 dB noise conditions,
highlighting the reliability and effectiveness of the extracted
features in real-world environments where noise is a common
challenge.

Keywords: Power Quality (PQ), Fast-Walsh Hadamard Transform
(FWHT), Teager-Kaiser Energy Operator (TKEO), Random Forest, Power
Quality Disturbance Classification.

Oz

Gl Kalitesi (PQ) bozulmalari, elektrik sistemlerinin givenilirligi
ve verimliligi agisindan kritik bir Sneme sahiptir. Bu bozulmalar,
cihaz performansini ciddi sekilde etkileyerek arizalara ve 6nemli
enerji kayiplarina yol agabilir. Bu nedenle, PQ bozulmalarinin
dogru bir sekilde tanimlanmasi ve siniflandiriimasi, sistem
kararhhgini korumak ve enerji tiiketimini optimize etmek igin
hayati énem tagsir. Onerilen yéntem, iki ana &zellik ¢ikarma
teknigine odaklanarak 6ne g¢ikmaktadir: Teager-Kaiser Enerji
Operatori (TKEO) ve Hizli Walsh-Hadamard Donlsima (FWHT).
Dokuz farkli tirden rastgele liretilen PQ bozulma olaylarina Hizli
Fourier D6nlsum (FFT) uygulandiktan sonra, TKEO ve FWHT
kullanilarak bozulmalarin enerji dinamiklerini ve yapisal
desenlerini yakalayan ozellikler gikarilir. Bu 6zellikler, sinyalin
etkili bir siniflandirma igin kritik olan oldukga ayrintili ve
kompakt bir temsilini saglar. Bu glgli Ozelliklerle donatilan
Rastgele Orman (RF) siniflandiricisi, saf sinyallerde etkileyici bir
dogruluk orani olan %99.35’e ulagmaktadir. Ayrica yontem, 40
dB giirlilti altinda %98.26 dogruluk saglayarak glgla bir giirtlta
direnci sergilemekte, bu da gercek diinya ortamlarinda yaygin
bir sorun olan giiriltlye karsi gcikarilan 6zelliklerin glvenilirligini
ve etkinligini vurgulamaktadir.

Anahtar Kelimeler: Gii¢ Kalitesi (PQ), Fast-Walsh Hadamard Dniisiimii
(FWHT), Teager-Kaiser Enerji Operatérii (TKEO), Rastgele Orman, Giig
Kalitesi Bozulmalarinin Siniflandirmasi.

1. Introduction

Power quality (PQ) has emerged as a critical concern in
modern electrical systems due to rising power demands
and the integration of renewable energy sources. The
inclusion of these renewables necessitates the use of
more switching devices and power electronics,
PQ disturbances (PQDs). These

disturbances manifest as voltage sags when large loads

contributing to

are connected, voltage swells often caused by load
disconnections, and a variety of other issues such as
harmonics. Such disruptions can negatively impact the

performance and lifespan of electrical devices, damage
electronic equipment, reduce energy efficiency, and lead
to significant economic losses (Singh et al. 2014).
Therefore, accurately identifying these PQDs is essential
for maintaining reliable and efficient electrical system
operations and for designing and implementing effective
compensation devices to improve power quality.

Traditionally, the identification and classification of PQDs
have relied on various signal processing techniques,
including Fourier Transform (Gonzalez-Abreu et al. 2021),
Wavelet Transform (Thirumala et al. 2018), and Short
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Time Fourier Transform (Priyadarshini et al. 2024). These
methods are instrumental in detecting and analyzing
transient disturbances, harmonic distortions, and other
anomalies within power systems. PQ disturbances can
include both single and mixed event types, as both have
been studied extensively in the literature.

Yilmaz et al. (2022) have proposed a novel method
combining the Undecimated Wavelet Transform (UWT)
and support vector machine (SVM) using the "a trous"
algorithm to classify nine different PQDs containing only
single events in distributed generators (DGs). This method
was tested using a LabVIEW-based experimental DG
system, a MATLAB Simulink model, and real data under
various grid conditions and noise levels, demonstrating
high accuracy in both pure and noisy conditions. Singh et
al. (2023) have developed a method for classifying 29
types of PQDs using dimensionality reduction, employing
Linear Discriminant Analysis (LDA) to transform the
dataset from a higher to a lower dimensional space by
eliminating unnecessary features. This method, evaluated
(k-Nearest
Neighbor, Naive Bayes, SVM, and Random Forest), has

with four machine learning classifiers
achieved high classification accuracy under varying noise
levels. Qaisar (2021) has introduced a novel method
combining signal-piloted acquisition, adaptive-rate
segmentation, and time-domain feature extraction with
machine learning tools for classifying three types of PQDs
involving single events. This approach facilitates real-time
compression, significantly reducing data storage,
processing, and transmission requirements, while also
lowering computational costs and classifier latency.
Robust machine learning algorithms, such as k-Nearest
Neighbor, Naive Bayes, Artificial Neural Network, and
SVM, are

acceptable results for the automated recognition of major

employed for classification, achieving
voltage and transient disturbances. Mozaffari et al. (2022)
addressed the real-time detection and classification of
four types of PQDs in power delivery systems. Their
proposed supervised approach learns both standard and
anomalous patterns from training data that includes clean
and disturbance signals. By processing data from multiple
meters simultaneously, the method achieves faster
detection through cooperative analysis. Additionally, the
method is extended to a multi-hypothesis framework,
enabling the prompt and accurate classification of
disturbance events in real-time. Narayanaswami et al.
(2020) have discussed a technique for detecting PQDs in
power systems using mystery curves (MC). The method
first estimates the analytic signal of real-valued input
signals via the Hilbert transform. By representing this
signal in polar form, which reveals magnitude and

frequency variations, informative MCs are discovered in
two dimensions and extended to three dimensions using
Euler's rotation hypothesis. The technique's effectiveness
was validated with synthetic signals generated in MATLAB
and experimentally tested on a prototype bench. In
recent years, there has been a substantial shift towards
leveraging Deep Learning (DL) techniques for PQD
analysis (Wang and Chen 2019, Wang et al. 2019 ).
Notably, Convolutional Neural Networks (CNNs) and
Recurrent Neural Networks (RNNs) have emerged as
effective tools, demonstrating exceptional ability in
identifying and classifying various PQDs with high
accuracy. These DL models are particularly valued for
their ability to autonomously learn complex patterns and
dependencies in the data, bypassing the need for explicit
programmatic instructions. Rodrigues Jr et al. (2021) have
developed a deep learning-based approach to detect and
classify 16 types of PQ disturbances, including both single
and multiple events. Their method leverages CNNs with
1D convolution and Long Short-Term Memory (LSTM)
networks to automatically extract, select, detect, and
classify features in an integrated manner. The input for
this method is a data window of one cycle, which moves
incrementally to cover the entire signal length. The
robustness of the method was tested with various
sampling rates, and the impact of noise was also
examined in this study. Guerrero-Sanchez et al. (2023)
have introduced a novel Multitasking Deep Neural
Network (MDL) designed to classify and analyze multiple
electrical disturbances. This methodology employs
(EMD)
characteristics from non-stationary signals. The MDL was

Empirical Mode Decomposition to extract
tested on a diverse dataset comprising 4500 records of
electrical disturbances, taking into account factors such as
severity, disturbance duration, and varying noise levels.
The results demonstrate high accuracy in both classifying
multiple disturbances and analyzing crucial signal aspects,
including crest factor, per unit voltage analysis, Short-
term Flicker Perceptibility (Pst), and Total Harmonic
Distortion (THD).

There has been a growing trend in converting signals into
images (Sindi et al. 2021). This approach uses advanced
techniques to transform raw signal data into visual
representations, making the analysis of complex data
patterns more intuitive and effective. The increasing
adoption of these methods highlights their potential to
enhance accuracy and efficiency. Liu et al. (2018) have
introduced a novel approach for detecting and classifying
PQD signals using singular spectrum analysis (SSA),
curvelet transform (CT), and deep convolutional neural
networks (DCNNs). PQD signals are decomposed using
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SSA and fast discrete curvelet transform (FDCT), with
initial six and three levels of decomposition serving as
features. DCNNs and multiclass SVMs are then employed
for classification. Tested on thirty-one categories of real

and synthetic PQD waveforms, the proposed SSA-FDCT-
DCNN classifier outperforms multiclass SVM and other

existing methods, proving effective in classifying both
single and complex PQ disturbances. Chen et al. (2022)
have proposed a power quality classifier that utilizes

signal processing techniques to convert signals into 2D

grayscale images. These images are then processed
through a deep CNN to classify five different quality
disturbances. Tested on data from the Amrita Honeywell

Hackathon 2021, the method demonstrated that using

grayscale images captures more PQD information than 1D
signals, thereby enhancing identification performance on
real-world data. Ozer et al. (2021) have introduced a
novel deep learning algorithm for classifying power

quality disturbances using an inverse signal approach. The
method combines a CNN and bidirectional long short-

term memory (Bi-LSTM) with spectrograms. It focuses on
the region where the PQD event occurs, aiming to
increase classification success rates. The approach
involves finding the time shift of the signal relative to a
pure sine wave, generating an inverse sine wave based on
this shift, and combining it with the original signal to
create spectrograms. These spectrograms are converted
into RGB images and combined for classification via
CNN/Bi-LSTM. The model was tested on 29 different
disturbance events, both single and combined. As stated,
DL methods are powerful but come with notable
disadvantages, including a high demand for labeled data,
substantial computational resources,
reliance on specific hyperparameter settings. This can
make the practical implementation of DL for PQD analysis
particularly difficult when access to adequate and

relevant data is constrained.

This
methodology designed to classify PQ disturbances.

study introduces a signal processing-based

PQ Disturbance Dataset

and a heavy

Initially, the Fast Fourier Transform (FFT) is applied to a
varied collection of nine types of synthetically generated
PQ disturbance events. Following this preliminary
transformation, we apply the Teager-Kaiser Energy
(TKEO) the Fast Walsh-Hadamard

Transform (FWHT) to further refine the signal analysis.

Operator and
These extracted features are subsequently used to train a
Random Forest (RF) classification model. Remarkably, the
model achieves an accuracy of 99.35% with pure signals
and maintains an impressive accuracy of 98.26% even
with 40 dB noise.

2. Proposed Methodology

Figure 1 illustrates the proposed methodology for
classifying PQ disturbances. First, disturbances from nine
different event types are generated randomly and
processed using FFT. TKEO and FWHT values from the
transformed signals are extracted as features, which are
Detailed
explanations of each stage are provided in the following

then used as input for a RF classifier.

subsections.
2.1 Creation of the Dataset

Due to the limited availability of real PQD data, this study
generates cases of PQDs (including both single and
by the
parameters of their numerical models as described in
lgual et al. (2018). The dataset is created in MATLAB
according to IEEE-1159 standards, closely mimicking real-

multiple disturbances) randomly varying

time data.

For each class, 400 (Ns) samples are generated using a
sampling frequency of 1.6 kHz (fs). The fundamental
frequency is set to 50 Hz (f), with each class containing 10
cycles (N). The signal amplitude is set to 1 p.u. (A) Using
these parameters, the total dataset size becomes 3600 x
320. Samples for each class are generated using the
mathematical models and parameters given in Table 1
and 2 as described by lgual et al. (2018). Moreover, an
example of each disturbance type is illustrated in Figure
2.

Feature Extraction

NN

Teager-Kaiser Energy Operator (TKEO)
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Figure 1. General block diagram of the proposed method.
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Table 1. Mathematical model of the PQ Disturbance classes

Class Disturbances Mathematical Model
c1 Pure sinusoidal v(t) = Asin(wt — @)
c2 Sag v(t) = A(1 — a(u(t —t) —u(t — ty)))sin(wt — @)
c3 Swell v(t)=A(1+ S (u(t—t)—u(t—t,)))sin(wt — @)
ca Interruption v(t) = A1 — p(u(t —t1) — u(t — ty)))sin(wt — )
c5 Transient/impulse/spike v(t) = Afsin(wt — @) — P(e 7501 ta) — =344t ) ((u(t — t,) — uU(t — t))]
c6 Oscillatory transient v(t) = A[sin(wt — @) + B sin(w, (t — t;) — 0) ((w(t — t;) —u(t — )]
c7 Harmonics 7
v(t) = Alsin(wt — @) + Z a; sin(iwt — 6;)]
i=3
cs Harmonics with sag >
v(t) = A1 — a(u(t — t,) — u(t — t,)))[sin(wt — @) + Z a; sin(jwt — 6))]
=3
C9 Harmonics with swell 5

V() = AQ - Bu(t — t,) — u(t — t,)))[sin(wt — @) + Z a; sin(jot — 6))]

j=3

Table 2. Parameter ranges for disturbance types

Disturbances

Parameters

General

Harmonic

a)=znf;—ns<pSn;u(t)={
i={3575005<q; <015 -n<f; <m

0t<o0
1t=>0

j=1{357%5005<¢q; <015 -nw<§ <m

for
k={135La,=1—>k=1;

0.05 < a, < 0.15 fitk ={35} n<6.<m

Sag, swell, interruption

Transient/impulse/spike

Oscillatory transient

T<t,-t; <(N-DT;01<a<0901<p<0809<p<1

0222<yP <111 T <ty <(N—DT;tp =ty + 1lms

300Hz < f, <900Hz; W, = 2rf ;8ms < T <40ms;—-m<O <

05T Sty —t; S —=T; 02T Sty —ty Sty —ty; by S bty <ty

Normal Sag Swell

Oscillatory transient

Interruption Transient/impuls

Harmonics Harmonics with sag Harmonics with swell

Figure 2. Example for each disturbance type

2.2 Feature Extraction

Fast Fourier Transform (FFT)

The Fourier Transform, a method commonly used in
signals into their

feature extraction, decomposes

frequency components. This decomposition highlights

various characteristics of the signals. In this study, the
signals are initially transformed using the Fast Fourier
Transform (FFT). Then, Teager-Kaiser Energy Operator
(TKEO) and Fast Walsh-Hadamard Transform (FWHT)
values are calculated separately for feature extraction.

Teager-Kaiser Energy Operator (TKEO)

The Teager-Kaiser Energy Operator (TKEO) is a method
primarily designed for analyzing the energy content
within a signal (Biswal et al. 2021). Operating as a
nonlinear, local differential operator, the TKEO swiftly
responds to variations in signal intensity, making it
invaluable in various research areas. For an x(n) signal
TKEO is calculated as given in eq.1.

Px(m)] =xm)?—x(n—1).x(n+ 1) (1)

Fast Walsh Hadamard Transform (FWHT)
The Fast Walsh-Hadamard Transform (FWHT)
transformation method developed to eliminate the

is a

computational complexity of the Walsh-Hadamard
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Transform. The FWHT matrix (H,) is a transformation
matrix size of 2"x2"as given in eq. 2. This matrix only
takes the values of +1 or -1 (Ergilin et al. 2020).

Hn—l Hn—l

H, = Ho =1 (2)

N

Hn—l _Hn—l

2.3 Classification Stage

To accurately classify various PQ disturbance events, a
Random Forest (RF) classification model is employed.
Random Forest is a powerful machine learning method
used for both classification and regression tasks. It
operates as an "ensemble" learning model by combining
many decision trees, thereby reducing problems like
overfitting and instability that a single decision tree might
encounter. At the core of Random Forest is the technique
known as "bagging" (Bootstrap Aggregating), where each
tree is independently trained using randomly selected
subsets of the training data. This ensures that each tree
learns different aspects of the data. Additionally, at each
split point in the tree, a random subset of features is
chosen, which enhances the model's ability to generalize
and prevents overfitting.

The typical configuration of a Random Forest is depicted
in Figure 3. The accuracy of the model is assessed using
out-of-bag data, which are the data not used by each tree
during training. This allows performance testing without
the need for an additional validation set like cross-
validation. During prediction, the final outcome is
determined either by averaging the predictions from all
trees (for regression) or by selecting the class with the
most votes (for classification). With its capability to
handle high-dimensional data and model complex
relationships in the data, Random Forest is a reliable
model with a broad range of applications (Seyrek et al.

2022).
Performance Metrics

The performance of the proposed method is evaluated
using a confusion matrix. In this study, we aim to classify
9 different types of PQ disturbances, making it a multi-
class problem. Each PQ disturbance is assigned a label (CZ,
C2, ..., C9) as described in the previous section. For an n-
class classification problem, the confusion matrix is an nxn
matrix, given in Table 3, where each element Tij
represents the number of instances where the true class
is i and the predicted class is j. From this confusion matrix,
various performance metrics such as accuracy, sensitivity
(Recall), precision, and the F1 score for each class can be

derived to assess the classifier's performance, as shown in
eq. (3) to (6). The overall accuracy is determined by
dividing the number of correctly classified instances by
the total number of predictions made.

Decision Tree 1 Decision Tree 2 Decision Tree n

Majority Voting/Averaging

Final Decision

Figure 3. Structure of RF.

Table 3. Confusion Matrix

Predicted Class
c1 c2 c3 Cn
Cc1 711 T12 713 Tin
a
38 c2 721 T2 723 Ton
=
o c 31 732 733 T3n
3
3
o~
Q
<
Cn Th1 Tha Th3 Ton
Tii+ 2 i Ll T
Accuracy; = —- === L (3)
Ei:12j=1 Tij
P Tii
Precision; = o+ (4)
j=1 rji
e . Tii
Sensitivity ; = = (5)
j=1 rij

PrecisionjxRecall;

F1 —Score; = 2x (6)

Precisionj+Recall;

3. Performance Results

In this study, 300 samples from each disturbance type are
allocated for training and 100 samples for testing,
ensuring equal distribution across classes. Given the
randomness of the generated samples, the algorithm is
executed 50 times to account for all possible variations,
with the results presented as averages in the tables. Table
4 compares the performance metrics of the classification
model under both no noise and 40dB noise conditions,
offering insights into the model’s effectiveness and
robustness. When there is no noise, the model performs
exceptionally well across most classes. For classes C1, C3,
C5, C6, C7, and C9, the model achieves perfect scores in
accuracy, precision, recall, and F1 (all 1.0). This indicates
flawless identification for these classes. Classes such as C2
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and C4 also perform well, with slight variations; for
instance, class C2 has an accuracy of 0.99, precision of 1,
recall of 0.95, and an F1 score of 0.97, indicating only
minor imperfections in recall. Class C4 has a precision
value of 0.95 but maintains perfect recall, along with high
accuracy and F1.

In the presence of 40dB noise, the model's performance
remains strong, showcasing its robustness against noisy
conditions. For classes C3, C6, C7, and C9, the metrics
remain perfect (all 1.0) across accuracy, precision, recall,
and F1, indicating no drop in performance. Other classes
also maintain high performance levels; for example, class
C1 has an accuracy of 0.99, precision of 0.93, recall of
0.97, and an F1 score of 0.95. Class C2 maintains an
accuracy of 0.99 and perfect precision, with a recall of
0.95 and an F1 score of 0.97. Class C4 shows similar
resilience with an accuracy of 0.99, precision of 0.95,
recall of 1.0, and an F1 score of 0.97. Class C5, while
having an accuracy of 0.99, has precision and recall of 0.97
and 0.93 respectively, balancing to an F1 score of 0.95.

Comparing both scenarios, it is clear that the model
exhibits strong resilience to noise. The high-performance
metrics across classes C3, C6, C7, and C9, which are
perfect even under noisy conditions, highlight the model's
robustness. The slight variations observed in other classes
under noise do not significantly impact the overall
reliability, as the model still maintains high accuracy and
balanced F1 scores. This comparison underscores the
model's capability to handle both noise-free and noisy

Table 4. Performance metrics results

environments effectively, making it a dependable tool for
classification tasks in varied conditions.

The confusion matrices in Tables 5 and 6 summarize the
average performance of the model over 50 runs,
providing the
distinguishes between different signal classes under both

insights into how well classifier
pure and noisy conditions. The rows of the matrices
represent the actual classes, while the columns show the
predicted classes, with the main diagonal containing the
correct classifications. Off-diagonal values highlight the
extent of misclassification between classes. For pure
signals (Table 5), the model achieves an overall accuracy
of 99.35%, indicating strong classification performance
across most categories. Notably, classes such as C1, C3,
C5, C6, C7, and C9 are classified with perfect accuracy
(100%), suggesting the model’s ability to distinguish these
signals with zero errors. However, there are small
misclassifications in some cases, such as C2, which, while
achieving 94.74% accuracy, shows some misclassification
into C4 (5.14%) and a minor error in classifying a very
small percentage (0.12%) into C6 Similarly, C4 is classified

with near-perfect accuracy at 99.82%, with only 0.18% of

signals being misclassified as C2. Class C8 also
demonstrates high precision, with 99.60% correct
classifications and minimal misclassification into C4

(0.32%) and C2 (0.08%). When noise is introduced (Table
6), with a signal-to-noise ratio of 40 dB, the overall
accuracy remains high at 98.26%, reflecting the model's
resilience in the presence of noise.

No noise With 40 dB noise
Class
Label Accuracy Precision Recall F1 Accuracy Precision Recall F1
c1 1 1 1 1 0.99 0.93 0.97 0.95
c2 0.99 1 0.95 0.97 0.99 1 0.95 0.97
c3 1 1 1 1 1 1 1 1
c4 0.99 0.95 1 0.97 0.99 0.95 1 0.97
c5 1 1 1 1 0.99 0.97 0.93 0.95
cé6 1 1 1 1 1 1 1 1
c7 1 1 1 1 1 1 1 1
c8 1 1 1 1 1 1 0.99 1
c9 1 1 1 1 1 1 1 1
Table 5. Average confusion matrix for pure signals
Classes C1 c2 C3 c4 c5 c6 c7 c8 c9
Cc1 100 0 0 0 0 0 0 0 0
c2 0 94.74 0 5.14 0 0.12 0 0 0
c3 0 0 100 0 0 0 0 0 0
c4 0 0.18 0 99.82 0 0 0 0 0
c5 0 0 0 0 100 0 0 0 0
c6 0 0 0 0 0 100 0 0 0
c7 0 0 0 0 0 0 100 0 0
c8 0 0.08 0 0.32 0 0 0 99.60 0
c9 0 0 0 0 0 0 0 0 100

Overall classification accuracy 99.35%
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Table 6. Average confusion matrix for 40 dB noise

Classes C1 c2 c3 c4 c5 c6 c7 c8 c9
Cc1 97.48 0 0 0 2.52 0 0 0 0
c2 0 94.84 0 5.02 0.02 0.12 0 0 0
c3 0 0 100 0 0 0 0 0 0
c4 0 0.14 0 99.86 0 0 0 0 0
c5 7.32 0 0 0 92.68 0 0 0 0
c6 0 0 0 0 0.06 99.94 0 0 0
(o4 0 0 0 0 0 0 100 0 0
c8 0 0.12 0 0.36 0 0 0 99.52 0
c9 0 0 0 0 0 0 0 0 100

Overall classification accuracy 98.26%

Table 7. Comparison with the studies in the literature

Classification Accuracy (%)

Reference

Feature Extraction Classifier Pure 40dB

Lietal 2016 DRST DAG SVM 99.30 -

Ranjan et al. 2024 S-Transform NN 99.50 -

Khan et al. 2021 7 features Bagged Tree 96.3 -
Wang et al. 2017 S transform NN 99.26 99.13

Thirumala et al. 2019 TQWT Svm 97.22

Garcia et al. 2020 - CNN-LSTM 84.76 -

Proposed TKEO+FWHT RF 99.35 98.26

Although slightly lower than with pure signals, the drop in
performance is relatively minor. Class C1, for example,
maintains high accuracy with 97.48% of signals correctly
though slight
misclassification, with 2.52% of the signals being mistaken

classified, there is a increase in
for C5. Class C2 also retains a strong performance with
94.84% correct classifications, though it shows
misclassifications into C4 (5.02%), C5 (0.02%) and C6
(0.12%). Class C3 continues to perform with 100%
accuracy even under noisy conditions, showing that
certain classes remain robust despite the added noise.
Class C5 sees a more noticeable drop in accuracy, with
92.68% correct classifications and 7.32% of signals
misclassified as C1. Nevertheless, Classes C6, C7, and C9
continue to maintain perfect accuracy, demonstrating the
model's ability to handle noise without compromising
accuracy for certain signal types. Class C8, though slightly
impacted, retains 99.52% accuracy, with minimal
confusion between C4 (0.36%) and C2 (0.12%).

In summary, the confusion matrices highlight the model’s
high reliability and its strong classification accuracy in
both pure and noisy environments. The minor
misclassifications observed, particularly under noisy
affect

performance, indicating that the model is well-suited for

conditions, do not significantly overall
applications involving signal classification, even in the
presence of background noise. These results underscore
the robustness and practicality of the model for real-

world implementations.

Table 7 provides a comparative analysis of various studies
in the literature on PQ disturbance classification. Li et al.

(2016) employed the Double-Resolution S-Transform
(DRST) in combination with a Directed Acyclic Graph
Support Vector Machine (DAG SVM), achieving an
accuracy of 99.30% with pure data. Although they
explored the effect of noise by adding SNRs from 20dB to
50dB, the results for these noise levels were not
disclosed. Ranjan et al. (2024) attained a slightly higher
classification accuracy of 99.50% using the S-Transform
and a Neural Network (NN), but they did not investigate
the impact of noise on their method’s performance. Khan
(2021)
deviation (std), energy, total harmonic distortion (THD),
(S kurtosis),
frequency, and total jitter—and applied a Bagged Tree

et al. extracted seven features—standard

mean frequency, skewness average
classifier, reporting a lower accuracy of 96.3% under pure
data conditions, which falls short compared to our
proposed method. Thirumala et al. (2019) utilized the
(TQWT) for feature

extraction, paired with SVM for classification, reaching

Tunable-Q Wavelet Transform

97.22% accuracy under pure data conditions. They also
their
contaminated with white Gaussian noise across a range of
SNRs from 25dB to 55dB. Wang et al. (2017) also
examined the influence of noise, achieving an accuracy of
99.26% under pure data conditions and 99.13% under
40dB noise, using the S-Transform and a Neural Network

validated approach using simulated data

classifier. In contrast, Garcia et al. (2020) employed a
CNN-LSTM approach, reporting a lower accuracy of
84.76%, but they tackled a six-class PQ disturbance
problem which was tested on experimental data. Our
proposed method stands out by delivering highly
competitive results using only two key features: TKEO and
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FWHT. Despite the simplicity of using just two features,
the method achieves a remarkable classification accuracy
of 99.35% with pure data and demonstrates robust
performance using RF under noisy conditions, reaching
98.26% at 40dB noise. The success of our approach
highlights the effectiveness and efficiency of carefully
selected features, offering both simplicity and high
accuracy in PQ disturbance classification.

4. Conclusion

In this paper, we proposed a method to classify PQ
disturbances in power systems. The method begins by
obtaining the FFT of the input disturbance signals. These
transformed signals are then processed through the TKEO
and FWHT to extract features. Using these features, a
Random Forest classifier predicts the final class of the
disturbances.

The method was validated using an open dataset, where
random PQ disturbance samples were generated with
various parameters. The results demonstrate the
method’s success, achieving 99.35% accuracy with pure
signals. Furthermore, the method’s robustness was
tested by introducing 40 dB noise to the pure signals, still
resulting in an impressive 98.26% accuracy. These
the method's

effectiveness, proving its suitability for PQ disturbance

findings underscore reliability and
classification in both controlled and noisy environments.
Although this study used only synthetic data, we plan to
collect our own dataset in future studies, allowing us to
test the proposed methods on real-world data. This will
enable us to assess the method's real-world effectiveness
and conduct a more detailed analysis of its impact on

energy efficiency and system stability.
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Oz

Bu galismada, g fazli Ug seviyeli Notr Noktasi Kenetli (NNK) tek
asamali ve transformatorsiiz sebeke baglantili bir Fotovoltaik
(FV) evirici sistemi igin bir Yapay Sinir Ag1 tabanh Akim
Kontrolctust (YSA-AK) ve bir YSA tabanli Kapasitér Gerilim
Dengeleyici  (YSA-KGD) tasarlanmigtir.  MATLAB/Simulink
ortaminda, Orantisal-Rezonans (PR) ve Orantisal-integral (Pl)
kontrolcller kullanilarak hazirlanan evirici benzetimden elde
edilen veriler kullanilarak YSA’lar egitilmistir. Tasarlanan YSA-
KGD, PI tabanli statik yapida bir agdir. YSA-AK ise PR tabanldir
ve dinamik bir yapiya sahiptir. Elde edilen YSA kontrolciiler,
literatirde bulanan diger YSA kontrolciler ile ag yapilarinin
blylklugu ve gorevleri esas alinarak karsilastirildiginda, fazla
islem yUk( gerektirmeyen, uygulanmasi kolay yapida olduklari
gorulmistir. YSA ve klasik kontrolcilerin performanslari hem
benzetim ortaminda hem de laboratuvar ortaminda
karsilagtirmali olarak test edilmistir. Benzetim ortamindaki
testler, FV evirici sisteminin glg¢ kati MATLAB ortaminda, tim
kontrol yazilimlari prototip evirici kontrol karti igerisinde olacak
sekilde bir ortak galisma yaklasimi ile gergeklestirilmistir. Bu
yaklagim glc elektronigi uygulamalarinda deneysel galismaya
gecilmeden once, hazirlanan yaziimin givenli sekilde test
edilebilmesi icin genellestirilmis bir yontemdir. Prototip evirici
kontrol karti tasariminda STM32F407VGT6 DISCOVERY Board
kiti  kullanilmistir ve kontrol vyazilimlari MikroC dilinde
hazirlanmistir. Laboratuvar testleri 9kVA'lik 3 fazl bir NNK evirici
devresi ile gergeklestirilmistir.

Anahtar Kelimeler: Yapay Sinir Aglar;, Kapasitor Gerilim Dengeleyici;
Akim Kontrolcii; NNK Evirici; PR Kontrolcii.

Abstract

In this study, an Artificial Neural Network-based Current
Controller (ANN-CC) and an ANN-based Capacitor Voltage
Balancer (ANN-CVB) for a three-phase three-level Neutral Point
Clamped (NPC) single-stage and transformerless grid-connected
Photovoltaic (PV) inverter system is designed. ANNs are trained
using the data obtained from the inverter simulation prepared
using Proportional-Resonant (PR) and Proportional-Integral (PI)
controllers in MATLAB/Simulink environment. The designed
ANN-CVB is a Pl-based static network. ANN-CC, on the other
hand, is PR based and has a dynamic structure. When the
obtained ANN controllers are compared with the other ANN
controllers found in the literature on the basis of the size and
tasks of the network structures, it is seen that they do not
require much computational burden and are easy to implement.
The performances of ANN controllers and classical controllers
have been comparatively tested both in the simulation
environment and in the laboratory environment. Simulation
tests are carried out in a cooperation simulation approach. In
the cooperation simulation, the entire controller of the grid
connected PV inverter is programmed on the prototype inverter
control card whereas its power circuits are kept in the Simulink.
Using such a cooperation approach in power electronics
applications is a generalized method for testing the prepared
software safely before the experimental work. In the prototype
inverter control card, STM32F407VGT6 DISCOVERY Board is
used and the control software is prepared in MikroC language.
Laboratory tests are carried out with a 9kVA 3-phase NPC
inverter circuit.

Keywords: Artificial Neural Networks; Capacitor Voltage Balancer;
Current Controller; NPC inverter; PR Controller.

1. Giris

Sebeke baglantili FV sistemlerde, FV kaynak ¢ikisinda elde
edilen Dogru Akim (DA) elektrik enerjisi, eviriciler ile
sebekeye uygun formda bir Alternatif Akim (AA) elektrik
(Bouaouaou vd. 2022).
cikislarinda elde edilen filtrelenmemis gerilimin seviye

enerjisine evirilir Eviriciler,

(basamak) sayisina gore, iki seviyeli ve ¢ok seviyeli olarak
siniflandirilmistir (Yacine vd. 2017). Eviricilerde seviye
sayisinin artmasiyla cikis dalga formu sinlizoidal forma
Boylelikle de evirici

yakinlasmaktadir. cikisindaki

filtreleme gereksinimi azalmaktadir. Ayni zamanda

kullanilan anahtarlama elemanlari, DA bara geriliminin
tamamina degil, yalnizca bir gerilim seviyesine maruz
kaldigi icin, daha
secilebilmektedir.  Cok
avantajlarindan dolayi, ginimuizde birgcok farkh glic

kiigik dayanim gerilimlerinde

seviyeli  eviriciler  ¢esitli

elektronigi uygulamasinda kullanilan, glincel bir ¢alisma
konusu konumundadir (Yagan ve Vardar 2021, Babaie vd.
2020a, Beser ve Beser 2021). Eviricilerdeki akim kontroli
onemli

ve gerilim kontroli gibi gorevlerde YSA

kontrolciilerin kullanildigi uygulamalar giderek

yayginlasmaktadir. YSA kontrolciiler kullanilarak klasik
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kontrolclilere goére performans artisinin yakalanmasi
amaclanmaktadir. Clnkl YSA’lar, sistem modelinden
bagimsiz olarak tasarlanabilme, farkli tasarim/modelleme
imkanlar sayesinde kontrolciu yapilarinin
basitlestirilebilmesi ve islem sirelerinin azaltilabilmesi
gibi ozellikleri ile birlikte, parametre degisimlerine ve
glriltilere karsi glirblizliige de sahiptir (Dong vd. 2021,
Tran vd. 2019, Mohamed vd. 2019, Mehrasa vd. 2021).
Literatirde var olan uygulamalar incelendiginde
tasarlanmig olan YSA kontrolcilerin gikislarinin genel
olarak; a) Sinlizoidal Darbe Genislik Modilasyonu (SDGM)
(Sun vd. 2019, Vinnakoti ve Kota 2018, Babaie vd. 2019)
ve Uzay Vektor Darbe Genislik Modilasyonu (UVDGM)
(Mohamed vd. 2019) ve Histerezis modulasyon (Vinnakoti
ve Kota 2018) yontemleri icin gerilim/akim referansi
Uretmek, b) dogrudan IGBT’ler igin anahtarlama sinyalleri
Uretmek (Villalva ve Ruppert 2004, Chenai ve Benchouia
2014) ve c) Pl (Venkatesan vd. 2021, Sujatha ve Anitha
2018), PR (Tran vd. 2019, Mohamed vd. 2019, Mehrasa
vd. 2021) (Babaie vd. 2022)

kontrolctilerde kullanilan parametrelerin belirlenmesi

ve model tahminci
oldugu gorilmustlr. YSA girisleri olarak ise akim, akim
hatasi, hatan integrali, hatanin tirevi, hatanin onceki
kullanilmaktadir.  YSA
kontrolctlerin ¢evrim disi ve denetimli 6grenmelerinde,

degerleri vs gibi bilgiler
egitim verilerinin benzetimler Uzerinden elde edilmesi
gerekmektedir. Yapilan literatlir taramasinda, Pl (Liv vd.
2014, Sujatha ve Anitha 2018), kayan kipli (Babaie vd.
2020a) (Mohamed vd. 2019)
kontrolciler kullanilarak tasarlanan benzetimlerden elde

ve model tahminci
edilen veriler ile egitilen YSA'lari ile karsilagiimistir. PR
kontrolctler kullanilarak elde edilen veriler ile egitilen bir
YSA uygulamasina rastlanmamistir. Bana ve Amin
(2023)’'de sunulan calismada senkron referans cerceve
(SRF) tabanh kontrolcilerin kullanildigi, sebeke baglantili
bir evirici uygulamasi icin YSA akim kontrolcisii
onermektir. Son yillarda bu YSA yapilari 6ngorili kontrol
uygulamalarinda da kullanilmaya baslanmistir (Goh vd.

2024, Kinga vd. 2024, Massaro 2024).

Bu calismada, MATLAB/Simulink ortaminda benzetimi
yapilan, Ug fazh (g seviyeli NNK bir evirici uygulamasinda
kullanilan PR akim kontrolcusiinden alinan veriler
kullanilarak bir YSA-AK tasarlanmis ve egitilmistir.
Tasarlanan YSA-AK, U¢ adet girise, bir adet gizli katmana,
gizli katmanda bir adet nérona ve bir adet ¢ikisa sahip,
dinamik bir YSA yapisindadir. YSA-AK’n(in ¢ikisi SDGM igin
gerilim referansidir, girisleri ise akim hatasi, hatanin
onceki degeri ve ag cikisinin 6nceki degeridir. YSA-AK bu
dinamik yapisi sayesinde fazla islem yiikii gerektirmeden,
az sayida gizli katman ve minimum sayida noéronla
egitilebilmistir. Literatlirde var olan YSA-AK yapilari ile

karsilastirldiginda ¢ok daha az sayida islem yiikiine sahip
Liv vd. (2014) gerceklestirdigi
¢alismada, Ug fazlh uygulama igin tasarlanan YSA-AK’'niin

oldugu gorialmdistar.

islem yuku; 84 adet carpma islemi, 14 adet toplama
islemi, 14 adet aktivasyon fonksiyonu ve girislerden
ikisine integral alma islemleridir. Sun vd. (2014, 2017) ve
Li vd. (2019) calismalarinda, tg fazh uygulama igin YSA-
AK’nilin igslem vyikii 72 adet carpma islemi, 14 adet
toplama islemi, 14 adet aktivasyon fonksiyonu ve
girislerden ikisine integral alma iglemleridir. Babaie vd.
(2020a)’da t¢ faz uygulamasi igin YSA-AK ve YSA-KGD'i
birlikte iceren bir YSA kontrolclsl tasarlanmis ve islem
yukd; 60 adet carpma islemi, 13 adet toplama islemi ve 13
adet aktivasyon fonksiyonu olarak gériulmektedir. Babaie
vd. (2020a) ve (2020b) calismalarinda ise tek faz uygulama
icin sunulan YSA-AK’'niin islem yiiki; 20 adet ¢arpma
islemi, 11 adet toplama islemi ve 11 adet aktivasyon
fonksiyonu islemleri icermektedir. Bu ¢alismada sunulan
YSA-AK'nln islem yiki ise bir faz icin 8 adet ¢arpma, 4
adet
islemlerinden olusmaktadir.

adet toplama ve 4 aktivasyon fonksiyonu

Ayrica sunulan bu calismada, benzetimi yapilan NNK
DA Dbara
dengelenmesi icin de, iki adet Pl kontrolcl igeren evirici

eviricinin kapasitorlerinin  gerilimlerinin
similasyonundan alinan veriler kullanilarak hazirlanmis
bir adet YSA-KGD tasarlanmistir. Tasarlanan YSA-KGD, iki
adet giris, bir adet ¢ikis, bir adet gizli katman ve gizli
katmanda bir adet néron igeren yapisiyla oldukga az islem
yiki gerektirmektedir. Ug fazli sebeke baglantili NNK FV
sistemi

evirici icin Onerilen bu YSA kontrolcilerin

performanslari, hem benzetim ortaminda hem de
deneysel ortamda incelenmis ve klasik kontrolcilerin
performansi ile karsilastirilmistir. Benzetim ortamindaki
testler, FV evirici sisteminin glic katt MATLAB/Simulink
ortaminda, tim kontrol vyaziimlari ise uygulama
devresinde kullanmak amaciyla tasarlanan prototip evirici
kontrol karti icerisinde olacak sekilde hazirlanan, bir ortak

calisma yaklasimi ile gergeklestirilmistir.

Deneysel galismalar igin ise laboratuvar ortaminda 9kVA,
3 fazli bir NNK evirici tasarimi yapilmistir ve bu sistem
Gzerinde test edilmistir. Bu ¢alismanin mevcut literatiire
kiyasla yenilik¢i yon;

- NNK eviricilerde kullanilmasi amaci ile dinamik ag
yapisinda YSA tabanli, etkili ve az islem ylki gerektiren bir
akim kontrolciisii tasarlanmis ve FV sistem birlikte
kullanimi durumundaki performansi incelenmistir.

- NNK eviriciler igin kapasitér dengelemesi amaci ile statik
bir YSA tasarimi yapilmistir.

- Tasarlanan YSA kontrolciler FV sistem i¢in Matlab ile
ortak calisma (Hardware in the Loop, HIL) teknigi ile
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testleri yapilmistir. Akim kontrolclsli ve gerilim

dengeleyicisinin calismasi deneysel olarak

gerceklestirilmistir ve incelenmistir. Makalenin ikinci
kullanilan FV

kontrol

bolimiinde, sistemin bilesenleri ve

kullanilan yapilarni  tanitilmistir.  Uglincii
YSA kontrolciler

dengeleme kontroll icin) ve bunlarin egitimleri detayh

bolimiinde, 06nerilen (akim ve

olarak agiklanmistir. Dordiincii  bolimde, kontrolcl

performanslari benzetim ve laboratuvar ortaminda
karsilastirmali olarak incelenmistir. Besinci béliminde ise

elde edilen sonuglar sunulmustur.
2. Ug Faz Sebeke Baglantili NNK FV Eviriciler

Bir FV kaynaktan eneriji tretimi, temelde giines hiicreleri
ile gerceklestirilir. Glnes hiicreleri seri ve/veya paralel
olarak birlestirilerek FV panel olusturulur. FV panele
modil de denilmektedir. FV modiller seri olarak
birlestirilerek FV sira (string,<10kW) olusturulur. FV
siralar, paralel olarak birlestirilerek yiksek gigli FV dizi
(array) elde edilir (Yagan vd. 2018a, Patel ve Agarwal
2008, Zeb vd. 2018a). Sebeke ve FV kaynak arasindaki en
onemli (ya da ana) baglanti elemanlari eviricilerdir (Faraji

vd. 2017). Literatlirde tek fazh, Ug fazli, tek asamali, gok

transformatorsiiz gibi farkli 6zelliklere sahip ¢ok sayida FV
evirici yapisi mevcuttur (Zeb vd. 2018b). Bu calismada,
Sekil 1'de
transformatorsiiz  u¢ fazh bir FV

asamall,
yapisi
kullanilmaktadir. Transformatoérsiz ve tek asamali yapinin

gosterilen ¢ok seviyeli, tek

evirici

secgilmesinin sebebi, evirici sistemin maliyetini azaltmak,
boyutunu kiglltmek ve verimini artirabilmektir. Cok
seviyeli eviriciler arasinda en yaygin kullanilan Notr
Noktasi Kenetli eviricidir. Cok seviyeli NNK evirici iki
seviyeli olanlarla kiyaslandiginda disiik Toplam Harmonik
(THB),  dv/dt
sinirlandiriimasi,  ayni ozelliklerdeki

Bozulma gerilim  tranzientlerinin

anahtarlama
elemanlari ile daha yiksek ¢ikis gerilimine olanak
daha
misaade etmesi, yiksek verim ve disiik ortak mod
sahiptir. DA  bara

kapasitorlerinin gerilim dengesi ve glic elemanlarindaki

tanimasi, kiigik boyutta filtre elemanlarina

gerilimi  gibi  Ustunliklere
kayiplarin esit olmayan dagilimi ise NNK topolojisinin iki
ana dezavantajidir. Bu topoloji ile teorik olarak istenilen
Fakat teknik
kisitlamalar ve ekonomik yoni ydziinden en yaygin

sayida gerilim seviyesi elde edilebilir.

kullanilan yapisi g seviyeli olanidir (Faraji vd. 2017).
Sebeke baglantili NNK eviricinin genel matematik modeli

agamal, iki seviyeli, ¢ok seviyeli, transformatérli,  denklem (1)-(3)ile ifade edilebilmektedir.
Ifv
Sal|
+
Vcl —
+ T Saz
-
Ua
Viv
FV N o
l L
S =
Vee T~
Sa4_| Sb4_|l§} Sci"ﬁ
Sekil 1. Ug fazl, ii¢ seviyeli, tek asamali, transformatérsiiz FV evirici
| U -V 0 | Bu Uc¢ fazli sebeke baglantii NNK FV evirici sistemi igin
E : _i Ua _Va _E Ia klasik kontrol blok diyagrami Sekil 2’de verilmistir. Sekil
dt Ib L Ub Vb L Ib (1) 2’deki kontrol sistemi; MGNT kontrolli, Sebeke
¢ ¢ ¢ ¢ senkronizasyonu  (FKD),  Kapasitéor  gerilimlerinin
dengelenmesi (KGD), Akim kontrolclst (AK) ve Darbe
0, Uy=Vy Geniglik Modiilasyonu (DGM) gibi ana birimlerden
So=9L Uy=N rx=ab,c. (2) olusmaktadir. FV kaynagin verebilecegi maksimum gli¢
0, Uy=-V, degeri, cevresel kosullara (1sinim siddeti, sicaklik,

I, =S, +S, 0, +S,0. (I, +1,+1.)  (3)

golgelenme vb.) bagimh olarak degismektedir. Bir FV
kaynaktan maksimum verimin alinabilmesi panelden
cekilen akim ve panel gerilimin (Vfv ve Ifv) siirekli olarak

takip edilerek ¢alisma noktasinin sirekli olarak

glincellenmesi gerekmektedir.
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Sekil 2. Ug fazli NNK FV evirici icin klasik kontrol blok diyagrami

Maksimum glg¢ noktasi kontroli yapan birime MGNT
denilmektedir. MGNT, ¢ok asamali eviricilerde FV kaynak
ve DA-AA evirici arasina yerlestirilen bir DA-DA cevirici ile
yapilmaktadir. Tek asamali eviricilerde ise DA-DA giig
cevirme asamasinin getirdigi kayiplardan kaginarak verimi
artirmak amaciyla DA-AA evirici kontrol sistemi icerisine
Literatlirde, birgok MGNT
yontemi vardir, bunlardan en yaygin kullanilani Hata-
Gozlem (H&G) algoritmasidir (Yagan vd. 2018b). Bu
calismada da maksimum gii¢ noktasinin takibi icin H&G

dahil edilerek yapilmaktadir.

algoritmasi kullanilmistir.

Sebeke etkilesimli eviriciler i¢in sebeke senkronizasyonu,
kontrol sisteminin dnemli bir pargasidir. ClinkQ birim gug¢
faktoriiniin saglanabilmesi icin sebekeye aktarilan akim
sebeke gerilimi ile ayni frekans ve fazda olmaldir.
Literatirde, evirici ile sebekenin senkronizasyonu igin
birgok farkli yontem bulunmaktadir (Hlaili vd. 2017,
Crescimbini vd. 2012, ibrahim ve Altin 2009, Chatterjee ve
Mohanty 2018, Panigrahi vd. 2018). Bu ¢alismada, g fazh
uygulamalarda yayginca kullanilan Senkron Referans
(SRC-FKD)
kullanilmistir (ibrahim ve Altin 2009, Chatterjee ve
Mohanty 2018, Panigrahi vd. 2018). MGNT biriminden
elde edilen referans panel akim degeri ile FKD biriminden

Cerceve-Faz Kilittleme Donglsi yontemi

elde edilen faz bilgisinden olusturulan tg¢ fazh birim sinis
vektor degeri carpilarak, evirici referans akimlari elde
edilmektedir.

NNK eviricinin simetrik bir ¢ikis gerilimi olusturabilmesi
icin eviricinin girisinde bulunan ve DA baray! ikiye bélen
kondansatorlerin  gerilimlerinin  dengeli olmasi ve
dengede kalmasi gerekmektedir. Aksi taktirde bu durum,
notr hattindan yuksek frekansh akimlarin akmasina, yik
akimlarinda yiksek THB ve DA ofsetlerin olusmasina
sebep olacaktir. Kapasitorlerin gerilim dengesizliginin
fazla olmasi, yari iletken anahtarlama elemanlarinin zarar
gormesine de sebep olabilmektedir. Literatirde, KGD igin
bircok yontem gelistirilmistir. Bunlardan bazilari, DA
barayi bélen her bir kondansator icin farkh bir DA kaynak
kullanmak, yardimci bir cevirici kullanarak gerilimleri
esitlemek ve anahtarlama

geviricinin stratejisini

degistirerek dengeyi saglamak olarak siralanabilir
(Ozdemir 2013, Lim vd. 1999). Kapasitér gerilimindeki
dengesizlik, faz akimlarinin pozitif ve negatif cevrimlerinin
tepe degerlerinde genlik farkliliklarina neden olmaktadir.
Denklem (3)'te gorulecegi gibi abc akim degerlerinde
olusabilecek bir dengesizlik, eviricide sifir sira akimlarinin
Bu
kontroliinde, iki adet Pl kontrolcli iceren bir gerilim

olusmasini  saglayacaktir. nedenle  eviricinin
dengeleyici kullaniimaktadir. ilk Pl kontrolcii ile herhangi
bir gerilim dengesizliginde sifir sira bilesen akim referansi
(I"0) gikisi Gretilir. ikinci Pl kontrolcii ile ise bu referans
akim ve gercek sifir sira akim karsilastirilarak kontrol
yapilir ve bir sifir sira bilesen gerilim referansi (V') elde
edilir (Lim vd. 1999). Sekil 2’deki blok diyagramda
gorilecegi lizere, PR kontrolciler kullanilarak akimin alfa
beta

gerceklestirilmektedir.

ve eksen bilesenlerinin kontroli

PR
kullanilmasinin ana sebepleri

akim kontrolclinin

sinlizoidal referanslari
minimum kararli hal ve faz hatalari ile takip edebilmeleri
ve segici harmonik  kompanzasyon  yapabilme
yetenekleridir. Ayrica, PR kontrolciiniin diger bir avantaji
da

icermediginden dolayi islem ylkiiniin daha az olmasidir.

algoritmada park ve ters park donlsimleri
Kullanilan Pl ve PR kontrolciilere ait transfer fonksiyonlari
denklem (4) ve (5)te verilmistir (Parvez vd. 2020, Cha vd.
2009, Nazerivd. 2019, Teodorescu vd. 2006). Bu esitlikler,
benzetim ¢alismalarinda sirekli zaman sisteminden ayrik
zaman sistemi esitliklerine donisturulerek kullaniimigtir.

G.(s) = KP+% (4)

2Kr@.S
s°+2m,5+ @

GPR (S) = KPR + (5)

K.

Denklemlerde, K,ve K, orantisal kazanglari,

integral kazancini, K,

» rezonans integral kazancini, w,

temel frekansi, o, kesim frekansini temsil etmektedir.

DGM, evirici anahtarlarina kapi sinyalleri lretmek icin
Sebeke
eviricilerde, DGM yoéntemleri, SDGM, Histerezis, Segici

kullaniimaktadir. baglantili  ¢ok  seviyeli
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Harmonik Eliminasyonu (SHE) ve UVDGM olarak
siniflandirilabilir. SDGM’de, kapi sinyalleri Gretmek igin
akim kontrolcist ¢ikisinda Uretilen referans gerilim
sinyali, bir Gggensel tasiyici sinyal ile karsilastinihr. Cok
seviyeli uygulamalarda, seviye sayisinin bir eksigi kadar
gerekmektedir. Cok tasiyicih SDGM,

tastyicilarin birbirlerine gore yerlestirilmeleri agisindan faz

tasiyict  sinyal

kaydirmalhh  ya da  seviye kaydirmali  olarak
kullanilmaktadir. Bu galismada NNK evirici igin daha uygun
olan faz kaydirmali SDGM yontemi kullaniimistir (Latran

ve Teke 2015).
3. Tasarlanan YSA Tabanli Kontrolciiler

Yapay sinir aglari, biyolojik sinir aglarina benzetilmek
amaciyla gelistirilen bir yapay zeka teknigidir. Cok girisli ve
tek cikish bir biyolojik néronun basitlestirilmis bir modeli
Sekil 3’te verilmistir. Bu modelin tipik ismi tek katmanli
tek noronlu ileri beslemeli agdir (tek katmanl tek néronlu
perceptron agi) (Hagan vd. 2014, Mohamed vd. 2019).

al
w
a, Q
WZ
1 ofe) —y
WN
aN

b

Sekil 3. Tek katmanli tek noronlu ileri beslemeli YSA

y=f(@)=f(iwiaij Q

Burada; y noron cikisini, f aktivasyon fonksiyonunu, ¢
toplam cikis sinyalini, w; i. agirlik degerini ve a; i. girisi
ifade etmektedir. Birden fazla néron bir araya getirilerek
cesitli YSA yapilari olusturulmaktadir. Sekil 4’te gorilen
YSA ¢ok katmanli ileri beslemeli bir ag yapisidir. Giris

Vab¢ —— EKD 0

Vel L sing | 1% |abe
ch%ﬂ I, |Sin®©-120) aéo

MGNT Sin(0+120)
Ifv

sayisi, gizli katman sayisi, katmanlarda kullanilan
aktivasyon fonksiyonu tiirii ve ¢ikis sayisi her uygulamada
farkl olabilir. Bu tir aglar, herhangi bir geri besleme
girdisi icermediginden ve girislerin 6nceki degerlerine
bagimli olmadigindan dolay hafizasiz ya da statik aglar
olarak isimlendirilirler. Bunun diginda literatiirde hafizali
aglar olarak adlandirnlan dinamik yapida aglar da
mevcuttur. Dinamik aglar, potansiyel olarak ileri beslemeli
aglara gore gliriiltu ve parametre degisimlerinde daha iyi
performans gostermektedirler. Bu tip aglarda ¢ikis, girisin,
gizli katmanlarin ya da cikisin onceki degerlerine bagli

olarak Uretilmektedir (Hagan vd. 2014).

Ano

(1)
w NINO
Girig Katmam

Gizli Katman

Cikis Katmani
Sekil 4. Cok katmanli ileri beslemeli bir YSA

Bu ¢alismada, Sekil 2’de verilen sebeke baglantili FV evirici
kontrol blok diyagramindaki KGD kontrolcusi (2 adet PI
kontrolclsii iceren) ve PR akim kontrolcisli yerine
kullanilmasi amaciyla iki farkh YSA tabanh kontrolci
tasarlanmistir. YSA-KGD, sadece o anki girislere bagl olan
statik yapida bir ag olarak hazirlanmistir. YSA-AK ise hem
girisin 6nceki degerlerine hem de c¢ikisin Onceki
degerlerine bagh dinamik vyapida bir ag olarak
olusturulmustur. Onerilen bu iki YSA kontrolciisiiniin {i¢

fazl NNK sebeke baglantii FV evirici devresindeki
kullanimi Sekil 5'te verilmistir.
Y SA-AKH v, s Sal
> Sa2
Vg GI?O V* e IEBT
YSA-AK-e—> [ DM parbbler
V*PO — $c3
LS Sc4
YSA-KGD

at/)c
labc —|

afB0] 10
vel - e cv

Vc2

Sekil 5. Ug fazl NNK FV evirici icin YSA tabanli kontrol blok diyagrami

Sekil 5’ten goriilebilecegi gibi, YSA-KGD girisleri ve ¢ikisi,
Sekil 2’deki gerilim dengeleme kontrolclisi ile ayni
sekilde (lo, e cv ve V*)

parametreler olacak

tasarlanmstir. iki adet Pl kontrolcii iceren KGD yerine bir

adet YSA-KGD tasarlanmistir ve ag egitimleri basarili bir
sekilde gergeklestirilmistir. YSA-AK icin ise dncelikle Sekil
2’deki PR giris/cikis
parametrelerine sahip, (giris akim hatasi (ea/eB), cikis

akim kontrolclisi ile ayni
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evirici referans (V*o/V*s) bir ag vyapisi

olusturulmus, fakat bu agin basarili bir sekilde egitimi

gerilimi

mimkiin olmamistir. Bundan dolayi, klasik yapinin disina
¢ikilarak tasarimi yapilan aga farkli giris parametreleri
eklenerek calismalar yapilmistir.  Bu ¢alismalarin
sonucunda; onerilen YSA-AK'in egitimi, Sekil 5’te gorilen,
parametre olarak hata, hatanin ve cikisin bir 6nceki
degerlerini iceren, Ug girisli dinamik bir ag yapisi ile
YSA-KGD ve YSA-AK aglarinin
egitilmesinde, klasik kontrolculer (PI ve PR) iceren NKK
(Sekil

kullanilmigtir. 210V DA bara besleme gerilimi ve 10 ohm

miamkin olmustur.

evirici  similasyonundan 2) ahlinan veriler
dengeli rezistif yik durumunda, evirici referans akiminin
7, 8 ve 9 amper degerleri igin galistirilan benzetimlerden
kontrolctlerin giris ve ¢ikis verileri transient ve kararli hal
durumlarini igerecek sekilde kaydedilmistir. Benzetimden
elde edilen veriler egitim asamasinda kullanilmadan 6nce
herhangi bir on isleme tabi tutulmamistir. Kaydedilen
YSA-KGD egitim veri seti 2x1788 adet giris ve 1x1788 adet
¢ikis verisinden YSA-AK egitim veri seti ise 3x1755 adet
giris ve 1x1755 adet cikis verisinden olusmaktadir. Her iki
agin egitimi birbirinden bagimsiz yapilmigtir. Egitim
verileri, %70'i egitim, %15’i onaylama ve kalan %15 ise
test verileri olacak sekilde ayrilmistir. Aglarin egitimi
Matlab ortaminda yapilmistir. Kontrolciler icin egitimler
Levenberg-Marquart geri yayilhm algoritmasi ile
gerceklestirilmistir. Egitimler ile gizli katmandaki néron
sayisini azaltarak performanstan 6diin vermeden en az
sayida noron ile c¢alisacak sekilde ag vyapilari elde
edilmistir. Egitim sonunda elde edilen minimum nérona
sahip her iki YSA tabanlh kontrolciilerde de, gizli katmanda
¢tkis  katmaninda bir adet

YSA tabanli kontrolcllerde,

bir adet ve noron

bulundurmaktadir. gizli

FV Dizi

P N

"
NNK Evirici
Discrete,
Ts = 1e-05 s.
E
powergui

katmanlarda tanjant-sigmoid, c¢ikis katmanlarinda ise

lineer aktivasyon fonksiyonlari kullanilmistir. Egitim
sonuglarinin analiz edilmesinde Mean Square Error (MSE)
ve Regression (R) degerleri dikkate alinmistir. MSE geri-
yayihm algoritmasinda kullanilan ve ciktilar ve hedef
ciktilar arasindaki ortalama kare farkini gdsteren
performans indeksidir. R ise yine giktilar ve hedef ¢iktilar
arasindaki korelasyonu olger (Hagan vd. 2014). YSA-KGD
ve YSA-AK

MSE=2.25x10®,
R=0.99737dir.

basarili sekilde egitildigini gostermektedir.

egitim performanslari  sirasiyla,
R=0.99988 ve MSE=0.00286,
Bu degerler 6nerilen YSA’larin oldukga

icin

4. Klasik ve YSA Tabanli Kontrolciilerin
Performanslarinin Degerlendirilmesi

Bu bolimde, sebeke baglantili FV evirici sistemi igin,
onceki bolimlerde detaylari sunulan klasik ve YSA tabanl
iki farkli kontrol sisteminin performanslari incelenmistir.
Bu amagla, dncelikle Ug fazli Gi¢ seviyeli NNK FV evirici
MATLAB/Simulink
yapilmistir ve gerceklestirilen benzetime ait ekran

sistemi kullanilarak  benzetimi
gorintisa Sekil 6'da verilmistir. Burada bulunan “Kontrol
bloklar Sekil 7’'de

gorilmektedir. Sekil 7'de gosterilen Akim Kontrolcilisi ve

Sistemi” isimli bloga ait alt
Kapasitor Gerilim Dengeleyicisi bloklarinin i¢ yapisi klasik
metot igin Sekil 8(a) ile YSA tabanh metot igin ise Sekil 8(b)
ile verilmistir. Benzetimde, gli¢ sistemi icin 6rnekleme
zamani olarak 10 ps degeri kullaniimistir. Bunun yani sira,
MGNT algoritmasi igin 6rnekleme zamani 1ms, Pl, PR ve
YSA kontrolciiler igin 6rnekleme zamani ise 0.1ms olarak
belirlenmistir. DGM
20kHZ'dir.
parametreleri Cizelge 1'de gorilebilmektedir.

anahtarlama sinyalinin tasiyici

frekansi Benzetimde kullanilan devre

o P —n gl +!
] =®—u
sl o+ _i_
L Filtre Lu@u
yv 220 Vrms Sebeke

> - o
= 2 =

Vabc
labc

Kontrol
Sistemi

Sekil 6. Ug fazl sebeke baglantil NNK FV evirici MATLAB benzetimi
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Sekil 7. Kontrol Sistemi alt bloklari
PR kontrol algoritmalari C dilinde kodlanmistir. Hazirlanan
la
@ ,@ e vl : evirici kodu devre Uzerinde sensorlerden gelen verileri
& e 1o v analog dijital cevirici vasitasiyla okumakta ve kontrol
2 Mmoo vo v algoritmalarindan gecirerek IGBT ler igin anahtarlama
pes vl 2D B PI . L . .
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Sekil 8. Akim Kontrolcl ve Kapasitor Gerilim Dengeleyici alt
bloklari (a) Klasik kontrolculer, (b) YSA tabanl kontrolctler
kullanildigi durumlarda

Cizelge 1. NNK FV evirici devre parametreleri

Devre Parametreleri Deger Birim
Seri Bagli Paneller 23 --
Panel-Vmgn 30.51
Panel-Imgn 8.36 A

FV Kaynak Glcu 5866 w
DA Bara Kondansatorleri 4700 uF
Filtre Bobinleri 7.7 mH
Sebeke Gerilimi 220 Vrms
Sebeke Frekansi 50 Hz

Deneysel calismalarda kullaniimak i¢in tasarlanan 9kVA’lik
Sekil 9'da
kontrol

U¢ faz NNK evirici devresinin fotografi

verilmistir.  Tasarlanan  kontrol kartinda;
yazilimlari, MikroC Pro for ARM derleyicisi kullanilarak
hazirlanmis ve STM32F407 mikrodenetleyicisi lizerinde
cahstirlmistir. MikroC derleyicisi programlama kolayligi

nedeni ile tercih edilmistir. Sekil 2 ve Sekil 5 ile verilen

haberlesmesi icin UART seri haberlesme rutinlerini de

icermektedir.

IGBT ler
ve
Striciler

Evirici
Kontrol
Kart1

B L R
Sekil 9. Tasarlanan NPC evirici deneysel sisteminin fotografi
Bunun disinda evirici devresinin gli¢ katinda SK50MLO066
IGBT modiilleri kullanilmistir. Akim 6l¢limleri LA100P hall
etkili akim sensorleri ile yapilmistir. Gerilim dlgtimleri ise
gerilim bollicli direng devresi ve izolasyon igin HCPL7840
ile gerceklestirilmistir.

optik amplifikatér entegresi

Eviricinin DA bara besleme gerilimi, sebeke lzerinden
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varyak ve 1 faz tam dalga dogrultucu ile elde edilmistir. FV
evirici sistem icin hazirlanan yazilm, uygulama safhasi
oncesinde, glvenli bir sekilde test edilebilmesi igin
MATLAB/Simulink ve Evirici Kontrol Karti arasinda veri
haberlesmesini esas alan bir ortak calisma benzetimi
hazirlanmistir (Yarikkaya ve Vardar 2020, Yagan ve Vardar
2021). MATLAB/Simulink ile
gerceklestiren benzetim yapisi Sekil 10’da verilmistir.
Ortak

ortak  c¢alismayi

hazirlanirken, genel

similasyonu

calisma

similasyonda bulunan Kontrol Sistemi bloklari (Sekil 7)
cikarilarak yerine haberlesme amach bir adet S-function
blogu eklemistir. Bu blok, seri haberlesme protokoliini
karti
ahisverisini gerceklestirmektedir. FV evirici sisteminin gli¢
katt MATLAB ortaminda
yazilimlari

kullanarak Simulink ile kontrol arasindaki veri
bulunurken, tim kontrol
karti

programlanmistir. Simiilasyonda gii¢ katindan alinan akim

prototip evirici icerisine

ve gerilim bilgileri kontrol kartina gonderilmektedir.
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Sekil 10. Ug fazli NNK FV evirici ortak ¢alisma benzetimi (Yagan ve Vardar 2021)
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Sekil 11. Sinyal kosullandirici ve ADC 6rnekleyici blogu (Yagan ve
Vardar 2021)
FV evirici kontrol vyazilimi

bu bilgileri analog-dijital

donisturici (ADC) yerine benzetimden alarak kontrol
IGBT
anahtarlama bilgileri similasyona yollanir. Bu sekilde, gii¢

algoritmalarini isletir ve sonucunda olusan

katini baglamadan 6nce prototip kart ve gercgeklestirilen
yazilimin dogrulugu test edilerek olasi hatalarin 6niine

gecilmistir. Ortak galisma similasyonu calistirildiginda,
her bir similasyon zaman adiminda: Guig sistemindeki FV
kaynak akimi, DA bara kapasitorleri gerilimleri, sebeke
gerilimleri ve sebeke akimlari olmak (izere 9 adet sistem
bilgisi similasyondan elde edilerek kontrol kartina
iletilmektedir. Fakat, gercege yakin sonuglar alabilmek
icin, bu 9 veri kontrol kartina iletiimeden 6nce sanki
gercek sistemdeki gibi sensorlerden alinip evirici
gegip,

islemcinin analog-dijital dontstirictsinin kabul ettigi O-

Gzerindeki sinyal sartlandirict devresinden
3V araliginda bir bilgiye dontsturalar. Sinyal sartlandiric
ve ADC ornekleyici blogu olarak isimlendirilen bu islem
Sekil 11’de verilmistir. ADC 6rnekleme islemini temsilen
Hold

donistirme oranlari ve ADC 6rnekleme araliklari gercek

Zero-Order kullanilmistir.  Burada, sensor
sistemdeki degerlere uygun olarak belirlenmistir
(Yarikkaya ve Vardar 2020, Yagan ve Vardar 2021). Ortak
calisma benzetim sistemi kullanilarak klasik kontrolciler
ve YSA kontrolcilerin degisen ¢evresel kosullar altinda
akim kontroli ve kapasitor gerilimleri dengeleme
performanslari karsilastiriimistir. Glines 1sinim siddeti (G),
t=1.5 sn’de 250 W/m?den 500 W/m?Ze, sonrasinda
t=3sn’de 500 W/m?den 1000 W/m?ye adim degisimi

olacak seklinde degistirilmistir.
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Sekil 12. Degisen Isinim Siddeti altinda FV dizi akimi (Ifv), gerilimi (Vfv), glict (Pfv) ve MGNT referans akimi (1*dc)

Ref. AKim  Panel Guicti  Panel Gerilimi Panel Akimi

(A)

=

(kW)

(A)

Kapasitor Gerilimleri, (V)

Evirici Akimlari, (A)

Evirici ve Referans Akim, (A)

10 T T T T
M
51 i
—
0 I I I 1 1 I I
0 0.5 1.5 2 25 3 35 4 4.5
BUD T T T T T T T
-—Wv
700 L — ST r\__.__———-—e
600 | | 1 1 1 | |
0 0.5 1.5 2 25 3 35 4 4.5
10 T T T T T T T
A= — 7
I
0 | | 1 1 1 | |
0 0.5 15 2 25 3 35 4 4.5
20 T T T T T T T
10 ,-—I‘dc — —
) N T f I 1 L I I
0 0.5 15 2 25 3 35 4 4.5
Zaman (s)

400

380

360

£

320

300
0

2 25 3 3.5 4 4.5

S
o

20 1 L 1 ! 1 I |
0 0.5 1.5 2 25 3 3.5 4 4.5
Zaman (s)
(a)
5 i
D -
-5
A0 i
1 |
4.05 41 4.15 4.2
Zaman (s)
(b)

Sekil 13. Klasik kontrolctlerin kullanildigi durumda; (a) Evirici DC bara Kapasitor gerilimleri ve Evirici akimlari, (b) Evirici akiminin bir

fazi ve referans akim
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Sekil 14. YSA tabanli kontrolcilerin kullanildigi durumda; (a) Evirici DC bara Kapasitor gerilimleri ve Evirici akimlari, (b) Evirici akiminin

bir fazi ve referans akim

Bu cevresel kosullarda MGNT algoritmasi tarafindan
belirlenen evirici giris gerilimi, akimi ve gict ve akim
kontroli icin DA referans akimi bilgileri Sekil 12’de
verilmistir. MGNT ydntemi iki kontrol sisteminde de ayni
sekilde kullanilmis ve programlanmistir. Sekil 12’de isinim
siddeti arttiginda FV kaynagin akiminin (lf) ve giicliniin
(Pw) de dogru orantili olarak arttigi ve dolayisiyla sebekeye
aktarilacak akimin referans degerinin (I"«) de arttig
gorilmektedir.

Klasik kontrolciiler ve YSA kontrolcller kullanildiginda
elde edilen benzetim sonuglari sirasiyla Sekil 13’te ve Sekil
14’te gosterilmistir. Sekil 13 ve Sekil 14 incelendiginde her
iki kontrol sistemi icin de sonuglarin benzer oldugu ve
metotlarin birbirlerine yakin performans gosterdigi fark
edilmektedir. Sekil 13 (a) ve Sekil 14 (a)’dan 1sinim siddeti
arttiginda sebekeye aktarilan akimin da dogru orantih
olarak arttigi, kapasitér gerilimlerinin ise sirekli olarak
dengeli kaldig1 gorilmektedir. Sekil 13 (b) ve Sekil 14 (b)
ile ise sirasiyla PR-AK’niin ve YSA-AK’niin referans akimlari
takip etme performanslari sunulmustur. Bu iki grafige
gore, her iki akim kontrolcl ile de sinizoidal referans

akimin dogru sekilde takip edilebildigi gorilmektedir.
Sekil 13 (b) deki la akiminin THB degeri %3 ve Sekil 14 (b)
deki la akiminin THB degeri %5.7 dir. Sonug¢ olarak,
degisen 1sinim siddeti altinda her iki kontrol sistemi ile de
FV kaynaktan sebekeye gili¢ aktarimi maksimum gig
noktasinda ve dugsuk akim THB degerleri ile
gerceklestirilmistir. FV kaynagin maruz kaldig bir baska
cevresel kosul olan, ortam sicaklig§inda meydana gelen
degisiklige karsi da kontrolcilerin performanslari
incelenmistir. Degisen sicaklik altinda yapilan testlerde de
ayni kontrol basarisinin saglandigi goérilmistiir ve
tasarlanan YSA kontrolcilerin klasik kontrolciler gibi iyi
bir kontrol performansina sahip oldugu gértlmustir.

Uygulama asamasinda Sekil 9'da verilen deneysel sistem
kullanilmistir fakat burada FV kaynak ile degil sebekeden
dogrultulan DA gerilim ile evirici beslenmistir. Evirici
cikisinda sebeke yerine RL yiik kullanilmistir. Boylelikle
kapasitor dengeleyici ve akim kontrolcilerin performansi
diger kosullar yok edilerek incelenmistir ve ¢alisabilirligi
gosterilmistir. Bu deneysel durum igin; DA bara gerilimi
475V, faz basina yik olarak 3mH sok bobini ve 22.5 ohm
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rezistif yik ve referans akimi degeri ise 10 A olarak
kullanilmistir. THB olgimleri FLUKE 43B glic kalitesi
analizorda kullanilarak gergeklestirilmistir. Klasik ve YSA
tabanli kontrolcilerin kullanildig deney sonuglari sirasiyla
Sekil 15 ve Sekil 16 ile verilmistir.

Sekil 15(a)’da ve Sekil 16 (a)’da sirasiyla Klasik ve YSA
tabanli kontrolciler kullanildiginda deneysel sistemden
alinan kapasitér gerilimleri sunulmustur. Bu sonuglar
karsilastirildiginda, her iki kontrolciiniin de kapasitor
gerilimlerini dengede tutabildigi gorilmektedir.

Kapasitor Gerilimleri, (V)

Evirici Akami, (A)
3 o
§

[}

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Zaman (s)

Sekil 15. Klasik kontrolciiler i¢in deneysel sonuglar: a) Kapasitor
Gerilimi, b) Evirici Akimi
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Sekil 16. YSA tabanli kontrolciiler i¢in deneysel sonuglar: a)
Kapasitor Gerilimi, b) Evirici Akimi

Klasik ve YSA tabanli kontrolciiler kullanildigi durum igin
deneysel sistemden alinan bir faz igin evirici akimlari
sirasiyla Sekil 15 (b)’de ve Sekil 16 (b)’de verilmistir. Evirici
akimlarinin THB degerleri, Klasik kontrolclide %9.4 iken,
YSA tabanlh kontrolclide %4 olarak olgtilmustir. Sekilden
YSA tabanl
kullanildiginda evirici ¢ikis akimi dalga sekilleri sinlizoidale

de gorilebildigi gibi kontrol sistemi
daha yakindir ve boylelikle akimin THB degerleri de daha
duslik olmaktadir.

3mH’den 8mH
degerine artirildiginda kararli haldeki evirici akimlarinin

Yikte kullanilan endiiktans degeri
osiloskop goérintiisii ve THB degerinin 6l¢l aleti ile elde
edilen degeri Sekil 17 ‘de sunulmustur. Bu durumda THB
degeri, klasik kontrolciiler kullanildiginda %3.1, YSA
kontrolcilerin igin ise %2.2 olarak 6lglilmustar.
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Sekil 17. 8mH yiik endiiktanst kullanimi durumunda kararli hal
evirici akimi1 ve THB degeri i¢in deneysel sonuglar: a) Klasik
kontrolcler ile, b) YSA kontrolciiler ile

YSA tabanh
kaginilmaz

Bu sonuglar, kontrolcilerin deneysel

ortamdaki parametre degisimlerinden/
farklihklarindan ve giriltilerden ¢cok daha az etkilenerek
klasik kontrolcilerden daha iyi performans sagladigini
gostermistir. Ortak calisma similasyonu ve deneysel
calisma testlerinden elde edilen sonuglara gére 6nerilen
YSA-KGD ve YSA-AK, hem referans akimini takip etmede
hem de DA bara kapasitorlerinin dengelenmesinde

oldukga iyi performanslar sergilemistir.
5. Sonuglar

Bu calismada, g fazli, lg seviyeli, U¢ bacakh ve dort
baglanti yollu NNK sebeke baglantili bir FV evirici, igin bir
YSA akim kontrolciisii (YSA-AK) ve bir YSA kapasitor
gerilim dengeleyicisi (YSA-KGD) tasarlanmistir. Gelistirilen
YSA-AK, dinamik YSA vyapisindadir ve PR kontrolci
tabanhdir. YSA-KGD ise statik YSA yapisindadir ve PI
kontrolcli tabanhdir. YSA-AK ve YSA-KGD’den olusturulan
kontrol sisteminin degisen gevresel kosullar (glines 1sinim
siddeti ve ortam sicakligl) altindaki performanslari akim
kontrolclisii olarak PR kontrolcii ve kapasitdr gerilim
dengeleyicisi olarak Pl kontrolciinin kullanildigi klasik
kontrol sistemi ile karsilastirilmistir. Karsilastirma hem
benzetim ortaminda hem de deneysel ortamda
gerceklestirilmistir. Deneysel ¢alismaya gecmeden Once,
evirici icin hazirlanan yazilim, MATLAB ve prototip kontrol
karti ortak calistirilarak test edilmistir. Ortak c¢alisma
benzetim sonuglarindan her iki kontrol sisteminin
performanslarinin oldukga benzer oldugu ve yaklagik %5
THB degerinde

gorilmustar.

sebeke akimlari  saglayabildikleri
ANN

kontrolcilerin, PR ve Pl kontrolciilere gore fiziksel ortamin

Deneysel sonuglardan ise

getirdigi gurultilerden ve parametre farkhliklarindan
daha az etkilendiginden dolayi daha iyi performansa sahip
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oldugu tespit edilmistir. YSA tabanli kontrol sistemi
kullanildiginda, evirici ¢ikis akimi dalga sekilleri sinlizoidal
forma daha yakindir ve THB degerleri de daha disuktar.
Ayrica, bu caligmada tasarlanan PR tabanh YSA-AK,
literatiirde rastlanan diger YSA tabanh akim kontrolciileri
ile karsilastirildiginda; cok daha az karmasik bir ag yapisina
sahip oldugu ve c¢cok daha az islem yiku gerektirdigi
gorulmustir. Sonug olarak, gelistirilen YSA tabanli kontrol

sistemi ile  mikroislemcili  devrelerde  kolaylikla

uygulanabilir, hizli ve glirGlti performansi iyi bir akim
kontrolclsii ve kapasitor gerilim dengeleyicisi elde

edilmistir.  Gelecek ¢alismalarda, tasarlanan YSA

kontrolctileri NNK eviriciler icin dngoéri ozelligi kazanacak
sekilde egitimlerinin gergeklestirilmesi 6nerilebilir.
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Ozet

Bu c¢alismada, gida katki maddeleri olan Butillenmis
Hidroksianisol (BHA) ve Butillenmis Hidroksitoluen (BHT)
maddelerinin derin yagda kizartma sonrasinda ortaya ¢ikan
sitotoksik etkileri incelenmistir. Koruyucu ozellikleri nedeniyle
yaygin olarak kullanilan bu maddeler, kizartma siirecinde
donlstiime ugrayarak insan saghgl lzerinde olumsuz etkiler
yaratabilmektedir. Arastirmada, BHA ve BHT'nin kizartma
sonrasl 72 saat icinde belirlenen IC50 dozlari incelenmistir; BHA
icin 8.75 pg/mL ve BHT igin 6nemli derecede yiiksek olan
1761.159 pg/mL olarak belirlenmistir. Bu bulgular, bu katki
maddelerinin  kizartilmis gidalarda  kullaniminin  giivenligi
konusunda ciddi endiseler dogurmaktadir. Calisma, bu
maddelerin gida endustrisinde yeniden degerlendirilmesi
gerektigine ve tlketici sagligi lizerindeki potansiyel risklerine
dikkat g¢ekmektedir. Ayrica, bu katki maddelerini igeren
gidalarin tiketimi konusunda daha siki diizenleyici yonergeler
ve tiketici farkindaliginin artirilmasinin 6nemini
vurgulamaktadir. Yag ve patates ornekleri Uzerinde yapilan
fizikokimyasal analizler ve hicre kiltird cahsmalari, farkh
dozlarda belirgin sitotoksik etkiler gézlenmistir. Ozellikle HEK-
273 hiicreleri Uzerinde yapilan incelemelerde, bu katki
maddelerinin belirli porsiyonlarda tiiketildiginde zararl etkiler
yaratabilecegi tespit edilmistir. Bu sonuglar, daha glvenli
kizartma yontemleri ve alternatif katki maddeleri gelistiriimesi
yénlindeki arastirmalarin  6énemini bir kez daha ortaya
koymaktadir.

Anahtar Kelimeler: Sitotoksisite, Kizartilmis gidalar, Gida katki,

Abstract

This manuscript delves into the cytotoxic effects of the food
additives Butylated Hydroxyanisole (BHA) and Butylated
Hydroxytoluene (BHT) following deep frying. Widely used for
their preservative qualities, these additives transform frying
that may have significant health implications. The study
investigates the IC50 doses of BHA and BHT after 72 hours
post-frying, with results showing a dose of 8.75 pug/mL for BHA
and a notably high 1761.159 pg/mL for BHT. These findings
raise serious concerns about the safety of these additives in
fried foods, especially considering the widespread
consumption of such foods. The research emphasizes the need
for a reevaluation of these additives' use in the food industry
and highlights the potential risks to public health. Additionally,
the study points to the necessity for stricter regulatory
guidelines and increased consumer awareness regarding the
consumption of foods containing these additives. The physical
and chemical analyses of oils and potatoes after frying, along
with cell culture studies, revealed significant cytotoxic effects
at various doses over 24, 48, and 72 hours, particularly on HEK-
273 cells. These results underscore the importance of further
research to develop safer frying practices and alternatives to
these additives, ultimately enhancing food safety and public
health standards.

Keywords: Cytotoxicity, Deep-fried foods, Food additives, Human

maddeleri.  Insan saghgi,  Hiicre kiiltiirii, Gida  glivenligi health, Cell culture, Food safety

1. Girig ozelliklerini  kaybedebilirler ~ (Yedier 2021). Baazi
Sitotoksik terimi, hiicre 6limiine neden olan anlamina maddelerin sitotoksik etkisini belirlemek amaciyla cesitli
gelirken, sitotoksisite, incelenen maddelerin testler uygulanmaktadir. Bu testlerden biri, MTT

konsantrasyonuna ve maruziyet slresine bagh olarak
hilcrelere zarar vermesi olgusunu ifade eder. Hicreler,
bu sitotoksik maddelere maruz kaldiginda nekroz, otofaji
ve apoptoz gibi olaylar sonucu 6lebilir veya proliferasyon

metodudur. MTT (3-(4,5-dimetildiazol-2-il)-2,5 difenil
tetrazolyum bromir) metodunda, canli hicrelerdeki
mitokondriyal rediiktaz enzimi, sari renkli MTT ¢ozeltisini

suda ¢oOziinmeyen mor renkli formazan kristallerine
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donisturir. Olusan bu kristaller DMSO ile ¢ozilerek,
spektrofotometrik olarak olculir (Celik 2013, Yedier
2021).

Literatiire gore, yagda dogal olarak bulunan ya da
sonradan eklenen antioksidanlar, kizartma sirasinda
yagin kalitesini etkiler. Ayrica, tokoferoller, C vitamini ve
B grubu vitaminlerde kizartma islemi sirasinda kayiplar
yasanmaktadir. Dogal antioksidanlardan tokoferoller ve
antioksidanlardan BHA

hidroksianisol) ve BHT (butillenmis hidroksitoluen), oda

sentetik (butillenmis
sicakhginda yagin oksidasyonunu yavaslatirlar. Ancak, bu
gida katki maddelerinin strekli tiketimi, viicutta toksik
etkiler yaratabilir. Bu maddeler egzama, astim, bas agrisi,
alerjik  reaksiyonlar, gastrik rahatsizliklar, ishal,
hiperaktivite ve asiri duyarhlik gibi sorunlara neden

olabilir (Briggs 1997).

Antioksidanlar, yaglara lipid oksidasyonunu ve toksik
etkiler yaratabilecek istenmeyen bilesiklerin olusumunu
Sentetik gida
nispeten dusiik akut

amaciyla eklenir.
BHA ve BHT,
toksisiteye sahip bilesiklerdir. Ancak, bu bilesiklerin

engellemek
antioksidanlari

biyokimyasal ve biyolojik etkileri lizerine gesitli calismalar
yapilmaktadir (Verhagen vd. 1991). Yapilan galismalarda,
sentetik  antioksidanlarin riskli,

saglik  agisindan

kanserojen ve mutajenik Ozellikler tasidigl tespit
edilmistir. Bir calismada, kizartmalk yagda bulunan bazi
sentetik katki maddelerinin tiketim miktarina bagl
olarak bobrek epitel hiicreleri lizerindeki olasi sitotoksik
etkisi katki
saglanmasi hedeflenmis ve risk edilmistir

(Bandoniene vd. 2002).

incelenmis ve bu konuda literatire

tespit

BHA'nin toksikolojik etkileri, enzim aktiviteleri Gizerindeki

dogrudan toksisitesi, kimyasallarin
BHA’nIn

kanserojenligi seklinde ¢ ana baslik altinda toplanabilir.

diger
genotoksisitesinin modiilasyonu ve
Labrador ve arkadaslarinin yaptigi bir ¢alismada, distk
dozlarda  BHA
mitokondriyal fonksiyon kaybiyla iligskili 6nemli bir
sitotoksik etki yaptigi belirtilmistir (Labrador vd. 2007).
BHA’'nin alerjik
dengesizlik, deri iritasyonu, kusma ve ishale sebep

kullanimmnin ~ Vero hiicrelerinde

reaksiyonlar, yag metabolizmasinda
olabilecegi; BHA ve BHT'nin ise bas agrisi, kizariklik, astim
gibi saglik sorunlarini tetikleyebilecegi belirlenmistir
(Sheftel 2000, Fisherman ve Cohen 1973). TBHQ'nun
dermatite yol agabilecegi Aalto-Korte (2000) ve BHA’nin
fare deneylerinde kansere neden olabilecegi de tespit
edilmistir (Weber vd. 1979).

Dassarma ve arkadaslarinin yaptigi bir arastirma, BHA ve
BHT aliminin CCl4 kaynakl hepatik toksisiteye bagh
dejeneratif degisiklikleri iyilestirdigini gostermistir. Bu

bulgular, antioksidanlarin gida formiulasyonlariyla
alinmasinin hepatik disfonksiyonu olan hastalar igin
faydali olabilecegini 6ne sirmektedir (Dassarma vd.

2018).

Felter ve arkadaslarinin (2021) bir makalesinde, BHA'nin

kemirgenlerdeki karsinojenik etkilerinin incelendigi
bircok calismanin degerlendirildigi ve sadece 6n mide
timorlerinin  BHA'nin  kronik oral maruziyetine bagh
olarak gelistigi sonucuna varilmistir. Gine domuzlari
Uzerinde yapilan galismalarda ise bu tir bir lezyonun

gelismedigi belirtilmistir.

Wang ve arkadaslarinin (2019) yaptig1 calismada, gesitli
Ulkelerdeki poplilasyonlarin idrar orneklerinde BHT'nin
ana metaboliti olan BHT-COOH’un vyiiksek oranlarda
bulundugu ve bu bilesigin giinlik alim dozlarinin, kabul
edilebilir guinlik alim miktarlarini astigi belirlenmistir. Bu
maruziyetin baslica nedenlerinin katki maddelerini iceren
diyet ve kisisel bakim urtnlerinin deriyle temasi oldugu
disunulmektedir (Wang vd. 2019).

Altmann ve arkadaslarinin yaptigi bir ¢alismada, BHA'nin
Wistar sicanlarinda epitel hasari ve hiperplazi gibi
etkilere yol actigl, ancak BHA'siz beslemeye gecildiginde
bu etkilerin geriledigi gozlemlenmistir (Altmann vd.

1985).

MCF-7 hiicrelerinin
proliferasyonu incelenerek yapilan ¢alismalarda, BHA’nin

Ostrojen reseptoriine bagimh
Ostrojenik aktiviteye sahip oldugu, ancak bu etkinin 17f3-
estradiol’e kiyasla daha zayif oldugu belirlenmistir

(Okubo ve Kano 2003).

Sonu¢ olarak, memelilerde BHA ve BHT maruziyeti
sonucunda kanserojen etkiler gézlemlenmis olsa da, bu
maddelerin tek baslarina bu etkilerin ana nedeni
olmadigi disiinilmektedir.

Bu c¢alismanin temel amaci, gida katki maddeleri olan
(BHA) ve
Hidroksitoluen (BHT) maddelerinin derin yagda kizartma

Butillenmis  Hidroksianisol Butillenmis
islemi sonrasinda gidalara gecisini ve bu maddelerin
sitotoksik etkilerini detayli bir sekilde incelemektir.

Calisma, kizartma sirasinda bu katki maddelerinin
fizikokimyasal 6zelliklerinde meydana gelen degisimlerin
insan saghgn lzerindeki potansiyel etkilerini anlamaya
yonelik 6zgiin bir katki sunmaktadir. BHA ve BHT'nin
koruyucu 6zellikleri nedeniyle gida endistrisinde yaygin
olarak kullanildigi bilinmekle birlikte, bu maddelerin
birikim toksik

ulasabilecegine dair kaygilar bulunmaktadir.

gidada olusturarak seviyeye

Calisma, BHA ve BHT'nin kizartma sonrasi drneklerdeki
konsantrasyonlarini belirlemis ve HEK-273 hiicreleri

Gzerinde gerceklestirilen sitotoksisite testleri ile bu
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maddelerin  insan  hiicreleri  lzerindeki etkilerini
arastirmistir. Ozellikle, BHA ve BHT'nin IC50 dozlarinin
belirlenmesi, bu katki maddelerinin potansiyel zararlarini
ortaya koymak agisindan 6nem tasimaktadir. Elde edilen
sonuglar, bu maddelerin kullaniminin gida giivenligi
perspektifinden yeniden degerlendirilmesi gerektigini
daha givenli

gostermektedir. Ayrica, bu arastirma,

kizartma yontemleri ve alternatif katki maddeleri

gelistiriimesine yonelik c¢alismalara ilham vermeyi

amaglamaktadir.

Bu baglamda, ¢alismanin 6zglinligl, katki maddelerinin
kizartma silrecindeki davraniglarini detayh bir sekilde
inceleyerek hem fizikokimyasal analiz hem de hicresel
diizeyde sitotoksisite degerlendirmelerini bir araya
getirmesinde yatmaktadir. Elde edilen bulgular, gida
guvenligi ve tiketici saghg agisindan énemli g¢ikarimlar
sunarak bu alanda yapilan calismalara yenilikgi bir bakis

acisi saglamaktadir.
2. Materyal ve Metot

Patates cinsi olarak kizartmalik patates tiri segilmis ve
yerel bir marketten temin edilmistir. Hicre kaltiria ve
sitotoksisite analizlerinde, saglkli hiicreyi temsil etmesi
amaciyla HEK-293 saglkli
hicresi kullanilmis olup, hicreler ATCC (Amerikan Tip
Kaltar edilmistir.  Ylksek
performansh sivi kromatografi (HPLC) analizlerinde
Merck (Darmstadt,
firmasindan temin edilmistir. HPLC-grade saf su, Milli-Q

insan embriyonik bobrek

Koleksiyonu)'den temin

kullanilan  metanol, Almanya)
sistemi (Massachusetts, ABD) kullanilarak Uretilmistir.
Analitik safliktaki asetik asit, BHA ve BHT (saflik >%98),
Sigma-Aldrich (Steinheim, Almanya) tarafindan temin

edilmistir.

Yerel (reticiden alinan aygicek vyagl o6rnegi, analiz
edilinceye kadar sogukta ve karanlik bir ortamda
depolanmistir. Yag o©rneginde BHA ve BHT analizleri
yagda bu maddeler tespit
BHA ve BHT igin katki

maddeleri tebliginde belirtilen maksimum degerler olan

gerceklestiriimis  ve
edilmemistir. Bu nedenle,
sirasiyla 200 mg/kg ve 100 mg/kg miktarlari yaga

eklenmistir. Tam kizartma islemi bu dogrultuda
gerceklestirilmis, katki maddelerinin yaga eklenmesinden
sonra manyetik bir

karistirici  kullanilarak homojen

karismasi saglanmistir (Ceylan 2020).
2.1 Katki Maddesi Analizi

Taze yagin katki maddeleri icermedigini dogrulamak
amaclyla AOAC 983.15 yontemi ve HPLC-DAD cihazi
kullanilarak analiz

yapilmistir.  Yontem kapsaminda

standart hazirhg igin, stok standart ¢ozeltiler (%1

mg/mL), butil hidroksianisol, butil hidroksitoluen ve

tersiyer bitil hidrokinonun metanol icinde ¢6zilmesiyle
hazirlanmis ve 1siktan korunarak 4°C'de saklanmistir.
Calisma standart g¢ozeltileri, stok ¢ozeltilerin metanol ile
seyreltiimesiyle hazirlanmistir. Ornek hazirlama islemi
icin, yag hassas bir sekilde tartilarak (10 g) 25 mL
metanol ile 100 mL'lik tipal konik bir siseye yerlestirilmis
ve oda sicakliginda 10 dakika boyunca ultrasonik olarak
ekstrakte edilmistir. Elde edilen karisim vortekslenmis,
buz banyosunda sogutulmus ve 7700 rpm'de 10 dakika
Ustteki
ile 25 ml'ye tamamlanmistir.

santrifuj edilmistir. organik faz alinmis ve

metanol Bu cozelti,
kromatografik analizden 6nce en az 1 saat boyunca
dondurucuda saklanmistir. Tim numuneler, analizden
once 0,45 pm'lik membran filtreden gegirilmistir. HPLC
analizi icin Zorbax SB-C18 kolon (150 x 4.6 mm?, 5 um) ve
buna bagli Zorbax SB-C18 koruma kolonu (20 x 4.0 mm?,
5 um), sabit bir sicakhkta (30°C) calistirilmistir. Mobil faz,
%1 sulu asetik asit (A) ve metanol (B) karisimindan
olusturulmus ve su gradyan ellisyon programi
uygulanmistir: 0-5. dakikalar arasinda %40-60 B, 5-10.
dakikalar arasinda %60-80 B, 10-15. dakikalar arasinda
%80-90 B, ve 15-20. dakikalar arasinda %90 B. Akis hizi
1,0 mL/dak olarak ayarlanmis ve analizler arasinda
yeniden denge saglamak igin 8 dakika sureyle re-
ekilibrasyon yapilmistir. Enjeksiyon hacmi 10 pL olarak
280 nm dalga
boyunda calistiriimistir. Elektrokimyasal dedeksiyon igin

belirlenmistir. Diod-array dedektor,
camylzey calisma elektrodu, Ag/AgCl referans elektrodu
ve paslanmaz gelik karsi elektrodu kullaniimis, potansiyel
oksidatif modda 0,8 V olarak uygulanmistir (Sun vd.
2017).

2.2 Hiicre Kiiltiirii Analizleri
2.2.1.
Adaptasyonu ve Cogaltimi

Hiicre Hatlarinin Laboratuvar Ortamina

insan embriyonik bébrek hiicre hatti HEK-293 (ATCC®
CRL-1573), %20 FBS ve %1 penisilin iceren RPMI 1640
besiyerinde ¢ogaltilmistir. Hiicreler 37°C sicaklikta ve %5
CO: igeren bir ortamda inkiibe edilmistir (NUAIRE NU-
5510E) (llhan 2020).

2.2.2. Hiicrelerin Sayimi

Hicrelerin deneylerde kullanilacak miktarlarda
hazirlanabilmesi i¢in sayim islemi gerceklestirilmistir.
Hicre tabakasi, 5 ml Tripsin EDTA ile 5 dakika muamele
edilerek zeminden ayrilmistir. Hiicre ¢ozeltisi, santrifij
isleminden sonra hiicre pelletini elde etmek i¢in santrifij
edilmistir. Hiicre pelleti besiyeri ile seyreltilip homojenize
edilmistir. Hicre stspansiyonundan alinan ornekler, 50
pl Tripan mavisi ile karistirilarak Invitrogen Countless
Automated Cell Counter otomatik hiicre sayim cihazi

kullanilarak sayilmistir (Erten vd. 2009).
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2.2.3. Hiicre Kiltiirlerinde Sitotoksisite Diizeylerinin
Belirlenmesi

MTT(3-(4,5-dimethylthiazol-2-yl)-2,5-iphenyltetrazolium
bromide) hicre canhhigini 6lgmek icin kullaniimistir. MTT,
metabolik olarak aktif hicreler tarafindan mor renkli
formazan tuzuna donugtiurilir. Kuyucuklara dimetil
silfoksit (DMSO) eklenerek formazan ¢ézlindlrilmis ve
renk degisimi ¢ok modlu plaka okuyucu ile analiz
edilmistir. MTT analizi sonucunda, hiicrelere uygulanan
katki maddelerinin I1Cso konsantrasyonlari belirlenmistir.
96 kuyucuklu kiiltir plakalarina 10* hiicre ekilmis ve
hicreler katki maddelerinin artan konsantrasyonlariyla
(10, 50, 100, 500, 1000 pg/mL) 24, 48 ve 72 saat
muamele edilmistir. Dozlar segilirken TGK’nin Gida Katki
Maddeleri Yonetmeliginde belirtilen maksimum dozlar

dikkate alinmistir (Turk Gida Kodeksi Gida Katki
Maddeleri Yonetmeligi 2013).
Tim hiicre kultird calismalari, Manisa Celal Bayar

DEFAM Hicre Kultliri Laboratuvarinda
Grafikler Graphpad Prism 5.0

Universitesi
gergeklestirilmistir.
kullanilarak gizilmistir

2.3. istatistiksel Analizler

Tum fizikokimyasal analizler IBM SPSS Statistics 22
programi kullanilarak, Varyans Analizi (ANOVA) ve post-
testi ile p<0.05 Onem

hoc Tukey diizeyinde

yorumlanmistir.

3. Bulgular ve Tartisma
3.1. Katki Maddesi Analizleri

Kizartma oOncesi BHA ve BHT icermedigi tespit edilen
yaga Tirk Gida Kodeksi'ne (TGK) gére maksimum BHA ve
BHT miktarlari olan 200 mg/kg ve 100 mg/kg eklenmistir
(Tark Gida Kodeksi Gida Katki Maddeleri Yonetmeligi,
2013). 170°C'de 300 saniyelik kizartma parametresi
kullanilarak yapilan denemeler sonrasinda
gerceklestirilen oOlgimler sonucunda kizartma sonrasi
yagda BHA 160 mg/kg ve BHT 60.7 mg/kg olarak tespit
edilmistir. Kizartma islemi sonrasinda yagdaki BHA ve
BHT miktarindaki

maddelerin patatese gegcmesi veya kimyasal reaksiyonlar

azalma, kizartma sirasinda bu

sonucu bilesimlerinde  degisiklikler  olabilecegini

gostermektedir.
3.2. Hiicre Kiltiira Analizleri

HEK-293 bobrek epitel hiicreleri, BHA ve BHT'nin artan
konsantrasyonlarina 24, 48 ve 72 saat boyunca maruz
birakilmis ve hiicre canlilk degerleri hesaplanarak

Cizelge 1 ve Cizelge 2’de sunulmustur.

MTT yontemi kullanilarak yapilan analizler sonucunda,
BHA’nin 24., 48. ve 72. saatlerdeki ICso degerleri sirasiyla

8.75 pg/mL olarak hesaplanmistir. BHT igin ise sadece 24.
saatte 50 pg/mL konsantrasyonunda anlamh bir fark
gbzlemlenmistir (p<0.05). BHA ve BHT'nin 72. saatte IC50
dozlari sirasiyla 8.75 pg/mL ve 1761.159 pg/mL olarak
tespit edilmistir (Sekil 1).

Cizelge 1. BHA Konsantrasyonlarinin 24, 48 ve 72 Saatlik
Maruziyet Sonucunda Elde Edilen Hiicre Canhhgi (%) Degerleri.

24 saat 48 saat 72 saat

Konsantrasyonlar . .. .

(ug/mL) Hiicre Hiicre Hiicre

HE, Canhihgi (%) Canhhgi (%) Canlihg (%)

10 45.94 54.57 25.1

50 37.84 37.38 9.7

100 18.56 11.12 8.77

500 61.41 12.89 7.85

1000 162.94 15.13 14.22

Cizelge 2. BHT Konsantrasyonlarinin 24, 48 ve 72 Saatlik
Maruziyet Sonucunda Elde Edilen Hiicre Canlihgi (%) Degerleri.

24 saat 48 saat 72 saat
Konsantrasyonlar . . .
(ug/mL) Hiicre Hiicre Hiicre
HE Canlihgi (%) Canhligi (%) Canlihg (%)

10 40.07 32.84 6.63
50 12.05 9.62 6.66
100 28.84 9.16 5.72
500 91.52 11.17 10.11
1000 199.97 15.45 19.5

24. saat 24, saat

100- 150-

100-

% Canliik
8 8§ 8 8
% Canlilik

SR e e & & SN e @ .p@
S
)i
BHA (ugimL) BHT (ug/mL)

46.soat 48. saat

150-

80-
x
:é 60. . = 100
H <
S w ' 8
= & » = 50
p Flméa
o s ; ; Q' T Q' - - T - - T
S e & & & S e \Q@
BHA (pg/mL) BHT (ug/mL)
72. saat

72. saat

% Canhilik
% Canlihk

4 H .
* 50
20-
J|3IRINI=0

SR e © & SN e e @@

BHA (pg/mL)

Sekil 1. HEK-293 hiicrelerinde BHA ve BHT katki maddelerinin
konsantrasyona ve zamana bagli % canlilik degisimleri. (* ile
gosterilenler istatistiksel olarak anlaml (p<0.05) degerleri

gostermektedir)

BHT (pg/mL)
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BHA ve BHT, baslangicta
edilmemis olsa da, maksimum dozlarda (200 ve 100
ug/mL) sitotoksik
maksimum  degerler gerceklestirilmistir.

kullanilan yagda tespit

eklenmistir.  TUm analizler bu
Gzerinden
Kizartma islemi sonrasinda alinan yag érneklerinde BHA
ve BHT miktarlarinda 6nemli bir azalma gozlenmemis ve
sitotoksik ettigi

saptanmigstir. Hiicre kultlrd analizleri, BHT igin sadece

bu maddelerin etkisinin  devam
24. saatte 50 pg/mL doz uygulamasinda anlamli bir fark
gostermistir. BHA icin ise 24, 48 ve 72. saatlerde
gerceklestirilen tim uygulamalarda anlamh bir fark
sonrasi BHA ve BHT

miktarlarinda belirgin bir azalma olmamasi, kisa sireli

gozlenmemigstir.  Kizartma
kizartma isleminin bu maddeler {izerinde 6nemli bir
bozundurma etkisi yaratmadigini gostermektedir. Fare
testis mikrozomlarinin kullanildigi bir ¢alismada, BHT'nin
ICso degeri 0.6 uM olarak hesaplanmistir (Michelangeli ve
Tovey 1996). Bu c¢alismada elde edilen sonuglar, insan
bobrek epitel hiicrelerinde ICso degerlerinin daha yiksek
oldugunu gostermistir.

Tim analizler degerlendirildiginde, patates kizartmasi
Uretim stirecinde kullanilan yaga BHA ve BHT ilavesinin,
peroksit icerigini dusik tutmasi disinda herhangi bir
fizikokimyasal etkisi olmadigi, ancak bu ilavenin hicre
kiltira analizlerinde sitotoksik etkiye neden olabilecegi
gozlemlenmistir. Bu nedenle, BHA ve BHT ilavesinin
peroksit icerigini dislik tutmanin sagladigi faydanin,
sitotoksik etkinin yol acabilecegi potansiyel zararlardan
daha 6nemli oldugu distnilmelidir. Patates kizartmasi
70 g
Buradaki servis boyutu

icin ortalama tek seferlik porsiyon miktar
seviyesindedir (FDA, 2018).
yaklasik 10-12 kizarmis parmak patates miktarina karsilik
gelmektedir. Yapilan hesaplamalar, kizarmis patates

katki

kabuliine dayanmaktadir. Ortalama insan agirlig ise 70

grami  basina emilimi gerceklesen maddesi
kg olarak kabul edilmistir. Patates kizartmasi ile alinan
yagin, patatesin ve BHA-BHT'nin tamamen sindirildigi
varsaylldiginda, 70 kg bir bireyin 1 porsiyon (70 g)
patates kizartmasi tlikettigi durumda, viicuda alinan BHA
miktari yaklasik 0.4-0.5 mg, BHT miktar yaklasik 1.5-2
mg hesaplanmistir. Sonug olarak, 24 saat icin BHA’nin 10
ug/kg (70 g icin 1.478 ppm) ve BHT’nin 50 pg/kg (70 g
icin 7.14 ppm) dozlarinda anlamh bir etki gdzlenmistir.
Bu bulgular, BHA iceren patates kizartmasindan 50
porsiyon ve BHT iceren patates kizartmasindan 8
porsiyon tliketiminin sitotoksik etki yaratabilecegini

gostermektedir.

4. Sonug

Bu calismada, patates kizartmasi Uretiminde kullanilan

yaglara eklenen BHA ve BHT katki maddelerinin

fizikokimyasal ve biyolojik etkileri incelenmistir. BHA ve
BHT, gida
antioksidanlardir; 6zellikle yaglarin oksidatif bozulmasini

endustrisinde yaygin olarak kullanilan

onlemek amaciyla tercih edilirler. Bu maddelerin,
kizartma islemi sirasinda ve sonrasinda hem kimyasal
yapilari Gzerindeki degisimler hem de hiicresel diizeydeki
etkileri arastiriimistir.

Katki maddesi analizleri, kizartma Oncesi yaga eklenen
BHA ve BHT'nin, 170°C'de 300 saniye siireyle kizartma
islemine tabi yagdaki
konsantrasyonlarinin anlamli bir sekilde azalmadigini

tutulmasi sonrasinda

gostermistir. Bu durum, bu maddelerin kisa sureli
kizartma islemi boyunca kimyasal olarak kararl kaldigini
ve kizartma sirasinda patatesin igine gecis veya yagda
onemli bir bozunma gostermedigini ortaya koymaktadir.
Ancak, bu katki maddelerinin varliginin yagin diger
ozellikleri, 6zellikle de peroksit degeri izerindeki etkileri,
belirgin bir sekilde gézlemlenmistir. Peroksit degerinin
disuk tutulmasi, yagin oksidatif stabilitesini artirmakta
ve (Urin kalitesini korumaktadir.

Hiicre kultlrt analizleri, BHA ve BHT'nin insan bdbrek
epitel hiicreleri Uzerindeki sitotoksik etkilerini ortaya
koymustur. BHA’'nin 24, 48 ve 72 saatlik maruziyetlerde
hiicre canliligi Gizerinde 6nemli bir diisise neden oldugu
gbzlenmistir. BHT ise, daha distik konsantrasyonlarda ve
Ozellikle 24 saatlik maruziyette hicre canliliginda belirgin
bir azalma gostermistir. BHT'nin 72 saatlik maruziyet
sonrasinda 1Cso degerinin oldukga yiksek olmasi, bu
maddenin hicresel dizeyde daha az toksik oldugunu,
ancak yuksek dozlarda sitotoksik etki gosterdigini ortaya
koymaktadir.

Fare testis mikrozomlari (zerinde vyapilan Onceki
calismalarla karsilastirildiginda, insan bobrek epitel
hicrelerinde BHA ve BHT'nin daha yiiksek 1C50
degerlerine sahip oldugu gorilmustir. Bu durum, hiicre
turleri arasinda farkli toksisite profilleri olabilecegini ve
BHA ile BHT'nin insan hiicrelerinde daha direngli bir

yaplya sahip olabilecegini diisiindiirmektedir.

Bu bulgular, BHA ve BHT'nin patates kizartmasinda
kullaniminin, yagin fizikokimyasal stabilitesini artirirken,
hiicresel diizeyde potansiyel bir risk tasiyabilecegini
gostermektedir. BHA ve BHT ilavesinin peroksit degerini
disuk tutmasinin sagladigi fayda, bu maddelerin
sitotoksik etkilerinin dikkate alinmasi gerektigini isaret
etmektedir. Ozellikle, bu katki maddelerinin diizenli ve
yliksek miktarda tiiketilmesi durumunda potansiyel

saghk riskleri tasiyabilecegi distintilmelidir.

Sonug olarak, BHA ve BHT iceren patates kizartmalarinin
tiketiminde dikkatli olunmasi gerektigi, bu maddelerin
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uzun sireli etkilerinin daha kapsamli arastirmalara

ihtiya¢ duydugu ortaya konmustur. Gida enddstrisinde
bu tiir katki maddelerinin kullaniminin, hem Grin kalitesi
hem de tiketici saghg acgisindan dengeli bir sekilde
degerlendirilmesi 6nem arz etmektedir. Bu ¢alisma, gida
katki maddelerinin gilivenli kullanimini ve potansiyel
risklerini daha iyi anlamak igin énemli veriler sunmakta

ve  gelecekteki arastirmalar igin  bir  temel

olusturmaktadir.
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Abstract

In addition to the dangers posed by earthquakes, long-term
health concerns arise from asbestos exposure during demolition
activities. Our study aimed to assess the awareness and
perceptual effects of asbestos dust on individuals involved in or
near demolition sites. We conducted a survey involving 110
participants across three groups: a. Demolition Officers (DO) (27
participants), b. Environmental Safety Officers (SO) (28
participants), and c. Individuals Present (IP) (55 participants).
Participants provided demographic information and answered
questions related to asbestos exposure and safety practices. The
SO group demonstrated relatively higher awareness levels but
often failed to implement adequate safety protocols. This study
makes a significant contribution by identifying the most
vulnerable groups and emphasizing the systemic deficiencies in
current safety practices. Practical implications include the
necessity of mandatory training modules for demolition workers
and public information campaigns to mitigate the health risks of
asbestos exposure. By addressing these gaps, the findings
provide a foundation for integrating asbestos risk management
into disaster response frameworks, thereby improving
occupational safety and public health in post-disaster scenarios.

Keywords: Asbestos; Kahramanmaras
demolition; safety precautions.

earthquakes; exposure;

Oz

Depremlerin olusturdugu tehlikelere ek olarak, yikim faaliyetleri
sirasinda asbeste maruz kalmaktan kaynaklanan uzun vadeli
saglik sorunlari da vardir. Calismamizin amaci, yikim sahalarinda
veya yakininda bulunan kisilerde asbest tozunun farkindahgini
ve algisal etkilerini degerlendirmektir. Ug grupta 110 katilimciy:
kapsayan bir anket gerceklestirdik: a. Yikim Gorevlileri (YK) (27
katihmci), b. Guvenlik Gorevlileri (GG) (28 katiimci) ve c.
Cevredeki Halk (GH) (55 katihmci). Katiimcilar demografik
bilgiler sagladi ve asbeste maruz kalma ve givenlik
uygulamalariyla ilgili sorulari yanitladilar. CG grubu nispeten
daha yuksek farkindalk seviyeleri sergilemis olsa da genellikle
yeterli glivenlik protokollerini uygulamada basarisiz olmustur.
Bu ¢alisma, en savunmasiz gruplari belirleyerek ve mevcut
glvenlik uygulamalarindaki sistemik eksiklikleri vurgulayarak
onemli bir katki saglamaktadir. Pratik ¢ikarimlar arasinda yikim
¢alisanlari igin zorunlu egitim modadillerinin hayata gegcirilmesi ve
halki bilgilendirmeye yonelik kampanyalarin diizenlenmesi yer
almaktadir; boylece asbeste maruz kalmanin saglik riskleri
azaltilabilir . Bu eksikliklerin giderilmesiyle elde edilen bulgular,
asbest risk yonetiminin afet miidahale gergevelerine entegre
edilmesi icin bir temel olusturarak, afet sonrasi is saghgl ve
guvenligi ile halk sagliginin iyilestirilmesine katki saglamaktadir.

Anahtar kelimeler: Asbest: Kahramanmaras depremleri: maruziyet;
yikim; glvenlik 6nlemleri.

1. Introduction

Asbestos is a naturally occurring mineral, has a storied
history of industrial use due to its exceptional physical
properties (Furuya et al. 2018). Comprising fine, durable
fibers, asbestos is highly resistant to heat, fire, and
chemicals, which made it an invaluable material for a
wide array of applications (Dirisu et al. 2022). In its natural
state, asbestos can be found in rock formations
worldwide, but it wasn't until the late 19th century,
during the industrial revolution, that its flexibility and
strength made it a revolutionary material for many

sectors, most notably construction and its building

and Wilk 2019). The
composition of asbestos, primarily silicate minerals, gives

components (Kréwczynska
it a fibrous nature, making it extremely versatile. There
are six fibrous minerals that have been used in
commercial products. The six types of asbestos are
chrysotile, crocidolite, amosite, anthophyllite asbestos,
tremolite asbestos and actinolite asbestos (figure 1).

During the mid-20th century, asbestos was known as a
revolutionary material due to its versatility, durability,
and heat resistance. It became a staple in construction
and manufacturing, featured in products such as roofing,
insulation, and brake linings (Gualtieri et al. 2022; Emmett
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2021). In a study conducted in Detroit between 2014 and
2017, in 95% of demolished
abandoned housing units.

r Asbestos ﬂ

Serpentines Group

|

Chrysotile

asbestos was found

Amphibole Group

Crocidolite Actinolite

Amosite Tremolite

Anthophyllite

Figure 1. Types of asbestos

The most common asbestos-containing materials were
flooring, roofing, siding and duct insulation (Franzblau et
al. 2020). In another study conducted on 50 buildings in
izmir, asbestos was detected in 22% of the 505 samples
taken (Tetik et al. 2024). The findings in these studies
reveal that asbestos is widely present in demolished
highlighting the
comprehensive

structures, critical importance of

conducting asbestos surveys and
abatement studies prior to demolition activities to
protect public health and ensure environmental safety. Its
popularity surged because of the widespread belief that
asbestos posed no significant risk, particularly when it
was locked within construction materials. However, over
time, as more people became exposed to airborne
asbestos dust, health risks began to emerge. While
undisturbed asbestos is relatively stable, activities such as
cutting, sanding, or damage can release microscopic
fibers into the air. Inhalation of these fibers poses
significant health risks, as they embed in lung tissues,
causing chronic irritation and severe diseases over time
(Pawetczyk and BoZek 2015; Kim et al. 2020). Despite its
classification as a carcinogen and bans implemented in
most countries by 1983 (Magnani et al. 2023), asbestos
remain prevalent, especially in structures built before its
prohibition. In Tirkiye, asbestos was widely used in
construction until 2010, leaving a legacy of hazardous
materials in many buildings, until the regulation comes
into force (Republic of Turkey Official Gazette 2010). The
2023 Kahramanmaras earthquakes, which led to the
widespread demolition of older structures, have raised
concerns about whether asbestos fibers are present in
debris and, if so, at what concentrations—posing serious
risks to public health.

Exposure to asbestos can lead to severe, often life

threatening health issues, primarily targeting the

respiratory system. In those exposed to asbestos, it can
lead to diseases with long latent periods during which
symptoms may not appear until 20 to 50 years after
exposure (Sen 2015; Miao et al. 2024). One of the most
aggressive diseases caused by asbestos is mesothelioma,
a rare cancer affecting the thin membranes surrounding
the lungs, abdomen, or heart (Valenzuela et al. 2016).
Mesothelioma is almost exclusively linked to asbestos
exposure, and its prognosis remains poor due to late
detection (Boffetta et al. 2019). Lung cancer is another
significant risk (Nielsen et al. 2014), with the combined
effects of asbestos and smoking multiplying the likelihood
of the disease (Berry and Liddell 2004; Ngamwong et al.
2015; Klebe et al. 2020). Prolonged exposure can also lead
to asbestosis, a chronic lung condition marked by fibrosis
and progressive respiratory failure, as well as pleural
diseases, such as plaques and thickening of the lung lining
(Bauretal., 2017; Harris et al., 2019). While some of these
conditions are non-cancerous, they can serve as early
warnings for more severe outcomes, underscoring the
need for early detection and regular monitoring of at-risk
populations.

In addition to long-term health concerns, the destruction
of asbestos-containing structures during demolitions
significantly heightens the risk of exposure. The release of
dust containing asbestos fibers, often mixed with other
toxic substances like heavy metals, can severely impact air
quality and exacerbate respiratory illnesses (Bloise et al.,
2018). These risks are particularly relevant in the
aftermath of the 2023 Kahramanmaras earthquakes,
where widespread demolition operations have
underscored the need for improved safety protocols.
However, a gap remains in understanding how long-term
health monitoring can be systematically integrated into
disaster response frameworks. Best practices from
countries such as the United States and Australia, where
asbestos is strictly regulated, emphasize the importance
of establishing registries for exposed populations, routine
health screenings, and public education campaigns (URL-
1), (URL-2). Similarly, Europe has strict regulations on
asbestos management. The European Union has
developed extensive legislation to regulate the use and
management of asbestos. In this context, in addition to
the ban of all types of asbestos in 2003, directives were
issued to record workers exposed to asbestos, ensure
regular health examinations, and protect public health
during demolition operations (European Agency for
Safety and Health at Work [EU-OSHA], 2020). Policies
such as the establishment of national inventories of
asbestos-containing buildings implemented in Europe

could serve as an example for similar initiatives in Turkey.
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The implementation of such measures in Turkey could
increase the ability to identify and manage asbestos-
related health consequences in affected regions.
Implementing similar measures in Turkiye could enhance
the ability to identify and manage asbestos-related health

outcomes in affected regions.

The destruction caused by the 2023 Kahramanmaras
earthquakes and subsequent building demolitions has
emphasized the need to reassess Turkiye’s strategies for
managing the risks associated with asbestos exposure.
Understanding the extent of asbestos exposure following
natural disasters is essential for both public health and
environmental safety. Our study aims to assess the
awareness and protective measures taken by various
groups involved in or near demolition activities. By
evaluating public knowledge of the health risks associated
with asbestos exposure, the data gathered will serve as a
guide for future disaster preparedness and response
strategies, ensuring better protection for both workers
and residents. This research, conducted across heavily
affected regions such as Sanlurfa, Adiyaman, and
Kahramanmaras, represents an important step toward
public perception and the necessity of enhanced safety
protocols in managing asbestos risks during post-
earthquake demolitions.

2. Materials and Methods
2.1 Study area

A survey was conducted during the demolition of severely
damaged buildings, as mandated by the Ministry of
Environment, Urbanization, and Climate Change,
following the February 6 earthquakes. The buildings,
located in various affected provinces, including Sanliurfa,
Adiyaman and Kahramanmaras where the survey was
specifically carried out, an example from the workspace
can be seen in Figure 2. In selecting the demolition area
where the survey had conducted, attention was paid to
ensuring that the construction dates of the buildings
subject to demolition were before 2010. In this way,
efforts were made to ensure that there was a high
probability of toxic residues in the dust such as asbestos

generated during the demolition.
2.2 Target group

The survey focused on three different groups: crane
operators and other demolition workers actively involved
in the process (DO, 27 individuals), security personnel
responsible for maintaining environmental safety around
the site (SO, 28 individuals), and individuals who were not
on duty but were in the vicinity during the demolition (IP,
55 individuals). You can also see an example of the survey

in Figure 3. This study aimed to evaluate potential
asbestos exposure among these groups, as the demolition
of damaged buildings posed a significant risk of releasing
hazardous materials, particularly asbestos, into the
environment.

Figure 3. Survey of an individual from the SO group during the
demolition

2.3 Survey application

Survey questions were designed to evaluate the
perceptual effects of potential asbestos exposure during
the demolition of severely damaged buildings in the
affected region. The survey targeted DO, SO, and IP
groups to gather their insights on experiences and
perceptions related to these exposures and their
potential health impacts. Participation was voluntary,
allowing respondents to provide feedback on their
observations and concerns regarding asbestos exposure

during the demolition process. At the end of the survey,

567



Statistical Evaluation of Asbestos Exposure Awareness That May Arise From Removal of ,...SUZERGOZ and RASTGELDI DOGAN.

masks were distributed to the participants, and they were
informed about asbestos and its possible negative effects.

2.4 Statistical Analysis

The ages of the participants in the study were expressed
as mean  SD (minimum - maximum) for each group. The
participants' working hours in their own sector and
working hours in demolition activities were analyzed
using ANOVA and Bonferroni was used as a post-hoc test
for comparisons between groups. Group comparisons
regarding the duration of exposure of the participants to
the demolition area were performed using t-test. The
non-parametric Wilcoxon-Mann-Whitney U test was used
to compare the responses given to the survey questions
between groups. The value of "p<0.05" was considered
statistically significant.

3. Results and Discussions

The survey included demographic questions, which are
givenin Table 1, to capture a comprehensive profile of the
participants. Additionally, asbestos awareness and risk
perception questions, the details of which are provided in
Table 2, were included to assess participants knowledge
of the potential health hazards associated with possible
asbestos exposure during building demolition.

Table 1. Demographic questions.
Your age?
Your gender?
Your education level?
Your working hours in this sector? (Years)
Your working hours in demolition activities? (Months)
Your average Daily presence in the demolition area?
(Hours)

Table 2. asbestos awareness and risk perception questions.
Do you have information about the content of the dust
generated during building demolition?

Are you aware that dust form old, demolished
buildings (older than 23 years) may contain asbestos?
Do you have information about asbestos dust and its
health hazards?

Do you think that exposure to asbestos during
demolition could lead to serious health problems in the
future?

Have you been given any information about the risks
and safety precautions associated with exposure to
asbestos during the demolition of dameged buildings?

The mean age of the participants was found significantly
different in the group comparison (ANOVA, p<0.032). In
the comparison between the groups (Bonferroni used as
post-hoc test), the mean age of the DO group (40.04 +
9.92 years, ranged 24 to 60) was found higher than the SO
group (34.54 + 5.68 years, ranged 25 to 43). The mean

age of the IP group was found (42.29 *+ 15.75 years,
ranged 18 to 73), significantly higher than the SO group
(p<0.009). This age difference suggests a mix of both
experienced professionals and relatively younger workers
may reflect differences in experience and familiarity with
asbestos-related risks.

In terms of gender distribution, the DO group consisted of
26 males and 1 female, while the SO group included 25
males and 3 females, with the IP group having a more
balanced composition of 29 males and 26 females. The
low representation of women in the DO and SO groups is
not surprising, given that demolition work and safety
enforcement in such environments are traditionally male-
dominated fields. The physically demanding nature of
demolition tasks, combined with historical patterns in the
workforce, may explain why female participation in these
roles remains limited. Similarly, while the SO group
showed slightly higher female participation, the number
of women remains low primarily because we did not
encounter many women in these roles during the study,
even though there may be a certain number of women in
such positions.

Educational levels among participants ranged from
primary and secondary school graduates to those holding
high school and university degrees. This diversity in
education likely influenced the participants’ awareness
and understanding of asbestos hazards, as well as their
attitudes toward safety measures. For example, 40.74%
of primary school graduates were in the DO group, while
3.57% were in the SO group, and 30.9% in the IP group.
Among secondary school graduates, 48.14% were in DO,
0% in SO, and 20% in IP. For high school graduates, 7.4%
were in DO, 3.57% in SO, and 20% in IP. Finally, for
university graduates, 3.7% were in DO, 92.85% in SO, and
29.1% in IP. This distribution of educational levels offers
important context for analyzing their responses to
asbestos exposure and related risks.

The duration of work of the participants in their own
sectors was compared. It was observed that the DO group
had been working significantly longer than the SO group
(16.72 and 10.52 years, respectively. p<0.028). However,
the duration of work in post-earthquake demolition
activities was observed to be quite similar in the DO and
SO groups (10.41 and 10.52 months, respectively).

According to our survey results, it was observed that the
average time spent in the demolition area differed
(ANOVA, p<0.001). In the
comparison of the groups (Bonferroni used as post-hoc

between the groups

test), while the DO group spent an average of 9.37 hours
per day in the demolition area, this time was determined
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as 7.85 hours in the SO group (p<0.001). The average time
spent in the demolition area by the IP group was
determined as 8.86 hours, and this time was found to be
significantly longer than the SO group (p<0.044), while it
was found to be shorter than the DO group. These
changes in daily exposure between the groups can be
considered as a factor in shaping the participants'
awareness and perception of asbestos-related risks.

Moreover, we posed targeted questions to participants
who may have been exposed to asbestos, and the findings
are presented graphically for clarity and impact.
Responses are categorized as 'yves' or 'no,’ with an

emphasis on awareness of potential asbestos hazards.

Knowing of Composition and Hazards of Dust Generated During Demolition

B Answer "Yes"
[ Answer "No"

Figure 4. Responses from DO, SO, and IP groups to the
knowledge of information about the content of the dust
generated during building demolition.

Figure 4 shows how much knowledge different groups
(DO, So and IP) have about the composition of the dust
generated during demolition. It is particularly striking that
security guards have a higher level of knowledge
compared to other groups. However, the low level of
knowledge of demolition workers shows why awareness
remains limited in this group despite direct exposure. This
may be related to lack of training and inadequate work
safety protocols.

Figure 5 clearly shows that awareness raising efforts
should focus specifically on demolition workers. It shows
the awareness levels of the possibility of asbestos in dust
from old buildings. The high awareness level of security
guards highlights that this group is more exposed to
environmental risks due to their job description and
needs information on this issue. In contrast, the low
awareness levels of demolition workers and individuals in
the surrounding area show that these groups do not
sufficiently understand the long-term health risks. The

figure highlights the importance of risk communication
during the demolition of old buildings and the need for
targeted information campaigns on this issue.

Knowing of Potential Presence of Asbestos in Buildings Older Than 23 Years

[ Answer "Yes"
[ Answer "No"

DO soO P
Figure 5. Awareness of the potential presence of asbestos in
buildings older than 23 years, based on responses from DO, SO,
and IP groups. The figure categorizes their understanding of
asbestos risks in older structures, highlighting differences in
knowledge levels.

Knowing of Health Risks Associated with Asbestos Dust Inhalation

[ Answer "Yes"
[ Answer "No"

Do SO P
Figure 6. Results on the awareness of health risks associated
with asbestos dust inhalation among DO, SO, and IP groups. The
figure illustrates the variation in knowledge regarding asbestos
exposure's potential health impacts across different groups.

Figure 6 shows the level of knowledge of the participants
about the health effects of asbestos dust. Although
security guards seem to be more aware of this issue than
other groups, the lack of knowledge of demolition
workers shows that they do not have sufficient access to
health education despite the direct risk of exposure. The
figure supports the necessity of making training modules
and awareness-raising programs on the use of protective
equipment mandatory for workers.
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Knowing of Long-Term Health Consequences of Asbestos Exposure During Demolition

B Answer "Yes"
[ Answer "No"

o-£

Do so P
Figure 7. Results on the awareness of long-term health
consequences of asbestos exposure during demolition among
DO, SO, and IP groups. The figure highlights differences in
understanding of prolonged asbestos-related health risks,
emphasizing variations across the groups.

Figure 7 shows how aware respondents are of the long-
term health effects of asbestos exposure during
demolition (e.g. mesothelioma and asbestosis). The
higher awareness levels among security guards than
other groups highlight the role their professional role
plays in raising awareness. However, the lack of
awareness among demolition workers and the public
suggests that the serious health consequences are poorly
understood. The figure strongly suggests that more
comprehensive education and information efforts are

needed on this issue.

Knowing of Safety Precautions and Risks of Asbestos Exposure in Building Demolitions

B Answer "Yes"
[ Answer "No"

Do so P
Figure 8. Survey results on the awareness of safety precautions
and risks associated with asbestos exposure during building
demolition among DO, SO, and IP groups. The figure illustrates
varying levels of knowledge regarding protective measures and
potential hazards across the groups.

Figure 8 shows whether the participants were informed
about asbestos risks and protective measures. The results
clearly show that all three groups have a serious lack of
knowledge on this issue. The fact that demolition workers
and individuals living in the area have hardly been
informed on this issue reveals the inadequacy of the
measures taken on site and the lack of risk
communication. The figure supports the necessity of
implementing regular and compulsory training programs.
The responses from participants in the survey, along with
the statistical analysis of the differences between groups,
are presented in Table 3. In constructing the table, only
the "yes" responses were highlighted, while all responses
were included in the statistical analyses to ensure a
comprehensive evaluation.

Table 3. Proportional evaluation of responses regarding asbestos exposure from the survey participants across the groups.

Percentage of those who answered

Survey questions “Yes” (%)

DO SO IP
Do you have information about the content of the dust generated during 37 57 1a%x 23 gh* cx
building demolition? ! ! !
Are you aware th.at dust from old, demolished buildings (older than 23 14,8 75,00%* 23,6+
years) may contain asbestos?
Do you have information about asbestos dust and its health hazards? 7,4 67,93%* 20,0 ¢**
Do .you think that exposu.re to asbestos during demolition could lead to 815 100,0°* 85 5ex
serious health problems in the future?
Have you been given any information about the risks and safety
precautions associated with exposure to asbestos during the demolition of 22,2 10,7 5,50*

damaged buildings?

Wilcoxon-Mann-Whitney U test was used for comparisons between groups. "a" shows comparisons between DO and SO, "b" between DO and IP, and
"c" between SO and IP groups. "" and "*" indicate p<0.05, p<0.001, respectively.
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Our data shows that awareness regarding the content of
the dust generated during demolition is severely lacking,
particularly in the DO group, where only 3,7% had any
knowledge of what they might be exposed to. This is
concerning, given that these individuals are the ones that
directly handle hazardous materials during demolition.

There are several possible reasons for this situation, and
further investigation of these reasons may contribute to
the effective design of future training and safety
protocols. First, it is thought that demolition workers may
have limited access to occupational safety training and
information activities related to asbestos. Studies show
that high-risk groups such as demolition workers are
often excluded from standard safety training and have
insufficient knowledge about such specific health risks
(Patel and Patel 2020). Often, these workers receive only
basic information about the hazards of asbestos and lack
specific training or educational materials that would
Since demolition

create more in-depth awareness.

workers often work under the influence of daily
workloads and time pressures, they may sometimes
neglect issues such as safety precautions and the use of
protective equipment. This situation may lead to
continued lack of awareness and, as a result, continued
exposure if training and safety protocols are not given
sufficient priority. Another possible reason is the socio-
economic factors that affect the awareness levels of the
DO group. Workers are mostly selected from low-income
groups and individuals in this group generally have less
access to health-related education and information
(Ceballos et al. 2021). Economic concerns may lead to
workers being less motivated to learn about hazards such
as asbestos and receive training on safety precautions.
The physical conditions that workers encounter in their
daily work environments may also affect their awareness
levels. Demolition areas are usually noisy, dirty and
dangerous work environments. DO group members
working in such environments often lack opportunities to
about

learn safety because daily workload and

environmental factors may disrupt training and
precautionary processes. In this context, in order to
increase the training and awareness levels of demolition
workers, it is necessary not only to provide information
but also to change the safety culture and make the work
environment safe. These findings indicate that the low
awareness level of demolition workers may be due not
only to lack of training but also to socio-economic and
environmental factors. It is recommended that training
modules aimed at increasing the health and safety
awareness of demolition workers be made mandatory,

made more accessible and applicable to workers, training

materials be simplified and practical application
opportunities be provided. In addition, workers should be
able to express their concerns about exposure and have a
communication channel

more open about safety

precautions.

In comparison, the SO group with 57.1% awareness
displayed a better understanding of the potential dangers
which is likely due to their environmental safety role.
However, even this number is far from ideal. A 23.6% of
the IP group comprising individuals present but not
directly involved in the demolition, had any awareness of
these risks. This low level of knowledge raises serious
concerns about the adequacy of safety orientations and
public communication efforts around demolition sites.

The study also found that the SO group was far more
aware of the specific risks posed by asbestos, with 75%
acknowledging that older buildings (constructed more
than 23 years ago) likely contain asbestos. In contrast,
only 14.8% of the DO group recognized this risk. This is
alarming because, while the SO group is tasked with
environmental oversight, the DO group is most directly
exposed to these materials. The IP group, similarly
underinformed at 23.6%, suggests that individuals who
are indirectly affected (such as nearby residents) are
being overlooked in terms of risk communication. These
findings suggest a systemic issue: those who are most at
risk are often the least informed, pointing to a clear need
for more comprehensive training and education efforts
targeted at demolition workers and the public. When we
look at the awareness of asbestos-related health hazards,
74% of the DO group had some understanding, slightly
higher than the 67.9% in the SO group, but again, only
20% in the IP group. While it is encouraging that the
majority of DO workers are aware of the potential health
risks, it raises the question of how deeply this knowledge
extends. Is this awareness translating into action, such as
the consistent use of protective equipment? Or is it a
passive acknowledgment of the dangers without
significant behavioral change? The fact that 20% of the IP
group had any awareness of these health risks is
particularly troubling, as they could unknowingly be
exposed during or after demolition activities. This
highlights a pressing need for broader community
outreach and information dissemination.

A particularly striking result is the widespread recognition
of asbestos exposure as a serious long-term health risk. In
the SO group, every participant believed that exposure
could lead to significant health problems, compared to
81.5% in the DO group and 85.5% in the IP group. While
this near unanimous concern

is promising, it also
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underscores the gravity of the situation. Even though
participants are aware of the risks, they are not being
adequately protected or informed. This disconnect
between knowledge and action reflects a systemic failure
to provide the necessary tools and guidance to mitigate
these risks.

One of the most alarming insights from this study is the
lack of formal safety information provided to participants.
Only 22.2% of the DO group, 10.7% of the SO group, and
a staggering 5.5% of the IP group reported receiving any
formal safety orientations on the risks of asbestos
exposure. It suggests that even though awareness exists
in some form it is not being backed up by institutional
support or preventive measures. For example, research
conducted in Japan after the 2011 Tohoku Earthquake
showed that post-disaster demolition activities can
increase the release of asbestos, which can lead to long-
term health problems. In particular, improper handling of
asbestos-containing materials during demolition posed
serious health risks to both workers and the surrounding
public (Kato 2015). Similarly, studies conducted in the
USA after Hurricane Katrina in 2005 highlighted that
inadequate controls to prevent the release of hazardous
substances such as asbestos during demolition and debris
removal led to an increase in long-term health problems
such as respiratory diseases and cancer (Fisher Wilson
2006). While such examples demonstrate the importance
of post-disaster asbestos exposure management on a
after the 2023
Kahramanmaras earthquake in Turkey provide a new

global level, findings obtained

perspective on local conditions and post-disaster

management approaches. Lack of awareness about
asbestos exposure in post-disaster demolition activities in
Turkey poses a major threat not only to demolition
workers but also to the surrounding public. This study
emphasizes the necessity of making post-disaster
awareness programs and training modules mandatory
and also reveals the importance of public campaigns for
public awareness. This is a strategy similarly suggested in
the international literature, a review study conducted
after the 2010 Haiti Earthquake demonstrated the
success of regular information campaigns to increase
public safety in disaster areas (Van Leeuwen and
Wiepking 2013).

This disconnect could stem from a lack of enforcement of
existing regulations or from insufficient allocation of
resources towards training and safety programs. The
absence of comprehensive safety information leaves DO
and IP alike vulnerable to immediate and long-term
health risks. Without clear guidance on the proper use of
protective equipment or protocols for handling asbestos

exposure, the likelihood of mismanagement in these high-
risk environments increases dramatically (Mavroulis et al.
2023). This is particularly concerning given the well
documented latency period of asbestos related diseases
(Jarvholm and Burdorf, 2024), where the damage may not
later. In such a scenario,

manifest until decades

unprotected exposure could have devastating
consequences. Furthermore, the data suggests that the
responsibility  for  ensuring safety is  being
disproportionately placed on the workers themselves,
rather than being institutionally driven. This approach not
only undermines the role of regulatory bodies but also
perpetuates a dangerous cycle of insufficient prevention
and delayed response. It becomes clear that without a
shift towards a more preventive safety culture, the

potential for future public health crises can remain high.

These findings lead us to several important conclusions.
First, education is not reaching the right people. Those in
the most immediate danger, such as the DO group, are
not receiving the necessary training and information to
protect themselves adequately. Second, the public
remains largely uninformed, which is a significant failure
of communication strategies, especially in densely
populated areas where the risk of secondary exposure is
high. Finally, there is a serious gap in the provision of
protective equipment. Even if knowledge is increasing,
without the right tools to act on that knowledge, the
health

unacceptably high.

risks posed by asbestos exposure remain

Considering these results, a more coordinated multi-level
approach is needed. This approach should include
mandatory training for all demolition workers on the risks
of asbestos, public awareness campaigns to inform
nearby residents and stricter enforcement of protective
measures on site. Additionally, institutions must take
responsibility for ensuring that protective gear is not only
available but enforced. The gap between awareness and
action is too large and the consequences too severe to
allow these issues to persist unaddressed.

4, Conclusions

Reducing the risks associated with asbestos exposure
during demolition activities requires a multi-faceted
approach tailored to the specific needs and risk levels of
different groups. Demolition workers, who face the
highest risk of direct exposure, must be equipped with
advanced protective gear such as full-face masks,
with
protective overalls, and gloves. Proper training is essential

respirators asbestos-grade filters, disposable
to ensure that this equipment is used correctly and

consistently. Furthermore, protocols for the safe disposal
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of used equipment and asbestos-containing materials
must be strictly followed to prevent secondary exposure.

Groups responsible for environmental safety, such as
security personnel, should be provided with medium-
level protective gear, including half-face masks and light
protective clothing designed for mobility and prolonged
use. These individuals must also receive regular training
to enhance their understanding of site safety and
asbestos management practices.

For the public and other groups indirectly affected by
demolition activities, lower level but effective protection
is crucial. Individuals living near demolition sites should
be encouraged to use simple dust masks to minimize
exposure. Demolition boundaries must be clearly marked
with visible security tape, unauthorized access must be
prohibited, and nearby residents should be regularly
informed about ongoing risks and safety measures.

By implementing protection measures tailored to each
group's risk level and needs, not only can immediate
health risks be mitigated, but the long-term burden of
asbestos-related diseases on society can also be reduced.
These actions, combined with public education and
robust safety protocols, represent an opportunity to build
a safer, more informed approach to post-disaster

demolition activities.

A comprehensive and inclusive strategy, rooted in

collaboration among government agencies, local

authorities, and public stakeholders, will ultimately lead
to more effective management of asbestos risks and
create a foundation for healthier communities in the
wake of future disasters.

Declaration of Ethical Standards
The authors declare that they comply with all ethical standards.

Credit Authorship Contribution Statement

Author 1: Research, Analysis, Writing — original draft, Figures, Data.

Author 2: Research, Analysis, Methodology / Study design, Writing —
review and editing, Supervision.

Declaration of Competing Interest
The authors have no conflicts of interest to declare regarding the
content of this article

Data Availability
All data generated or analyzed during this study are included in this
published article.

Acknowledgement

We gratefully acknowledge the Scientific and Technical
Research Council of Tiirkiye (TUBITAK) for financially
supporting this study with project 1919B012317689. Also
we would like to thank the Presidency of Environment,
Urbanization and Climate Change of the Republic of

Tiirkiye and the governorships of Sanhurfa, Adiyaman and
Kahramanmaras for their contributions and support to
our study.

5. References

Baur, X., Woitowitz, H. J., Budnik, L. T., Egilman, D., Oliver,
C., Frank, A, ... & Lemen, R. A. (2017). Asbestos,
asbestosis, and cancer: The Helsinki criteria for
diagnosis and attribution. Critical need for revision of
the 2014 update. American journal of industrial
medicine, 60(5).
https://doi.org/10.1002/ajim.22709

Berry, G., & Liddell, F. D. K. (2004). The interaction of
asbestos and smoking in lung cancer: a modified
measure of effect. Annals of occupational hDOiene,
48(5), 459-462.
https://doi.org/10.1093/annhyg/meh023

Bloise, A., Catalano, M., & Gualtieri, A. F. (2018). Effect of
grinding on chrysotile, amosite and crocidolite and
implications for thermal treatment. Minerals, 8(4),
135.
https://doi.org/10.3390/min8040135

Boffetta, P., Donato, F., Pira, E., Luu, H. N., & La Vecchia,
C. (2019). Risk of mesothelioma after cessation of
asbestos exposure: a systematic review and meta-
regression. International Archives of Occupational and
Environmental Health, 92, 949-957.
https://doi.org/10.1007/s00420-019-01433-4

Ceballos, D. M., Herrick, R. F., Dong, Z., Kalweit, A., Miller,
M., Quinn, J., & Spengler, J. D. (2021). Factors affecting
lead dust in construction workers’” homes in the
Greater Boston Area. Environmental research, 195,
110510.

Dirisu, J. 0., Oyedepo, S. O., Fayomi, O. S. I, Joseph, O. O.,
Akinlabi, E. T., Babalola, P. O., Udoye, N. E., Ajayi, O.
0., Aworinde, A. K., Banjo, S. 0., & Oluwasegun, K. M.
(2022). Thermal-emission assessment of building
ceilings  from  agro-industrial  wastes.  Fuel
Communications, 10(100042), 100042.
https://doi.org/10.1016/j.jfueco.2021.100042

Emmett, E. A. (2021). Asbestos in high-risk communities:
Public health implications. International Journal of
Environmental Research and Public Health, 18(4),
1579.
https://doi.org/10.3390/ijerph18041579

Fisher Wilson, J. (2006). Health and the environment after
Hurricane Katrina.

Furuya, S., Chimed-Ochir, 0., Takahashi, K., David, A., &
Takala, J. (2018). Global asbestos disaster.
International journal of environmental research and
public health, 15(5), 1000.
https://doi.org/10.3390/ijerph15051000

Gualtieri, A. F., Lassinantti Gualtieri, M., Scognamiglio, V.,
& Di Giuseppe, D. (2022). Human health hazards

573


https://doi.org/10.1002/ajim.22709
https://doi.org/10.1093/annhyg/meh023
https://doi.org/10.3390/min8040135
https://doi.org/10.1007/s00420-019-01433-4
https://doi.org/10.1016/j.jfueco.2021.100042
https://doi.org/10.3390/ijerph18041579
https://doi.org/10.3390/ijerph15051000

Statistical Evaluation of Asbestos Exposure Awareness That May Arise From Removal of ,...SUZERGOZ and RASTGELDI DOGAN.

associated with asbestos in building materials.
Ecological and health effects of building materials,
297-325.
https://doi.org/10.1007/978-3-030-76073-1_16

Harris, E. J., Musk, A., de Klerk, N., Reid, A., Franklin, P., &
Brims, F. J. (2019). Diagnosis of asbestos-related lung
diseases. Expert review of respiratory medicine, 13(3),
241-249.
https://doi.org/10.1080/17476348.2019.1568875

Jarvholm, B., & Burdorf, A. (2024). Asbestos and disease—
a public health success story?. Scandinavian Journal of
Work, Environment & Health, 50(2), 53.
https://doi.org/10.5271/sjweh.4146

Kato, M. (2015). The great earthquakes and asbestos. The
Annual Reports of the Tohoku Sociological Society, 44,
25-38.
https://doi.org/10.11271/tss.44.25

Kim, Y. C., Zhang, Y. L., Park, W. J,, Cha, G. W., & Hong, W.
H. (2020). Quantifying asbestos fibers in post-disaster
situations: Preventive strategies for damage control.
International Journal of Disaster Risk Reduction, 48,
101563.
https://doi.org/10.1016/].ijdrr.2020.101563

Klebe, S., Leigh, J., Henderson, D. W., & Nurminen, M.
(2020). Asbestos, smoking and lung cancer: an update.
International Journal of Environmental Research and
Public Health, 17(1), 258.
https://doi.org/10.3390/ijerph17010258

Kréwczynska, M., & Wilk, E. (2019). Environmental and
occupational exposure to asbestos as a result of
consumption and use in Poland. International Journal
of Environmental Research and Public Health, 16(14),
2611.
https://doi.org/10.3390/ijerph16142611

Magnani, C., Mensi, C., Binazzi, A., Marsili, D., Grosso, F.,
Ramos-Bonilla, J. P., ... & Marinaccio, A. (2023). The
Italian  experience in the development of
mesothelioma registries: a pathway for other
countries to address the negative legacy of asbestos.
International Journal of Environmental Research and
Public Health, 20(2), 936.
https://doi.org/10.3390/ijerph20020936

Mavroulis, S., Mavrouli, M., Lekkas, E., & Tsakris, A.
(2023). Managing Earthquake Debris: Environmental
Issues, Health Impacts, and Risk Reduction
Measures. Environments, 10(11), 192.

Miao, X., Yao, T., Dong, C., Chen, Z., Wei, W, Shi, Z., ... &
Yan, Y. (2024). Global, regional, and national burden
of non-communicable diseases attributable to
occupational asbestos exposure 1990-2019 and
prediction to 2035: worsening or improving?. BMC
Public Health, 24(1), 832.
https://doi.org/10.1186/s12889-024-18099-4

Ngamwong, Y., Tangamornsuksan, W., Lohitnavy, O.,
Chaiyakunapruk, N., Scholfield, C. N., Reisfeld, B., &
Lohitnavy, M. (2015). Additive synergism between
asbestos and smoking in lung cancer risk: a systematic
review and meta-analysis. PloS one, 10(8), e0135798.
https://doi.org/10.1371/journal.pone.0135798

Nielsen, L. S., Baelum, J., Rasmussen, J., Dahl, S., Olsen, K.
E., Albin, M., ... & Sherson, D. (2014). Occupational
asbestos exposure and lung cancer—a systematic
review of the literature. Archives of environmental &
occupational health, 69(4), 191-206.
https://doi.org/10.1080/19338244.2013.863752

Pawetczyk, A., & Bozek, F. (2015). Health risk associated
with airborne asbestos. Environmental Monitoring
and Assessment, 187, 1-11.

Patel, D. J., & Patel, D. A. (2020, March). Assessing the
potential health hazards of workers of demolition
sector. In Construction Research Congress 2020 (pp.
414-423). Reston, VA: American Society of Civil
Engineers.

Republic of Turkey Official Gazette. (2010, August 29).
Regulation on Health and Safety Measures in
Asbestos-Related Work. Retrieved from
https://www.resmigazete.gov.tr/eskiler/2010/08/20
100829-3.htm (Accessed December 4, 2024).

Sen, D. (2015). Working with asbestos and the possible
health risks. Occupational Medicine, 65(1), 6-14.
https://doi.org/10.1093/occmed/kqul75

Tetik, Y. O., Zimrit, i. B., Camurcu, A. G., Kale, 0. A., &
Baradan, S. (2024). Measurement and removal of
asbestos in residential dwellings to be demolished—
urban transformation experience in lzmir, Turkey.
Environmental Science and Pollution Research, 31(6),
9857-9866.

Valenzuela, M., Giraldo, M., Gallo-Murcia, S., Pineda, J.,
Santos, L., & Ramos-Bonilla, J. P. (2016). Recent
scientific evidence regarding asbestos use and health
consequences of asbestos exposure. Current
Environmental Health Reports, 3(4), 335-347.
https://doi.org/10.1007/s40572-016-0109-9

Van Leeuwen, M. H., & Wiepking, P. (2013). National
campaigns for charitable causes: A literature review.
Nonprofit and voluntary sector quarterly, 42(2), 219-
240.

Internet References

1- Government of Australia. (2020). Asbestos Code of
Practice: Model Code of Practice: How to Safely
Remove Asbestos. Safe Work Australia.

Accessed February 8, 2024, from
https://www.safeworkaustralia.gov.au/sites/default/
files/2020-07/model_code_of practice_how_
to_safely_remove_asbestos.pdf

574


https://doi.org/10.1007/978-3-030-76073-1_16
https://doi.org/10.1080/17476348.2019.1568875
https://doi.org/10.5271/sjweh.4146
https://doi.org/10.11271/tss.44.25
https://doi.org/10.1016/j.ijdrr.2020.101563
https://doi.org/10.3390/ijerph17010258
https://doi.org/10.3390/ijerph16142611
https://doi.org/10.3390/ijerph20020936
https://doi.org/10.1186/s12889-024-18099-4
https://doi.org/10.1371/journal.pone.0135798
https://doi.org/10.1080/19338244.2013.863752
https://doi.org/10.1093/occmed/kqu175
https://doi.org/10.1007/s40572-016-0109-9
https://www.safeworkaustralia.gov.au/sites/default/files/2020-07/model_code_of_practice_how_%20to_safely_
https://www.safeworkaustralia.gov.au/sites/default/files/2020-07/model_code_of_practice_how_%20to_safely_
https://www.safeworkaustralia.gov.au/sites/default/files/2020-07/model_code_of_practice_how_%20to_safely_
https://www.safeworkaustralia.gov.au/sites/default/files/2020-07/model_code_of_practice_how_to_safely_

Statistical Evaluation of Asbestos Exposure Awareness That May Arise From Removal of ,...SUZERGOZ and RASTGELDI DOGAN.

2- National Institute for Occupational Safety and Health.
(1992). NIOSH recommendations for occupational
safety and health: Compendium of policy documents
and statements (DHHS publication No. (NIOSH) 92-
100). Accessed December 5, 2024, Retrieved from
https://stacks.cdc.gov/view/cdc/6139

575


https://stacks.cdc.gov/view/cdc/6139

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi

Afyon Kocatepe University - Journal of Science and Engineering
https://dergipark.org.tr/tr/pub/akufemubid

e-ISSN: 2149-3367
AKU FEMUBID 25 (2025) 035403 (576-584)

Characterization of Cosmetics Industry Wastewater
and Treatment by Coagulation-Flocculation Process

Aragstirma Makalesi / Research Article

DOI: https://doi.org/10.35414/akufemubid.1513268
AKU J. Sci. Eng. 25 (2025) 035403 (576-584)

*Makale Bilgisi / Article Info
Alindi/Received: 09.07.2024
Kabul/Accepted: 17.01.2025
Yayimlandi/Published: 10.06.2025

Kozmetik Endiistrisi Atiksularinin Karakterizasyonu ve

Koagiilasyon-Flokiilasyon Prosesi ile Aritimi

Inci KARAKASY ", Soner KIZIL2

L Uskudar University, Vocational School of Health Services, Department of Environmental Health, istanbul, Tiirkiye.
2Uskudar University, Faculty of Engineering and Natural Sciences, istanbul, Tiirkiye.

© 2025 The Authors | Creative Commons Attribution-Noncommercial 4.0 (CC BY-NC) International License

Oz

Kozmetik Urunlerin lretiminde ¢ok cesitli hammaddelerin
kullanilmasi ve tretim asamasindaki siirecin degiskenligi atik su
karakterizasyonunu o6nemli olgide etkilemektedir. Kozmetik
enddustrisi atiksulari biyolojik olarak parcalanabilirligi disik
bilesenler icermekle birlikte; amonyak, yag ve gres, fosfor ve agir
metaller gibi cesitli kirleticileri de igcerebilmektedir. Kozmetik
endistrisinde bulunabilen agir metaller kansere, norolojik
hastaliklara, genetik mutasyonlara, sa¢ dokilmesine ve dogum
kusurlarina neden olmaktadir. Bu galismada, gergek kozmetik
endistrisi atiksuyundan alinan numunelerde pH, Kimyasal
Oksijen Ihtiyaci (KOIi), Toplam Azot (TN), Toplam Fosfor (TP),
Askida Kati Madde (SS), Bakir (Cu), Cinko (Zn), renk ve Ortofosfat
(PO4-P) analizleri yapilarak, kanalizasyon desarj kriterlerine
uygunlugu arastinlmistir. Kirleticilerin giderimi koagtilasyon-
flokiilasyon prosesi ile arastiriimis ve giderim verimleri KOi: %75;
Cu: %92; Zn: %94; Renk: %84; TN: %99; TP: %91; PO4-P: %92
olarak bulunmustur. Yiiksek KOIi giderimi elde etmek icin farkl
aritma proseslerinin arastiriimasi gerekmektedir. Cevre ve insan
saghginin  korunmasi igin gercek kozmetik endustrisi
atiksularinin karakterize edilerek agir metallerin belirlenmesi ve
giderimine yonelik calismalarin arttirilmasi dnemli olacaktir.

Anahtar Kelimeler: Kimyasal aritma; koagliilasyon-flokiilasyon prosesi;
kozmetik atiksulari; organik kirleticiler; agir metaller.

Abstract

The use of a wide variety of raw materials in the production of
cosmetic products and the variability of the process during the
production phase significantly affect wastewater
characterization. Cosmetic industry wastewater contains low
biodegradable components and may contain various pollutants
such as ammonia, oil and grease, phosphorus and heavy metals.
Heavy metals that can be found in the cosmetics industry cause
cancer, neurological diseases, genetic mutations, hair loss and
birth defects. In this study, pH, Chemical Oxygen Demand (COD),
Total Nitrogen (TN), Total Phosphorus (TP), Suspended Solids
(SS), Copper (Cu), Zinc (Zn), color and Orthophosphate (PO4-P)
analyses were carried out in samples taken from real cosmetic
industry wastewater and their compliance with sewage
discharge criteria was investigated. Pollutant removal was
investigated by coagulation-flocculation process and removal
efficiencies were found as COD: 75%; Cu: 92%; Zn: 94%; Color:
84%; TN: 99%; TP: 91%; PO4-P: 92%. In order to achieve high
COD removal, different treatment processes should be
investigated. In order to protect the environment and human
health, it will be important to increase the studies on the
determination and removal of heavy metals by characterising
the real cosmetics industry wastewater.

Keywords: Chemical treatment; coagulation- flocculation process;
cosmetic wastewaters; organic pollutants; heavy metals.

1. Introduction

The growth in population and industrialization, various
facilities have been established in different sectors to
meet human needs. With increasing and diversifying
industrialization, pollutant parameters are differentiated
and wastewater with different characteristics are
generated. Since access to potable and usable water is
becoming more and more difficult, it is inevitable to treat
the wastewater (Karakas et al. 2020; Kizil and Sonmez,
2022; Obotey Ezugbe and Rathilal, 2020). Cosmetic
industry have one of devleoping sectors, which lead to the

production of different types of products in industry. At

the same time, environmental concern have been raised
due to the
wastewater.(Can et al. 2024).

increasing production of cosmetic

In the cosmetics industry; various products such as
shampoo, conditioner, hair dye, sunscreens, moisturizers
are produced and wastewater is generated from the
production of cosmetic products (Bayhan and
Degermenci, 2017). Raw materials used in the production
of cosmetic products include water, detergents,
emulsifiers, dyes, organic solvents and essential oils (Lima
et al. 2022; Turkay and Kizil, 2024). The steps followed in

the production of cosmetic products include receiving,
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storing, weighing and sorting of raw materials,

production, physicochemical and microbiological
analysis, filling and packaging (Bom et al. 2019).

Cosmetic industry wastewater is generated as a result of
cleaning and sterilizing equipment, instruments and
floors and contains mostly organic matter, oil and grease,
sulfides, ammonia, surfactants, phosphates and
polyphosphates (Abidemi et al. 2018). Since cosmetic
industry wastewater contains high concentrations of
phosphates and polyphosphates, eutrophication can
occur in receiving environments where the wastewater is
discharged (Muisa et al. 2020). Substances such as
paraben and triclosan, which are used as preservatives in
cosmetic products, could be found in cosmetic industry
wastewater and pose an environmental risk. These
components can cause toxic effects on aquatic organisms
and have negative effects on the environment and human
health (Bilal et al. 2020). In addition, heavy metals are
used as colorants or preservatives in cosmetics products
and can damage the kidneys and nervous system
(Mohammed et al. 2023; Raza-Naqvi et al. 2022). For
instance, cosmetic

high concentrations of Cu in

wastewater are toxic and carcinogenic, causing

respiratory problems, liver and kidney failure and
gastrointestinal bleeding. Moreover, high concentrations
of Zn can cause various health problems such as fever,
stomach cramps, vomiting, anaemia and nausea, and can
damage the kidney, liver and immune system (Abed et al.

2023).

In order to remove contaminants in wastewater, different
processes have been applied for treatment of cosmetic
wastewater (Akbay et al. 2022). These processes include
coagulation (Michel et al. 2019), advanced oxidation
(Naumczyk et al. 2014), membrane filtration (Huisman,
2004), membrane bioreactor (Monsalvo et al. 2014;
Zhang et al. 2022), anaerobic bioreactor (Wilinski et al.
2017). Coagulation-flocculation is recognized as one of
the most fundamental methods for wastewater
treatment (Ahmad et al. 2024; Simate, 2015). The
coagulation-flocculation process is to improve water
quality by removing colloidal or suspended particles (Abu-
Dalo et al. 2022). It is stated as a highly efficient and
environmentally friendly process in terms of pollutant
removal. It is an attractive option for wastewater
treatment due to its easy operation and low cost (Fard et
al. 2016; Kurniawan et al. 2023; Zhao et al. 2021). In the
literature, Al2(SOa)3, polymerized aluminum chloride,
FeSO4 and FeCls were used as coagulants in the treatment
of cosmetic industry wastewater and Chemical Oxygen
Demand (COD)
(Naumczyk et al. 2014). It was reported that the removal

removal efficiency was found 75%

of anionic surfactant was not effective (24%) in the
coagulation process with Al2(SO4)3 and FeCls (Kaleta and
Elektorowicz, 2013). In the coagulation process using
FeCls, tonalide, galaxolide and celestolide removal in
cosmetics industry wastewater was 83.4%, 79.2% and
77.7%, respectively (Suarez et al. 2009).

Detailed characterization studies using real cosmetic
industry wastewater are insufficient in the literature. In
addition, there are also insufficient studies in which the
removal efficiencies of pollutant parameters are
comprehensively investigated in Tlrkiye. The aim of this
study was to supply characterization of cosmetic
wastewaters with different pollutant composition and
concentration, to extend the knowledge about these
wastewaters and to investigate the removal of pollutants

by coagulation-flocculation process.

In this study, the real wastewater was taken from the
cosmetics industry in the Gebze Organised Industrial Zone
(GOIZ) and the treatability of wastewater by coagulation-
flocculation process was investigated using iron Il
(FeClz), lime (Ca(OH)2) and
polyelectrolyte ((NH4)2S20s). Chemical Oxygen Demand
COD, pH, Total Nitrogen (TN), Total Phosphorus (TP),
Suspended Solids (SS), Copper (Cu), Zinc (Zn), color, and

chloride anionic

Orthophosphate (POs-P) parameters were monitored in
wastewater. The suitability of effluent concentrations
after coagulation-flocculation process in terms of sewage
criteria  was removal

discharge investigated and

efficiencies of pollutant compounds were determined.
2. Materials and Methods

2.1. Description of the Cosmetics Wastewater Treatment
Plant and Sample Collection

The cosmetics industry is located GOIZ in Tirkiye. The
facility produces cosmetic products such as face, eye and
nail care products and make-up materials. The facility is
located in a total area of 7840 m2. A total of 4m3/day of
wastewater is generated as a result of production.
Homogeneous mixing of industrial wastewater is ensured
in the equalization basin by aeration. The wastewater is
treated with cationic polyelectrolyte and then oil are
removed in the DAF unit. Acid cracking, coagulation and
flocculation processes are applied to the wastewater
respectively. In the first stage of the coagulation process,
Ca(OH): is added to the wastewater and in the second
stage, FeClzis added and rapid mixing is performed. After
the coagulation process, (NH4)2S:0s is added to the
wastewater and the flocculation process is completed by
observing a dense floc formation in the tank with slow
mixing. Flocs are kept in the chemical settling tank for 2-4
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hours. After chemical precipitation, the treated upper
phase is taken from the wastewater and discharged to the
sewage. Figure 1 shows the stages used in the cosmetics
industry.

2.2. Sample Collection

Samples were taken three times a week and a total of 2
liters of composite samples were created, half a liter
sample per hour. The obtained wastewater from the
different stages used in production and stored at 4 °C in
refrigerator before the analyses.

Raw material
Raw material

f

Mixing |

f
Adding
raw material
f

Remixing

f

Cooling

f

Filling

}

Product

’

Fig. 1. Formation stages of wastewater in the cosmetics
industry

2.3. Analysis Method

The COD, SS, Heavy metals (Cu and Zn), Color, TN, TP, POa-
P and pH parameters are monitored in the raw and
treated wastewater. The pH was measured using a pH
meter. COD (K-7375), Cu (LCK-329), Zn (LCK-360), TP (TR-
TP), TN (TR-TN) and PO4-P (TR-PQO4) were carried out with
Hach test kits. SS were determined according to Standard
Methods (1994) (American Public Health Association,
1995). Color was analyzed using Hach lange DR300
spectrophotometer.

2.4. Coagulation-Flocculation Jar Test Procedure

Coagulation-flocculation study was carried out under
laboratory conditions (24 °C) using a jar test device.
During the research, 200 mL wastewater volume was

Table 1. Properties of the chemicals used

used in the study. Each coagulation experiment was
started by adding coagulant to the reactor containing
wastewater, and then the appropriate initial pH was
adjusted using HCl and NaOH. In the coagulation step, the
reaction time was limited to 3 minutes and the process
was continued at a stirring speed of 120 rpm (El Gaayda
et al. 2023). The flocculation process was carried out at a
mixing speed of 30 rpm with a contact time of 10 minutes
(Kilic and Kumbasar, 2023). The precipitation step was
determined as 45 minutes and at the end of the process,
samples were taken from the upper phase and analyzed
for COD, SS, Cu and Zn, Color, TN, TP, POs-P. The
properties of the chemicals used are presented in Table 1
and Table 2. The values given in Table 3 were found using
Table 1 and Table 2. The concentrations of coagulant used
in the influent wastewater and the optimum pH values
were determined at three different sets by Jar test in
Table 3. Images of all jar tests applied to cosmetic industry
wastewater is given in Figure 2. The percentage removal
efficiency (E) was calculated according to the equation:

E(%)= (Co-C)/ Co*100 (1)

where: Co and C are, respectively, the initial and final
values, as determined in raw wastewater (influent) and
decanted supernatant after

liquid coagulation-

flocculation (effluent).

3. Results and Discussions

The parameters and concentrations monitored in
cosmetics industry wastewater vary according to the
process and the studies are summarized in Table 4.
Cosmetics industry effluent is aimed to ensure GOIZ
sewage discharge criteria. GOIZ sewage discharge limit
values of treated wastewater and the characterization of
real cosmetic industry wastewater is summarized in Table

5.

The standard for discharge to sewage between all jar tests
was achieved with chemical concentrations applied in set
3. In the cosmetic industry wastewater 5% Ca(OH)2, 40%
FeCls and 0.1% (NH4)2520s in coagulation-flocculation. In
the coagulation flocculation process, 1.250 mL FeCls,
0.170 g Ca(OH)2 and 0.011 g (NH4)2S:0s were applied in
Set 3, respectively in Table 3.

Coagulants and Chemicals

HCI NaOH FeCI3 (NH4)2$208 H2504 Ca(OH)z
Concentration 37% 45% 40% 0.1% 98% 5%
Density (g/cm3) 1.180 1.32 1.435 0.75 1.83 2.21
Mole (g/mole) 36.5 162 228 98.08 74.09
Molar concentration (mol/m3) 11.962 14.850 3.543 0.003 18.285 1.491
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Table 2. Consumption of coagulants according to set 3 for 200 mL sample

Coagulants Concentration Consumption (mL) Density(d) (g/cm3) Consumption (g)
FeCl3 %40 1.250 1.435 0.718
(NH4)25,0s %0.1 - 0.75 0.011
Ca(OH), %5 - 2.21 0.170
Table 3. Coagulants used in the study, effective volume, doses and pH values
Doses pH values
Set 1 Set 2 Set 3 Set 1 Set 2 Set 3
Effective volume in sets (100 mL) (100 mL) (200 mL) (100 mL) (100 mL) (200 mL)
T HCI (mL) 1.050 mL 1.050 mL - 1.97 1.97 -
oz NaOH (mL) 0.800 mL 0.800 mL - 11.02 11.02 -
E E FeCls (mL) 1.200 mL 1.200 mL 1.250 mL 8.47 8.47 4
§o g (NH4)25,05 (g) 0.053g 0.008 g 0.011g 8.47 8.47 8.61
S Ca(OH), (g) - - 0.170 g - - 8.61
Table 4. Raw wastewater characteristics from cosmetic industries
Parameters Reference
pH COD (mg/L) TN (mg/L) TP (mg/L) SS (mg/L)
1-12 1000-5000 - - 450-1440 (Araujo et al. 2008)
7.1 9700 - - - (Alves, 2009)
6-8 4000-15000 - - 80-160 (de Oliveira et al. 2009)
5.5 13570 107.37 - 2340 (Friha et al. 2014)
7.2 15339 - 1.4 - (Marchetti, 2014)
4.52 7940 - - 1900 (Bayhan and Degermenci, 2017)
11.4 7125 - - - (de Melo et al. 2018)
7.27 1140 - - 18 (Muszyriski et al. 2019)
- 1042 - - 22 (Reinehr et al. 2019)
- 5960 - 0.4 - (Aradjo et al. 2022)
11.8 9160 81 19.3 3000 Present Study Value

pH, COD, TN, TP, SS, Cu, Zn, Color, and PO4-P parameters
were monitored in real cosmetic industry influent
wastewater. In this study, the concentration of COD in the
influent wastewater was found 9160 mg/L in accordance
with the literature (de Oliveira et al. 2009). While Friha
have found TN as 107.37 mg/L in the study, it was found
as 81 mg/L in this study which close to the literature
(Araujo et al. 2008). Also, TP concentration was found
19.3 mg/L influent wastewater, while TP
concentrations in the literature were found very low at
1.4 mg/L (Marchetti, 2014) and 0.4 mg/L (Araujo et al.

o mm
{

in

- .

2008). SS concentration was determined as 3000 mg/L in
present study, which was higher than the values given in
the literature. In addition, the pH value is 11.8 in influent
wastewater in this study is similar to the literature (Araujo
et al. 2008; de Melo et al. 2018). When heavy metal and
POs-P concentrations are considered influent
wastewater; Cu, Zn and POs-P concentration were
determined as 6.07 mg/L, 3.5 mg/L and 6.25 mg/L,
respectively. The color was found to be 880 Pt-Co. Cu, Zn,
Color, and PO4-P parameters were not available in the
literature.

in

Fig. 2. Jar test images
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Table 5. Influent and Effluent concentrations, removal rate and discharge criteria

Influent Effluent Removal Rate (%) Discharge
Parameter . . .
concentrations concentrations criteria*
COD (mg/L) 9160 2260 75 4000
pH 11.8 8.8 - 6.5-10
SS (mg/L) 3000 <50 - 500
Cu (mg/L) 6.07 0.48 92 2
Zn (mg/L) 3.5 0.22 94 10
Color (Pt-Co) 880 144 84 -
TN (mg/L) 81 1 99 80
TP (mg/L) 19.3 1.8 91 2
PO4-P (mg/L) 6.25 0.5 92 -

* Discharge criteria: GOIZ discharge criteria (Water Pollution Control Regulation, Table 25)

In this study, three jar tests were performed. As can be
seen from Figure 2, the image with the best collapse in
the jar test results was the Set 3. The results obtained
from the first two jar tests did not provide optimum
settling and removal of color. In addition, the standard for
discharge to sewage could not be achieved in these
results. The influent wastewater concentration, jar test
results in Set 3 (effluent concentration) and removal
efficiencies are given in Table 5.

COD, Cu, Zn, Color, TN, TP and PO4-P concentration and
removal rate were monitored in present study. COD
removal was found 75% as seen in Table 5. COD removal
from dye industry wastewater was investigated using
FeCls and dragon fruit peel. COD removal was determined
between 38% and 46% using 5 mg/L FeClz and dragon fruit
peel at precipitation time of 40 min and pH 6.0 (Nguyen
et al. 2022). In the removal of dye from industrial
wastewater by coagulation-flocculation, 98% COD
removal was determined at pH 11.25-11.7 using 4.07-4.25
mL AICls (Harfaoui et al. 2023). In a different study, 67%
COD removal was determined in the treatment of olive
mill wastewater by coagulation-flocculation using 5 g/L
lime and 4 g/L alum (Fleyfel et al. 2024). The effect of pH
on COD removal was investigated and COD removal was
32% at pH 9.0 in the coagulation process using FeCls. The
lowest removal efficiency was observed 20% at pH 6.0
(Naumczyk et al. 2014). Similarly, using physicochemical
treatment processes COD removal rate was 36.5% at hair
care products wastewaters (de Melo et al. 2013) and
31.7% (Comin, 2017) in the literature.

It is reported that coagulation is very effective in COD
removal and up to 90% COD removal is achieved in the
literature. In a study wusing cosmetics industry
wastewater, COD removal efficiency was found in the
range of 13-21% as a result of the coagulation process.
The low removal efficiency was associated with the lack
of suspensions and colloids in the wastewater (Muszynski

et al. 2019). It was clearly seen that it was above the COD

removal efficiencies in the literature in this study. Since
the main purpose of this study was to supply the criteria
for discharge to sewage, the effluent wastewater
concentration of 2260 mg/L was suitable for the criteria.

Cu was found above the discharge criteria for sewage
while Zn was found below the discharge criteria in the
influent wastewater. Cu and Zn compounds removal
efficiencies were found 92% and 94%, respectively. Zn
removal was found to be 63% and copper removal was
found to be 77% as a result of coagulation-flocculation
treatment of textile industry wastewater using aluminium
sulphate (Bouaouine et al. 2017). In another study
investigating copper and zinc removal from palm oil
industry wastewater using moringa as a coagulant,
removal efficiencies were found to be 94% and 82%,
respectively (Jagaba et al. 2021). The results obtained for
Cu and Zn compounds in this study are in parallel with the
literature. In this study, Cu and Zn compounds in the
wastewater concentration the

effluent supplied

discharge limits.

In this study the color removal was found to be 84%. The
color in the effluent was determined as 144 Pt-Co. In the
coagulation process using aluminum sulfate, the color
removal efficiency was 93.63% (Araujo et al. 2008).
Removal of indigo blue dye from an industrial wastewater
using AIClz by coagulation-flocculation process was
investigated. Color removal was found to be 98.21% at pH
11.25, using coagulant dose of 4.07 mL and flocculant
dose of 0.94 mL (Harfaoui et al. 2023). In the coagulation
flocculation process using plant-based and chemical
coagulants, color removal was 59.42% and COD removal
was 54.63% with the addition of 0.79 mg/L plant-based
coagulant. In the same study, colour removal was 97.29%
and COD removal was 75.31% with the addition of 698.4
mg/L alum (Ahmad et al. 2024). In another study, the
combination of coagulation-flocculation using PACI and
hydrodynamic cavitation with Oz was evaluated for the
treatment of textile wastewater. The color removal was

580



Characterization of Cosmetics Industry Wastewater and Treatment by Coagulation-Flocculation Process, KARAKAS and KIZIL.

92.9% and COD removal was 84.1% (Marques et al. 2025).
In the treatment of textile wastewater, colour removal
was 59.6% and COD removal was 70.7% using PGa21Ca in
coagulation-flocculation process (Mohanraj et al. 2023). It
is seen that the color removal in this study is compatible
with the literature.

TN removal efficiency in cosmetic industry wastewater
was found to be 99% in this study, TN was almost
completely removed by supplying the discharge limit. In
Set 3 with the coagulation flocculation process carried out
with the chemicals applied, sewage discharge limit values
In this study, TP effluent
concentration was found 1.8 mg/L and removal efficiency
91%. landfill
coagulation-flocculation investigated.

were supplied for TP.

was Pretreatment of leachate by
Under
optimum conditions (polymeric iron sulfate: 12.18 g/L,
initial pH: 8.12 and polyacrylamide: 11.29 mg/L), COD

removal was 62.30 % and TP removal was 95.79 % (Zhang

was

et al. 2023). The PO4-P concentration in the effluent was
0.5 mg/L and the removal efficiency was found 92%. Also,
there is no limit value determined for PO4-P among GOIZ
sewage discharge standards. As seen in Table 5, all of the
pollutants detected in this study and included in the
Water the
discharge criteria.

Pollution Control Regulation supplied

4. Conclusions

The cosmetic industry wastewater, which varies greatly in
terms of pollutant type, was characterized and effluent
wastewater found to be in compliance with sewage
discharge standards by using coagulation-flocculation
process. In addition, the removal of COD, Cu, Zn, Color,
TN, TP and PO4-P was investigated. In this study, while
COD removal rate was found 75%; Cu and Zn removal
efficiency was 92% and 94% and Color, TN, TP and PO4-P
removal rate are 284%.

In this study, different treatment processes should be
Further
studies and detailed characterization of cosmetic industry

investigated for more effective COD removal.

wastewater are needed to better characterize the

environmental risks posed by cosmetic industry

wastewater and to determine appropriate treatment
Additionally, the
characterization industry wastewater,

processes. when investigating
of cosmetic
examining parameters such as sulfides, oil-grease and
conductivity may be important in determining
appropriate treatment processes. It is important to detail
production processes in the cosmetics industry to reduce

water consumption and treat wastewater with high

treatment performance. The diversity of raw materials to
be used and the differences in production processes lead
to the formation of wastewater that can vary widely. The

composition and concentration of pollutants in

wastewater from the cosmetics industry can vary

depending on changes in production and time. The
pollutant concentration of these wastewaters is usually
high and resistant to biological treatment and the
pollutant concentration is usually high. Determining
sustainable treatment technologies will be important in
terms of protecting water resources and removing
treatment-resistant pollutants can be achieved.

Declaration of Ethical Standards
The authors declare that they comply with all ethical standards.

Credit Authorship Contribution Statement

Author-1: Sources, Research, Experiment, Methodology, Writing-
original draft Visualisation, Writing- original draft.

Author-2: Research, Formal analysis, Verification, Visualisation, Writing-
original draft.

Declaration of Competing Interest
The authors have no conflicts of interest to declare regarding the
content of this article.

Data Availability Statement
All data generated or analyzed during this study are included in this
published article.

5. References

Abed, M.S., Moosa, A.A., Alzuhairi, M.A., 2023. Heavy
metals in cosmetics and tattoos: a review of historical
background, health impact, and regulatory limits.
Journal of Hazardous Materials Advances, 13, 100390-
100407.
https://doi.org/10.1016/j.hazadv.2023.100390

Abidemi, B.L., James, O.A., Oluwatosin, A.T., Akinropo, O.J.,
Oraeloka, U.D., Racheal, A.E.,, 2018. Treatment
technologies for wastewater from cosmetic industry—
A review. International Journal of Chemical and
Biomolecular Science 4, 69-80.

Abu-Dalo, M., Abdelnabi, J., Al-Rawashdeh, N.A., Albiss, B.,
Al Bawab, A., 2022. Coupling coagulation-flocculation
to volcanic tuff-magnetite nanoparticles adsorption
for olive mill wastewater treatment. Environmental
Nanotechnology, Monitoring & Management 17,
100626-100637.
https://doi.org/10.1016/j.enmm.2021.100626

Ahmad, A., Abdullah, S.R.S., Hasan, H.A., Othman, A.R.,
Kurniawan, S.B., 2024. Agquaculture wastewater
treatment using plant-based coagulants: Evaluating

removal efficiency through the coagulation-
flocculation process. Results in Chemistry, 7, 101390-
101398.

https://doi.org/10.1016/j.rechem.2024.101390

581


about:blank
about:blank
about:blank

Characterization of Cosmetics Industry Wastewater and Treatment by Coagulation-Flocculation Process, KARAKAS and KIZIL.

Akbay, H.E.G., Akarsu, C., Isik, Z., Belibagli, P., Dizge, N.,
2022. Investigation of degradation potential of
polyethylene microplastics in anaerobic digestion
process using cosmetics industry wastewater.
Biochemical Engineering Journal 187, 108619-108628.
https://doi.org/10.1016/].bej.2022.108619

Alves, S.S., 2010. Conservagao e relso de agua em industria
de cosméticos: estudo de caso da Natura Cosméticos.
Universidade de Sdo Paulo.

Araujo, D.., Rocha, S.M.S., Cammarota, M.C., Xavier,
A.M.F., Cardoso, V.L., 2008. Anaerobic treatment of
wastewater from the household and personal
products industry in a hybrid bioreactor. Brazilian
Journal of Chemical Engineering, 25, 443-451.
https://doi.org/10.1590/50104-66322008000300002

Araujo, N.S., Souza, N.F., de Lima-Faria, J.M., Paz, A.T.S,,
Scalize, P.S., de Sabdia-Morais, S.M.T., Junior, H.C.R,,
da Conceigdo, E.C., 2022. Treatment of cosmetic
industry wastewater by flotation with Moringa
oleifera Lam. and aluminum sulfate and toxicity
assessment of the treated wastewater. Environmental
Science and Pollution Research, 29, 1199-1209.
https://doi.org/10.1007/s11356-021-15722-4

Bayhan, Y.K.,, Degermenci, G.D., 2017. Kozmetik atik
sularindan  fenton prosesiyle organik madde
gideriminin  ve  kinetiginin  incelenmesi.  Gazi
Universitesi Miihendislik Mimarlik Fakiiltesi Dergisi, 32
(1), 181-188.
https://doi.org/10.17341/gazimmfd.300609

Bilal, M., Mehmood, S., Igbal, H.M., 2020. The beast of
beauty: environmental and health concerns of toxic
components in cosmetics. Cosmetics, 7(1), 13-30.
https://doi.org/10.3390/cosmetics7010013

Bom, S., Jorge, J., Ribeiro, H.M., Marto, J., 2019. A step
forward on sustainability in the cosmetics industry: A
review. Journal of cleaner production, 225, 270-290.
https://doi.org/10.1016/j.jclepro.2019.03.255

Bouaouine, O., Baudu, M., Khalil, F., Chtioui, H., Hicham, Z.,
2017. Comparative study between Moroccan
cactus and chemicals coagulants for textile effluent
treatment, Journal of Materials and Environmental
Science, 8, 2687—-2693.

Can, 0.T., Glindogdu, H., Keyikoglu, R., ELIBOL, P.S., Aygiin,
A., isleyen, M., 2024. Kozmetik sanayi atiksularinin
boron doped diamond, platin ve metaloksit elektrotlar
ile elektrooksidasyon prosesinde aritilmasi.
Pamukkale Universitesi Miihendislik Bilimleri Dergisi,
30, 81-86.
https://doi.org/10.5505/pajes.2023.85249

Comin, A.M., 2017. Proposta de tratamento complementar
ao efluente proveniente de uma industria de
cosméticos, Universidade Federal Do Rio Grande Do
Sul, Porto Alegre.

De Melo, E.D., Mounteer, A., Reis, E., Costa, E., Vilete, A.,
2018. Screening of physicochemical treatment
processes for reducing toxicity of hair care products
wastewaters. Journal of Environmental Management,
212, 349-356.
https://doi.org/10.1016/j.jenvman.2018.02.036

De Melo, E.D., Mounteer, A.H., de Souza Ledo, L.H., Bahia,
R.C.B., Campos, I.M.F., 2013. Toxicity identification
evaluation of cosmetics industry wastewater. Journal
of Hazardous Materials, 244, 329-334.
https://doi.org/10.1016/j.jhazmat.2012.11.051

De Oliveira, D.S., Prinholato, A.C.,, Ratusznei, S.M.,
Rodrigues, J.A.D., Zaiat, M., Foresti, E., 2009. AnSBBR
applied to the treatment of wastewater from a
personal care industry: effect of organic load and fill
time. Journal of Environmental Management, 90,
3070-3081.
https://doi.org/10.1016/j.jenvman.2009.04.019

El Gaayda, J., Rachid, Y., Titchou, F.E., Barra, ., Hsini, A., Yap,
P.-S., Oh, W.-D., Swanson, C., Hamdani, M., Akbour,
R.A., 2023. Optimizing removal of chromium (VI) ions
from water by coagulation process using central
composite design: Effectiveness of grape seed as a
green coagulant. Separation and Purification
Technology, 307, 122805-122819.
https://doi.org/10.1016/j.seppur.2022.122805

El Harfaoui, S., Zmirli, Z., Mohssine, A., Driouich, A., Sallek,
B., Digua, K., & Chaair, H., 2023. Model development
for the treatment of industrial wastewaters by the
coagulation—flocculation process: an easy tool for
linking experimental to theoretical data. Desalination
and Water Treatment, 291, 72-91.
https://doi.org/10.5004/dwt.2023.29457

Fard, A.K., Rhadfi, T., Mckay, G., Al-marri, M., Abdala, A.,
Hilal, N., Hussien, M.A., 2016. Enhancing oil removal
from water using ferric oxide nanoparticles doped
carbon nanotubes adsorbents. Chemical Engineering
Journal, 293, 90-101.
https://doi.org/10.1016/j.cej.2016.02.040

Fleyfel, M. L., Matta, J., Sayegh, F. N., El Najjar, H. N., 2024.
Olive mill wastewater treatment using
coagulation/flocculation and filtration processes,
Heliyon, 10, e40348.
https://doi.org/10.1016/j.heliyon.2024.e40348.

Friha, ., Karray, F., Feki, F., Jlaiel, L., Sayadi, S., 2014.
Treatment of cosmetic industry wastewater by
submerged membrane bioreactor with consideration
of microbial community dynamics. International
Biodeterioration & Biodegradation, 88, 125-133.
https://doi.org/10.1016/j.ibiod.2013.12.015

Huisman, I., 2004. Optimising UF for wastewater treatment
through membrane autopsy and failure analysis.
Filtration & Separation, 41, 26-27.
https://doi.org/10.1016/S0015-1882(04)00146-6

582


about:blank
about:blank
about:blank
about:blank
about:blank
https://doi.org/10.5505/pajes.2023.85249
https://doi.org/10.1016/j.jenvman.2018.02.036
https://doi.org/10.1016/j.jhazmat.2012.11.051
about:blank
https://doi.org/10.1016/j.seppur.2022.122805
https://doi.org/10.5004/dwt.2023.29457
https://doi.org/10.1016/j.cej.2016.02.040
https://doi.org/10.1016/j.heliyon.2024.e40348
https://doi.org/10.1016/j.ibiod.2013.12.015
https://doi.org/10.1016/S0015-1882(04)00146-6

Characterization of Cosmetics Industry Wastewater and Treatment by Coagulation-Flocculation Process, KARAKAS and KIZIL.

Jagaba, A.H., Kutty, S.R.M., Hayder, G., Baloo, L., Ghaleb,
A.AS., Lawal, I.M., Abubakar, S., Al-dhawi, B.N.S.,
Almahbashi, N.M.Y., Umaru, ., 2021. Degradation of
Cd, Cu, Fe, Mn, Pb and Zn by Moringa-oleifera, zeolite,
ferric-chloride, chitosan and alum in an industrial
effluent. Ain Shams Engineering Journal, 12, 57-64.
https://doi.org/10.1016/j.asej.2020.06.016

Kaleta, J., Elektorowicz, M., 2013. The removal of anionic
surfactants from water in coagulation process.
Environmental Technology, 34, 999-1005.
https://doi.org/10.1080/09593330.2012.733415

Karakas, I., Sam, S.B., Cetin, E., Dulekgurgen, E., Yilmaz, G.,
2020. Resource recovery from an aerobic granular
sludge process treating domestic wastewater. Journal
of Water Process Engineering, 34, 101148-101156.
https://doi.org/10.1016/j.jwpe.2020.101148

Kilig, M.Y., Kumbasar, P., 2023. Cinko-Nikel Alasim Kaplama
Atiksularinin  Kimyasal Aritabilirliginin  Arastiriimasi.
Uludag Universitesi Miihendislik Fakiiltesi Dergisi, 28,
307-316.
https://doi.org/10.17482/uumfd.1249112

Kizil, S., Sonmez, H.B., 2022. Organogels and hydrogels for
oil/water separation, in: Oil- Water Mixtures and
Emulsions, Volume 2: Advanced Materials for
Separation and Treatment. ACS Publications, pp. 25—
50.
https://doi.org/10.1021/bk-2022-1408

Kurniawan, S.B., Ahmad, A., Imron, M.F., Abdullah, S.R.S.,
Hasan, H.A., Othman, A.R., Kuncoro, E.P., 2023.
Performance of Chemical-Based vs Bio-Based
Coagulants in Treating Aquaculture Wastewater and
Cost-benefit Analysis. Polish Journal of Environmental
Studies, 32. 1177-1187.
https://doi.org/10.15244/pjoes/156419

Lima, J.P.P., Melo, E.D., Aguiar, A., 2022. Characteristics and
ways of treating cosmetic wastewater generated by
Brazilian industries: A review. Process Safety and
Environmental Protection, 168, 601-612.
https://doi.org/10.1016/j.psep.2022.10.031

Marchetti, T., 2014. Tratamento de efluente liquido da
industria de cosméticos com sulfato de aluminio e
biopolimero. Revista da Graduagdo 7.

Marques, G. D., Domingos, M. F. J., Nolasco, A. M., Campos,
V., 2025. Textile effluent treatment using coagulation-
flocculation and a hydrodynamic cavitation reactor
associated with ozonation. Chemical Engineering
Science, 304, 121094.
https://doi.org/10.1016/j.ces.2024.121094

Mohammed, F., Ahmed, M.A., Oraibi, H.M., 2023. Health
risk assessment of some heavy metals in lipsticks sold
in local markets in Iraq. Journal of the Turkish Chemical
Society Section A: Chemistry, 10, 147-160.
https://doi.org/10.18596/jotcsa.1154686

Mohanraj, R., Gnanamangai, B.M., Pommurugan, P., 2023.
Kinetic modeling and process optimization of textile

effluent  treatment  with  bacterial gamma
polyglutamic acid. Journal of Environmental Biology,
44, 175-184.

https://doi.org/10.22438/jeb/44/2/MRN-4068.

Monsalvo, V.M., Lopez, J., Mohedano, A.F., Rodriguez, J.J.,
2014. Treatment of cosmetic wastewater by a full-
scale membrane bioreactor (MBR). Environmental
Science and Pollution Research, 21, 12662—-12670.
https://doi.org/10.1007/s11356-014-3208-x

Muisa, N., Nhapi, I., Ruziwa, W., Manyuchi, M.M., 2020.
Utilization of alum sludge as adsorbent for
phosphorus removal in municipal wastewater: A
review. Journal of Water Process Engineering 35,
101187.
https://doi.org/10.1016/j.jwpe.2020.101187

Muszynski, A., Marcinowski, P., Maksymiec, J., Beskowska,
K., Kalwarczyk, E., Bogacki, J., 2019. Cosmetic
wastewater treatment with combined light/Fe0/H202
process coupled with activated sludge. Journal of
Hazardous Materials, 378, 120732-120740.
https://doi.org/10.1016/j.jhazmat.2019.06.009

Naumczyk, J., Bogacki, J., Marcinowski, P., Kowalik, P., 2014.
Cosmetic wastewater treatment by coagulation and
advanced oxidation processes. Environmental
Technology, 35, 541-548.
https://doi.org/10.1080/09593330.2013.808245

Nguyen, H. H., Tran, L. N., Luu, L. M., Nguyen, Q. T., Van
Pham, Q., Van Ngo, A, & Le, O. T. H., 2022.
Coagulation and flocculation of dye wastewater by
FeCl3 and mucilage extracted from dragon fruit peel
(Hylocereus undatus) in regard of side effects caused
by the use of PACI and PAM. Desalination and Water
Treatment, 250, 181-188.
https://doi.org/10.5004/dwt.2022.28152

Obotey Ezugbe, E., Rathilal, S., 2020. Membrane
technologies in wastewater treatment: a review.
Membranes, 10, 89.
https://doi.org/10.3390/membranes10050089

Raza-Naqvi, S.A., Idrees, F., Sherazi, T.A., Anjum-Shahzad,
S., Ul-Hassan, S., Ashraf, N., 2022. Toxicology of heavy
metals used in cosmetics. Journal of the Chilean
Chemical Society, 67, 5615-5622.
http://dx.doi.org/10.4067/50717-97072022000305615

Reinehr, R.C.R., Giordanni, P.R., Alves, A. de A., Klen, M.R.F.,
Tones, A.M., 2019. Application of the statistical
experimental design to optimize the
electrocoagulation technology in the treatment of
cosmetic industry wastewater. Desalination and
Water Treatment, 138, 27-35.
https://doi.org/10.5004/dwt.2019.23282

Simate, G.S., 2015. The treatment of brewery wastewater
for reuse by integration of coagulation/flocculation
and sedimentation with carbon nanotubes

583


https://doi.org/10.1016/j.asej.2020.06.016
https://doi.org/10.1080/09593330.2012.733415
https://doi.org/10.1016/j.jwpe.2020.101148
https://doi.org/10.17482/uumfd.1249112
https://doi.org/10.1021/bk-2022-1408
https://doi.org/10.15244/pjoes/156419
https://doi.org/10.1016/j.psep.2022.10.031
https://doi.org/10.1016/j.ces.2024.121094
https://doi.org/10.18596/jotcsa.1154686
https://doi.org/10.22438/jeb/44/2/MRN-4068
https://doi.org/10.1007/s11356-014-3208-x
https://doi.org/10.1016/j.jwpe.2020.101187
https://doi.org/10.1016/j.jhazmat.2019.06.009
https://doi.org/10.1080/09593330.2013.808245
https://doi.org/10.5004/dwt.2022.28152
https://doi.org/10.3390/membranes10050089
http://dx.doi.org/10.4067/S0717-97072022000305615
https://doi.org/10.5004/dwt.2019.23282

Characterization of Cosmetics Industry Wastewater and Treatment by Coagulation-Flocculation Process, KARAKAS and KIZIL.

‘sandwiched’in a granular filter bed. Journal of
Industrial and Engineering Chemistry, 21, 1277-1285.
https://doi.org/10.1016/j.jiec.2014.06.001

Suarez, S., Lema, J.M., Omil, F., 2009. Pre-treatment of
hospital wastewater by coagulation—flocculation and
flotation. Bioresource technology, 100, 2138-2146.
https://doi.org/10.1016/j.biortech.2008.11.015

Turkay, S., Kizil, S., 2024. Forensic examination of lipsticks
as trace evidence under different environmental
conditions. Turkish Journal of Engineering, 8, 353—
369.
https://doi.org/10.31127/tuje.1363676

Wilinski, P.R., Marcinowski, P.P., Naumczyk, J., Bogacki, J.,
2017. Pretreatment of cosmetic wastewater by
dissolved ozone flotation (DOF). Desalination and
Water Treatment, 71, 95-106.
https://doi.org/10.5004/dwt.2017.20552

Zhang, L., Wang, L., Zhang, Y., Wang, D., Guo, J., Zhang, M.,
Li, Y. 2022. The performance of electrode
ultrafiltration membrane bioreactor in treating
cosmetics wastewater and its anti-fouling properties.
Environmental Research, 206, 112629.
https://doi.org/10.1016/j.envres.2021.112629

Zhao, C., Zhou, J., Yan, Y., Yang, L., Xing, G., Li, H., Wu, P.,
Wang, M., Zheng, H., 2021. Application of
coagulation/flocculation in oily  wastewater
treatment: A review. Science of The Total
Environment, 765, 142795-142812.
https://doi.org/10.1016/].scitotenv.2020.142795

Zhang, X., Han, H., Chai, H., Gao, P., Wu, W., Li, M., Gao, P.,
2023. Pre-treatment of landfill leachate via
coagulation-flocculation: Optimization of process
parameters using response surface methodology
(RSM). Journal of Water Process Engineering, 54,
103937.

Internet Reference

1-https://doi.org/10.1016/j.jwpe.2023.103937
http://www.saydamcevre.com.tr/mevzuatdosya/su-
kirliligi-kontrol-yonetmeligi.pdf

(14.01.2025)

584


https://doi.org/10.1016/j.jiec.2014.06.001
https://doi.org/10.1016/j.biortech.2008.11.015
https://doi.org/10.31127/tuje.1363676
https://doi.org/10.5004/dwt.2017.20552
https://doi.org/10.1016/j.envres.2021.112629
https://doi.org/10.1016/j.scitotenv.2020.142795
https://doi.org/10.1016/j.jwpe.2023.103937
http://www.saydamcevre.com.tr/mevzuatdosya/su-kirliligi-kontrol-yonetmeligi.pdf
http://www.saydamcevre.com.tr/mevzuatdosya/su-kirliligi-kontrol-yonetmeligi.pdf

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi

Afyon Kocatepe University - Journal of Science and Engineering
https://dergipark.org.tr/tr/pub/akufemubid

e-ISSN: 2149-3367
AKU FEMUBID 25 (2025) 035501 (585-603)

Havalimanlarinda Hava Kalite Parametrelerinin
incelenmesi:
istanbul ve Rize-Artvin Havalimani Ornegi

Sentinel-5P Uydu Verileri ile

Aragstirma Makalesi / Research Article

DOI: https://doi.org/10.35414/akufemubid.1545691
AKU J. Sci. Eng. 25 (2025) 035501 (585-603)

*Makale Bilgisi / Article Info
Alindi/Received: 09.09.2024
Kabul/Accepted: 26.12.2024
Yayimlandi/Published: 10.06.2025

Examination of Air Quality Parameters in Airports with
Sentinel-5P Satellite Data: A Case Study for Istanbul and

Rize-Artvin Airports

Nur YAGMUR AYDIN®

Gebze Teknik Universitesi, Miihendislik Fakiiltesi, Harita Miihendisligi B6liimii, Kocaeli, Tiirkiye

© 2025 The Author | Creative Commons Attribution-Noncommercial 4.0 (CC BY-NC) International License

Oz

Havalimanlari toplumun ulasim ihtiyacinin énemli bir kismini
karsilamaktadir.  Ancak, kentlesmenin artisi ile yeni
havalimanlarinin ingaati igin elverisli alanlar azalmis, sehre uzak
noktalarda rehabilite edilmis alanlara veya denize dolgu alanlara
insa edilmeye baslanmistir. Ancak dogal ekosistemin tahrip
edilmesiyle insa edilen bu yapilarin, gcevreye verebilecegi olasi
zararlarin izlenmesi gerekmektedir. Bu baglamda izlenmesi
gereken cevresel etkilerden biri, yeni insa edilen bu
havalimanlarinin etkiledigi hava kalitesidir. Uzaktan algilama
kaynaklari, yer istasyonlari gibi nokta bazli bir veri kaynagi
olmamakla birlikte belirli periyotlarda veri saglayarak mekansal
ve zamansal analizlere olanak saglamaktadir. Calisma
kapsaminda, ilkemizde en son faaliyete acilan istanbul
Havalimani ve Rize-Artvin Havalimani (zerinde hava kalite
parametrelerinde  meydana  gelen  degisimler  uydu
kaynaklarindan elde edilen aylik zaman serileri ile incelenmistir.
Sentinel-5P uydusu ile ultraviyole aerosol indeks (UV), karbon
monoksit (CO), azot dioksit (NO), ozon (Os3) ve kikirt dioksit
(SO2) hava kalite parametrelerinin 2018-Mayis 2024 periyodu
icin zaman serileri Google Earth Engine bulut platformu
kullanilarak elde edilmistir. Parametre bazinda incelenen zaman
serisi analizlerinde, UV, SO, NO, ve O3 parametrelerinde artan
bir egilim tespit edilirken, CO parametresinde stabil bir egilim
gorilmustar. Gergeklestirilen istatistiksel analizler
dogrultusunda ugak trafigi verileri ile CO ve NO, parametreleri
arasinda pozitif korelasyonlarin (havalimanlari 6zelinde sirasiyla
CO parametresi ile 0.48 ve 0.41, NO, parametresi ile 0.66 ve
0.73) yani sira istatistiksel olarak anlamh sonuglar elde
edilmistir.

Anahtar Kelimeler: Havalimani; Sentinel-5P; Hava kalitesi; Zaman serisi
analizi; Granger Nedensellik testi; Google Earth Engine.

Abstract

Airports meet a significant part of the transportation needs of
society. However, with the increase in urbanization, the areas
suitable for the construction of new airports have decreased,
and they have started to be built on rehabilitated areas or on
sea-filled areas. However, it is necessary to monitor the possible
damage of these structures, which are built by destroying the
natural ecosystem. In this context, one of the environmental
impacts to be monitored is air quality. Remote sensing enables
spatio-temporal analysis since they are not point-based data
sources and provide data at specific periods. In the study,
changes in air quality parameters at two new airports (Istanbul
Airport and Rize-Artvin Airport) were examined with time series
analysis. Time series of five air quality parameters (ultraviolet
aerosol index (UV), carbon monoxide (CO), nitrogen dioxide
(NO,), ozone (03) and sulfur dioxide (SO,)) for the period 2018-
May 2024 were obtained using the Google Earth Engine cloud
platform with the Sentinel-5P satellite. In the time series
analyzes examined on a parameter basis, an increasing trend
was detected in UV, SO,, NO,, and O3 parameters, while a stable
trend was observed in CO parameter. In line with the statistical
analyses performed, positive correlations between aircraft
traffic data and CO and NO; parameters (0.48 and 0.41 with CO
parameter, 0.66 and 0.73 with NO, parameter, respectively, for
airports), as well as statistically significant results were
obtained.

Keywords: Airport; Sentinel-5P; Air quality; Time series analysis;
Granger-Causality test; Google Earth Engine.

1. Giris

Nifus artisi, kentsel yapilasmada artisin yani sira ulagim
sistemlerinde de ihtiyacin artmasina neden olmaktadir.
Ulasim sistemlerinin bliyik ¢ogunlugunu karayollari
olustururken, ikinci sirada havayollari gelmektedir (CSIDB
2023). Havayollari, gerek yurt ici gerekse yurt disi ulasim
ve tasimacilik sektorlerinde aktif rol oynamaktadir. Bu

sebeple, yeni havalimanlarina gereksinim gilin gectikce
artmaktadir. Ginimuzde Tirkiye'de sivillerin kullandigl
59 havalimani mevcuttur ve son 20 yilda havalimani
sayisinda ciddi bir artis oldugu gortilmektedir. Ancak artan
sehirlesme ile elverisli alanlarin azalmasi ve havalimani
gibi bliytk olgekli altyapilarin insaatina uygun yer eksikligi
dolgu alanlar rehabilite edilerek

sebebiyle, veya
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kazandirlmis alanlar Gzerine havalimanlari insa edilmeye
baslanmistir (Liu vd. 2019). Her ne kadar havalimanlarinin
insasi toplumsal fayda agisindan 6nemli olsa da, rehabilite
alanlarina ya da deniz dolgusu lizerine inga edilmeleri
ciddi cevresel sonuglari da beraberinde getirecektir.

Havaciligin insan ve dogal kaynaklar Gzerindeki ¢evresel
etkileri ABD’de Ulastirma Arastirma Kurulu tarafindan
hazirlanan raporda; giiriiltl, hava kalitesi, su kalitesi ve
iklim degisikligi olarak listelenmektedir (TRC 2021). Bu
kapsamda, artan nifus ile beraber yolcu sayisinin artisi
havacilik sektorinin faaliyetlerini de arttirdigindan,
havalimanlarinin gevresel etkilerini takip etmek daha da
onemli bir hal almistir. Ugaklardan kaynaklanan
emisyonlarin hava kirliligi, insan saghgi, ozon tabakasi,
sera gazlarn ve iklim degisikligi Uzerinde gesitli olumsuz
etkileri mevcuttur (Elbir 2008, Lee vd. 2010). Ozellikle
hava kirliligi, hem toplum saghgini hem de iklim
takibi ve

belirlenmesi 6nem kazanmaktadir. Hava kirleticilerin

degisikligini  etkilediginden degisiminin
etkisini azaltmaya yonelik givenilir bir tahmin ve karar
alma modeli kurulabilmesi i¢in hava kalitesinin surekli ve

dogru bir sekilde izlenmesi gereklidir (Hou vd. 2019).

Ugak egzoz emisyonlari, havacilik yakiti olan kerosenin
yanmasindan kaynaklanmaktadir (Elbir 2008). Bir hava
tasitindan kaynaklanan bu emisyonlar temel olarak
karbondioksit (CO2), su buhari (H20), azot oksitler (NOx),
cesitli stlftr oksitler (SOx), karbon monoksit (CO), ¢esitli
metan disi hidrokarbonlar (NMHC), partikil madde (PM),
ucucu organik bilesikler ve diger bilesikleri icerir (Kesgin
2006). Cevre ve insan sagligl lUzerinde olumsuz etkileri
oldugu bilinen bu emisyonlarin miktarinin ve etkilerinin
belirlenmesi  6nemlidir.  Bu

sebeple, ucaklardan

kaynaklanan emisyonlarin insan  saghgi

etkisi ki
operasyonlarinin

cevre ve

Uzerindeki boélime ayrilabilir. ilki, ugak
inis ve kalkis asamalarinda (LTO
dongiisii) olusan ugaklardan kaynaklanan kirletici
emisyonlardan olusur ve havaciliktan kaynaklanan hava
kirliligi olarak gorilir (Kurniawan ve Khardi 2011).
Ornegin havaalanlarinin yakininda iretilen SO2 ve NO:
emisyonlari kirli havaya sebep olurken, CO toksiktir ve
bazi hidrokarbonlarin ve isin kanserojen oldugundan
(Kesgin 2006).

tirmanma, seyir operasyonlari (LTO dongisii olmayan)

siiphelenilmektedir ikinci bolim ise
dahil olmak {zere diger ugus asamalarinda olusan

emisyonlari olusturur ve bunlarin iklim degisikligi,
stratosferik ozon ve UV radyasyonu lzerindeki etkilerini
icerir (Kurniawan ve Khardi 2011). CO, NO2, O3 ve SO;
kirleticileri maruz kalindiginda insan saghgi icin tehlikeli
maddeler olarak siralanan hava kalite parametreleridir
(De Nevers 2010). Bu noktada emisyon takibi ve azaltimi

kritik bir konudur. Gelisen uzaktan algilama teknolojileri

ile bahsedilen hava kalitesi parametreleri genis mekansal
Olcekte izlenebilmektedir.

Atmosferik partikiillerin ve kimyasallarin atmosferdeki
mekansal dagilmi oldukga heterojendir (El-Khoury vd.
2021). Bu sebeple, istasyon bazli hava kalitesi ag1 sadece
noktasal bilgi saglayacagindan partikillerin atmosferdeki
dagihimini kapsamli bir sekilde sunamamaktadir (Pinder
vd. 2019). Uzaktan algilama, genis kapsama alani ile
atmosferik parametrelerin takibine olanak saglamaktadir.
Bodah vd. (2022), Sentinel-5P TROPOMI
kullanarak Brezilya’nin Passo Fundo kenti i¢in NO2 ve CO
2019 yih
incelemislerdir. Halder vd. (2023), bulut tabanli Google
Earth Engine (GEE) platformunu kullanarak 2018-2021

verilerini

parametrelerinin boyunca  degisimini

zaman araliginda MODIS ve Sentinel-5P uydu
kaynaklarindan elde ettikleri hava kalitesi
parametrelerinin  Ulkesel &lgekte yillik analizlerini

gerceklestirmislerdir. Sentinel-5P, zengin veri icerigi ve
lcretsiz erisim olanagiyla son yillarda farkl ¢alismalarda
oldukga sik kullanilmaya baslanmistir (Zheng vd. 2019,
Magro vd. 2021, Muniraj vd. 2023, Makineci vd. 2023) ve
diger hava kalitesi gozlem uydu sensorlerinden farkl
olarak TROPOMI, hava kalitesi uygulamalari igin gerekli
olan nispeten yiksek bir mekansal ¢ozinirlige sahiptir
(Abida vd. 2016). Ayrica birgok ¢alisma, Sentinel-5P uydu
verilerinin yerel alanlarda da kullanima uygun oldugunu
ortaya koymustur (Beirle vd. 2019, Virghileanu vd. 2020,
Gilek 2022).

Son yillarda, Cin (Jiang ve Lin 2010, Zhuo vd. 2020, Song
vd. 2022), Filipinler (Catane vd. 2024), Fransa (Cavalié vd.
2023) gibi bircok farkh tlkede havalimanlarinin kiy
alanlara insa edilmesi egilimi artmistir. Tirkiye’de de
dolgu veya islah edilen alanlara havalimani insa edilmeye
baslanmis ve ilk olarak deniz dolgusu lizerine insa edilen
Ordu-Giresun Havalimani 2015 yilinda faaliyetlerine
baslamistir. Islah edilen alan iizerine insa edilen istanbul
Havalimani ve deniz dolgusu Uzerine insa edilen Rize-
Artvin Havalimani da sirasiyla 2018 ve 2022 yillarinda
faaliyetlerine baslamistir. Havalimanlari neden oldugu
emisyonlar sebebi ile hava kirliligine sebep olurken, dogal
ekosistemi dogrudan etkileyen dolgu havalimanlarinda da
hava kirliliginin olusmasi kaginilmaz olacaktir (Durmaz vd.
2007).  Ancak,

havaciliktan  mi

atmosferde  oGlglilen  kirleticilerin

yoksa diger kaynaklardan mi

kaynaklandigini  izleme aglarindan  kesin  olarak

belirlemenin bilinen bir yolu olmadigindan, hava

kalitesindeki bozulmanin ne kadarinin havaciliktan

kaynaklandigini belirlemek zordur (TRC 2021). Bu sebeple,
bu calisma kapsaminda uzaktan algilama kaynaklarinin

dolgu  havalimanlarinda hava kalitesinin  takip

edilebilirligindeki efektifliginin arastiriimasi
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amaclanmistir. Literatlrde Tirkiye'de faaliyet gosteren
havalimanlarinin hava kalitesine etkilerini inceleyen

¢alismalar mevcuttur.

Bu c¢alismalar, yer istasyonlari kullanilarak (Birinci vd.
2023) veya LTO dongiisii emisyonlari belirlenerek (Ekici ve
Sohret 2021, Girgam vd. 2021, Zeydan ve Sekertekin
2022) gergeklestirilmis olup, Sentinel-5P uydu verileri
kullanilarak gergeklestirilen galismaya rastlanmamistir.
Uluslararasi literatiirde ise havalimanlarindaki emisyonlar
ve etkileri yersel 6lgme verileri  kullanilarak
degerlendirilmis olup (Schafer vd. 2003, Unal vd. 2005,
Popescu vd. 2011) uzaktan algilama verileri, 6zellikle
Sentinel-5P verileri, ile gerceklestirilen ¢alismalar sadece
havalimanlarindaki Covid-19 sirecini ele almaktadir
(Kanniah vd. 2021, Shikwambana ve Kganyago 2021).
Devlet Hava Meydanlari isletmesi (DHMI) Genel
Mudirligu de hazirladig 2024-2028 Stratejik Plani’nda
hava kalitesi yonetiminin yetersiz oldugu tespitinde
bulunmustur (DHMI 2024). Bu amagla, Sentinel-5P uydu
verileri istanbul

kullanilarak yeni faaliyete giren

Havalimani ve Rize-Artvin Havalimani’ndaki ugak
operasyonlarindan kaynaklanan emisyonlarin (CO, NO:
SO, UV ve 03) atmosferdeki yayimi ve meydana gelen
zamansal degisimler incelenmistir. Sentinel-5P uydu
verisinin havalimanlarinda hava kalitesinin izlenmesindeki
kalite

parametreleri Uzerindeki etkileri de Granger Nedensellik

roli degerlendirilerek, ucak trafiginin hava

testi ile istatistiksel olarak analiz edilmistir.

2. Materyal ve Metot
2.1 Calisma Alani

Calisma kapsaminda, tilkemizde en son kullanima agilan
iki havalimani; islah edilen alanlar lzerine insa edilen
istanbul Havalimani ve deniz dolgusu {izerine insa edilen
Rize-Artvin Havalimani galisma alani olarak segilmistir
(Sekil 1). Bu havalimanlarinin segilmesinin temel sebebi,
her iki havalimaninda da mevcut ekosistemin havalimani
ingaati icin degistiriimesidir. Istanbul Havalimani,
istanbul’'un kuzeybatisinda yer alan Tayakadin ile Akpinar
koyleri arasinda yer alan sulak alanlarin islah edilmesiyle
2015 yilinda insa edilmeye baslanmistir (Yagmur ve
Musaoglu 2022). 76,5 km? lizerine insa edilmesi
hedeflenen havalimani 29 Ekim 2018 tarihinde iki pisti ile
kullanima agilmistir. Haziran 2020’de de {guncl pisti
tamamlanarak kullanima agiimistir. Havalimani’nin insa
edildigi bolgenin 1970-1990 yillari arasinda sehrin kdmur
ihtiyacini  karsilamak amaciyla  kullanildigi  ancak
dogalgazin gelmesiyle beraber terkedildigi bilinmektedir
(Seker vd. 2008). Terkedilen agik maden ocaklarinin
yagmur ve yeralti sulan ile dolarak sulak alanlar
olusturmasi, boélgede zaman igerisinde bir ekosistem
(JMO 2014).
ocaklarindan ¢ikarilan kum yiginlari da agaglandirilarak
rehabilitasyon ¢alismalari yapilmistir (Turnacigil 2008).

Havalimani insaati, Yenikoy tarafinda yer alan bdlgenin

olusmasini  saglamistir Ayrica, maden

tahrip edilmesine ve sulak alanlarin  kurutularak

doldurulmasina sebebiyet vermistir.

[ fi sinin &
] Ulke S~ &+ <
Istanbul
Havalimani

Rize-Artvin
Havalimani

36°K

Sekil 1. Calisma kapsaminda incelenen havalimanlari: istanbul Havalimani ve Rize-Artvin Havalimani ve konumlari.

Havalimani kullanima acildigi tarihten beri artan yolcu
trafigiyle istanbul’un ulasim ihtiyacinin biyiik bir kismini
Sekil 2'de
tasinan yolcu sayilari yil bazinda verilmistir. Kullanim
hayatina 2018 yilinda yaklasik olarak 95 bin yolcu ile
baslayan havalimani, 2019 yilinda hizli bir ilerleme ile yilda

karsilamaktadir. istanbul Havalimani’nda

yaklasik olarak 50 milyon yolcunun ulasimina olanak
saglamistir. 2020 yilinda Tirkiye’de yasanan COVID-19
salgini sonrasi bu sayi yari yariya disse de, 2023 yillarina
dogru yine artis gostererek 76 milyona ulasmistir. 2018
yilinda yolcu sayisinin ve etkisinin az olmasi sebebiyle
Sekil 2’deki grafik gosteriminde dikkate alinmamistir.
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Rize’nin Pazar ilgesinde insa edilen Rize-Artvin Havalimani
ise, Ordu-Giresun Havalimani’'ndan sonra deniz dolgusu
Gzerine insa edilen ikinci havalimanidir. Mayis 2022'de
kullanima agilmistir. Kullanima agildiktan sonra 2022
yilinda tasinan yolcu sayisi 526.880 iken 2023 yilinda bu
sayl 1 milyona ulasmistir (DHMI 2024).

Her iki havalimani da zamanla artan yolcu sayisi ile hava
trafiginde etkin rol oynamaktadir. DHMI tarafindan aylk
tim ugak trafigi verileri kayit altina alinarak servis
edilmektedir. Servis edilen veriler ile hazirlanan
istatistikler (DHMI 2024) gorsellestirilerek Sekil 3’te
verilmigtir.

istanbul Havaliman Tiim Ugak Trafigi
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Sekil 3. a). istanbul Havalimani ve b) Rize-Artvin Havalimani’nda meydana gelen tiim ucak trafigi.
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2.2 Uydu Verileri ve Hava Kalite Parametreleri

Hava kalite parametrelerinin izlenebilmesi amaciyla,
misyonu hava kalitesi, ozon ve UV radyasyonu ile iklim

izleme ve tahmin igin kullanilacak yiiksek mekansal ve

zamansal ¢Ozunurlikte atmosferik Olgimler
gerceklestirmek olan Sentinel-5P TROPOMI
(TROPOspheric Monitoring Instrument) uydu verileri
calisma kapsaminda kullanimistir. Uydu, havayr ve

dolayisiyla insan sagligini ve iklimi etkileyen ¢ok sayida
gazin haritasini gikarmak igin son teknoloji Grind olan
TROPOMI sensorini tasimaktadir (ESA 2024). TROPOMI
sensori, atmosferik ozon (0s), metan, formaldehit,
ultraviyole aerosol indeks (UV), karbon monoksit (CO),
(NO2) wve kukiurt dioksit  (SO2)

konsantrasyonlarini kaydetmektedir. Géreve basladiginda

azot  dioksit

3.5 x 7 km mekansal ¢oziinirlikte veri kaydeden sensoér,
6 Agustos 2019'dan itibaren 3.5 x 5.5 km olarak veri
kaydetmektedir.

Hava kalite parametrelerinin olusumunda birgok faktor
rol oynamaktadir. CO, herhangi bir karbonlu malzemenin
eksik yakilmasindan kaynaklanan, kokusuz ve renksiz bir
gazdir (Muniraj vd. 2023). CO kirliligi 6ncelikle fosil yakitla
calisan motorlarin Urettigi emisyonlardan
kaynaklanmaktadir. Daha yiuksek CO seviyeleri genellikle
yogun trafik sikisikhginin oldugu bolgelerde ortaya

¢tkmaktadir (Asadifard ve Masoudi 2018).

insan saghigini en cok etkileyen azot oksit tiirii oldugu
belirtilen NO2 parametresi, bu 6zelligi sebebiyle en dnemli
hava kalite parametrelerinden biridir. Temel sebepleri
arasinda, trafik yogunlugu, 1sinma faaliyetleri ve sanayi
bolgeleri gdsterilmektedir (CSIDB-SIM 2024). Ortam
atmosferindeki NO2'nin ana kaynaklari kémir, petrol ve
gaz gibi fosil yakitlarin yakilmasidir. NO2 oldukca reaktif
bir kirleticidir ve 6zellikle fosil yakitlarin yanmasi sonucu
yayilir. Ulagim, NO2 emisyonlarinin ana kaynag olarak
degerlendirilmektedir (Muhammad vd. 2020). NO; gazlari
su buhariile reaksiyona girerek farkli tiirde asit yagmurlari
olusumuna sebebiyet verir (Muniraj vd. 2023).

SO parametresi ise, genellikle volkanlardan kaynaklanan
jeotermal faaliyetler tarafindan dogal olarak veya kémiir
ve petrolin yanmasi gibi insan faaliyetleri tarafindan
Uretilen yaygin bir atmosferik kirleticidir (Cullis ve
Hirschler 1980). Motorlu tasitlar yiiksek dizeyde CO ve
o6nemli derecede hidrokarbon (HC) ve nitrojen oksit (NOx)
kaynagi Uretirken, konut, ticari ve endistriyel I1sitma ve
sogutma gibi sistemlerde yakit kullanimi SO2’nin baskin
kaynagidir (Dursun vd. 2015).

Sentinel-5 TROPOMI verisinde bulunan UV aerosol indeks
parametresi, emici aerosol indeksleri ifade etmektedir.

Biyokitlenin yakilmasindan kaynaklanan duman, ¢6l tozu,
volkanik kiil ve antropojenik olarak Uretilen kurum gibi
emici aerosoller, radyasyonu emer ve iklim Gzerinde
sicaklik artisina neden olan bir etkiye sahiptir (Kooreman
vd. 2020).
aerosollere atfedilen emilimin varligini gosterir. Pozitif

UV emici aerosol indeksi, atmosferde
degerler toz ve duman gibi UV emici aerosollerin varligini
gosterir ve emici aerosol yikli bir atmosfer ile berrak bir
atmosfer arasindaki yansima kalintisinin pozitif degerleri
olarak tanimlanir. Negatif degerler ¢ogunlukla sagilan
aerosoller ve bulutlarla iliskilidir ve agik bir atmosfere
kiyasla daha fazla sagilan pargacik iceren bir atmosferin

gostergesidir (Penning de Vries vd. 2009).

Bir diger dnemli parametre olan Os parametresi de, sehir
havasinda yaygin olarak bulunan bir oksidan gazidir ve
ozona maruz kalmak oksidatif strese neden olarak hava
yolu inflamasyonuna ve solunum yolu hastaliklarinin
artmasina neden olabilmektedir (Adhikari ve Yin 2020).
Ozon, gilinesin ultraviyole radyasyonu altinda ugucu
organik bilesiklerin nitrojen oksitlerle (NOx) fotokimyasal
reaksiyonlari sonucu olusur (Fares vd. 2010). Cogu
bolgede NOx emisyonlarinin azalmasiyla birlikte Os de
azalirken; bununla birlikte, yliksek NOx emisyonlarinin
hakim oldugu trafig§in yogun oldugu bazi kentsel
bolgelerde, Oz baslangi¢ta azalan NOx emisyonlarina tepki
olarak artabilmekte, ancak kentsel dumanin kirsal
alanlara tasinmasindan sonra O3

azalmaktadir (Dentener vd. 2020).

parametresi de

kalite
degisiminin izlenmesi icin kullanilan bes parametre ve

Havalimanlarinda hava parametrelerinin
verinin zamansal aralig Cizelge 1'de verilmistir. Sentinel-
5P uydusu 13 Ekim 2017’de firlatilmasina ragmen veri
temininin baslangici parametrelere gore degiskenlik
gostermektedir. UV, CO ve NO2 uydu verileri Temmuz
2018 itibariyle saglanirken, Oz Eylil 2018’de ve SO: ise

Aralik 2018’de temin edilmeye baslanmistir.

Cizelge 1. Kullanilan hava kalitesi parametreleri ve zamansal veri
araligl.

Parametre Veri Araligi
uv Temmuz 2018 — Mayis 2024
co Temmuz 2018 — Mayis 2024
NO; Temmuz 2018 — Mayis 2024
O3 Eylil 2018 — Mayis 2024
SO, Aralik 2018 - Mayis 2024

Cizelge 1'de belirlenen bes parametrenin giinlik zaman
serileri Google Earth Engine (GEE) bulut platformu
kullanilarak elde edilmistir. GEE, uydu gorintilerinin
depolanmasinin yani sira cesitli mekansal analizlerin
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gerceklestirilmesine olanak saglayan acik kaynak kodlu bir
bulut platformudur. Kullanici dostu ara yizi ile Javascript
programlama dili  kullanilarak  analizlere olanak
(GEE 2024).

Seviye 2, GEE araciligiyla yaklasik olarak 1 km mekansal

saglamaktadir Sentinel-5P uydusundan
¢OzUnUrlige sahip grid sistemiyle daha yiksek mekansal
¢Ozunurlikte Seviye 3 olarak depolanmaktadir. Seviye 2
veriler, geometrik ve radyometrik dizeltmesi yapilmig
Seviye 1B verilerinin islenmesinden elde edilen jeofiziksel
buyukliiklerden olugmaktadir.

2.3 Metodoloji

Calisma kapsaminda, bulut tabanh GEE platformundan
faydalanilarak glnlik olarak elde edilen hava kalite
parametrelerinin zaman serileri Uretilmistir ve aylik
periyotlarda ortalama, maksimum ve minimum degerler
DHMI
tarafindan paylasilan aylik tim ugus trafigi istatistikleri
(DHMI 2024) ile beraber degerlendirilmistir. Zaman
serilerinin egilimlerinin degerlendirilmesinin yani sira,

ile incelenmistir. Elde edilen zaman serileri,

hem tim ucak trafiginin parametreler Gzerindeki etkisi
hem de parametrelerin birbiri Uzerindeki etkilerinin
belirlenmesi icin Granger Nedensellik testi zaman
serilerine uygulanmistir. Daha ¢ok ekonomi ve sosyal
bilimler (Takim 2010, Shojaie ve Fox 2022) alanlarinda
kullanilan test, Granger (1969) tarafindan Gnerilen
istatistiksel bir hipotez testidir. Bir degiskenin diger
degiskenin tahmininde etkili olup olmadigini anlamaya
yardimci olan gl¢lid bir istatistiksel ara¢ olarak
anilmaktadir. Ancak degiskenler arasinda kurulan bu
Granger modeli, gelecek tahmini degil nedensellik
iliskilerinin belirlenmesini hedeflemektedir (Gokge 2002).
Degiskenler arasindaki iliskilerin yénuni ve baydklagina
anlamak icin kullanilir. Diger bir deyisle, iki degiskenin
birbiri lGzerinde gecikmeli etkisinin olup olmadigi, X
degiskeni mi Y degiskeninin nedeni (X->Y), Y degiskeni mi
X degiskeninin nedeni (Y->X) ya da iki degisken arasinda
geri beslemeli bir iliski mi oldugu (hem X->Y, hem de Y->X)
bu test ile arastirilabilmektedir. Denklem 1’de verildigi
sekilde uygulanmaktadir. a, B, vy ve & katsayilar ifade
ederkenive j gecikme siirelerini gostermektedir. uit ve uat

ise regresyon artiklari olarak adlandiriimaktadir.

Ye = YiaaiYey + Xja BiXej + e

Xe =i viXemi + Z7=15jyt—j + Uy (1)

Denklem 1’e gore bos hipotez sinanir. Eger B katsayilari
sifirdan farklh bulunursa bos hipotez reddedilir ve X'in Y
lzerinde anlamli bir nedensel etkisi oldugu sonucuna
varilir. Benzer sekilde & katsayilari sifirdan farkl bulunursa
bos hipotez reddedilir ve Y'nin X {izerinde anlamh bir

nedensel etkisi oldugu sonucuna varilir. Bos hipotezin
sinanmasi icin yaygin olarak F testi uygulanmaktadir. F-
testi bir degiskenin digeri tGzerindeki etkisinin kapsamini
ifade etmektedir. Bu nedenle, daha yiiksek F degerleri ve
dolayisiyla elde edilen daha dusik p-degerleri, bir
etkisi
oldugunu gostermektedir. Ancak anlamhhk dizeylerinin

degiskenin digeri Uzerinde daha anlamh bir

belirlenmesi icin p degerlerinin yorumlanmasinda

uygulanan kriterler Cizelge 2’de verilmistir.

Cizelge 2. p degerlerinin yorumlanmasi (Rosner 2010, Kul 2014).

p degeri Yorumu
istatistiksel olarak anlamli farkhlik
p>0.10
saptanmamistir.
0.05<p<0.10 Anlamlilik egilimi (sinirda anlamlilik)
0.01<p<0.05 istatistiksel anlamlilik

0.001<p<0.01 Yiksek diizeyde istatistiksel anlamlilik
Cok yiiksek dlizeyde istatistiksel
p < 0.001

anlamhhk

3. Bulgular ve Tartisma

istanbul ve Rize-Artvin Havalimanlarinin hava Kkalite
parametrelerinin Cizelge 1’de verilen zaman araliklar
dikkate alinarak her parametre icin GEE platformu ile
serisi  grafikleri  Uretilmis ve
Grafikler

Havalimani’'nin ilk iki ve UGglncl pistlerinin ve Rize

snra5|yla Zaman

degerlendirilmistir. lizerinde  istanbul
Havalimani’nin kullanima agildigi tarihler kesikli kirmizi
cizgi ile gosterilmistir. Her parametre igin ayrica yillik
ortalama dagihm haritalari Uretilerek bdlgesel olarak

degerlendirilmistir.
3.1. Karbon Monoksit (CO)

ilk olarak CO parametresinin istanbul Havalimani ve Rize-

Artvin  Havalimani igin zaman serisi analizleri

gerceklestirilmistir.  istanbul  Havalimani  {izerinde
olusturulan aylk zaman serisi grafikleri incelendiginde
(Sekil 4a), zaman serisinin mevsimsel salinimlar seklinde
oldugu ve yaz-sonbahar mevsimlerinde azalirken kis-
ilkbahar mevsimlerinde arttig1 goriilmektedir. Ancak 2023
yitlinda, mevsimsel salinimin aksine yil boyu benzer bir
salinim gdstermistir. istanbul Havaliman’’nin kullanima
acildigi tarihten itibaren aylik toplam ugak trafigi sayilar
incelendiginde (Sekil 3), 2018 yilinda 350 ugak trafigi ile
baslayan hava tasimaciligi sertivenine 2023 yili sonunda
40 bin ucak trafigi ile devam etmistir. Ucgak trafigi ile CO
parametresi beraber degerlendirildiginde, 2023 vyilina
kadar salinimlarin ters yonde oldugu gorilmistir. Ancak
2023 yih 6zelinde bakildiginda zaman serilerinde bir

tutarlihk oldugu gorilmustir.
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Sekil 4. CO parametresinin GEE ile elde edilen aylik zaman serileri: a) istanbul Havalimani,
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Sekil 5. CO parametresinin a) istanbul Havalimani ve b) Rize-Artvin Havalimani iizerinde 2018-2023 zaman araliginda yillik ortalama

sonuglari.

Rize-Artvin Havalimani lizerinde alinan CO parametresinin
ayhk zaman serisinde (Sekil 4b) ise kullanima agildigi
tarihten itibaren 2022 yilinda bir azalma gorilse de 2023
yilinda artis gértlmastir. Her iki havalimaninda da 2022
yilinda azalma olmasi dikkat ¢ceken bir diger unsurdur.
Ancak genel trende bakildiginda her iki havalimaninda da
CO konsantrasyonunun stabil oldugu goériilmektedir. CO
parametresinin ilgili havalimanlarindaki yillik ortalama
gorselleri ise Sekil 5’te verilmistir. istanbul Havalimani’nin
kuzey kesimlerinde CO miktarinin fazla oldugu
gorilurken, gliney kesimlerinde azaldigi gorilmektedir.
2018-2021 yillarinda artis gorilirken 2022 yilinda dusis

oldugu goriulmektedir. 2023 yilinda ise tekrar artisa
gecmistir. Rize-Artvin Havalimani’'nda ise kuzeybati
yoninde CO miktarinin yiksek oldugu gilineydogu
kesimlerinde ise daha dusik oldugu gorilmektedir.
istanbul Havaliman’nda oldugu gibi Rize-Artvin
Havalimani’'nda da 2018-2021 yillarinda artis gorilirken,
2022 vyiinda azalarak 2023 yilinda tekrar arttigi
gorilmektedir.

3.2. Nitrojen Dioksit (NO>)
Aylik NO2 zaman serileri her iki havalimani igin de
Uretilerek Sekil 6’da verilmistir. Zaman serisi grafikleri
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incelendiginde, istanbul Havalimani’nda yaz aylarinda
(Haziran-Agustos) daha stabil ve nispeten az miktarda
seyrederken, kis aylarinda yogun oldugu gorilmektedir.
Ayrica son yillarda miktarinin arttigl da tespit edilen bir
diger durumdur. Dolayisiyla genel trendinin de arttigi
gorilmektedir. 2020 yili Nisan-Haziran zaman araliginda
NO: degerlerinin diger vyillara gore dusik olmasi,
Tirkiye’de 2020 yilinda goériilen COVID-19 salginina ve

havalimani kullanima agilmadan 6nceki sene olan 2021
yilindan itibaren NO: degerlerinin arttigi ancak 2023
yilinda yaz aylarinda azalarak stabil bir hareket gosterdigi
gorilmektedir. Genel trend ise nispeten azalarak
seyretmektedir. Ayrica ortalama zaman serileri daha
stabil ilerlerken, maksimum ve minimum degerlerde ani
sigramalar oldugu gorilmektedir. Parametrelerin ginliik

degisimlerinde meydana gelen degiskenlikler bu gazlarin

dolayisiyla getirilen ugus kisitlamalarina atmosfere siirekli emisyonundan sorumlu olan araglarin
baglanabilmektedir. Rize-Artvin Havalimani’’'nda ise aktivite yogunluguna baglidir (Hashim vd. 2021).
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Sekil 6. NO, parametresinin GEE ile elde edilen aylik zaman serileri: a) istanbul Havalimani, b) Rize-Artvin Havalimani.

istanbul Havalimani

2019

mol/m? I Il <10°
7.7 49

2018
mol/mz i Wl x10°
4.7 3.2

_—

Rize-Artvin Havalimani

2019

mol/mz [ Wl 10
2.1 1.8

2020
mot/m? [ I *10°
2.0 1.8

2018
mol/m2 [ *10°
22 1.8

L

15

=

2021 2022 2023 2021 2022 2023 N
molmz i Wl *10° motm? I x10° mol/m? [ l=<10°% || moym? i Il *10° molme [ =108 molim? [ -"10‘73\
77 a5 75 45 8.9 55 AJ| 19 17 18 16 20 19
a) b)

Sekil 7. NO, parametresinin a) istanbul Havalimani ve b) Rize-Artvin Havalimani Gizerinde 2018-2023 zaman araliginda yillik ortalama

sonuglari.
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Yilik ortalama NO2 haritalar olusturularak Sekil 7’de
verilmistir. Elde edilen sonuglar dogrultusunda, istanbul
Havalimani Gzerinde NO2 miktarinin arttigi, 2020 yilinda
ise zaman serileriyle iliskili olarak azaldigi gérilmektedir.
Sadece havalimani trafigi degil, havalimanina ulasim igin
istanbul Havaliman’nin giineyinde vyer

Otoyolu da NO2
degerlendirmesinde dikkate alinmasi gereken bir diger
Sekil
sonuglarinda havalimaninin  glineyinde yiiksek NO2

alan Kuzey
Marmara parametresinin

unsurdur. 7a’da verilen yilhk ortalama NO:
degerlerinde gorilen yogunluk da bu durumu kanitlar
niteliktedir. Sekil 7b’de verilen Rize-Artvin Havalimani’na
ait yillik ortalama NO2 dagiliminda ise 2018, 2019 ve 2021
yillarinda havalimaninin batisinda NO2 degerlerinin
yuksek oldugu gorilmektedir. Havalimaninin kullanima
acildig1 2022 yilinda en diisiik degerlere rastlanirken, 2023

[2019

yilinda havalimani genelinde NO: degerlerinde artis
oldugu gorilmektedir.

COViD-19 salgininin etkileri Sekil 6’da verilen zaman
serilerinde goriilse de salgin sirasinda getirilen ugus
kisitlamalari  sonrasi NO: parametresinin bdlgedeki
dagihminin nasil etkilendiginin gorilebilmesi amaciyla,
2019, 2020 ve 2021 yillari Nisan ayina ait NO2 haritalari
hazirlanarak Sekil 8’de verilmistir. Nisan ayi, Turkiye’de
COViD-19 salgini nedeniyle sokaga cikma yasaginin
uygulandigl ve dolayisiyla ugak seferlerinin kisitlanmaya
baslandigi aydir. Sekil 8'de verilen sonuglar incelendiginde
2019'da yliksek olan NO: 2020'de

faaliyetlerinin azalmasiyla bolge genelinde dismustdr.

degeri, insan

2021 Nisan ayinda da eski faaliyetlerini slrdirmeye

devam etmistir.

A 2021
NO2
(mol/m?)

RS

8.03 276

5
C—IKm

Sekil 8. 2019, 2020 ve 2021 yillari Nisan ayinin istanbul Havalimani 6zelinde NO; haritasi.

3.3. Siilfiir Dioksit (SO2)

GEE Uzerinden elde edilen aylik ortalama SO: zaman
serileri incelendiginde (Sekil 9), Kasim-Ocak zaman
araliginda veri olmadigi gérilmistir. Bunun nedeni derin
bulut tabakasi

konsantrasyonlari olabilmektedir (Mendez-Espinosa vd.

veya oOrneklenen kirleticilerin disik

2020). istanbul Havalimani {izerinde SO, zaman serisi
trendinin artan bir trend sergiledigi gérulirken, 2023 yili
Subat ayinda ortalama degerin en yiksek degere ulastigi
gorilmustir. Genel olarak mevsimsel bir hareketin hakim
oldugu soylenebilmektedir. Kis aylarinda SO> degeri
yuksek olurken yaz aylarinda nispeten daha az oldugu
gorialmektedir. Rize-Artvin Havalimani’'nda ise kullanima

acildigl tarihten sonra dusik degerlerde seyretse de

benzer mevsimsel hareket burada da gorilmektedir.
Genel egilime bakildiginda ise azalan bir trend gosterdigi
goriilmektedir. Maksimum ve minimum degerler ise Sekil
10’da verilmistir. Istanbul Havaliman’nda maksimum
deger 2022 vyilinda gorilirken, 2024 vyilina dogru
azalmaya baslamistir. Subat-Haziran zaman araliginda
degerler ylksek seyrederken, yaz ve sonbahar aylarinda
daha dislk seyretmektedir. Rize-Artvin Havalimani’nda
ise 2021 yili Nisan ayinda en yliksek degere ulasiimistir.
Havalimani agildiktan sonra ise 2023 vyilinda yuksek
degerler goriilmistir. istanbul havalimani ile benzer bir
mevsimsel egilim oldugu gorulmistir. Her iki havalimani
verilerinde de minimum degerlerin negatif degerler
oldugu goriilmektedir. Verilerdeki girilti nedeniyle,
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degerlerin filtrelenmemesi onerilmektedir (Theys vd.

2023).

ozellikle temiz veya diisik SO2 emisyonlarina sahip

bolgeler igin negatif degerler siklikla gozlemlenmektedir.

< -0,001 mol/m?), bu

Ug degerler haricinde (6rn.
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Sekil 9. SO, parametresinin GEE ile elde edilen aylik ortalama zaman serileri: a) istanbul Havalimani, b) Rize-Artvin Havalimani.
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Sekil 10. SO, parametresinin GEE ile elde edilen aylik maksimum ve minimum zaman serileri: a) istanbul Havalimani, b) Rize-Artvin

Havalimani.
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istanbul Havalimani

2019
mol/m? il *10°

9.2 34.0 6.4

56.0 34.8 7.8

m <

i |

Rize-Artvin Havalimani

2020
mol/m? [ Wl x10°

P
e "R

2018
mol/m? [l <10*
61.1 25.1

2019
mol/m? I Wl x10°

231 10.0 25.0

58

o e—

2021 2022 = 2023 2021 2022 2023 .
molm? " il x10°% molim? i Wl *10% mol/m? [l x10°N | [movm2 [ 1l x10°% molm? [l x10% mol/m? [ llx10° A
306 8.0 32.0 3.0 284 95 A 17.8 59 326 8.3 25.7 10.8
a) b)

Sekil 11. SO, parametresinin a) istanbul Havalimani ve b) Rize-Artvin Havalimani tizerinde 2018-2023 zaman araliginda yillik ortalama

sonuglari.
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Sekil 12. UV Aerosol parametresinin GEE ile elde edilen aylik zaman serileri: a) istanbul Havalimani,

Sekil 11'de vyillik ortalama SO2 haritalar

verilmistir. istanbul Havaliman’nda 2018 vyilinda en

dagihmi

yuksek degerler goralirken, 2023 yilina dogru bir azalma
ise 2018
yilinda maksimum degerlere rastlanirken, 2021 yilinda en

gorilmektedir. Rize-Artvin Havalimani’'nda

disitk degerleri gosterdigi gorilmektedir. Kullanima
acildig 2022 yilindan sonra havalimani tizerinde yogunluk
ancak 2023 vyilinda
degerlerde diisus gorulmektedir.

olustugu gorulmektedir yine

i

g

FFFFF N NN N NN NN MM MMM S s
SN NN NN NSNS NSNS S
= 3 n = 3 = 3
ZrIfWU gz Uzgzs@Uzgs=

1

i

1

il

T

!
1
1
+
1
1
1
I
1
1
1
I
1
1
1
1
1
1

FFFFF N o NN NN MO MmO O OO0 3
o NN NN NN NN N NN NN NN AN
] ST @ 0 ST @ 9 » ST @ a9
zfpa23z82823282823¢2
b) Rize-Artvin Havalimani.

3.4. UV Aerosol Indeks

Sekil 12a'da UV aerosol indeks parametresinin istanbul
Havalimani i¢in olusturulan zaman serisi grafigi
incelendiginde, siurekli negatif degerlerde seyreden UV
parametresi, Temmuz 2021 itibariyle pozitif degerlerde
de seyretmeye baslamistir. Ayni zamanda degerlerde
keskin bir artis oldugu gorulmektedir. Bu sebeple artan bir
trendin oldugu soylenebilmektedir. Rize Havalimani’nda
ise Haziran 2020’ye dogru azalma egilimi olurken,

sonrasinda UV degerinde artis gortlmustur (Sekil 12b).
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Dolayisiyla zaman serisi trendi de artis egilimi
gostermektedir. Her iki havalimaninda da Temmuz

2021’de artis olmasi dikkat cekmektedir.

Havalimanlarinda UV parametresinin yillik ortalama
gorselleri 2018-2023 zaman araligi i¢in GEE Uzerinden her
iki havalimani icin de hazirlanarak $Sekil 13’te verilmistir.
istanbul Havalimani'nda yillik degisimler incelendiginde,
altiyilda da havalimani tizerinde degerlerin yiiksek oldugu
gorilmektedir. Ancak yilik ortalama degerlerin negatif
olmasi da sacilan aerosollerin varligini ifade etmektedir.

=
-

istanbul Havalimani

)

2018-2020 vyillari arasinda UV degerleri diserken, 2021-
2023 zaman araliginda artis géstermistir. Benzer durumun
Rize-Artvin Uzerinde de gergeklestigi
gorilmektedir. Kullanima agildig1 2022 yilinda Rize-Artvin
Havalimani (zerinde UV degerlerinin ylksek oldugu
gorilmektedir. Ancak 2023 yilinda bu durum devamliligini
sirdirmemistir.  Rize-Artvin

Havalimani

istanbul
Havalimani kadar biyik alan kaplamiyor olmasi ve yolcu
trafiginin de az olmasi, UV degerlerinin daha distk
olmasina neden olarak gosterilebilmektedir.

Havalimani’nin

Rize-Artvin Havalimani

-

2018 2019 -2020- 2018 2019 -2020-
B . E |
-0.51 -1.02 -0.85 -1.27 -1.00 -1.44 -0.79 -0.95 -1.15 -1.21 -1.32 -1.39
!:
2021 2022 2023 N 2021
FE .
-0.73 -1.10 -0.05 -0.37 -0.09 -0.41 -0.98 -1.06

a)

Sekil 13. UV Aerosol parametresinin a) istanbul Havalimani ve b) Rize-Artvin Havalimani iizerinde 2018-2023 zaman araliginda yillik

ortalama sonuglari.
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Sekil 14. O3 parametresinin GEE ile elde edilen aylik zaman serileri: a) istanbul Havalimani, b) Rize-Artvin Havalimani.
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3.5. Ozon (03)

Sekil 14a’da istanbul Havalimani iizerinde Os
parametresinin aylik zamansal degisimi gosterilmistir.
Mevsimsel bir trend gdsteren parametre kis ve ilkbahar
mevsimlerinde artis goOsterirken, yaz ve sonbahar
mevsimlerinde azalmaktadir. NO2 parametresi ile uyumlu
bir trend gosteriyor gibi gorlinse de, NO2 parametresi
artis
gostermeye basladig goriilmektedir. Bu durum, Dentener
vd. (2020)
niteliktedir.

Artvin Havalimani’'nin O3 ve NO; zaman serilerinde de

azalmaya basladiginda Os  parametresinin
tarafindan belirtilen durumu destekler

Benzer durum, Sekil 14b’de verilen Rize-

gorialmustar. Her iki havalimaninda da aylk O3 zaman
serileri incelendiginde, artan bir egilimin varhigi dikkat
cekerken, maksimum ve ortalama degerlerin 2024 yih
Mart ayinda en ylksek degerlere ulastig gorilmektedir.

Her iki havalimanina ait yillik ortalama Oz haritalari Sekil
15’te verilmistir. 2018 vyilinda en disik degerlerin
2019 yilinda
Uzerinde Os degerlerinde artis oldugu
2020 yihnda disus gorilse de 2021

tekrar

gorildigl  Istanbul  Havalimani’'nda
havalimani
gorilmektedir.
itibariyle artmaya  baslamistir.  Genellikle
havalimaninin kuzey kesimlerinde Os yiksek bulunurken,

gilineyde nispeten daha diisiik degerlerle seyretmektedir.

istanbul Havalimani

istanbul Havaliman’’na benzer sekilde, Rize-Artvin
Havalimani’'nda da 2018 yili O3z dagihminin en dusik
oldugu yil olmustur. Ancak, Rize-Artvin Havalimaninin
kullanima acgildig 2022 yilinda en yiiksek O3 dagiliminin
olmasi dikkat ¢eken 6nemli bir detaydir. Havalimaninin
kuzey kesimlerinde Oz degerleri ylksek olurken, gliney
kesimlerinde nispeten daha diisik oldugu gérilmektedir.

Her iki havalimaninda benzer durumun goérilmesi,

havalimanlarinin denizde veya deniz kiyisinda insa
edilmelerinin etkisinin olmasi ihtimalini
kuvvetlendirmistir. Cunkd deniz-kara meltemi

sirkilasyonu, kiyr kentlerinde atmosferik kirleticilerin
tasinmasinda énemli bir rol oynamaktadir (Mao ve Talbot
2004, Wagner vd. 2012). Wang vd. (2018) tarafindan
disuk deniz rlzgari hizinin, kirleticilerin kara Gzerinde
Her iki
havalimaninin da hirgin yapisiyla bilinen Karadeniz'e

birikmesine elverisli oldugu tespit edilmistir.

kiyisinin olmasi sebebiyle, denize yakin kisimlarda O3
parametrelerinin ylksek ¢ikmasinin deniz-kara meltemi
ve rizgar hizi ile iligkili olabilecegi duslinilmektedir.
Ozellikle,
degerleri en yiiksek degerleri gosterirken, kiyi kesimlerde

istanbul Havalimani’nda deniz alanlarinda Os

ve dolayisiyla havaalani bolgelerinde de degerlerin yiksek
oldugu ve denizden uzaklastik¢a azalmasi da bu durumu
destekler niteliktedir.

Rize-Artvin Havalimani

2018 2019 2020
Ml mol/m? Wlmol/m? Ml mol/m?
0134  0.133 0143 0142 0. 141 0.140
2022 023 2022 2023
A o W o o || | o N i’
0149 0148 0.149 0.148 0.147 0.146 0.144 0143 0146 0.145 0.144 0.143

a)

b)

Sekil 15. O3 parametresinin a) istanbul Havalimani ve b) Rize-Artvin Havalimani tizerinde 2018-2023 zaman araliginda yillik ortalama

sonuglari.
3.6. Genel Degerlendirme

Ugak emisyonlarindan kaynaklanan bes hava kalite
parametresinin aylik zaman serisi analizi Sentinel-5P uydu
verileri ile istanbul Havalimani ve Rize-Artvin Havalimani
ozelinde gerceklestirilmistir. Bircok c¢alisma Sentinel-5P
uydu verilerinin yersel hava kalite verileri ile yiksek
korelasyon gosterdigini ve atmosferik parametrelerin
konsantrasyonlarini iyi yansittigini ifade etmistir (Zheng
vd. 2019, Sharifi ve Felegari 2022). Ancak ¢alisma alaninin
kapsaminin dar oldugu bolgelerde Sentinel-5P gibi

atmosferik uydularla calismak zorlasmaktadir. istanbul
Havalimani kapsama alani ile genis bir alana yayilsa da
Rize-Artvin Havalimani olduk¢a kigik bir bolgede
kalmaktadir ve uydu verileri ile elde edilen zaman

serilerinin yorumlanmasi tek basina yeterli olmamaktadir.

Her iki havalimaninda da yersel hava kalite istasyonlari

bulunmadigindan ve en yakin istasyonlarin

havalimanlarindan olduk¢a uzakta olmasi, elde edilen

zaman serilerinin yersel veriler ile dogrulanmasini

mimkin kilmamaktadir. Bu sebeple, hava kalitesinin ugus
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trafigi ile olan iliskisinin gozlemlenmesinde, aylik zaman
serileri Uretilmis ve bunlara bagl olarak her iki degisken
arasindaki korelasyon degerleri hesaplanmis ve Cizelge
3’'te verilmistir.  YII bazinda da gergeklestirilen
CO, NO2, O3 ve SO2

harig

sonucunda,
2020 yih

gosterirken, UV parametresi 2019 yih disinda pozitif
gostermistir.  Ozellikle NO2 ve SO2
2020 vyilinda
korelasyon gostermesi (sirasiyla 0.66 ve 0.60), COVID-19

degerlendirme
parametreleri negatif korelasyon
korelasyon

parametrelerinin pozitif ve ylksek
salginiile iliskilendirilebilmektedir. Birgok ¢calisma COVID-
19 salgini sonrasinda insan faaliyetlerinin azalmasi ile
hava kalite parametrelerinde iyilesme oldugunu ortaya
koymustur (Ghasempour vd. 2021, Muniraj vd. 2023).
2020 yiinda da COVID-19 salgini
faaliyetlerinin azalmasi ile baskin kirletici etkenlerin
kalite

parametrelerine etkilerini NO2 ve SOz parametrelerinde

sebebiyle insan

azalmasi, havayolu faaliyetlerinin  hava
gorilen pozitif korelasyon ile ortaya koymaktadir. UV
parametresi ise 2021 yilinda aylik ugak trafigi ile oldukgca
yuksek bir korelasyon (0.91) gostermistir ve dort yillik

periyotta da yuksek korelasyon (0.61) géstermektedir.

Rize-Artvin Havalimani’'nda ise hava kalite parametreleri,
aylik ugak trafigi verisi ile genel olarak negatif korelasyon
gbsterse de NO: parametresi 2022 yilinda 0.73, CO
parametresi ise yaklasik olarak iki yillik periyotta 0.41
korelasyon gdstermistir. UV parametresinin korelasyonu
ise 2022 yilinda negatif iken 2023 vyilinda pozitif
olmaktadir.

Gizelge 3. istanbul Havalimani ve Rize-Artvin Havalimani
Ozelinde aylik ugak trafigi ve hava kalite parametreleri arasindaki
korelasyon degerleri.

il arametre. 5 NO, 0 UV SO
istanbul Havalimani

2019 -0.80 -0.45 -0.52 -0.73 -0.69

2020 -0.05 0.66 0.16 0.09 0.60

2021 -0.26 -0.39 -0.75 0.91 -0.21

2022 -0.77 -0.53 -0.72 0.37 -0.19

2023 0.48 -0.69 -0.51 0.43 -0.61

2019-2023 -0.44 0.03 -0.17 0.61 -0.17

Rize-Artvin Havalimani

2022 -0.22 0.73 -0.89 -0.45 -0.56

2023 0.01 -0.27 -0.72 0.26 -0.77

2022-2023 0.41 0.07 -0.42 -0.29 -0.32
Ugak trafigi verilerinin hava kalite parametreleri
Uzerindeki etkilerinin  arastirilmasi  icin  Granger

Nedensellik testi uygulanmistir. Granger Nedensellik testi
uygulanmadan 6nce zaman serilerine Artirilmis Dickey
Fuller (ADF) testi uygulanmistir ve zaman serilerinin

duraganligi belirlenmistir. Duragan olmayan zaman

serilerine fark alma islemi uygulanarak Granger

Nedensellik testine tabi tutulmuslardir. Cizelge 4'te

istanbul Havalimani 6zelinde gerceklestirilen test
sonuglari (F testi sonucu ve p degeri) verilmistir. p
degerleri Cizelge 2’de verilen kategorizasyona gore
verilmistir. Cizelge 4’te verilen lag ifadesi ise gecikme
slresini ifade etmektedir. Gecikme siireleri 1 ve 2 olarak

uygulanmistir.

Gizelge 4. istanbul Havalimani &zelinde parametreler arasinda
gergeklestirilen Granger Nedensellik testi sonucu.

Veri Parametre (FI:gesI)' ::I;tgeszt;
CcO 0.1059 0.7460 2.4184" 0.0977"
Tim  NO: 0.1921 0.6626 0.9140 0.4064
Ugak O3 0.9668 0.3292 2.7007" 0.0753"
Trafigi UV 0.8223 0.3680 0.6023 0.5509
SO2 0.0924 0.7625 0.2530 0.7776
NO2 2.6555 0.1083 0.4036 0.6697
co O3 2.8960:‘ 0.0938:‘ 3.5022:: 0.0365:
uv 5.4120 0.0233 4.7313 0.0125
SO, 0.9250 0.3411 1.2391 0.2996
co 11.0939"" 0.0015™" 6.8069™"  0.0022"*"
NO O3 2.4286 0.1242 1.7471 0.1832
2 uv 0.5165 0.4751 0.2503 0.7794
SO, 2.5552 0.1166 1.4846 0.2377
co 0.4146" 0.5220" 2.7951" 0.0692"
0s NO2 5.9024™ 0.0180™ 6.8438™"  0.0021""
uv 0.0106 0.9183 0.1270 0.8810
SO, 3.2658" 0.0771" 3.9709™ 0.0260™
co 0.9662 0.3295 0.2094 0.8117
™ NO2 0.5076 0.4789 0.4154 0.6620
O3 0.4852 0.4887 1.9154 0.1565
SO, 3.4049" 0.0713" 2.3165 0.1105
co 0.1616 0.6896 0.6101 0.5478
NO: 0.4258 0.5172 0.7373 0.4842
S0 O3 1.7052 0.1980 0.3779 0.6875
uv 0.0006 0.9813 0.1921 0.8259

ok

Cizelge 2’de verilen araliklar dikkate alinarak: *; 0.05<p<0.10, *;

0.01<p<0.05, ***; 0.0015p<0.01.

Cizelge 4’te elde edilen sonuglar dogrultusunda, tim ugak
trafiginin CO ve Os parametreleri Uzerindeki etkisinin 1
aylik gecikme siiresinde istatistiksel olarak anlamli
olmadigl ancak 2 aylik gecikme siresinde istatistiksel
olarak anlamlilik egiliminde oldugu belirlenmistir. NO2, UV
ve SO2 parametreleri Uzerinde ise istatistiksel olarak
anlamh bulunamamustir. Ugus trafiginin SO2 parametresi
Gzerinde anlamli bir etkisinin tespit edilememesi, SO2
daha ¢ok
faaliyetlerinden kaynaklanmasi ile
iliskilendirilebilmektedir (Ghasempour vd. 2021). Bu

faaliyetlerin yogun oldugu doénemler olan kis aylarinda

parametresinin Isitma ve sogutma

yogunlugunun yiiksek, yaz aylarinda ise diisiik olmasi da
bu durumla agiklanabilmektedir.

istanbul Havalimani’nda parametrelerin birbiri izerindeki
etkisi incelendiginde, NO2 parametresinin sadece CO
parametresi lzerinde etkisi oldugu ve etkisinin ylksek
diizeyde istatistiksel olarak anlamh oldugu belirlenmistir.
CO ve O3 parametreleri arasinda geri beslemeli bir iliski
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oldugu ve birbiri tGzerindeki etkisinin ¢ok ylksek diizeyde
edilmistir. UV
parametresinin sadece SO2 parametresi Uzerinde etkisi
oldugu, SO
etkilemedigi

istatistiksel anlamli oldugu tespit

parametresinin ise hicbir parametreyi

belirlenmistir. CO parametresinin UV
Uzerinde istatistiksel olarak anlamh bir etkisi oldugu
ancak, geri beslemeli bir iliski olmadigi belirlenmistir. O3
parametresinin ise NO2 ve SO2 parametreleri Uzerinde de
istatistiksel olarak anlamli bir etkisinin oldugu tespit

edilmistir.

Benzer siireg Rize-Artvin Havalimani icin de uygulanmistir
ve Cizelge 5'te test sonuglari (F testi sonucu ve p degeri)

verilmistir.
Cizelge 5. Rize-Artvin Havalimani 06zelinde parametreler
arasinda gerceklestirilen Granger Nedensellik testi sonucu.
Veri Parametre (Flat:s:)l p ::I:geszt; p
co 0.5417 0.5915 1.0493 0.3179
Tim NO: 0.6419 0.4320 2.7195" 0.0929"
Ugak O3 0.0304 0.8632 1.0172 0.3815
Trafigi UV 0.4553 0.5072 0.1002 0.9051
SO, 1.5764 0.2285 1.2968 0.3091
NO: 2.2093 0.1528 0.9549 0.4046
co O3 0.0019* 0.9656* 0.4528 0.6433
uv 3.7538 0.0669 0.7293 0.4967
SO, 0.0586 0.8122 1.2608 0.3214
co 0.6204 0.4401 0.6034 0.5582
NO, O3 0.6831* 0.4183‘ 0.6664 0.5265
uv 3.7470 0.0665 1.7841 0.1964
SO, 0.8910 0.3612 0.1965 0.8244
co 0.8336 0.3721 0.8471 0.4460
0s NO2 4.5347™ 0.0458™ 3.3919" 0.0576"
uv 0.5943 0.4498 0.8873 0.4300
SO, 5.9556" 0.0286" 2.9396" 0.0949"
co 2.3779 0.1387 0.4108 0.6695
UV NO: 3.2382" 0.0863" 0.4465 0.6468
O3 0.1500 0.7027 0.9221 0.4167
SO, 1.2033 0.2912 0.5401 0.5974
co 0.2658 0.6142 2.1699 0.1606
50, NO: 2.4796 0.1376 1.1182 0.3614
O3 1.6224 0.2235 2.6221 0.1172
uv 0.0061 0.9389 0.3187 0.7336

*x

Gizelge 2'de verilen araliklar dikkate alinarak: *; 0.05<p<0.10, *%;
0.01<p<0.05.

Cizelge 5 incelendiginde, Rize-Artvin Havalimani’nda tiim

ucak trafigi ile parametreler arasindaki iliski
incelendiginde, ugak trafiginin sadece NO: parametresi
Gzerinde istatistiksel olarak anlamlilik egiliminde bir etkisi
oldugu tespit edilmistir. Cizelge 3’te verilen korelasyon
sonuglarinda da yine NO2 parametresi ile korelasyonunun

olmasi bu durumu destekler niteliktedir.

Parametrelerin birbiri Gizerindeki etkisi incelendiginde, CO

parametresinin UV parametresi Uzerindeki etkisi,
istatistiksel olarak anlamlilik egilimi gostermistir. NO2 ve
UV parametrelerinin ise birbiri Gzerinde geri beslemeli bir

iliskisi oldugu gorulmektedir. SO2 parametresinin diger

parametreler Uzerinde bir etkisi olmadig gorilirken,
istanbul Havalimani’nda oldugu gibi Os parametresinin
NO: ve SO parametreleri Uzerinde istatistiksel olarak
anlamli bir etkisi oldugu gorulmektedir. Genel olarak
Havaliman’'nda elde edilen

sonuglarin  istanbul

sonuglardan farkli olmasinin sebebi, havalimaninin
hizmete Mayis 2022’de baslamis olmasi ve ugak trafiginin

daha az olmasi gosterilebilmektedir.

Sentinel-5P verisi hava kalite parametrelerinin takibinde
onemli bir cagin baslangici olmustur. Sadece nokta bazl
yersel analizlerle degil, hava kalite parametrelerinin
mekansal dagiliminin belirlenmesi igin de 6nemli bir veri
kaynagi sunmaktadir. Ozellikle kentsel alanlardaki kirletici
aktivitelerin belirlenmesi (Ayoobi vd. 2022, Morillas vd.
2024b) ve insan faaliyetlerinin azaldiginda etkilerinin
izlenebilmesi (6rn. COVID-19 pandemi sireci) (Mathew
vd. 2024, Morillas vd. 2024a) acgisindan degerli bir
gelismedir. Elde edilen tim bulgular 1siginda Sentinel-5P
uydu verileri degerlendirildiginde, ozellikle NO2 ve CO
parametreleri tzerinde ugus faaliyetlerinin etkisi oldugu
ile kentsel

belirlenmistir. Sentinel-5P uydu verileri

alanlarda  gergeklestirilen  calismalarda da  NO:

parametresinin degisiminde havayolu aktivitelerinin
etkileri ortaya konulmustur (Shikwambana ve Kganyago
2021, Morillas vd. 2024b). Ayrica yersel Olcimlerle
gerceklestirilen galismalar da NO2 ve CO parametrelerinin
havayolu faaliyetlerindeki 6nemini ortaya koymustur
2011). Sentinel-5P

degerlendirme yapilabilmesi agisindan oldukga 6nemli bir

(Popescu  vd. verileri  genel

veri olsa da detayl degerlendirmelerin
gerceklestirilebilmesi i¢in mekansal ¢ozinirligl yetersiz
kalmaktadir  ve yersel Olgmelere gereksinim
duyulmaktadir. Ayrica uydu verileri, uydu gegis saatleri ile
sinirh  kalirken, yersel oOlgmeler giin igerisinde belirli
araliklarla gergeklestirilebilmektedir. Dolayisiyla hem
yersel hem de uzaktan algilama verilerinin entegre
kullanimi daha kararli ve anlamh bir havayollari hava

kalitesi takip sistemi kurulmasina olanak saglayacaktir.
4. Sonuglar

Hava kalite parametreleri, insan saghgini etkileyen ve

takip edilmesi gereken oOnemli parametrelerdir.

Kentlesmenin artisi ve buna dayali olarak ulasim

sistemlerinin gelismesinin, hava kalite parametreleri
Uzerinde olumsuz etkileri bulunmaktadir. Bu c¢alisma
kapsaminda, var olan bir ekosistemin tahrip edilerek
yerine havalimani insa edilmesinin ve ugak trafiginden
kaynaklanan emisyonlarin hava kalitesine olasi etkileri
incelenmistir. Bu amagla, analizler sulak alanlarin islah
edilmesiyle elde edilen alan iizerine insa edilen istanbul

Havalimani ve Tirkiye’de deniz dolgusu uzerine insa
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edilen ikinci havalimani olan Rize-Artvin Havalimani
Gzerinde incelemeler gerceklestirilmistir.

Tirkiye kapsaminda, Cevre, Sehircilik ve iklim Degisikligi
Bakanligi tarafindan web ortaminda Siirekli izleme
Merkezi olusturularak hava kalite istasyonlari ile nokta
bazli olarak hava kalite parametreleri takip edilmektedir.
Ulkesel &lcekte bu sistemin dnemli bir yeri olsa da lokal
Olcekte istasyon sayilarinin sinirh olmasi mekansal
analizleri kisitlamaktadir. Bu noktada, 2018 yilindan beri
servis edilen Sentinel-5P uydu verileri ile hava kalite
mekansal analiz

parametrelerinin dagilimlar

edilebilmektedir. Bu veri kaynagi, Ozellikle kirletici
kaynaklarinin belirlenmesinde etkili bir rol oynamaktadir.
Bu dogrultuda, segilen iki havalimani lizerinde hava kalite
parametrelerinin degisimi zaman serisi analizleri ile
incelenmistir. COVID-19 salgini sirasinda uygulanan ugus
kisitlamalarinin hava kalite parametrelerinin azalmasinda
etkisinin gorilmesinin yani sira her iki havalimaninin
Karadeniz’e kiyisi olmasi sebebiyle deniz-kara meltemi
sirkilasyonunun etkilerinin ozon parametresi lizerindeki
etkileri gozlenmistir. CO parametresinin zaman serisi
trendinin havalimanlari insa edildikten sonra da stabil
ilerledigi, UV, SOz, NO2 ve O3 parametrelerinin ise 6zellikle

son yillarda artis gosterdigi tespit edilmistir.

DHMI tarafindan servis edilen aylik tim ucak trafigi
verileri kullanilarak hava kalite parametrelerinin aylik
hava kalite parametreleri lizerindeki etkisi korelasyon
analizi ve Granger Nedensellik testi ile incelenmis ve
anlamli sonuglar elde edilmistir. Mevcut hava kalite
istasyonlarinin havalimanlarina uzak olmasi sebebiyle,
elde edilen sonuglarin yer gergeklik verisiyle iliskisine
yonelik bir degerlendirme mumkin olamamistir ancak
istatistiksel ve gorsel analizler ile ucak trafiginin hava
kalitesi Uzerindeki etkileri ¢ok yonli olarak ortaya
konmustur. istasyon verileri ile uydu verilerinin entegre
edilerek bir hava kalitesi izleme sisteminin kurulmasi,
sadece nokta bazli degil mekansal degerlendirmelere ve
beraberinde kirletici kaynaklarinin kolaylkla
belirlenmesine olanak saglayacaktir. Boylece, dogal
habitatlar Gizerine insa edilen havalimani gibi yeni ulasim
altyapilarinin  da hava kalitesine etkileri ylksek
dogruluklarda takip edilebilecektir.
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Abstract

This study aims to provide an efficient framework for predicting
the total dissipated energy level of flexure-dominated
reinforced concrete columns via a commonly used machine
learning method, extreme gradient boosting. A database
including 177 reinforced concrete columns is compiled using
open-access databases. The proposed framework predicts the
target total dissipated energy depending on seven fundamental
features: concrete compressive strength, longitudinal rebar
yield strength, shear span-to-depth ratio, longitudinal rebar
ratio, transverse rebar volumetric ratio, peak drift ratio, and
equivalent damping ratio. Results of a correlation-based
quantitative analysis reveal that peak drift ratio, yield strength
of longitudinal rebars, and concrete compressive strength are
the most effective parameters on a target parameter among the
other features. K-Fold cross-validation is implemented for the
classification process. Validation results show that three
fundamental performance indicators such as the means of
correlation of determination, normalized root mean square
error, and mean absolute percentage error are evaluated as
0.75, 0.38, and 0.33, respectively. Moreover, the accuracy level
of the algorithm is tested by comparing with the results
obtained based on support vector machine, multilayer
perceptron, and random forest techniques. Among these, the
implemented extreme gradient boosting is the most successful
model for predicting the energy levels that represent the highest
correlation of determination. The sensitivity of predicted targets
to algorithm-based hyperparameters is also investigated for the
implemented algorithm. The results of this study are expected
to contribute to energy-based design applications in the scope
of predicting the dissipated energy capacity of flexure-
dominated reinforced concrete column members.

Keywords: Energy-based design; Total dissipated energy,; XGBoost;
Reinforced concrete columns.

1. Introduction

The energy dissipation capacity of a reinforced concrete
member is usually considered to indicate the cyclic
behavior with two more critical parameters: strength and

Oz

Bu calisma, betonarme kolonlarda tiiketilen toplam enerji
seviyesinin uygulamalarda yaygin olarak kullanilan asiri gradian
artirma yaklasimi ile tahminine yonelik etkin bir algoritma
onerilmesini amaglamaktadir. Bu kapsamda, agik erisimli veri
tabanlari kullanilarak 177 adet betonarme kolona ait 6zellikleri
iceren bir veri tabani derlenmistir. One siiriilen gerceve, hedef
toplam tiiketilen enerji seviyesini 7 temel 6zellige bagh olarak
tahmine olanak saglamaktadir: beton basing dayanimi, boyuna
donati akma dayanimi, kesme acikligi-derinlik orani, boyuna
donati orani, enine donati hacimsel orani, maksimum otelenme
orani ve esdeger soniim orani. Gergeklestirilen korelasyon esasli
sayisal analizler sonucunda, segilen 6zellikler arasinda toplam
tiketilen enerji Uzerinde en etkin olan parametrelerin
maksimum otelenme orani, boyuna donati akma dayanimi ve
beton dayanimi oldugu belirlenmistir. Verilerin siniflandiriimasi
surecinde K-kath c¢apraz gegerlilik yaklasimi uygulanmistir.
Gegerlilik sonuglari, ¢ temel performans gostergesine
(belirleme katsayisi, normalize edilmis kdk ortalama kare hatasi
ve ortalama mutlak ylzde hatasi) ait ortalama degerlerin
sirastyla 0.75, 0.38 ve 0.33 olarak belirlendigini gostermistir.
ilave olarak, calismada kullanilan model ile tahmin edilen
sonuglarin hassasiyeti, destek vektér makinesi, ¢oklu katman
algilayici ve rastgele orman modelleri esasli sonuglar ile test
edilmistir. Sonug olarak enerji seviyesinin tahmininde en basaril
modelin asiri gradian artirma yaklasimi oldugu, belirleme
katsayisina dikkate alinarak belirlenmistir. Calisma kapsaminda,
tahmin edilen enerji seviyelerinin kullanilan algoritma bazl
parametrelere bagh hassasiyet seviyeleri de arastiriimistir.
Galisma sonuglarinin, 6zellikle son yillarda artan enerji esash
tasarim uygulamalarina, egilme etkisi altindaki betonarme kolon
elemanlarda tiiketilen toplam enerji seviyesinin tahmini
kapsaminda katki saglayacagi disiintiimektedir.

Anahtar Kelimeler: Enerji-esasl tasarim; Toplam tiiketilen enerji
seviyesi; Asiri gradyan artirma yaklasimi; Betonarme kolonlar.

deformability (Park and Eom 2006). The accurate
prediction of dissipated energy capacity and the
identification of factors that affect the capacity play

critical roles in both conventional and recently popular
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energy-based seismic design approaches (Yalgin et al.
2021). Consequently, several studies based on the
investigation of the energy dissipation capacity of
reinforced concrete members have been performed in
the past. Park and Eom (2006) developed a simplified
method to predict the dissipated energy level for flexure-
dominated RC members via nonlinear finite element
analysis.

The accuracy of the proposed method was verified by
comparing the results with existing experiments. Results
indicated that the method showed good performance in
predicting the dissipated energy level based on various
design variables. Poljansek et al. (2009) proposed a non-
parametric empirical approach to predict the energy
dissipation and the deterioration of deformation capacity
using the axial load index, index related to confinement,
shear span index, concrete compressive strength, and
longitudinal reinforcement index. Moreover, the effects
of these parameters on the predicted capacity levels were
also discussed in detail. Acun and Sucuoglu (2012)
developed an analytical model to predict the cyclic
dissipated energy capacity of reinforced concrete (RC)

columns under constant and variable inelastic
displacement cycles.
Additionally, the effect of failure modes, material

characteristics, and ductility level on the dissipated
energy was also investigated in the scope of a related
study. Liu et al. (2018) proposed a two-parameter
analytical model for rectangular members under flexure
to represent the variation of the dissipated energy with
the cumulative hysteretic energy in each displacement
cycle. The impact of corrosion levels of rebar to the
energy dissipation of reinforced concrete columns was
reported by Yang et al. (2016) via experimental way.
Comparisons based on different levels of maximum
amounts of corrosion showed that the dissipated energy
level decreases with increasing amount of corrosion in
rebars. The effects of axial load level to the energy
dissipation capacities of reinforced concrete type short
columns were investigated by Vu et al. (2022).

The study stated that the dissipated energy level is highly
affected by the intensity and the fluctuation of applied
axial load level. Muderrisoglu et al. (2023) proposed a
guantitative framework that reveals a relationship
between the structural member and loading features and
the total energy dissipated by reinforced concrete
columns. It was observed that maximum drift ratio, the
amount of transverse rebar, and yield strength of rebars
are the most effective ones among selected features in

terms of correlation-based analysis. Yildizel et al. (2023)

investigated the effects of additional materials (i.e.,
recycled waste steel wires from tyres) on the stiffness,
ductility, and energy dissipation characteristics of RC
beams, experimentally.

Based on the experimental results, an equation was
proposed to predict the capacity of investigated hybrid
beams. Depending on the advances in using machine
learning (ML) techniques in structural engineering (Thai
2022, Tapeh and Naser 2023), practices based on
predicting the cyclic behavior characteristics of reinforced
concrete members via ML-based frameworks have also
been performed. Abdalla and Hawileh (2021) considered
the Artificial Neural Networks technique to predict the
dissipated energy level in steel rebars in a reinforced
concrete member. It was concluded that the accuracy of
the model in predicting the dissipated energy is
considerably higher under low-cycle fatigue loads.

An ML-based model was developed by Topaloglu et al.
(2022) to predict the energy dissipation capacity of shear
walls. Specifically, the Gaussian Process Regression
technique was implemented to develop a function
depending on fundamental wall design parameters.
Deger et al. (2023) proposed empirical equations to
predict the energy dissipation capacity of RC shear walls
using meta-modeling methodologies. The proposed
framework resulted in a high coefficient of determination
value (i.e., R?=0.93) representing the level of accuracy in
prediction. Yaghoubi et al. (2023) developed a Gaussian
process regression-based algorithm that predicts the
ratio of RC
displacements captured at 1.0% lateral drift ratio. For this

equivalent damping shear walls at
purpose, a test database including 161 rectangular shear
wall features was compiled using the existing test results
available in the literature. It was concluded that the
selected ML technique is accurate in the prediction of a
selected target. Hamidia et al. (2024) proposed machine
learning-based frameworks to predict seismic energy
dissipation levels of RC beam-column connections.
Specifically, 934 images of RC joint were utilized to predict
the target parameter.

Results indicated that the prediction accuracy obtained
using Cat Boost technique shows higher levels compared
to those predictions evaluated via other techniques. A
review of existing literature shows that a research gap
based on a prediction of energy dissipation capacity of RC
column type members practically that would be a good
base for future studies and practices in energy design-
based structural design and/or performance assessment
applications is available. Therefore, a machine learning
implemented analytical framework is proposed for
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predicting the total energy dissipation capacity of RC
columns. Following a compilation of a comprehensive
dataset, the effects of essential structural member
characteristics on the total dissipated energy level were
investigated quantitatively. A commonly-used extreme
gradient boosting -XGBoost- (Chen and Guestrin 2016)
algorithm was selected as a machine learning technique
among the investigated techniques. Finally, the sensitivity
of predicted results to the ML technique-based

hyperparameters was discussed in detail.

2. Proposed Machine Learning-Assisted Framework for
Predicting the Total Dissipated Energy Level

Details of the proposed machine learning-assisted
framework that contributes to the energy-based design
concept in terms of predicting the total dissipated energy
capacity of flexure-dominated RC columns are presented
in this section. For structural members subjected to cyclic
loading, the total dissipated energy capacity is evaluated
using an area under the force-displacement hysteresis
captured during the loading (Figure 1). In practice, this is
achieved by constructing analytical models to simulate
the response of a member, performing experiments, or
considering both processes. In this study, the capability of
a machine learning technique is taken into account for a
prediction-based analytical framework to evaluate the
total dissipated energy level. Specifically, the XGBoost
technique is selected to teach the computer how to
predict the target of interest using the available dataset.

2.1. Extreme gradient boosting technique

Extreme gradient boosting, XGBoost (Chen and Guestrin
2016) is a scalable tree-boosting technique proposed to
increase the speed and the efficiency of the existing
method. Three
fundamental tools are implemented in the improved

gradient boosting (Friedman 2001)

technique such as (1) compressed column format (i.e., to
store data for reducing the time consumed during the
process depending on the cost of sorting), (2)
randomization technique to increase the speed of training
process and decreasing the level of overfitting, and (3)
parallel and distributed computing for split finding
procedure (Thai 2022). In an extreme gradient boosting
model, the objective function needs to be minimized at

iteration t is expressed as follows:
LO = ¥, [9:£: () + S hifEG)] + Q(F) (1)

where f: represents the added function to iteration to
improve the speed of a model for optimization and Q(f;)
is considered to penalize the model-based complexity.

Moreover, giand h;indicate the first and the second order
gradient statistics on the loss function (i.e., l(#;,1;))
depending on the difference between the predicted, 7;
and the target, ri parameters:

gi = Ope-nl(r, 7EV) (2)

h = 02 ,e-vl(r, #E7V) (3)

Here, Equation 1 is rewritten to consider the contribution
of each leaf j (i.e., in a tree structure) during the iteration
process as follows:

=, 1
L'O = ZJT'=1[(Zie1j 9W; + 5 Qe hi + Dw?] +yT (4)

where Tis the total number of leaves in a tree, and J;is the
instance set of leaf during the iteration process.
Accordingly, the optimal weight of leaf j, wjopt and the
corresponding optimal value for a fixed tree structure, g
are evaluated via solving the quadratic function given in
Equation 4 on w; as follows (i.e., Equations 5 and 6,
respectively):
W __ Zieljgi
J.opt Tier;hi+d

(5)

< 1 Cier; 90)*
L'Oq) =-2X7 L— + T (6)

j=1 Zierjhitd
Then, the split candidates in a tree learning process are
evaluated using the loss reduction after the split as
follows:

L _1 (ZieILgi)z
SPUE = 5 | Sier, hita

Cierg 902 i1 902
Zi:;Rhifl B (Zzizlhifl] -y 7)
Here, Ir and Iz indicate the left and right node’s instance
sets considered after the split, respectively. Finally, the
best split is found by maximizing the difference between
the objective functions considered before and after the
split node (i.e., using the Exact Greedy algorithm to
minimize Equation 4). In this study, a Python-based (van
Rossum and Drake 1995) framework supported by the
advanced machine learning tools (Pedregosa et al. 2011)
is considered to predict the target parameter.
Additionally, assessing the performance of implemented
technique in machine learning-based studies is also
crucial to provide more accurate results. For this purpose,
the K-Fold cross-validation procedure is considered

during the analysis.

2.2. K-Fold cross-validation

The K-Fold cross-validation is a widely used technique in
statistical analysis to assess the level of accuracy of a
selected model and to predict the classifiers’ errors
(Anguita et al. 2012).
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Figure 1. Experiment-based evaluation of total dissipated energy for a specimen tested by Tanaka (1990): (a) loading protocol, (b)

force-displacement hysteresis

Here, the parameter, K basically refers to the number of
folds that a selected dataset would be split into. Following
the random split process, a cross-validation-based
training is applied by considering the training (e.g., K-1
folds) and a test set. Accordingly, a machine learning
technique of interest (e.g., as XGBoost in this study) is
implemented to predict the target parameter using the
folds including training and test data. Finally, means of
performance indicators are evaluated to assess the
accuracy of the trained model. Specifically, commonly
used statistical performance indicators such as (1) the
normalized root mean square error -NRMSE-, (2) mean
absolute percentage error -MAPE-, and (3) coefficient of
determination -R?- are selected to assess the trained data
in this study. These indicators are evaluated as follows:

1
T Oi-y)?

0
Zi=1ylj
n

NRMSE = (8)

MAPE = 23t 2% (9)

Vi

IR iv)?

2
k=1 L i—)?

(10)
where n refers to the number of samples, y is the actual
and y’ is the predicted value. In this study, the coefficient
of determination, R? (Equation 10) is selected as a
performance indicator. A general overview of a proposed
framework is represented in Figure 2.

3. Dataset Properties

The database considered in this study was compiled by
taking into account two fundamental open-access studies
(Ghannoum et al. 2015a, 2015b). Specifically, the selected
dataset includes RC column information focused on
rectangular and circular sections subjected to flexural
actions. The study was based on 177 column specimens
(i.e., 113 rectangular and 64 circular RC columns). In the
scope of machine learning-based research, quantifiable

features available in a database are considered as input
data to predict the target parameter.

Dataset

Select features
and target
parameters

Train&validate modelto
predict target parameter
via XGBoost

!

Assessthe accuracy of
selected modelin
prediction using
performance indicators

Figure 2. A general overview of a proposed framework

Accordingly, a wide range of feature sets including the
compressive strength of concrete, f;, longitudinal rebar
yield strength, f, shear span-to-depth ratio, a/d,
longitudinal rebar ratio, pi, transverse rebar volumetric
ratio, pt, peak drift ratio, Amax, and equivalent damping
ratio, €eqv (Kwan and Billington 2003) is considered during
the analysis. Relative frequencies of selected features and
target parameter (i.e., total dissipated energy, E.) are
given in Figure 3. The total dissipated energy capacities of
specimens in a selected dataset vary between 51.5kNm
and 635.7kNm. Fundamental factors including sectional,
material, loading, and mechanical properties have a
significant effect on the total dissipated energy level of
column members (Poljansek et al. 2009, Muderrisoglu et
al. 2023). Following the identification of features and the
target parameter, correlations between these quantities
are investigated via Pearson’s correlation coefficient

(Pearson 1920) as follows:
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OFT

p— (11)
where orr indicates the covariance between the feature

Prr =

and the target, or is the standard deviation of feature and
oris the standard deviation of target data. The correlation
coefficient, prr takes values between -1 and +1 where

these boundary levels correspond to complete negative

and positive cases, respectively. Correlation levels
between selected features and the total dissipated

energy level are given as a matrix in Figure 4.
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Figure 3. Relative frequency distributions of selected features and the target parameter: (a) f, (b) fy, (c) a/d, (d) p;, (€) pt, (f) Amax, (8)
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Preliminary results indicate that the total dissipated
energy level captured in flexure-dominated RC column
specimens under cyclic loading is mostly influenced by
peak drift ratio (i.e., pamax£ecd=0.43). This result shows a
good agreement with observations available in the study
by Muderrisoglu et al. (2023). Moreover, an opposite
trend (i.e., negative correlation) is observed for a
relationship between the concrete compressive strength
and the total dissipated energy level. Actually, the
correlation level for this case is considerably low (i.e.
preecd=-0.2). Comprehensive research (Poljansek et al.
2009) based on considering the normal (e.g., between 20
MPa and 40 MPa) and high-strength concrete features in
detail reported that the energy capacity of a specimen
with normal concrete is higher than that capacity of a high
due to the
relationship between the ductility and the strength of

strength concrete specimen inverse

material.
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Figure 4. A heatmap representing the correlation levels
between selected features and target parameter
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4. Proposed Predictive Model Results

In this section, results obtained via the proposed
framework are given. For this purpose, means of
performance indicators calculated using the K-Fold cross-
validation analysis are presented. Additionally, sensitivity
analyses are performed to investigate the effect of
fundamental hyperparameters considered in the XGBoost

technique on the predicted results.

4.1. Accuracy of predictions

Following the compilation of a dataset and selecting the
features and a target parameter, training of a proposed
model including the XGBoost technique is implemented
by evaluating the optimum ML technique-based
hyperparameters using the random search technique.
Specifically, the hyperparameters are searched as: an
objective for a loss function, [reg:logistic,binary:logistic]
supported for XGBoost, number of estimators, nest in a
range of [50,1000], max tree depth, maxs of [1,20],
boosting learning rate, r of [0.001,1.0]. Finally, the
optimum parameters are determined to evaluate for the
best mean performance indicator. Moreover, other
model-based parameters such as degree of polynomial
for fitting used to generate the train and test sets is
selected as 2, and the booster type is considered as gbtree
during the process. In this study, a K-Fold cross-validation
technique is utilized instead of a standard train-test split
methodology to evaluate the performance of
implemented ML-based model in a more robust way.
Specifically, the number of folds, nfiais considered as 6 to
partition the existing dataset into multiple parts such as
nsig-1 (i.e., 5 folds) for training and the remaining for
testing data. Specifically in each part, 83% of total data
(i.e., 148 members) are considered for training while 29
samples (i.e., 17%) are taken into account to train the
relevant model. Here, it should be noted that an L2
regularization method is utilized to prevent overfitting
when training the model. Performance indicators
evaluated in each fold are provided in Table 1. As
expected, different values of performance indicators are
obtained for folds including randomly generated training
and test data depending on the level of variabilities in
predicted and actual energy levels in each fold. Results
show that the maximum and the minimum values of
selected performance indicator (i.e., coefficient of
determination, R?) are evaluated as 0.82 and 0.58 for a
selected set of hyperparameters, respectively (Figure 5).
Accordingly, the accuracy level of the proposed model is
tested by taking into account the mean of performance
indicator, R? calculated for generated folds (Figure 6). As

the mean of performance indicators is calculated as 0.75

and considering the high variabilities in features of a
selected dataset, the proposed model is assumed to be
considerably accurate in predicting the total dissipated

Table 1. Performance indicators evaluated in each fold in K-Fold
cross validation process

Fold #/
Performance R2 NRMSE MAPE
indicator
1 0.58 0.46 0.28
2 0.74 0.35 0.35
3 0.82 0.33 0.29
4 0.82 0.34 0.36
5 0.75 0.47 0.46
6 0.77 0.33 0.26
1.0
0.8 -
o 06 )
o
& 04 [] EB
0.2
0.0
R? NRMSE MAPE

Figure 5. Variabilities in performance indicators evaluated via K-
Fold cross-validation process

energy level of flexure-dominated RC columns subjected
to cyclic loadings (Chicco et al. 2021, Moore et al. 2013).

151 BN NRMSE

B MAPE

101

Mk - Fold

0.5

0.0

Figure 6. Means of performance indicators evaluated via K-Fold
cross-validation process

In addition to the implemented ML technique-wise
performance evaluation (Figure 6), the accuracy level of
the implemented algorithm in predicting the energy
levels is also tested by comparing with the results
obtained based on commonly used machine learning
models in structural engineering such as support vector
machine (SVM), multilayer perceptron (MLP), and
random forest (RF) (Table 2). Here, the means of selected
performance indicators evaluated using the optimum
hyperparameters (i.e., using a random search algorithm)
are presented. Preliminary results show that the
implemented extreme gradient boosting is concluded as
the most successful model among the selected
techniques to predict the energy levels as representing
the highest correlation of determination (i.e., R?=0.75).
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Table 2. Comparison of the performance of different algorithms

ID Hyperparameter R? NRMSE MAPE
Nest=150;
XGB  objective=reg:logistic 0.75 0.38 0.33
maxa=1; r=0.6
kernel=rbf; C=10;
SVM  epsilon=0.05; 0.43 0.57 0.52
gamma=0.3
solver=adam; alpha=0.0001;
MLP  hidden layer sizes=400,400 0.63 0.46 0.46
max. iterations=500;
RF Nest=10 0.66 0.49 0.44

The capability of the validated model is investigated by
evaluating the correlation level between the predicted,
Uecd,p and actual, pecdq total dissipated energy capacities
corresponding to the mean coefficient of determination
case of 0.75. In Figure 7, a strong correlation between the
predicted and actual total dissipated energy capacities
(i.e., pa,p=0.94) that indicates a high-level prediction case,
is observed.

Model: XGB; pp, 2=0.944

400 ~
T 300 ot
@ -
© $ 2837
s B
= 200 Pl
< o g
100{ o
100 200 300 400

Mg, (predicted)

Figure 7. Correlation between actual and predicted total
dissipated energy levels

The preliminary results indicate that the proposed model
shows high accuracy in predicting the total dissipated
energy level for selected hyperparameters.

4.2. Sensitivity of the performance indicator to the
fundamental hyperparameters

Effects of fundamental parameters on the selected
performance indicator, R? (i.e., hence on the prediction
results) are investigated in this section.

Number of estimators&Maximum depth

The means of performance indicator obtained for a set of
a number of estimators and maximum depth values are
presented in Figure 8. Here, a constant boosting learning
rate of 0.6 is considered. Results show that, following the
increment of coefficient of determination values up to a
peak level of a number of estimators (i.e., 150 for a set of
interest), a decrement tendency is observed for low
values of maximum depth hyperparameter. Moreover, it
is also concluded that the indicator becomes constant for
high levels of maximum depth (i.e., maxs>10).

0.7

0.6

o

20
Bxs

Figure 8. Effects of number of estimators and maximum depth
on the performance indicator (r;=0.6)

% 500
*#1000q

Maximum depth&boosting learning rate

The sensitivity of performance indicators to the
variabilities in maximum depth and boosting learning rate
is investigated in this sub-section (i.e., for a constant
number of estimators as 150). In Figure 9, a sudden
increment in R? values is observed up to a learning rate of
0.2 for a selected interval of maximum depth parameter.

0
%10 :
o 2000 rn

Figure 9. Effects of maximum depth and boosting learning rate
on the performance indicator (nes=150)

Number of estimators&Boosting learning rate

The effect of a number of estimators and boosting
learning rate on the evaluated R? values is illustrated in
Figure 10. Here, a constant maximum depth parameter
of 1 is considered during the analysis. It is observed that
higher R? values are evaluated for low values of the
number of estimators. Moreover, the indicator is
significantly affected for decreasing levels of boosting

learning rate parameter.

® 0.5
% 10090 T

Figure 10. Effects of number of estimators and boosting
learning rate on the performance indicator maxq=1)
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5. Conclusions

A machine learning technique implemented analytical
framework based on predicting the total energy
dissipated by flexure-dominated reinforced concrete
columns is presented. The proposed framework takes
into account the XGBoost technique to train the selected
data. Data characteristics are detailed using statistical
approaches. The accuracy level of a proposed model in
predicting the energy capacity level is illustrated using the
coefficient of determination as a performance indicator.
The effects of critical ML

hyperparameters on the selected performance indicator

technique-based

are investigated by performing sensitivity analyses.
Following results can be derived based on the outcomes
of detailed analysis:

e The dependency of the total dissipated energy
capacity on the selected parameters is quantified via
correlation coefficients. The highest positive (i.e.,
Pamax,eca=0.43) and negative correlations (pf,eca=-0.2)
are evaluated for peak drift ratio and concrete
compressive strength features, respectively.

e  The proposed model yielded considerably accurate
results in predicting the total dissipated energy
capacity by taking into account the coefficient of
determination, R? as a performance indicator with a
mean of 0.75.

e The accuracy level of the implemented algorithm in
predicting the energy levels is also tested by
comparing with the results obtained based on

support vector machine (SVM), multilayer
perceptron (MLP), and random forest (RF)
algorithms. Preliminary results show that the

implemented extreme gradient boosting is
concluded as the most successful model among the
selected techniques to predict the energy levels as
representing  the  highest correlation  of
determination.

° A strong correlation level of p4,,=0.94 is obtained via
the proposed model based on a comparison
between the actual and predicted total dissipated
energy capacities.

. Sensitivity analysis performed to investigate the
effects of ML technique-based hyperparameters
showed the importance of tuning the parameters in
an optimal way. Preliminary results indicated that
among the considered hyperparameters, the
number of estimators has a significant effect on the
level of performance indicator selected in the scope
of this study, coefficient of determination.

Evaluating the total energy dissipated by RC columns
during cyclic loadings is a crucial issue in the energy-based
design approach that is widely applied in practice. Hence,
the outcomes of this study are believed to make an
important contribution to future studies based on this
topic. Moreover, the proposed ML assisted framework

can be also implemented to other structural and
earthquake engineering applications.
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Oz

Bu calismada tarimsal atik dolgu malzemesinin ve farkli
oranlarinin polimer kompozit malzemelerin fiziksel ve mekanik
dzellikleri Gizerindeki etkisi incelendi. Uretilen polimer kompozit
numunelerde dolgu malzemesi olarak atik muz kabugu tozu
(MK), matris olarak alev almayan dokim tipi doymamis
polyester regine kullanildi. Polimer kompozit numunelerin
Uretiminde %0, %25, %50, %75 ve %100 olmak Uzere kontrol
grubu (%0) dahil toplamda 5 farkh polimer kompozit numune
grubu olusturuldu. Polimer kompozit numunelerin gorinir
yogunluk, su emme, porozite, basing dayanimi, ultrases gegis
hizi ve UL94 dikey yanma testi Ozellikleri test edildi. Deneysel
sonuglar incelendiginde goruinlr yogunluk, ultrases gegis hizi
degerlerinde azalma elde edilirken, su emme ve porozite
degerlerinde artis gorildi. Ayrica basing dayanimi degerlerinde
azalma meydana gelirken, tim numune gruplarinin UL94 dikey
yanma testinde Vo 6zellikleri tasidigi belirlendi. Bu ¢alisma atik
muz kabuklarinin polimer kompozitler icin potansiyel olarak
distk maliyetli bir dolgu malzemesi oldugunu ve orta
mukavemetli ancak hafif malzemeler gerektiren alanlarda
kullanilabilecegini gdstermistir.

Anahtar Kelimeler: Atik muz kabugu; Fiziksel ozellikler, Mekanik
ozellikler; Polimer kompozitler

Abstract

In this study, the effects of agricultural waste filler material and
its different ratios on the physical and mechanical properties of
polymer composite materials were examine. In the produced
polymer composite samples, waste banana peel powder (BP)
was used as the filler material, and a flame-retardant casting-
type unsaturated polyester resin was used as the matrix. A total
of five different polymer composite sample groups, including
the control group (0%), were produced for the fabrication of
polymer composite samples at 0%, 25%, 50%, 75%, and 100%
replacement ratios. The apparent density, water absorption,
porosity, compressive strength, ultrasonic pulse velocity, and
UL94 vertical burning test properties of the polymer composite
samples were tested. When the experimental results were
examined, a decrease in apparent density and ultrasonic pulse
velocity values was observed, while an increase in water
absorption and porosity values was noted. Additionally, while a
decrease in compressive strength values was observed, it was
determined that all sample groups exhibited VO characteristics
in the UL94 vertical burning test. This study has demonstrated
that waste banana peels are a potentially low-cost filler material
for polymer composites and can be used in applications
requiring medium-strength yet lightweight materials.

Keywords: Waste banana peel; Physical properties, Mechanical
Properties, polymer composite

1. Giris

Dinya nifusunun her gecen yil artmasi ve buna bagl

olarak ortaya c¢ikan ihtiyaglar, dogal kaynaklarin
kullanimini hizlandirmis ve bu durum, kaynaklarin hizla
tikenmesine neden olmustur. Dogal kaynaklarin azalmasi
ve cevresel kaygilar gibi faktorler, son yillarda bircok
surdurilebilir

enddstrinin donisturulebilir

hedef
belirlemesine yol agmistir. Son 15 yil icerisinde, artan

ve geri

UrGnlerin  Uretimini  Oncelikli  bir olarak
cevresel farkindaligin yani sira bu malzemelerin 6zgiin

ozellikleri ve geri donisturulebilirlik  potansiyeli
nedeniyle, kompozit malzeme Uretiminde alternatif dolgu
malzemesi olarak tarimsal atiklarin kullanimina yoénelik

arastirmalara olan ilgi 6nemli dlgtide artmistir (Taurino et

al, 2023). Bu malzemeler, kompozit sektori literatiriinde
"yesil
kompozitler,

kompozitler" olarak adlandiriimaktadir. Yesil
bilesenlerinden en az birinin dogal
kaynaklardan elde edildigi 6zel bir kompozit malzeme

sinifini ifade etmektedir (Kartal vd., 2019).

Yapilan literatlr taramasinda, cesitli tarimsal atiklarin
polimer kompozitlerde kullanimina yonelik ¢ok sayida

arastirmanin, kompozit malzemelerin  6zelliklerini

iyilestirme ve cevresel koruma hedefi dogrultusunda
gerceklestirildigi belirlenmistir. Ornegin, bir calismada,
arastirmacilar baglayici olarak doymamis polyester regine
ve farkh oranlarda (%25, %30, %35, %40 ve %45) ketencik
atigr  kullanarak polimer

kompozitler Uretmislerdir.

Calismada, ketencik oraninin artmasiyla mekanik
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ozelliklerin azaldigi, ancak en iyi isil iletkenlik degerinin
%45 ketencik oraninda elde edildigi rapor edilmistir (Kolak
et al, 2023). Evsel gay atig1 ve findik kabugu kullanilarak
%0-20 dolgu oranlarinda polimer kompozit numunelerin
Uretildigi bir baska g¢alismada, arastirmacilar, cay atig ve
findik kabugu oraninin artmasiyla mekanik 6zelliklerin
iyilestigini, buna  karsilik  yogunlugun azaldigini
bildirmislerdir (Oztiirk vd., 2015).
arastirmacilar seftali kabugu tozu kullanilarak Uretilen

Farkli bir ¢calismada,

polimer kompozitlerde gerilme ve egilme dayanimi
degerlerinin azaldigini, ancak sertlik 6zelliklerinin olumsuz
etkilenmedigini rapor etmislerdir (Topuz ve Orhan, 2022).
Polimer kompozit Uretiminde dolgu malzemesi olarak
¢alismada,
arastirmacilar, artan dolgu miktarina (cam kozalagi) bagh

¢am kozalagl tozunun kullanildigi bir
olarak elastik modilde bir artis gézlemlerken, egilme

dayaniminda ise azalma meydana geldigini rapor
etmislerdir (Borazan et al, 2017). Farkli bir ¢alismada,
arastirmacilar %50 muz kabugu ve %50 piring kabugundan
olusan  karisimi kullanarak  Urettikleri  polimer
kompozitlerde, yogunluk, sertlik ve elastik modiilde artis
gozlemediklerini bildirmislerdir (Ulutas ve Tasdemir,
2024). Farkh bir ¢alismada, arastirmacilar polimer lifleri
(geri donusturtlmis PET siseler ve polikarbonat lifleri),
muz ve cam liflerine dayali kompozitlerin makro yapisini
incelemislerdir. Arastirmacilar, tarimsal atiklarin polimer
ile birlestirilerek ¢evre kirliliginin 6nlenmesine katki
saglayabilecegini 6ne strmuslerdir (Yildiz ve Cetinkaya,
2012). Yukarida gergeklestirilen literatiir incelemesinden
anlasilacag1 tzere, gevresel sorunlar ve kaynak kithg
farkindalik,

malzemelerin gesitli uygulamalarda kullanimina yonelik

konusundaki artan polimer kompozit
¢alismalari artirmigtir. Bu malzemelerden biri de 6nemli
Muz,

diinyadaki en énemli tarim Urlnlerinden biridir ve 2019

bir potansiyele sahip olan muz kabugudur.
yilinda kiiresel muz Uretimi 116 milyon tondan fazla
olmustur (Mohamed et al, 2023).

Tirkiye’de 2022 yili Uretim verilerine gore, toplamda
997.244 ton muz Uretilmistir (Avsar ve Celik, 2023).
Yaklasik olarak 10 ton muz igin bir ton atik Gretilmektedir
(Ferrante et al, 2020). Muz kabugu, bol miktarda bulunan,
biyolojik olarak pargalanabilir, disiik maliyetli, asindirici
olmayan, yenilenebilir ve ¢evre dostu bir malzeme olup,
duslik yogunluga sahiptir. Bu 6zellikler, muz kabugunun
ozellikle insaat endistrisinde yaygin olarak kullaniimasini
saglar (Boopalan et al, 2013). Ayrica, fiziksel ve kimyasal
olarak katma degerli Girlinlere donustirilebilir (Rubiaceae
et al, 2015).

Bu calisma, atik muz kabugunun polimer kompozitlerde

dolgu malzemesi olarak kullaniminin faydalarini ve

sinirlamalarini degerlendirmeyi amaglamaktadir.

Belirlenen hedefler dogrultusunda, bes farkl oranda (%0,
%25, %50, %75 ve %100) atik muz kabugu tozu dolgulu
polimer kompozit numuneleri uretilmistir. Uretilen
polimer kompozitlerin fiziksel ve mekanik 6zellikleri
incelenmistir. Muz kabugu atiklarinin biyokompozit
Uretiminde kullanilmasi, muz kabuklarina alternatif bir
kullanim alani saglamanin yani sira, ekonomik bir
hammadde kaynagi olarak degerlendiriimesine olanak

tanimaktadir.

2. Materyal ve Metot
2.1. Materyal

Yapilan c¢alismada, piyasadan temin edilen atik muz
kabuklarindan elde edilen muz kabugu tozu kullaniimistir.
Atik muz kabugu tozunun elde edilme asamalari Sekil 1'de
sunulmustur. Ayrica, c¢alismada kontrol numunesi
Uretiminde dolgu malzemesi olarak, TS EN 196-1 (2016)
standardina uygun Standart CEN kumu kullanilmistir.

Sekil 2. MK’na ait SEM (x500) ve EDX goriintlleri

Temel dolgu malzemesi olarak kullanilan atik muz kabugu
(SEM)
goruntuleri Sekil 2'de sunulmustur. SEM gorintileri

tozuna ait taramali elektron mikroskobu
Uzerinde gerceklestirilen EDX analizinde, C, O, Si, P, Cl, K,
Fe ve Ni elementlerinin dagilimi sirasiyla %58,28, %24,25,
%3,08, %2,24, %1,40, %3,14, %1,02 ve %6,11 olarak tespit
edilmistir. Diger elementlerin oranlari ise yaklasik olarak

%1'in altinda kalmistir.

Calismada, matris malzeme olarak yogunlugu 1,43 g/cm?
olan alev geciktirici doymamis polyester (AGP) reginesi
tercih edilmistir. Ayrica, regine ve monomerin sertlesme
siirecini baslatmak amaciyla, AGP’nin %1 oraninda metil
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etil keton peroksit (MEKP) sertlestirici olarak kullaniimis,
reaksiyonun hizlandirilmasi igin ise %0,2 oraninda kobalt
oktoat ilave edilmistir.

2.2. Muz kabuk katkili kompozit iiretimi

Calismada, birinci asama olan polimer matrisinin elde
edilmesinde, uygun miktarda AGP karistiriciya alinarak 90
saniye silireyle karistinlmistir. Karistirma isleminden
sonra, polimerizasyon reaksiyonunun tamamlanabilmesi
icin %1 oraninda MEKP ve reaksiyon hizlandirici olarak
%0,2 oraninda kobalt eklenmis ve toplamda 180 saniye

sireyle karistirilarak polimer matrisi elde edilmistir.

ikinci asamada, kontrol numunesi Uretilmistir. Kontrol
numunesi Uretiminde, hacimce %50 AGP ve %50 oraninda
standart CEN kumu kullanilarak, numune gruplarinin
fiziksel ve kimyasal 6zelliklerinin faz malzemenin
etkisinden en az diizeyde etkilenmesi saglanmistir. Diger

numune gruplarinin tretiminde, CEN kumu ile MK (muz

kabugu tozu) %25, %50, %75 ve %100 oranlarinda yer
degistirilerek uretilmistir. Kontrol numunesi dahil olmak
Uzere toplamda bes grup polimer kompozit numune
grubu Uretilmistir. Numune gruplarinin tretim asamalar
ve yapilan testler Sekil 3'te gosterilmistir.

Cizelge 1'de, Uretilen numune gruplarinin karisim oranlari
daha
anlagilabilmesi amaciyla kodlama yapilmistir. Ornegin,

sunulmustur.  Numune  gruplarinin kolay
MK50 kodlu numunede, atik muz kabugu tozunun CEN

kumu ile %50 oraninda yer degistirdigini ifade etmektedir.
3. Bulgular ve Tartisma

Uretilen kompozit numune gruplarina ait gérinir
yogunluk, su emme, porozite, ultrases gegis hizi, basing
dayanimi ve UL94 dikey yanma performanslari test edildi.
Cizelge 2'de
sunulmustur ve ayrica bu sonuglar ilgili alt basliklar altinda

Polimer kompozitlerin test sonuglari

ayrintih sekilde tartisiimistir.

| Malzeme Hazirlama

Kurutma

Deneyler ve Analiz

Basing dayanimi

GaMOnGe yoquniLk fglem’)

w2 ke
Karigim kodlan

Ultrases gecis hizi

1B S omme (%)
—9—Porozite (%)

Su emme - Porozite

Basing dayanim (MPa)

Goriiniir Yogunluk |

dikey yanma testi

UL94

S TR R

weso

Kangim kodian

L

------------ 1ir-

Sekil 3. Numune gruplarinin tretim asamalari ve yapilan testler

Cizelge 1. Numune gruplarinin karisim oranlari (%)

Cizelge 2. Polimer kompozit numunelerin test sonuglari

Kod AGP CEN kumu MK
(%) (%) (%)
MKO 50 50 -
MK 25 50 37,5 12,5
MK 50 50 25 25
MT 75 50 12,5 37,5
MK100 50 - 50

Goriinir  Su Porozit Ultrase  Basing
Karigim Yogunlu Emm s Gegis Dayani
Kodu k e Hizi mi
(g/cm3) (%) (%) (m/s) (mPa)
MKO 1,98 0,07 0,13 3828 86,74
MK 25 1,67 0,10 0,17 3475 86,09
MK 50 1,61 0,11 0,18 3358 84,85
MK 75 1,53 0,13 0,20 3213 79,64
MK100 1,52 0,55 0,83 3179 77,6
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3.1. Goriiniir yogunluk ve ultrases gegis hizi degerleri

Gorlnlr yogunluk, su emme ve porozite deneyleri TS EN
1170-6'ya gore Arsimet terazisi kullanilarak elde edilen
veriler yardimiyla asagida yer alan Denklem (1), (2) ve (3)
kullanilarak hesaplanmislardir.

Gériinr yogunluk: MO/(MO — M1) (1)
Suemme: (M2 — M0)/MO = 100 (2)
4000
2,0
(a) [ Goériinir yogunluk (g/cm?), L 3800
19 -@-UPV (m/s)
E L 3600
[$]
ERLE
x - 3400
T 1,7
3
! - 3200
> 16
Z - 3000
p ]
5 154
0 2800
1,4
- 2600
1,3

MK25 MKS0

Karigim kodlari

MK75 MK100

Kontrol

Ultrases gecis hizi (m/s)

Porozite: (M2 — M0)/ (M2 — M1) * 100 (3)

Mo: Ma:
numunenin sudaki kiitlesi M2: numunenin doygun kuru
ylizey kitlesidir. Ultrases gegis hizi testi, ASTM C597-16
(2016) standardina gore yapilmistir. Elde edilen goriinir

Burada, numunenin etliv kurusu kitlesi,

yogunluk ve ultrases gecis hizi degerleri Sekil 4a'da
sunulmustur.

3800 (b) °
Q@ Gorindr yogdunluk - Ultrases gegis hizi ilikisi

_ 36004 | Rz'og;‘g gecis $

@ .

E

— 34004

N

£

ur

5. 3200

Q

o))

]

Q 3000' :Equabon y=a+tbx

% Plat UPV

= Weight Ne Weighting

= Intercept -187,96818 £ 1919539

= 2800 4 Siape 200355672 £ 1135361
Residual Sum of Square 826320689
Pearsan's 1 0,99522
R-Square (COD) 0,99046

2600 A Ad) R-Square 096728
1 I 1 1 I 1 T
14 15 16 17 18 19 20

Gériintir yodunluk (g/cm®)

Sekil 4. a) Gorunir yogunluk ve ultrases gegcis hizi degerleri b) ultrases gegis hizi ve gériinir yogunluk iliskisi

Gorinlr yogunluk degerleri incelendiginde, MK oraninin
artmasiyla
gozlemlenmistir.
yogunlugu, kontrol numunesinde 1,98 g/cm? iken, MK100
kodlu numunede 1,39 g/cm3'e diismustdr.

gorandr  yogunluk degerlerinin  azaldigi

Polimer  kompozitlerin  gorinir

Ayrica, tim numunelerde gorinir yogunluk degerleri,
kontrol numunesine gore sirasiyla %8,08, %16,16, %22,22
ve %29,80 oraninda azalma gostermistir. Bu sonuglar,
polyester baglayici ile Uretilen kompozitlerde dolgu
maddesi miktari arttikca goérinir yogunlugun azaldigini
gosteren onceki calismalarla uyumludur (Kolak et al.
2023; Beskopylny et al. 2023). Sekil 4a incelendiginde,
artan MK oranina bagh
degerlerinin azaldigi gorilmektedir. Bu durum, polimer
miktarinin sabit tutulmasi nedeniyle artan MK oraniyla
bosluk miktarinin arttigini géstermektedir. Ultrases gegis

olarak ultrases gegis hizi

hizi degerleri, bu durumu desteklemektedir. Kontrol
numunesinde ultrases gecis hizi degeri 3828 m/s iken, MK
katkili numunelerde sirasiyla 3395 m/s, 3113 m/s, 2912
m/s ve 2602 m/s olarak 6l¢lilmustir. Sonug olarak, disiik
gorinir yogunluga sahip kompozitlerde ultrases gegis hizi
degerlerinin daha diisik oldugu tespit edilmistir.

Literatirde, bu duruma benzer sonuglar bildirilmistir
(Polat vd., 2020; Polat vd., 2023; Kolak vd.,, 2021). Ayrica,
ultrases gegcis hizi ve goriiniir yogunluk arasinda glicli bir
korelasyon iliskisi (RZ = 0,99) belirlenmistir (Sekil 4b).

3.2. Su emme ve Porozite

Uretilen numune gruplarinin su emme ve porozite
degerleri, sirasiyla Denklem (1) ve (2) kullanilarak
hesaplanmistir. Yapilan hesaplamalar sonucunda elde
edilen degerler, Sekil 5'te sunulmustur.

0,6 09
os{  [HSuamne %)

= b) L07
04+ L 06
034 +05

F04

Su emme (%)
Porozite (%)

o
X}
L

0,3
0,1 F0,2

L 0,1

0,0 -

MK25 MK50

Karisim kodlari

MK75 MK100

Kontrol

Sekil 5. Suemme ve porozite degerleri

Sekil 5'te sunulan su emme degerleri incelendiginde, MK
da
gozlemlenmistir. MK katkili kompozit numunelerde, su
emme orani MK25 kodlu numunede %0,23 iken, MK100
kodlu numunede %0,55'e ylkselmistir.

orani artttkca su emme oraninin arttigi
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Bu durum, MK'nin vyiksek su emme degerinden
kaynaklandigi seklinde yorumlanmistir. Tarimsal atiklarin
su emme etkisine iliskin 6nceki calismalarla tutarhdir.
(Akbas vd, 2013; Mo et al, 2020; Naguib et al, 2015;
Barczewski et al, 2018; Boopalan et al, 2013).

Polimer kompozit numunelerinin porozite degerleri (Sekil
5) incelendiginde, artan MK oranina bagli olarak porozite
degerlerinin arttigi gézlemlenmistir. MKO kodlu kontrol
numunesinin porozite degeri %0,13 iken, MK100 kodlu
numunenin porozite degeri %0,81'e yikselmistir. Sonug
olarak, su emme degeri yiksek olan numunelerde
porozite degerinin de daha yiliksek oldugu tespit
edilmistir.

3.3. Basing dayanimi

Basing dayanimi testi, TS EN 12390-3 (2019) standardina
gore yapilmistir. Basing dayanimi testi sonucunda elde
edilen basing dayanimi degerleri, Sekil 6'da sunulmustur.
Sekil  6'da basing
incelendiginde, MK oraninin artmasiyla basing dayanimi

sunulan dayanimi  degerleri
degerlerinde bir azalma meydana geldigi gozlemlenmistir.
Bu durum, MK oraninin artmasiyla polimer kompozit
numuneleri igindeki bosluk miktarinin da arttiginin bir

sonucudur. Basing dayanimi, kontrol numunesinde 86,76

20 (a) <
— @ Gorunir yogunluk - Basing dayanimi iligkisi
)
e R2=|
= R*=0.95
L
2
Z 1.8
=2
[ =
-
N
[®)
>
= Equation y=a+b'x
2 1,6 Plot Yogunluk
:g Weight No Weighting
e Intercept 0,81433 £ 0,11697
8 Slope 0,01385 £ 0,00183
Residual Sum of Squares 0,0108
Pearson's r 087489
R-Square (COD) 0,9504
1‘4 . 9 Adj. R-Square 0,83387
T T T T T
40 50 60 70 80

Basing dayanimi (MPa)

MPa'dan, MK50 kodlu numunede 61,81 MPa'ya, MK100
kodlu numunede ise 42,63 MPa'ya diismuistir.

100

Basing dayanimi (MPa)

Kontrol MK25 MK50 MK75 MK100
Karigim kodlar
Sekil 6. Basing dayanimi degerleri
Sekil 7a'da gorilecegi gibi, gorinir yogunlugun

azalmasiyla benzer sekilde basing dayanimi degerlerinde
de bir azalma gdzlemlenmistir. Onceki calismalarda,
tarimsal atik malzemelerin kullanim orani arttik¢a basing
dayanimlarinin da azaldigi bildirilmistir (Sutivisedsak vd.
2012; Satapathy vd. 2018; Balaji vd. 2016; Barczewski vd.
2019).

3800 (b)
—_ @ Basing dayanimi - Ultrases gegis hizi iligkisi
D 36004 | peges
E
N 34004
=
o
On
o 32004
[=)]
$ Equation y=a+b'x
@ 30004 Plot UPV
© Weight No Weighting
= Intercept 1408,2678 + 148,923
-] Slope 28,31151 £ 2,32534
2800+ Residual Sum of Squar 17179,00981
Pearson's r 0,99003
R-Square (COD) 0,98016
2600 | Adj. R-Square 097355
T T T T T T T T T T
40 50 60 70 80 90

Basing dayanimi (MPa)

Sekil 7. a) Basing dayanimi gorlinir yogunluk iliskisi b) Basing dayanimi ultrases gegis hizi iligkisi

Basin¢ dayanimiile ultrases gegis hizi arasindaki iliski, Sekil
7b'de gosterilmistir. Sekilden goriilecegi lzere, basing
dayanimi ile ultrases gecis hizi arasinda dogrusal bir iliski
bulunmaktadir. Korelasyon katsayisi R?nin 1'e yakin
olmasi, iliskinin glgli oldugunu gostermektedir. Basing
dayanimi ile ultrases gecis hizi arasinda (Sekil 7a) R? =
0,98, basing dayanimi ile gorinir yogunluk arasinda ise
(Sekil 7b) R? =
belirlenmistir.

0,95 gibi ylksek korelasyon iliskileri

3.4. UL94 Dikey Yanma Testi

UL94 dikey yanma testi, TS EN 60695-11-10 (2014)

standardina uygun olarak gerceklestirilmistir. Tim
numunelere dikey yanma testi sirasinda 10+10 saniye
slireyle alev uygulanmistir. Test sonucunda, kismi
tutusma gozlemlenmesine ragmen, tim numunelerde
alev kaynagi uzaklastirildiktan sonra kendiliginden sonme

slresi 8 saniyenin altinda kalmistir.
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Bu durum, polimer kompozit numunelerin Uretiminde
baglayici olarak kullanilan alev geciktirici polyesterde
(AI(OH)s)
numune ylzeyinde komurlesme tabakasi olusturarak

bulunan Aliminyum Hidroksit bilesiginin,

tutusmayr  onlemesinden  kaynaklandigi  seklinde

yorumlanmistir.
Benzer degerlendirmeler, dnceki literatiir ¢alismalarinda

da ifade edilmistir (Kaya, 1998; Isitman ve Kaynak, 2012).

Polimer kompozit numunelerin UL94 dikey yanma testi
sonuglan Cizelge 3'te sunulmustur. Cizelge 3'teki veriler

Cizelge 3. UL94 dikey yanma testi sonuglari

incelendiginde, Uretilen numunelerin VO sinifi 6zelliklere
sahip oldugu belirlenmistir. Aydogan ve Usta (2015), alev
geciktiricilerin erken bozunma sirecine girerek malzeme
yuzeyinde bir kabuk olusumuna neden oldugunu, bu
kabugun ise malzeme ile oksijen arasindaki etkilesimi
engelleyerek yanma surecini yavaslattigini belirtmistir.

Bu durum, kontrol numunesinde acik bir sekilde
gozlemlenmistir. Uretilen polimer kompozitlerde MK
oraninin artmasiyla, alev alma sirelerinde azalma,

kendiliginden sénme siirelerinde ise artis tespit edilmistir.

Numune Alev uygulama Alev almaya baglama Kendiliginden s6nme Dikey yanma

Kodu siiresi (s) zamani (s) siiresi (s) sinifi
MKO 10+10 17 3 Vo

MK25 10+10 16 4 Vo

MK50 10+10 14 4 Vo

MK75 10+10 13 5 Vo

MK100 10+10 12 7 Vo

4. Sonuglar mekanik performansi olumsuz etkileyebilecegi goz

Atik muz kabugu dolgulu polimer kompozitlerde, dolgu
malzemesi olarak muz kabugu kullaniminin avantajlari ve
sinirhliklar degerlendirilmistir.

Yapilan deneysel calismalar sonucunda, muz kabugu

oraninin artmasiyla kompozitlerin goranar

yogunluklarinin azaldigi tespit edilmistir. Artan muz

kabugu oranina bagli olarak ultrases gecis hizi
degerlerinde de azalma goézlemlenmistir. Kontrol
numunesine gore, yogunluk degerlerinde %29,80,

ultrases gecis hizi degerlerinde %32 oraninda azalma

tespit edilmistir. Bu durum, kompozitlerin bosluk
yapisindaki artisla iligskilendirilmistir. Ayrica, muz kabugu
oraninin artmasiyla su emme ve porozite degerlerinde bir
artis meydana gelmistir. Polimer kompozit numunelerin
basin¢g dayanimi degerleri ise artan muz kabugu oranina
bagh olarak azalmistir. En yiiksek basing dayanimi, kontrol
numunesinde 86,4 MPa olarak elde edilirken, en disik
basing dayanimi degeri 45,8 MPa ile MK100 kodlu

numunede belirlenmistir.

UL94 deney sonuglarinin incelenmesi, muz kabugu
dolgulu polimer kompozitlerin yangin dayanimi agisindan
olumlu bir performans sergiledigini ortaya koymustur. Bu
sonuglar, muz kabugunun polimer kompozitler icin
potansiyel olarak diisik maliyetli bir dolgu malzemesi
oldugunu gostermektedir. Ayrica, muz kabugu dolgulu
polimer kompozitler, hafiflik, disiik maliyet ve yangina
dayanim ozellikleri sunarak orta diizey mukavemet
gereksinimi olan uygulamalarda potansiyel bir malzeme

olarak degerlendirilebilir, ancak artan dolgu oraninin

ontinde bulundurulmalidir.
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Abstract

On February 6th, 2023, Kahramanmaras province in Tirkiye
experienced a powerful earthquake with a magnitude of 7.7 on
the Richter scale, followed by another significant earthquake
with a magnitude of 7.6. These seismic events resulted in
considerable loss of life, injuries, and extensive damage to the
region's historical masonry structures. The seismic vulnerability
of these structures, stemming from factors such as low strength,
inadequate seismic detailing, and limited ductility, contributed
to various forms of damage, including cracking, displacement,
and, in some cases, complete collapse under the seismic forces.
The objective of this study is to provide comprehensive field
research results of masonry historical structures situated in
various cities within the region impacted by the Kahramanmaras
earthquakes occurred on February 6, 2023. The paper presents
the findings of reconnaissance studies, delving into the failure
mechanisms observed in masonry historical structures, with
specific attention to walls, domes, and minarets. The insights
gained from the earthquake damages will be valuable in
reducing the likelihood of future earthquake damage to these
structures.

Keywords: Kahramanmaras Earthquakes; Historical
Masonry; Damage.

Structures;

Oz

2023 yili 6 Subat tarihinde, Turkiye'nin Kahramanmaras ilinde
Richter olgegine gore 7.7 blyikliginde siddetli bir deprem
meydana gelmis, ardindan 7.6 biyikliginde bir baska biliyik
deprem daha yasanmistir. Bu sismik olaylar, cok sayida can kaybi
ve yaralanmalara ve bélgedeki tarihi yigma yapilarda genis ¢apli
hasarlara neden olmustur. Bu yapilarin disiik dayanim, yetersiz
sismik detaylandirma ve sinirli slineklik gibi etkenlerden
kaynaklanan sismik zayifliklari, catlama, yer degistirme ve bazi
durumlarda tamamen yikilma gibi cesitli hasar tirlerine yol
acmistir. Bu ¢alismanin amaci, 6 Subat 2023 Kahramanmaras
depremlerinden etkilenen bolgedeki gesitli sehirlerde bulunan
yigma tarihi yapilarin kapsaml saha arastirmasi sonuglarini
sunmaktir. Makale, yigma tarihi yapilarda gézlemlenen hasar
mekanizmalarini, 6zellikle duvarlar, kubbeler ve minareler
lizerindeki etkilerini inceleyen kesif g¢alismalarinin bulgularini
paylasmaktadir. Deprem hasarlarindan elde edilen bu
cikarimlar, gelecekte bu tir yapilarin deprem hasarlarini
azaltmada 6nemli katkilar saglayacaktir.

Anahtar Kelimeler: Kahramanmaras Depremleri; Tarihi Yapilar; Yigma
Yapilar; Hasar.

1. Introduction

On February 6th, 2023, a magnitude 7.8 earthquake
reported by USGS and 7.7 reported by AFAD struck
Pazarcik, Kahramanmaras, followed by a magnitude 6.7
aftershock just 11 minutes later. Later that day, a
particularly strong earthquake with a magnitude of 7.5 by
USGS (and reported 7.6 by AFAD) occurred 95 km (~60
miles) to the north. These two large earthquakes were
relatively shallow, resulting in severe shaking. The Turkish
Accelerometric Database and Analysis System (TADAS,
2023) managed by AFAD (Disaster and Emergency
Management Presidency) published all seismic records
after the earthquakes. In Figure 1, the epicentres of the
Pazarcik and Elbistan earthquakes are marked with black

pins with the aftershocks recorded during February 2023.
The variable "d" represents the depth of the earthquakes,
while "M"
sequence, resulting from shallow strike-slip faulting,

indicates their magnitude. The seismic

caused widespread destruction and resulted in tens of
thousands of fatalities in Tirkiye and Syria. Official
reports confirm that 50,783 people lost their lives in the
2023 Kahramanmaras earthquakes (Kazaz et al., 2024).

Various studies have been conducted to date focusing on
the 2023 Field
reconnaissance investigations have been carried out by

Kahramanmaras  earthquakes.
numerous researchers (Agvin et al. 2024, Isik et al. 2024,
Ivanov and Chow 2023, Karasin 2023, Kocakaplan Sezgin
et al. 2024). The literature also includes analyses of
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damages to different structural types beyond masonry
structures (Yuzbasi 2024, izol et al. 2024, Arslan et al.
2024, Vuran et al. 2024). Furthermore, studies addressing
earthquake characteristics and geotechnical damages
have been conducted (Cetin et al. 2024, Akar et al. 2024,
Oser et al. 2024, Kocakaplan Sezgin et al. 2024).
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Figure 1. Map of 2023 Tirkiye earthquake modified from KOERI
(KOERI-RETMC, 2023)

Tirkiye's historical masonry structures, such as churches,
castles, and walls, are an essential part of the country's
cultural heritage. The regions affected by the earthquakes
including Adana, Adiyaman, Kahramanmaras, Gaziantep,
Sanliurfa, Diyarbakir, Osmaniye, Hatay, Kilis, Malatya and
Elazig contains a significant amount of cultural heritage.
For instance, the UNESCO World Heritage List in 1987
included 'Nemrut Dag' in Adiyaman. The mausoleum of
Antiochus | (69-34 B.C.) located in Nemrut Dag, is
regarded as one of the most ambitious constructions of
the Hellenistic period. While there is no damage to the
archaeological findings on Nemrut Dag, one of the four
columns of the Karakus Tumulus (69—-34 B.C.), located at
the foothills of
(ArkeolojiSanat, 2023) proving the destructiveness of the

Nemrut Dag, was collapsed
earthquake in the region (see Figure 2). Adana's
architectural landscape features, historical landmarks
dating back to the Ottoman, Roman, and Byzantine
periods. On the other hand, in Kahramanmaras, the
region's earliest known civilization traces back to the
Hittites  (2000-1200 BC).

'Gaziantep Castle' dates to the Hittites, and its historic

Gaziantep's recognized
centre reflects Ottoman heritage. Sanliurfa, recognized
for 'Gobekli Tepe,' features cultural gems like the Grand
Mosque. Hatay, an ancient Anatolian centre, showcases
structures from various eras. Malatya, in the northeast,
has a rich history since 5000 B.C., with the 'Yeni Mosque'
standing as a notable Ottoman-era symbol.

The present study has two objectives: to present the
structural damage and failure patterns induced by
Kahramanmaras earthquake sequences to the historical
masonry structures in the region; to highlight the causes

and weakness that led to damage, or factors to prevented
it. The insights gained from the earthquake damages will
be valuable in reducing the likelihood of future
earthquake damage to these structures. In pursuit of this
conducted a field

affected by the

Kahramanmaras earthquakes between February 16 and

objective, the first author

reconnaissance in the area

24 specifically in Hatay and Gaziantep.

Collapsed
Column

Figure 2. Karakus Tumulus (a) Eagle column (ArkeolojiSanat,
2023) (b) collapsed column.

Due to safety concerns the inspection of most buildings
was carried out from the outside. Observations and
comments are accompanied by representative photos,
while simplified sketches are provided to aid in the
interpretation and systematization of the observations.
Therefore, this study provides a clear comparison of
conditions before and after seismic events, highlighting
the critical importance of implementing effective seismic
construction, and

safety measures in the design,

preservation of  historical masonry  structures.
Additionally, drawing lessons from past earthquakes and
applying this knowledge to mitigate future risks will
enhance community resilience and reduce the potential

for disasters.

The subsequent sections of this paper are organized as
follows: Initially, recorded strong ground motions and
their properties are presented. In the next section, the
construction typology of the region is summarized.
Following that, the paper presents the findings of
reconnaissance studies, delving into the failure
mechanisms observed in masonry historical structures,
with specific attention to walls, domes, and minarets and

concludes with final remarks.

2. Seismicity of Tiirkiye and Recorded Strong Ground
Motions during the 2023 Kahramanmaras Earthquakes

Tiirkiye is prone to significant seismic activity due to its
location on several active faults, including the North
Anatolian Fault (NAF), East Anatolian Fault (EAF),
Northeast Anatolian Fault (NEAF), and West Anatolian
Fault (WAF). The NAF and EAF, known for their frequent
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seismic activity, have caused numerous major
earthquakes in recent decades, resulting in significant
casualties and extensive damage. The Kahramanmaras
region, specifically, experiences seismic activity related to
the EAF, a significant left-lateral strike-slip fault stretching

over 600 km.

The mainshocks and aftershocks of the February
Kahramanmaras Earthquakes were recorded at multiple
sites, with the furthest being 460 km from the epicentre.
These seismic records were obtained from the Turkish
Accelerometric Database and Analysis System (TADAS,
2023). In this study, for the Pazarcik Earthquake, the
selected stations were located within a 200 km radius of
the epicentre, while for the Elbistan Earthquake, the
analysed stations were within 150 km of the epicentre.
Figure 3 to Figure 6 illustrates the distribution of Spectral
Acceleration (Sa) (1.0 and 0.2) and Peak Ground
Acceleration (PGA) values for the Elbistan and Pazarcik
Earthquakes and simple faults as well as surface rupture
lines (Reitman et al., 2023). the maps were created using
ArcGIS software (ESRI, 2011).

(a)

Figure 3. Spatial distribution of Spectral acceleration for (a) 1.0g
and (b) 0.2g for Elbistan earthquake.

PGA is a direct measure of the maximum horizontal
acceleration experienced by the ground during an
earthquake and it serves as a critical factor in assessing
potential damage to structures. By analysing the PGA
values for both Pazarcik and Elbistan earthquakes, we can
observe the intensity of shaking experienced in different
regions and how this correlates with the earthquake
magnitudes. For both earthquakes, PGA distribution
shows high values near the epicentre, suggesting localized

severe ground shaking. The PGA values tend to decrease
as we move further away from the epicentre, though the
reduction is not uniform due to geological variations such
as soil type and fault characteristics. In some regions, the
shaking remained intense due to amplification effects,
particularly in areas with softer soil. Spectral Acceleration
(Sa) is an important measure used in seismic design to
estimate how a structure will respond to different
frequencies of ground motion.
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Figure 4. Spatial distribution of PGA values for Elbistan
Earthquake.

(a)

(b)

Figure 5. Spatial distribution of Spectral acceleration for (a) 1.0g
and (b) 0.2g for Pazarcik earthquake.

Figure 6. Spatial distribution of PGA values for Pazarcik
Earthquake.
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The Sa(0.1) values taper off less gradually than the PGA
values, implying that the shaking affected a broader
region, not just limited to the epicentral area. This is
critical for low-rise buildings that were subjected to
extended periods of high intensity shaking. For the
Pazarcik Earthquake the Sa (0.2) distribution shows a
similar pattern to Sa(0.1) but with slightly lower peak
values near the epicenter, often in the range of 0.8-0.9g
while it is in the range of 0.7-0.8g of Elbistan Earthquake.
The distribution pattern of Sa (0.1) for the Elbistan event
shows a more localized effect, with higher values
concentrated closer to the fault rupture zone. The
distribution of PGA and Sa (0.1) and Sa(0.2) for the
Pazarcik and Elbistan earthquakes reveals significant
ground shaking across the affected regions. The Pazarcik
event exhibited higher peak values, probably leading to
more severe localized damage, while Elbistan showed a
wider spread of shaking intensity. Both earthquakes had
substantial impact, but the differences in magnitude and
location resulted in varying damage potentials.

3. Varieties of Building Constructions

The historical structures in the earthquake affected
region, encompassing mosques, churches, buildings,
mausoleums, and castles, are predominantly constructed
using stone masonry and less frequently of brick masonry.
Most of these structures were constructed during the
Seljuk and Ottoman eras and have been impacted by
previous earthquakes and the predominant materials for
roofing and flooring systems in these structures are
timber. The masonary structures in Tirkiye has been
affected by the different earthquakes during their
lifetime. Many studies have been published up to this
time considering the weak behaviour of masonary
buildings under several occurred earthquakes in Tirkiye
(Cetin et al. 2020, Oyguc and Oyguc 2017, Cakir et al.
2015, Dogan et al. 2013).

The subsequent paragraphs provide a summary of the
construction materials and techniques identified in these
structures, emphasizing structural aspects that
significantly influenced the seismic response of the

structures.
3.1 Construction Materials

The construction materials that were used for the
historical structures in the earthquake affected region
mostly consist of rubble stone and cut stone. The
substandard quality of both the stones and mortar,
compounded by degradation over time, has led to poor
seismic performance. An illustration of stone
disintegration is evident in Figure 7a, representing the

Latin Catholic Church of Iskenderun constructed around

1858. Similar failures for the historical masonry structures
due to poor quality of material were observed in Samos
Island (Aegean Sea) Earthquake with Mw= 7.0 on 30
October 2020 (Cetin et al. 2020) and Mw=6.3 earthquake
occurred in Lesvos Island on the 12th of June 2017
(Vlachakis et al. 2020).

The use of cut stones is another widely utilized
construction method and material. The stones forming
the cut stone wall are generally quarry stones. In the
production of cut stone walls, just like alongside
traditional structures, stones that are most abundant in
their regions and naturally more economical were used in
construction. The depth of the stones to be used is
arranged to provide the wall thickness. The construction
of cut stone walls can be with the use of mortar in
between or without any joints. In the construction of
jointless cut stone walls, the stones should be connected
to each other using connectors of metal (iron or copper).
Figure 7b demonstrates the failure of the minaret of the
Sirvani Mosque in the city centre of Gaziantep, which was
constructed using cut stone (Tayla, 2007). In addition to
the slenderness of the minaret, the opened metal
connecters in between the stones observed during the

field reconnaissance.

Figure 7. (a) Rubble stone masonry disintegration due to poor
quality of materials, (b) cut stone disintegration due to opened
metal connecter equipment in between.

3.2 Construction Techniques

Unreinforced masonry (URM) refers to structures lacking
reinforcement (mainly timber elements) or possessing
insufficient reinforcement. Analyses conducted on the
damage sustained by buildings in the aftermath of various
earthquakes have exposed the seismic vulnerability
inherent in URMs (Cetin et al. 2020, Oyguc and Oyguc
2017, Vlachakis et al. 2020, Karatas and Bayhan 2023,
Nasery et al. 2024). URM buildings can be built with two-
or three-leaf rubble stone masonry (Vlachakis et al. 2020).
Figure 8a depicts the Church of Mary in Samandag, Hatay,
which suffered damage due to the absence of transversal
interlocking stones, resulting in masonry delamination. It
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is noteworthy that the Church of Mary sustained minor
damage after the earthquakes on February 6th but
experienced severe damage following the Samandag

aftershock on February 20, 2023, with a magnitude of
5.8.(Anadolu Ajansi, 2023).

Figure 8. Poor quality, multi-leaves stone masonry buildings (a)
Church of Mary, Samandag, Hatay (Anadolu Ajansi, 2023), (b)
English Protestant School, Samandag, Hatay (Haber Global,
2023).

(b)

Figure 9. (a) Proper connection of quoin stones, Karagoz
Mosque, Gaziantep. (b) Insufficient connection of quoin stones,
St. Nicholas Orthodox Church of Iskenderun, Hatay.

(a) (b)
Figure 10. (a) Kahramanmaras Sarachane Mosque before the
earthquakes (Go Turkiye, 2020). (b) Damage after the
Kahramanmaras earthquakes.

Figure 8b illustrates another example of the damage to a
two-leaf stone masonry building corresponding to English
Protestant School in Samandag, Hatay. An important
detail in the construction of URM structures is the
corners. Typically, corners are constructed using quoin

stones, facilitating the connection of transversal walls,
and mitigating the risk of local or global failures (Vlachakis
et al. 2020). Figure 9a provides a tangible example of the
implementation of quoin stones at the Karagéz Mosque
in the city centre of Gaziantep, while Figure 9b illustrates
the lack of quoin stones in the corner of the St. Nicholas
Orthodox Church of Iskenderun in Hatay. The corners of
URM buildings during the restoration process should be
provided with rigid corner connections to prevent
separations or cracks. In timber-laced masonry, vertical
and horizontal reinforcing timber bars enhance the
strength and ductility of the walls (Oyguc and Oyguc
2017). Figure 10a and 10b exemplify a timber-laced
masonry structure, the Kahramanmaras Sarachane
Mosque, constructed in the 18th century.

The mosque features regularly spaced timber ring
elements across the height of the walls. The structure's
roof is comprised of timber framing, which collapsed
during the Kahramanmaras earthquakes. However, the
timber-laced masonary part of the mosque remains
intact. The restoration efforts should be performed
carefully not only for the architectural aspects also for the
civil engineering concepts based on the seismic design
codes (Gleg, 2023).

4. Damage and Failure Patterns

Masonry structures, constructed with materials like
bricks,

brittleness and limited ductility leading to low seismic

stones, and mortar, are characterized by
resistance. These structures lack substantial deformation
capacity before failure, making them susceptible to
sudden and catastrophic collapse when exposed to
seismic loading. Moreover, the age of the structures,
combined with poor construction practices, lack of
maintenance, and exposure to environmental
degradation, increases their vulnerability. In many cases,
the structural elements are not reinforced with steel or
other materials, which limits their capacity to resist
seismic forces. The use of non-ductile materials, such as
unreinforced masonry, and the lack of proper
connections between the structural elements, also
contribute to the low seismic resistance. These structures
are susceptible to seismic events, which can result in
significant damage or even collapse. To better understand
the seismic behaviour of historical masonry structures,
researchers have conducted numerous studies and
assessments (Sarhosis et al. 2021, 2022, Vlachakis et al.

2020).

The seismic performance of historical masonry structures
is dependent on several factors, including the structure's

geometry, size, masonry material quality, and the
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seismicity level of the region. Stiffness, damping, and
strength of structural elements play crucial roles in
influencing the seismic response of masonry structures.
The structure's stiffness and damping impact the
distribution of seismic forces, while strength determines
its capacity to withstand these forces. Assessing the
seismic behaviour of historical masonry structures poses
a significant challenge due to the lack of reliable data on
structural and material properties. Unlike modern
structures adhering to strict seismic codes, historical
constructions were often built using traditional methods
detailed

accurate seismic behaviour estimation difficult. To

without engineering calculations, making

address this challenge, various experimental and

analytical techniques have been devised, including
laboratory tests on material samples, in-situ testing of
structural elements, and numerical modelling. These
methods offer valuable insights into the structural
behaviour of historical masonry structures and aid in
formulating appropriate retrofit strategies to enhance

their seismic resilience.

As part of the current investigation, the authors
conducted on-site inspections of historical masonry
structures in the earthquake-affected region that
experienced damage in recent seismic events to evaluate

their present structural condition. The visually assessed

Table 1. Corresponding structures.

structures were classified into distinct categories such as

regular buildings, mosques, church buildings, and
masonry walls each thoroughly examined under these
specific classifications. The outcomes of the inspection
have been systematically presented to offer a
comprehensive insight into the damage sustained by
these significant historical structures located in Tlrkiye’s
East Anatolia Region. Figure 11 depicts the distribution of
historical structures affected by the earthquake across
theregion, and Table 1 provides the corresponding names

of these structures.

*  S<Mw<t
Y semwes
@ Historical Structures

- Surface rupture

Faults

Figure 11. Location of the historical structures over the
earthquake effected region.

Historical Masonry Structures

Antakya Greek Orthodox

1 The Grand Mosque 12 Fatih Mosque 23 Church

2 Handshaking Columns* 13 Bayazith Mosque 24 Antakya Protestant Church
St. Nicholas Orthodox .

3 Kahta Castle 14 Church* 25 Mahmeriye Mosque

4 Yenipinar Mosque 15 Iskenderun Catholic Church* 26 Yeni Mosque

5 Sirvani Mosque* 16 Hatay Council Building* 27 Haci Yusuf Tas Mosque
Th M f

6 Karag6z Mosque* 17 e Grand Mosque o 28 Sutli Minaret
Antakya

7 Kurtulus Mosque* 18 Hatay Habib-| Neccar 29 The Grand Mosque of Urfa
Mosque*

8 Bayazhan* 19 Sari Selim Mosque, Payas* 30 The Grand Mosque of Kilis

The Grand Mosque of -, . .

9 Kahramanmaras (Mosque Kebir)* 20 Church of Mary, Samandag 31 Enveril Hamid Mosque
Aziz Georgios Greek . . «

10 Arasa Mosque 21 Orthodox Church 32 Mithatpasa Primary School

11 Sarachane Mosque* 22 Darb-I Sak Castle

sk Considered in this study.

4.1 Historical Masonary Buildings

This section outlines the damage encountered by
historical governmental and trading buildings, school
structures, and the subsequent sections will detail the
damage to mosques, churches, and masonry walls. Figure
12 shows the damage of the exterior walls of Bayazhan in
Gaziantep. Bayazhan is a building characterized by a
rectangular shape with an open section in the middle, and

the building was constructed using the cut stone
masonry. It was built in 1909 and underwent restoration
in 2019 (Kultur Envanteri, 2023).

The distance of Bayazhan to the fault rupture line for the
first earthquake is around 58 km. According to Figure 12b,
the disintegration, mainly delamination of the external
leaf, of masonry was observed during the site

investigation conducted by the authors. In literature, this
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behaviour is also described as the "zero" mechanism,
occurring when a masonry portion is incapable of
resisting nearly any horizontal force and disintegrates into
pieces (Indirli et al. 2013, Vlachakis et al. 2020). Figure 12c
illustrates the overturning of gable end walls known as
local failure mechanism which is due to the inadequate
connection with the roofing system and the walls. Similar
failure mechanism is also reported by Glleg (2023) in
which the author observed failures due to inadequate
connection between roof system and the walls.

Ot
Figure 12. Bayazhan in Gaziantep, (a) Bayazhan before
Kahramanmaras earthquakes (Photo Credit: Gaziantep
Provincial Directorate of Culture and Tourism). (b) Damage at
the walls of the east side of Bayazhan. (c) Damage at walls the
west side of Bayazhan.
The mainshock's maximum Mercalli intensity (MMI) was
estimated to have reached MMI XI-XIl in Antakya and
near the epicenter. MMI XI or higher was observed along
the fault rupture from the epicenter to Antakya, spanning
approximately 400 kilometers. The evident fault rupture
and near-field effects led to severe building damage and
collapses in Antakya during the Mw 7.7 earthquake.
Additionally, Antakya is situated in the Amik basin, a
Holocene sediment-filled basin bounded by two strands
of the Dead Sea Fault System to the east and west. The
values for peak ground acceleration (refer to Figure 6) and
peak ground velocity are notably (Erdik et al., 2023)
higher in the Hatay Province to the southwest, likely due
to basin amplification effects and directivity effects. (Erdik
et al. 2023, Kazaz et al. 2024, METU-EERC 2023). The
Hatay Council Building, situated in Antakya Province
(refer to Figure 13a), experienced severe structural
damage during the earthquake. The construction of the

building was completed in 1928, and the building consist
of cut stone load-bearing walls and reinforced concrete
column forming the core around the courtyard. As
depicted in Figure 13b, the
constructed with cut-stone completely collapsed, and the

load-bearing system

reinforced concrete columns failed, exhibiting weak
column behaviour at the connections. Figure 13c and 13d
depict Mithatpasa Primary School, built in 1926 by the
French, located in Iskenderun Province in Hatay. The
school, constructed with rubble stone featuring long walls
and a timber roof, experienced complete collapse of the
roof and the second floor during the Kahramanmaras
earthquake sequence.

Figure 13. (a) Hatay Council Building before Kahramanmaras
earthquakes (Google Earth, 2022). (b) Hatay Council Building,
damage after the earthquakes (CNN TURK, 2023). (c) Mithatpasa
Primary School, Kahramanmaras earthquakes (Google Earth,
2022). (d) Mithatpasa Primary School, damage after the
earthquakes.

4.2 Historical Masonary Mosques

Masonry mosques are commonly found in many parts of
the world, and their seismic behaviour has been the
subject of considerable research (Arioglu and Anadol
1973, Cakti et al. 2013, Dogangiin et al.,2007, Kocaman
and Kazaz 2023, Saygil et al. 2023). These studies provide
valuable insights into the seismic behaviour of masonry
mosques and offer practical solutions for improving their
seismic resistance. In Turkish architecture, particularly
during the Anatolian Seljuk period, large mosques with
masonry piers or wooden columns and multiple domes
are referred to as 'ulu’ mosque (the grand mosque). In the
Ottoman period, mosques commissioned by sultans are
generally called 'selatin’ mosques (Tayla, 2007). The
fundamental structural components of the mosque's
supporting system include a main dome, buttresses,
secondary domes, and main arch. Detailed information
about significant failures observed in the structural
elements of the mosques is provided in the following
subsections.

Recent articles related to the 2023 earthquakes are also
pointed out the damages observed in masonary mosques
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(Avgin and Kose 2023, Onat et al. 2023, Kocaman et al.
2024, Isik et al. 2023).

Figures 14a and 14b represent the complete collapse of
The Habibi Neccar Mosque, situated in Antakya Province,
where high PGA values were documented (AFAD, 2023;
Erdik et al., 2023). The Habibi Neccar Mosque, initially
constructed around the 7th century and recognized as the
first mosque in Anatolia, underwent reconstruction
around the 11th century and has undergone multiple
repairs over time (Hatay Governorship, 2024). The Habibi
Neccar Mosque is a masonry structure that was
constructed with cut stone. The collapse of the masonry
dome was followed by the out-of-plane behaviour of the
masonary walls. URM walls are most vulnerable to
flexural out-of-plane behaviour (Oyguc and Oyguc, 2017).
The partial
Kahramanmaras is depicted in Figures 14c and 14d, with

collapse of the Grand Mosque of

the partial collapse of its minaret. The Grand Mosque of

P — -

Kahramanmaras was built in 15th century and belongs to
the group of mosques with wooden ceilings. The mosque,
reflecting the characteristics of the early Anatolian Seljuk
architecture and the exterior walls are constructed of
rough-cut and rubble stone.

4.2.1 Minarets

Masonry minarets are tall, slender structures that have
been used for centuries as architectural features of
mosques and other religious buildings. In Anatolia, the
earliest minarets were built by the Seljuks. Usually, the
minarets had a stone base and a brick shaft. The transition
from the square base to the circular form of the shaft was
realized by means of Turkish triangles (Uluengin et al.,
2019). Figure 15 shows the sections of a typical minaret:

(1) spire, (2) upper part of the minaret body, (3) balcony,
(4) cylindrical or polygonal body/shaft (5), transition
segment, (6) pulpit.

Figure 14. (a) Habib-I Neccar osque before the Kahramanmaras Earthquakes (Google Earth, 20"22). (b) Damage in Habib-I Neccar
Mosque the after the earthquakes (DHA, 2023). (c) Damage in The Grand Mosque of Kahramanmaras after the earthquakes, (d)
Damage in The Grand Mosque of Kahramanmaras after the earthquakes.

Figure 15. The Grand Mosque of Antakya before the
Kahramanmaras Earthquakes and details of a typical minaret
(Antakya Municipality, 2015).

Due to their height and slender nature, these structures
are vulnerable to seismic forces, which can cause them to
sway and potentially collapse.

As part of the current investigation into the evaluation of
historic masonry structures in the earthquake-affected
region following recent seismic events, the authors
visually inspected several minarets to assess their current
structural condition. In particular, the differences
between the pre-earthquake and post-earthquake states
of these structures were investigated to better
understand the extent of the damage sustained by the
earthquakes. For this purpose, the image of the minarets
was obtained following the earthquakes, facilitating a
These

thorough visual analysis of the structures.
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photographs offer a detailed illustration of the damage
incurred by the minarets, showcasing the diverse
structural alterations resulting from the seismic events.
By presenting these images, the objective is to offer a
more holistic insight into the effects of earthquakes on
historic masonry structures, particularly minarets.
Through this presentation, the aim is to contribute to the
advancement of more effective measures for earthquake-
resistant design and construction practices in the future.
As an example, Figure 16a shows the minaret of Sari Selim
Mosque in Iskenderun, constructed in the 16th century,
while Figure 16b illustrates the minaret of Karagoz

Mosque in Gaziantep, built in the 18th century, both

constructed using masonry techniques. According to
both figures, damage is evident in the balcony section of
the minarets. As reported by Dogangiin et al. (2007),
minarets are more susceptible to damage in areas such as
the hood, upper part, balcony, and transition sections
during seismic events. The region above the balcony
experiences maximum displacement, and the lack of
stairs in the upper body contributes to reduced rigidity,
leading to a rapid increase in the displacement. Figure 16¢
and 16d shows the Sirvani Mosque in Gaziantep
constructed in 17th century as masonry structure. The
collapse of the minaret lead to extensive damage also at

the mosque.

4.2.2 Domes

Masonry domes, often found in historical structures, are
distinguished by their curved and spherical design,
playing a crucial role in covering large interior spaces in
temples, palaces, churches, and mosques. These domes,
being constructed with materials that possess minimal
tensile strength, are susceptible to significant damage
and collapse when subjected to powerful seismic forces.
Instances of severe structural damage and collapses in
masonry domes have been documented in historical
events (Bayraktar et al., 2022). Domes serve as structural
elements covering surfaces of buildings with square,
polygonal, and circular floor plans in three-dimensional
space. These curved surfaces bear vertical forces,
including their own weight and external loads like snow.
masonry is commonly

In historical constructions,

employed as the primary material. The structural concept

Figure 16. (a) Damage in the minarets at Sari Selim Mosque in Iskenderun, Hatay. (b) Damage in Karagéz Mosque in Gaziantep city
centre. (c) Sirvani Mosque in Gaziantep before the Kahramanmaras Earthquakes (Google Earth, 2022). (d) Collapse of the Minaret of
Sirvani Mosque after the earthquakes.

relies on the distribution of loads from the uppermost
keystone to adjacent stones, gradually transferring the
load to the dome's base (Bilgin, 2006).

Figure 17a and 17b illustrates the Gaziantep Kurtulus
Mosque prior and after the Kahramanmaras earthquake
sequences. The Gaziantep Kurtulus Mosque, formerly
known as the Virgin Mary Church, is a 125-year-old
structure constructed with cut stone. Originally built as a
in 1892, this historic building, situated in
Gaziantep, served as a prison after its church function

church

until 1980. Subsequently, it underwent conversion into a
mosque (Gulli and Karabekmez, 2016). The central dome,
spanning approximately 12 meters in diameter, has a
height of 30 meters above the ground (Gulli and
Karabekmez, 2016). The collapse of the dome occurred in
the mosque, which is mainly due to significant diameter
of the dome and due to the insufficient connection to the
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body of the main structure. The typical damage at the
balcony of the minaret also occurred in the mosque.

(a) (b)

Figure 17. Kurtulus Mosque in Gaziantep before the
Kahramanmaras Earthquakes (Google Earth, 2022). (b) Dome
and minaret damage in Kurtulus Mosque after the earthquake.

4.3 Historical Masonary Churches

Churches are the significant historical structures of the
region with their architectural features. Out-of-plane
failure mechanism were observed in the churches. In the
absence of a ‘box like behaviour’ of structures, the
internal forces of the walls perpendicular to the seismic
action give rise to out-of-plane bending. Long walls or
walls with insufficient transversal support suffers vertical,
one-way bending as seen in Figure 18 in Iskenderun
Catholic Church. The walls experienced out-of-plane
failure, also due to the top part of the facades might
inadequately connected with the roof, and the wall
behaves as a cantilever about their base (rocking type of
failure) (Vlachakis et al., 2020).

Figure 18. Iskenderun Catholic Church (a, b) Out-of-plane
damage in the Iskenderun Catholic Church after the earthquake.

Multiple failure mechanisms observed during the field
studies in St. Nicholas Orthodox Church in Iskenderun,
Hatay (see Figure 19). The distance of the church to fault
rupture is around 18 kilometres. The church’s
construction was initiated in the 1870s and features
masonry construction, with load-bearing walls composed
of brick or stone. The church experienced damage during
the Amik earthquake of 1872 and reopened after 1876.
Out-of-plane mechanism of the front wall at the entrance
of the Church were examined as reported in Figure 19a

and 19b.

(a)
Figure 19. St. Nicholas Orthodox Church in Iskenderun, (a, b)
Observed combined in-plane and out-of-plane mechanisms in
the St. Nicholas Orthodox Church after the earthquake.

In addition to out of plane mechanisms, in-plane damages
were also observed. As reported by Gileg (2023), cracks
commonly form around openings such as doors and
windows due to stress concentrations. Based on the
observations of Giile¢ (2023) and the guidelines outlined
in the Turkish Building Earthquake Code (TBEC,2018)
intersecting walls or vertical tie beams (e.g., timber) can
be employed to mitigate these cracks. According to the
TBEC, the spacing between vertical tie beams in newly
constructed unreinforced masonry structures must not
exceed four meters. Therefore, during the restoration
process, careful attention should be given to maintaining
this spacing.

6. Conclusions

On February 6th, 2023, a powerful earthquake struck the
province of Kahramanmaras in Tirkiye. The earthquake
had a magnitude of 7.7 on the Richter scale, and it was
followed by another strong earthquake with a magnitude
of 7.6. The earthquakes caused significant loss of life and
injury, and significant disruption to the region's historical
masonry structures. Seismic behaviour of historical
masonry structures is a significant concern for the
preservation of the worlds’ cultural heritage and the
safety of people. These structures are vulnerable to
seismic loading due to their low strength, poor seismic
detailing, and limited ductility. This vulnerability resulted
in cracking, displacement, and even collapse under the
force of ground motion. In addition to its inherent
weakness, the damage to masonry mosques can be
worsened by a range of factors, including inadequate
reinforcement and detailing, poor construction quality,
and insufficient maintenance. The combination of these
factors led to partial or total collapse of the structures.

On-site observations indicate that historical buildings are
susceptible to various types of damage and malfunctions
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that can be classified into several categories. For example,
cracks and slight shifts in the stones of the minarets were
observed, as well as failures above the balcony area.
Minor cracks in the vertical connections of mosque walls
were also observed, which can be remedied with paint. In
addition, failure in church buildings due to use of long
walls, and lack of quoin stones in the corners were
observed.

To ensure the historical masonary structures’ resilience to
seismic events, it is essential to assess their seismic
behaviour accurately and develop suitable assessment,
restoration and retrofit strategies. The seismic
performance of masonry structures can be enhanced by
utilizing high-tensile-strength fiber-reinforced mortar or
steel reinforcement systems, all while preserving the
historical significance of the structures. Adhering to

codes is crucial

(e.g.,
unreinforced length of the walls). The preservation of our

seismic design throughout the

reconstruction process material properties,

cultural heritage is a collective responsibility, and
ensuring the seismic resilience of historical masonry
structures is an essential part of it. The current study
presents a clear before-and-after comparison, to
demonstrate the urgent need for effective seismic safety
measures in the design, construction, and maintenance of
historical masonry buildings. Furthermore, learning from
past earthquakes and applying this knowledge to reduce
future vulnerabilities  will

strengthen community

resilience and decrease the likelihood of disasters.
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Abstract

Drought is one of the biggest natural disasters in our country and
in the world. It brings many financial and moral problems in all
geographies where it is seen socially and economically. In this
study, the impact of drought, which causes so many negativities,
on Malatya province is discussed. With the help of the widely
used Standardized Precipitation Index (SPI) and Reconnaissance
Drought Index (RDI), detailed drought analyses were made for
3, 6, 9, and 12 months, time intervals using data form 1957-
2018. According to the results of the analysis, approximately one
out of every two months in the study region was dry. Although
the two methods give similar results, slight differences are
observed. The reason for this is; unlike SPI, RDI includes
temperature data along with precipitation. The driest periods
for both methods were observed between 2012 and 2014.
According to the SPI method; the driest month was July 2014
with an index value of -3.62, while according to the RDI; July
2014 was again observed with an index value of -3.52. Trend
analysis of precipitation and temperature data was made and it
was determined that precipitation tends to decrease and
temperature tends to increase. It is obvious that climate change,
increasing temperature and decreasing precipitation will expose
the region to the threat of severe drought in the coming years.
The study provides basic information to local administrators and
researchers.

Keywords: Drought analysis, Drought assessment, Precipitation,
Standardized precipitation index, Reconnaissance drought index.

Oz

Kuraklik, tilkemizde ve diinyada oldukga genis bolgelere yayilmig
en buyik dogal afetlerin basinda gelmektedir. Sosyal ve
ekonomik olarak gorildiigi tiim cografyalarda maddi ve manevi
birgok sorunu da pesinden getirmektedir. Yapilan bu g¢alismada
bunca olumsuzluga sebebiyet veren kurakhigin Malatya ili igin
olan etkisi ele alinmistir. Oldukga yaygin olarak kullanilan
Standart Yagis indeksi (SPI) ve Kesif Kuraklik indeksi (RDI)
yardimiyla 1957-2018 arasindaki veriler kullanilarak 3, 6, 9 ve 12
ayhk zaman aralg igin detayh kurakhk analizleri yapilmigtir.
Yapilan analiz sonuglarina gore; calisma bdlgesinde yaklasik
olarak her iki aydan biri kurak gegmistir. iki ydntemde birbirine
yakin sonuglar vermesine ragmen disik oranda farkliliklar
gbzlemlenmistir. Bunun sebebi ise; SPI'dan farkh olarak RDI,
yagisla birlikte sicaklik verisini de dahil etmesidir. Her iki yontem
icinde en kurak donemler 2012-2014 wyillari arasinda
gbzlemlenmistir. SPI yéntemine gore; en kurak ay -3,62 indeks
degeriyle Temmuz 2014 olurken, RDI'ya gore ise; -3,52 indeks
degeriyle yine Temmuz 2014 goérilmistir. Yagis ve sicaklik
verilerinin trend analizleri yapilmis olup, yagisin azalma,
sicakligin ise artma egiliminde oldugu tespit edilmistir. iklim
degisikligi, artan sicaklik ve azalan yagis gelecek yillarda bolgeyi
¢ok ciddi kuraklik tehdidiyle karsi karsiya birakacagi asikardir.
Calisma yerel yoneticilere ve arastirmacilara temel bilgiler
sunmaktadir.

Anahtar Kelimeler: Kuraklk analizi; Kuraklik degerlendirme; Yagis;
Standart yagis indeksi; Kesif kuraklik indeksi

1. Introduction

Water is probably the most important natural resource in
the Middle East due to its historical significance in
establishing human life in Mesopotamia (Gezici et al.
2024).
temperature are the main causes of flood hazards and, for

Abnormal changes in precipitation and
some regions, drought phenomena (Dehghani et al. 2022,
Cirag and Firat 2023). Drought can be defined as a natural

disaster or extreme weather event caused by a prolonged

lack of precipitation (Katipoglu et al. 2021). According to
the physical impact of drought on the environment, there
are four categories of drought: meteorological,
agricultural, hydrological, and socioeconomic drought
(Wilhite and Glantz 1985, Addi et al. 2021, Topgu 2022).
Meteorological drought is a drought that can last for
months to years and occurs as a result of less than normal
precipitation (Hobbins et al. 2008, Celik and Yakar 2024).

As drought develops to a certain extent, water storage
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and river flow in aquifers, lakes or reservoirs will be
affected,
socioeconomic losses (Mehran et al. 2015, Xu et al. 2019,

leading to hydrological drought and
Xu et al. 2021). Agricultural drought can be defined as a
deficiency in soil moisture that can cause great damage to

agriculture and socioeconomically (Zhang et al. 2021).

Drought is a disaster that develops slowly and shows its
effects for many years, unlike disasters that occur rapidly
such as earthquakes and floods (Sener 2021). Drought
therefore has no clear beginning and end (Kchouk et al.
2022). However, there are various drought indices to
determine the impact and severity of drought. Drought
indices provide insight into changes over time by
determining the characteristics of drought, such as its
severity. They therefore form the basis of drought
management plans (Wilhite 2005, Katipoglu et al. 2020).
Liu et al. (2021) conducted drought analysis in Sichuan
province in southwest China using SPI (Mckee et al. 1993)
and the standardized precipitation evapotranspiration
index (SPEI). As a result of the study, they reported that
there were significant differences between the two
indices for some regions. They also attributed the main
causes of frequent drought in this region to synoptic
climatology and atmospheric anomalies of precipitation
circulation. Taylan and Bahsi (2021) aimed to analyze the
drought of Gaziantep province in Turkiye by using SPI. As
a result of the study, they stated that the longest dry
period in Gaziantep station occurred between 1950-1960.
Mohammed and Yimam (2021) examined the intensity of
drought with RDI (Tsakiris et al. 2005) for the Lakes'
Region of Ethiopian Rift Valley using rainfall and
temperature data between 1986 and 2019 for 3 and 12
months. They stated that drought was experienced in
almost all stations within the study area. Mondol et al.
(2021) Index (EDI) to
investigate the frequency and severity of drought in the

used the Effective Drought

Barind tract and the Teesta floodplain in Bangladesh. They
concluded that the results and findings of the study
indicate that drought is on an increasing trend. Kartal
(2024) aimed to analyze the drought of Elazig province in
Turkey using SDI, RDI and the Effective Reconnaissance
Drought Index (eRDI). As a result of the study, it was
emphasized that the results of the three indices were very
similar to each other.

This study aims to analyze the drought intensity and the
trend of precipitation and temperature values of Malatya
province, which provides a significant amount of Tiirkiye's
and the world's fresh and dried apricot needs. In this
context, using monthly temperature and precipitation
data from 1957 to 2018, drought indices were calculated
employing the SPI and RDI methods, yielding outputs

across different time scales (3, 6, 9, and 12 months).
Innovative Trend Analysis (ITA) method was used for
trend analysis. Within the scope of the study, drought
values were determined using monthly data, analyzed
according to drought classification and the similarity
between the indices was analyzed. The study presents the
drought trend of the region on a temporal scale in detail
by using long-term measurement records. The study also
aims to contribute to the understanding of the impact of
climate change at the local scale.

2. Materials and Methods
2.1 Study area

Malatya province (Figure 1), which provides a significant
amount of Turkiye's and the world's apricot demand, was
selected as the study area. Malatya is located between 35
54' and 39 03' north latitudes and 38 45' and 39 08' east
longitudes in the Upper Euphrates Basin of the Eastern
Anatolia Region in Tirkiye and has a surface area of
12.313 km2 and a population of 808.692 people (Cirag
and Firat 2022). According to the data of the Turkish
Meteorology General Directorate (MGM) (Int. Kyn. 1), the
highest total daily precipitation between 1927 and 2023
was 88.9 mm (11.06.1997), the highest snowfall was 33
cm (31.01.1950), the highest temperature was 41°C
(27.07.2012) and the lowest temperature was -24.9°C
(05.01.1942). The average temperature and total
precipitation data used for this study were obtained from
the Meteorological observation station located at the
coordinates 38°20'12.00“N - 38°13'2.40”E in Malatya
province and 950 m above sea level.

ARM

SYRIA

© 50100 200 300 400
- — —Glometers

Figure 1. Location of the meteorological observation station in
Malatya province

2.2 Drought indices
2.2.15PI

The SPI is calculated by fitting the gamma probability
density function to a given precipitation time series (Zarch
et al. 2015). Precipitation is transformed into normalized
numerical values and the SPI expresses the amount by
which observed precipitation deviates from the long-term
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average in terms of standard deviation (Equation 1).
Therefore, the SPI can be used to describe and compare
drought conditions in different regions. The index
provides a reliable estimate of the magnitude, severity
and spatial extent of drought. The SPI is positive when
precipitation is above the long-term average, while the
SPl is negative when precipitation falls below the long-
term average (Tirivarombo et al. 2018).

SPI = X% (1)

g

where, xi is the precipitation amount of the selected
period i, X is the long-term average precipitation and o is
the standard deviation for the selected period.

2.2.1 RDI

First proposed by Tsakiris et al. (2005), it is an index for
monitoring agricultural and meteorological drought that
requires cumulative precipitation and potential
evapotranspiration (PET) data (Topgu and Seckin 2022).
The RDI is a meteorological index widely used in the
assessment of drought. The RDI is expressed in three
different ways: initial value (a), normalized RDI and
standardized RDI. The initial value (a) is presented
aggregated over monthly time periods and can be
calculated on a monthly, seasonal or annual basis
(Ansarifard et al. 2018). When expressing the Exploratory
Drought Index, (a,i() and (RDIst) (standardized) are used.
The calculation should be started by finding the initial
value (a,"() of the Exploratory Drought Index. Let P denote
precipitation for month j of year i (j = 1 (October),..., 12
(September)) and PET

evapotranspiration for month j of yeari (j= 1 (October),...,

denote potential
12 (September)). In this case, (a) can be calculated as

given in Equation 2, where N is the number of
hydrological years and k is the number of months (Taskolu

2023).

k
Zj:1pij

i_ P .
ak—2?=1PETij, i=12,...,N, j=12,...,k (2)
In this study, the Thornthwaite potential

evapotranspiration method, which is easier and more
practical than other methods, was used to calculate PET.
In the
evapotranspiration is estimated as given in Equation 3
(Thornthwaite, 1948; Taskolu and Glingér, 2025).

Thornthwaite method, potential

N, m Tmean
PET = 16()(5) (10 =5 (3)
_ v12 Tmeany1.514
IEDERCS (4)
a=(6.75)10"713 + (—7.71)10_512 + (5)

(1.79)10721 + 0.49

where Tmean is the monthly average temperature (°C), N is
the monthly average daylight hours (hours/days), a is the
coefficient, and | is the heat index.

As stated by Zarch et al. (2015), SPI and RDI can be
classified according to the drought classification in Table
1.

Table 1. SPI and RDI classification (Zarch et al. 2015)
SPI and RDI value Drought category

2 or more Extremely wet
1.5-1.99 Very wet
1-1.49 Moderately wet
0.99-0.0 Normal
0.0to -0.99 Near normal
-1to-1.49 Moderately dry
-1.5t0-1.99 Severely dry
-2 and less Extremely dry

For both indices, different time periods such as monthly
(i) can be determined by considering the effect of
precipitation deficiency on different water resources. In
general, studies use different time periods such as 1, 3, 6,
12, 24 and 48 months (i) to see short-term and long-term
effects. This methodology is based on how long it takes
for the impact of a lack of precipitation over time periods
to be felt on available water resources. For example,
while a decrease in precipitation in any given month can
have a rapid impact on soil moisture, the impact on
groundwater and streams occurs over a longer period of
time (Ozfidaner and Topaloglu, 2020). Therefore, it is
necessary to study different time periods to see short-
term and long-term effects.

These time periods are characterized by the total
precipitation in each month and the preceding months.
For example, for SPI-3, the value in March is based on the
values in January, February and March. Therefore, for
time scales, the analysis is performed by shifting from the
initial data to the time scale. In other words, if
precipitation values starting from January 1957 are
available, the first SPI-3 value can be obtained in March.
Thus, 3-month timescales can be used to analyze drought
in fast-responding systems such as agriculture, 6-month
seasonal and 12-month

timescales for droughts

timescales for long-term droughts.
2.3 Trend analysis
2.2.1ITA

The ITA method, first proposed by Sen (2012), was
developed to analyze the trends of hydrological time
series values. The fact that it does not require any
assumptions is the main reason why the ITA method is
preferred (Caloiero et al. 2018). In the application phase
of the ITA method, firstly, the available hydrological data
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set is divided into two equal parts according to time series
consecutively. These divided time series data are ordered
from smallest to largest and marked in the Cartesian
coordinate system. The first half time series is placed on
the x-axis (Xi), while the second half time series is placed
on the y-axis (X;). Finally, a 1:1 line is drawn and it can be
interpreted that if there is a clustering in the upper region
of the 1:1 line, there is an increasing trend, if there is a
clustering in the lower region, there is a decreasing trend
and if there is a clustering on the line, there is no trend
(Taskolu 2023). The degree of trend is determined by the
distance from the origin (0,0). The closer to the origin, the
lower the degree of trend, and vice versa, the further
away from the origin (closer to the extreme region of the
1:1 line), the higher the degree of trend (Sen 2012, Sen
2014).

2.4 Performance evaluation criteria for correlation
analysis

Coefficient of determination (R?) and the root mean
square error (RMSE) performance evaluation criteria
were used to determine the agreement between SPI and
RDI drought indices. R?, which can be defined as the ratio
of the variance of the dependent variable estimated from
independent variables, takes the lowest value -o= and the
highest value +1 (Chicco et al. 2021). RMSE analyzes the
distribution of data around the line of best fit and takes
values between 0 and o=. A value of 0 indicates a state of
perfect fit (Gezici and Sengiil 2023). The following
equations are used to calculate these criteria:

= 2?:1(bi_bort)2—2?=1(bi—yi)2
Z?=1(bi_bort)2

N p. 2
RMSE = /Z—FI(’;‘ Y0 (7)

where biis the observed value, yi is the output value, and

R? (6)

bortis the average of observed values.

3. Results and Discussions

3.1 SPI and RDI analysis results based on monthly time
series

Drought is an important natural disaster with
environmental, economic and social impacts worldwide.
It brings many negative consequences such as decreasing
water resources, decreasing agricultural productivity,
damaging ecosystems, and societies experiencing
problems in water supply (GUmdus et al. 2016). Therefore,
the detection, monitoring and management of drought is
of great importance. In this study, comprehensive

analyses were conducted using SPI and RDI to examine

drought and humidity conditions in Malatya province in
detail.

SPl is a widely used method for determining drought and
humidity levels by expressing the amount of precipitation
in a given period in terms of standard deviation. Analyses
at different time scales (SPI-3, SPI-6, SPI-9, SPI-12 and RDI-
3, RDI-6, RDI-9, RDI-12) reveal both short-term and long-
term drought trends. RDI provides a more comprehensive
analysis with PET data along with precipitation (Vangelis
et al. 2013). The data obtained with these methods are of
great value for water resources management, agricultural
planning and climate change adaptation strategies.

The data obtained as a result of the analyzes carried out
in the study region reveal the temporal distribution of
drought and humidity conditions. In this context, the
most humid and driest months obtained in SPI-3, SPI-6,
SPI-9, SPI-12 and RDI-3, RDI-6, RDI-9, RDI-12 scales were
determined, and the rates of observations in various
drought categories in monthly time series were detailed.
SPland RDI results for 3-6-9-12 months are given in Figure
2 below. According to SPI-3 results, the wettest month
was in September 1991 with a value of 2.88. On the other
hand, the driest month was observed in July 2014 with a
value of -3.62. According to SPI-6 results, the wettest
month was recorded in December 1991 with a value of
1.96. The driest month was recorded in August 2012 with
a value of -3.06. According to SPI-9 data, the wettest
month was recorded in September 1969 with a value of
1.71. The driest month was recorded in June 2014 with a
value of -3.05. According to SPI-12 analysis, the wettest
month was recorded in October 1988 with a value of 1.54.
The driest month was recorded in August 2014 with a
value of -2.99. According to RDI-3 results, the wettest
month was February 1972 with a value of 5.02. On the
other hand, the driest month was observed in July 2014
with a value of -3.52. According to RDI-6 results, the
wettest month was recorded in March 1987 with a value
of 2.06. The driest month was recorded in May 2014 with
a value of -3.00. According to RDI-9 data, the wettest
month was June 1993 with a value of 1.72. The driest
month was recorded in June 2014 with a value of -3.01.
According to RDI-12 analysis, the wettest month was
recorded in October 1993 with a value of 1.63. The driest
month was recorded in August 2014 with a value of -2.94.
During these dry months, decreased crop productivity
occurred in the Malatya basin as stated in the study of
Sunkar et al. (2013). In the study, when 'extremely dry,
severely dry, moderately dry and near normal' classes
were taken as dry periods, the number of drought events
(from 3 to 12 months) decreased as the time scale
increased, similar to the results of Yilmaz (2023).
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According to the results of both indices at all time scales,
a dry period started after 2010. This dry period started as
a sudden decrease at the end of July 2009 for all time
scales. For the drought analysis between 1957-2018, the
driest month in all time scales occurred during this dry
period. According to Figure 2, the most abrupt transition
from wet to dry period occurred during this dry period.

The number of dry periods of 6 months and longer for
different time scales according to SPI and RDI values are
given in Figure 3.
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Figure 3. Number of droughts lasting 6 months or more

3 months

As a result of the analysis for SPI 3-6-9-12, the number of
consecutive dry periods of 6 months or more was found
to be 9-12-9-9, respectively. This situation was again
observed as 12-12-12-12-11 for RDI. The main reason for
the higher number of long-term dry periods in RDI results
is the temperature effect. In their study, Topuz and
Karabulut (2020) made a similar statement; they stated
that the number of snow-covered days and the number
of snowy days decreased in Malatya station, that is, the
number of dry periods increased in line with this. In
addition, Celik et al. (2018), in their study using the SPI
index, stated that drought may pose a significant problem
in Malatya according to the trends.

3.2 Analysis results according to drought classes

In line with the results of SPI and RDI methods, drought
forecasts for the study region are organized according to
8 different drought classes from extremely dry to
extremely wet. Values less than 0 are considered as dry
and values greater than 0 are considered as wet. The
results obtained are given in Figure 4 below.

In this study, the 'near normal' class is not considered as
months with intense drought in order to see the time

periods when drought is intense. 'Extremely dry, severely
dry and moderately dry' classes are defined as months
with intense drought. These months will be referred to as
'dry months' in the rest of the study. In this context
according to SPI-3 results, when the monthly time series
were analyzed, it was determined that 5.6% of the data
were extremely dry, 4.1% were severely dry, 4.7% were
moderately dry and 27.1% were close to normal. These
data show that 14.4% of the total number of dry months
were observed. When the SPI-6 results were analyzed, it
was observed that 7.7% of the monthly time series were
extremely dry, 3.3% were severely dry, 3.9% were
moderately dry and 23.0% were close to normal. These
results indicate that there were 14.9% dry months in
total. According to the monthly time series for SPI-9 data,
9.0% were extremely dry, 2.8% were severely dry, 2.3%
were moderately dry and 23.6% were near normal dry
months. These data show that there are 14.1% dry
months in total. And according to the SPI-12 analysis, in
the monthly time series, 10.3% of extreme dry months,
1.8% of severe dry months, 1.4% of moderate dry months
and 21.9% of near-normal dry months were observed.
These results show that there are 13.5% dry months in
Basak (2017) determined that the
percentage of drought of Malatya station between 1929
and 2014 was below 50% according to the SPI method.

total. Similarly,

According to the RDI-3 results, when the monthly time
series were analyzed, it was determined that 3.8% of the
data were extremely dry, 4.0% were severely dry, 5.5%
were moderately dry and 36.8% were close to normal.
These data show that a total of 13.3% of dry months were
observed. When the RDI-6 results were analyzed, it was
observed that 7.3% of the monthly time series were
extremely dry, 4.5% were severely dry, 2.5% were
moderately dry and 25.3% were close to normal. These
results reveal that there are 14.3% dry months in total.
According to the monthly time series for RDI-9 data, 9.4%
were extremely dry, 2.6% were severely dry, 1.8% were
moderately dry and 24.7% were near normal dry months.
These data show that there are 13.8% dry months in total.
And according to the RDI-12 analysis, in the monthly time
series, 10.5% of extreme dry months, 1.7% of severe dry
months, 1.4% of moderate dry months and 22.3% of near-
normal dry months were observed. These results indicate
that there is a total of 13.6% dry months. Cebeci et al.
(2019) classified Malatya province as 'very drought' in
their drought analysis for the whole of Turkey. They also
stated that the drought index value has increased in
recent years.
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Figure 4. Comparison of SPI and RDI according to drought classes at different time scales

3.4 Correlation analysis

method that
linear relationship

Correlation analysis is a statistical

determines whether there is a
between two numerical data and, if so, the direction and
severity of this relationship (Ozgiin et al. 2020). In this
study, it was used to make sense of the relationship

between SPI and RDI. The relationship between SPI and

RDI drought values in 3,6,9 and 12-month time series and
performance evaluation criterion values are given in
Figure 5.

3.4 Results of trend analysis

The two most important parameters in drought analysis
studies are precipitation and temperature. Many indices
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make analyzes in the light of these parameters. Lack of

precipitation leads to a decrease in soil moisture,
destruction of ecosystems and many socioeconomic
problems. In regions with low precipitation, it is very
common that agricultural yields cannot be obtained and
irrigation water is depleted. In such cases, not only
agricultural damages but also economic problems occur
(Deniz 2009). With these negative effects; the water level
in rivers, lakes and dams drops below normal and there
are difficulties in providing drinking water. At the same

time, an increase in temperature can also have negative

R? =0.760
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w -5 4 5
-4 4
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consequences such as lack of precipitation. Drought is a
very common natural disaster in extremely hot regions
(Kurnaz 2023). In line with the mentioned negativities; it
is very important to make trend analyzes for precipitation
and temperature in drought studies. Trend analyses
support the analysis of the drought situation of the region
by providing information on the trend of the climatic
characteristics of the region (Taskolu 2024). The results of
the trend analysis of precipitation and temperature as a
result of the station data used in this study are presented
in Figure 6.
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Figure 5. The relationship between SPIl and RDI
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Figure 6. Precipitation and temperature trend according to ITA

When we look at the precipitation trend analysis, the
values are clustered in 2 regions in total, above the 1:1
line and in the lower triangular area. This clearly shows
that there is a decreasing trend. In the temperature trend

analysis, on the contrary, there is a clustering in the upper
triangular area. The fact that this clustering is the farthest
from the point (0,0) indicates that there is a high
increasing trend. This

region, where precipitation
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decreases and temperature increases, faces a serious
drought threat. In parallel with the studies of Celik et al.
(2018), an increasing drought trend was detected in
Malatya province with increasing temperature. In
addition, Avci and Esen (2019), in their study for Malatya
station, stated that similar to the current study,
precipitation has a decreasing trend and temperature has
an increasing trend. Similarly, Keskin et al. (2018)
reported a decrease in the annual average of precipitation
trends and an increase in the annual average of
temperature trends for Malatya province. Finally, Keskin
and Saplioglu (2023) investigated the temperature trends
of the Eastern Anatolia Region and found that the
temperature in Malatya province is in an increasing trend.

4. Conclusions

In this study, drought values at different time periods (3-
6-9-12 months) were analyzed using SPI and RDI, which
examines the effect of precipitation deficiency and
temperature increase on soil moisture, reservoirs and
natural lakes. Then trend analyses were made with
precipitation and temperature data sets. The data sets of
the Malatya province station, which is the study region,
between 1957-2018 were used.

As a result of the analyzes obtained; except for the 3-
month RDI (RDI-3), Malatya province station region is in
the humid class in total percentage for both methods and
for each period. However, if we look at the results of ITA;
with increasing temperature and decreasing precipitation
values, there is a strong possibility that the region will be
in the drought class as a total percentage for both
methods and time periods in a short time.

Although the fact that the region is in the humid class in
total percentage does not mean that there is no drought,
the fact that approximately one of the 2 months is dry is
a serious threat for the region. When we look at the SPI
3-6-9-12 monthly values, 14.4%, 14.9%, 14.1%, 13.5% had
a dry period, respectively. When we look at the values of
RDI 3-6-9-12 months, 13.3%, 14.3%, 13.8%, 13.6% had a
dry period, respectively. The small differences between
these indices, which are close to each other, are due to
the fact that the RDI method uses PET data together with
precipitation. Such large percentages of aridity have
negative consequences in many areas such as access to
drinking water for the local people, the variety of crops in
agriculture and access to water used in industry. In line
with the results of SPI and RDI analysis, the lowest
drought values in 2012-2014 are the main reason for the
low crop quality and difficulties in drinking water supply
during that period.

The positive correspondence between SPI and RDI values
is highest in the 12-month time interval. In this context, it
is seen that the relationship between the two indices
increases as the time interval increases.

Trend analysis using ITA showed a generally decreasing
trend in precipitation data and an increasing trend in
temperature data. This finding indicates that long-term
water management and agricultural planning studies in
Malatya province should take into account the impacts of
climate change. The decreasing trend in precipitation
poses potential threats to the sustainability of water
resources in the region, and it is necessary to re-evaluate
water management policies and develop climate change
adaptation strategies.

This study constitutes an important step in terms of
analyzing long-term data and identifying climatic trends.
These findings, which are a basic reference for future
research, will contribute to a better understanding of the
impacts of climate change at local scales. In this context,
conducting similar analyses with the data of other
meteorological stations in the region will enable the
development of more comprehensive climate strategies
at regional and national scales.
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Oz

Son yillarda kontrolsiiz antibiyotik saliniminin neden oldugu su
kirliligi sucul yasam igin ciddi bir tehdit haline geldiginden, bu
¢alismada, yiiksek eko toksisiteye sahip B-lactam sinifi bir
antibiyotik olan amoksisilin molekiillerini sudan uzaklastirmak
icin amin islevsel silika aerojel bir adsorban gelistirilmistir.
Gelistirilen adsorban maliyet ve enerji yogun sentez yontemleri
kullanilmadan, herhangi bir katalizor ilavesi olmaksizin, tek-
asamali basit bir sol-jel yontemiyle ortam kosullarinda
Uretilmistir. Aerojelin amin islevselligi U¢ fonksiyonlu bir
aminosilan  olan  3-Aminopropiltrimetoksisilan’in  sol-jel
sistemine es-jellesme yaklasimi izlenerek dahil edilmesiyle
saglanmistir.  Sentezlenen  aerojelin  fizikokimyasal ve
mikroyapisal 6zellikleri IR-spektrofotometri, taramali elektron
mikroskopisi (SEM) ve N, porozimetre analizleri ile acgiga
¢ikariimistir. Karakterizasyon bulgular silika yiizeyindeki amin
islevselligini kanitlamis ve Uretilen aerojelin son derece diisiik
yogunluga (p=0.17 g/cm3), yiiksek gdzeneklilige ($=88%) ve
gelismis bir mezog6zenekli yapiya sahip oldugunu gostermistir.
Aerojelin adsorpsiyon ozellikleri kesikli-sorpsiyon deneyleriyle
incelenmistir. Sonuglar denge ve kinetik verilerin sirasiyla
Langmuir ve sozde-ikinci mertebe kinetik modellerine uygunluk
gosterdigini dogrulamistir. Optimum isletme kosullarda (Ci=100
ppPM, Mags/Vson=1, pH=6) denge kapasitesi 55.7 mg/g olarak
kaydedilmistir. Sentezlenen aerojel ayni zamanda en az bes
déngi boyunca tekrarlanabilir kullanima uygunluk gostermistir.
Gelismis silika ag vyapisinin  eslik ettigi zengin amin
fonksiyonelligi, Uretilen adsorbanin rekabetci bir adsorpsiyon
performansina sahip olmasini saglamistir.

Anahtar Kelimeler: Amin fonksiyonel silika aerojel; Sol-jel; Adsorpsiyon;
Antibiyotik giderimi; Amoksisilin.

Abstract

Since water pollution caused by uncontrolled antibiotic release
has become a serious threat to aquatic life in recent years, in
this study, an amine-functional silica aerogel adsorbent was
developed to remove amoxicillin molecules, a B-lactam class
antibiotic with high ecotoxicity, from water. The developed
adsorbent was synthesized under ambient conditions by a
simple one-step sol-gel method without using costly and energy-
intensive synthesis methods and without any catalyst addition.
The amine functionality of the aerogel was achieved by
incorporating 3-Aminopropyltrimethoxysilane, a trifunctional
aminosilane, into the sol-gel system following a co-gelation
approach. The physicochemical and microstructural properties
of the aerogel were revealed by IR-spectrophotometry,
scanning electron microscopy and N, porosimetry analyses.
Characterization findings proved the amine functionality on the
silica surface and showed that the produced aerogel had
extremely low density (p=0.17 g/cm3), high porosity ($p=88%)
and a well-developed mesoporous structure. The adsorption
properties of the aerogel were investigated by batch-sorption
experiments. The results confirmed that the equilibrium and
kinetic data fit the Langmuir and pseudo-second-order kinetic
models, respectively. Under optimum operating conditions
(Ci=100 ppm, Mags/Vsoin=1, pH=6) the equilibrium capacity was
recorded as 55.7 mg/g. The synthesized aerogel also
demonstrated good regenerative properties for at least five
cycles.

Keywords: Amine functional silica aerogel; Sol-gel; Adsorption;
Antibiotic removal; Amoxicillin.

1. Giris
Antibiyotikler, insanlarda ve hayvanlarda viral, mikrobiyal
enfeksiyon semptomlarini tedavi etmek igin yaygin olarak
kullanilan farmasotik bilesiklerdir. Artan kiresel niifus ile
tibbi  ve
kullanimindaki

veterinerlik  uygulamalarinda antibiyotik

yogun artis ve bu bilesenlerin tam
metabolize edilememesi ¢cevre suyunda giderek artan bir
(Biswal ve

antibiyotik kirliligine sebep olmaktadir

Balasubraminian 2022). Antibiyotiklerin kararli yapilari su
kitlelerinde biyolojik birikime neden olur ve dulsik
derisimlerde bile olsa antibiyotiklere sureli
ciddi sekilde tehdit eden

antibiyotige direncli viral veya bakteriyel genlerin (ARG)

uzun
maruziyet, halk sagligini
olusmasina neden olabilir (Yu vs 2021). Dinya Saghk
Orgiitii, ARG'lerin olusumunu bu yizyilin en dnemli halk
saghgl sorunlarindan biri olarak kabul etmistir. Buna
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sebep olan makrolid, penisilin, tetrasiklin ve kinolon
antibiyotik gruplarn yeni cevresel kirleticiler (emerging
pollutants) olarak atfedilmektedirler (Kovalakova vd.
2020).
siklikla kullanilan beta-laktam ailesine ait penisilin grubu
bir antibiyotiktir (Moussavi vd. 2013; de Franco vd. 2017).
Penisilin sinifi ve aminopenisilin altsinifina ait bu yari

Amoksisilin - birgok enfeksiyonun tedavisinde

sentetik antibiyotik, anhidrit, sodyum ve trihidrat olmak
Gzere (g farkh formda bulunur. Amoksisilin, suda, etanol
veya metanolde disuk ¢oéziinurlige sahipken, hidroksit
alkali ¢ozeltilerde yuksek c¢ozinirlige sahiptir. Erime
noktasi 194°C'dir ve (¢ adet fonksiyonel grubundan
kaynaklanan (g ayrisma sabitine (pKai: 2,4 (karboksilik
asit), pKaz: 7,4 (amin) ve pKas: 9,6 (fenol)) sahiptir (de
Marco et al., 2017).

Ekosistemlerde biyolojik birikimin 6nlenmesi agisindan
ortadan kaldirilmasi yiiksek oncelikli sinifa ait olan bu
farmasotik  kirleticinin  sulu ortamlardan giderimine
yonelik ileri oksidasyon, membran ayirma, foto-katalitik
bozunma, iyon degisimi ve adsorpsiyon gibi bircok aritma
yontemi mevcuttur. Bu yéntemler arasindan adsorpsiyon,
daha az atik olusumu hem kesikli hem de siirekli aritma
yontemlerine uygunluk, dusik kirletici konsantrasyon
seviyelerinde uygulanabilirlik, rejenerasyon ve yeniden
kullanim imkani, isletme kolayhgi ve diisiik sermaye ve
isletim maliyeti gibi farkli avantajlari sebebiyle oOne
ctkmaktadir (Glizel vd. 2021). Bugiine kadar antibiyotik
adsorpsiyonu i¢in karbon bazli malzemeler, polimerler ve
regineler, metal-organik gergeveler, killer ve mineraller
gibi cesitli adsorbanlar arastirilmistir (Lu vd. 2020).
Bununla birlikte, bu adsorbanlarin nispeten yiiksek fiyat,
kolay polimerizasyon ve ikincil kirlilik gibi dezavantajlari,
alternatif adsorbanlar arastiriimasini gerekli kilmaktadir
(Yu vd. 2021).

GlUnlmizde olaganistii nano gozenekli yapilari ile silika
aerojeller, cesitli kirleticilerin sudan etkin bir sekilde
uzaklastirilmasi islemlerinde adsorban olarak biyilik bir
2021). Silika
aerojellerin sahip olduklari gelismis acik gozenekli ag

ilgi gormektedir (Ganesamoorthy vd.

yapisl, uyarlanabilir ylzey 6zellikleri ve kontrol edilebilir
hidrofobiklikleri  bu
uygulamalarinda

malzemeleri atik su aritimi

essiz bir aday haline getirmistir
(Abedpour vd. 2023). Silika aerojellerin simdiye kadar,
atik sulardan yag ve organik ¢Oziicl, boya, agir metal
giderimi gibi bircok c¢evresel islah uygulamasinda
adsorban malzeme olarak etkinligi kanitlanmis olsa da bu
malzemelerin sulu c¢o6zeltilerden antibiyotik, ozellikle
amoksisilin, giderim performanslarini arastiran galismalar
oldukga nadirdir. Var olan sinirli calismalar ise amorf silika
dizenli gozenekli silika

yapilarindan ziyade

nanoparcaciklarin  kullanildigi  adsorpsiyon siiregleri

Gzerinedir (Elnazer vd. 2024). Halbuki silika aerojellerin

farkli boyut aralklarinda gbzenekler iceren gelismis

nanoyapilart ve hedefe 06zgl islevsellestirilebilme
Ozellikleri  onlari  sulu  ¢Ozeltilerden  amoksisilin
gideriminde umut vadeden adsorbanlar haline

getirmektedir. Sol-jel kimyasinin ¢ok yonliiligu sayesinde
ile hedef kirletici
farkl
eklenmesiyle gelistirilebilir.

silika ylzeyi molekil arasindaki

etkilesimler, yuzey fonksiyonel gruplarinin

Amin fonksiyonel grubunun sahip oldugu yiiksek niikleofil
yapi ve kompleks olusturabilme vyetenegi, organik

gruplarin  adsorpsiyonunda bu vyapilara  yuksek
adsorpsiyon yetenegi kazandirmaktadir (Cashin et al.,
2018; Da’na, 2017; Fujiki et al., 2015; Khan Rind et al.,
2024; Naseer, 2024). Bu nedenle adsorpsiyon temelli
ayirma uygulamalarinda, silika aerojellere  amin
fonksiyonel gruplarinin ilavesi, genis ¢capta arastirilmis ve
birgok organik maddenin (6rn. organik) boyalar, fenolik
bilesikler) ve inorganik kirleticiler (6rnegin agir metaller)
gideriminde etkinligi kanitlanmis bir yontemdir (Barczak
2019). Buna karsin, amin fonksiyonlu silika adsorbanlarin
ilag veya biyomolekdilleri adsorplama yetenegi literatiirde
yeterince degerlendirilmemistir. Amin modifiyeli silika
yapilarinin antibiyotik gideriminde, 6zellikle amoksisilin
grubu antibiyotiklerin gideriminde kullanildig1 ¢alismalar
ise yok denecek kadar azdir. Lu ve ark. kiresel dizenli
MCM-41 silika adsorbani

yapilarla islevsellestirmis ve bu adsorbanin siprofloksasin

gozenekli diamin icerikli
tipi antibiyotik gideriminde kullanimini incelemistir. Elde
edilen sonuglar amin islevselligin modifiye edilmemis
silika adsorbana gore antibiyotik tutma kapasitesini iki kat
arttirdigini (gmax= 139 mg/g) gbstermistir (Lu vd. 2020).
Baska bir ¢alismada ise Rumman ve ark. yine MCM-41 tipi
silika tutucularda amin

mezogozenekli islevselliginin

siprofloksasin  adsorpsiyon  performansina  etkisini

incelemis ve silikalara sentezden sonra kimyasal asilama
yoluyla amin gruplarinin ilavesiyle elde edilen
malzemenin maksimum adsorpsiyon kapasitesini 164
mg/g olarak kaydetmislerdir (Abu Rumman vd. 2021).
Yeni bir ve ark.

¢alismada ise Mohseni-Bandpei

ponzatasindan turetilmis silika aerojel
nanomalzemelerinde sentez sonrasi amin asilamasinin
sefiksim tlirt antibiyotiklerin giderimindeki etkisini kesikli
ve slirekli deneylerle arastirmis ve amin asilanmis
kesikli
sistemde 19 mg/g ve strekli sistemde 27 mg/g olarak
2023). Ayni

yazarlar baska bir calismalarinda ise yine ponzatasi tirevli

adsorbanlarin denge adsorpsiyon kapasitesini

raporlamisladir (Mohseni-Bandpei vd.

silika aerojellere sentez sonrasi amin asilamasi yaparak
elde edilen tutucunun ibuprofen giderimine etkisini
incelemis ve optimum

adsorpsiyon  kosullarinda
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malzemenin maksimum adsorpsiyon kapasitesini 39 mg/g
olarak bulmuslardir (Mohseni-Bandpei vd. 2020). Sozii
edilen tim galismalarda silika ylizeyine amin islevselligin
ilavesi sentez sonrasi kimyasal

asllama vyoluyla

gerceklestirilmistir. Sentez sonrasi asilama yaklasimi
literatirde siklikla kullanilan bir ydontem olsa da genellikle
yogun ¢ozgen kullanimi,

distk islevsellik derecesi,

megakkatli ve zaman alic yikama adimlan gibi
dezavantajlari da beraberinde getirmektedir. Ote yandan
amin igerikli silanlarin silika aerojel yapisina sentez
sirasinda ilave edildigi es-jellesme vyaklasimi, secilen
organosilanlarin silika iskeletine sol-jel reaksiyonlari
sirasinda baglanmasi sayesinde yilksek fonksiyonellik

imkani sunan ve zaman-maliyet etkin bir ydntemdir.

Gergeklestirilen bu galisma, sulu ortamdan adsorpsiyon
yoluyla amoksisilin giderimine yonelik amin fonksiyonel
silika aerojel adsorbanlarin gelistirilmesini
amaglamaktadir. Bu kapsamda silika temelli aerojel,
geleneksel bir silika baslaticisi olan tetraetilortosilikat ile
amin fonksiyonel bir silan olan 3-aminopropiltrietoksisilan
ve metil organosilan olan

fonksiyonel bir diger

metiltrimetoksisilan’in birlikte jellestirilmesi yoluyla, tek-

adimli  basit bir sol-jel stratejisi izlenerek ortam
kosullarinda sentezlenmistir. Sentezlenen aerojelin
fizikokimyasal ve morfolojik ozellikleri IR

spektrofotometrisi, taramal elektron mikroskopisi (SEM)

ve nitrojen porozimetrisi analizleriyle karakterize

edilmistir. Uretilen malzemenin sulu ¢ézeltilerden
amoksisilin tipi antibiyotik gideriminde kullanimi kesikli
adsorpsiyon kinetik ve denge deneyleriyle incelenmistir.
Kirletici baslangi¢ derisimi, adsorban dozaji ve ¢ozelti pH'1
ve temas slresi gibi ¢esitli calisma parametreleri altinda
hazirlanan aerojelin amoksisilin giderim verimi ve tutma

kapasitesi arastirilmistir.
2. Materyal ve Metot
2.1. Materyal

Galismada silika baslatici olarak tetraetilortosilikat (TEOS,
%99), (MTMS, 95%) ve 3-
aminopropiltrietoksisilan (APTES, 98%), ¢ozgen olarak ise

metiltrimetoksisilan

etanol, n-hekzan ve deiyonize su kullaniimistir. Hedef
(2S,5R,6R)-6-{[(2R)-2-Amino-2-(4-
hidroksifenil)asetillamino}-3,3-dimetil7-okso-4-tiya-1-

azabisiklo [3.2.0]heptan-2-karboksilik asit (Amoksisilin,
%98) antibiyotik secilmistir. Tum kimyasallar Merck'ten

kirletici olarak

temin edildi ve ek saflastirma yapilmadan kullaniimistir.
2.2. Metot

Tipik adsorban sentezinde APTES ortam kosullarinda
etanol ve su varliginda 16 saat boyunca herhangi bir
katalizor ilavesi olmaksizin hidrolize edilmis, daha sonra

karisima TEOS eklenerek elde edilen sol 30 dk daha
karistirilmistir. Cozelti icerisinde APTES/TEOS molar orani
3/7 olarak ayarlanmis, karisimdaki toplam Si miktarinin
toplam ¢6zgen miktarina molar orani ise toplam
Si/EtOH/H.0 = 1/16/10 olarak belirlenmistir. TEOS
ilavesinden sonra ¢ozelti pH’1 7 olarak kaydedilmis ve
karisim ortamda jellesmeye birakilmistir. Bir saat
icerisinde 6rnek tamamen jellegsmistir. Jellesmeden sonra
islak jel bir glin boyunca kendi kabinda yaslandirmaya
birakilmis, yaslandirilan jel 24 saatlik periyodlarla iki kez
hekzanla yikanmistir. Son adim olarak islak jel gece
boyunca 80°C’lik etlivde kurutulmustur.

2.3 Karakterizasyon

Potansiyel bir adsorbanin gozenek ve ylzey o6zellikleri o
malzemenin adsorplama yetenegi (izerinde belirleyici
faktorler oldugundan,

sentezlenen aerojel kimyasal,

morfolojik yapi ve gozenek 6zelliklerini agisindan
karakterize edilmistir. Uretilen aerojelin yigin yogunlugu
(pp) kurutma isleminden sonra elde edilen kiitle-hacim
oranlarindan

hesaplanmis ve buna karsilik gelen

gozeneklilik degeri Denklem.1 kullanilarak bulunmustur:
% Gozeneklilik = (1 — P2/, ) x 100 (1)

Bu denklemde p; silika iskeletinin yogunlugunu temsil
eder ve bu ¢alismada oldugu gibi amin modifiye edilmis
silika omurgasi icin, degeri literatiire uygun olarak 2.30
g/cm? olarak alinmistir (Li et al., 2020). Malzemenin
kimyasal yapilanmasi PERKIN ELMER Spectrum-100 FTIR

spektrofotometresinde 500-4000 cm

dalga boyu
araliginda incelenmistir. Aerojelin morfolojik 6zellikleri
SEM analizi ile agiga ¢ikarilmistir. Analiz diisik vakum
altinda 7,5 kV hizlanma voltajiyla ¢alisan Thermo Scientific
Apreo S (Thermo Fisher Scientific, ABD) cihazinda
100000 buyitme

oraninda elde edilmistir. Uretilen malzemenin gdzenek

gerceklestirilmistir ve mikrograflar

ozellikleri ise Quantachrome Autosorb-6 gézenek analiz

cihazi  kullanilarak N2 adsorpsiyonu yoluyla analiz
edilmistir. Olciimlerden énce iiretilen aerojel 120°C'de 12
saat slireyle vakum altinda gaz giderim islemine tutulmus
ve adsorpsiyon-desorpsiyon izotermleri 77 K'de elde
edilmistir. Aerojelin gortndr ylizey alani, toplam gézenek
hacmi, mikro gézenek hacmi ve ortalama gbzenek gapi
gibi gozenek parametreleri, Brunauer—-Emmett—Teller
(BET), (BJH) ve

Radushkevich yontemleri kullanilarak belirlenmistir.

Barrett—Joyner—Halenda Dubinin-

2.4. Adsorpsiyon Calismalari

Sentezlenen amin modifiyeli aerojelin amoksisilin

kirleticisi Uzerindeki denge ve kinetik adsorpsiyon

davranisini aydinlatmak igin bir dizi kesikli adsorpsiyon

deneyi gercgeklestirilmistir. Tipik bir kesikli denge
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deneyinde, degisen baslangi¢c derisimlerine (5-125 ppm)
sahip belirli miktarda adsorban ve amoksisilin ¢6zeltisi, 50
ml'lik bir erlenmeyer kullanilarak ortam kosullari altinda
24 saat boyunca 250 rpm'de karistirilmistir. Denge
deneyleri sirasinda ¢ozeltilerin pH'I nétr pH'ta (pH ~5-6)
tutuldu. 24 saatlik temastan sonra adsorbanlar, 0,22 um
siringa filtresiyle filtrasyon yoluyla ¢ozeltiden ayriimistir.
Daha sonra slipernatan ¢ozeltisinin konsantrasyonu, 230
nm dalga boyunda UV-Vis Spektrofotometre (Shimadzu-
UV 1800) ile belirlendi. Sonuglarin givenilirligi igin
deneyler U¢ kez tekrarlanmistir.  Optimum ¢alisma
kosullarini belirlemek igin adsorban dozajinin (Mads/Vsoin=
0.5,1, 1.5) ve pH'In (2-12) aerojelin adsorpsiyon kapasitesi
Uzerindeki etkisi de test edilmistir. Bu deneylerde
baslangic amoksisilin derisimi ve adsorpsiyon siresi
sirasiyla 100 ppm ve 24 saat olarak ayarlandi ve
¢Ozeltilerin pH'1 0,2 M HCl veya 0,5 M NH4OH kullanilarak

ayarlanmistir.

Kinetik deneyler, optimum calisma kosullarinda (baslangic¢

amoksisilin  derisimi: 100 ppm, adsorpsiyon dozaji
(mads/Vsoln): 1, ¢Ozelti pH: 6) farkli zaman araliklarinda (15-
1440 dakika) gergeklestirilmistir. Her deneyden sonra
adsorbanin denge adsorpsiyon kapasitesi (q.) ve giderim
verimliligi (R%) sirasiyla Denklem 2 ve Denklem 3'e gore

hesaplanmistir:

Ge(mg/g) = 2= @
R% = (C"C;Ce) x 100 (3)
0

Bu denklemde C,(mg/L) ve C,(mg/L)
baslangic ve denge amoksisilin konsantrasyonu, V (L)

sirasiyla

antibiyotik ¢ozeltisinin hacmi ve mg4 (g) kullanilan

aerojel miktaridir. Amin modifiye silika aerojel ve
amoksisilin molekdlleri arasindaki adsorptif etkilesim ve
hakkinda daha fazla bilgi

edinmek icin adsorbanlarin tutma davranisi farkli denge

adsorpsiyon mekanizmasi

izotermi ve kinetik modelleri analiz edilmistir. Denge
adsorpsiyon deneylerinde adsorbanlarin adsorpsiyon
mekanizmasi Langmuir ve Freundlich denge izoterm
Model
dogrusallastirilmis hali Denklem 4 ve 5' de verilmistir.

modellerine gore incelenmistir. denklemlerin
Langmuir izoterm modeli:

Ce 1 Ce
de Am+KL  dm

Freundlich izoterm modeli:
Ing. = InKy +—In C, (5)

Bu denklemlerde, g,,(mg/g) maksimum adsorpsiyon
C, (mg/L) denge
Langumir

kapasitesi,
K, (L/mg)

amoksisilin  derisimi,

denge sabiti, Kp (mg/g)

Freundlich denge sabiti, n ise heterojenlik faktéri adi
verilen ampirik bir sabittir.

Temas siresinin antibiyotik adsorpsiyon sirecine etkisi,

farkh zaman araliklarinda (15-1440 dakika)
gerceklestirilen kinetik  calismalarla incelenmis,
adsorpsiyon prosesini ybneten mekanizmalari

degerlendirmede deneysel verilerle eslestirmek lizere (g

kinetik model (s6zde birinci mertebe, s6zde ikinci
mertebe, tanecik ici diflizyon) kullanilmistir. Modellere ait
denklemler asagida verildigi gibidir. S6zde birinci mertebe

kinetik hiz modeli (Pseudo-first order kinetic model):
In(qe — q) = Ing, — ky t (6)
Sozde ikinci mertebe kinetik hiz modeli (Pseudo-first

order kinetic model):

1 ¢
- = s ——
qt kaqg de

(7)

Tanecik i¢i difizyon modeli (Intraparticle diffusion
model):
s = kinttl/z +C (8)

burada q, (mgg~!) denge adsorpsiyon kapasitesini,
q:(mgg™') t amindaki adsorpsiyon kapasitesini, k;
(min~1) sabitini, k,
(g mg~tmin~1) sézde ikinci mertebe hiz sabitini,

s6zde birinci mertebe hiz

kine (mg g~* min~'/?) denklem hiz sabitini ve C ise sinir

tabakasinin  kalinligi ile ilgili bir model sabitini

gostermektedir.

2.5. Rejenerasyon Calismasi

Sentezlenen adsorbanin yeniden kullanilabilirliginin

arastiriimasi adsorpsiyon sirecinin sirekliligi agisindan
onemlidir (Abu Rumman et al., 2021; Lu et al.,, 2020;
Pandey et al., 2021; G. Tian et al.,, 2024). Calismada
Uretilen amin  modifiyeli aerojelin  rejenerasyon
yetenegini ortaya ¢ikarmak icin eluent olarak 0,2 M HCI
¢ozeltisinin

kullanildigi adsorpsiyon-desorpsiyon

donglisel ¢alismalari da ylritilmustlir. Desorpsiyon
deneyleri, 0.2 mg amoksisilin yikli adsorbanin, ortam
kosullari altinda 180 dakika boyunca 20 ml eluent ¢ozeltisi
ile temas ettirilmesiyle gerceklestirilmistir.
Slspansiyonun santrifiijlenmesinden sonra siipernatanin
UV-Vis

Olgllmistir. Her desorpsiyon deneyinden sonra aerojel,

konsantrasyonu Spektrofotometresi ile

bir sonraki dongliden 6nce pH=6 olana kadar deiyonize su
ile yikanmistir. Daha sonra her dongiideki desorpsiyon

kapasitesi  (qcqges) asagida  verilen  denklemle
hesaplanmistir:

Cpxv
qe,des(mg/g) = —[cuent (9)

Myiikli aerojel
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burada Veen: (L), Myiiklii aerojel (mg) ve Cf (mg /L),
sirasiyla eluent ¢ozeltisinin hacmini, amoksisilin yukli
miktarini

aerojelin ve eluent c¢ozeltisinde Olglilen

amoksisilin derisimini temsil etmektedir.
3. Bulgular ve Tartisma

3.1. Karakterizasyon Bulgulari

3.1.1. Kimyasal Ozellikler

Amin fonksiyonel silika aerojelin kimyasal tanimlamasi
FTIR analizi ile yapilmis ve elde edilen spektrum Sekil.1’de
gdsterilmistir. Spektrumda 1000-1050 cm™ dalga boyu
araliginda gorinen glgli sinyaller siloksan baglarinin
asimetrik gerilme titresiminden kaynaklanmakta ve ug
boyutlu silika ag yapisini dogrulamaktadir. 694 cm™ dalga
boyunda beliren sinyal silika iskeletini olusturan Si-O
baglarinin simetrik biikiilme titresim moduna, 808 cm™
dalga boyu civarinda gozlenen net sinyal simetrik Si-O-Si
titresimine, 1100 cm™ dalga boyu civarinda genis omuz
olarak ortaya ¢ikan sinyal ise, Coulomb etkilesimlerinden
kaynaklanan Si-O-Si baglarinin c¢apraz titresim moduna
atfedilebilir (Lu vd. 2020). 1275-1485 cm™ arasindaki
dalga boylarina yakin gozlenen sinyaller, C-N baginin farkli
titresim modlarina, 1465-1642 cm™ ortaya cikan belirgin
sinyaller N—H grubunun bikilme titresimine atfedilir (Abu
Rumman vd. 2021). 1640 cm™ ve 2890 cm™'de elde edilen
daha zayif sinyaller de sirasiyla N-H deformasyon moduna
ve N-H gerilme titresimlerine karsilik gelmektedir (Zhang
vd. 2023). Tim bu karakteristik sinyaller, sentezlenen

aerojeldeki  basarili  amin islevselligini  dogrular
niteliktedir.
120.00
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Sekil 1. Amin fonksiyonel aerojelin FTIR spektrumu
3.1.2. Morfolojik Ozellikler

Sentezlenen aerojelin 100000 ve 200000 biyitme
oranlarinda elde edilmis SEM mikrograflari kiiresel silika
taneciklerinin yigin agregasyonundan olusan iyi dagilmis
gozenekli bir yapiyi isaret etmektedir. Silika parcaciklari,
agin her yerine neredeyse homojen dagiimis ve genel
olarak 20-50 nm boyutunda goézenekler olusturacak
sekilde kimeler halinde paketlemistir. Yalnizca TEOS
turevli silika aerojel yapilarindaki tipik zincir-benzeri
morfoloji yerine pargacik kiimeli ag yapisi, APTES tirevli

silika aerojellerin sikhkla gozlenen bir karakteristigidir
(Mohseni-Bandpei et al., 2020; Zarrabi, 2023). Kiiresel ve
ince silika tanelerinden olusan bu ¢ok gézenekli gelismis
yapi, Uretilen malzemenin disiik yogunluk (0,172 g/cm?3)
ve ylksek gozeneklilik (%92) degerlerine sahip olmasina
olanak saglamigtir. Amin modifiyeli silika yapilari Gzerine
literatlrde yer alan ¢alismalar genellikle daha ylksek yigin
yogunlugu ve daha dusiik gozeneklilik raporlamiglardir
(Capadona et al., 2006; Randall et al., 2011; Zhang et al.,
2023). Dolayisiyla, ¢alismada elde edilen bu degerler
ozellikle literatirdeki ortam kosullarinda sentezlenen
amin ilaveli silika sistemleriyle kiyaslandiginda oldukga
Umit vaat edicidir (Vareda et al., 2020).

3 | Hy spot |usecase WD mag O curr det
25PM 7.50kV 9.0 Standard 7.8 mm 100000x 0.20nA ETD

lum
EGE-MATAL

se case WD mag O curr det

% :,\;OI(V ;[&; S;andard 7.8 mm 206000)( 0.20nA ETD AL
Sekil 2. Amin fonksiyonel silika aerojelin x100000 (a) ve x200000
(b) buytutme elde edilmis SEM goruntuleri

3.1.3. Dokusal Ozellikler

Sentezlenen amin fonksiyonel aerojelin dokusal 6zellikleri
N2 porozimetresi ile karakterize edilmis ve elde edilen
adsorpsiyon-desorpsiyon izotermi ile malzemenin
gozenek boyut dagilim egrisi Sekil 3 ve Sekil 4’ te
gosterilmistir. Uretilen aerojel kilcal yogunlasmanin
histerezis ile birlikte eslik ettigi mezogozenek yapisinin bir
gostergesi olan tip IV izoterm sergilemistir. Histerezis
dongileri, ag etkilerinden dolayr adsorpsiyon ve
desorpsiyon egrileri birbiriyle o6rtismediginde ortaya

cikar. Bu nedenle, elde edilen izotermin sekli, gbzenek
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yapisinin belirli 6zellikleri ve altta yatan adsorpsiyon
mekanizmasi hakkinda énemli bilgiler verir. Calismada
elde edilen histerezis dongisi H4 tipidir ve genellikle
homojen olmayan dar ve yarik sekilli gozenek kanallarina
sahip mezogozenekli malzemelere atfedilir (Cychosz et
al., 2017; Thommes et al., 2015). Gozenek boyut dagilimi
egrisinden (Sekil 4) de gorilebilecegi gibi Uretilen
aerojelin gozenek yogunlugu genellikle 2-5 nm boyut
araliginda yogunlasmistir. Numunede gozlemlenen disiik
bagil basinglarda adsorpsiyon dalindaki ylksek N2 alimi,
silika agindaki mikro gézeneklerin dolumu ile iliskilidir ve
bu tir mikro gozeneklerin varhgi, ¢dzlci buharlagsmasi
sirasinda kilcal etkilerden dolayl mezo gézenekli matrisin

kismi tahribatiyla iliskilendirilebilir.

N, adsorpsiyon-desorpsiyonizotermi

120

,__
o
S

@
S

Adsorplanan miktar {(cm3g)
B [}
o S

[N
S

0 02 04 06 08 1

Bagil Basing (p/p°)

Sekil 3. Amin fonksiyonel aerojelin N, adsorpsiyon- desorpsiyon
izotermi

Gozenek boyut dagilim egrisi

dV/dw (cm®/nm/g)

Gozenek boyu (nm)

Sekil 4. Amin fonksiyonel aerojelin gézenek boyut dagilim egrisi

adsorbanin BET ve BJH
yontemlerinden elde edilen gorinir ylizey alanini, toplam

Cizelge 1 sentezlenen

gozenek hacmini ve ortalama gozenek caplarini
gostermektedir. Literatlirde metil modifiye organosilan,
amin modifiye organosilan ve tetraalkoksilan Ugli
onclsuyle kurulmus silika yapilarinda eger kurutma ortam
kosullarinda yapildiysa elde edilen aerojellerin ylizey
alanlari genellikle < 50 m?/g, gézenek hacimleri ise <0.03
cm?3/g olarak raporlanmistir (Lamy-Mendes et al., 2019;
Vareda et al., 2020). Ote yandan bu ¢alismada, iyi gelismis
mezo-gbzenekli agin bir sonucu olarak, amin fonksiyonel
bu aerojelin, adsorptif 6zellikleri agisindan yararli
olabilecek yiiksek gorinir ylzey alani ve gézenek hacmi

degerlerine sahip oldugu gorilmektedir.

Cizelge 1. Sentezlenen aerojelin gbzenek 6zellikleri

Gozenek Ozellikleri Sayisal Degerleri

Gorunur Yuzey Alani (m?%/g) 223
Toplam gozenek hacmi (cm3/g) 0.13
Ortalama gozenek ¢api (nm) 2.3

3.2. Kesikli Adsorpsiyon Deneyleri

Bu boélimde sentezlenen amin fonksiyonel aerojelin
amoksisilin tutma basarimi bir dizi kesikli adsorpsiyon
deneyi ile test edilmistir. En ylUksek tutma kapasitesini
saglayan kosullarini  belirlemek

optimum ¢alisma

amaciyla, baslangi¢ kirletici konsantrasyonu, adsorban

dozaji, ¢ozelti pH', ve temas siresi operasyonel
parametreler olarak arastiriimistir.
a) 5 70 b) _ 100
El g
E®0 i s0
& so E .
2 40 E 50 1
E 30 ; § 40
g 20 1 1
§ ’ g 2
S 10 -]
E
o < o
[} 20 40 60 80 100 120 [} 20 40 60 80 100 120

Baglangig derigimi, Ci (ppm) Baslangic derisimi, Ci (ppm)

Sekil 5. Baslangi¢c amoksisilin derisiminin denge kapasitesi ve
giderim verimliligi Uzerine etkisi

3.2. 1. Denge Calismalari

Farkh
adsorpsiyon kapasitesi ve giderim verimliligi izerindeki

kirletici baslangic derisimlerinin  maksimum
etkisi ilk calisma parametresi olarak arastirilmis ve 24
saatlik temas sonunda elde edilen sonuglar Sekil 5'te
gosterilmistir. Baslangic amoksisilin konsantrasyonunun
artmasliyla birlikte, kitle transferi i¢in artan itici gl
nedeniyle elde edilen kapasitelerde belli bir diizeye kadar
artis egilimi gozlenmistir. Adsorban yiizeyinde mevcut
aktif adsorpsiyon bdlgelerinin doygunluga ulasmasi
sonucu 100 ppm’den sonra artan kirletici derisimleri elde
edilen kapasite degerlerini neredeyse hi¢ degistirmemistir
ve adsorban

denge kapasitesi 55.7 mg/g olarak

kaydedilmistir.  Adsorpsiyon  kapasitesinin  aksine,

amoksisilin baslangic konsantrasyonunun artmasiyla
giderim verimi azalmis ve en yiksek giderim verimi 10
ppm amoksisilin ¢ozeltisinde % 89.3 olarak bulunmustur.
Distk kirletici derisimlerinde elde edilen yiiksek giderim
verimi literatlirdeki bircok c¢alisma tarafindan da
desteklenmektedir (Bagri et al., 2024; Mirizadeh et al.,
2024; Moussavi et al., 2013; Ruan et al., 2023; Wang et
al., 2022). Cozeltideki adsorban miktari sabit oldugundan
giderim verimliligindeki azalma egilimi, kirletici molekil
miktarinin artmasina karsin aerojellerin aktif sorpsiyon
bolgelerinin sinirl mevcudiyetine atfedilmistir (Sert Cok

et al., 2025).

3.2.3. Denge izotermleri
Sentezlenen aerojelin denge verileri, amin islevli silika

aerojel yapisi Uzerindeki amoksisilin  adsorpsiyon
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mekanizmasini belirlemek igin Sekil 6’da gosterildigi gibi
Langmuir ve Freundlich izoterm modelleri uygulanarak
analiz edilmistir ve elde edilen model parametreleri
Cizelge 2’de 6zetlenmistir. Segilen modellerin uygunlugu
(R?)
Langmuir modelinin deneysel verilere yiksek uyum

korelasyon katsayilari ile degerlendirilmis ve
gosterdigi belirlemistir. Langmuir modelinde elde edilen
yliksek regresyon katsayilari (R? =0.996) amoksisilinin
aerojel tzerine adsorpsiyonunun tek katmanl oldugu ve
adsorbanin homojen olarak dagilmig, dizgiin baglanma
enerjilerine sahip aktif bolgeler icerdigi varsayimini
(Abu 2021). Hedef

verimli sistemlerinin

dogrulamaktadir Rumman vd.

kirleticiler igin adsorpsiyon
tasarlanmasinda 6nemli bir parametre olan ve Langmuir
modeli kullanilarak hesaplanan maksimum teorik
adsorpsiyon kapasitesi (gm) de galismada deneysel olarak
elde edilen denge kapasitesi degerlerine de oldukga yakin

sonug vermistir (Cizelge 2).

Cizelge 2. Amin fonksiyonel aerojelin izoterm model parametreleri

80
70
60
® ____,___I——'—_—‘
% 50
]
£ 40
8 20 © Deneysel veri
20 Langmuir model
10 : Freundlich model
0
0 20 40 60 80

Ce (mg/L)

Sekil 6. Langmuir ve Freundlich denge izotermleri

Freundlich modelinde nispeten daha diisiik R? degerleri
elde edilmesine ragmen, bu modeldeki heterojenlik
faktorii (n) degerinin 1'den biyiik olmasi, elverisli bir
adsorpsiyon slrecine isaret etmektedir (Nassar vd. 2019).

izoterm Modelleri

Adsorban (mq; ) Langmuir Parametreleri Freundlich Parametreleri
9/9 m K, R2 . Kr o2
(mg/g)  (L/mg) (mg/g)
Amin fonksiyonel 55.7 56.4 0.211 0.996 2.293 11.808 0.856

silika aerojel

3.2. 2. Adsorban Dozaji

Pratik uygulamalarda maliyeti optimize etmek i¢cin 6nemli
bir parametre oldugundan adsorban dozajinin denge
kapasitesi Gzerindeki etkisi incelenmis ve Sekil 7'te farkh
adsorban  dozajlarina olarak

bagli adsorpsiyon

kapasitesindeki degisim gosterilmistir.

60
50
40
30
20
10

0

Qe (mg/g)

0,5 1 1,5
m/V (g/L)
Sekil 7. Adsorban dozajinin aerojel amoksisilin adsorpsiyon

kapasitesine etkisi

Sekil 7'ye gore adsorpsiyon kapasitesi adsorban dozajinin
0.5'ten
adsorban miktarinin daha fazla arttirilmasiyla ise bir

1’e vyikseltilmesiyle 6nemli o&lclide artmis
miktar azalmistir. Dislk adsorban dozajinda elde edilen
distk kapasite degerleri aktif adsorpsiyon bélgelerinin
yetersizligine baglanabilir (Dinh et al., 2022; El Maataoui
et al., 2019). Elde edilen kapasite degerlerinin adsorban
dozajinin daha fazla arttinldiginda sergiledigi dusis ise

silika aerojelin aktif baglanma bdlgelerinin yuksek

konsantrasyonlardaki agregasyonuna ve amoksisilin
baglanma bolgelerinin sinirlanmasina atfedilebilir (Abu
Rumman et al., 2021). Antibiyotik adsorpsiyonu zerine
gerceklestirilen galismalardan bazilari artan adsorban
dozaji ile birlikte artan adsorpsiyon kapasitesine isaret
ederken (Le et al., 2024; Pham et al., 2020) bu ¢alisma
dahil bircok ¢alisma ise tanecik aglomerasyonu sonucu
artan adsorban miktariyla birlikte denge kapasitesinde
diisis meydana geldigini ve en ylksek adsorpsiyon
veriminin dusik/orta adsorban dozajinda elde edildigini
bildirmislerdir (Ruan et al., 2023; Sert Cok et al., 2025). Bu
durum adsorban kullanimi

agisindan da avantaj

saglamaktadir.
3.2. 4. Kinetik Calismalar

Amoksisilinin amin islevsel silika aerojel izerinde zamana

bagh adsorpsiyon davranisi, ortam kosullarinda

gerceklestirilen kinetigi c¢alismalar ile arastiriimistir.
Sentezlenen aerojel 30 dakikalik temas siiresi iginde,
denge kapasitelerinin yaklasik % 90'ina ulagsmis ve hizli
adsorpsiyon kinetigi sergilemistir (Sekil 8). Adsorbanin
kinetik davranisi, altta yatan adsorpsiyon mekanizmalarini
daha iyi anlamak i¢in Gg¢ farkli kinetik modelin
uygulanmasiyla analiz edilmis ve elde edilen grafikler ile

model parametreleri Sekil 9 ve Cizelge 3 'te verilmistir.
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Sekil 8. Temas siiresinin adsorbanin amoksisilin adsorpsiyon

kapasitesine etkisi
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Sozde-ikinci mertebe kinetik modeli

60

Dogrusal olmayan regresyon sonuglarina sentezlenen
aerojelin adsorpsiyon davranisi, sézde birinci dereceden
(PFO) kinetik modele kiyasla s6zde ikinci dereceden (PSO)
kinetik modelle daha iyi tanimlanmis ve bu modelde daha
yiksek korelasyon katsayilari (R?>0,98) elde edilmistir. Bu
durum adsorpsiyon siirecinin fiziksel adsorpsiyonun
katkisiyla kemisorpsiyon tarafindan yoénetildigi anlamina
gelmektedir. Dolayisiyla, sdzde-ikinci mertebe kinetik
modelinden belirlenen denge kapasiteleri deneysel olarak
elde edilen denge kapasitelerine son derece yakin

degerler gostermistir (Cizelge 3).

Tanecik ici difizyon kinetik modeli
60
50
a 40

R*=0.9921
30

qt{mg/g)

20
10

0
140 0 2 4 6 8 10 12

tV2 (min1?)

80

t(min)

100 120

Sekil 9. Adsorpsiyon kinetiginin modellenmesi: Zamana bagli amoksisilin adsorpsiyon verilerinin sd6zde-birinci mertebe, s6zde-ikinci

mertebe ve tanecik igi diflizyon kinetik modellerine uygulanmasi

Cizelge 3. Amoksisilin adsorpsiyonu kinetik model parametreleri

Sozde-birinci mertebe

Sozde-ikinci mertebe

Adsorban Qe,den kl Qe,teo 2 kZ Qe,teo R2
(min™) (mg/g) (8/mg min) (mg/g)
Amin islevsel
o . 55.2 0.0318 35.31 0.938 0.0029 56.50 0.9921
silika aerojel
Adsorpsiyon slirecini kontrol eden diflizyon al., 2022; Ninwiwek et al., 2019; Pandey et al., 2021; X.

mekanizmasini aydinlatmak icin adsorbana tanecik icin
difizyon kinetik modeli de uygulanmis ve tanecik igi
difizyon modeli Sekil 9’dan da gorilebilecegi Gzere (g
fazli dogrusallik ile karakterize edilmistir. Burada 6 dk’’ya
kadar
adsorbanlarin dis makro/mezo goézenek ylzeyine harici

ilk dogrusal bolge antibiyotik molekillerinin
difizyonunu ifade ederken 6-8 dk* arasindaki ikinci
dogrusal bolge aerojelin mikroyapisinda bulunan mikro
ic
mekanizmasina atfedilmektedir. 8 dk” ‘den sonra yer alan

gozenekler araciligiyla  gergeklesen diflizyon

Uglincl lineer plato ise denge durumuyla ilgilidir.

Kinetik calismalar amoksisilin antibiyotigin amin islevsel

aerojel lizerindeki adsorpsiyon sirecinin gdzenek

dolumuyla ilintili fiziksel adsorpsiyonun yani sira esas

olarak kimyasal c¢ekimler tarafindan yonetildigini

gostermistir. Adsorban yiizeyinin farkli fonksiyonel

gruplarla islevsellestirilmesinin, adsorban ve kirletici
molekiilleri arasindaki kimyasal etkilesimleri arttirdigi ve
kimyasal c¢ekimleri baskin adsorpsiyon mekanizmasi
haline getirdigi literatirde yer alan farkh antibiyotik

adsorpsiyon calismalarinda da ortaya konmustur (Dinh et

Tian et al., 2019).
3.2. 5. pH Etkisi

Antibiyotiklerin farkh pH'larda adsorpsiyon davranisi,

adsorbat ile molekiller arasindaki elektrostatik

etkilesimler tarafindan belirlenir. Dolayisiyla ¢ozelti
pH’Inin amoksisilin adsorpsiyon davranisina etkisi hem
silika aerojelin ylizey yikii hem de amoksisilinin ayrisma
sabitleri (pKa) dikkate alinarak agiklanabilir. Amoksisilin,
yapisindaki farkli fonksiyonel gruplar (karboksil, amin,
hidroksil) goz 6nlinde bulunduruldugunda suda (g farkh
formda iyonize olur ve 2.7 (-COOH), 7.5 (-NH2) ve 9.6 (-
OH) olmak Uzere ¢ adet asit ayrisma katsayisina (pKa)
sahiptir (Moussavi vd. 2013). Bu sebeple bu bilesik,
yuksek asidik (pH< 2.7) ortamlarda katyonik, bazik
ortamlarda (pH> 7.5) ise anyonik formda bulunurken, bu
iki pH degeri arasinda (2.7< pH <7.5) zwiterron halinde

bulunur (El Azzouzi vd. 2022).

Bu
etkilesimlerin etkisi dnemli bir operasyonel parametre

calismada, c¢o6zelti pH'Ina  bagh elektrostatik

olarak arastirilmistir. Amin fonksiyonel silika aerojelin
adsorpsiyon kapasitesindeki degisim 2-11 pH araliginda
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izlenmis ve sonuglar Sekil 10'da gosterilmistir. Ayrinca pH
testinden o6nce, sentezlenen aerojelin sifir yiik noktasi
(pHpzc) bir dizi deneyle 7.45 olarak belirlenmistir (Sekil
11). Sifir ylik noktasi (pzc) tayini deneyleri daha 6nce
yayinlanmis prosediirlere gore yiirttilmustir (Orfdo vd.
2006). Tipik bir deneyde 100 ml'lik erlenmeyerler igerisine
10 ml 0,01 M NaCl ¢ozeltileri hazirlanmistir. Siselerdeki
¢ozeltinin pH'l, 0,1 M HCI veya 0,1 M NaOH eklenerek 3,
5, 7, 9 ve 11'e ayarlanmistir. Daha sonra her ¢ozeltiye
belirli miktarda adsorban (0,1 g) eklenmis ve baslangig
pH'lart kaydedilmistir. Ortam kosullarinda 48 saatlik
temastan sonra ¢Ozeltilerin son pH"'' O6lgllmistir.
11’ de
gosterildigi gibi baglangic pH'ina karsi son pH grafiginin

Numunelerin pzc noktalari daha sonra, Sekil

PHbastangic = PHson ¢izgisini kestigi noktadan belirlenmistir.
Deney sonucuna goére, ¢ozelti pH’inin 7.45’ten dusik
oldugu durumlarda fonksiyonel aerojelin yilzeyindeki
fazla H*

protonlanacak ve malzeme yulzeyi pozitif ylklenecektir.

amin  gruplari  ortamdaki iyonlarinca
Tam tersi olarak, ¢ozelti pH’inin 7.45'ten yiksek oldugu
durumlarda ise yiizey fonksiyonel gruplari ¢o6zeltideki OH"
iyonlarinin fazlalig nedeniyle deprotonlanacak ve yiizey
negatif yuUklenecektir. Antibiyotik molekilinin ve
adsorban yiizeylerinin benzer yiklerle yiklendigi kuvvetli
asidik ve alkali (pH < 2.7 ve pH>7.5) kosullarda molekiiller
arasindaki elektrostatik itme sebebiyle adsorpsiyon
yetenegi 6nemli sekilde engellenmis, en yiliksek kapasite
degerlerine ise amoksisilin  molekllinin  zwitteron
halinde bulundugu nétral pH’larda ulasiimistir (pH=6). Bu
durum, elektrostatik etkilesimlerin yani sira, silika
aerojelin hidroksil ve amino gruplar ile amoksisilin
farkh (hidroksil,

ve amino gruplar) arasinda olusabilecek

molekilinin
karboksil
hidrojen baglarinin da bir diger etkili

fonksiyonel gruplari
adsorpsiyon

mekanizmasi olabilecegine isaret etmektedir. Sudan

amoksisilin gideriminde ¢6zelti pH’1 arttikca adsorpsiyon
kapasitesindeki degisim literatirde vyer alan farkh
calismalarda da benzer bir trend gdstermistir ve bu
¢alismalarda da en

yiksek kapasite degerlerine

amoksisilinin  zwitteron halinde bulundugu ortam
pH’larinda ulasildigi bildirilmistir (Berges et al., 2021;

Moussavi et al., 2013).
3.2. 6. Rejenerasyon ve Yeniden Kullanilabilirlik

Sentezlenen aerojel adsorbanin dénglisel performansinin
belirlenmesi, stire¢ devamliligi ve adsorbanin uzun siireli
kullanimi agisindan biiyiik 6nem tasimaktadir. Bu nedenle
pratik uygulamalar igin, adsorbanin rejenerasyonu ve
yeniden kullanilabilirligi dongisel adsorpsiyon-
desorpsiyon calismasiyla arastirilmistir. Amoksisilin yukli
silika aerojelin desorpsiyon islemi, eluent olarak 0,2 M HCI
kullanilarak tutma

gerceklestirilmis ve  ornegin

kapasitesinde % 20'nin Uzerinde azalma gozlenene kadar
testler ardisik dongtler halinde ylrutilmuastir.
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Sekil 10. Cozelti pH'inin silika aerojelin amoksisilin adsorpsiyon
kapasitesi Uzerine etkisi
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Sekil 11. Amin fonksiyonel aerojelin sifir yiik tayini grafigi

Kuvvetli asidik kosullarda zayiflayan elektrostatik
etkilesimler sonucu yilksek desorpsiyon performansina
Sekil 12’

fonksiyonel silika aerojelin 5 dongliye kadar adsorpsiyon

erisilmistir. de Ozetlenen sonuglar, amin
kapasitesinin % 80’ini korudugunu gostermistir. Her
dongiden sonra elde edilen kapasitede gorilen hafif
kalinti

aktif

bolgelerinin kismi tahribatina baglanabilir. Bu ¢alismada

azalmalar, gobzeneklerde tutulan amoksisilin

molekdillerinin  varhgina ve/veya baglanma
elde edilen bulgulara benzer olarak Pandey ve ark.
amoksisilin adsorpsiyonuna yoénelik olarak gelistirmis
olduklar silika adsorbanlarin rejenerasyon yeteneklerini
test ettikleri ¢alismada, 6 dongliden sonra modifiyesiz
silika jellerin adsorpsiyon kapasitelerinin yalnizca
%54’tnd, anilin modifiyeli silika adsorbanlarin ise 6
dongiden sonra kapasitelerinin %80’inden fazlasini

korudugunu bildirmislerdir (Pandey et al., 2021).

Bir diger calismada Elnazer ve ark. piring killinden

Uretmis olduklari silika nanotanelerin amoksisilin

adsorpsiyonundaki performanslarini inceledikleri
calismalarinda Urettikleri adsorbanlarin 6 déngili boyunca
kapasitelerinde %7 azalmayla tekrarl kullanima uygun
2024).

Dolayisiyla bu calismada elde edilen rekabet¢i dongusel

olduklarini  raporlamiglardir (Elnazer et al.,

performans cevresel ve ekonomik agilardan antibiyotik

giderme uygulamalarinda amin fonksiyonel silika
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adsorbanlarin verimli kullanimina yonelik umut verici bir
isarettir.

mmm Adsorpsiyon
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=@-Desorpsiyon kapasite azalig

60 24
50 20 F
?J) 40 12,9 16 :‘:’;*
~ wr
] é -
£ 30 12 &
b ot
g 20 8 =
o
10 4 2
0 1 2 3 4 5 0
Dongl Sayisi
Sekil 12. Amin fonksiyonel silika aerojelin rejenerasyon
dongiileri
4. Sonug

Bu calisma, amin-islevselligine sahip silika aerojelin kolay,
zaman ve enerji agisindan verimli bir sol-jel stratejisi
izlenerek ortam kosullarinda sentezlenmesini ve dretilen
malzemenin sulu ortamlardan amoksisilin antibiyotik
giderimindeki adsorptif performansini ortaya c¢ikarmayi
amaglamigtir.  Yuritulen fizikokimyasal ve morfolojik

karakterizasyon c¢alismalari sonucunda sentezlenen
aerojel yuzeyinin amin fonksiyonel grubuyla basarili bir
sekilde islevsellestirildigi FTIR analizi ile, dlisiik yogunluk
ve yiiksek godzeneklilik ($p=88%, pouk=0.17 g/cm3) ile
karakterize edilen gelismis mezogozenekli yapisi (Sger=
223m?/g, Vpore=0.13 cm?3/g) ise SEM, N porozimetre
analizleri devaminda

ile  kanitlanmistir.  Calismanin

Uretilen malzeme, yiiksek amin islevselligi ve ¢ok

gozenekli yapisinin getirdigi avantajlari géz onilne

alinarak sulu ¢ozeltilerden amoksisilin  gideriminde
adsorban olarak test edilmistir. Bu kapsamda bir dizi
kesikli adsorpsiyon deneyi tasarlanmis ve gergeklestirilen
denge ve kinetik sorpsiyon calismalarinda en iyi isletme
kosullarini ortaya ¢ikarmak igin ¢ozelti pH'I, adsorban
dozajl ve temas siresi gibi cesitli isletme parametreleri
(C=100 ppm,

Mads/Vsoin=1, pH=6) sentezlenen amin fonksiyonel aeojelin

test edilmistir. Optimum kosullarda
denge kapasitesi 55.7 mg/g olarak kaydedilmistir. Denge
ve kinetik calismalardan elde edilen deneysel veriler
sirastyla Langmuir izotermi (R? >0,996) ve sézde-ikinci
mertebeden kinetik (R?>0,992) modellerine uyumluluk
gostermis ve cogunlukla kimyasal gekimlerle yonetilen tek
tabakali homojen bir adsorpsiyon slirecini isaret etmistir.
Denge kapasitesinin %90'indan fazlasina ilk 30 dk’lik
temas slresinde ulasmasi, hizli sorpsiyon kinetigini
gostermekte ve sadece fiziksel etkilesimlerin (g6zenek
doldurma) degil, ayni zamanda elektrostatik etkilesimler
ve hidrojen bagi gibi kimyasal etkilesimlerin de kisa temas
siresinde yliksek sorpsiyon kapasitelerine ulasilmasinda
onemli  oldugunu

vurgulamaktadir.  Rejenerasyon

calismalar da ayrica sentezlenen adsorbanin en az 5
dongli boyunca elde edilen maksimum kapasitelerinin
%80’ini korudugunu ve tekrarlanabilir kullanim igin uygun
oldugunu dogrulamistir.

Elde edilen sonuglar, sulu ortamlardan yiksek riskli
antibiyotik kirleticilerin giderim uygulamalarinda silika
aerojel tabanli fonksiyonel adsorbanlarin kullanimina
yonelik 6nemli bir referans degeri tasimaktadir ve
cevresel islah uygulamalarinda ileriye déniik ¢alismalara
niteliktedir. Ote

stirecinin

1istk  tutacak yandan gelistirilen

adsorpsiyon termodinamik incelemesinin
yapilacagl gelecekteki galismalar, adsorpsiyon siirecinin
butlincul olarak ele alinmasina katkilar sunabilir. Bu
calismalardan elde edilecek kinetik ve termodinamik
veriler 1s18inda gelistirilecek adsorpsiyon prosesi, kesikli
sistemlerin yani sira seyreltik akimlardan amoksisilin
gideriminin test edilmesine olanak saglayabilir. Son olarak
Uretilen adsorbanin gergek farmasotik atik sularinda ve es
kirleticiler varliginda segimli amoksisilin adsorpsiyon
aciga

onemli  bir

performansinin cikarilmasi  da  gelecekteki

¢alismalarin konusudur ve gelistirilen

teknolojinin surekliligi agisindan 6nem tagimaktadir.
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Oz

Amfifilik ve iletken kompozitler 6nemli biyomateryaller olarak
kabul edilir ve bakteri Giremesini etkili bir sekilde engelledikleri
icin antibakteriyel ajanlar olarak kullanilir. Bu galismada; ilk
asamada, hidrofilik monomer 2-dimetilamino etilmetakrilat
(DMAEMA) ve hidrofobik monomer metil metakrilattan (MMA)
serbest radikal polimerizasyonu  kullanilarak  amfifilik
poli(DMAEMA-ko-MMA)  kopolimeri  sentezlendi.  ikinci
asamada, poli(DMAEMA-ko-MMA) kopolimerinde in situ
oksidatif polimerizasyon teknigi kullanilarak demir(lll) klorir
(FeCls) varhginda indol (IN) iletken monomeri kullanilarak farkh
bilesimlerde kiitlece %10, 30, 50, 70 ve 90 poliindol (PIN)

icerigine sahip bes seri kompozit hazirlandi. Polimer
kompozitlerin (PC'ler) vyapilari FTIR, TGA, SEM, AFM
karakterizasyon teknikleri  kullanilarak aydinlatildi.  TGA

egrilerinden PC'lerdeki PIN orani arttikga kompozitlerin kil
birakma oraninin da arttigi gérilmistir. FESEM analizlerinden
kompozitlerin homojen olmayan, bulutumsu ve slingerimsi bir
yaplya sahip oldugu soOylenebilir. AFM analizlerinde
kompozitlerin giplak cam yizeyinde dizgiin, siki paketlenmis ve
homojen olmayan bir yapiya sahip oldugu gorilmustar.
Kompozitlerin antioksidan o6zellikleri incelendi. Antioksidan
galismalari bulgular, kompozitlerde PIN'in orani arttik¢a
kompozitlerin antioksidan degerlerinin arttigini gosterdi.

Anahtar Kelimeler: Amfifilik  kompozitler;
etilmetakrilat); Poliindol; Antioksidan é6zellik.

Poli(2-Dimetilamino

Abstract

Amphiphilic and conductive composites are considered
important biomaterials and are used as antibacterial agents
because they effectively inhibit bacterial growth. In this study;
In the first step, amphiphilic poly(DMAEMA-co-MMA)
copolymer was synthesized using free radical polymerization
from hydrophilic monomer 2-dimethylamino ethylmethacrylate
(DMAEMA) and hydrophobic monomer methyl methacrylate
(MMA). In the second stage, five series of composites with
polyindole (PIN) contents of 10, 30, 50, 70 and 90% by mass in
different compositions were prepared using indole (IN)
conductive monomer in the presence of iron(lll) chloride (FeCls)
using the in situ oxidative polymerization technique on
poly(DMAEMA-co-MMA) copolymer. The structures of polymer
composites (PCs) were elucidated using FTIR, TGA, SEM, AFM
characterization techniques. From the TGA curves, it was seen
that as the PIN ratio in PCs increased, the ash release rate of the
composites also increased. From FESEM analysis, it can be said
that the composites have a non-homogeneous, cloudy and
spongy structure. AFM analyzes showed that the composites
had a smooth, tightly packed and non-homogeneous structure
on the bare glass surface. The antioxidant properties of the
composites were examined. Antioxidant study findings showed
that as the ratio of PIN in composites increased, the antioxidant
values of the composites increased.

Keywords: Amphiphilic composites; Poly(2-Dimethylamino
ethylmethacrylate); Poly(Indole); Antioxidant property.

1. Giris

iletken polimerler (CP'ler), elektrokimyasal ve kimyasal
sentezle hazirlanan aktif polimerlerin bliylk bir grubunu
olusturan bir organik bilesik sinifina aittir (Pal vd, 2020).
CP'ler, bilim ve teknolojide bircok genis uygulama alani
bulan 6nemli bir fonksiyonel malzeme sinifini olusturur

2021).
CP'lerin kullanim alanlari arasinda doku mihendisligi (Guo
vd, 2018; Dong vd, 2020), rejeneratif tip (Park vd, 2019;

(Namsheer vd, Biyouyumluluklari nedeniyle

Nair vd, 2019), ve hedefe yonelik ilag gelistiriimesi,
dagitim sistemleri (Krukiewicz vd, 2016; Boehler vd, 2019)
ve hiicre ekimi (Lakard vd, 2007) bulunmaktadir. PC'ler
ayrica biyolojik materyallerin immobilizasyonu igin etkili
matrisler olarak da hareket edebilir, substratlarin ve
drdnlerinin serbest

reaksiyon difiizyonunu

gerceklestirebilir ve enzimler veya mikroorganizma
hiicreleri icin biyouyumlu bir ortam yaratabilir. CP'ler
farkl sekillerde hazirlanabilir. Kimyasal polimerizasyon

teknigi CP liretiminde en yaygin kullanilan yontemlerden
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biridir.
oksidasyon, baglanma ve deprotonasyon. Bu ydntem

Polimerizasyon {i¢ ana asamada gerceklesir:

Olceklenebilir ve ayni zamanda pahali ekipman

gerektirmedigi icin ekonomiktir. Genellikle kimyasal
sentezle elde edilen polimer makromolekiilleri arasinda
daha az i¢ ¢apraz bag bulundugundan uygun solventlerde

daha fazla ¢oziindrler (Nguyen vd, 2016). Kimyasal

polimerizasyonda amonyum persilfat  ((NH4)2520¢),
sodyum vanadat (NaVOs), seryum silfat (Ce(SOa)2),
hidrojen peroksit (H202), potasyum iyodat (KIOs),

potasyum dikromat (K2Cr.07) ve demir (llI) klorir (FeCls)
gibi cesitli oksitleyici maddeler kullanilir (Fan vd, 2020; Nie
vd, 2021; Fadel vd, 2020; Jangid vd, 2020).

Saf polimerlerin kullanim alani sinirl oldugundan cgesitli
bilesiklerle olusturulan kompozitleri olduk¢a yaygin
kullanim alanlarina sahiptir. Nanokompozitlerin sentezi su
sekilde gerceklesebilir: yerinde (sirayla), ex situ (ayri ayri)
ve tek kapta (es zamanh olarak) (Nguyen vdi, 2016;
Choudhary vd, 2021; Idumah vd, 2021). CP'lerin ve
nanokompozitlerinin sentezine yonelik tim yontemler
CP'lerin  ve

karsilastirildiginda, nanokompozitlerin

sentezine yonelik olanaklarin ¢ok blyik oldugu
gorulebilir. CP'leri guglu araylizey etkilesimleriyle bir
polimer matrisine entegre etmek icin gelistirilen
stratejiler, genis uygulama alani bulmak igin bu benzersiz
malzeme grubunu daha da gelistirmistir. Ayrica iletkenligi
daha yiiksek yeni monomerlerin ortaya ¢itkmasina yonelik
sentez firsatlari gelistirilebilir.  Biyolojik sablonlar
kullanilarak ve cevreye daha az yiik getiren yontemler
kullanilarak polimer kompozit sentezlerinin daha ¢evre
dostu hale geldigi gériilmektedir. iletken polimerlerin ve
bunlarin nanokompozitlerinin sentezindeki bu
ilerlemeler, basta elektronik, enerji ve tip olmak lizere
cesitli alanlarda gok cesitli yeteneklere sahip, daha verimli
ve islevsel malzemelerin elde edilmesini mimkin
kilacaktir. Biyomedikal uygulamalarda en ¢ok kullanilan
antimikrobiyal reaktifler dort spesifik grupta incelenir:
glimUs, kuaterner amonyum ve klorheksidin gibi katyonik
aktif bilesikler,
formaldehit ve izotiazolonlar gibi organik ajanlar ve civa
ve bakir gibi elektrofilik maddeler (Hons, 2011; Lu vd,

2007). Biyomedikal uygulamalarda kimyasal stabilite,

klor ve peroksit iceren oksidanlar,

ugucu olmama ve cilt gegirimsizligi gibi ¢esitli avantajlara
sahip antimikrobiyal polimerlerin kullanimi giin gectikce
daha da 6nem kazanmaktadir (Huang vd., 2016; Elena vd.,
2018).
silfobetain gibi farkh ve onemli

Floro grubu, kuaterner amonyum grubu ve
kirlenme 6nleyici
fonksiyonel gruplar, belirli son uygulamalar i¢in polimerin
ve kompozitin molekiler yapisinda yeni diizenlemeler
yapilmasinin yolunu a¢maktadir (Kenawy vd, 2007).

Amfifilik polimerler, Gram-pozitif ve Gram-negatif

bakterilere karsi gelismis biyosidal aktiviteleri nedeniyle
katyonik polimerlere gére 6nemli bir avantaja sahiptir
(Carmona-Ribeiro vd, 2013; Taylor vd, 2014).

Poliindol bazli kompozitler, umut verici reaktif oksijen
tiirleri (ROS) Gretme kapasitesi nedeniyle olaganisti anti-
mikrobiyal 6zellikler sergiler ve mikrobiyal blylmeyi etkili
bir sekilde engelleyebilir. Poliindol bazl kompozitlerin,
ozelliklerinin  karsilikli sinerjistik olarak gelistirilmesi
nedeniyle kompozitteki matrisine gore daha gelismis
antimikrobiyal  aktivite sergiledikleri  bulunmustur
Srivastava vd, 2013). Ayrica insan viicudu Uzerinde daha
az sitotoksik etkiye sahiptirler. Bu nedenle poliindol
kompozitleri antibiyotiklerin yerine potansiyel bir
alternatif olarak kullanilabilir ve etkili bir biyomedikal ajan
Indol

polimerizasyonu, poliindoliin polimerik zinciri boyunca

olarak gorev yapabilir. kisimlarinin  oksidatif
sabit monomer aralklarinda pozitif yikler Gretir. Bu
PIN'in
aktivitesinden sorumludur. Poliindol zincirlerinin pozitif

katyonik doga, elde edilen antibakteriyel
yukd, bakteri hicre duvarinin negatif yiklu yuzeyleri ile
elektrostatik olarak etkilesime girerek bakterilerin
membran vyapisini geri donilemez sekilde kesintiye
ugratir, hiicrelere nifuz etmesine yol agar ve protein
aktivitesini etkili bir sekilde engeller. YUkli yizeylerle
etkilesim ve reaktif tirlerin hiicre duvarina difiizyonu
nedeniyle hayati bilesenlerin hiicrelerden sizmasi sonucu
hicre 6limU meydana gelir (Shoeb vd, 2018). Poliindoliin
ozellikleri antibiyotiklere ve mantar onleyici ilaglara
potansiyel alternatifler haline getirilecek sekilde ince ayar
yapilabilir.

Polimerik amonyum kuaterner bilesikleri, disiik uguculuk,
ylksek kimyasal stabilite, dislik toksisite ve duslk cilt

tahrisi potansiyeli gibi ozelliklerinden dolayi
antibakteriyel uygulamalarda yaygin olarak
kullanilmaktadir. DMAEMA monomeri, hidrofobik

segmentin uygun ara pargasi uzunluguna bagh olarak
antibakteriyel aktivite gosteren gligclendirilmis hidrofobik
monomerle kopolimerlestirilmistir (Wang vd, 2014).
Amfifilik kopolimerler, 6nemli biyomateryaller olarak
kabul edilmekte ve bakteriyel bliylimeyi etkili bir sekilde
inhibe etmeleri nedeniyle antibakteriyel ajanlar olarak
kullanilmaktadir (Lu vd, 2007). Hidrofilik monomer 2-
dimetilamino etilmetakrilat (DMAEMA) ve hidrofobik
metakrilat (MMA) In

P(DMAEMA-co-MMA)'nin
sentezlenmis ve zehirli

monomer metil

kopolimerizasyonundan
amfifilik kopolimerleri boya
uygulamalarinda biyofilm yapismasinin  kontroliini
incelemisleridir (Mushtaq vd, 2021). Rawlinson vd, 2010;
katyonik antimikrobiyal polimer PDMAEMA'nin klinik
izolatlarin bliyiimesini engellemede daha etkili oldugunu

bildirmistir. PDMAEMA, nispeten disik toksisitesi, yiksek

659



Poli(DMAEMA-ko-MMA)/PIN Kompozitlerin Sentezi, Karakterizasyonu ve Antioksidan Ozellikleri, SOYKAN ve GUREL.

transfeksiyon verimliligi ve ¢ok yonli sentez stratejileri
nedeniyle ideal bir gen vektorl olarak biliyiik potansiyel
2017).
ozelliklerinin

gostermistir (Li vd, Kompozit materyallerin

antioksidan arastirilmasi, makrofajlara
yonelik oOzellikleri ve makrofaj hedeflemesi nedeniyle
iltihaplanma yerinde antienflamatuvar ilaglari dagitmak

icin ozellikle kullanilabilir (Herb vd, 2021).

Bu calismada, degisen miktarlarda hidrofilik ve hidrofobik
polimerlerle hazirlanan amfifilik ve iletken kompozitlerin
bakterilere karsi antimikrobiyal aktivitesini arttirmaya
yonelik kolay bir yaklasimi rapor ediyoruz. Bu amfifilik
kompozitler  yerinde  polimerizasyon  yontemiyle
sentezlendi. ROS Uretme kapasitesine sahip PIN ve
DMAEMA'da

sayesinde istenilen antioksidan 6zellikler elde edilmistir.

t-amin fonksiyonel grubunun varlig

2. Materyal ve Metot
2.1. Kimyasal maddeler

2-dietilamino etilmetakrilat (DMAEMA, %99),
metilmetakrilat (MMA, %99), indol (IN, %99), 2,2-
Azobisizobutironitril (AIBN, %98), Demir(lll) klorir (FeCls,
%98), amonyum persiilfat (APS), Kloroform (CHCls, %99)
(Sigma-Aldrich, St. Louis, MO, ABD), kopolimer ve polimer
kompozit sentezi reaksiyonlarinda kullanildi.

2.2. Polimer kompozitlerin sentezi

Bu ¢alismada oncelikle amonyum persiilfat baslaticili 1,4-
dioksan ¢ozeltisi icerisinde serbest radikal polimerizasyon
2-dimetilamino  etil metakrilat ve

%50-%50  kitle

teknigi  ile

etilmetakrilatin oranli  kopolimeri

hazirlandi.

Hazirlanan bu kopolimer, kiitlece %10, 30, 50, 70 ve 90
PIN igerigine sahip poli(DMAEMA-ko-MMA)/PIN iletken
kompozitlerin literatirdeki yontemde belirtildigi gibi
hazirlanmasinda kullanildi (Billaud vd, 1995). Kompozitler
sirasiyla PC1, PC2, PC3, PC4 ve PC5 kodlariyla
adlandiniimistir. PC'lerin hazirlanma oranlari Cizelge 1'de
verilmistir.

PC'lerin sentezinde oncelikle FeCls, 250 ml'lik Gg¢ agizh
reaksiyon balonunda Tablo-1'de verilen oranlarda 25 ml
kloroform igerisinde ¢oziildii. Reaksiyon balonu buzla 0
°C'ye sogutuldu. Bu arada reaksiyon balonuna azot gazi
verildi. Daha sonra bu ¢6zeltiye 25 ml kloroform igerisinde
¢6zulmis poli(DMAEMA-ko-MMA) polimeri ilave edilerek
karistirildi. Son asamada, 25 ml kloroform igerisinde
¢Ozlindlrtlmis indol monomeri, bir damlatma hunisi
kullanilarak reaksiyon karisimina damla damla ilave edildi.
Reaksiyon 3 saat stirdirildi. Elde edilen PC'ler damitilmis
su ve kloroform ile yikandi. Yikama g¢ozeltisinin rengi
berraklasinca yikama sonlandirildi. Elde edilen PC'ler

stizlildt, vakum atmosferinde 40 °C'de kurutuldu ve analiz
icin saklandi. Kompozit sentezi Sekil 1’de gosterilmistir.

QHJ CHy
——H = HC )=

} o Lo m
0 0

)

/ CH

{ s
/N\~

HC  CHy

poli(DMAEMA-ko-MMA)s

Dagiimis
poli(DMAEMA-ko-MMA)s

Sekil 1. Kompozit sentezi sematik gdsterimi

2.3. Karakterizasyon Teknikleri ve Olgiimler

PC'lerin Fourier dontsumu kizilotesi (FTIR) spektrumlari,
400-4000 cm™ dalga sayisi araliginda Perkin Elmer
Spectrum Two (UATR) IR Spektrometresi ile kaydedildi.
TGA analizleri Hitachi 7000 TGA/DTA
termogravimetrik analiz cihazi ile oda sicakligi — 1000 °C

model

araliginda azot atmosferi altinda, 10 °C/dakika isitma
hizinda gerceklestirildi. iletken polimer kompozitlerin
ylizey morfolojisini incelemek i¢in Zeis EVO LS10 model
taramali elektron mikroskobu (SEM) ve VEECO Multimode
8 Atomik Kuvvet Mikroskobu (AFM) kullanildi. AFM
analizlerinde mikroskop temas modunda kullaniimis ve ve
sabiti 0,15 N m
1 Hz tarama hizi

konsolun tipik kuvvet olarak

ayarlanmistir. kullanilmigtir.  Test
materyallerinin toplam antioksidan durumu (TAS) dlzeyi
Rel Assay marka ticari kit (Rel Assay Kit Diagnostics,
Tirkiye) kullanilarak ol¢luldi. Sonuglar mmol Trolox
esdegeri/It olarak ifade edildi. Bu yontem, daha stabil bir
2,2'-azino-bis(3-etilbenztiyazolin-6-sulfonik asit) (ABTS)
radikal tarafindan

katyonunun antioksidanlar
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karakteristik renginin agartilmasina dayanmaktadir (Erel,
2004). Toplam oksidan durum (TOS) diizeyi Rel Assay
marka ticari kit (Rel Assay Kit Diagnostics, Turkiye)
kullanilarak olgtldii. Bu yontem, asidik ortamda cesitli
oksidatif tlrlerin varliginda demir iyonunun ksilenol
turuncusu tarafindan oksidasyonu yoluyla ferrik iyonun
aromatik gruplarin gerilme titresimleri nedeniyle 1600
cm-! 'de absorpsiyon bandlar gériilmektedir. Burada
PC'lerin spektrumlarinda —CH>— ve —CHs gruplarinin
gerilme titresimleri nedeniyle 2920 cm™ 'de sogurma
bandlari gérilmektedir (Wang vd, 2020). PC'lerde 1740
cm® 'deki spektrum absorpsiyon bandi, DMAEMA ve

MMA Unitesinde C=0 grubu esterin gerilme titresimini
sergilemistir (Degirmenci, 2005). 2842 cm™ 'deki band,
N(CHs)2 grubunun C-H gerilme titresimine atfedilmistir
(Zielinska vd, 2016; Okten vd, 2019). Her iki metakrilat

iinitesinde’de 1150-1250 cm™ 'deki band C-O-C'nin
gerilme titresimini gostermektedir (Li vd, 2012). Her
spektrumda, tersiyer aminin C-N gerilme titresimi igin
1020 cm? 'deki band, kopolimer zincirinde DMAEMA
PC'lerin FTIR
spektrumlarindan kompozitlerdeki PIN orani arttiginda
(PC1'den PC5'e) 3390 cm™ 'deki PIN'e ait NH pikine ait
absorpsiyon yogunlugunun arttigini sdyleyebiliriz. Ayrica
kompozitlerde PC1 den PC4 e dogru poli(DMAEMA-ko-
MMA) konsantrasyonu azalmis ve buna gore C=0 ve C-N
grubunun band yogunlugu da azalmistir., DMAEMA
hidrofilik yapidadir ve Sekil-2'de 3000-3500 cm™! 'deki O-
H grubu nem tutma durumundan ileri gelmektedir. PC4'te
poli(DMAEMA-ko-MMA) konsantrasyonunun c¢ok disik
olmasi ve PIN igeriginin daha yiiksek olmasi nedeniyle —

segmentinin varligini dogrulamaktadir.

OH bandi kaybolmustur.

Cizelge 1. Kompozitlerin hazirlanmasinda kullanilan maddeler ve miktarlari.

. o R FeCl; miktar indol miktari
Kompozit Kompozitin Indol igerigi . i
Kodu (%, m/m) poli(DMAEMA-ko-MMA) miktar (g) () (mol x () (mol x
o,
& 107) & 107)
PC1 10 3,6 1,45 0,90 0,53 0,45
PC2 30 2,8 4,37 2,70 1,58 1,35
PC3 50 2,0 7,25 4,48 2,62 2,24
pPCc4 70 1,20 10,20 6,30 3,68 3,15
PC5 90 0,40 13,05 8,06 4,72 4,03
o — T —m —m degisimi spektrofotometrik olarak o6lgiilebilen toplam
oksidan molekdl miktarini belirler. (Erel, 2004). Tim
deneyler kit Ureticisinin prosediriine goére yapildi.
Sonuglar umol H20: esdegeri/It olarak ifade edildi (Erel,
2005).
g
- ‘—\/\,\/r//j —
100 — PCA
— P2
_\/‘\/‘K-'ﬂju B o
80k —— Poli(DMAEMA-ko-MMA)
s
L 60,
O
= L
4000 3500 3000 2500 2000 1500 1000 500 40|
Dalgaboyu (cm) i
Sekil 2. Polimerlerin ve kompozitlerin FTIR spektrumlari 20-
[] 1 | 1 | | 1 | 1
3. Bulgular 0 200 400 600 800 1000

3.1. FTIR analizi

PIN, poli(DMAEMA-ko-MMA) ve
spektrumlari

PC'lerin  FTIR
Poli(DMAEMA-co-
MMA) spektrumunda 1740 cm™ 'deki absorpsiyon bandi,

Sekil-2'de verilmistir.

esterin C=0 grubuna ait gerilme titresimini gdstermistir.
Poli(indol) -C=C-
dayanmaktadir (Erel, 2004). Ferrik iyon, asidik ortamda

spektrumunda, Olglilmesine

Xylenol Orange ile renkli bir bilesik olusturur. Bu renk

Sicaklik (°C)

Sekil 3. Polimerlerin ve kompozitlerin TGA egrileri

3.2. Termogravimetrik ¢alismalar

PIN, poly(DMAEMA-ko-MMA) ve PC'lere ait TGA egrileri
Sekil-3 'de gosterilmektedir. TG egrilerinden PC'lerdeki
PIN orani arttikca kompozitlerin kalinti birakma oraninin
da arttig1 goriilmektedir. Poli(DMAEMA-ko-MMA) orani
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yuksek olan PC'lerin 400 °C civarinda yaklasik %20 kutle
kaybina ugradigi ve daha kararli davranis gosterdigi
gozlemlenmistir. PIN orani arttikca PC'lerin daha yuksek
sicakhklarda (700-1000 °C) stabil oldugu ve %40-48
oranlarinda kalinti biraktigi gorilmektedir. Bu durumun

Cizelge 2. incelenen bilesiklerin termal analiz sonuglari.

PIN'deki 6'li ve 5'li gruplardan kaynaklandigi séylenebilir.
PIN'In
politiyofen ve polipirol gibi iletken polimerler igin

Literatlirde bozunma sicakliginin  polianilin,

bildirilen degerlerden daha yiksek oldugu bildirilmektedir
(Syed Abthagir vd, 1998)

" Maksimum bozunma %40 Agirhik kaybi 4(,),0 °C'deki 7(.).0 °C'deki 1000 °C’deki Kalinti
Ornek adi sicakhig (°C) sicaklig (°C) Kiitle kayb1  Kiitle kaybi miktart (%)
(%) (%)

PIN 480 714 19 40 48

PC4 456 698 22 41 43

PC2 422 350 51 69 23

PC1 410 326 55 76 22
Poli(DMAEMA-ko-
MMA) 390 310 56 94 5

3.3. Morfolojik analiz
Malzemelerin Ozelliklerinin blyik 6lgcide morfolojik

yapilarina  bagh oldugu ©6nemli bir gergektir.
Fizikokimyasal ozellikler acgisindan polimer
kompozitlerdeki bilesenlerin dagilimi son derece

6nemlidir. Poli(DMAEMA-ko-MMA), PIN ve PC4'e ait SEM
gorantaleri Sekil-4 'de verilmektedir. Poli(DMAEMA-ko-
MMA)'nin heterojen ve damarli bir yapiya sahip oldugu,
bu durumun vyalitkan fazdan ve kopolimer yapisinin
amfifilik
Poliindoliin SEM gorintisiinde girintili ¢ikintili ylzey

ozelliklerinden kaynaklandigi sdylenebilir.

yapisi, iletken polimer fazinin homojen bir sekilde

dagilmadigini  gostermektedir.  Gorlintide  gorilen

cikintilar  veya gozenekler muhtemelen iletken

polimerdeki it - it etkilesimlerinden kaynaklanan amorf ve

yari kristalin fazin ayrismis bolgelerini temsil etmektedir.

Poli(Dimcﬁlami%!\‘lcmkrila!-ko-!\*lctitl\lc(ﬂkrilﬂt)

PC4’tGin SEM gorintisiinde iletken polimer PIN, yalitkan
matris poli(DMAEMA-ko-MMA) icinde bir ag vyapisi
olusturmussa, bu tir gérintiler kompozitin iletkenlik ve
biyolojik ozelliklerini artiran mikro yapilarini ortaya
cikarabilir. Kompozitteki yalitkan kopolimer matrisi
malzemenin genellikle mekanik dayanimini artirir ve
kompozitin elektriksel yalitim 6zelliklerini dizenler.
Ancak,

o6nemlidir. Faz ayrismasi ¢ok yogun ise kompozitin

iletken polimerle bilesim ve karisim orani

mekanik, biyolojik ve elektriksel performansi olumsuz
etkilenebilir. iletken polimer fazin homojen dagilimi,
kritiktir.
gbzlemlenen girintiler gbzenekli bir yapiyi isaret eder. Bu
durum, kompozitin dielektrik o6zelliklerini etkileyebilir
(Mushtaq vd, 2021).

malzemenin  performansi igin Yiizeyde

PC1'in FESEM EDX alan spektrumlari ve EDX analizi yapilan
yuzeyler Sekil 5(al-a2)'de gorulmektedir. C, N ve O
elementlerinin zirveleri sirasiyla 0,270, 0,414 ve 0,535
keV olarak goérilmektedir. PC1'lin FESEM goriintileri Sekil
5(b)'de verilmistir. FESEM goriintistinde goruldigu gibi
PC1'in homojen olmayan, bulutumsu ve siingerimsi bir
yaplya sahip oldugunu soyleyebiliriz. Ayni zamanda
PC1'in
gerceklestirilmistir. inceleme, temas modu kullanilarak bir

yluzey incelemesi de AFM kullanilarak

Sekil 4. Poli(DMAEMA-ko-MMA), Pl ve PC4’tGn FESEM gorintuleri

mikroskopla gergeklestirildi. Calismada konsolun tipik
kuvvet sabiti 0,15 Nm™'de sabit tutulmustur. PC1'in yiizey
1.001 Hz
yapilmistir. PC1'in AFM goruntilerinde derinliklerde

morfolojisi incelemesi tarama hizinda
koyu renkler, vyiksekliklerde ise acglk renkler
gorilmektedir [Sekil 6(a)'dal. PC1l'in AFM'deki tipik Ug
boyutlu (3D) goruntisia Sekil 6(b)'de gosterilmektedir.
AFM  gorintisinde PC1'in

bulutumsu bir forma sahip oldugu soylenebilir. Profil

hetorejen ve bulanik-
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olarak yatay bir bolim secilerek 2D AFM goriintlsu (10
pum x 10 um) ve PC1'ln kesiti elde edilmistir. Sekil 6(d)'de
PC1'lin RMS degeri 65.642 nm, yilizey mesafesi degerleri:
4.315 um, yatay mesafe: 4.219 um ve dikey mesafe:
196.98 nm gosterilmektedir. Bu verilerden; PC1'in giplak
cam ylzeyinde dizgin, siki paketlenmis ve homojen
olmayan bir yapiya sahip oldugu gorilmektedir.

160K c SZAF Smast Quert Foslts

144K ot Wegts A% Nakt

128K

112K

9.6K

80K

64K

48K

32K | IO

L6K

0.0K
0.0 13 26

Energy (keV)

Counts

Lsec300 374Cas 2040keV DerOctane Elect Super

A W S

g Q \

&

7108

Sekil 5. (a1-a2) FESEM-EDX saha analizi ve (b) hazirlanan PC1'in
FESEM' goriuntileri

Sekil 6. PC1’in (a) 2D AFM goriintust (b)3D AFM gorintiisi (c)
Purizluluk analizi (d) kaph camin kesit analizi. (Tarama boyutu
10 um x 10 um'dir)

3.4. Toplam Antioksidan (TAS) ve Toplam Oksidan
Durumunun (TOS) Tayini

Oksidan ve antioksidan molekdllerin belirlenmesinde
kullanilan toplam antioksidan durum (TAS) ve toplam
oksidan durum (TOS) analizleri, uzun 6mdurli reaktifler
kullanilarak kolay, otomatik ve ucuz bir yéntemle gtivenilir
ve hassas sonuglar elde etmemize olanak saglar.

TOS seviyelerinin TAS seviyelerine oraninin yiizdesi olarak
ifade edilen oksidatif stres indeksi (OSI) hesaplandi.
Sonuglar “keyfi birimler” (OSI) olarak ifade edildi (Feng vd,
2012).

Ax—A1= AAbs (1)

TAS = [AAbs H,02 — AAbs Ornek] /
[AAbs H202 — AAbs Standart] (2)

TOS = AAbs Ornek / AAbs Standart x1Qstendartn

konsantrasyonu (3)

OSI (Arbitrary Unit) = TOS (umol H202: Eq/L)/
TAS (mmol Eq/L)X10 (4)

Bagintilarindan TAS, TOS ve OSI degerleri hesaplandi ve
sonuglari Cizelge-3’de verildi. Olglimlerde gdzlemlenen
Sekil-7’de
kompozitlerdeki  PIN

renk degisikliklerine ait gorseller

gorilmektedir.  Cizelge-3'den

oraninin artmasi ile antioksidan etkinin arttig
gorilmektedir.
Serbest radikallerin  olusumuna engel olan ve

olusturduklari hasari 6nleyen degisik mekanizmalar
bulunmaktadir. Antioksidanlar 4 farkl sekilde etkiye
sahiptirler:

1. Toplayici Etki: Serbest oksijen radikallere etki ederek
onlarin zayiflamasina yol agar.

2. Bastirici Etki: Serbest radikallerle etkilesip onlara
hidrojen eklenmesine sebep olur ve aktivitelerini azaltir
veya inaktif hale gelmelerine sebep olur. Vitaminler ve
flavonoidler bu etkiye haizdirler.

3. Zincir Kirici Etki: Serbest oksijen radikallerini baglayip,
zincirlerini kirip fonksiyonlarini yok eder. Hemoglobin,
seruloplazmin ve mineraller bu etkiye haizdirler.

4. Onaricl Etki: Serbest radikallerin olusturdugu hasar
antioksidanlar;  enzimatik ve

giderilir.  Endojen

nonenzimatik olmak lzere ikiye ayrilmaktadir.

4, Sonuglar ve Tartisma

sentezlenen poli(DMAEMA-ko-MMA)

polimerinde indol iletken polimeri yerinde polimerizasyon

Bu c¢alismada

yontemiyle polimerize ederek bir seri kompozit elde
edildi. Bu molekillerin kimyasal yapisi spektroskopik
yontemler kullanarak aydinlatildi ve ylzey morfolojisi
karakterize edildi. PIN oraninin artmasi ile antioksidan
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etkinin  arttigi  gorilmektedir. FTIR  analizlerinde antioksidan ve oksidan aktiviteleri bu calisma ile ilk kez
tanimlanan indol gruplari ve N(CHs)2 gibi elektron cgekici incelendi. Elde edilen sonuglardan kompozitlerin tip
etkiye sahip gruplar PC'lerdeki antioksidan aktiviteden alaninda  alternatif Grlin  olarak  kullanilabilecegi
sorumludur. Poli(DMAEMA-ko-MMA)/PIN ompozitlerinin gorilmektedir.
Cizelge 3. TAS, TOS ve OSi seviyeleri
$
< <
= >
w w
< <
> =
2 < 2
5 5 9 3 3 = 52 3
a a a a a o a = a
TAS (mmol Trolox Equiv/L) 1,076 1,115 1,158 1,214 1,263 2,278 1,257 1,259
TOS (umol H,0, Equiv/L) 1,319 1,519 2,114 2,126 2,392 12,840 10,471 0,321
0Si (Arbitrary Unit) 0,816 0,734 0,548 0,571 0,,528 0,177 0,120 3,922
TAS TOS
Standard (Trolox) ( mmol/L) Standard ((H20:) (umol/L)

0< 1.0 ’0

— o ) < u =
8] 5]
a a & & & a

Poli(DMAEMA)

Poli{DMAEMA-ko-MMA)

5 10 20

PC1
PC2
PC3
PC4
PCS
PIN
Poli(DMAEMA]

Poli(DMAEMA-ko-MMA)

Sekil 7. TAS, TOS ve OSI &lciimleri

Etik Standartlar Bildirgesi
Yazarlar tim etik standartlara uyduklarini beyan ederler.

Yazarhk Katki Beyani
Yazar-1: Kaynaklar, Arastirma, Bigimsel analiz, Dogrulama, Metodoloji,
Gorsellestirme, Yazma — orijinal taslak.

Yazar-2: Kaynaklar, Arastirma, Deney, Bigimsel analiz, Dogrulama,

Metodoloji, Gorsellestirme, Yazma — orijinal taslak.

Cikar Catigmasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir
cikar ¢atismasi yoktur.

Verilerin Kullanilabilirligi
Bu calisma sirasinda olusturulan veya analiz edilen tim veriler,
yayinlanan bu makaleye dahil edilmistir.

Tesekkiir
Bu arastirma; Usak Universitesi Bilimsel Arastirma
Projeleri Koordinatorligu (UUBAP) tarafindan

desteklenmistir (Proje No:2017/TP025).
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Oz

Bu calismada Tekirdag ili Cerkezkdy ilgesinin yeralti sularinin
fiziksel ve kimyasal 6zellikleri aragtirilmistir. Bu 6zelliklerin insan
ve canli yasamina etkisi incelenmistir. Yeralti sulari, dogal
kaynaklar arasinda en biyik tatl su kaynagidir ve insanlar
tarafindan birgok alanda yaygin bir sekilde kullanilir. Yeralti
suyu, diinya nifusunun ¢ogunlugu icin birincil su kaynagi olarak
kabul edilir. Bu calisma, Tekirdag Su ve Kanalizasyon idaresi'nin
(TESKI) kontroliindeki Cerkezkdy icme suyu kuyularini kapsamli
bir sekilde degerlendirmistir. Jeolojik yapi, yeralti suyu seviyeleri
ve kimyasal analizler incelenmistir. Yapilan analizlerde bazi
kuyularda arsenik konsantrasyonlari 10 pg/L Ust sinir degerini
agmaktadir. Tarimsal kirliligin bir belirtisi olarak CRK 2, CRK 8 ve
CRK 24 kuyularinda amonyum konsantrasyonu limit tst sinir (0.5
mg/1) degerlerini agmaktadir. Bulgular, yeralti su seviyelerinin
surekli dugtigiini, bazi kuyularda kirlenme belirtileri oldugunu
ve mevcut su kaynaklarinin uzun vadede igme suyu agisindan
yetersiz kalacagini gdstermektedir. Bu durum, enerji tiiketimi ve
yeni su kaynaklari yaratma gerekliligi acisindan 6nemli
ekonomik ve gevresel sonuglar doguracaktir.

Anahtar Kelimeler Yeralti Suyu; Fiziksel ve Kimyasal Ozellikler; igme Suyu
Kalitesi; Kirlilik

Abstract

In this study, the physical and chemical properties of
groundwater in Cerkezkoy district of Tekirdag province were
investigated. The effects of these features on human and living
life have been examined. Groundwater is the largest freshwater
source among natural resources and is widely used by people in
many areas. Groundwater is considered as the primary water
source for the majority of the world's population. This study
comprehensively evaluated Cerkezkoy drinking water wells
under the control of Tekirdag Water and Sewerage
Administration (TESKI). Geological structure, groundwater levels
and chemical analyses were examined. In the analyses, arsenic
concentrations in some wells exceeded the upper limit value of
10 pg/L. As an indication of agricultural pollution, ammonium
concentration exceeded the upper limit (0.5 mg/l) values in CRK
2, CRK 8 and CRK 24 wells. The findings show that groundwater
levels are continuously decreasing, there are signs of pollution
in some wells and that the existing water resources will be
insufficient for drinking water in the long term. This will have
significant economic and environmental consequences in terms
of energy consumption and the need to create new water
resources.

Keywords Groundwater; Physical and Chemical Properties; Drinking
Water Quality; Pollution.

1. Giris

Yeralti suyu kirliligi, endistriyel atiklarin desarji, tarimsal
faaliyetlerden kaynaklanan kirleticiler, kentsel gelisim ve
fosil yakitlarin kullanimi gibi insan etkileriyle giderek
artmaktadir. Bu durum, vyeralti suyu kaynaklarinin
strdurulebilirligini ve igme suyu kalitesini olumsuz yénde
etkilemektedir. Cerkezkdy gibi yerlerde igcme suyu
kaynaklarinin yonetimi, ozellikle sanayilesme ve nifus
artisi gibi baskilar altinda zorlu bir siregtir. Bu tir
yerlerde, yeralti suyu kaynaklarinin surdirilebilirligini
saglamak igin bolgesel ozellikler ve su kaynaklarinin
durumu dikkate alinmalidir. Bu cergevede, yeralti suyu
kaynaklarinin izlenmesi ve yonetimi icin entegre bir

yaklasim benimsenmelidir. Diinya genelinde yeralti suyu

kirliligini belirlemeye yonelik calismalar giderek hiz

kazanmaktadir. Pakistan’in Bhimber, Azad Jammuve
Kashmir bolgelerinde 12 adet yeralti su kuyusundan
numune alinarak yaptiklari ¢aligmalarinda, pH, bulanikhk
gibi cesitli fizikokimyasal ve biyolojik parametreler igin
analiz edilmistir. Degerler blylik 6l¢liide patojenik sularla
kontamine oldugunu ve bazi fizikokimyasal degerler
Saglik (WHO)
sinirlarindan sapmis oldugu tespit edildigi icin devletin

Diinya Orgiitii'niin tavsiye ettigi
tim bolgelere filtre tesisi saglamasi gerektigi belirtilmistir
2021).

kirsal

(Alsalme vd., Gujarat eyaletindeki Satlasana

Taluka'nin cevresinin yeraltt suyu kalitesini

incelemislerdir. Agirhkli Aritmetik Su Kalitesi Endeksi
(WAWQI) ve Kanada Su Kalitesi Endeksi uygulanarak 9
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koyden alinan su numuneleri 6 ay boyunca
degerlendirilmistir. Kaynaklarin % 46'si iyi su kalitesinde
bulunurken, CCMEWQI (Canadian Council of Ministers of
the Environment Water Quality Index) kullanilarak
kaynaklarin %54'inln iyi su kalitesinde oldugu tespit
edilmistir (Khatri vd., 2020). Bu parametrelerin uygun
geleneksel stratejilerle aritilmasi, yeralti suyunu icme
amacgh glvenli, bolgedeki vyeralti suyu kalitesinin
bozulmamis durumuna isik tutmaktadirlar (Kamboj vd.,

2020).

Harran civarinda ve genel olarak Harran Havzasi'nin gliney
kesiminde derin akiferden beslenen ¢ok sayida kuyunun
yeralti suyu kalitesinin kotilestigini, kirlenmis yeralti suyu
kuyularinin birgogunun uygunsuz sulama uygulamalari
sonucu kullanilamaz hale geldigini tespit etmislerdir
(Yesilnacar vd., 2011). Harran ovasi genelinde EC ve NOs~
degerleri 2005 (maks. 8235 uS/cm, 720 mg/L) ile 2015
(maks. 2510 pS/cm, 327 mg/L) yillari arasinda azalmistir
(Yetis vd., 2021). Yesilnacar ve arkadaslarn tarafindan
yapilan bir ¢alismada: Gilineydogu Anadolu bdlgesinde
dort koyin yeralti sularindaki floriir konsantrasyonlarinin
1,20 mg/L'den fazla oldugu ve bu kéylerdeki ¢cocuklarda
dis florozuna neden oldugu belirlendi (Yesilnacar vd.
2016). Arkog (2005), calismasinda, Ergene Havzasi, Corlu
— Cerkezkoy kesiminin jeolojisi, hidrojeolojisi, bolgedeki
akiferin  jeohidrolik  6zellikleri

ayrintih bir  sekilde

incelemistir. Akiferi geometrisi, akifere ait karakteristik
ozellikler ve sayisal degerleri, hidrokimyasal fasiyesi ve
yeralti suyunun kirlilik durumu ortaya koymaya calismistir.
Sonugcta Ergene Formasyonunun arastirma alanindaki ana
akifer oldugu, yari gegirimsiz ve gecirimli ortamlardan
olustugu belirtiimektedir. Yeralti suyu, yer altindaki
gecirimli jeolojik ortamin doygun bdlgesinde bulunan
kuyulari, kaynaklari ve akarsu, gol, deniz gibi kitlelerini
besleyen sudur, bltin yeralti sularinin kaynagi yagistir,
ylzeye diisen yagis zemini islatarak yercekimi etkisi ile
doymamis boélgeden gecerek asagiya dogru hareket eder,
su seviyesi olarak adlandirilan doymus bélgenin Ust
sinirina ulasarak akifer dedigimiz su tasiyan tabakalarda
depolanmis olan yeralti sularini besler, ylizey ve yeralti
sularinin kaynagi yagislar olmasina ragmen, yeralti sulari
ylzey sularindan daha fazla miktarda mineral madde
icerir, yagmurun yere dismesi, siiziilmenin baslamasi ve
suyun toprak ve kayaglarin bosluklarindan ge¢mesiyle su
temas ettigi bazi maddeleri eritir, boylece, yergekimine
bagh olarak asagiya dogru stiziilen suya mineraller eklenir,
yeralti sularinin kimyasal bilesimi; temas ettigi maddelerin
fiziksel 6zelliklerine, bilesimlerine ve temas siiresine bagli
olarak tayin edilir, suyun s6z konusu maddelerle temas
siresi uzadikca suda daha fazla miktarda mineral

¢ozlinmektedir (Sargin, 2010). Kirsehir'in  Kaman

bolgesindeki yeralti suyu kalitesini etkileyen faktorlerin
belirlenmesi ve sudaki kirliligin insan saglig Gzerindeki
etkilerinin anlasiimasi tizerine yapilan arazi ¢calismalari ve
ArcGIS programinda islenen veriler sonucu, yeralti suyu
kalitesini en ¢ok etkileyen faktorlerin kaya litolojisi,
ve tarim arazilerinde

maden yataklari olusumlari

kullanilan gilibreler oldugu tespit edilmistir. Bu faktorlerin
saglig
belirlenmesi, bolgedeki su yonetimi ve cevre koruma

su kirliligi ve insan Uzerindeki etkilerinin
stratejileri agisindan blyik 6nem tasimaktadir (Salman,

2019).

Bu c¢alisma kapsaminda Tekirdag Su Kanalizasyon
idaresi’nin kontroliindeki 26 adet Cerkezkdy icme suyu
dahilinde ve 11.
bolgeye ait

kuyulari ile ilgili bilgiler Bolge
teknik

elemanlar ile yapilan sozli gorismeler cergevesinde,

MUdurlGgi’niin calismalari  ve
genel bir calisma yapilarak gerek kuyularin kimyasal icerigi
ve kirlilik degerlendirilmesi yapilmigtir.

2. Materyal ve Metot

Bu calismada Cerkezkdy igme suyu temininin saglandig
sondaj kuyularinin verimleri ile yeralti sularinin fiziksel ve
kimyasal 6zellikleri degerlendirilerek (icme suyu kalite
standartlari  agisindan) saghk etkileri ve riskleri
incelenmistir. ilge sinirlar igerisinde kalan Tekirdag
Blyliksehir Belediyesi Su Kanalizasyon Genel MudurlGga
(TESKi) sorumlulugu igerisindeki toplam 26 kuyunun
verileri degerlendirilmistir. 26 adet sondaj kuyusundan 5
adeti adeti

mahallesinde olmak Uzere 18 adeti Cerkezkdy merkezde

Kizilpinar  mahallesinde, 3 Velikoy
bulunmaktadir (Sekil 1). Sekil 1’de kuyu lokasyonlari
Kuyu derinlikleri ve statik su seviyeleri
birbirinden  farklidir.  Calhsma alani  Tiarkiye’'nin
kuzeybatisinda, 27° 55’ 7’ - 28 04’15” D boylamlari ile 41

13’ 15” — 41 22’ 8” K enlemleri icerisinde yer almaktadir.

verilmistir.
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Sekil 1. i¢cme suyu temin edilen sondaj kuyularinin yerlesim
yerlerindeki konumlari.
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Bu calisma kapsaminda, Cerkezkdy ilgesine icme suyu
saglayan 26 adet sondaj kuyusuna ait yeralti sularinda 19
adet fiziksel ve kimyasal kirletici analizi yapilmis ve Saglik
Bakanligr'na ait “insani Tiketim Amagli Sular Hakkinda
Yonetmelik (URL 1, 2005)” basta olmak lzere birgok farkli
yonetmelik  dogrultusunda igme  suyu  kalitesi
irdelenmistir. Ayrica, kirletici parametrelerin muhtemel
insan saghgina etkileri de tartisilmistir. Fiziksel 6zellikler
olarak sicakhk (T, C°), pH ve elektriksel iletkenlik (EC)

parametreleri yerinde Olgllmugstir. Su 6rnekleri asitle

temizlenmis polietilen numune kaplarinda toplanmistir.
Su analizleri Cevre Bakanligi tarafindan akredite olan
laboratuvarda (AEM Laboratuvari) gergeklestirilmistir.
Katyonlar Atomik Absorpsiyon Spektrometrisi (AAS) ile
anyonlar yiksek verimli sivi kromatografisi ile
belirlenmistir. Ol¢lim yéntemleri standartlara (APHA,
Standard Methods,

Sulardaki temel anyon ve katyonlar meq/L kullanilarak

1989) uygun olarak yapilmistir.

piper diyagrami olusturulmustur.

Cizelge 1. Kuyulardan alinan su 6rneklerinin kimyasal analiz sonuglari ve yiizde miliekivalen degerleri

Kuyu 2 " . ) SOs B % % % % % % % Toplam Sertlik
No ca Mg Na d 2 HCO: rCa rK rMg rNa rCl rSOs  rHCOs (F°)
CRK-1 418 2 13,5 37,85 109 13 40 42,48 102 22,96 3354 7675 675 1655  16,1-TathSu
CRK-2 468 2 125 638 56 29 48 37,74 0,81 16,77 44,67 53,20 2020 26,60 64’%’5&@5“"”‘
CRK-3 22 2 479 100 32 25 52 1864 0,85 678 7373 39,65 2291 33,44 7'5'5'\351';”“
CRK-4 279 2 896 792 44 20 46 2482 0,89 13,30 60,99 51,45 17,43 31,12  10,75-TathSu
CRK-5 462 1 1 127 22 24 16 392 051 1,36 9420 4493 3623 18,84 1'5553";'“"’3
CRK-6 44,90 3 13,70 52,10 60 18 50 39,20 1,39 19,86 39,54 5848 12,98 2837  16,95-TathSu
CRK-7 448 3 12,2 554 53 20 48 4562 163 3,67 49,08 5519 1555 29,26  12,1-TathSu
CRK-8 32 3 166 31,1 106 28 40 3628 1,81 31,29 30,61 70,68 13,71 1560  14,9-TathSu
CRK-9 207 2 580 8,5 33 20 34 1951 094 9,01 70,54 48,69 21,99 29,32 7'6'5'\35:”“
CRK-10 34,70 3 19,20 3420 76 19 28 3540 156 32,64 30,40 71,33 1333 1533  16,7-Tatl Su
CRK-11 784 1 142 116 29 21 14 699 054 2,15 90,32 5503 2953 1544 2'5553"\:’“"’3
CRK-12 48 2 12,9 532 65 17 36 41,10 0,86 1849 39,55 66,06 12,64 21,30  17,4-TathSu
CRK-13 877 2 2 107 37 19 20 829 094 320 8757 5876 22,60 18,64 3’05;';15;']’““
CRK-14 485 2 14 469 62 20 44 4271 0,88 20,56 3585 60,55 14,53 24,91 18-Tatli Su
CRK-15 287 2 123 30,4 78 24 30 37,5 130 2682 3438 6897 1567 1536  12,35-TathSu
CRK-16 29 2 17,4 382 74 22 60 31,44 1,11 31,45 36 59,03 13,07 27,88  14,5-TathSu
CRK-17 458 2 167 359 10,1 30 44 4329 096 2626 2949 17,17 3865 44,17  18,4-TathSu
CRK-18 41,6 2 977 525 42 18 38 39,85 0,96 1552 43,68 54,13 17,43 2844  14,45-TathSu
CRK-19 484 3 17,7 428 164 25 36 484 16 128 372 8062 9,08 10,30  153-TathSu
CRK-20 447 2 17,3 337 106 16 46 43,08 096 27,69 2827 73,46 811 1843  184-TatlSu
CRK21 47 2 17,6 368 118 17 44 4296 091 26,87 2925 7563 7,97 1640  19,1-TathSu
CRK-22 40,3 2 13,2 332 103 12 38 43,82 1,08 23,86 3123 7692 663 1645  156Tathsu
CRK-23 42,6 2 104 616 66 23 40 37,17 087 1518 4677 62 16 22 15-Tatli Su
CRK-24 257 2 923 307 61 11 26 37,5 145 22,38 3866 72,27 9,66 1807 10’3éuMyimba
CRK25 457 2 164 338 119 17 44 4421 096 2644 2838 7579 7,92 1629  18,3-TathSu
CRK-26 7,61 2 2,06 108 46 20 24 7,17 094 321 8868 61,32 1981 1887 2'75;uMyimba
3. Bulgular degisimin 1976 yilindan sonra bagladigi DSi yetkilileri

3.1.Hidrojeolojik Degerlendirme

inceleme alanindaki DSI 11. Bélge Mudirligi tarafindan
1960’h yillarda agilan sondaj kuyularinin derinlikleri
genellikle 200-250 m’dir. Ancak sonraki yillarda agilan
kuyularda bu derinlikler giderek artmistir ve glinimizde
600-650 m

gdzlemlenmektedir. Bu kuyulardan elde edilen DSi 11.

derinliklerin seviyelerine ulastigi

Bolge MudurlGgl verilerine gore, kuyularin beslenme

miktari, iklimsel degisikliklerden kaynaklanan

nedenlerden dolayi azalmistir ve asir ¢ekim nedeniyle su
seviyesinde 6nemli miktarlarda disusler yasanmistir. Bu

tarafindan belirtilmektedir. Farkh kuyularda zaman zaman
farkh seviye dislsleri gbzlenmistir (100-150 m), bu durum
yagis ve ylizey suyunun akifere ulasma sekline veya akim
yonine bagh olarak degisebilir. Tekirdag Su ve
Kanalizasyon idaresi (TESKi)nin ve DSi'nin kuyularina ait
tim kuyu loglarina erisilemedigi icin jeolojik bir profil
ilgili
yorumlanmaya
hidrojeolojik degerlendirmede,

olusturulamamistir. Ancak, mevcut raporlar ve

literatirlerle bolgenin jeolojisi

cahsiimistir. Bolgesel
derinlikleri 200 m (izerinde olan sondaj kuyularinin
litolojisinin genellikle (stte Ergene formasyonu ile

baslayip altta Danismen formasyonu ile son buldugu
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gozlemlenmektedir. Ergene formasyonunun ortalama
olarak 300 m kalinhk gosterdigi ve altinda Danismen
formasyonunun killi birimlerle gegirimsiz bir taban

olusturdugu bilinmektedir. Ergene formasyonunun
Danismen formasyonu killi seviyesine ulasmadan once
¢akilli ve kumlu seviyeleri bulunmaktadir. Mevcut agilan
kuyularin genel profili, Ergene formasyonu ile baslayip
altinda Danismen Formasyonunun killi seviyeleri ile son
bulmaktadir. Kuzey kesimlerde Ergene formasyonunun
kalinhginin 300-350 m civarinda oldugu, doguda 320m,
batida ise 370 m civarinda oldugu DSi belgelerinde

belirtilmektedir (URL 2, 2024).
3.2.Hidrojeokimyasal Degerlendirme

Cerkezkoy ilgesine igme suyu saglayan yaklasik 26 adet
kuyuda 19 adet fiziksel, kimyasal ve kirletici analizleri
(Cizelge 1) yapilarak Saglik Bakanligi’'na ait “insani Tiiketim
Amacli Sular Hakkinda Yonetmelik (URL 1, 2005)” ve farkh
yonetmelikler dogrultusunda icme suyu kalitesi
irdelenmistir. Uluslararasi standartlar dikkate alinarak
grafiklerde sinir

degerler turuncu vyatay cizgi ile

gosterilmistir.  Bu ¢alisma kapsaminda bu kirletici
parametrelerin muhtemel insan sagligina etkileri de
tartistimistir. Fransiz sertligine gore sular genel olarak
“tatli su” olarak siniflandiriimistir. Ancak 7 adet. su kuyusu
“memba suyu" 1 adet su kuyusu “cok fazla sert su” olarak

nitelendirilmistir (Cizelge 1).
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Sekil 2. Cerkezkoy ilgesi su orneklerinin elektriksel iletkenlik
degisimi
Sekil 2’de ¢alisma alanindaki su 6rneklerinin elektriksel
iletkenlik  (EC-uS/cm) degerlerinin
gorlilmektedir. Elektirksel iletkenlik,
iletme kabiliyetini o6lgerek bir su kitlesindeki iyonik

dagihm  grafigi
suyun elektrigi

iceriktir (klorlr, nitrat, sdlfat, sodyum, magnezyum,
kalsiyum veya demir gibi) (referans). Saghk Bakanlig
insani tliketim amacl sular hakkinda yonetmelik ve
Avrupa Birligi icme suyu direktifleri ydonetmeliklerine (URL
1, 2005; URL 3, 2023) gore elektriksel iletkenlik st sinir
degeri 2500 uS/cm (20 °C'de) dir. Suyun iletkenligi, su

kalitesini 6lcmek icin cok 6nemli bir indekstir ve sudaki
dielektrik derecesini yansitabilir. Su inorganik asit, alkali
veya tuz icerdiginde iletkenligi  artar. iyon
konsantrasyonu, belirli bir matematiksel iliski yoluyla
iletkenlige esdegerdir (Aral, B., 2024). Su orneklerindeki
toplam ¢6zinmis kati madde (TDS) igerigi ile elektriksel
iletkenligi arasinda bir iliski vardir. 26 adet kuyuda tespit
iletkenlik

belirtilen  sinir

edilen  elektriksel degerleri  mevcut

yonetmeliklerde degerin  altinda
Ol¢lilmustir. En yuksek elektriksel iletkenlik degeri CRK 19
nolu kuyuda 747 uS/cm, en distk elektriksel iletkenlik
degeri CRK 24 nolu kuyuda 382 uS/cm bulunmustur. Diger
kuyularda elektriksel iletkenlik degerleri 400-600 uS/cm
dikkate

alindiginda mevcut kuyu sularinda ¢éziinmis madde ve

araliginda  degismektedir. Tum  degerler
iyon konsantrasyonlarinin disiik oldugu tespit edilmistir.
Genel olarak ifade etmek gerekirse iletkenlik distile
sularda 0.5-3 uS/cm, cesme sularinda 50-800 uS/cm, taze
su akintilarinda 100-1000 uS/cm, endustriyel atik sularda
10.000 pS/cm, deniz suyunda 55000 uS/cm’dir (Lang vd.,
2006). Lang vd.'nin yapmis oldugu bir calismada, yeralti
suyunun kis ve yaz aylarindaki ortalama TDS degerleri
sirasiyla 614 ve 564 mg/L olarak bulundu. Bu da yeralti
suyunun TDS degerlerinin yagislardan dolayi kig aylarinda
daha yiksek oldugunu goéstermektedir (Lang vd., 2006) .
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CC3+HCO;
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100

100 o ca 100 100
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Sekil 3. Kuyu sularinin kimyasal analizlerine ait Piper
diyagrami (26 adet kuyunun kimyasal verilerine gore
numaralandirilmadan kirmizi noktalar seklinde verilmistir.

Alinan su 6rneklerinde toplam anyon, katyon analizleri
yapilmistir. Piper (1944) diyagramina goére tim su

ornekleri kimyasal acidan degerlendirilmistir. Piper
diyagraminda; katyon oranlarina gore sular, sodyum
(Na*), potasyum (K*) ve kalsiyum (Ca) iyonlari agisindan
zengindir. Anyon oranlarina gore ise bikarbonat (HCOs’)
ve yer yer klor (CI) acgisindan zengin sular olarak

tanimlanmistir (Sekil 3). Anyonlar; HCO3>ClI>S042 ve
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Katyonlar; Na*>Ca*2>K*>Mg*?  seklinde  dizildigi

belirlenmistir.
Agir metaller, temel ve temel olmayan agir metaller olmak
Uzere iki gruba ayrilir. Temel agir metallere 6rnek olarak
manganez (Mn), demir (Fe), bakir (Cu) ve ¢inko (Zn)
verilebilirken temel olmayan agir metallere 6rnek olarak
kadmiyum (Cd), kursun (Pb) ve civa (Hg) verilebilir (Hazrat
vd., 2019). Manganez (Mn), yerkabugunda en ¢ok
bulunan metallerden biridir ve genellikle demir ile birlikte
bulunur. Mangan

konsantrasyonlarinin kuyu

lokasyonlarina bagh olmadan

gorulmektedir (Sekil 4).

arttigr  ve azaldigi
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Sekil 4. Cerkezkoy ilgesi su 6rneklerinin mangan konsantrasyonu
degisimi

Kuyu lokasyonlarina yakin mesafede sanayi

bulunmamaktadir. Bazi kuyu lokasyonlarina yakin
mesafeden dere akintisi mevcuttur. Kuyulardan alinan su
orneklerindeki mangan konsantrasyon degerleri 1.0-174
ug/L arasinda degismektedir (Cizelge 1). Saghk Bakanlig
insani tiketim amagl sular hakkinda ydnetmelik ve
Avrupa Birligi icme suyu direktifleri ydonetmeliklerine (URL
1, 2005; URL 3, 2023) goére igme sularinda mangan
konsantrasyonunun sinir degeri 50 pg/L dir. CRK 2, CRK 4,
CRK 6, GRK 7, GRK 8, GRK 10, CRK 12, CRK 14, GRK 15, CRK
16, CRK 23 nolu kuyularda mangan konsantrasyonlari sinir
degerleri asmaktadir. CRK 1, CRK 5, CRK 11, CRK 13, CRK
17, CRK 19, CRK 20, GRK 21, CRK 22, CRK 24, CRK 25, CRK
26 kuyularinda ¢ok disiik mangan konsantrasyonlari
Olctlmustir. 20 pg/L kadar distik konsantrasyonlarda,
manganez su borular Uzerinde daha sonra siyah bir

cOkelti olarak dokilebilecek kaplamalar olusturabilir.

Manganez icin 0,05 mg/L (50ug/L) limit degeri
standartlarda (URL 1, 2005; URL 3, 2023) belirlemistir. Bu
degerin Uizerindeki konsantrasyonlarda sularda renk
bozulmasi sorunlari meydana gelebilir. Manganez, esas
olarak demir ve c¢elik alasimlarinin ve manganez

bilesiklerinin imalatinda ve c¢esitli Grinlerde bir bilesen

olarak kullanilir. Manganez dioksit ve diger manganez
bilesikleri pil, cam ve havai fisek gibi {rinlerde
kullanilmaktadir (IPCS, 2004). 20 ug/L’lik ortalama igme
suyu seviyesinde, gunliik 2 litre su alimi varsayildiginda,
bir yetiskin i¢cin manganez alimi 40 pg/giin olacaktir.
Oksijen konsantrasyonu dusik yeralti suyu genellikle
yuksek seviyelerde ¢6ziinmls manganez igerir. Divalent
form (Mn*?) pH 4-7'de ¢cogu suda baskindir, ancak daha
yiuksek oranda oksitlenmis formlar daha yiksek pH
degerlerinde meydana gelebilir veya

oksidasyondan kaynaklanabilir (ATSDR, 2000).

mikrobiyal

Son yillarda, igme suyu kaynagi olarak hizmet veren bazi

ylzey sularindaki amonyum konsantrasyonu, biyik

miktarda endustriyel ve evsel atik sularin mevcut su
kaynaklarina desarj edildiginden, izin verilen standarttan
cok daha yuksektir (0.5 mg/L). Sekil 5’de Cerkezkoy
yerlesim merkezi mevcut icme

suyu kuyularinda

amonyum iyonu konsantrasyonlari  gosterilmistir.
Amonyum konsantrasyonlari genel olarak 0.5 mg/L’nin
altinda olgulmdstir. CRK 2, CRK 8, CRK2 4 kuyularinda ¢ok

yuksek amonyum konsantrasyonlari él¢tilmastir (Sekil 5).
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Sekil 5. Cerkezkdy ilgesi su o6rneklerinin  amonyum

konsantrasyon degisimi (mg/I, CRK 2, CRK 8, CRK 24 &rneklerinin
konsantrasyonlari 100 kat kiigultilmastar.)

CRK 2, CRK 8 ve GRK 24 kuyularina ait su orneklerinin
amonyum konsantrasyonlari sirasiyla 5.98x10% mg/L,
16.82x10? mg/L ve 10.67x10%? mg/L olarak &l¢lilmustiir.
Kuyu lokasyonlari dikkate alindiginda sistematik bir
azalma ya da artis tespit edilememistir. Kuyu cevrelerinde
fabrika bulunmamaktadir. Bolgenin tarim alani olmasi
kuyularda benzer sonuglarin olgilmesini gerektirirdi.
Kuyularin paralelinde kirli bir akarsuyun mevcudiyeti
kontaminasyon ihtimalini akla getirmektedir. Amonyum
iyonu genel olarak taze kirlenmenin bir belirteci olarak
Azotlu
amonyum/amonyak, nitrit ve nitrat siralamasinda bir

kullaniimaktadir. bilesikler oncelikle
déniisime ugramaktadir. “insani Tiketim Amach Sular
Hakkinda Yonetmelik’te (URL 1, 2005)” amonyum sinir
konsantrasyonu 0.5 mg/L olarak verilmistir. Avrupa birligi

icme suyu standartlarina (URL 3, 2023) gére de amonyum
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Ust sinir degeri 0.5 mg/L'dir. 0,5 mg/L'ye kadar olan
amonyum konsantrasyonlari, su sebekelerinde dagitim
sisteminde amonyum nitrite déntismuyorsa kabul edilir
(Schullehner  vd., 2018). Calisma
orneklerinin amonyum konsantrasyon miktarlari: CRK 2
(598 mg/L), CRK 4 (0.721 mg/L), CRK 5 (0.622 mg/L), CRK
8 (1682 mg/L), CRK 11 (0.612 mg/L), CRK 13 (0.599 mg/L),
CRK 24 (1067 mg/L), CRK 26 (0.577 mg/L) 0.5 mg/L sinir
degerinden

alanindaki  su

yuksektir.  Kuyularda olgllen yilksek

amonyum konsantrasyonlarinin tarimsal kokenli (glibre

kullanimi) oldugu disinidlmektedir. Amonyum
formundaki nitrojenin jeojenik seviyelerinden daha
yuksek seviyelerde bulunmasi, son zamanlarda
kanalizasyondan kaynaklanan kirlilig§in 6nemli bir
gostergesidir ve halk saghgina ciddi bir tehdit

olusturmaktadir. Bu, amonyumun glbrelerden de

kaynaklanabilecegi gercegine atfedilebilir, ancak bu
durumda amonyum toprakta nispeten kolaylikla nitritlere

ve son olarak nitratlara oksitlenir (Karavoltsos vd, 2008).

Arsenik dogada inorganik ve organik formda olusan bir
elementtir. Yeralti ve yeristl sularda bulunan arsenigin
inorganik formlari en toksik olanidir. Son zamanlarda
yapilan izleme calismalari, yilizey ve vyeralti sularinda
arsenik konsantrasyonunda < 0,1 pg/L ile 21.000 ug/L
arasinda degisen bir artis oldugunu ortaya koydu (Haldar
vd., 2020; Aral, 2024). Arsenik cilt kanseri, kalp ve damar
hastaliklari, rahatsizliklar

norolojik olusturdugu

bilinmektedir. Dogal birikintilerin erozyonu, meyve
bahcelerinden akis, cam ve elektronik tretim atiklarindan
meydana gelen akislar, igme suyunda arsenik agisindan

kirletici kaynagi olabilir (Haldar vd., 2020).

Sekil 6’da Cerkezkoy belediyesi su kuyularinda arsenik
konsantrasyonlarinin degisimi verilmistir. Grafige goére
yedi kuyuda arsenik konsantrasyonlarinin pik degere
ulastigi gérilmektedir. CRK 6 (16.8 pg/L), CRK 14 (10.5
pg/L), CRK 16 (10.9 pg/L), CRK 18 (13.4 ug/L), CRK 19 (14.7
ug/L) ve CRK 25 (14.4 pg/L) kuyularinda Saglik Bakanhgi
insani tiketim amach sular hakkinda yonetmelik (URL 1,
2005) ve Avrupa Birligi igme suyu direktifleri
yonetmelikleri (URL 3, 2023) Ust sinir degerlerini (10 ug/L)
asmaktadir.  Harita  Gzerinde kuyu lokasyonlari
incelendiginde CRK 15 ve CRK 19 lokasyonlarinda arsenik
konsantrasyonunun arttigi gorilmektedir. Arsenik genel
olarak maden vyataklar, cevher alanlarinda noktasal
olarak ortaya c¢ikmaktadir. Bu kuyu loglarinin oldugu
dikkatlice

kapatilarak yeni noktalarda kuyular agilmalidir. Diger 20

alanlar incelenmelidir. Gerekirse kuyular
kuyuda arsenik konsantrasyonlari limit degerlerin altinda
Olgulmistir. 1999 yilinda Amerika Birlesik Devletleri'nde
icme suyunda arsenik icin mevcut maksimum kirletici

madde seviyesi 50 pg/l olarak ayarlanmistir. ilgili kanser

riskleri nedeniyle, Amerika Birlesik Devletleri Cevre
Koruma Ajansi (URL 4,2024), arsenik Ust sinir degerini
onemli 6lglide diisirmek amaciyla arsenik igin izin verilen
mevcut seviyeyi 10 pg/L’ye dlistrmustar.
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Sekil 6. Cerkezkdy ilgesi su drneklerinin arsenik konsantrasyonu

Arsenik Konsantrasyonu {Lg/L)

Saglhk Bakanhg insani tiuketim amacgh sular hakkinda
yonetmelik (URL 1, 2005) ve Avrupa Birligi igme suyu
direktifleri yonetmeliklerine (URL 3, 2023) goére, demir
konsantrasyonunun Ust sinir degeri 200 pg/L dir. GRK 1-
CRK 7 kuyu sularinda demir konsantrasyonlari 10 pg/L-
55.7 ug/L arasinda degismektedir (Sekil 7). CRK 8, CRK 9
ve CRK 10 kuyularinda demir konsantrasyonlari diger
kuyulara gore ¢ok yliksektir. CRK 8, CRK 9 ve CRK 10
kuyularinda demir konsantrasyonlari sirasiyla 196 pg/L,
110 pg/Lve 257 pg/L 6lgulmustir. CRK 12 (97.8 ug/L), CRK
15 (84.6 pg/L), CRK 19 (136 ug/L) ve CRK 23 (116 pg/L)
kuyularinda demir konsantrasyonlari yiiksek oldugu tespit
edilmistir. Diger kuyularda demir konsantrasyonlari 10
ug/L-62 ug/L arasinda bulunmustur. CRK 3, CRK 20, CRK
21, CRK 22, CRK 24, CRK 25 ve CRK 26 kuyulari demir
konsantrasyonlari 10 pg/L civarinda dl¢tlmastir.
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Sekil 7 . Cerkezkoy ilgesi su 6rneklerinin demir konsantrasyonu
degisimi
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Demir konsantrasyonu sadece CRK 10 nolu kuyu suyunda
sinir degeri asmaktadir. Diger kuyularda icme sulari
acisindan bir problem mevcut degildir. Demir, yer
kabugunda en bol bulunan ikinci element olarak kabul
edilir ve bu ayni zamanda diinyadaki mevcut elementler
arasinda dordinci sirada yer alr. Cozlinmis demir,
goriandr kirmizimsi renk goriinimi ve nahos metalik tat
ile su kalitesini disirdugunden, suda demirin varligi kritik
bir endise kaynagidir (Kamboj vd., 2020). Oncelikle sulu
ortamda bulunan demir, ¢6ézinir formlar (Fe (Il)) ve
¢o6ziinmeyen formlar (Fe (Ill)) olarak siniflandirilir. Sonug
olarak, ortamin pH', dogal suda demir olusumu igin ¢ok
onemli bir rol oynar. Demir hidroksitin (Fe(OH)2(aq)) pH
6'nin altinda var oldugu ve bunun o6tesinde ferrik
hidroksite (Fe(OH)s(aq)) oksitlendigi bilinmektedir (Aral,
2024).
Uretilen kontamine atiklarin olusumu da dahil olmak

Madencilik, demir ve ¢elik endistrilerinden

Uzere ¢esitli antropojenik kirleticiler, su kitlelerinde
yuksek konsantrasyonda demirin salinmasina yol acar.
Yagmurun toprak, kayalar ve minerallerden suzllerek
gecmesi gibi dogal sirecler de yizey sularinda potansiyel
dogal demir kirliligi kaynaklari olarak kabul edilmektedir
(Haldar  vd,, 2020).
konsantrasyonuna bagl olarak sanayi kirliligi iliskisi tespit

Kuyu sularinda demir

edilememistir.

Toplam organik karbon analizi, sudaki partikil organik
kirleticilerin cevresel etkisini degerlendirmek (sebeke
icerisinde bakteriyolojik biylimeyi kontrol etmek) ve
karbon doéngisi kiitle dengesini hesaplamak igin kritik
6neme sahiptir. TOC degisiminin kuyu lokasyonlarina
bagli olmadan ¢ok farkli degerler aldigi tespit edilmistir.
Saghk Bakanhgl insani tuketim amacgl sular hakkinda
yonetmelik ve Avrupa Birligi icme suyu direktifleri
yonetmelikleri (URL 1, 2005; URL 3, 2023) kapsaminda
giinde 10.000 m¥ten az su verilmesinde bu parametrenin
Olcilmesine gerek olmadigi belirtilmistir. Cerkezkoy
ilcesinde niifusa bagl su tiiketimi giinliik bu degerin ¢ok
Gzerinde oldugundan TOC olgimi gereklidir. Sudaki
karbon igeren bilesiklerin miktari, suda bulunan dogal
organik maddenin bir gostergesi olan toplam organik
karbon (TOC) olarak ifade edilir. Hem dogal olarak
bulunan organik maddeleri hem de insan yapimi organik
kimyasallari igerir TOC mevcudiyetinde igcme suyu
sistemlerindeki bliyime, 6rnegin mikrobiyal kaynakli
korozyon veya asiri biyofilm, tortu veya omurgasizlar
nedeniyle su hatlarinin veya su sayaglarinin tikanmasi gibi
teknik sikayetlere neden olabilir. Bir igme suyu sisteminin
biyolojik stabilitesini belirleyen en 6nemli faktor, icme
suyu sistemindeki besin konsantrasyonudur, ¢linkd diger
faktorlerin mikrobiyal blylme icin uygun olup olmadigina

bakilmaksizin, besin konsantrasyonlari yeterince diisik

oldugunda mikrobiyal blylime sinirli olacaktir (Van der
Kooij & Van der Wielen, 2014). icme sularinda TOC'nin
sifira yakin bir deger olmasi istenen bir durumdur. Mevcut
degeri
belirtiimemistir. En yliksek TOC konsantrasyonlari CRK 10
(2.598 mg/L), CRK 19 (2.923 mg/L) ve CRK 23 (3.133 mg/L)
kuyularinda 6lglilmustir. Mevcut mevzuat incelendiginde

yonetmeliklerde TOC parametresi Ust sinir

tim kuyularda su kalitesi A1 grubuna girmektedir. En
disik TOC konsantrasyonu CRK 17 (0.754 mg/L)
kuyusunda olgulmigstir. Koley vd. (2024) tarafindan
yapilan bir ¢calismada, ham sudaki ortalama TOC seviyesi
3,80ile 3,90 mg/L arasinda degistigi tespit edilmistir (Sekil
8).
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Sekil 8. Cerkezkoy ilgesi su 6rneklerinde toplam organik karbon
konsantrasyonu (TOC) degisimi
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4. Sonuglar ve Tartisma

Bu galismasi kapsaminda, Tekirdag Biyiksehir Belediyesi
Su ve Kanalizasyon idaresi'nin (TESKi) kontroliindeki 26
adet Cerkezkdy icme suyu kuyusu hakkinda bilgiler ile DSI
Edirne 11. Bolge MidirlGgla'niin bolgedeki calismalari ve
ilgili kisiler ile 2024 yilinda yapilan sozIli goérismeler
cercevesinde kapsamli bir degerlendirme yapiimistir.

Calismalarimiz sonucu asagidaki sonuglara ulasiimistir.
inceleme alani jeolojik yapi ve yeralti suyu agisindan
degerlendirildiginde, bati-kuzeybati

yeraltt suyunun

yoninde hareket ettigi tespit edilmistir. Ergene
Formasyonu, bolgenin en 6nemli akiferi olarak belirlenmis
ve Danismen Formasyonu ise akiferi tabandan sinirlayan
gecirimsiz bir birim olarak tespit edilmistir. ilk verilerin
alindig 1969 yilinda, statik su seviyesinin 32 m oldugu,
1982'de 44 m, 1992'de 50 m, 2002'de 80 m ve 2023'te 150
m oldugu belirlenmistir. Strekli diisen su seviyeleri, ileriki
yillarda kuyulardaki pompalarin glincellenmesi ve daha
derine indirilmesini gerektirecektir. Bu, enerji tiketimini
artirarak ekonomik yik olusturacaktir. Ayrica, sanayi
sektorliniin uzun vadede yeni su kaynaklari yaratmasi
gerekliligi ortaya ¢ikmaktadir. Clinkii mevcut yeralti suyu

bu ihtiyaci karsilayacak yeterlilikte degildir.
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26 kuyuda tespit edilen elektriksel iletkenlik degerleri
mevcut yonetmeliklerde belirtilen Ust sinir degerinin
altinda olgUlmustir.  Kuyularda genellikle iletkenlik
degerleri 700 uS/cm’nin altindadir. En ylksek elektriksel
iletkenlik degeri CRK 19 kuyusunda 747 uS/cm, en dusiik
elektriksel iletkenlik degeri CRK 24 kuyusunda 382 uS/cm

bulunmustur.

CRK 6 (16.8 pg/L), CRK 14 (10.5 pg/L), CRK 16 (10.9 pg/L),
CRK 18 (13.4 pg/L), CRK 19 (14.7 pg/L) ve CRK 25 (14.4
pg/L) Saghk
Bakanlgi insani tiiketim amach sular hakkinda yonetmelik

kuyularinda arsenik konsantrasyonlari
ve Avrupa Birligi icme Suyu Direktifleri yonetmelikleri tst
sinir degerlerini (10 pg/L) asmaktadir. Diger kuyularda
icme suyu agisindan bir problem bulunmamaktadir.

Piper diyagramina goére bu sular sodyum, potasyum,
kalsiyum, bikarbonat ve klorir agisindan zengin sulardir.
Sular Fransiz sertlik derecesine gore genel olarak “tatl su”
sinifindadir.

icme sularinda TOC'nin sifira yakin olmasi istenmektedir.
Mevcut yonetmeliklerde TOC parametresi igin Ust sinir
degeri belirtilmemistir. Kuyularin cogunda toplam organik
karbon konsantrasyonunun 0,5 mg/I'nin Ustinde
dagitim sebekelerinde bakteriyolojik
blylime riskini  tasimaktadir. En  yiiksek TOC
konsantrasyonlari CRK 10, CRK 19 ve CRK 23 kuyularinda

Olgllmustar.

Olgtlmesi, su

Genel olarak 0.5 mg/L'nin altindadir. CRK 2, CRK 8 ve CRK2
4 kuyularinda yiksek amonyum konsantrasyonlari

bulunmugtur. Kirli bir akarsu varligi kontaminasyon
olasiligini distindiirmektedir. Amonyum iyonu genellikle
taze kirlenmenin bir gostergesi olarak kullaniimaktadir.
Amonyum konsantrasyonlari CRK 2, CRK 8 ve CRK 24

kuyulari disinda limit degerin altinda 6lgulmdstir.

Demir konsantrasyonu CRK 10 kuyusunda sinir degeri
asmaktadir. CRK 8 kuyusunda demir konsantrasyonu sinir
degere yakin bulunmustur. Demir konsantrasyonlari ile
sanayi kirliligi arasinda bir iligki tespit edilmemistir.

Toplam 11 adet kuyuda mangan konsantrasyonlari sinir

degerin Ustlinde Olgulmistir. Bu durum i¢cme su
sebekelerinde renk olusumuna neden olacaktir. CRK 2,
CRK 4, CRK 6, CRK 7, CRK 8, CRK 10, CRK 12, CRK 14, CRK
15, GRK 16 ve GCRK 23

konsantrasyonlari sinir degerleri (50 pg/L) asmaktadir.

kuyularinda mangan

Mangan sularda renk ve bulanikhga sebep olur. Kuyu
dikkate
kuyularda sanayiden kaynaklanan kirlilik

lokasyonlari ve sanayi tesisleri yerlesimleri
alindiginda,

iliskisi bulunamamistir.

Arsenik konsantrasyonlari toplam 26 kuyunun 8’inde 10
ug/L sinir degerinin Ustlinde bulunmustur. Arsenik kirliligi,

genellikle maden vyataklarina yakin alanlarda ortaya
citkmaktadir.
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Oz

Nif Dagi, Bati Tiirkiye'de, izmir'in dogusunda, yaklasik olarak
Torbali ve Buca ilgelerinin sinirlarinda yer almaktadir. Calisma
alani, Helenistik doéneme ait Dagkizilca'daki manastir
kompleksinin ¢evresini kapsamaktadir. Dagkizilca bolgesindeki
ylzey kalintilari ve bulunan kagak kazi alanlari igiginda hala
gomi alanlarinin (Tumillds, oda mezarlar, vb.) bulundugu
distnilmektedir. Bu amagla Dagkizilca bolgesinde manyetik
yontem kullanilarak arkeojeofizik arastirma yapilmistir. Gomuli
yapilarin ve mezarlarin yerini belirleyebilmek igin 0.5 m aralikla
Olgu alinmistir. Manyetik haritalarda, anomalilere sebep olan
yapiya ait sinirlarin saptanabilmesi icin, potansiyel alanin yatay
ve disey tirevine dayali bircok yéntem kullanilir. Bu ¢alismada,
gdmilu oda mezarin sinirlarinin belirlenmesi igin Gg farkli sinir
analiz yontemi kullaniimistir. Bunlar Toplam Yatay Tirev,
Analitik Sinyal ve Tilt Agisi yontemleridir. Yontemler, sentetik
modeller Uzerinde karsilastiriimis ve Nif Dagi arkeolojik arazi
verisine uygulanarak yorumlanmistir. Ayrica hem sentetik hem
de arazi verilerinin 3B ters ¢O0zimu gergeklestirilerek
yorumlamaya katkisi tartisilmigtir.

Anahtar Kelimeler: Arkeojeofizik; Manyetik; Ters C6ziim

Abstract

Nif mountain is located in western Turkey, approximately at the
border between Torbali and Buca towns in the east of lzmir city.
The study area resides in the vicinity of a Hellenistic era
monastery complex in Dagkizilca. In Dagkizilca area, existence of
numerous buried areas (e.g. tumuli, chamber graves) are
assumed based on surfaced remnants and found illegal digging
sites. To reveal these, archaeological exploration using magnetic
measurements was realized. The data were collected with 0.5 m
intervals to determine the graves and other buried structures.
Several methods based on horizontal and vertical derivatives are
applied for boundary detection of anomalous structures from
magnetic maps. In this study, three different analysis methods
were applied to detect a buried chamber grave, which are Total
Horizontal Derivative, Analytic Signal and Tilt angle methods.
These methods were initially compared using synthetic models
thereafter applied and interpreted on mount Nif archaeological
data. Additionally, both synthetic and field datasets are inverted
in 3D and its contribution to interpretation was argued.

Keywords: Archaeogeophysics; Magnetics; Inversion

1. Giris

2006 yilindan beri devam etmekte olan Nif Dagi (Olimpos)
arkeolojik calismalari, izmir dogusunda, Karamattepe,
Ballicaoluk, Baspinar ve Dagkizilca calisma alanlarinda
dort farkh kazi alani lzerinde yer almaktadir (Baykan
2016, Tuncali Yaman 2022). Bolgede tarim ve madencilik
ve metalurjiye iliskin kalinti ve mezar odalan
kesfedilmistir (Baykan 2016, Tezel ve Alp 2021, Tuncah
Yaman 2022). Calisma alani olan, Helenistik déneme ait
kalintilarin yer aldigi Dagkizilca’da kagak kazilar sonucu
acllmis ¢ok sayida mezar odasi bulunmakta, bunlarin
bazisi bitlinligini korumaktadir. Bu alanda yer radari
(Tulunay 2004), elektrik 6zdireng tomografisi (Tulunay
2004, Tezel
gerceklestirilmis, bu calismalar sayesinde bircok mezar

ve Alp 2021) ve manyetik Olgiimler

odasi jeofizik tekniklerle gorintilenmistir.

Manyetik alan 6lgimleri, akeojeofizikte 1950’ lerden beri
kullaniimaktadir (Belshé 1957, Aitken 1958, 1959).
Glnlimuzde arkeolojik kazilar Oncesinde jeofizik
yontemlerle kazi dncesi goriintiileme, hem alanin mevcut
durumunun tespit edilmesi hem de kazilarin hasarsiz
gerceklestirilmesi icin yaygin uygulanan bir prosedurddr.
Arkeolojide manyetik  yéntem uygulamalarinda
karsilasilan pozitif manyetik anomaliler genelde bir yere
toprak dolduruldugunu isaret ederken, negatif manyetik
anomaliler pismis toprak veya duvar gibi zayif manyetik
ozellik gosteren materyalleri isaret eder (Fassbinder

2023).

Farkh
potansiyel alan anomali haritalarinda gizgisellikler olarak

manyetizasyon siddetine sahip vyapi sinirlari,

goriintrler. Bu nedenle, manyetik alan o&l¢imlerinin

yorumunda sinir analizi yontemlerine siklikla basvurulur.
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Asagi ve yukar analitik uzanim, filtre, yatay ve disey
turevler, ters ¢6zim anomalilerin yorumlanmasi i¢in en
¢ok basvurulan yontemlerdendir. Manyetik veri
haritalarinin yorumlanmasi amaciyla, Modestino ve Fries
(1977), Keating ve Pilkington (1990), Pilkington (2006)
tlirev tabanh yontemler kullanmigtir. Toplam yatay tiirev
ve analitik sinyal, gom{ill yapi kenarlarini tespit etmek igin
siklikla kullanilir (Pilkington ve Keating 2004, Cooper ve
Cowan 2008, Cooper 2009). Anomali haritalarindan elde
edilen yatay tlrevlerin maksimum degerleri anomaliye
sebep olan kaynak katlelerin  sinirlarina  karsilik
gelmektedir. Manyetik verilerin 2B ve 3B ters ¢dzimu
1980’lerden beri yer altindaki yapilarin modellenmesi igin
kullanilmaktadir (6r. Guillen ve Menichetti 1984). Ters
yaygin birlikte
arkeojeofizik uygulamalari da artmistir (6r. Argote vd.
2009, Aykroyd vd. 2014, Cheyney vd. 2015). Potansiyel

alanlarin (gravite, manyetik) ters ¢6zimiinde en ¢ok

¢06zUm  ybntemlerinin kullanimiyla

uygulanan yaklasimsa Li ve Oldenburg (1996) tarafindan

tanimlanan yuvarlatici  duzglnlestiricili  ters ¢6zim
yaklasimidir. Duzglinlestiriciler, kotii kosullanmis ve eksik
tanimh problemlerin ters ¢6ziimi igin ilk olarak Tikhonov
ve Arsenin (1977) tarafindan tanimlanmistir ve hemen
hemen biitiin jeofizik ydontemler icin kullaniimaktadir.

Bu calismada, Toplam Yatay Turev (TYT), Analitik Sinyal
(AS), Tilt Agisi (TA) yontemleri ve 3B ters ¢ozlimle
gerceklestirilebilecek

arkeojeofizik yorumlamaya

katkilarin tartisilabilmesi icin 6nce sentetik veriler
Gzerinde sinanmig, daha sonra calisma alaninda yer
almakta olan ve bitinligini 6nemli 6lgiide korumakta
olan bir mezar odasinin tanimlanmasi igin uygulanmis ve

yorumlanmustir.

2. Materyal ve Metot
2.1. Toplam Yatay Tiirev (TYT), Analitik Sinyal (AS) ve Tilt
Acisi (TA)

GOomdali yapilarin kenar saptamasinda yaygin olarak
kullanilan toplam yatay tirev (TYT) yontemi (Cordell ve
Grauch 1985) tarafindan asagidaki sekilde verilmistir.

TYT = ’(Z—Aj)z + (Z—IZ 2 (1)

oM

. oM
Burada M Manyetik alan olup, EWE sirastyla

manyetik alanin x ve y yonindeki tiirevleridir.

3D yapilarigin analitik sinyalin (AS) genliginin ifadesi Roest
v.d. (1992) tarafindan tanimlanan tirev tabanli bir sinir
belirleme yontemidir ve asagidaki sekilde tanimlanmistir.

oM oM oM
a5 = |G+ G+ Gy o

Bu esitlikte oM. oM ve m otansiyel alaninin sirasiyla x
$ ’ ax ) ay ) az p y y )

y, z yonlindeki tlrevlerini gosterir.

Tilt agisi (TIA) yontemi Miller ve Singh (1994) tarafindan
gelistirilmistir. Anomaliye neden olan jeolojik veya
arkeolojik yapilarin yerini belirlemek i¢in kullaniimaktadir.
Tilt agisi

uygulanmis anomali, yapinin merkezinde

maksimum ve pozitif degerlere sahiptir, yapinin
sinirlarinda ise sifira yakinsamaktadir. Yapinin digindaki
kisimlarda ise anomali degerleri negatif olur. Genellikle sig
yapilarin  goriintilenmesinde kullanilir.  Tilt agisinin

matematiksel bagintisi asagidaki esitlikle verilir.

wm
TA = tan™!|——2—— (3)
OMyy | (M,
G TG
am
oy
y, z yonlindeki tUrevlerini gosterir

. oM oM .
Bu esitlikte, ol ve, potansiyel alaninin sirasiyla x,

2.2 3B Ters ¢oziim

Bu calismada 3B manyetik ters ¢6zlim igin, bir Python
kitiphanesi olan pyGIMLi (Rucker ve Gilinther 2016)
blnyesindeki algoritma kullanilmistir. Algoritma yer altini,
dortgen prizmalarla ayriklastirarak Holstein vd. (2007)’ye
gore diz ¢6zim gergeklestirir. Ters ¢ozim algoritmasi
asagidaki fonksiyonu en kiiciiklemeye galisir,

@(m) = |[Wy(F(m) — dops)I? , (4)
+ H“Wm(m - mref)”

Esitlikte, @ (m) en kiguklenmek istenen amag fonksiyonu,
W, verilerin varyanslarini iceren kdsegenel veri agirlg
matrisi, d,ps gozlenen veriler, m model parametreleri,
m,..r referans modeli, F (m) model parametreleriigin diiz
¢6ziim sonucu (hesaplanan veri), u Lagrange carpani, W,
model agirhik matrisidir. Potansiyel alan verilerinde gergek
manada derinlik ¢6zUnrlugd olmadig igin duyarhhk
derinlige bagh olarak logaritmik azalmaktadir. Bu nedenle
ters ¢6zUm vyapilar yilizeye yakin yerlestirmektedir.
Yontem bunun Oniline ge¢mek icin asagidaki esitlikle
tanimlanan derinlik agirhklandirmasini kullanir (Li ve
Oldenburg 1996).

1

W, = ————

2 (z+zy)P (5)
Esitlikte, w, agirliklandirma matrisinin  kosegenel
degerleri, z model aginda tanimlanan bloklarin
derinlikleri, z, agirliklandirma degerlerini  model

katsayilari ile uyumlu hale getirmek i¢in kullanilan ayar
parametresi, § yagilarin daha derine ya da daha siga
yerlestirilmesini saglayan lstel parametredir.
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3. Bulgular
3.1 Sentetik veri calismalari

Bu ¢alisma kapsaminda, dncelikle bir sentetik veri kiimesi
olusturularak arkeolojik yapilardan kaynakl belirtilerin
sinirlarinin  belirlenmesi icin 6nceki bolimde detaylari
verilen ydntemler uygulanmistir.

Onerilen algoritmalar test etmek amaci ile 100x100 m
boyutlu bir alanda, manyetik gegirgenligi 0.075 A/m olan
X, y ve z yoniinde boyutlari 20x20x1 m olan iki prizmatik
katle tanimlanmistir (Sekil 1) ve elde edilen sentetik
anomalileri 5 m’de bir 6rneklenmistir. Prizmatik kiitlelere
ait sentetik anomali Sekil 2a’ da gorilmektedir. Sinir
analizi yontemlerinin uygulanmasi sonucu elde edilen
ciktilar Sekil 2b, c ve d’ de gosterilmektedir. Sekilde,
yontemlerin basarili sonuglar sagladigi goérilmektedir.
Ayni sentetik veri g¢alismasi, arazi kosullarini daha iyi
yansitmak icin verilere Gauss dagihmh rastgele degerler
kullanilarak %10 gulriltd eklenerek tekrarlanmistir.
Guralta eklenmis sentetik manyetik anomali ise Sekil 3a’
da gorulmektedir. Yontemlerin uygulanmasi sonucu elde
edilen c¢ikis gorintileri Sekil 3b, c ve d’ de gosterilmistir.
Bu sonuglara bakildiginda, yatay tiirev yonteminin diger
iki yonteme gore daha iyi sonug verdigi gorilmektedir.

Kullanilan ters ¢6ziim algoritmasi ile (Ricker ve Glinther,
2016), %10 Gaussian gurilti eklenmis (Sekil 3a) verilere
otomatik trend giderme uyguladiktan sonra ters ¢6zimu
gerceklestirilmis ve Sekil 4’ de verilen model elde
edilmistir. Trend giderilmis veriler ve ters ¢6ziim sonucu
elde edilen modele ait gozlenen veriler, hesaplanan
veriler ve veri cakisma hatasi (misfit) Sekil 5’de verilmistir.

Her noktadaki cakisma hatasi, hesaplanan ve gozlenen
veriler arasindaki farkin veri noktasina atanan hataya
(eklenen Gaussian guriltiiye uygun olarak veri genliginin
%10u) orani olarak hesaplanmistir. Hesaplanan verilerin
gozlenen verilerden biylk veya kiicik oldugunun
gorilebilmesi icin mutlak deger kullaniimamistir.

Ters ¢6zim sonucu elde edilen modele (Sekil 4)
bakildiginda, prizmalarin konum ve (st derinliklerinin
dogru sekilde elde edildigi, kalinhklarininsa derinlik
ekseninde uzadigl gbzlenmektedir. Bunun sonucu olarak
manyetizasyon siddetleri gercek degerlerinden oldukga
duslik olarak belirlenebilmistir. Sonuglar, ters ¢ozimiin
kalintilarin sinirlarinin -~ ve st

arkeolojik yanal

derinliklerinin ters ¢Ozlimle dogru sekilde
belirlenebildigini; alt derinliklerinin ise manyetik verilerin
derinlik ¢ozlintrliginiin olmamasi, kullanilan yuvarlatici
diizglinlestirici ve ¢ok ¢ozimlilik ylziinden disey yonde

uzamis belirlenebildigini gdstermektedir.

100

90 |

801

70}

y(m)

30}
20}

10 |

0 20 40 60 80 100

x(m)
1 gy
0 20 4-0 6.0 B.O 100

x(m)

z(m)

Sekil 1. Sentetik ¢alismalar icin kullanilan model. Model farkh
derinliklere yerlestirilmis manyetik gegirgenligi 0.075 A/m olan

iki prizmatik yapidan ibarettir.
= YT
’ x(m)‘ b

a nT b

y(m)
y(m)

o i [

y(m)
y(m)

x
#

AS d TA

x(m) ’ x(m)’

Sekil 2. a) Sentetik manyetik anomali haritasi. b) Yatay Tirev
(TYT) haritasi. c) Analitik sinyal haritasi. d) Tilt agisiI hartasi.
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40 60

x(m)
Sekil 3. a) %10 Gaussian girilti eklenmis sentetik manyetik anomali haritasi. b) Gurllti eklenmis Yatay tlrev (TYT) haritasi. c) Glralta

eklenmis Analitik sinyal haritasi. d) Girilti eklenmis Tilt agisi hartasi.

50
Zz(m
. o &M
0
100
Hm) el
fi5
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manyetizasyon (A/m)

Sekil 4. %10 Gaussian guirllti eklenmis sentetik verilerin Li ve Oldenburg (1996) ters ¢6ziiml sonucu elde edilen modelin 3B

gorinimu.
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Sekil 5. Sentetik verilere ait otomatik trend giderme sonrasi gézlenen veriler (a) ve 3B ters ¢6zlim sonucu hesaplanan modele ait

veriler (b).

Sekil 6. izmir, Dagkizilca calisma bolgesinin Tiirkiye’deki konumu (a), calisma bélgesi ve cevresinin rélyef haritasi (b).
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3.2. Arazi ¢alismasi

Nif (Olympos) Dagi, Bati Anadolu/Tirkiye'de izmir'in
dogusunda yer almaktadir (Sekil 6) ve bolgedeki arkeolojik
calismalar 2006 yilindan bu yana devam etmektedir
(Baykan 2016). Nif Dagi Arastirma ve Kazi Projesi
kapsaminda Dagkizilca'da gesitli mezar tiplerine sahip bir
nekropol ortaya cikarilmistir.  Ozellikle Helenistik
mezarlar, lahit, oda ve sikkeler gibi tarihi kalintilardan
olusan Nif (Olimpos) civarindaki alani arastirmak oldukga
onemlidir. Daha sonraki dénemlerde (Erken Helenistik
doénem) insa edilen mezarlar, seramik ve sikke verilerine
gore M.O. dérdiincii yizylin son ceyregi ile Geg
Geometrik ve Arkaik donemlere tarihlenen alanlarda
tanimlanmistir (Tulunay 2002).

Calisma alaninda ve gevresinde, bugiline kadar yapilan
kazilarda hem inhumasyon hem de kremasyon
geleneklerini yansitan 14 mezar tespit edilmistir (Tulunay
2011). Nif arkeolojik bolgesinde yapilan kacgak kazilar,
arkeolojik mirasa buyuk zarar vermistir, bazi mezar
odalari ise batiunligini korumaktadir. Bu nedenle,
arkeolojik kalintilarin tahribatsiz belirlenmesi ve saglikli
bir kazi ile glivenlik altina alinmasi 6nem arz etmektedir.
Arkeojeofizik 6n ¢alismalarla arkeolojik kazilarin maliyeti,
suresi ve kazi sirasinda antik yapi kalintilarina gelebilecek
olasi hasar azaltilabilir. Jeofizik olgiimler, kalintilarin
konumu, sekli, boyutu ve derinligi gibi 6zellikleri almanin
en etkili yoludur. Bu alanda daha 6nce, Drahor vd. (2004),
Karamattepe ve Baspinar bdlgesinde manyetik veriler
toplamis ve bolgede 6nemli bulgular ortaya g¢ikarmistir.
2005 ve 2007 wyillari arasinda, bolgedeki jeofizik
gorintileme c¢alismalari GPR ve manyetik teknikler
kullanan gesitli projelerde devam etmistir (Yiksel 2007,
2008).

Bu ¢alismada, Nif Dagi arkeolojik alaninda yapilan, her iki
yonde 0.5 m aralikla toplanmis manyetik alan 6l¢limleri
degerlendirilmistir (Sekil 7a). Bu verilere g farkli sinir
analiz yontemi uygulanilarak (Sekil 7 b, c ve d) kaz
sonuglar ile karsilastirilmistir. Bu yontemlerin etkinligi
gliriltiistiz ve %10 Gaussian glrlltuli sentetik verilerle
gerceklestirilen deneylerle (Sekil 3 ve 4) kiyaslanarak
yorumlanmistir. Uygulanan yodntemlerden, TYT ve AS
mezar odasinin dogu odaciginin hem dis hem de i¢ duvar
sinirlarini belirleyebilmistir, buna karsin TA yorumlanmasi
glic bir anomali saglamistir. TYT ve AS anomalileri
karsilastirildiginda  ise,  TYT’'nin odasinin
duvarlarinin strekliligini daha iyi belirledigi gbzlenmistir.

mezar

Daha sonra ters c¢oziimle yer altindaki manyetizasyon
siddeti dagiliminin belirlenmesi ve yapilarin derinlikleri
hakkinda yorumlarda bulunabilmek igcin pyGIMLi (Riicker
ve Glnther 2016) kitliphanesiyle Li ve Oldenburg (1996)
ters ¢6zimi gerceklestirilmistir. Ters ¢dzlim icin yeralt
her iki yanal yonde 5 m ve derinlik yoninde 0.2 m
boyutlarindaki dértgen prizma sekilli bloklardan olusan

bir ag ile temsil edilmistir ve her bir blok icin 1e-3 A/m
baslangi¢c degeri atanmistir. Ters ¢6zim sonucu elde
edilen model Sekil 8'de, elde edilen modele ait, gdzlenen
ve hesaplanan veriler ile gakisma hatasi (hesaplanan ve
gozlenen veriler arasindaki farkin veri noktasina atanan
hataya orani) Sekil 9’ da gosterilmistir.

Verilere uygulanan yuvarlatici diizglinlestiricili ters ¢6ziim
sonucu elde edilen modelin ise mezar odasinin
kuzeydogusunda belirlenen toprak yiginindan buyik
olcude etkilendigi gozlenmektedir (Sekil 8). Alanin Bati-
Glineybati bolgesindeyse mezar duvarlarinin etkisiyle
diisuk manyetizasyon degerleri elde edilmistir. Bu alanda
mezar duvarlarinin yiizeye daha yakin oldugu sonucuna
varilmistir.  DUslik manyetizasyonlu bu anomalininse
yaklasik 1.5 m derinlikte soniimlendigi ve baslangig
modelinin  degerlerine  (le-4 A/m) yakinsadig
gbzlenmistir. Sentetik model ¢alismalarinda da goralduga
Gzere (Sekil 6), manyetik verilerin ters ¢6zimi{ sonucu
elde edilen modellerde yapilar diisey yonde uzamis olarak
elde edilebilmektedir. Buradan hareketle duvarlarin alt
sinirlarinin en fazla 1.5 m derinlige indigi yorumu
yapilabilir.

Kazilar sonucu agillan mezar odasinin (Sekil 10)
duvarlarinin Ust derinliginin [0, 0.25] m arahginda, alt
derinliginin de yaklasik 1.5 m oldugu goézlenmistir. Elde
edilen bulgular, dikkatli bicimde kullanildigI takdirde ters
¢6ztimle yapilarin derinlikleri hakkinda 6nemli bilgilere
ulasilabildigini bir kere daha gostermistir. Buna karsin,
ters ¢6ziim sonucunda (Sekil 8) mezar odasinin duvarlari
yan sinirlari tespit edilememektedir. Bunun sebebi,
kullanilan yuvarlatici diizgiinlestiricinin asiri yuvarlatiimis
(oversmoothed) modeller vermesi olarak yorumlanmuistir.

4. Tartisma ve Sonug

TYT, AS ve TA yontemleri, dogal potansiyel kaynakh
verilerin yorumlanmasi igin siklikla uygulanmaktadir. Bu
yontemler dnce glirlltisiz sentetik model Uizerine daha
sonra %10 Gaussian gurlltli eklenmis sentetik model
Uzerine uygulanmistir. Daha sonra bu yontemler arazi
verisine uygulanmistir.

Sekil 1’ de goriilen galisma alanina ait manyetik verilerdeki
(Sekil 7a), ince ayrintilari gelistirmek ve sig ve derin
yapilarin kenarlarini belirlemek amaci ile TYT, AS, TA
yontemleri uygulanmistir (Sekil 7 b, ¢ ve d). Bu sonuglari
bakildiginda, yatay tirev ve analitik sinyal ydonteminin oda
mezar (Sekil 10) ile daha uyumlu sonuglar verdigi
gorilmektedir.

Mezarin kuzeydogu sinirindaki yiiksek anomali (Sekil 7a)
ise buraya toprak yigildigini isaret etmektedir. Uygulanan
dizglnlestiricili ters ¢6zim yontemi ise mezar odasinin
glineydogu ucundaki toprak yiginini belirleyebilmistir
(Sekil 9), buna karsin kullanilan yuvarlatici diizglinlestirici
nedeniyle yanal yondeki yapi sinirlarini belirlemekte
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yetersiz kalmistir. Bu nedenle, kiglk sahalarda ters
¢06zUm yontemleri uygulanirken keskin sinirlar verebilen
ters ¢ozim yontemleri tercih edilebilir. Ters ¢6zim
sonucunda elde edilen modelde, modelin Bati-Glineybati
bolgesinde gbzlenen disiik manyetik gecirgenlige sahip
bolge, burada mezar odasi duvarlarinin yeryiziine yakin
oldugunu isaret etmektedir. Bu disik manyetizasyonlu
bolgenin alt sinirnnin yaklasik 1.5 m derinlige indigi
gozlenmistir, bu derinlik mezar odasinin agilmasindan
sonra belirlenen duvarlarin alt derinligi ile uyumludur.

a
B
t&.’
[
5
g
0 1 2 3 4
mesafe(m)
c

mesafe(m)

2 3
mesafe(m)

Arkeolojik alanlarda gergeklestirilen c¢alismalarda, sig
derinlikte gobmuli yapilarin sinirlarinin tespitinde tirev
tabanh analiz yontemlerinin  etkinligi  gosterilmis,
sonuglarin  hizh  bir yorumlama olanagl sagladig
gorulmuistir. Manyetik verilerin 3B ters ¢ozimi ise,
kullanilan yuvarlatici fonksiyondan, ¢ok ¢ézumliliikten ve
yontemin derinlik ¢6zlnGrlGligt  bulunmamasindan
kaynakli zorluklara sahip olsa da dikkatli kullanildig
zaman vyapilarin gercek derinliklerine iliskin  bilgi
saglayabilmektedir.

mesafe(m)

mesafe(m)

2 3
mesafe(m)

Sekil 7. a) Dagkizilca bolgesinde bulunan oda mezarda alinan manyetik anomali haritasi. b) Yatay Tirev (TYT) haritasi. c) Analitik sinyal
haritasi. d) Tilt agisi hartasi. Sekilde kazi sonucu belirlenen yapi sinirlari siyah kesik gizgiyle gosterilmistir.
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Sekil 8. Li ve Oldenburg (1996) ters ¢6ziim{ sonucu elde edilen modele ait manyetizasyon modeli.
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Sekil 9. Gozlenen veriler (a), Li ve Oldenburg (1996) ters ¢dzimu sonucu elde edilen modele ait hesaplanan veriler (b), gézlenen ve
hesaplanan veriler arasindaki gakisma hatasi (c).
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L

Sekil 10. Dagkizilca boélgesinde bulunan oda mezar alanina ait fotograflar (a) ve oda mezarin sematik goriintisu (b).

Etik Standartlar Bildirgesi
Yazar, bu galismada biitiin etik standartlara uydugunu beyan eder.

Cikar Catigmasi Beyani
Yazarin bu makale igerigiyle ilgili beyan edecegi hicbir ¢ikar catismasi
yoktur.

Verilerin Kullanilabilirligi
Bu makale kapsaminda
paylasilacaktir.

kullanilan  veri kimesi istek Uzerine

Tesekkiir

Bu makalenin iyilestirilmesi icin dneri ve goriislerini sunan
editodr ve hakemlere tesekkir ederim. Kazi projesi bagkani
Prof.Dr. Elif TGl Tulunay’a tesekkiir ederim.

5. Kaynaklar

Aitken M. J., 1958. Magnetic prospecting |I. Archaeometry
1(1), 16-20.

Aitken, M. J., 1959. Magnetic prospecting: An interim
assessment. Antiquity, 33(131), 205-208.
https://doi.org/10.1017/50003598X00027502

Argote, D. L., Tejero, A.,, Chavez, R. E., Lopez, P. A., &
Bravo, R., 2009. 3D modelling of magnetic data from
an archaeological site in north-western Tlaxcala state,
Mexico. Journal of Archaeological Science, 36(8),
1661-1671.
https://doi.org/10.1016/j.jas.2009.03.004

Aykroyd, R. G., & Al-Gezeri, S. M., 2014. 3D modelling and
depth estimation in archaeological geophysics.
Chilean Journal of Statistics, 5(1), 19-35.

Baykan, D., 2016. Antik Madencilik Cergevesinde Nif Dagi
Kazilari. MT Bilimsel, 9, 25-33.

Belshé, J. C., 1957. Recent magnetic investigations at
Cambridge University. Adv Phys, 6(22), 192-193.
https://doi.org/10.1080/00018739700101561

Cheyney, S., Fishwick, S., Hill, I. A., & Linford, N. T., 2015.
Successful adaptation of three-dimensional inversion
methodologies for archaeological-scale, total-field
magnetic data sets. Geophysical Journal International,
202(2), 1271-1288.
https://doi.org/10.1093/gji/ggv177

Cooper, G. R. J. & Cowan, D. R., 2008. Edge enhancement
of potential-field data using normalized statistics.
Geophysics, 73(3), H1-H4.
https://doi.org/10.1190/1.2837309

Cooper, G. R. J., 2009. Balancing images of potential-field
data. Geophysics, 74(3), L17-L20.
https://doi.org/10.1190/1.3096615

Cordell, L., & Grauch, V. J. S., 1985. Mapping basement
magnetization zones from aeromagnetic data in the
San Juan basin, New Mexico, in W. J. Hinze, ed., The
utility of regional gravity and magnetic anomaly maps:
SEG, 181-197.
https://doi.org/10.1190/1.0931830346.ch16

Drahor, M. G., Berge, M. A., Kurtulmus, 0., 2004. Nif
(Olympos) Dagi Arastirma Projesi: Ylzey Arastirmasi,
Tiirk Eskicag Bilimleri Enstitusi, Haberler, 20, 33—-35.

Fassbinder, J. W., 2023. Magnetometry for archaeology.
In Encyclopedia of geoarchaeology (pp. 1-16). Cham:
Springer International Publishing.

Guillen, A., & Menichetti, V., 1984. Gravity and magnetic
inversion with minimization of a specific functional.
Geophysics, 49(8), 1354-1360.

684


https://doi.org/10.1017/S0003598X00027502
https://doi.org/10.1016/j.jas.2009.03.004
https://doi.org/10.1080/00018739700101561
https://doi.org/10.1093/gji/ggv177
https://doi.org/10.1190/1.2837309
https://doi.org/10.1190/1.3096615
https://doi.org/10.1190/1.0931830346.ch16

Dagkizilca gémiilii oda mezarinin manyetik veriler ile gériintiilenmesi, TARHAN BAL.

https://doi.org/10.1190/1.1441761

Holstein, H., Sherratt, E. M., Reid, A. B., 2007.
Gravimagnetic field tensor gradiometry formulas for
uniform polyhedra, SEG Ext. Abstr.

Keating, P. B. & Pilkington, M., 1990. An automated
method for the interpretation of magnetic vertical-
gradient anomalies, Geophysics, 55, 336-343.
https://doi.org/10.1190/1.1442841

Li, Y., & Oldenburg, D. W., 1996. 3-D inversion of magnetic
data. Geophysics, 61(2), 394-408.
https://doi.org/10.1190/1.1443968

Miller, H. G., Singh, V., 1994. Potential field tilt-a new
concept for location of potential field sources. Journal
of Applied Geophysics, 32(2-3), 213-217,1994.
https://doi.org/10.1016/0926-9851(94)90022-1

Modestino, J. W., and Fries, R. W., 1977. Edge detection
in noisy images using recursive digital filter, Comput.
Graphics Image Process, PAMI-1, 409-433.
https://doi.org/10.1016/50146-664X(77)80020-8

Pilkington, M., and Keating, P., 2004. Contact mapping
from gridded magnetic data — a comparison of
techniques, Exploration Geophysics, 35, 206-311.
https://doi.org/10.1071/EG04306

Pilkington, G. R. J., 2006. Obtaining dip and susceptibility
information from Euler deconvolution using the
Hough transform, Computers & Geosciences, 3292—
1599.
https://doi.org/10.1016/j.cageo.2006.02.019

Roest, W. R., Verhoef, J., & Pilkington, M., 1992. Magnetic
interpretation using the 3-D analytic signal.
Geophysics, 57(1), 116-125.
https://doi.org/10.1190/1.1443174

Riicker, C., & Gunther, T., 2016. Geophysical modeling
and inversion library GIMLi—A C++/Python library for
geophysical data analysis.

Tezel, O., & Alp, H., 2021. High-resolution electrical
resistivity imaging of buried grave in Nif (Olympos)
Mountain/lzmir. Arabian Journal of Geosciences,
14(22), 2357.
https://doi.org/10.1007/s12517-021-08741-5

Tikhonov, A. N., 1977. Solutions of Ill-Posed Problems. VH
Winston and Sons.

Tite, M. S., & Mullins, C., 1971. Enhancement of the
magnetic susceptibility of soils on archaeological sites.
Archaeometry, 13(2), 209-219.

Tulunay E. T., 2002. Nif (Olympos) Dagi Arastirma Projesi
Oninceleme Gezileri 1999-2001, Haberler, 14, 18 — 19.

Tulunay, E. T., 2004. Nif (Olympos) Dagi Arastirma Projesi:
2004 Yih Yizey Arastirmasi, 23. Arastirma Sonuglari
Toplantisi 2.Cilt.

Tulunay E. T, 2011. Nif (Olympos) Dagi Kazi ve Arastirma
Projesi: 2009 Yili Kazisi, KST, 32-3, 405-423.

Yaman, T. T., 2022. Rough Sets Based Spatial Analysis for
Metal Production Area at Mount Nif. Tiirk Arkeoloji ve
Etnografya Dergisi, 84, 65-81.

Yigit, A., Kirmizioglu, P. G., & Yavuz, A. Y., 2007. Nif
(Olympos) Dag Kazisi. Arkeometri Sonuglari Toplantisi,
111.

Yiksel, F. A., 2007. Nif (Olympos) Dagi Kazi ve Arastirma
Projesi. Turk Eskicag Bilimleri Enstitlisli, Haberler, 23,
32-34.

Yiksel, F. A., 2008. Nif (Olympos) Dagi Kazi Calismalari.
Tiirk Eskicag Bilimleri Enstitusi, Haberler, 25, 30-32.

685


https://doi.org/10.1190/1.1441761
https://doi.org/10.1190/1.1442841
https://doi.org/10.1190/1.1443968
https://doi.org/10.1016/0926-9851(94)90022-1
https://doi.org/10.1016/S0146-664X(77)80020-8
https://doi.org/10.1071/EG04306
https://doi.org/10.1016/j.cageo.2006.02.019
https://doi.org/10.1190/1.1443174
https://doi.org/10.1007/s12517-021-08741-5

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi

Afyon Kocatepe University - Journal of Science and Engineering
https://dergipark.org.tr/tr/pub/akufemubid

e-ISSN: 2149-3367
AKU FEMUBID 25 (2025) 035901 (686-694)

Investigation of Centrifugal Pump Used in Irrigation
by Numerical (CFD Analysis) and Experimental

Methods

Aragstirma Makalesi / Research Article

DOI: https://doi.org/10.35414/akufemubid.1510101
AKU J. Sci. Eng. 25 (2025) 035901 (686-694)

*Makale Bilgisi / Article Info
Alindi/Received: 06.07.2024
Kabul/Accepted: 03.12.2024
Yayimlandi/Published: 10.06.2025

Sulamada Kullanilan Santrifiij Pompanin Sayisal (HAD Analizi)

ve Deneysel Yontemlerle incelenmesi

Mehmet KURTY"*', Kazim CARMAN?

Selguk University, Cihanbeyli Vocational School, Department of Management and Organization, Konya, Tiirkiye
2Selguk University, Faculty of Agriculture, Department of Agricultural Machineries and Tecnologies Engineering, Konya, Tlirkiye

© 2025 The Authors | Creative Commons Attribution-Noncommercial 4.0 (CC BY-NC) International License

Abstract

The goal in centrifugal pump designs is to achieve maximum
efficiency. Even small percentage increases in pump efficiency
provide high overall energy savings in pumps that operate for
long periods of time, especially those that use high-power
motors. While fan and casing structures are designed in line with
this goal, many structural features affect the efficiency of the
pumps. In the study, pump performance values of the 5”
horizontal shaft centrifugal pump at different flow rates were
measured in the laboratory. Depending on the change in pump
flow rates, it was determined that the pump power
consumption varied between 15-42kWh and the efficiency
values varied between 32.63-55.57%. Considering the statistical
compatibility of the measured pump performance values with
the values obtained by CFD, it was determined that the
coefficient of determination of the measured and predicted
values varied between 0.870 and 0.936, which is quite high. The
mean absolute percentage error was determined to be well
below the acceptable value of 10%.

Keywords: Centrifugal pump, power consumption, manometric height,
efficiency, CFD

Oz

Santrifij pompa tasarimlarinda ama¢ maksimum verime
ulagsmaktir. Pompa verimliligindeki kiglik ylizdesel artiglar bile,
ozellikle yiksek glicli motorlar kullanan, uzun siire cgalisan
pompalarda yiiksek toplam enerji tasarrufu saglar. Fan ve gévde
yapilari bu amag dogrultusunda tasarlanirken birgok yapisal
ozellik pompalarin verimini etkilemektedir. Galismada 5”’lik
yatay milli santrifij pompanin farkli debilerdeki pompa
performans degerleri Glgllmustir. Pompa debilerindeki
degisime bagli olarak pompa gil¢ tiketiminin 15-42kWh
arasinda degistigi, verim degerlerinin ise %32,63-55,57 arasinda
degistigi tespit edilmistir. Olglilen pompa performans
degerlerinin CFD ile elde edilen degerlerle istatistiksel uyumu
gbz onlne alindiginda, olgllen ve tahmin edilen degerlerin
determinasyon katsayisinin oldukga yiiksek bir deger olan 0,870
ile 0,936 arasinda degistigi saptanmistir. Ortalama mutlak ylizde
hatasinin ise kabul edilebilir sinir deger olan %10’un oldukga
altinda oldugu belirlenmistir.

Anahtar Kelimeler: Santrifiii pompa, gli¢ tiiketimi, manometrik
ylikseklik, verim, HAD

1. Introduction

Irrigation in agriculture is the delivery of water needed by
the plant, which cannot be met by rainfall, to the root
zone of the plant in the soil, at the required place and
time. It has been determined that 57 billion m3 of our
country's total water potential is used for various
purposes, 44 billion m3 (77%) of which is used as irrigation
water and 13 billion m3 (23%) is used as drinking-use and
industrial water. Our country has 24 million hectares of
arable agricultural land, and the economically irrigable
amount of this is determined as 8.5 million hectares. In
our country, approximately 81.9% of the 8.5 million
hectares of economically irrigable agricultural area can
currently be irrigated. Turkey's population is announced

as 84,680,273 people by TURKSTAT as of 2022. While the
annual amount of water per capita in our country was 1
652 m3 in 2000, it decreased to 1 322 m3 in 2022.
Considering the usable water potential per capita, Turkey
is among the countries experiencing water stress.
Therefore, it is important to use water economically and
optimally.

Design parameters such as number of blades, blade exit
angle, blade width and impeller exit diameter affect pump
performance and energy consumption. Impellers with
intermediate blades are used to eliminate the low
efficiency, which is one of the biggest problems of low
specific speed pumps, and to ensure more efficient use of
energy. By adding intermediate vanes at rates of 40, 55,
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70 and 85% of the main vane length to submersible pump
impellers with different blade numbers and blade exit
angles, the effects of the intermediate vane length on the
submersible pump performance were examined. The
optimum number of blades was found to be z=6, the
optimum blade exit angle 25° and the optimum
intermediate blade length was 0.70-L ~ 0.85-L (Korkmaz,
2015).

The effect of impeller design variables on efficiency and

cavitation performance in centrifugal pumps with
different specific speeds is important. In this study
conducted by Demirel (2021), impeller design was made
with CFTurbo software for centrifugal pumps with four
different specific speeds, and efficiency and cavitation
performances were determined by performing
Computational Fluid Dynamics (CFD) analysis of the

designed impellers.

Calisir et al. (2003) calculated the performance values of
centrifugal pumps in their study with the help of statistical
prediction equations and Artificial Neural Network. In
training ANNs, the extended delta-bar-delta learning
algorithm with a multilayer perceptron structure was
used as data for the experimental results and measured
structural parameters of 21 different pumps in the
training and testing process. They stated that the results
obtained from the neural model were closer to the
experimental data than the results obtained from the
statistical prediction equations.

Taner (2007) designed centrifugal pumps using ANN
techniques. For this purpose, the pump speed, flow rate
and manometric height parameters were used as input
data, and the impeller inlet diameter, impeller outlet
diameter, number of impeller blades, pump inlet pipe
diameter and pump outlet pipe diameter parameters
were used as output data. The mean error in prediction
to the measurement values of the pump design
parameters, impeller inlet diameter, impeller outlet
diameter, number of impeller blades, pump inlet pipe
diameter and pump outlet pipe diameter, was 2.43%,
3.37%, 2.11%, 3.29% and 5.11%, respectively. The degree
of agreement was obtained as 0.0009, 0.0008, 0.0007,
0.0012 and 0.0019, respectively.

The effect of impeller design variables on efficiency and

cavitation performance in centrifugal pumps with
different specific speeds is important. In this study
conducted by Demirel (2021), impeller design was made
with CFTurbo software for centrifugal pumps with four
different specific speeds, and efficiency and cavitation
determined by performing

performances were

Computational Fluid Dynamics (CFD) analysis of the

designed impellers. The flow in a centrifugal pump
generally displays a turbulent appearance due to reasons
such as three-dimensional, turbulent, boundary layer
separations, inlet/outlet circulations and cavitation. The
design of the pump depends on many parameters, and
the impeller and body geometry has a complex structure.
The flow in a centrifugal pump generally displays a
turbulent appearance due to reasons such as three-
dimensional, turbulent, boundary layer separations,
inlet/outlet circulations and cavitation. The design of the
pump depends on many parameters, and the impeller
and body geometry has a complex structure. In study,
numerical analyzes of a pump from three different
perspectives (Modal, Flow and Structural) were made
under ANSYS Workbench commercial software. In the
modal analysis, the natural frequencies of the pump
corresponding to three different support situations were
determined. The determined natural frequencies were
compared with the rotation frequency of the pump and
the blade passing frequencies (Tural, 2013).

Toprak (2007) tested vertical shaft deep well pumps with
three different nominal diameters (4”, 5” and 6”) at
optimum speed and 6 different number of stages and
investigated the effect of the number of stages on pump
efficiency and efficiency components. According to the
research results, increasing the number of stages
increased the overall efficiency of the pump. The increase
in efficiency is caused by the fact that the increase in the
power absorbed by the pump due to the increase in the
number of stages is smaller than the increase in the flow

rate and pressure values produced by the pump.

The use of computational fluid dynamics in pump designs
provides advantages in terms of time and cost by reducing
repetitive prototyping and testing processes, and makes
it possible to obtain data on the flow in the pump even at
points that are impossible to observe experimentally.
Thus, if flow characteristics that may cause a decrease in
efficiency are observed, corrections can be made to the
pump geometry. In the study, the pump performance
curve obtained from the analysis for five flow rates was
compared with the pump performance curve obtained
from the tests. When these five points were compared
with the tests, it was seen that the error rate did not
exceed 10% (Ugar, 2017). The 3-stage centrifugal pump,
whose design parameters are 2850 rpm, 12.5m3h-1 flow
rate and 40 meters head, has been tested at 1900 rpm
operating conditions as well as the design cycle. The flow
structure between the two blades within the pump
impeller was determined experimentally in the middle of
the impeller exit width using the Particle Imaging
(PIV) method. The

Velocimetry relative difference
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between the PIV-CFD results obtained with 16 different
points created within the pump impeller was found to be
between 5.7-21.2% (Aksoy, 2018).

In this study, the operating characteristics (manometric
height, power consumption and efficiency) of a locally
made, single-inlet, stepless, horizontal shaft centrifugal
pump with a nominal diameter of 5", which is widely used
inirrigation, were determined at 10 different openings of
the discharge line control valve. The performance output
of the pump obtained through CFD analysis was
compared with experimental results.

2. Materials and Methods

Centrifugal pump, S.U. It was tested in the Pump Test Unit
of the Faculty of Agriculture, Department of Agricultural
Machinery and Technologies Engineering. The general

view of the pump test unit is given in Figure 1. The water
tank (1), which has a volume of approximately 50 m3,
does not contain solids, is cold and clean, and is 4 m deep.
The suction line is equipped with a foot valve and strainer
(2), a suction pipe (3), a 90 mm suction line elbow (4), a
suction line adjustment (control) valve (5) and a vacuum
meter (6). The discharge line is equipped with a vertical
outlet pipe (7), a 90 mm elbow (8), a horizontal discharge
line pipe (9), a pressure gauge (10) and a discharge line
adjustment (control) valve (11). Movement to the pump
(12) is transmitted from the mechanical variator (14)
coupled to the electric motor (13) with the help of a
jointed shaft (15). There is a control panel with electrical
indicators in section 16. Some technical specifications of
the tested pump are given in Table 1. The dimensions of
the physical dimensions of the pump given in Table 1 are

given in Figure 2.

Figure 1. Experimental unit where pump trials were carried out

Table 1. Some technical specifications of the pumps used in the
trial.

Pump D; D, b, z De Dp
() (mm) (mm) (mm) (adet) (mm) (m)
5 140 260 27 8 125 120

/— 2z (number of blade)

bz~

Figure 2. Schematic view of pump dimensions

The symbols in the pump dimensions De indicates the
pump suction diameter, Db indicates the discharge
diameter, D1 indicates the pump impeller suction
diameter, D2 indicates the pump impeller outer diameter.
The discharge width of the impeller is expressed by bz and
the number of vanes is expressed by z. First, a manometer

with a measurement range of 0-25 kgcm™ was connected

to the discharge line. Then, the suction line control valve
was fully opened and the discharge line control valve was
fully closed. The output speed setting of the mechanical
variator was minimized and the engine was given initial
start. The variator speed was increased to the prescribed
number of revolutions and the highest manometer
pressure was read. The flow rate, positive and negative
pressures, the electrical power drawn by the system from
the network and the data of the experimental unit at 10
valve openings, starting from the fully closed position of
the suction line control valve at the set speed, until the
discharge line control valve is fully open. Static suction
height, diving depth and vertical height values between
manometer and vacuum meter were recorded.

In centrifugal pump trials, output flow values were
measured volumetrically with an electromagnetic
flowmeter. Electromagnetic flowmeters with flanged
digital displays, resistant to 16 bar pressure, were used in
accordance with the column pipe diameter of the pump.

The outlet pressure was in the 0-10 bar pressure range,
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and the pressure values were determined with the help
of a manometer. Pressure values were used to obtain
manometric height. In the pump, manometric height
(Hm) was calculated with the following equation (Baysal
1975, Tezer 1978).

Hm = 10.2Pb + 0.0136Pe + Hk + Hv + Az (1)

Here; Hk is the pipeline friction losses (m), Hv is the
velocity energy height of the pumped water (m), Az is the
vertical distance between the monometer-vacuummeter
axes (m).

The measurement of the power drawn from the speed
was made with a power analyzer. Suitable operating
conditions were ensured by setting the pump operating
speed to 2350 min! with the help of the electronic panel.
Electric power was measured as the power drawn from
the mains (Ns) with the help of the panel.

The following links are given for pump properties and
performance indicators to be obtained from experimental
and numerical results (Babayigit et al. 2015).

_ PgQHm
k™ 1000 (2)
Ts.w
m = 1(5)00 (3)

Among the symbols in the equations, Nx indicates
hydraulic power, p indicates fluid density, g indicates
gravitational acceleration, Q indicates volumetric flow
rate, and Hm indicates head. All units comply with the SI
unit system and basic units are used. The reason for
dividing the power by 1000 is to show the power in kWh.
On the other hand, N indicates shaft power, Ts indicates
the torque in numerical analysis, and w indicates angular
speed. Pump efficiency is calculated by considering the
ratio of pump hydraulic power to shaft power.

The predictive ability of the CFD was examined according
to the statistical methods. In order to determine the
performances of the results, €, RMSE, R and D values that
are considered to be the principal accuracy measures and
that are based on the concept of the mean error and are
commonly used were calculated using the following
equations (Willmott et al. 1985; Kashaninejad et al., 2009;
Carman and Taner, 2012):

&= MAPE =%y, |yy;y )
1 n 1/2

RMSE = (r—l Zi:1(yi - }71')2) (5)

R*=1- QL0 — 7))/ — ¥ (6)

D=1-X0i — 9%/ Zially — 1+ 15 = y11* (7)

Where RMSE is the root-mean-square error, R? is the
coefficient of determination, € is the mean absolute
percentage error, D is the agreement index of the system,
n is the number of data, y; is the measured value, ¥ is the
predicted value, and ¥ is the mean value.

With the developments in today's technologies, some
programs and software have been developed to
determine pump performance. ANSYS FLUENT numerical
analysis program is one of these software. "SpaceClaim",
one of the modules in the program, was used to create
pump stage models. The pump used in the experiments
was designed according to the size parameters and the
flow volume was created according to the pump
geometry and its flow was defined as water. The flow
volume was divided into finite volumes with the help of
ANSYS Mesh to make the created pump model ready for
analysis. Figure 3 shows the pump flow volume and the
structure of the mesh.

Figure 3. Pump flow volume and mesh structure

In the finite volume method, experiments were carried
out assuming that the results did not change up to a
certain mesh number, and were considered independent
of the mesh. Numerical results were obtained by changing
the geometric and operating parameters in the analysis
after the mesh structure remained unchanged. Figure 4
shows the variation of mesh number with pump outlet
pressure. As a result of the analysis, it was determined
that the number of mesh was sufficient at the points
where constant outlet pressure values were obtained
(Xiong et. al, 2023).

640000

Outlet pressure
»
%
&
3
3

200000 400000 600000 800000 1000000 1200000 1400000 1600000

Mesh number

Figure 4. Suitability of mesh structure
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FLUENT software is included in the program modules as
computational fluid dynamics (CFD) analysis software
that works according to the finite volume method.
Analyzes were carried out with this module, depending on
the geometry, for the nodes located in the solution area
divided into finite volumes. Analyzes can be made with
multiple turbulence models in the FLUENT module. The
most commonly used method for pump solution in these
models is the k-e turbulence model, which was used for
numerical analysis (Ding et al.2019; Wang et. al, 2023).
Establishing the necessary boundary conditions is an
important parameter for the suitability of the solution. In
the study, analyzes were carried out by accepting
pressure at the inlet and mass flow at the outlet as the
boundary conditions in the pump CFD analyses.

In determining the pump performance, Caridad et al.
(2004) determined the CFD inlet and outlet conditions as

pressure inlet and mass flow outlet. In another study,
researchers set boundary conditions for pump numerical
analyses. These conditions were total pressure for inlet
and mass flow rate for outlet (Khoeini et al. 2019). Wang
et al. (2023) defined the inlet and outlet conditions for the
pump performance as total inlet pressure and mass flow
rate for the outlet in numerical studies. They also
preferred the k- model for the turbulence model.

In CFD analyses, previous studies were used for the
suitability of inlet and outlet conditions. Different inlet
and outlet conditions can be defined in the literature.
When
boundaries of the gauge pressure for the inlet and mass

determining the boundary conditions, the

flow output for the outlet were determined considering
the previous studies. The boundary conditions obtained
for the CFD analysis of the tested pump are given in Table
2.

Table 2. Pump geometry and inlet-outlet boundary conditions for CFD analysis

Analysis Conditions

Values

Fluid type/Solution model

Number of Elements

Element conformity value (Skewness)
Number of Transfer

Inlet condition (Pressure inlet)
Output condition (Mass flow outlet)

Water / k-€ Realizable
1400000-1500000
0.89
2350 mint
OPa

(8.33/13.89/19.44/22.22/25/27.78/30.55/33.33/38.89/44.44) kg 5!

3. Results and Discussions

During the trials, the ambient temperature varied
between 15-29°C, the relative humidity varied between
51-72%, and the pumped water temperature varied
between 15-17°C. The test results of the pump at
different valve openings in the discharge line are given in
Table 3. The manometric height values of the pump varied
between 50-60.5 m and the power requirement varied
between 15-42 kWh. An approximately 4-fold increase in
pump flow rate increased the power requirement by 1.8
times.

Depending on the change in flow rate, pump efficiency
values varied between 32.63-55.57%. Depending on the
increasing flow rate, it is seen that the power values
increase while the manometric height values decrease.
When the relationship between flow rate values and
efficiency is examined, it is observed that while efficiency
increases with increasing flow rate values, efficiency
decreases after a certain flow rate value. This can be
attributed to the increase in turbulence losses as a result
of operating outside the design flow rate and the inability
to achieve Reynolds similarity. (Baysal 1975, Tezer 1978,
Karassik ve ark. 1986, Stepanoff 1993, Yazici 1996).

The experimental results obtained from these studies are
given in Table 3. The optimum efficiency was determined

as a result of the pump performance values. At the
determined efficiency point, the head was 54 m and the
power drawn was 37 kWh. Experimental and numerical
analysis results of the pump used in the study were
compared. In this comparison, the changes in pump
pressure, power and efficiency at different flow rates
were examined. It is seen that the structural properties
and behavior of the fluid in the pump, which is simulated
with the numerical analysis method, changes.

Table 3. Performance values obtained at 10 different openings
of the discharge line valve.

Q Hm Np n
(m3h) (m) (kWh) (%)
30 60 15 32.63
50 60.5 17,5 47.01
70 60 23 49.66
80 59 25 51.35
90 58.5 29 49.37
100 58 31 50.88
110 57 33 51.67
120 56 35 52.22
140 54 37 55.57
160 50 42 51.80

When the pump numerical results are analysed the
pressure changes are given in figure 5. When the pressure
contours obtained in the pump pressure line were
examined, it was found that the pressure values were not
equally distributed at all flow rates except for the
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Figure 5. Pressure distributions of the centrifugal pump at
different flow rates.

The lowest point of the pressure values was realised at
the suction line for each flow rate value. here the pressure

corresponds to negative values. in general, at the points
where the fluid leaves the pump vanes, it is seen that the
pressure values are at a low level due to the centrifugal
body structure, while it is determined that the pressure
rises even more at the walls. When the pump and
experimental results are compared, the pump outlet
pressure is found to be approximately 590000 Pa at a flow
rate of 70 m3hl. At the best efficiency point; the
maximum pressure value at 140 m3h? (38.89 kgs?) is
approximately 482000 Pa.

As a result of the numerical analysis of the pump, it is
observed that the pressure and velocity contour changes
from low flow rate to high flow rate (Figure 6). When the
velocity distribution at low flow rates is analysed, the
distribution of the contours shows that there is backflow
with the fluid in the pump. Due to this backflow, higher
velocity contours are formed in and around the impeller.
Considering the point where the efficiency is the highest,
it can be said that the velocity contours move towards the
pump outlet, thus reducing the backflow in the pump. It
is also observed that the pressure decreases with
increasing speed in the pump in both experiments. When
we consider the pump speeds, it is seen that the speeds
may change at some points locally. in general, the
changes in the speeds formed in and around the pump
impeller differed at each flow rate value. this can be
explained by the turbulence and backflow in the region
where the pump leaves the impeller. When the results are
examined, it is seen that the highest speed is
approximately 45.20 ms™? at maximum flow rate. at the
point where the efficiency is the highest, the speed is 39.
99 ms? The predictive ability of CFD is investigated
according to mathematical and statistical methods. Table
4 shows the mean values of RMSE, R?, D and € of the CFD
to predict each of the three output parameters.

Table 4. Goodness-of-fit statistics of pump characteristic values
predicted by CFD.

(%) R2 RMSE D
Hum(m) 4575 0.870 2.894 0.851
N(kWh) 3.229 0.935 2.084 0.983
n(%) 1.163 0.936 1.492 0.986

The mean absolute percentage error ranged from 1.163
to 4.575 %. The smallest error value of 1.163 % was
obtained in predicting the pump efficiency. The mean
absolute percentage error was found to be well below the
acceptable value of 10 % (Taner, 2007). The statistical
values RMSE was found as 2.894 for Hm, 2.084 for Np, and
1.492 for n. It has been calculated that the coefficient of
determination used in the prediction of pump
performance characteristics varies between 0.870 and
0.936, and the agreement index varies between 0.851 and

0.986.
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Figure 6. Pressure distributions of the centrifugal pump at
different flow rates.

The fact that the value of both criteria is close to one is an
indicator of the success of the CFD prediction results.
Mercan (2018) developed an prediction method for
calculating the performance of a centrifugal pump using
loss correlations. When compared to experimental and

CFD results of centrifugal pumps, the average absolute
error of manometric height values was found to be 26.9
%. Ugar (2017) analyzed the flow in the impeller and
volute of a centrifugal pump with the Ansys CFX program.
Resercher compared the manometric height values
obtained at 5 different flow rates ranging from 4 to 12
m3h! with the values obtained by CFD.

According to the test results of CFD results, the error rates
were below 10 % at all five points. The flow structure
obtained by Computational Fluid Dynamics was
PIV results. The

difference between the pump characteristic values

compared with the experimental

obtained in CFD and experimental studies was found to
be in the range of 1-9% (Aksoy, 2018).

The correlation coefficient (R) of the linear relationship
between the experimental data and the predicted values
obtained from CFD was found to be 0.956, 0.998 and
0.993 for Hm (m), Np (kWh) and n(%), respectively (Figures
7,8 and 9).
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Figure 7. The relationship between measured and predicted
values of manometric height.
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Figure 8. The relationship between measured and predicted
values of pump shaft power requirement.
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Figure 9. Relationship between measured and predicted values
of pump efficiency.
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4.Conclusions

In the study, performance values were obtained at 10
different openings of the discharge line valve at a
constant speed of the pump shaft. Depending on the
change in flow rate, pump efficiency values varied
between 32.63-55.57 %. A parabolic relationship was
observed between pump flow rate and efficiency values.

When the velocity distribution at low flow rates is
examined in CFD analysis, the distribution of the contours
shows that there is backflow with the fluid in the pump.
Due to this backflow, higher velocity contours have
formed in and around the impeller. Considering the point
where the efficiency is highest, it can be said that the
speed curves move towards the pump outlet, therefore
the backflow in the pump decreases.

Also in the study, CFD was analyzed for the prediction of
the performance parameters of centrifugal pump. The
overall results show that the CFD can be used as an
alternative method to find the performance parameters
in these systems. The difference between the average of
the measured and predicted values of the pump was
determined as 4.5% for manometric height, 4.9% for
power consumption and 0.7% for efficiency. In addition to
its numerical accuracy, the CFD analises is much faster
and easier to use, which makes it suitable for generating
the performance parameters of pump. Such analyzes can
be used as a reference for future pump studies.
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Oz

Bu c¢alismada, kiguk htcreli akciger karsinomunda
farmakogenomik etkilesimler analiz edilmistir. Bu analiz
sonucunda ilaglarin mutasyon yikine bagh olarak duyarhhigini
makine 6grenmesi yontemleri ile tahmin edilmesini saglayacak
veri toplama, manipllasyon ve model gelistirme siiregleri
yapilmistir. ilk veri kaynagi hiicre hatlari ve bunlarin mutasyon
bilgilerini icermektedir. ikinci veri kaynag hiicre hatlarina ait
detayli bilgileri icermektedir. Uglincii veri kaynagi ise ilag-hiicre
etkilesimlerini ve hiicre hatlarina karsi ilag duyarliligini
icermektedir. Birlestirilen verilerden farkli mutasyon vyik
bilgilerinin sayilarak ila¢ bilesikleri, hiicre hatlari, mutasyon
yukleri, doku ve 1C50 ozellikleri tek bir veri kiimesinde
toplanmistir. Calismanin bundan sonraki asamasinda tiretilen
ilag hassasiyeti-mutasyon yuku iliskisini sunabilecek yeni veri
kiimesi, mutasyon yukine gore ilag direnci etkisi tahmin edilmek
Uzere makine 6grenmesinde kullaniimistir. Bu amagla tahmin
icin Ug¢ farkh makine 6grenmesi algoritmasi test edilmistir.
Makine 6grenmesi performans analizi igin RMSE, R*> ve MAE
sonuglari bulunmus ve karsilastiriimistir. Elde edilen sonuglara
gore gelistirdigimiz XGBoost makine 6grenmesi modeli hiicre-
ilag arasindaki /C50 skorunu anlamli oranda tahmin etmistir. Bu
sayede ilaglarin mutasyonlara direncine ve etkisine dair 6n bilgi
sunulmaktadir. Bunun yani sira galismada hangi mutasyon
tirlerinin nicel sayisinin ilag direncinde daha fazla etki
gosterdigini makine 6grenmesi analizleri ile sunulmustur.

Anahtar Kelimeler ilac Duyarlli§i Tahmini; Mutasyon Yiikii;
Makine Ogrenme; Kisisellestirilmis Tip; XGBoost

Abstract

In this study, we addressed pharmacogenomic interactions in
lung small cell carcinoma. For this purpose, data collection, data
manipulation and machine learning algorithms were utilized. By
combining three open-source datasets, a new dataset is
generated. The first data source contains cell lines and their
mutation information. The second data source contains detailed
information about the cell lines. The third dataset contains drug-
cell interactions and drug sensitivity of cell lines. By combining
the utilized data sources, a new dataset was obtained by
counting different mutation load information. Thus, chemical
compounds, cell lines, mutation loads, tissue and IC50
characteristics were collected in a single dataset. In the next
stage of the study, the new dataset that could present the
derived drug sensitivity-mutation load relationship was used in
machine learning to predict the drug resistance effect according
to mutation load. For this purpose, three different machine
learning algorithms were tested for prediction. For machine
learning performance analysis, RMSE, R2 and MAE results were
found and compared. According to the results, the XGBoost
machine learning model we developed significantly predicts the
IC50 score between cell-drug. In this way, it provides preliminary
information on the extent to drug resistance and drug effect. In
addition, the study presents which mutation types have a
greater effect on the quantitative number of drug resistance
through machine learning analysis.

Keywords Drug Sensitivity Prediction; Mutational Burden;
Machine Learning; Personalized Medicine; XGBoost

1. Giris

Son yillarda, hassas tibba artan ilgi ve biyik o6lgekli
farmakogenomik veri kiimelerinin mevcudiyeti nedeniyle
ilag duyarhhginin tahmin edilmesine ilgiyi artirmistir ve
ilagc duyarhhiginin test edilmesi rutin bir prosediire
doniismeye baslamistir ( Vis vd. 2016 ). Farmakogenomik,
hassas tipta ortaya ¢ikan, ila¢ secimini ve dozaji hastanin
genetik Ozelliklerine uygun hale getiren yaklasimlardan
biridir. Son yillarda, uluslararasi bilimsel konsorsiyumlar
tarafindan kilavuzlar

cesitli farmakogenetik

yayinlanmistir, ancak klinik uygulamada kabulii hala

zayiftir (Cecchin ve Stocco 2020). Farmakogenomik alani
genetik mekanizmalari tanimlayarak ilacin etkinligini
artirmak ve toksisiteyi azaltmak icin genetik testlerin
uygulanmasini arastirir. Farmakogenomik, degisken ilag
yanitinin genetik temelinin anlasilmasi icin bir arag olarak
kullanilabilir.  Mevcut ilaglarin  kullanimini  yeni
endikasyonlara genisletmek ve yeni ilaglar gelistirmek igin
de nispeten yeni bir arastirma alanidir (Roden vd. 2019).
Bu amagla gen mutasyonlarina ait veriler kullanilarak
belirli bir ilacin etkinliginin anlasiimasi hedeflenmektedir.
oldugu bilinen
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kisisellestirilmis tip konusunda vyeni bir asamaya
erisilmistir (Steele 2009). Kisisellestirilmis tip hasta igin
ongorilen tedavi yanitina veya hastalik riskine gére tibbi
kararlarin alindigi, bu strateji ile hastaligi degil, hasta
bireyleri farkh gruplara ayiran bir tibbi modeldir. En kisa
tibbi

gore

tanimi ile tedavinin her hastanin bireysel

ozelliklerine uyarlanmasidir.  ilag  duyarliligi
modellemesinin dogrulugu ve hassasiyeti biliylik 6l¢lide
veri tdrleri, ozellik sec¢imi, model se¢imi ve model
dogrulama gibi iliskili faktoérlere baglidir (Matlock vd.

2018).

Makine 6grenmesi, cesitli 6grenme teknikleri ve bu

tekniklerin  olusturdugu  algoritmalari  kullanarak
bilgisayarlarin mantikli sonuglar tGretmesini saglar. Diger
yapay zeka uygulamalarindan farkli olarak, makine
O0grenmesi, bilgisayara belirli kurallar vererek ¢iktiyi
degistirmek yerine, kurallarin istatistik kullanarak kendisi
tarafindan olusturulmasi gerektigi anlamina gelir (Hastie
vd. 2009). Bu seviyeye ulasabilmesi icin bilgisayara cesitli
veri girdileri verilir ve daha sonra en uygun 6grenme
olusturulur.  Yapay zeka,
taklit ederek

¢6zmesine olanak veren uygulamalarin genel ismidir.

algoritmalariyla  ¢ikt

bilgisayarlarin insan aklini sorunlari

Klinikte kanser tedavisinde kullanilacak ilag segiminde,
hastanin kanser hicresi 6zelliklerinin belirlenmesiyle elde
edilen bilgi; timor alt popilasyonlari igin en uygun
tedavinin secgilmesine ve potansiyel olarak etkisiz
tedavilerden kaginilmasina olanak taniyabilmektedir.
Genetik 6zellikler ve ilag yaniti arasindaki iliskiler, ilag etki
mekanizmalari hakkinda degerli yeni bilgiler saglayabilir.
Literatirdeki kanser hiicre hatti verilerinin yeni bilgisayar
teknolojileri yardimiyla taranmasi gelecekteki ¢alismalara
yon verebilecektir. Onkoloji ilag kombinasyonlari
terapotik yanitlari iyilestirebilir ve hastalar icin tedavi
seceneklerini artirabilir. Olasi kombinasyonlarin sayisi gok
fazladir. Sistematik taramalar, tanimlanmis hasta alt
tiplerinde klinik agidan anlamli, eyleme dénusturilebilir
ve klinikte kullanilabilir kombinasyonlari belirleyebilir

(Bashi 2024).

Kanser biyolojisini incelemek ve ¢esitli kanser tedavilerini
test etmek icin en popiler yontem hiicre hatlarinin
kullanilmasidir. Kanser hicre hatlarinin tiretildikleri
orijinal kanser tarinin o6zelliklerini (gen ifadesi, ilag
duyarhhgi, genotipik ve fenotipik 6zellikler ve mutasyon
durumu) sergilemesi beklenmektedir (Langdon 2004,
Masters 2000). Bununla birlikte, laboratuvar ortami ve
hattinda

bulunmamasi, bir

hicre diger normal hiicre tiplerinin

hiicre hattinin in vivo kanser
blylmesini taklit etme yetenegini ve anti-kanser

ilaglarinin etkinligini kisitlar (Gillet vd. 2011).

insan DNA'sindaki gen varyantlari son yirmi yilda yogun
bir sekilde
stratejileri arastinimistir. Bu amagla tedaviye verilen klinik

incelenmis ve hastaliklara karsi tedavi
yanitlar ve ilaglara verilen yanitlari sunan biyobelirtegler
arastiriimaktadir. Bu baglamda agik kaynakh Genomics of
(GDSC)
arastirmacilarin kullanimina sunulmustur (Yang vd. 2013).

Drug Sensitivity in  Cancer Database

GDCS, kanser hucreleri hakkinda ilag duyarhhg ve ilag

yanitlar konusunda  agik  kaynakh  verilerden
olugmaktadir. Bu deneysel veriler, arastirmacilarin ilag-
kanser silico  veriler aracihgyla
GDSC veritabani
incelendiginde ilaglar, hedef gen, hiicre hatlari, dokular,
inhibitor

konsantrasyon (IC50) arasindaki iliski arastirilabilir. Ayrica

etkilesimlerini
incelemesine olanak sunmaktadir.
kanser  Ozellikleri ve yari  maksimal
ilaglar ve bilesikler gen ile etkilesime girdiginde gen
Granlerini artirabilirler veya inhibe edebilirler. Gen Griini
bir genin ifadesi sonucu elde edilen biyokimyasal (DNA ya
da protein) maddedir. Elde edilen gen Grini miktari
zaman zaman ilgili genin niteligini anlamak igin de
kullaniimaktadir. Asiri miktardaki gen Griniu kansere yol
acan onkogen etkinligi gibi hastalik yapici alellerle
iliskilendirilmektedir (Fearon ve Vogelstein, 1990).

Literatlirde ilag hassasiyet Olgclsi olarak hiicre yanit
egrisinin tamamini kullanmak yerine, hassasiyeti temsil
etmek igin egrinin 1C50 (hicre canhhgini ilk yanitin
%50'sine dusirmek icin gereken ilag konsantrasyonu) gibi
belirli bir 6zelligi kullanilir. IC50'ler genellikle logaritmik
bir esleme fonksiyonu kullanilarak sifir ile bir arasindaki
hassasiyet degerlerine dondstlraliar (Berlow vd. 2014).
Yakin literatiirde farmakogenomik konusunda yapay zeka
(Wang vd. 2020)
farmakogenomik verilerden ilag ve hiicre hatti 6zelliklerini

¢ahsmalari  hizla artmaktadir.
ortaklasa 6grenmek icin sadece grafik modeli degil, ayni

zamanda tahmin sonuglarinin korelasyonunu
giclendirmek icin ilag ve hicre hatti benzerlik agi
modelini de iceren ¢ift katmanh giglendirilmis isbirlikgi
(DS-CTR)

duyarlilig tahmini Gzerine bir yenilik modeli tanitmistir.

konu regresyonu kullanilarak dogru ilag

ilac direnci veri tabanlarini analiz ederek ila¢ direnci
mutasyonlara bagh olarak 06ngorisii yapan makine

ogrenmesi modelleri gelistirmek yakin zamanda
literatlirde yayginlasmaktadir (Sharma ve Rani 2020, Gao
vd. 2021, Singh ve Kaushik 2023). Zira bazi mutasyonlar iyi
huylu katkilar saglarken, diger bazi mutasyonlar patojenik

olabilir ve kanser gelisimine katkida bulunabilir.

Farmakogenomik veri tabanlari son zamanlarda tahmin
modelleri igin egitim verisi olarak kullaniimaktadir.
(Barretina vd. 2012, Yang vd. 2013). ila¢ yaniti tahmin
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modellerini kategorize etmek igin iki yaklasim kategorisi
kullanilabilir:

(i) tek veya ¢oklu-omik tabanli yaklasimlar (Bomane
vd. 2019, Chiu vd. 2019, Costello vd. 2014, Wei vd.
2019)

(i) ilacin  kimyasal ozellikleriyle  desteklenen

yaklasimlar (Park vd. 2022)

Daha o©nceki arastirmalara goére, bir derin 6grenme
modelinin dogrulugu, icerdigi katman sayisi veya derinlik
ile artmaktadir (Lecun vd. 1998, Vestias 2020).

Bir calismada, degisen veri kiimesi boyutlari ve omics tipi
kullanimlar gibi gesitli veri kiimesi kosullari altinda 1C50
degerlerini tahmin etmede regresyon tabanli ML ve DL
modellerini kapsamli bir sekilde degerlendirmislerdir.
kosullarda ML
modellerinden daha iyi performans gostermistir (Park vd.

Cogu durumda, DL modelleri c¢esitli
2022). Bir calismada, farkli ilag kimyasal parmak izleri ve
mutasyon durumlari gibi 27.756 6zellik kullanilarak (g ilag
yanit sinifini tahmin etmek icin DeeplC50 adi verilen 1
boyutlu bir konvoliisyonel sinir agi modeli gelistirilmistir.
Sonug¢ olarak DeeplC50, pan-kanser hicre hatlarinda
hiicre canliligr ve 1C50 tahmin dogrulugu agisindan iki ayri
kanser hiicre hatti veri kimesinden daha iyi performans
gdstermistir.  ilag  kesif siirecinde DeeplC50, vyeni
bilesiklerin gesitli kanser hiicre hatlarinin duyarlihigini nasil
etkileyecegini dogru bir sekilde tahmin edebilir (Joo vd.

2019).

Kanser Genom Atlasi (TCGA) gibi ¢cok buyik klinik kanser
genomik veri setlerinde, atanan ilag yaniti cok 6nemlidir.
Bu yontem, kanser hiicre hatlarinin bliyik panellerinde
tedavi vyanitini gen ifadesine baglayan istatistiksel
modeller olusturmayi ve ardindan bu modelleri klinik veri
setlerinden (TCGA gibi) timor gen ifadesi verilerini analiz
etmek icin kullanmayi igerir. Bu, her hastanin ilaci i¢in bir
farmakolojik yanit tretir. Daha sonra, bu ilag yaniti verileri
Olglilen somatik genetik varyasyonlarla

(Geeleher vd. 2017).

iliskilendirilir

ilag direnci 6ngdriisii yapmak icin kullanilan algoritmalar
makine Ogrenmesi temellidir. Makine 06grenmesinde
amag veriden 6grenme yapmaktir (Hastie vd. 2009).
Literatirde bircok makine 0Ogrenmesi algoritmasi
mevcuttur. SVM (Support Vector Machine) algoritmasi
verileri siniflandirabilmek icin uzayr ¢ok boyutlu ayrag
denklemleri ile ifade etmektedir (Boser vd. 1992). SVM
dogru tahminleme ve hiz agisindan verimli bir sonuglar
sunmaktadir. Ote yandan ayni veri iizerinde birden fazla
siniflandirici tanimlamak bir baska alternatif olmustur. Bu
siniflandiricilarin hata

yontemde Uretilen

performanslarindan  ders  alinarak  bir  sonraki

siniflandiricinin hesaplanmasi amaglanmaktadir. XGBoost

ve CatBoost bu siniflandirma yonteminin bilinen
ornekleridir (Chen ve Guestrin 2016, Prokhorenkova vd.

2018).

Yari Maksimal inhibitér Konsantrasyon veya IC50, bir
maddenin (ilag, inhibitor veya diger biyoaktif bilesenler
gibi) belirli bir biyolojik veya biyokimyasal islevi inhibe
etme glicini gosteren oOnemli bir Olgimdir. Bu,
farmakoloji ve biyokimya alaninda ¢ok 6nemlidir. IC50, bir
maddenin bir biyolojik slreci (6rnegin enzim aktivitesi,
reseptor baglanmasi veya hiicre bilylmesi gibi) %50
oraninda inhibe etmek igin gereken konsantrasyonunu
gosterir. Ayni inhibisyon seviyesine ulasmak icin daha az
maddeye ihtiya¢ duyuldugundan, daha dusik IC50 degeri
bilesigin daha glicli oldugunu gostermektedir. 1C50
potansiyel terapotik ajanlarin etkinligini ve guvenlik
profilini degerlendirmek, bunlari digerleriyle
karsilastirmak ve dozaj stratejilerini gelistirmek igin
onemli bir aractir. Farmakolojide standart bir dlguttir ve
umut vadeden bilesiklerin laboratuvardan klinik testlere

tasinmasina yardimci olur (Berrouet vd. 2020).

Bu c¢alismada akciger kiiglik hicreli karsinomunda
mutasyon yukd analizi yapilmistir. Bu amacgla Sanger
Enstitlisiine ait Gg farkh veri kiimesi toplanip birlestirilerek
mutasyon yik analizi igin tek bir veri kimesi turetilmistir.
Turetilen veri kiimesinde kiguk hiicreli akciger karsinomu
ile iliskili olan veriler filtrelenerek analize uygun bir veri
kiimesi elde edilmistir. Elde edilen veriler ile ilaglarin
hangi mutasyonlara karsi daha duyarl olabilecegine dair
analizler yapilmistir. ilag duyarhligi ile mutasyonlar ve
mutasyon ylkleri arasindaki iligkiyi belirlemek igin makine
o0grenmesi modelleri gelistirilmistir. Filtrelenerek elde
edilen tum veriler arasinda Cell Model Password sitesinde
yer alan All Mutations verisi indirilmistir (int. Kyn. 1).
Bunun yani sira hiicre hatlarina dair veri ve hiicre
hatlarinin  bilgileri ~ farkli  kaynaklardan  alinarak
birlestirilmistir (int. Kyn. 2, int. Kyn. 3). Gelistirilen SVM
Boser vd. (1992), CatBoost Prokhorenkova vd. (2018) ve
XGBoost Chen ve Guestrin (2016) modelleri ile ilag etkileri
tahmin edilmesi amacglanmistir. Gelistirilen modeller
arasinda CatBoost modelinin mutasyonlarin ve toplam
ylkiinin belirli bir ilaca hassasiyetini tahmin edebilme ve
potansiyel ilag adaylarini sunma konusunda destek sunma
potansiyeli oldugunu géstermektedir.

2. Materyal ve Metot

Calismanin ilk safhasinda farkli veri kiimelerinden veriler

toplanarak ilag hassasiyeti-mutasyon yuikid iliskisini

sunabilecek veri hazirlanmistir. Zira mutasyon ylkini
gereksinim duyulan formatta dogrudan sunan hazir veri

kaynagi bulunamamustir. Bunun  yerine  farkli
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kaynaklarindan toplanan veriler kullanilarak mutasyon
yukinid tanimlamak mimkin olmustur.

2.1 Veri Toplama

Hicre ve mutasyon bilgilerinin ilag direncine etkisi
konusunda sunulan agik kaynaklardan GDSC’ den Yang vd.
(2013) veri seti kaynaklar toplanmistir. Elde edilen
kaynaklar arasinda hiicre hatlarinda yer alan mutasyonlari
tanimlayan tum Mutasyonlar verisi Cell Model Passports
Gzerinden indirilmistir (van der Meer et al. 2019). Bu
kaynakta gene_id, Hiicre_Model_id, mutasyonun driver-
kodlayici olup olmadig, etkisi, vaf skoru yer almaktadir.
Ote yandan bu kaynakta ilgili hiicre hattinin hangi kanser
tirlerine maruz kaldigi yer almamaktadir.

Bunun yani sira, ilaglarin belirli mutasyonlu hicrelere

etkisini analiz etmek &nemlidir. ilaglarin ilgili
mutasyonlara sahip hiicrelere etki oranlarini hesaba

katmak i¢in ek kaynaklara gereksinim duyulmustur.

GDSC veri tabaninda yer alan IC50 verisi, ¢ok sayida ilacin
hiicre hatlarina verdigi ila¢ tepkisini sunmaktadir. ilaglar
ve ilgili veriler GDSC agik kaynakli veri tabanindan elde
edilmistir. Bu veri sayesinde hiicre hatti ile ilag etkisi
arasindaki iliski daha iyi analiz edilebilecektir. Verinin
toplandigi giin itibari ile hiicre hatlarinin 265 ilaca veya
aday ilaca karsi etkisi sunulmustur.

GDSC veri tabaninda yer alan hiicre listesi verisi her bir
hicre hattinin o6zelliklerini ve maruz kaldigi kanser
tirlerini sunmaktadir. Bunun yani sira mutasyon verilerini
IC50 verisi
barindirmasi nedeniyle dnemi daha da ¢ok artmaktadir.

sunan veri ile arasinda ortak anahtar

Toplanan (g veri kaynagl Hicre Listesi verisi anahtar
kullaniimak (izere birlestirilmistir. Ote yandan birlesme
sonucu ortaya c¢ikan verinin ¢ok sayida satir icermesi
nedeniyle filtreleme yapilmasi elzem olmustur. Calismada
lung_small_cell_carcinoma verilerinin tercih edilmesinin
nedeni agik kaynakli veri olarak diger kanser tiirlerine gére
kiicik htcreli akciger kanseri verilerinin sayica fazla
olmasidir.

2.2 Lung Small Cell Carcinoma verisi

GDSC, farkh
konusunda veri

kanser tirlerine karsi ilag hassasiyeti

sunmaktadir. Bu c¢alismada sadece

lung_small_cell_carcinoma verilerine ve ilgili ilag

hassasiyetine odaklaniimigtir.

Filtreleme yapmak lizere subtype ozelligi

“lung_small_cell_carcinoma” olan veriler segcilmistir.

Filtreleme sayesinde veri boyutu kigllmis ve
hesaplanabilir boyuta indirgenebilmistir. Filtreleme islem
sonucu elde edilen mutasyon verisi 512464 satirdan

olusmaktadir.

2.3 Makine Ogrenmesi icin Veri Seti Olusturma

Bir sonraki adimda makine 6grenmesinde kullanima
uygun verinin elde edilmesi saglanmistir. Bu amagla Lung
Small Cell Carcinoma verisinde yer alan mutasyonlara dair
GDSC  veri
kaynaklarindan uretilen veri setinde her ilag icin ayri ayr

bazi 6zellikler sayilarak toplanmistir.

olmak lzere asagidaki listede belirtilmistir:

1. llagismi,

2.  Hucreisimleri,

3.  Toplam mutasyon,

4. Toplam driver mutasyon,

5. Predisposition variant sayisl,
6. Mutasyon,

7.  Toplam intronik mutasyon,
8. Toplam Frame Shift sayisi,
9.  Start loss mutasyon sayisi,
10. Stop loss mutasyon sayisi,
11. Upstream mutasyon sayisi,
12. Nonsense mutasyon sayisi,
13. Coding mutasyon sayisl,

14. Vaf skoru,

15. llag direnci

2.4 Makine Ogrenmesi Uygulamasi

Sanger Enstitlist kaynaklar kullanilarak bes farkli ilag igin
yukarida belirtilen tiim 6zellikler toplanmistir. ilag segimi
yapilirken ilag-hlicre etkilesiminde IC50 varyasyonunun
genis tutulabilmesi amaglanmistir. Bunun yani sira ilgili
hicrenin kiicuk hicreli akciger karsinomu olmasina dikkat
edilmistir. Uretilen veride her bir ilag icin; ilag-hiicre-ilag
hassasiyeti skorlari yer almaktadir. Her bir hiicre igin
yukaridaki listede siralanan 0&zelliklerin yer almasi
saglanmistir. Bu sayede her hiicrede yer alan ve sayilan
mutasyon ylklerine bagh olarak ilaglarin hiicrelere olan
etkileri degerlendirilmek amaglanmistir. Her bir satirda bu
bes ilacin belli bir hiicre icin ilag direnci yer almaktadir.
Calismada lung_small_cell_carcinoma tanisi konulmus
hiicreler icin ilag analizleri yapilmistir. Bes ilacin verileri
birlestirilerek bir dosyada toplanmistir. 241 ilag-hiicre-ilag
hassasiyeti iliskisini analiz edebilmek amaciyla 14 siitunlu

veri olusturulmustur.
2.5 Makine Ggrenimi Uygulamasi

Uretilen 241 satir ve 14 &zellikten olusan veri ile makine
o0grenmesi uygulamasi yapilmistir. Bu 6zellikler arasinda
ilac Direnci bagiml degisken olarak tanimlanmis ve
tahmin edilmistir. Tahminleme sonucunda hedeflenen
ilag ve kanserli hiicre bilgisine bagli olarak ilag direncinin
tahminini yapmaktir. Calismayi 6zgiin kilan nokta ise farkh
mutasyon yuklerinin toplaminin ilag direncine etkisinin
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incelenmesidir. Elde edilecek sonuglar dogrultusunda
mutasyon yukiine ve mutasyon yik 6zelligine bagl olarak
ilag direncinin 6nceden tahmin edilmesidir. SCLC igin IC50
degeri 61 farkh hicrenin yaklagik 500.000 olasi
mutasyonu dikkate alinarak analiz edilmistir. Mutasyon
verilerinin bir kismi egitim igin kullanilmistir. Egitimden
sonra IC50 degeri diger bazi hiicrelerin mutasyonlarina
gore tahmin edilmeye galisiimistir. Analiz edilen ilaglar igin
%60 R2 tahmin degerine ulasiimistir. Makine 6grenmesi
sirecinde XGBoost, CatBoost ve SVM algoritmalar
denenmis veriye uyumlu en iyi modelleri elde etmek igin
yazihm tabanl deneysel ¢alismalar yapilmistir. XGBoost,
Catboost ve SVM modellerinin gelistirilmesi sirasinda
Uretilen verilerin %80’i egitim, kalani ise test amaciyla
kullanilmistir. Ayirma islemi yapilirken hiicre ismi 6zelligi
dikkate alinmistir. Boylece her hiicre igin yeteri kadar test
verisinin ayrilmis olmasi emniyete alinmistir. Bu
dogrultuda elde edilen verilerin adil bir sekilde %80’

egitim icin ayrilmistir.
2.6 ideal Model Parametre Belirlenmesi

CatBoost algoritmasi igin kullanilan parametreler Cizelge
1’de sunulmustur. Bir diger makine 6grenmesi modeli
olan XG Boost algoritmasi ise benzer sekilde Cizelge 2’de
belirtilen baslangic parametreleri ile ¢alistirilmistir.

Cizelge 1. CatBoost algoritmasi igin  kullanilan
parametreler

Parametre Deger

Seed 13

iterasyon 300

Learning rate 0.1

Derinlik 6

Loss function RMSE

eval metric RMSE

Cizelge 2. XG algoritmasi igin  kullanilan
parametreler

Parametre Deger

max depth 6

nrounds 300

verbose 0

Learning rate 0.1

Son olarak SVM algoritmasina ait model denemeleri
uygulanmistir. SVM modelinde potansiyel en iyi modeli
bulabilmek icin C ve sigma parametreleri denenmistir
Bunun yani sira 10-fold cross validation kullaniimistir.
SVM deneylerinde test edilen C ve sigma parametreleri
asagidaki gibidir:

C=¢(0.25, .5, 1),
sigma = ¢(0.1, 0.01, 0.001)

Elde edilen sonuglar, her algoritma igin farkli parametre
deneylerinin performans agisindan en iyisi arastirilarak

elde edilmistir. Tum uygulama kodlari R programi ile
yazilmistir. Program icrasi icin 7. nesil i7 islemcili ve 16 GB
bellege sahip bilgisayar kullaniimistir.

3. Bulgular

Deney kisminda ilk dnce mutasyon yik verisi tiretme ve
sonuglari anlatiimaktadir. ikinci kisimda ise {iretilen veriler
ile ilag direncinin mutasyon yulki bilgilerine bagl olarak
tahmin edilmesi amaglanmistir. Bu amagla makine
o0grenmesi modelleri gelistirilmis ve performansi RMSE,
Rsquared ve MAE cinsinde 6lgulerek kiyaslanmistir.

3.1 Mutasyon Yiik Veri Uretmenin Zorlugu

Hicrelerde yer alan tim mutasyonlari barindiran dosya
893 MB buyuklugindedir. Hiicrelere dair kapsamli bilgileri
iceren Hicre Listesi dosyasi ise 128 KB boyutundadir. Bu
iki dosyanin kartezyen carpimi ile birlestirilmesinin bellek
yetersizligine neden olacagl asikardir. Bu nedenle bu
islemden sonra sadece kigik hicreli akciger karsinomu
verileri filtrelenerek veri kigiltilmistir. filaglar ile
hiicreler arasindaki hassasiyet skorlarinin saklandigi 1C50
dosyasi ise 3.160 KB boyutundadir. Daha sonra
filtrelenmis dosya ile ilaglarin 1C50 bilgilerinin oldugu
dosyanin birlestirilmesi hedeflenmistir.  Birlestirilen
dosyada hem segilen ilaglar icin IC50 degerleri hem de
hiicre bilgileri yer almaktadir. Ote yandan ham verilerin
8GB RAM’a sahip bilgisayarda birlestirilip filtrelenmesinin
RAM yetersizligi nedeniyle gerceklesmedigi gorilmustir.
Yiiksek RAM gereksinimi nedeniyle veri manipiilasyonu
esnasinda filtreleme islemin miimkiin mertebe 6ncelikte

tercih edilmesi gerekmistir.
3.2 Makine Ogrenme Algoritma ile Tahminler

Kanserli hiicre ve ilag arasindaki IC50 degerini tahmin
etmek icin Makine Ogrenme algoritma performanslari
incelenmis ve sonuglar agagida degerlendirilmistir.
XGBoost, CatBoost ve SVM algoritmalari baz alinarak
gelistirilen modeller asagidaki Cizelge 3’te sunulmustur.

Cizelge 3. XGBoost, CatBoost ve SVM algoritmalari baz
alinarak gelistirilen modeller

Model RMSE Rsquared MAE
XGBoost 1.602683 0.6045291 1.231046
CatBoost 1.654969 0.5796071 1.314209
SVM 2.47293813 0.04089099 1.96588405

Tabloda gorildiagi Gzere en basarih RMSE, R2 ve MAE
skorlarini  XGBoost algoritmasi  sunmustur. Tabloda
belirtilen sonucglar dogrultusunda Gradient temelli
boosting algoritmalarinin ilag hassasiyetini tahmin etme
konusunda basarili sonuglar sundugu gorilmektedir.

Potansiyel tiim ilaglarin kanserli hiicre etkilesimini deney
yapmadan 1.60 RMSE, 0.6 R? ve 1.23 MAE oraninda dogru

699



Makine Ogrenmesi Modelleri ile Kanser Hiicre Hatti—lla¢ Etkilesim Tahmini, MERGEN ve OZCAN.

tahmin edilmesi, mutasyon durumuna gore hangi
ilaclarin analiz yapilmasi gerektigi konusunda o6n bilgi
sunmaktadir. Bu basarim orani bu nedenle 6nemlidir.

XGBoost modelinin tahmin basarimi yaparken hangi
Sekil 1'de
sunulmustur. Verilerin %80’inin egitimde kullaniimasi

ozellikleri dikkate alindigina dair bilgi
nedeniyle tahmin esnasinda ilag ve hiicre isimlerinin yer

almasi beklenmektedir. Bunlarin Otesinde en etkili

faktorlerin siraslyla Nonsense, Frameshift,
ToplamMutasyon, Upstream ve Start Loss mutasyon
sayllarinin Driver mutasyon sayisindan daha onemli
olduguna ortaya koymaktadir. Bu nedenle bu
mutasyonlarin niceliksel olarak fazla olmasi durumunda
ilag hassasiyetinin gelisme olasiliginin artmasi ihtimali g6z

ardi edilmemelidir.

llac
huerelsimler
Monsense
FrameShift
ToplamMutasyan
UpStream
StartLoss
Driver
VAF
Intronic
Stoploss
Predivar

Cading

[ I I [ I 1
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Sekil 1. XGBoost Model grafigi
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Sekil 2. Yaprak derinligine bagli olarak XGBoost agacinda
agirhkl kapsam ve yaprak sayisi grafikleri

3.3 Mutasyon Tiirlerinin Etkisi ve Model Karmagiklik
Analizi

XGBoost algoritmasinin yapisina dair teknik 6zellikler:

Elde edilen sonuglar dikkate alindiginda XGBoost Makine
o6grenmesi modelinin yapisi hakkinda daha fazla bilgi
sunmak ta mimkindir. Tahmin performansini artirmak
lzere XGBoost Model karmasikhk grafigi Sekil 2’de
sunulmusgtur.

Sekilde yaprak derinligine bagli olarak XGBoost agacinda
agirlikli kapsam ve yaprak sayisi grafigi sunulmustur.
Weighted cover ile agdaki 6nemli topluluklari belirlemek
amaglanmistir. Sekilde 2. ve 7. agac derinliklerinin
siniflandirmada etkili oldugu goértlmektedir. Bu nedenle
derinligin 7' ye ¢tkmasinin siniflandirmaya katki sagladigi
izlenmektedir.

Bu calismada, ilag duyarliigini dogru bir sekilde tahmin
etmek icin bir yontem gelistirildi. Bir ilacin kanser hiicresi
canhhgmin yari maksimal inhibitér konsantrasyonu (1C50),
gliciiniin bir 6l¢lsu olarak yaygin sekilde kullaniimaktadir.
Dolayisiyla daha yiksek ilag glic, hiicre canliligi agisindan
daha dusuk IC50 degerleriyle sonuglanir.

Kanser hiicresi canliliginin IC50 degerleri, hicrelerin
timoér mutasyon yiki ile tahmin edilmistir. TUmor
mutasyon yiikli, kanser hicrelerinin DNA'sinda bulunan
degisikliklerin (genetik mutasyonlar olarak adlandirilir)
sayisidir. Bu ilag yaniti tahmin muammasini ele almak igin
makine Ogrenimi (ML) ve ag biyolojisi yaklasimlari
kullanilmigtir. Bir ilacin yanitini tahmin etmek, tibbi etkili
bir sekilde uygulamak igin ¢ok 6nemlidir. Arastirmacilar
farkli kanser hastalarinda ilag¢ yanitini degerlendirmek igin
siklikla kanser klinik galismalarindan elde edilen tedavi
sonuglarina bakmaktadir; ancak bu etik ve mali konular
kanser hicre

nedeniyle sorunludur. Bunun yerine,

dizilerinin genomlarini girdi olarak alan c¢ok sayida
arastirma, kanser hicre dizilerindeki farmakogenomik
bilgileri kullanarak farkh ilaglarin ilag yaniti tahmin
modellerini olusturmaktadir. Bu modeller ile hastalarin
farkh ilaglara nasil yanit verecegini tahmin etmek igin
hastalar ve ilagla iliskili hiicre hatti arasindaki genomik

profilleri karsilastirmak icin kullaniimasi mimkdnddr.
4. Sonuglar ve Tartisma

Bu calismada kanser hiicresi mutasyon yukinin ilag
direncine etkisi arastirilmistir. Bu amagla agik kaynak
verileri derlenip farkli mutasyon o6zellikleri sayilarak yeni
bir mutasyon veri yiki seti olusturulmustur. Mutasyon
sayimi yapilarak retilen veride ilag-kiiclik hiicreli akciger
karsinom hicresi-ilag direnci verilerinin yani sira

hicredeki farkli mutasyon yiklerinin sayisi da yer

almaktadir.
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Mutasyon vyik bilgilerine gore ilag hassasiyetinin

tahminini yapmak icin farkli makine 6grenmesi
yontemleri denenmis ve farkli modeller gelistirilmistir.
XGBoost,
kullanilarak gelistirilen modeller ilag hassasiyetini en ¢ok
%60 lzerinde dogru tahmin edebilmistir. Calismanin bir

belirlenmesinde

Carboost, SVM ve TabNet algoritmalari

diger amaci mutasyon yikinidn
mutasyon turlinin etkisinin arastirilmasidir. Kullanilan
veri seti icin XGBoost makine 6grenmesi tabanl makine
O0grenme modelimiz Nonsense, Frameshift,
ToplamMutasyon, Upstream ve Start Loss, ve Driver
mutasyonlarin ilag hassasiyeti konusunda daha fazla

belirleyici oldugu sonucuna varmistir.

hiicre hattindaki
tlrtnin niceliksel olarak fazla olmasi da ilgili mutasyonun

Unutulmamalidir ki bir mutasyon

agirhginin artmasina etki edebilmektedir. Bu nedenle veri
kiimesinin ve dolayisiyla farkli hastalik kapsaminin ayni

anda degerlendirilmesi daha etkili  sonuglar

sunabilecektir.

Dogru tahmin edilen ilaglarin daha kapsaml deneylere
tabi tutulma olanaginin sunmasi nedeniyle sonuglar
anlamlidir ve potansiyel ilaglarin bulunmasina katki
saglama sansi sunmaktadir. Bundan sonraki calismalarda
mutasyon yukunin ve o6zelliklerinin ileriki ¢alismalarda
daha kapsamli olarak ele alinmasinin 6nemi ortaya
¢ikmaktadir.
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