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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 gesitli disiplinler iizerine caligan
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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ve Mikro-mineraller Agisindan Degerlendirilmesi

Evaluation of Ligustrum vulgare (Privet) Fruits and Leaves Regarding in vitro Antioxidant and
Antibacterial Activity, Total Phenolic, Macro- and Micro-minerals

Hatice Feyza AKBULUT "

Cumra Meslek Yiiksekokulu, Tibbi Aromatik Bitkiler Bélimii, Selcuk Universitesi, Konya, Tiirkiye

Oz

Ligustrum (Oleaceae) Avrupa ve Asya'da geleneksel Cin tibbinda
uzun bir kullanim gegmisine sahiptir. Birkag Ligustrum tlrinin
yapraklarindan dretilen bir inflizyon, geleneksel olarak halk
hekimliginde orofaringeal inflamasyona, hipertansiyona, bas
agrisina veya diyabete karsi kullanilmistir. Bu galisma, Ligustrum
vulgare meyve ve yapraklarinin metanol ekstraktlarinin toplam
fenolik, makro ve mikromineral dagilimlari ve in vitro antioksidan
ve antibakteriyel potansiyellerini degerlendirmek amaciyla
yapilmistir. Bu amagla, Ligustrum vulgare meyve ve yaprak
ekstraktlarinda spektrofotometre ile toplam fenolik igerik, ICP-
AES ile makro- ve mikro-mineral igerikleri, ekstraktlardaki in vitro
antioksidan kapasite ise 2,2-difenil-1-pikrilhidrazil analizi (DPPH
analizi) ile belirlendi. Ligustrum vulgare meyve ekstraktlarinin
Listeria innocua, Listeria monocytogenes, Staphylococcus
aureus, Staphylococcus carnosus, Bacillus cereus ve
Enterococcus faecalis Gram-pozitif ve Escherichia coli ve
Klebsiella pneumoniae Gram-negatif patojen bakterilere karsi
antimikrobiyal potansiyeli, disk diflizyon ve minimum inhibitor
konsantrasyon (MIC) yontemleri kullanilarak
degerlendirildi. Ligustrum vulgare meyvesinde tespit edilen
makro-mineralerden potasyum ve mikro-minerallerden demir
en yiksek miktarda bulunmustur. Ligustrum vulgare yapraginin
metanol ekstraktlarinda DPPH radikal slpirme kapasitesi
meyvelerdekine gore daha yilksek bulunmustur. Ligustrum
vulgare meyvesi metanol ekstraktinin test edilen gram negatif
bakteriler lizerinde higbir engelleyici etkiye sahip olmasa da
gram pozitif bakterilerden Listeria innocua, Listeria
monocytogenes lizerinde gugll bir engelleme sergilemistir.

Anahtar Kelimeler Ligustrum vulgare; Kurtbadri; Antioksidan kapasite;
Antibakteriyel aktivite; Toplam Fenolik; Mineraller.
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Abstract

Ligustrum (Oleaceae) has a long history of use in traditional
Chinese medicine in Europe and Asia. An infusion produced from
the leaves of several Ligustrum species has traditionally been
used in folk medicine against oropharyngeal inflammation,
hypertension, headache or diabetes. This study was conducted
to evaluate the total phenolic, macro and micromineral
distributions and in vitro antioxidant and antibacterial potentials
of methanol extracts of Ligustrum vulgare fruits and leaves. For
this purpose, total phenolic content in Ligustrum vulgare fruit
and leaf extracts was determined by spectrophotometer,
macro- and micro-mineral contents were determined by ICP-
AES, and in vitro antioxidant capacity in the extracts was
determined by 2,2-diphenyl-1-picrylhydrazyl analysis (DPPH
analysis). Antimicrobial potential of Ligustrum vulgare fruit
extracts against Listeria innocua, Listeria monocytogenes,
Staphylococcus aureus, Staphylococcus carnosus, Bacillus cereus
and Enterococcus faecalis Gram-positive and Escherichia coli
and Klebsiella pneumoniae Gram-negative pathogenic bacteria
using disk diffusion and minimum inhibitory concentration (MIC)
methods. was evaluated. Among the macro-minerals, potassium
(K) and micro-minerals, iron (Fe), were found in the highest
amount in Ligustrum vulgare fruit. DPPH radical scavenging
capacity in methanol extracts of Ligustrum vulgare leaves was
found to be higher than in fruits. Although Ligustrum vulgare
fruit methanol extract had no inhibitory effect on the Gram-
negative bacteria tested, it exhibited strong inhibition on the
Gram-positive  bacteria Listeria innocua and Listeria
monocytogenes.

Keywords Ligustrum vulgare; Privet; Antioxidant capacity; Antibacterial
activity; Total Phenolic; Minerals

1. Giris

Ligustrum vulgare, iklim kosullarina bagh olarak farkhlik
gOsteren Avrupa, Batl Asya ve Kuzey Afrika'ya 6zgi cali
veya klgik agactir. Farkh kitalardaki birgcok Ulkede sis
amach veya ¢it amacli olarak kullanilmaktadir. Son derece
istilacidir ve dogrudan gilines 1sigin1 tercih etmesine
ragmen golgeye dayanikhdir. Orman kenarlarini ve diger
golgeli alanlarin yani sira bozulmus alanlari da istila eder.

Cogu toprak tiriine toleranshdir ve nemli bolgelerde iyi
yetisir.

Bol miktarda ¢icek agar ve agag basina 10.000'den fazla
meyve, meyve basina 1-4 tohum (retebilir. Meyveler
kuslar ve diger hayvanlar tarafindan dagitilir, bu da bitki
ortistne yayilmayi kolaylastirir. Polenleri alerjiye veya
astima neden olabilir (Ziller 2015). Kuzeyde giineybati
isve¢’ ten giineydogu Norve¢’ e kadar uzanan Ligustrum
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vulgare Avrupa’nin biyik bir kisminda bulunur (int. Kay-
1). Ayni zamanda doguda Asya’nin batisina (Tlrkiye,
kuzeybati iran, Ermenistan, Azerbaycan ve Giircistan) ve
Afrika’ nin (Fas) kuzeybatisina kadar uzanan bir yayihm
gosterir (int.Kay.-2). Ligustrum (Oleaceae) cinsine ait
tirler, dagilim gostermektedir. Avrupa ve Asya'da
geleneksel Cin tibbinda uzun bir kullanim gegmisine
sahiptir. Birka¢ Ligustrum tlrunin yapraklarindan
Uretilen bir inflizyon, geleneksel olarak halk hekimliginde
orofaringeal inflamasyona, hipertansiyona, bag agrisina
veya diyabete karsi kullanilmistir. Daha da onemlisi,
Ligustrum lucidum meyvelerinden elde edilen bir ekstrakti
neden

etkili

oldugu
oldugu

iceren kaynatmanin kemoterapinin

noropatik agrisi  olan  hastalarda

kanitlanmistir (Deng ve Zou 2007).

Avrupa’ da yaygin olarak bulunmasina ragmen Ligustrum
vulgare'nin  halk hekimliginde uygulamalari sadece
Akdeniz M.O.

Ligustrum vulgare yapraklarinin tibbi 6zellikleri Yunan

bolgesinde bilinmektedir. l.ylzyilda
farmakolog Dioscorides tarafindan tanimlanmistir (Lopez
vd. 2006). Dioscorides, orofaringeal iltihaplanmalara karsi
gignenen kurtbagr yapraklarinin tibbi kullanimini tarif
ederken, bitkinin toprak tstl kisimlarinin kaynatilmasinin
yaniklara ve bas agrilarina karsi etkili oldugu iddia
ediliyordu. Toskanali hekim Mattioli’'nin (Mattioli 1568)
16. yuzyildan kalma notlari bu tiir bir kullanimi dogrulamig
(Lemery 1716)

ishal,

ve Lemery (18. yazyil) kurtbagn

yapraklarinin iskorbiit  ve  orofaringeal
iltihaplanmalara karsi 6zellikleri oldugunu ifade etmistir.
(1997) bal ile

iltihaplara

Ayrica Cazin tatlandinimis  su

kaynatmalarinin karsi gargara olarak

kullanildigini aktarmistir (Pieroni ve Pachaly 2000).

Ligustrum cinsinin pek ¢ok tiirl diinya ¢apinda geleneksel
olarak halk hekimliginde kullaniimaktadir. Azerbaycan
geleneksel hekimliginde, kurtbagri (Ligustrum vulgare L.)
yapraklari hipertansiyon tedavisinde kullanilmaktadir
(Hammermann 1971). Kurtbagri yapraklari su anda Gliney
Kibris” ta antiromatizmal olarak kabul edilen kurtbagr,
italya'daki alternatif tipta orofaringeal antiinflamatuar
etkileri i¢in kullanilmaktadir. Taze bitki yapraklari halen
Anadolu'da aftlari (agiz yaralari) tedavi etmek igin
¢ignenmektedir (Pieroni 2000). Bu bitki, karacigeri
koruyucu ozellikleri (Yim 2001), antiviral (Ma 2001) ve
anti-mutajenik (Shoemaker 2005) etkilerinden dolayi Cin
ve Japon tibbinda kullaniimistir. Bu hastaliklar arasindaki
iliski insanlarin dokularinda olusan radikal ve radikal
olmayan oksijen molekiillerinin dengesi ile baglantili
olabilir. Kurtbagrinda bulunan temel aktif maddeler
fenolik antioksidanlar olarak kabul edilmektedir (Nagy

2009). Kiss vd. (2008) tarafindan yapilan ¢alismada bu

bitkiden elde farkl
endopeptidaz inhibitori ve ikili anjiyotensin donustiriici

edilen ekstraktlarin  notral

enzim olarak gorev yaptigi belirtilmistir.

Bu arastirmanin temel amaci Selguk Universitesi Alaaddin
Keykubat kampisiinde sis bitkisi olarak kullanilan
Ligustrum vulgare  bitkisinin meyve ve yapraklarinin
potansiyel biyoaktif maddeler olarak toplam fenolik
DPPH radikal

belirlemek, antibakteriyel aktivitesini test etmek ve ayrica

iceriklerini, sipirme kapasitelerini

icerigindeki makro- ve mikro-mineral dagilimlarini ve
miktarlarini belirlemekti.

2. Materyal ve Metot
2.1. Bitki materyali

Bu calismada kullanilan kurtbagr (Ligustrum vulgare)
Alaaddin
Keykubat Kampisu icerisinde toplanmis ve laboratuvara

meyve ve vapraklari Selcuk Universitesi

transfer edilmistir. Meyve ve yapraklari temizlenerek -80
°C'de 24 saat bekletildikten
kurutuldu. Analiz asamasina kadar kapali bir ambalajda -

sonra liyofilizatorde
30 °C’'de muhafaza edilmistir. Meyve ve yapraklarindan
metanol ekstrakti eldesinde bu érnekler kullanildi. In vitro
Antioksidan kapasite ve antibakteriyel aktivite ile toplam
fenolik madde miktarinin belirlenmesinde bu 6rneklerin
metanol ekstraktlari ve makro-mikro elementlerin
belirlenmesinde ise meyvenin ve yapraklarin kurutulmus

ve 6gutllmis sekilleri kullanildi.

2.2. Ligustrum vulgare meyve ve yapraklarinin
ekstraksiyon islemi

Liyofilize edilerek kurutulmus ve o6gutiilmuas Ligustrum
vulgare meyve ve yapraklarindan 20 g alinarak Uzerine
150 mL metanol ilave edildi ve 24 saat 200 rpm’de bir silifli
balon igerisinde ¢alkalandi. Cozelti kaba filtre kagidindan
sliziildi ve elde edilen siizintliiden rotary evaporatoér ile -
40 °C’'de ¢oziict uzaklastirildi. Ekstrakt Gizerine 50 mL saf
°C'de 24 saat tutuldu ve
uzaklastirilarak

su ilave edilerek -80

liyofilizatorde suyu kurutuldu.
Calismalarda elde edilen bu toz metanol ekstraktlari

kullanildi.

2.3. Toplam Fenolik Madde Analizi

Toplam fenolik madde miktari, alkali ortamda fenolik
bilesikler ve Folin reaktifi arasinda renkli komplekslerin
olusumuna dayanan kolorimetrik Folin-Ciocalteu yontemi
kullanilarak belirlendi (Akbulut ve Akbulut 2023). Uygun
sekilde seyreltilmis Ligustrum vulgare meyve ve yaprak
ekstraktlari (0.5 ml) ve Folin ¢ozeltisi (2.5 ml; 0.2N)
karistirildiktan sonra doymus Na2CO3 ¢6zeltisi (2 ml; 75
g/L) ilave edildi ve reaksiyonun tamamlanmasi igin 2 saat
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bekletildi. Daha
spektrofotometre ile 765 nm dalga boyunda okundu.

sonra oOrneklerin absorbanslar bir

Sonuglar mg gallik asit esdegeri (GAE) g-1 kuru agirlik
olarak verildi.

2.4. Makro ve Mikro-mineral analizi

Yakma kabina yaklagik 0,2 g kurutulmus ve 6gutilmis
Ligustrum vulgare meyve ve yaprak érnekleri eklendikten
sonra uzerine 15 mL saf HNO3 ve yaklagik 2 mL H202 ilave
edildi. Numune MARS 5 Mikrodalga Firinda 200 oC'de
yakildi ve ¢bzlinen kiil, ultra saf su ile belirli bir hacme
kadar seyreltildi ve filtre edildi. Orneklerin makro ve
mikro-mineraldagilimlari ve konsantrasyonlari bir ICP-AES
(Skujins, 1998) ile belirlendi.

2.5. Antioksidan kapasite analizleri

Ligustrum vulgare meyve ve vyapraklarinin metanol
ekstraktlarinin 2,2-difenil-1-pikrilhidrazil (DPPH) radikal
siipirme kapasitesi, Brand-Williams vd. (1995) tarafindan
tanimlanan ydntemlere gore analiz edildi. Bu yonteme
gore meyve ve yaprak ekstraktlarindan 0.1 ml'lik kisimlar
3.9 mI DPPH (6 x 10-5 M) metanolik sollisyona ilave edildi.
Karanlikta, oda sicakliginda 30 dakika inklbasyonun
ardindan numunelerin  absorbanslari, 515 nm'ye
ayarlanmis bir spektrofotometre ile 6lglildd. Sonuglar
mmol Trolox esdegeri (TE)/kg kuru agirlik olarak verildi.

2.6. Bitki ekstraktlarinin antimikrobiyal aktivitesi
2.6.1. Test edilen mikroorganizma

Ligustrum vulgare meyvesi metanol ekstraktlarinin
antibakteriyel aktivitelerini degerlendirmek icin sekiz
patojen bakteri tlirli Staphylococcus aureus ATCC 43300,
Staphylococcus carnosus NRLL 14760, Bacillus cereus
ATCC 14579, Listeria monocytogenes ATCC 13932,
Escherichia coli ATCC 25922, Listeria innocua ATCC 33090,
Klebsiella pneumoniae ATCC 13 883 ve Enterococcus
faecalis ATCC 51559 kullanildi. Antibakteriyel aktivite
calismasi farkh ve tamamlayici tekniklerle gerceklestirilir:
disk difizyon yontemi ve ardindan minimum inhibitor

konsantrasyonlarin (MIC) belirlenmesi (Senhaji vd. 2020).

2.6.2. Disk difiizyon yéntemi

Ligustrum vulgare meyvesi metanol ekstraktinin in vitro
antibakteriyel kapasitesi Mostafa vd. (2018) tarafindan
aciklanan disk difflizyon yénteminde kiglk degisiklikler
yapilarak gercgeklestirildi. Ligustrum vulgare meyvesinin
metanol ekstrakti ultra saf suda ¢6zildi ve daha sonra 20
pL/disk nihai konsantrasyon elde etmek igin 6 mm
capinda antimikrobiyal duyarli bos bir diske aktarildi
(Biyoanaliz, Tirkiye). On mL Muller-Hilton agar ortami,
steril petri kutularina dokuildi ve daha sonra, daha 6nce

bakteri siispansiyonu (100 ml besiyeri/1 mL 107 CFU) ile
asilanmis 15 mL asilanmis besiyeri, 10° CFU/mL'ye
Disk basina 20 plL'lik
Ligustrum vulgare meyve ekstrakti konsantrasyonuyla

ulasacak sekilde ilave edildi.

yuklenen diskler, Mueller-Hilton agar plakalarinin Gstline
yerlestirildi. Damitilmig suyla islenmis diskler kontrol
kullanildi.
ekstraktlarinin difiizyonu igin +5 °C'de buzdolabinda 2
saat bekletildi. Daha sonra 35°C'de 48 saat inkilibe
edildiler. Olusan inhibisyon bélgelerinin varhigi bir kumpas

olarak Plakalar,  Ligustrum  vulgare

yardimiyla Olciuldi. Elde edilen degerler kaydedildi ve
bunlar antimikrobiyal aktivite olarak kabul edildi. Her
kuyucugun etrafindaki temiz boélgelerin capi olgtldi.
Sonug olarak 5-10 mm arasindaki inhibisyon bolgeleri
glcli inhibisyon (++), 1-5 mm arasindaki inhibisyon
bolgeleriise zayif inhibisyon (+) olarak degerlendirildi. Cap
olusumunun olmadigl bolgeler inhibisyon yok (-) olarak
degerlendirildi (ispirli vd. 2017).

2.6.3 Minimum inhibitér konsantrasyonunun (MIC)

belirlenmesi
Her test organizmasi igin minimum inhibitor
konsantrasyonunun  (MIC)  belirlenmesi  amaciyla

makrodilisyon sivi besiyeri yéntemi kullanildi. Her bir
Ligustrum vulgare meyve ekstraktinin iki kat seri
seyreltmesi hazirlandi ve ardindan 50 mg/mL ila 0.39
mg/mL araliginda azalan bir konsantrasyon elde etmek
icin Mueller-Hinton besiyerinde seyreltme yapildi. Her
seyreltme, 100 plL standardize mikrobiyal asi (1.5 x 10°
cfu/mL) ile
bakterilerin asilandigi kaltir tipleri 37 2C'de 24 saat

inoklile edildi. Test edilen patojenik
inklibe edildi. Kontrol i¢in sadece et suyu iceren tip seti
tutuldu. Daha sonra inkibasyon tipleri, blyimenin bir
gostergesi olacak bulanikliktaki degisiklikler agisindan
incelendi. Gorunur bir biylime olusturmayan en disik

konsantrasyon MIC'dir (Dhiman vd. 2021).

2.8 istatistiksel analizler

Ligustrum vulgare meyve ve vyapraklari ekstraktlari
arasindaki toplam fenolik, antioksidan kapasite ve makro-
ve mikro-elementlerin ortalama degerlerindeki 6nemli
farklihklari degerlendirmek icin iki érnekli t testi (TSTT)
kullanildi. Tim istatistiksel analizler MINITAB Yazilimi
versiyon 14 (Minitab Inc., PA, ABD) kullanilarak yapildi ve

sonuglar p<0.05'te anlaml kabul edildi.

3. Bulgular
3.1. Antibakteriyel aktivite
3.1.1. Disk difiizyon yéntemi

Ligustrum vulgare meyvesinin metanol ekstraktinin

antibakteriyel aktivitesinin L. innocua, L. monocytogenes,
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S. aureus, S. carnosus, B. cereus, E. faecalis, E. coli, K.
pneumoniae patojen mikroorganizmalar karsisinda elde
edilen inhibisyon zonlarinin ¢ap degerlerine gore
sonuglari Cizelge 1’'de verilmistir. Listeria innocua ve
Listeria monocytogenes Gram-pozitif patojenleri 5 ila 10
mm arasinda bir inhibisyon zon gosterdi. Bu sonuglara
gore Ligustrum vulgare meyvesinin metanol ekstrakti bu
patojenik bakterilere karsi glcli bir inhibisyon (++)
sergilemistir. Ancak L. vulgare meyve ekstraktinin, test
edilen Gram-negatif patojen bakterilerden E. Coli ve K.
Pneumoniae’ye ve ayrica Gram-pozitif bakterilerden S.
carnosus, E. faecalis, S. aureus ve B. cereus'a karsl

herhangi bir inhibisyon etki géstermedigi belirlendi.

Cizelge 1. Disk difizyon ve MIC yontemleri ile gesitli gida
patojenlerine karsi Ligustrum vulgare meyvesinin metanol
ekstraktlarinin antibakteriyel aktivitesi

Gida patojenleri Disk difiizyon MicC

yontemi (mg/mL)
Listeria innocua ++ 6.25
Listeria monocytogenes ++ 3.12
Staphylococcus aureus - 0
Staphylococcus carnosus - 0
Bacillus cereus - 0
Enterococcus faecalis - 0
Escherichia coli - 0
Klebsiella pneumoniae - 0

(++): 5-10 mm arasindaki inhibisyon zonlar gugli inhibisyon olarak
degerlendirildi.
(-): cap olusumu olmayan bdlgeler inhibisyonun olmadigi seklinde
degerlendirildi.

Mekuriaw vd. (2021) farkh bitki familyalarinin
antimikrobiyal aktivitelerini arastirdiklari ¢alismada
Escherichia  coli, Salmonella typhi, Pseudomonas

aeruginosa, and Staphylococcus aureus bakteri suslari

kullanilmistir.  Calisma sonuglarina goére L. vulgare
ekstrakti Gramnegatif ve Gram-pozitif bakteriler Gzerine

en disuk antibakteriyel etkiyi gostermistir.

Jantova vd. (2000) Oleaceae familyasindan Ligustrum
delavayanum ve Ligustrum vulgare L. ekstraktlarinin
Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus ve Enterococcus faecalis bakteri
suslari Gzerindeki etkilerini arastirdiklari galismalarinda
%0-41.8

arasinda belirlemislerdir. ilgili calismada arastirmacilar L.

bakteriyel biylmenin ylizde inhibisyonunu
vulgare ve L. delavayanum ekstraktlarinin diger test
edilen bitki ekstraktlarina gére Gram-negatif ve Gram-
pozitif bakteriler Gzerine en distk antibakteriyel etkiyi
gosterdigini rapor etmislerdir.

3.1.2. Minimum inhibitér konsantrasyon (MIC)

L. vulgare meyvesi metanol ekstraktinin MIC sonuglari
Cizelge 1'de sunulmaktadir. L. vulgare meyvesinin

metanol ekstrakti Gzerinde test edilen Listeria innocua ve

Listeria monocytogenes Gram-pozitif bakterilere karsi
dikkat c¢ekici etki
bakteriler arasinda sirasiyla Gram-pozitif bakterilerden L.

gosterdigi belirlendi. Test edilen
innocua igin 6.25 mg/ml ve L. monocytogenes igin ise 3.12
mg/ml MIC degerleri tespit edildi. Elde edilen sonuglardan
metanol

da anlagilacagl gibi, L. vulgare meyvesi

ekstraktinin  test edilen Gram-negatif bakterilerin

hicbirine karsi ve gram-pozitif bakterilerden ise S.
carnosus, E. faecalis, S. aureus ve B. cereus'a karsi

herhangi bir MIC degeri gostermedigi gozlendi.

Oyedemi vd. (2020)'nin Ligustrum lucidum ve Lobelia
inflata'nin metanol ekstraktlarinin metisiline direngli
(MRSA)
ve antibiyotik modiilasyon aktivitelerini

Staphylococcus fenotiplerine karsi
bakterisidal
arastirmak icin yaptiklari calismada bitkisel ekstraktlar,
MIC > 512 pg/mL olan MRSA suslarina karsi zayif

antibakteriyel aktivite gosterdigini tespit etmislerdir.

aureus

3.2. Antioksidan kapasitesi (DPPH)

Sekil 1’ de L. vulgare meyve ve yapraklarinin metanol
ekstraktlarinin  DPPH
toplam fenolik madde igerigi sonuclari gosterilmektedir.

radikal slplirme kapasitesi ve

L. vulgare yapraklari metanol ekstraktinin DPPH radikal
stpurme kapasitesinin (722.6+59.4 umol TE/g DW) meyve
ekstraktindan (109.49+9.35 pumol TE/g DW) daha yiiksek
(2014) L
ekstraktlarinin antioksidan aktivite icin referans madde

oldugu belirlendi. Curcic vd. vulgare
olarak kullanilan klorojenik asite yakin bir degerde ve bu
sonuca gore gicli bir radikal stpirici aktiviteye sahip

olduklarini rapor etmislerdir.

800 7

700 4

6000

T I 5000
600 - 1
500 L 4000
400 L 3000
300 4 L 2000
200 -
100 L 1000

0 '_‘I = 0

Meyve Askorbik asit

Yaprak
EToplam Fenolik @ DPPH @EDPPH
(mg GAE/g DW) {umol TE/g DW) {umol TE/g AA)

Sekil 1. Ligustrum vulgare meyve ve yapraklarinin toplam fenolik
madde (TFM) igerigi ve in vitro DPPH radikal siipirme kapasitesi
(TFM igin P degeri 0.490 ve DPPH radikal stiplirme kapasitesi igin
ise 0.044)

Rocchetti vd. (2019) L.vulgare’ nin meyve ekstraktlarinin

biyo-farmasotik ozelliklerini tanimlamak icin
metabolomik bazlh profil olusturmak Uzerine yaptiklari
¢alismada en iyi in vitro antioksidan aktivitesini meyvenin
su ekstraktlari tarafindan sergilendigini belirtmislerdir.
yiksek DPPH radikal

aktivitesinin meyvenin su ekstraktinda (181.16 mg TE/g)

Arastirmacilar en sUpirme
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gozlemlerken, en duslik aktivitenin ise n-heksan
ekstraktinda (3.00 mg TE/g) oldugunu, metanol
ekstraktinda ise (96.14 + 0.13) orta seviyede antioksidan

aktivite oldugunu belirlemiglerdir.

3.3. Toplam Fenolik Madde icerigi

L. vulgare meyve ve yaprak metanol ekstraktlarindaki
toplam fenolik verileri Sekil 1' de gésterilmektedir. Yaprak
ekstraktindaki toplam fenolik bilesik miktari (30.58+2,04
mg GAE/g DW), meyve ekstraktindakinden (28.787+1.379
mg GAE/g DW) daha yiksek oldugu analiz sonuglarina
gore belirlenmistir.

Curcic vd. (2014) insan kolon kanseri hiicre hatlari lizerine
L. vulgare bitkisinin etkilerini arastirdiklari galismalarinda,
bitkinin meyve ve yaprak ekstraktlarinin karsilastirmis
olup meyve ekstraktlarinin yaprak ekstraktlarindan daha
yuksek fenolik ve flavonoid konsantrasyonlarina ve daha
disitk 1Cso degerleri ile in vitro ortamda daha iyi
antioksidan aktiviteye sahip oldugunu tespit etmislerdir.

Olacea familyasindan bes tane Ligustrum tirinin
yapraklarinin antioksidan aktivitesinin degerlendirildigi
¢alismada en yiksek radikal temizleme kapasitesine sahip
olan L. morrisonense’ nin ayni zamanda en yiksek
miktarda fenolik, flavonoid ve fenilpropanoid bilesiklerine
sahip oldugu tespit edilmistir (Wu vd. 2011). Fenolik
bilesikler genellikle bir gida matrisinin antioksidan
aktivitesinden sorumludur ve daha yuksek fenolik icerigi
genellikle daha yiiksek bir antioksidan aktiviteye isaret
etmektedir (Duan vd. 2021).

Calismamizda elde ettigimiz sonuglar toplam fenolik
madde ve antioksidan arasindaki iliskiyi ortaya koymustur
ve L. vulgare yapraklarinda hem antioksidan seviyesi hem
de toplam fenolik miktari meyve ile kiyaslandiginda daha
yuksek bulunmustur.

3.4. Makro- ve Mikro-mineraller

L. vulgare’ nin meyve ve yapraklarindaki makro-mineraller
Fosfor (P), Potasyum (K), Kalsiyum (Ca), Magnezyum (Mg),
Kukdrt (S) ve Sodyum (Na) degerleri Cizelge 2’ te
sunulmaktadir.

L. vulgare meyvesinde bulunan makro-mineraller
arasinda en vylksek konsantrasyona K (24164 mg/kg)
sahip olup bunu sirasiyla P (2926 mg/kg), Ca (2022
mg/kg), Mg (1776 mg/kg), S (1679 mg/kg), ve Na (79.82
mg/kg)

mineraller arasinda ise en yliksek konsantrasyona yine

izlemistir.  Yapraklarinda bulunan makro-
meyve de oldugu gibi K (30908 mg/kg) sahip olup bunu
sirastyla S (4349 mg/kg), Mg (3992 mg/kg), P (2656

mg/kg), Ca (2161 mg/kg), Na (1323 mg/kg) takip etmistir.

L. vulgare’ nin meyve ve yapraklarindaki demir (Fe), bakir
(Cu), mangan (Mn), ginko (Zn), bor (B) mikro-mineralleri
Cizelge 3'te verilmektedir. L. vulgare meyvesinde bulunan
(71.76  mg/kg)
konsantrasyona sahip olup bunu sirasiyla B (42.02 mg/kg),
Zn (41.08 mg/kg), Mn (20.78 mg/kg) ve Cu (9.53 mg/kg)
izlemistir. Yapraklarda bulunan mikro-mineraller arasinda

mikro-minerallerden Fe en ylksek

ise en ylksek konsantrasyonun Mn (490.4 mg/kg)’'da
oldugu ve bunu sirasiyla Fe (94.38 mg/kg), Zn (50.39
mg/kg), B (19.16 mg/kg) ve Cu (5.36 mg/kg) takip ettigi
gorilmektedir.

Cizelge 2. Ligustrum vulgare meyve ve yapraklarinin makro-
mineral degerleri

Makro- mg/kg DW
mineraller Meyve Yaprak p degeri
Fosfor (P) 2926+21 2656+18 0.000*
Potasyum (K) 241644523  30908+1134 0.011*
Kalsiyum (Ca) 2022435 216166 0.000*
Magnezyum (Mg) 1776126 3992+15 0.000*
Kukdart (S) 1679424 4349+15 0.000*
Sodyum (Na) 79.82+4.39  1323+23 0.000*
*Onem seviyesi: p<0.05
Cizelge 3. Ligustrum vulgare meyve ve vyapraklarinin
mikromineral degerleri
Mikro-mineraller mg/kg DW
Meyve Yaprak p degeri
Demir (Fe) 71.76+2.33  94.38+1.90  0.000*
Bakir (Cu) 9.53+0.02 5.36+0.38 0.002*
Mangan (Mn) 20.78+0.01 490.4+4.6 0.000*
Cinko (zn) 41.08+6.07 50.39+0.46 0.118
Bor (B) 42.02+0.46 19.1640.15 0.000*

*QOnem seviyesi: p<0.05

Akdeniz bolgesinde bulunan farkh tarlerdeki yaygin
calilardaki mineral igeriginin degisimi ile ilgili yapilan
¢alismada, Oleaceae familyasindan Phillyrea latifolia L.
(yalanci kurtbagn) bitkisinin N (10.48 g/kg), Ca (9.16 g/kg)
ve K (8.64 g/kg) degerlerinin yiksek oldugu ve bunu
sirastyla P (1.21 g/kg), Mg (1.16 g/kg) ve S (1.09 g/kg)
elementleri izledigi belirtilmistir (Gokkus vd. 2011).

Baslangicta mineraller basit bir sekilde makro- ve mikro-
mineral besinler olarak kategorize edilmistir. Ancak
glinimizde bu minerallerin her birinin organizma igin
vitaminler gibi benzersiz bir 6neme sahip oldugu
bilinmektedir. Mikro-minerallerden Fe hem/miyoglobin
ve ¢ok sayida enzimin bileseni olup oksijen tasinmasinda,
elektron tasinmasinda, hiicresel metabolizmada rol oynar
(sitokrom enzimlerinin bir pargasi olarak) ve mikrositik
hipokromik anemiyi 6nler. Cu, solunum zincirinde ve
demir metabolizmasinda yer alan ¢ok sayida
metaloenzimin (lisil oksidaz, Zn/Cu stiperoksit dismutaz)

bir bileseni olup kollajen ve elastin sentezinde ve
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hemoglobin, kirmizi hiicreler ve enzimlerin olusumunda,
Mn kemik olusumunda, Zn protein sentezi, farklilasmanin
bagisikhk
metabolizmasinda yer alan

kontrol(, sistemi islevi, makro besin

bircok enzim
metabolizmasinda rol oynar. Makro-minerallerden Ca,
Mg ve P, kemik ve dislerin bilesenidir, K ve Na ise
hicrelerdeki sivi dengesini saglayarak hicreleri korurlar
(Quintaes vd. 2015). Elde ettigimiz sonuglar, L. vulgare
meyve ve yapraklarinin insan metabolizmasi icin gerekli
olan 6nemli makro- ve mikro-mineraller agisindan énemli

bir potansiyel kaynak olabilecegini ortaya koymaktadir.

4. Sonuglar

Bu c¢alismanin sonuglari, L. vulgare vyaprak ve

meyve metanol ekstraktlarinin antioksidan kapasiteleri
karsilastirildiginda yaprak metanol ekstraktlarinin daha
yuksek  antioksidan sahip

kapasiteye oldugu

gostermistir. L. vulgare metanol ekstraktlari, bu
¢alismada test edilen Gram-pozitif patojenler olan L.
innocua ve L. monocytogenes lizerinde gicli inhibitor
etkiler gostermistir. Bu bakimdan L. vulgare meyvesinin
glclu

ozelliklerinden dolayi bazi patojenlere karsi kullaniimasi

metanol ekstraktlarinin antimikrobiyal
faydali olabilir. L. vulgare meyve ve yaprak ekstraktlarinin
sahip oldugu yiksek antioksidan ve bazi patojenlere karsi

gosterdigi gucli antibakteriyel potansiyellerinden dolayi

geleneksel tamamlayici tipta  kullanilabilir  oldugu
duslintlmektedir

Etik Standartlar Bildirgesi

Yazar tiim etik standartlara uydugunu beyan eder.

Yazarlik Katki Beyani

Yazar: Kavramsallastirma, Metodoloji/Calisma, deneysel tasarim,

Dogrulama, Analiz ve yorumlama, Arastirma, Kaynak saglama,
Veril iyilestirme, Yazma/orijinal taslak, Yazma/inceleme ve
dizenleme, Gorsellestirme, Denetleme/danismanlik, Proje
yonetimi, Finansman saglama

Cikar Catismasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir
¢ikar gatismasi yoktur.

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

Tesekkiir

Bu calismanin makale halinin kontroliinde onerileri ile
desteklerini esirgemeyen Prof. Dr. Mehmet Akbulut’a ve
¢alismanin yapilmasinda altyapi imkanlarindan
yararlandigim Selcuk Universitesine tesekkiir ederiz.

5. Kaynaklar

Akbulut, H.F. and Akbulut, M., 2023. Mineral composition,
the profile of phenolic compounds, organic acids,
sugar and in vitro antioxidant capacity, and
antimicrobial activity of organic extracts of Juniperus

drupacea fruits. Food Science & Nutrition, 11, 6435—
6446.
https://doi.org/10.1002/fsn3.3586

Brand-Williams, W., Cuvelier, M.-E., Berset, C., 1995. Use
of a free radical method to evaluate antioxidant
activity. LWT-Food Science and Technology, 28, 25-30.
https://doi.org/10.1016/50023-6438(95)80008-5

Cazin, F.J., 1997. Traité pratique & raisonné des plantes
médicinales indigenes, 3éme édition revue et
augmentée, Ed. Jalons des Savoirs, pp. 1308.

Curcic, M., Stankovic, M., Cvetkovic, D., Topuzovic, M. and
Markovic, S., 2014. Ligustrum vulgare L.: In vitro free
radical scavenging activity and pro-oxidant properties
in human colon cancer cell lines. Digest Journal of
Nanomaterials and Biostructures, 9, 1689-1697.

Deng, J.H. and Zou, S.L.,, 2007. Observation on TCM
treatment of 32 cases of chemotherapy-induced
peripheral neuropathy. Journal of Practical Traditional
Chinese Internal Medicine, 21(2), 89-90.

Dhiman, R., Aggarwal, N.K., Aneja, K.R. and Kaur, M.,
2021. In vitro antimicrobial activity and phytochemical
studies of Terminalia chebula against the microbes
isolated from fruit juices. Journal of Microbiology,
Biotechnology and Food Sciences, 2021, 243-247.
https://doi.org/10.15414/jmbfs.2015/16.5.3.243-247

Duan, S.C., Kwon, S.J. and Eom, S.H., 2021. Effect of
thermal processing on color, phenolic compounds,
and antioxidant activity of faba bean (Vicia faba L.)
leaves and seeds. Antioxidants, 10(8), 1207.
https://doi.org/10.3390/antiox10081207

Gokkus, A., Parlak, A.O. and Parlak, M., 2011. Change of
mineral element content in the common shrubs of
Mediterranean zone. I. Macronutrients. Zemdirbyste-
Agriculture, 98(4), 357-366.

Hammermann, A.F., Damirov, J.A. and Sokolov, W.S.,
1971. Einige  Aussichtsreiche  Pflanzen  der
Volksmedizin von Azerbajdschan. Planta Medica 20,
374-380.
https://doi.org/10.1055/s-0028-1099719

ispirli, H., Demirbas, F. and Dertli E. 2017.
Characterization of functional properties of
Enterococcus spp. isolated from Turkish white cheese.
LWT-Food Science and Technology 75, 358-365.
https://doi.org/10.1016/j.lwt.2016.09.010

Jantov4, S., Nagy, M., Ruzekovd, L. and Grancai, D., 2000.
Antibacterial activity of plant extracts from the
families Fabaceae, Oleaceae, Philadelphaceae,
Rosaceae and Staphyleaceae. Phytotherapy Research,
14(8), 601-603.
https://doi.org/10.1002/1099-
1573(200012)14:8<601::AlID-PTR771>3.0.CO;2-B

Kiss, A.K.,, Mank, M. and Melzig, M.F., 2008. Dual
inhibition of metallopeptidases ACE and NEP by

1033


https://doi.org/10.1002/fsn3.3586
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.15414/jmbfs.2015/16.5.3.243-247
https://doi.org/10.3390/antiox10081207
https://doi.org/10.1055/s-0028-1099719
https://doi.org/10.1016/j.lwt.2016.09.010
https://doi.org/10.1002/1099-1573(200012)14:8%3c601::AID-PTR771%3e3.0.CO;2-B
https://doi.org/10.1002/1099-1573(200012)14:8%3c601::AID-PTR771%3e3.0.CO;2-B

Ligustrum vulgare: fitokimyasal, antioksidan ve antibakteriyel aktivite agisindan degerlendirme, AKBULUT

extracts, and iridoids from Ligustrum vulgare L.
Journal of Ethnopharmacology, 120(2), 220-225.

Lemery, N., Dictionaire ou traité universel des drogues
simples, Jean Hofhout, Rotterdam 1716, 228-229

Lépez-Mufioz, F., Alamo, C. and Garcia-Garcia, P., 2006.
The herbs that have the property of healing...,”: The
phytotherapy in  Don Quixote. Journal of
Ethnopharmacology, 106(3), 429-441.
https://doi.org/10.1016/].jep.2006.03.020

Ma, S.C., He, Z.D., Deng, X.L., But, P.P.H., Ooi, V.E.C,,
Xu,H.X., Lee, S.H.S. and Lee, S.F., 2001. In vitro
evaluation of secoiridoid glucosides from the fruits of
Ligustrum lucidum as antiviral agents. Chemical and
Pharmaceutical Bulletin, 49(11), 1471-1473.
https://doi.org/10.1248/cpb.49.1471

Mattioli, P., 1568. | discorsi di M. Pietro Andrea Matthioli,
Appresso Vincenzo Valgrifi, In Venetia, Appresso
Vincenzo Valgrisl, MDLXVIII, pp. 187-193.
https://doi.org/10.5962/bhl.title.120952

Mekuriaw, E., Mengistu, E., Erdedo, A. and Mamo, H.,
2021. In vitro antibacterial activity, preliminary
phytochemical screening profile, and in vivo toxicity of
seven traditional medicinal plants in Ethiopia.
Traditional and Integrative Medicine, 6(4), 398-414.
https://doi.org/10.18502/tim.v6i4.8273

Mostafa, A.A., Al-Askar, A.A., Almaary, K.S., Dawoud,
T.M., Sholkamy, E.N. and Bakri, M.M., 2018.
Antimicrobial activity of some plant extracts against
bacterial strains causing food poisoning diseases.
Saudi Journal of Biological Sciences, 25, 361-366.
https://doi.org/10.1016/j.sjbs.2017.02.004

Nagy, M., Krizkova, L., Muéaji, P., Kontsekova, Z., Sersen,
F. and Krajcovic, J., 2009. Antimutagenic activity and
radical scavenging activity of water infusions and
phenolics from ligustrum plants leaves. Molecules,
14(1), 509-518.
https://doi.org/10.3390/molecules14010509

Oyedemi, B. O., Oyedemi, S. O., Swain, S. S., Prieto, J. M.
and Stapleton, P., 2020. Bactericidal and antibiotic-
modulation activities of methanol crude extracts of
Ligustrum lucidum and Lobelia inflata against MRSA
phenotypes: Molecular docking studies of some
isolated compounds from both plants against DNA
gyrase A. South African Journal of Botany, 130, 54-63.
https://doi.org/10.1016/j.5ajb.2019.11.010

Pieroni, A. and Pachaly, P., 2000. An
ethnopharmacological study on common privet
(Ligustrum vulgare) and phillyrea (Phillyrea latifolia).
Fitoterapia, 71, S89-S94.
https://doi.org/10.1016/S0367-326X(00)00182-9

Quintaes, K.D. and Diez-Garcia, R.W., 2015. The
importance of minerals in the human diet. Handbook
of Mineral Elements in Food, Wiley publishing, 1-21.

https://doi.org/10.1002/9781118654316.chl

Rocchetti, G., Senizza, B., Zengin, G., Senkardes, I., Sadeer,
N.B., Mahomoodally, M.F. and Lucini, L., 2019.
Metabolomics-based profiling with chemometric
approach to delineate the bio-pharmaceutical
properties of fruit extracts from Ligustrum vulgare L.
Industrial Crops and Products, 140, 111635.
https://doi.org/10.1016/j.indcrop.2019.111635

Senhaji, S., Lamchouri, F., Boulfia, M., Lachkar, N.,
Bouabid, K. and Toufik, H., 2022. Mineral composition,
content of phenolic compounds and in vitro
antioxidant and antibacterial activities of aqueous and
organic extracts of the seeds of Peganum harmala L.
South African Journal of Botany, 147, 697-712.
https://doi.org/10.1016/j.sajb.2022.03.005

Shoemaker, M., Hamilton, B., Dairkee, S.H., Cohen, I. and
Campbell, M.J., 2005. In vitro anticancer activity of
twelve Chinese medicinal herbs. Phytotherapy
Research, 19(7), 649-651.
https://doi.org/10.1002/ptr.1702

Singleton, V.L. and Rossi, J.A., 1965. Colorimetry of total
phenolics with phosphomolybdic-phosphotungstic
acid reagents. American Journal of Enology and
Viticulture, 16(3), 144-158.
https://doi.org/10.5344/ajev.1965.16.3.144

Skujins, S. (1998). Handbook for ICP-AES (varian-vista). A
short guide to vista series ICP-AES operation. Varian
Int. AG, Zug, Version, 1-0.
https://doi.org/10.1002/ptr.878

Wu, C.R,, Lin, W.H., Hseu, Y.C,, Lien, J.C,, Lin, Y.T., Kuo, T.P.
and Ching, H., 2011. Evaluation of the antioxidant
activity of five endemic Ligustrum species leaves from
Taiwan flora in vitro. Food Chemistry, 127(2), 564-571.
https://doi.org/10.1016/j.foodchem.2011.01.041

Yim, T.K.,, Wu, W.K,, Pak, W.F. and Ko, K.M., 2001.
Hepatoprotective action of an oleanolic acid-enriched
extract of Ligustrum lucidum fruits is mediated
through an enhancement on hepatic glutathione
regeneration capacity in mice. Phytotherapy
Research, 15(7), 589-592.

Ziller S., 2015. Ligustrum vulgare (common privet). CABI
Compendium.
https://doi.org/10.1079/cabicompendium.30764

internet Kaynaklari

1- USDA-ARS, 2015. Germplasm Resources Information

Network (GRIN). Online Database. Beltsville,
Maryland, USA: National Germplasm Resources
Laboratory.

https://npgsweb.ars-
grin.gov/gringlobal/taxon/taxonomysearch.aspx
(09.04.2024)

1034


https://doi.org/10.1016/j.jep.2006.03.020
https://doi.org/10.1248/cpb.49.1471
https://doi.org/10.5962/bhl.title.120952
https://doi.org/10.18502/tim.v6i4.8273
https://doi.org/10.1016/j.sjbs.2017.02.004
https://doi.org/10.3390/molecules14010509
https://doi.org/10.1016/j.sajb.2019.11.010
https://doi.org/10.1016/S0367-326X(00)00182-9
https://doi.org/10.1002/9781118654316.ch1
https://doi.org/10.1016/j.indcrop.2019.111635
https://doi.org/10.1016/j.sajb.2022.03.005
https://doi.org/10.1002/ptr.1702
https://doi.org/10.5344/ajev.1965.16.3.144
https://doi.org/10.1002/ptr.878
https://doi.org/10.1016/j.foodchem.2011.01.041
https://doi.org/10.1079/cabicompendium.30764
https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomysearch.aspx
https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomysearch.aspx

Ligustrum vulgare: fitokimyasal, antioksidan ve antibakteriyel aktivite agisindan degerlendirme, AKBULUT

2- Weeds of Australia, 2015. Weeds of Australia,
Biosecurity Queensland Edition.
http://keyserver.lucidcentral.org, (08.04.2024).

1035


http://keyserver.lucidcentral.org/

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi

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

AKU FEMUBID 24 (2024) 051002 (1036-1045)

Study and Notes for the Freshwater Spercheidae,
Dryopidae and Heteroceridae (Coleoptera) Fauna
of Erzurum Province: A New Record for Tiirkiye

Erzurum ili Tatlisu Spercheidae, Dryopidae ve

Aragstirma Makalesi / Research Article

DOI: https://doi.org/10.35414/akufemubid.1427873
AKU J. Sci. Eng. 24 (2024) 051002 (1036-1045)

*Makale Bilgisi / Article Info
Alindi/Received: 29.01.2024
Kabul/Accepted: 11.07.2024
Yayimlandi/Published: 01.10.2024

Heteroceridae (Coleoptera) Faunasi igin Calisma ve Notlar:

Tiirkiye icin Yeni Kayit

Mehmet BEKTAS"

Atatiirk University, Hinis Vocational Collage, Erzurum, Tiirkiye

Abstract

In this study, samples of Dryopidae, Heteroceridae and
Spercheidae (Coleoptera) were collected from the shallow areas
of lakes, ponds, rivers and small puddles in Erzurum province
(Turkiye) between 2015 and 2020 with sieves of 3.15 x 1 mm
pore size (mesh size 500 um). A total of 4 different species were
found. Two individuals from Dryops griseus (Erichson, 1847)
species; 1 individual from the species Dryops jeanneli Bollow
1938; 2 individuals of Heterocerus fenestratus Thunberg 1784;
and 2 individuals of Spercheus emarginatus (Schaller, 1783)
species were caught. The collected samples were evaluated
based on their morphological and ecological characteristics.
While D. griseus was recorded for the first time in Tirkiye, D.
jeanneli and S. emarginatus are the third examples of species
recorded in Tirkiye. Additionally, these two species were
recorded for the first time in the Eastern Anatolia region. H.
fenestratus, collected from the Eastern Anatolia Region by
another researcher, was also found during the study. The lateral
parameters of the species' aedeagophores collapse from the
middle towards the interior. Aedeagophore photographs and
distribution data in the country and worldwide are discussed in
the article. The average temperature and chemical parameters
(electrical conductivity, pH, total nitrogen, dissolved oxygen,
total phosphorus and water temperature) of the water bodies
where the four different species were collected were found to
be close to each other. To comprehend the life cycle, ecological
data, along with morphological descriptions and vegetation
information for each species are described.

Keywords Aquatic insects; Dryops; Heterocerus; New record; Spercheus;
Tiirkiye.

Afyon Kocatepe Universitesi

Oz

Bu c¢alismada, Dryopidae, Heteroceridae ve Spercheidae
(Coleoptera) ornekleri 2015-2020 vyillari arasinda Erzurum
ilindeki (Turkiye) gol, golet, nehir ve kiglik su birikintilerinin sig
alanlarindan 3.15 x 1 mm go6zenek boyutuna sahip eleklerle (ag
boyutu 500 um) toplanmistir. Toplam 4 farkli tiir bulunmustur.
Dryops griseus (Erichson, 1847) turinden 2 birey, Dryops
jeanneli Bollow 1938 tlriinden 1 birey, Heterocerus fenestratus
Thunberg 1784 tiiriinden 2 birey ve Spercheus emarginatus
(Schaller, 1783) turtinden 2 birey yakalanmistir. Toplanan
ornekler  morfolojik ve ekolojik  ozelliklerine  gore
degerlendirilmistir. D. griseus Turkiye'de ilk kez kaydedilirken, D.
jeanneli ve S. emarginatus Tirkiye'de kaydedilen Gglincl tir
ornekleridir. Ayrica, bu iki tiir Dogu Anadolu Bolgesi'nden ilk kez
kaydedilmistir. Dogu Anadolu Bolgesi'nden baska bir arastirmaci
tarafindan toplanan H. fenestratus da ¢alisma sirasinda
bulunmustur. Tirlerin adegoforlarinin  yanal parametreleri
ortadan i¢ kisma dogru ¢okmektedir. Adegofor fotograflari ile
lilke ve dlnyadaki dagilim verileri makalede tartigiimistir. Dort
farkli tdrin toplandigi su kitlelerinin ortalama sicaklik ve
kimyasal parametrelerinin (elektriksel iletkenlik, pH, toplam
azot, ¢6ziinmis oksijen, toplam fosfor ve su sicakhgi) birbirine
yakin oldugu tespit edilmistir. Yasam doéngusini anlamak igin,
her turiin morfolojik tanimlari ve vejetasyon bilgileri ile birlikte
ekolojik veriler agiklanmistir.

Anahtar Kelimeler Dryops; Heterocerus; Sucul bécekler; Spercheus;
Yeni kayit; Tiirkiye.

1. Introduction

Since the existence of many freshwater bodies is under
threat due to various reasons (industrial and agricultural
activities, etc.), hydrological and hydrobiological studies
(Baltaci et al. 2007) need to be done to protect existing
water resources (streams, lakes, streams, etc.), which
further increases the importance of the studies (Sener
and Kirlangic 2014). Aquatic insects are one of the key

components of freshwater ecosystems (Hotaling et al.
2020).

They comprise 10% of insect diversity (Hotaling et al.
2020). Coleoptera is one of the most abundant orders
known (Popa et al. 2021, Bektas et al. 2022). This order
plays an important role in ecosystem functioning,
especially in cycling nutrients and materials (Khaghani et

al. 2022). Their population includes the most species
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(Tezcan, 2020), since it includes 300,000 - 450,000 species
around the Earth (Bouchard et al. 2017). It was recorded
that Coleoptera are represented by 597 species in Turkiye
(Darilmaz and Incekara 2011, Ozgen et al. 2019).

The order Coleoptera is recognised to include 43 families
(Jach 1998) and 38,650 species (Slipinski 2011). Today,
this order is represented by 20 superfamilies and 166
families (Gillott 2005, Jach and Balke 2008, Bektas 2015).
While the Spercheidae family is a subcategory of the
Hydrophiloidea superfamily (Archangelsky et al. 2016),
Dryopidae and Heteroceridae families are a subcategory
of the superfamily Byrrhoidea (Aguilare et al. 1998).

Dryopidae, named long-toed water beetles, are seen
predominantly in most Palearctic regions (Jach and Balke
2008, Kodada et al. 2006). The Dryopidae family is less
diverse in Palearctic regions (Kodada and Jach 2005). This
family includes 263 species (32 genera) (Kodada and Jach
2005). Scientists have recognised these long-toed water
bugs since 2007. There are currently about 300 described
species worldwide. There are 33 genera (Jach and Balke
2008). Dryops Olivier 1791 is very common throughout
Tirkiye. However, Tasar (2014, 2017, 2018) published
very little about the Turkish species of Dryops. The first
records of Dryopidae were noted in Tokat (Tdrkiye) in
1940 (Tasar 2018). Currently, 11 species in 3 genera are
known from Turkiye (Tasar, 2014, 2017, 2018). It is
expected that faunistic studies will be completed in
Tirkiye with the discovery of new species. The varicolored
mud-loving beetles (Heteroceridae), living in habitats
consisting of mud (Aguilera et al. 1998, Clarke 1973,
Mascagni 1995), is a small family of Coleoptera (King et al.
2011). Both adults and larvae live on the banks of various
water bodies (Shaznev and Dragon 2020) and in shallow
galleries (Aguilera et al. 1998). This family is known to
have 13 species in Turkiye (just 2 genera) (Mascagni 2006,
Tasar 2018), while 200 species have been identified
around the world (five genera) (Mascagni 1995, Tasar
2014).

Spercheidae, filter-feeding water scavenger beetles, are a
small family. This family is a homogeneous group of
insects. It has only one genus (Spercheus Kugelann, 1798)
and 18 species (Archangelsky et al. 2005, Jach and Balke
2008, Hansen 1991, Hebauer 1997). Their biology is
slightly known and they prefer stagnant water
(Archangelsky 2001, 2016). In faunistic studies, these
family members are evaluated as a good opportunity
when they are caught. So far; Darilmaz and Kiyak (2011)
captured S. emarginatus from Tirkiye, emphasizing that
they were collected in vegetation and detritus. In
Lazareva's study (2012), researchers discussed how

abiotic factors like water temperature, competition with
other filter feeders, and predation by invertebrates and
fish affect the species as these factors usually affect insect
communities and distribution (Mouhoubi et al. 2019).
Aquatic creatures are vulnerable to undulations of
dissolved oxygen (DO) levels in water (Meding and
Jackson 2003, Robarts et al. 2005), so this chemical
parameter is an essential resource in aquatic ecosystems
(Heddam 2017). Moreover, total phosphorus (TO) and
total nitrogen (TN) parameters indicate water quality
(Khadyr and Elshemi 2017). To determine ecological risks
(such as; WT, pH, TN, DO, EC and TP), samples were taken
from surface sediments in the main areas of Erzurum
around shallow aquatic areas.

The main aim of this study is to identify species belonging
to families that are not frequently encountered among
aquatic insects. The goal is to determine the relationships
of species in Spercheidae, Dryopidae and Heteroceridae
(Coleoptera) fauna with some chemical parameters
obtained with a portable parameter measuring device.

2. Materials and Methods

Four different species of Spercheidae, Dryopidae and
Heteroceridae (Coleoptera) fauna were collected from 5
different rivers in districts (Askale, Hinis, Senkaya, Tortum
and Yakutiye) in Erzurum province. Three different points
were sampled along the Karasu River.

2.1 Study area

Freshwater bodies are the most biologically generative
2007).
surroundings, with geographic coordinates of 39°45’N -
41°15’E and surface area of 25.066 km? (Turgut and
Yilmaz 2020), is located in the northeast region of Tirkiye.

ecosystems (Anonymous Erzurum city and

The region is one of the biggest provinces in the area (Isik
et al. 2009). There are several freshwater zones. These
include lakes, rivers, dam lakes, irrigation ponds,
dominant minor rivers, and temporary wetlands (Turgut
and Yilmaz 2020). This aquatic area (river and floating
island) is an ecologically valuable area protected for
ecological sustainability (Figure 1 and 2). Sampling areas
(Table 1) consist of herbaceous puddles, sandy, grassy
ponds in streams (Melikoglu, Baskoéy Kaleboynu and
Yellitepe creeks) and on the Karasu river within the
borders of Erzurum province (Turkiye). Special scoops and
water sieves were used to capture rare Spercheidae,
Dryopidae and Heteroceridae (Coleoptera) fauna insects.
Sampling was done three times in May, June, July, August
and September. Individuals belonging to these families

were not found in most samples.
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Figure 1. Photos from the study areas.

2.2 Sample collection and chemical parameters

Tiny mesh sieves were used to collect specimens from
two freshwater habitats in Erzurum province and its
surroundings. According to the literature, the specimens
were analyzed. Photographic recordings of aedeagophors
were obtained under two different light microscopes.
Scientists converted the identified species into museum
material. The author deposited them in their collection.
Samples were collected with standard sieves with 3.15 x
1 mm pores (mesh size 500 um) in all seasons except
winter (due to not being found in the winter) between
2015 and 2020 from freshwater areas in Erzurum
province. These macroinvertebrates from each unique
location were placed in separate small plastic bottles. The
insects were firstly killed with ethyl acetate and stored in
bottles in the research area, containing 96% ethanol to
reach a final concentration of 70% ethanol. After sorting,
these samples were cleaned with a brush before
identification, and then the aedeagophors of the insects
were dissected under a stereo microscope in the
laboratory. Collected identified using
identification keys developed by Archangelsky (2001),
Darilmaz and Kiyak (2011), Tasar (2014, 2018), Sazhnev
(2019)., Sazhnev and Dragan (2020), Kodada and Jach
(1995), Kodada and Jach (2005), Jach and Balke (2008),
Mascagni (1995), Mascagni and Giardini (2005), Mascagni
(2006), Mascagni (2016), Sazhnev (2022), Ryndevich
(2004), Ryndevich and Lundyshev (2005), Queney (2018),
Ozgen et al. (2019) and Olmi (1976). Identification was
made at family, genus and species level, respectively.

insects were

Local environmental parameters were measured on each
sampling occasion. Portable devices recorded these
parameters (electrical conductivity-EC, pH, total nitrogen-
TN, dissolved oxygen-DO, total phosphorus-TP and water
temperature-WT). Vertical sampling points in streams
were determined with a multi-parameter measuring
device, and two water samples were taken from each
sampling point in special containers from 0.5 m below the
water surface, mixed and transported to the laboratory
via a cold chain. In special bottles, water samples were

collected and kept in the refrigerator before being taken
to the Eastern Anatolia High Technology Application and
(DAYTAM)
Vocational College laboratory for measurements. Some
the DAYTAM

Research Center laboratory and Hinis

measurements were completed in

laboratory through service procurement.

3. Results

In the present study, a total of four species of Coleoptera
insects were identified (Table 1). Three of these species,
Dryops griseus Erichson 1847, were recorded for the first
time in Tarkiye. In Tirkiye, researchers also registered
Dryops jeanneli Bollow 1938 and Spercheus emarginatus
Schaller 1783. This is their third recorded sighting in the
country. They were recorded for the first time in the
Eastern Anatolian region in this study ( initial sightings
were in Denizli and Afyon provinces). For the
Heteroceridae family, Heterocerus fenestratus Thunberg
1784 was collected for the first time in Eastern Anatolian

by a local researcher (Tasar 2014).

3 e N, B e

Figure 2. Study area: description of researching location.

3.1. Collected species

Family: Dryopidae Billberg 1820

Genus: Dryops A.G. Olivier 1791

Species: Dryops griseus (Erichson 1847)

Material examined: Tirkiye, Eastern Anatolia, Erzurum,
Yakutiye, Karasu river, Yolgecti village, 40°03'01"N,
41°31'23"E, 1863m, 25.V.2019, 1 example; Erzurum,
Senkaya Melikoglu creek, Aksar, 41°15'05"N, 42°34'52"E,
1858m, 12.1X.2020, 1 individual.

Remarks: Scale of the body is 5.1 and 5.0 mm, it similar to
Queney’s specimens (Queney 2018). The body is generally
blackish and the hairs yellow; the head, pronotum and
elytra are black. The legs are brown. The shape of the
aedeagus is characteristic, its size reaches 1.5 mm. The
top of the parameres is thicker than that of D. jeanneli.
The median lobe is more prominent and oval in ventral
view, but its tip is slightly curved (Figure 4 a and Figure 5
a). This species was identified in Turkiye and the world
(excluding the European continent) for the first time.
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Distribution in Tiirkiye: It is a new record for Tirkiye
(Figure 3 a).

Distribution in the world: Aland Island, Austria, Belarus,
Belgium, Brest region, United Kingdom, Croatia, Czech
Republic, Denmark, Danish mainland, Estonia, Finland,
France, Germany, Hungary, Latvia, Norwegian mainland,
Netherlands,
Federation, Slovakia, Spanish mainland (doubtfully) and
Sweden (Fauna Europaea 2023, Thys 2017, Foster 2010).

Luxembourg, Norway, Poland, Russian

Species: Dryops jeanneli Bollow 1939

Material examined: Tiirkiye, eastern Anatolia, Erzurum,
Askale, Karasu river, Kuglikgegit, 40°43'00"N, 41°18'36"E,
1558m, 26.V.2020, 1 individual.

Remarks: Scale of the body is 5.1 mm. It has the same
length as Tasar’s specimen (Tasar 2014), according to
Bollow (1938). The head, elytra and pronotum are black.
Legs are more blackish or dark brown. The aedeagus is
1.41 mm in length. The median lobe and parameres
terminate sharply at the distal apex (Figure 4 b).
Researchers recorded data from Tirkiye. This is the first
collection in the Eastern Anatolian Region (see Figure 2,
Figure 3 b and Figure 5 d).

Distribution in Tiirkiye: Adiyaman (Tasar 2014) (Figure 3
b).

Distribution in the world: Uzbekistan (Kodada and Jach
2006), Turkiye (Tasar 2018).

Family: Heteroceridae Macleay 1825

Genus: Heterocerus Fabricius 1792

Species: Heterocerus fenestratus (Thunberg 1734)
Material examined: Tirkiye, Erzurum, Tortum, Arili,
Yellitepe creek, 40°38'38"N, 41°32'49"E, 1453m,
22.VI1.2017, 2 individual.

Remarks: The aedeagophore of both individuals has a
similar scale and view (Figure 5 b). Exceptionally, the
parameres of the aedeagophores were collapsed inwards
in the middle (Figure 4 c).
researcher for the first time in the Eastern Anatolia region

It was caught by a local

and this is the second collection by a local researcher.
[Ardahan: 06.V1.1989, leg. Schéumann and Schillhammer,
7 ex.; Kars: Digor, 1650 m., 15.VI.1986, leg. Besuchet, Lobl
and Burckhardt, 1 ex., Lake Cildir, 07.V1.1989, leg.
Schoumann and Schillhammer, 5 ex., Lake Kuyucuk,
07.V1.1989, leg. M.
01.VI.1989, leg. Schéumann and Schillhammer,
(Tasar 2018)].

Jach, 3 ex.; Erzurum: Pazaryolu,

1 ex.
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Figure 3. Distributional map of species on Turkiye provinces (red zone: first record; blue zone: previous known records; green zone:
first-time capture by local researcher): a— Dryops griceus; b — D. jeanneli; c — Heterocerus fenetstratus; d — Spercheus emarginatus.

Distribution in Tiirkiye: istanbul, Kirklareli (Mascagni and
Giardini 2005), Adana,
Ardahan, Aydin, Batman, Burdur, Canakkale, Diyarbakir,

Adapazari, Afyon, Antalya,
Erzurum, izmir, Gaziantep, Kars, Kayseri, Konya, Malatya,
Mersin, Nigde, Sivas, Ordu, Sanhurfa and Sirnak (Tasar
2018) (Figure 3 c).

Distribution in the world: Afghanistan, Albania, Algeria,
Armenia, Austria, Bosnia

Azerbaijan, Belgium,

Herzegovina, Bulgaria, Belarus, Canada, Chile, China,

Taiwan, Xizang, Croatia, Cyprus, Czech Republic, Egypt,
Finland, France, Georgia, Germany, Great Britain, Greece,
Hungary, Iran, Iraq, Ireland, Israel, Italy, Japan, Jordan,
Kazakhstan, Kyrgyzstan, Laos, Latvia, Lebanon, Lithuania,
Malaysia, Moldavia, Mongolia, Montenegro, Morocco,
Netherlands, North Korea, Philippines, Poland, Portugal,
Romania, Russia, Saudi Arabia, Slovakia, Slovenia, South
Korea, Spain, Sweden, Switzerland, Syria, Tajikistan,

Thailand, Tunisia, Tlrkiye, Turkmenistan, Ukraine, United
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States of Amerika, Uzbekistan, Vietham, Yemen and the
Southern Hemisphere (Charpentier 1979, Mascagni 2003,
2006, 2016, King and Lago 2012, Sazhnev 2019, Sazhnev
and Dragan 2020, Sazhnev 2022).

Family: Spercheidae Erichson 1837

Genus: Spercheus Kugelann 1798

Species: Spercheus emarginatus (Schaller 1783)

Material examined: Tiirkiye, Eastern Anatolia, Erzurum,
Tortum, Senyurt, Kaleboynu creek, 40°43'21"N,
41°44'21"E, 1441 m, 22.VI11.2015 (Ly), 1 individual; Hinis,
Ovagevirme, Baskdy creek, 39°33'10"N, 42°19'30"E, 1722
m, 15.V1.2020, 1 individual.

Remarks: The body is pale in color, its 5.6-7.2 mm long.
The pronotum is slightly sharper than previous species
but the color is cerise. Elytra is deep brown with small
black spots and normal elevated ridges situated along the
suture; antennae are blackish; and legs dirty brown. The
aedeagophore has a similar shape to previously collected
samples (Figure 4 d). It was registered for the third record
in Turkiye and newly recorded in the Eastern Anatolian
Region. Scale of the body is 5.1 mm. It has the same length
as Tasar’s specimen (Tasar 2014) and to Bollow (1938).
The head, elytra and pronotum are black. Legs are dark
brown or blackish (Figure 5 c). The aedeagus is 1.41 mm
in length. The median lobe and parameres terminate the
distal apex sharply (Figure 4 d). This was the second
record from Tiirkiye and the first collection in the Eastern
Anatolian Region (Figure 2).

Distribution in the world: Austria, Azerbaijan, Belgium,
Bulgaria, Belarus, Croatia, Czechia, Denmark, France,
Great Britain, Germany, Greece, Hungary, Iran, ltaly,
Netherlands,
Romania, Russia, Slovakia, Sweden, Switzerland, Tirkiye
and Ukraine (Hebauer 1997, Darilmaz et al. 2018).
Distribution in Tiirkiye: Afyon, Denizli, Edirne (Darilmaz

Kazakhstan, Latvia, Lithuania, Poland,

and Incekara 2011), Canakkale (Topkara and Ustaoglu
2014) (Figure 2 and Figure 3 d).

3.2. Chemical analysis

Since data for chemical parameters were obtained during
daylight hours, temperature and pH values were found to
be daytime values. Average water temperature was 20 °C
due to the collection of samples on particularly hot days
(non-rainy days) from May to September. The average
value of EC was found to be 190 ps/cm, and the pH was
slightly alkaline and measured as 7.40. Average DO was
8.15 mg/L, but a value of DO 13.7 mg/L was observed in
Senkaya Aksar stream (at L2 location) with an altitude of
1858 meters. Average values were calculated as TN 5.13
mg/L and TP 0.24 mg/L.

d)

Figure 4. Aedeagus (male-sexual organs): a — aedeagus of
Dryops griseus, dorsal view; b — aedeagus of Dryops jeanneli,
dorsal view; ¢ — aedeagus of Heterocerus fenestratus, dorsal
view (red arrows indicate burrows in the paramers); d —
aedeagus of Spercheus emarginatus, lateral view (Scale: 1mm).
* Green images were obtained with a fluorescence microscope to more
clearly distinguish aedeagophore structures.

s | 8

]_b)

Figure 5. Collected insects: a —Dryops griseus; b — Heterocerus
fenestratus; ¢ — Spercheus emarginatus; d — D. jeanneli (Scale:
10mm).

4, Discussions

Erzurum is known as a continental climate crossroads,
Middle
climates. Due to its

reflecting the Caucasian, Eastern and

Mediterranean interesting
geographical location, varied terrain and cold climate, it is
predicted that this difference will also contribute to insect
diversity. In Turkiye, the order Coleoptera has not been
fully investigated by researchers yet. In this study, four
species belonging to Dryopidae (2), Spercheidae (1) and
Heteroceridae (1) were detected in the aquatic environs
Tirkiye. The

individuals were found only in rivers and creeks. They

within  Erzurum province, collected

were not found in lakes.

Researchers recorded Dryops jeanneli Bollow 1938 for the
third time in Tirkiye. Members of Dryopidae are
abundant and are similar to each other. They prefer
herbaceous vegetation. Dryops griseus is a vulnerable
long-toed water beetle, and both (D. griseus and D.
jeanneli) are considered to be relict fen indicator species
(Olmi 1976, Hammond 2018).

Heteroceridae, variegated mud-loving beetles, are
widespread on every continent. Since there are very few
studies, researchers know about these families from
Tirkiye. Two studies from Tirkiye (Mascagni 1991,
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Mascagni and Giardini 2005) focused on Heteroceridae. In
males of Heterocerus fenestratus, parameres show
variation with a hollow in the middle. This makes it
different from previously-identified species. Local
researchers collected Heterocerus fenestratus Thunberg
1784 from the Eastern Region of Turkey. This is the first
time it has been found in this location. Furthermore, the
researchers recorded Spercheus emarginatus (Schaller
1783) in Turkey for the third time. The researchers
recorded the species in the Eastern Anatolian region for
the first time.

27%

me @@
e) 4 f) g

Figure 6. Percentage differences of chemical parameters
according to species (blue: Dryops jaenneli; orange: Dryops
griseus; yellow: Specrhus emarginatus and grey: Heterocerus
fenestratus): a— WT (°C); b— pH; c—TN (mg/L), d— DO (mg/L),
e— EC (us/cm) and f— TP (mg/L)).

Food resources and other changes vary through time due
to seasonal shifts (Beche et al. 2006). These vicissitudes
strongly control environmental structures and aquatic
metacommunities (Diniz et al. 2021 and Lansac-Toha et
al. 2021). Both faunistic and ecological studies should
focus on understanding how insects are distributed and
on decision-making in additional chemical contexts
(Valone 2006). Therefore, insect distributions should be
investigated together with the existing ecological
parameters. In subarctic lakes, plants are poorly
developed or absent; therefore, the abundance and
diversity of littoral macrofauna taxa (primarily insects) are
reduced (Chertoprud et al. 2021). Similar weaknesses of
both vegetation and macrofauna are observed in our
study region (semi-glacial lake). The EC parameter had
close values for all four species. However, the TP value
was slightly lower in research areas (freshwater) where D.
griseus was caught. Additionally, H. fenestratus was
detected in waters that are more acidic in terms of pH.
These ecological results are expected to help detect bio-

indicator species for the sustainability of freshwater
ecosystems. EC, pH, TN, DO, TP and WT were detected at
close levels for all four species. However, in stagnant
aquatic areas, H. fenestratus species, which is found in
sandy environments with less vegetation, was detected at
a slightly lower rate in terms of pH (Figure 6 ab cde).

Chemical analyses are important for determining the
health and quality of aquatic ecosystems. These analyses
are used to monitor water quality in aquatic ecosystems,
assessing water nutrients, pollution levels and
environmental impacts. For example; EC determines the
amount of dissolved ions in water. This usually indicates
the salinity level of the water. EC is important in
monitoring salinity changes as well as mineral content
and pollution of water. The pH level indicates whether the
water is acidic or alkaline. The appropriate pH range is
important for aquatic creatures because overly acidic or
alkaline environments can be harmful to living organisms.
The pH level also affects the chemical balance of water
(Figure 6 b). TN and TP are the basis of the food chain in
aquatic ecosystems and can lead to decreased water
quality and imbalance in the ecosystem. DO is vital for
aquatic organisms. Low DO levels can be life-threatening
for aquatic creatures. WT affects the metabolism,
reproductive cycles and life cycles of aquatic organisms.
The ideal temperature range is important for the healthy
continuation of aquatic life (Harrison 2001, Erban and
Hubert 2010, Hep et al. 2013, Prommi and Payakka 2015).
15).

All four species were caught in water with similar EC
values. In terms of pH values, D. jaenneli was caught in
slightly acidic waters (pH: 6.8) and H. fenestratus species
was caught in slightly alkaline waters (7.35 and 7.40)
(Figure 6 e). TN, TP and DO had close values in the waters
where all four different species were present, and H.
fenestratus was observed to prefer sandy waters and
waters with slightly more total nitrogen. The impact of
these chemical analyses on species diversity is complex.
Water quality affects the living conditions of organisms in
aquatic ecosystems. High pollution levels or poor water
quality can cause some species to become extinct or their
populations to decline. On the other hand, it is known
that some organisms can adapt to these changes or that
some organisms may be better suited to certain
conditions. Therefore, chemical analyses can have
complex and diverse effects on species diversity (Popoola
and Otalekor 2011; McNamara et al. 2021).

In general, the chemical values for the samples with
captured insect samples were within average limits. Since
measurements were made with a portable device and
only the values at the time the sample were taken were
taken into consideration, they are not included in Table 1.
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Table 1. Systematic of Coleoptera samples and location information of collected insects (* first record)

Insect species Coordinats Alt'tUd? (m.etre) Location / code{ \{egetation
Sampling time (Erzurum /Tiirkiye)
40°3'01"N Karasu river / Yolgecti village / Yakutiye / L
41°31'23"E 1853 25052019 I{|erb§c§o s gdd/les e/t
D. griseus us pu
(Erichson, 1847)* 41°15'05" N 1858 Melikoglu creek / Aksar / Senkaya /L, / Herbaceous
42034'52" E 12.09.2020 puddles
. . 40°43'00" N Karasu river/ Kiigiikgegit/ Askale / Ls/ Herbaceous
D. jeanneli Bollow, 1938 41918'36" E 1558 26.05.2020 ouddles
40°43' 01'N 1555 Karasu river / Kiigtikgegit/ Askale/ L3 / sandy and
0 | n
H. fenestratus 41718367 E 25.05.2013 grassy ponds
0° I 1l
Thunberg, 1784 40°38'38' N 1451 Yellitepe creek / Arili / Tortum / Ls/ sandy and grassy
41°32'49" E
22.08.2017 ponds
39933'10" N Baskdy creek/ Ovagevirme / Hinis / L
. 019301 € 1722 15.07.2020 Koy i ré ¢ ddl/ /Ls
S. emarginatus érbaceous puddies
(Schaller, 1783) 40°43'21" N 1443 22.08.2015 Kaleboynu creek / Senyurt / Tortum /
41°44'21"E h L;/Herbaceous puddles

5. Conclusions

This is the first time that D. griseus was identified in the
world outside the European continent. If quantitively rare
species are investigated along with their ecological
parameters, faunistic contributions will be made to both
Europe and other continents. Therefore, more faunistic
knowledge of Dryopidae, Spercheidae and Heteroceridae
was achieved with these new distributional records.
Chemical parameters, along with supporting information
about the biology and ecology of aquatic insects were
obtained. There is a need for more studies about
Coleoptera fauna in Turkiye.
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Abstract

A helical (Slow Wave Structure SWS) traveling wave tube (TWT)
operating in the C bandwidth was designed using CST software.
Based on modelling, TWT components were produced.
Conductor support rod rings were used to matching the
impedance line and provide ease of assembly. According to the
modelling, the signal gain was determined as 30 dB. In addition,
Time Domain Reflectometer (TDR) analyses were performed to
observe the effect of mounting rings on impedance
improvements with the help of software. As a result, it has been
determined that the support rod rings, which have not been
used before in C band helix TWT systems, positively affect the
ease of assembly and impedance improvement.

Keywords: Helix; Slow wave structure; Impedance; Traveling wave tube.
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C bant araliginda galisan bir heliks (Yavas Dalga Yapisi SWS)
ilerleyen dalga tOpl (TWT) CST vyaziimi kullanilarak

tasarlanmistir. Modellemeye dayali olarak TWT bilesenleri
Uretildi. Empedans hattini eslestirmek ve montaj kolayligi
saglamak icin iletken destek c¢ubuk halkalari kullanild.
Modellemeye gore sinyal kazanci 30 dB olarak belirlendi. Ayrica
yazihm  yardimi ile montaj halkalarinin  empedans
iyilestirmelerine etkisini gézlemlemek icin Zaman Tanim Alanli
Reflektometre (TDR) analizleri yapilmistir. Sonug olarak C bant
sarmal TWT sistemlerinde daha &nce kullanilmamis olan destek
¢ubuk halkalarinin  montaj kolayligini  ve empedans
iyilestirmesini olumlu yénde etkiledigi tespit edilmistir.

Anahtar Kelimeler: Heliks; Yavas dalga yapisi; Empedans; ilerleyen dalga
tipd.

1. Introduction

Microwave tubes are vacuum electronic devices that
produce radio transmitters in the microwave frequency
range. The millimeter wave frequency region is part of the
microwave range and is generally considered to be
approximately 30 GHz to 300 GHz (Gilmour 2020). The
field of vacuum electronics devices, especially in the
millimeter-wave range, is currently undergoing rapid
evolution, transitioning from traditional microwave helix
traveling-wave tubes (TWTs) to novel designs created to
address the fabrication challenges posed by the shorter
wavelengths in millimeter waves (Paoloni et al. 2021).
TWTs are
advantageous because they have wider band gaps

Unlike other vacuum electronic tubes,

(Whitaker 2001). Since TWTs have lower noise values,
their use has become more widespread (Peebles 1998).

A proven technique for amplifying a specific
electromagnetic wave involves passing the wave through
a periodic structure and co-propagating it alongside a
linear DC electron beam. To simplify matters, this

interaction between the beam and circuit takes place

within a vacuum. In this arrangement, the traveling wave
acquires energy at the cost of the kinetic energy of the
electron beam. This ongoing interaction and subsequent
amplification of the electromagnetic wave persist over a
specific distance, which corresponds to the length of the
interaction region in the Traveling Wave Tube (TWT), until
the amplified wave is extracted at the output (Wong et al.
2020).

As a power output comparison, in low-power TWTs, it is
sufficient to use a periodic magnet system to focus the
electron beam (Lakshminarasimhan et al. 2011). TWTs
perform signal amplification based on the electron beam—
wave interaction mechanism (Santos et al. 2011). Under
normal conditions, RF waves travel at the speed of light
because they are electromagnetic waves. However, since
the distance they travel in the slow wave structure system
is long, they have slow group velocities (Edgecombe
1993). In helical TWTs, dielectric materials electrically
isolate the slow wave structure with a metallic vacuum
envelope. These materials are in the form of rods with
different geometric shapes. This also simplifies the

*Sorumlu Yazar/Corresponding Author: Ferhat Bozduman

e-posta/e-mail: ferhatbozduman@karabuk.edu.tr


https://dergipark.org.tr/tr/pub/akufemubid
https://orcid.org/0000-0002-2669-021X
https://orcid.org/0000-0002-6207-7308

Impedance Match. Using Support Rod Ring. in C Band Helix TWT, BOZDUMAN and OKSUZ.

fabrication of the device (Harper and Puri 1986). Helical
TWTs generally use three support rods. They are
positioned at an angle of 120° to each other. We
positioned the support rods at a 120° angle between
them during the assembly phase. Rectangular or
cylindrical structures are generally used as geometric
shapes in support bars. We preferred cylindrical support
rods when making our design. The helix is usually made of
tungsten and molybdenum wires (Gilmour 2020). We
used tungsten wire to create SWS in sizes suitable for our
design. The thermal resistance of these wires is quite
high. But conductivity values are limited. To eliminate this
limitation, coating is applied on the material surface. We
coated the surface of the wire with copper to ensure high
surface conductivity.

With this method, losses on the helical surface of the RF
signal are minimized. At the same time, the thermal
resistance formed between the support rods and the
spiral decreases. The dispersion characteristics of a helical
structure can be altered by incorporating longitudinal
blades between the support rods. The blade tips establish
the radial boundary for the electric field, while the outer
shield confines the magnetic fields. Consequently, these
blades illustrate the impact of the helical slow-wave
structure on dispersion and Pierce impedance (Carter
2018). In TWT systems, valves are placed in the gaps
between the support rods to prevent dispersion and
ensure operation in different frequency ranges. These
valves are known as anisotropic loading elements. These
elements are generally propeller-shaped and T-shaped
(Putz and Cascone 1979). We did not use the valve
structure directly in our system, but instead used the rings
that hold the support rods together. These rings indirectly
serve as valves. Thanks to the rings, capacitance control is
provided as in an LC circuit.

Since our system was designed for low power conditions,
we used SMA-type connectors in the connection ports.

8888888
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Electron
Gun

-

SMA Type RF

Connector \

‘sn|~s|s nsfsn]ns] sfnsfsfng| Sinele Stage
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We produced the connectors we use ourselves. As a
result, the impedance transitions at the input and output
of these TWTs must match the wide variation in helix
impedance. It should also be taken into account that
impedance matching is important in high frequency
devices. In order for signal amplification to occur
efficiently, impedance matching must be at the maximum
in the SWS structure,
connectors.

level including connection

This work discusses the use of support rod rings to
matching the impedance characteristics of a C Band
helical traveling wave tube (TWT). We argue that by
adding these rings, the impedance mismatch between the
coil and the collector can be reduced, resulting in
improved performance. One important similarity
between this study and previous research is the focus on
impedance matching. Both studies aim to minimize
reflections within the TWT and maximize power transfer.
However, while previous research has primarily focused
on tuning parameters such as helix spacing or collector
diameter, this study presents a new approach using
support rod rings. In terms of differences, this study
specifically focuses on C Band helical TWTs, while
previous studies have investigated various frequency
bands. Additionally, although previous studies were
mostly based on simulations or theoretical analysis, this
paper presents experimental results to validate the
proposed methods. Overall, this study provides valuable
information regarding the matching of impedance

characteristics in C Band helical TWTs.

By presenting support rod rings as an innovative solution,
it offers a promising approach to improve device
Further
applicability of this method in different frequency bands

performance. research may reveal the

and its potential impact on other TWT parameters.

8888888
Digital Power Meter ,

| Attenuator ,

Collector

Vacuum Port

Periodic Magnet System and Helix SWS Circuit

Analog
J Ammeter

Fig. 1. Diagram of the experimental setup.
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2. Materials and Methods

First of all, microwave and particle studio modules and a
slow wave structure suitable for the C band range were
designed using CST software. Figure 1 shows the setup
diagram of the working mechanism. Then, an electron
beam was created with the particle studio module
according to our electron gun parameters. Figure 2 shows
the modeling of an electron beam with an acceleration
potential of -3kV using CST software in a computer
environment with the help of permanent magnets. In the
simulation, the electron beam’s current is 30 mA. The
graphic accelerator technique was used to get the
simulation results quickly. The experimental procedure
stage used A helical type helix as the slow wave structure.
High-purity molybdenum wire with a diameter of 0.25
mm was chosen as the material. With the help of the coil
winding machine, the helix structure was wound on the
stainless steel (S5304) guide at the determined circuit
length and period range. ACME AE-X model spring coiling
device was used in Figure 3 to create the coil.

Fig. 3. ACME AE-X Coil winding machine and molybdenum coil.
(a) Coil machine, (b) Molybdenum coil.

Fig. 4. Molybdenum helix coated with copper film.

In order to increase the conductivity value of the formed
helix, its surface was homogeneously coated with a
copper film on the turntable by using the DC magnetron
sputtering technique at low pressure. Ceramic (Al>03) was

used as a support rod. For the support rods to contact the
helix surface without gaps and smoothly, hollow rings of
aluminum material were designed using CNC. At the same
time, these hollow rings play a significant role in
impedance matching because these rings provide an easy
and trouble-free assembly of the outer sheath and SWS
circuit.

Figure 4 shows the helical structure and the assembled
ceramic support rods and rings. This setup is also a slow-
wave RF circuit, which is the essential component of the
TWT system.

Fig. 5. Production steps of the support ring used to keep the
ceramic support rods together and place them in the vacuum
sleeve. (a) Ring machining, (b) Ring cutting, (c) (d) (e) Ring
cleaning, (f) Rf port preparing, (g) Total system cleaning, (h)
Total system assembly.

After the rings produced in Figure 5, ceramic support rods
and helix were cleaned with the help of an ultrasonic
bath, and assembly processes were carried out. A welded
1mm thick, 12 mm outer diameter, and 20 cm long pipe
made of S5304 material was used as the vacuum sheath.
SMA connector made of brass material for RF input and
output. The dielectric part of the connector was formed
using Teflon (PTFE) material. The created SMA-type RF
connector was assembled to the metal vacuum sheath
with a screw system. Ring magnets with ALNICO structure
were used to create the periodic magnet system.

The dimensions of the magnets were determined as 13
mm inner diameter, 30 mm outer diameter, and 10 mm
thickness. Iron rings were used to hold equimolar
magnets together. The magnets are drilled to the outer
diameter of the RF connectors so that the magnets can be
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easily mounted between the SMA connectors. With this
method, the assembly operations were carried out.

’ _

Fig. 6. Production of periodic magnet system and opening of
SMA connector slots using Alnico ring magnets. (a) pole pieces,
(b) machining, (c) magnets assembly, (d) RF connector assembly.

The electron gun was connected to the vacuum
environment with the help of the CF40 port. Solid glass
rods and aluminum rings linearly attached and aligned the
periodic magnet system with the electron gun and
collector. A multi-port vacuum tank with a Pyrex lantern
was used as the vacuum chamber. To reduce the system’s
pressure to ultra-high vacuum (UHV), a double-stage oily
mechanical pump and a turbo-molecular high vacuum
pump were used. A convector and hot cathode ionization
sensors were used to measure system pressure. Before
starting the experiment, the system pressure was
reduced from 760 Torr, which is atmospheric pressure, to
3.5X10°® Torr. Our descent to ultra-high vacuum levels
aims to prevent cathode poisoning.

Because oxygen (O2), carbon monoxide (CO), carbon
dioxide (CO2), and water vapor (H20) in the environment
at high-pressure levels will react with the heated cathode
and cause poisoning of the cathode. This will reduce the
emission performance of the cathode. In order to observe
that the electron beam in the system is successfully
focused and reaches the collector without hitting the
helix surface, a serial analog ammeter is connected to the
collector part via the ground. With this method, the
current of the electron beam reaching the collector was
measured. No signal was applied to the RF circuit while
measuring. Collector with the value of the emission
current indicator on the power supply screen of the
electron gun. The value of the electron current reaching
the surface was compared. It was observed that the
results were in agreement with each other. This result is
an output that the electron beam is successfully focused
and passed through the helical structure without impact.
Figure 7 shows the excitation of the phosphor screen used
to observe the electron beam formed by the electron gun.
Thanks to this method, information about the pattern and
trace size of the electron beam was obtained.

Necessary vacuum conditions were provided by using a
double-stage mechanical pump and turbomolecular
vacuum pumps for stable operation of the electron gun.

The electron gun was started after the vacuum value

reached 10 Torr levels. Then, the acceleration voltage
and anode voltage values were applied at the required
parameters to obtain the required electron beam current.
Then, the accelerating voltage was turned off, and the
electron beam was cut off. In the next step, a continuous
wave mode (CW) sine wave signal with a frequency of
4.93GHz and a power of 11.7 dBm, which is considered as
the C band, was applied to the SMA input port of the RF
circuit, which is close to the electron gun, with the help of
a signal generator.

Fig. 7. Observation of the electron beam using a phosphor
screen. (a) Electron beam observing, (b) Electron beam focusing.

Attenuators have been added to the output port of the RF
circuit to prevent damage to the power meter and to
measure the output power. Losses in cables and
connection connectors have been detected. A loss of
approximately 17 dB was observed in the cable and
A 60 dB attenuator was

connected as an attenuation element. While the pulse

connection connectors.

generator was on, the power meter read a signal of
approximately -65 dBm from the output port. Thus, we
have determined how much of a signal will be
strengthened in the system. In Figure 8, the comparison
of the RF power values read when the electron beam of
the power meter is closed and the electron beam is open
is given.

Fig. 8. Agilent E4418B model power meter used to measure the
signal strength of the RF output port. (a) Electron beam off, (b)
Electron beam on.

An RF signal at a power level of approximately -65 dBm
was observed when an RF signal was on the power meter
screen and the electron beam was turned off. At the same
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time, the system had an RF signal; an approximately -35
dBm RF signal was observed when the electron beam was
applied. It was determined that a signal output of
approximately 30 dBm was obtained when the difference
was taken, and the attenuation values in the connectors
and cables in the system were added. If this value is

parameters were also used in the CST software. With this
method, the experimental results and simulation results
were compared.

Table 1. Experimental Parameters and Results of The TWT
System Established in The Laboratory

expressed in watts, when we compare, we can say that Parameter Value
the signal power entering the TWT system has been Acceleration Voltage (kV) 3
increased from 15 mW to 1 W. As a result, signal Current of Electron Beam (mA) 30
amplification was successfully performed. In order to Slow Wave Circuit Length (cm) 18
achieve higher power levels, impedance-matching units Helix Diameter (mm) 3,2
must be placed at the output port of the TWT system. Helix Pitch Interval (mm) 1,3
Because the work is done at high frequencies, there is a Thickness of Helix Wire (mm) 0,25
reflection of the power, and this causes signal losses. Number of Helix Rounds 75
. . Thickness of Support Rods (mm) 1,6
3. Results and Discussions .
Input Signal Frequency (GHz) 4,93
Table 1 gives the experimental parameters of the TWT Input Signal Power (dBm) 11,7
system established in the laboratory environment. These Output Signal Power (dBm) 30
Time Signals
. d=0.20468
—— ii[rf_drive,0.0,signalt]
......................................................................................................................... % e o01,pic
— 02,pic
2
2 MM HMRE-------
4 | s |
0 2 4 6 1010.949] [11.154]2 14

Time / ns

Fig. 9. Observation of signal amplification using CST software

The simulation was carried out using the TWT parameters
entered in the computer environment in Figure 9.
Experimental parameters and simulation parameters
have the same values. As a result, the signal entered as
ten mW in the simulation experiment was taken as 1 W.
In the experimental result, the signal entered as 15 mW
increased to 1 W. The reason for this difference is the
losses and impedance mismatches in the connectors.
Because there is no impedance-matching unit in the
power output port of the TWT system. During the
experiment, it was observed that when the RF circuit was
driven at higher powers, the output signal did not change
for a certain time but dropped. This is due to the
formation of saturation. Because the RF circuit saturates
above a particular signal strength, in the experimental

setup we have set up, attenuating coating material was
not used in the centers of the insulating support rods.
Electron guns with attenuator coating and higher electron
current must be used to achieve higher power outputs.
The importance of the collector plays a significant role in
the system. Because the electrons, which transfer some
of their energy to the RF wave, hit the collector, and their
movement ends. This event ensures that the TWT circuit
continues in a closed loop. This is also important for the
energy efficiency of the system. A single-stage collector
was used

in our experimental system. The earth

connection is made as collector feed. In modern
collectors, on the other hand, multistage collectors, which
are less negative than the electron beam potential, are

used.
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Fig. 10. Performing TDR analysis using CST software.

TDR analysis of the TWT system we designed using CST
software in the computer environment in Figure 10 has
been made. With this analysis, the time-dependent
examination of the impedance characteristic of the
transmission line was carried out. As seen in the graph, a
load peak occurs. This causes an impedance mismatch in
the transmission line. In this design, there are no rings to
which the ceramic support rods are attached. In a
subsequent TDR analysis, we used ceramic support rods
and aluminum rings we designed in the laboratory
environment. In this analysis, there are no peaks that
disrupt the impedance characteristic. For this reason, the
impedance transition of the transmission line is provided
without any problems. Figure 11 shows the TDR analysis
performed with the ring design.
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Fig. 11. TDR analysis with ring design.

The 15 mW and 4.93 GHz RF signal applied to the input
port of the TWT system was measured as 1 W at the
output port. A TWT that can operate in the C band and
gain approximately 30 dB has been produced. Signal
losses in the system have occurred in cable and connector
connections. In addition, reflections caused by the
absence of an impedance-matching unit at the output
port affected our small-scale results. One of the most
important factors was machining parts on the micron
scale during manufacturing and assembly. In addition, the
experimental results and the simulation results must
match.

4. Conclusions

As a result of this study shows how the assembly steps are
performed with impedance matching for the helix C band
space TWT with 1 W output power. In addition, vacuum
tube design was carried out in allowable dimensions using

CST-MWS simulation software. Thus, the simulation results
were adapted to the experimental study.
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Abstract

The sol-gel spin coating technique was employed for the
deposition of thin films comprising CoOx, Cu-doped CoOx, and
CuOx onto n-Si substrates. Subsequently, an exhaustive
examination of the electrical properties of the resultant
heterojunction structures was conducted. The outcomes
unequivocally indicate that the incorporation of Cu through
doping exerts a pronounced influence on the electrical
attributes of the CoOx/n-Si diode. Notably, all diodes exhibit
rectifying behavior, a discernible feature in their dark current-
voltage (I-V) characteristics. The |-V data was further utilized to
ascertain pivotal junction parameters, encompassing series
resistance (Rs), rectification ratio (RR), ideality factor (n), and
barrier height (®B). The values of the ideality factor for CoOx/n-
Si, Cu doped CoOx/n-Si and CuOx/n-Si are obtained to be 3.19,
1.99 and 2.19 eV, respectively. Furthermore, the capacitance-
voltage (C-V) characteristics of diodes were performed within
the frequency range of 10 kHz to 1 MHz. These findings
underscore that judicious manipulation of the copper doping
concentration can serve as an effective means to modulate the
electrical properties of CoOx/n-Si diodes.

Anahtar Kelimeler: Cu doped Cobalt Oxide; Heterojunction structures;
Sol gel method; Current-Voltage.

Afyon Kocatepe Universitesi
0Oz
CoOx, Cu katkili CoOx ve CuOx igeren ince filmlerin n-Si
substratlar lGzerine biriktirilmesi icin sol-jel dondiirerek kaplama
teknigi kullanildi. Daha sonra, elde edilen heteroeklem
yapilarinin elektriksel o6zelliklerinin kapsamli bir incelemesi
yapildi.  Sonuglar agikga Cu'nun katkilama vyoluyla dahil
edilmesinin CoOx/n-Si diyotun elektriksel 6zellikleri Gzerinde
belirgin bir etki yarattigini gdstermektedir. Ozellikle, tim
diyotlar, karanhk akim-voltaj (I-V) 6zelliklerinde fark edilebilir bir
ozellik olan dogrultucu davranis sergiledi. I-V verileri diyotlarin
seri direnci (Rs), dlizeltme oranini (RR), idealite faktorini (n) ve
bariyer yiksekligini (®B) kapsayan o6nemli  baglanti
parametrelerini belirlemek igin kullanildi. CoOx/n-Si, Cu katkili
CoOx/n-Si ve CuOx/n-Si icin idealite faktoriu degerleri sirasiyla
3,19, 1,99 ve 2,19 eV olarak elde edilmistir. Ayrica diyotlarin
kapasitans-gerilim (C-V) 6zelliklerinin 6lgtimleri 10 kHz ila 1 MHz
frekans araliginda gercgeklestirildi. Bu bulgular, bakir doping
konsantrasyonunun uygun sekilde segilmesinin, CoOx/n-Si
diyotlarin elektriksel 6zelliklerini iyilestirmek igin etkili bir yol
oldugunu gostermektedir.

Keywords: Cu katkili Kobalt Oksit; Heteroeklem yapilar; Sol jel metodu,
Akim-Voltaj.

1. Introduction

Semiconductor metal oxide thin films have appeared as a
highly sophisticated technology for optoelectronic
devices based on p—n junctions (Dhanabalan et al. 2017;
Tawfik et al. 2019; Rakotonarivo et al. 2021). In recent
times, there has been considerable focus on copper oxide
nanostructures owing to their remarkable characteristics,
including a tunable bandgap, chemical stability, and
customizable electrical properties (Bayansal et al. 2014;
Asl and Rozati 2020). Over the past few decades, copper
oxide (CuOx) has found extensive application in various
electronic and optoelectronic devices. These include gas
sensors (Nam et al. 2006), smart windows (Lei et al. 2021),
storage energy devices (Qiu et al. 2015), super capacitors
(Liu et al. 2017), and photovoltaic devices (Shalan et al.

2016).

Cobalt oxide offers several key benefits, such as its cost-
effectiveness in production, thermal stability, non-toxic
nature, and substantial optical absorption
(Maduraiveeran et al. 2019). A thorough investigation
into the structural, electrical, and optical characteristics
of CoOx thin films has shown a strong relationship with
the techniques used to prepare the films. The CoOx thin
films are a popular choice among researchers due to the
wide variety of conventional deposition methods that are
available for them. The following deposition methods
have been generally employed for CoOx thin films:
sputtering (Estrada et al. 1993), electrodeposition (Casella
2002), thermal oxidation (Salavati-Niasari et al. 2009),
spray pyrolysis (Shinde et al. 2006), and spin coating
(Valanarasu et al. 2014). One of the deposition techniques

used for CoOx thin films is the sol-gel spin coating
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technique. It has multiple benefits for thin film
deposition, such as producing films with precise control
over thickness and uniform deposit, which makes it
appropriate for a range of applications. This method
works at relatively low temperatures and is suitable for a
variety of substrates, including materials that are
sensitive to heat. Moreover, sol-gel spin coating requires
less complex equipment, is less expensive, and is scalable
for large-scale production. Taking everything into
account, this method provides researchers with a
versatile, reasonably priced, and controllable means of
films that exhibit

compatibility and homogeneity (Kamaruddin et al. 2011).

depositing  thin remarkable
Moreover, the physical characteristics of the films are
affected by which
incorporates different chemical constituents. By precisely

greatly the doping process,
controlling the doping level, it becomes possible to obtain
films with enhanced properties that are highly relevant
for diverse applications. Consequently, there exists a
substantial interest in investigating the relationship
between the physical and electrical properties of the films
and the concentration of the doping elements. Extensive
research has been conducted to enhance the
performance of CoOx thin films, leading to investigations
into the incorporation of various transition metals,
including N, Mn, and Cu, as promoter elements (Zhang et
al. 2012; Li et al. 2018; Ke et al. 2020). These studies aim
to develop semiconductors with improved properties,
thereby advancing the capabilities and functionalities of
thin film-based devices. Among these metals, the copper
doping is expected to improve the electrical, catalytic
activity, optical, magnetical and stability properties of
CoOx by modifying its electronic structure (Zhang et al.
2012; Berenguer et al. 2017; Behzad et al. 2018). This
study entailed the utilization of a cost-effective sol-gel
methodology for coating undoped and Cu-doped CoOx
thin films onto n-Si substrates, with the objective of

fabricating heterojunction structures. Subsequent to the

film deposition, |-V and C-V measurements were
conducted on the resulting diodes under dark conditions
and at ambient temperature. The electrical
characteristics of the diodes were examined with respect
to the

parameters

impact of Cu doping. Essential electrical

of the diodes were evaluated using
established methodologies, including the Thermionic
Norde method, and C-V

Emission Theory, the

measurements.

2. Materials and Methods

In this study, copper acetate monohydrate and cobalt
acetate tetrahydrate were preferred as precursor
materials for CuxCoixO (x=0, 0.25 and 1) thin film
solution, respectively. 2-Methoxyethanol was used as the
solvent and monoethanolamine (MEA) was used as the
stabilizer. For the starting solution, 0.1M copper acetate
and cobalt acetate were dissolved in 2-Methoxyethanol
and sufficient amount of MEA was added. Copper acetate
monohydrate and cobalt acetate tetrahydrate solutions
were prepared. For the copper-doped cobalt oxide film,
the Cu/Co solution ratio by volume was mixed at 1/3. The
Cu-doped CoOx thin film was coded as Cuo.25C00.750. It
was mixed with a magnetic stirrer at 2000 rpm for 120
min at 60 °C. All thin films were coated onto n-type Si
substrates utilizing the sol-gel spin coating technique.
These commercially available substrates are polished on
one side, have (111) crystal orientation, phosphorus
doping, resistivity of 1-20 Qcm, and donor concentration
of 10cm?3. After each Coating, it was dried for 10
minutes in a preheated 300°C oven to remove organic
residues and let the solvent evaporate. The coating and
drying process was repeated 5 times. Then, the prepared
thin films were annealed in a tube furnace in air at 450°C
for 1 hour. Finally, the top contacts of the CuxCo1xO/n-Si
structures were formed by evaporating Ag metal under a
vacuum of 4x107 torr by using a shadow mask.

Ag contact

CuxCo1xO layers '

Keithley
4200 SCS

Figure 1. Schematic diagram of CuxCo1x0/n-Si structures with electrical characterization system
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Thus, Ag/CuxCo1x0/n-Si heterojunction diodes were
obtained. The schematic diagram of the heterojunction
structures formed is shown in Figure 1.

3. Results and Discussions

In order to examine the heterojunction application of
CuxCo1xO thin films,
Ag/CuxCo1x0/n-Si diodes were investigated by taking

the electrical properties of
conventional current-voltage measurements. Figure 2
illustrates the Log |-V measurements of the produced
heterojunction diodes, showcasing both the reverse and
forward bias behavior.

10
r > CuO/n-si
10-4 r —_— CuO.ZSCOOJSO/n'Si ~
| —— Co0,/n-Si ]
—~ 10'6|'
<
— 108}
]
10—10 r
]
10'12 L 1 L L L

-2 -1 0

V (V)
Figure 2. The |-V characteristics of CuxCo1xO/n-Si structures
under dark condition

These measurements were conducted in a dark
environment at room temperature for the voltage range
of -2 and + 2 V. It is important to measure the electrical
dark

conditions in order to eliminate the photovoltaic effect,

properties of heterojunction diodes under
perform the characterization of dark current and
eliminate external variables. This form of electrical
measurement helps to obtain reliable data about the
properties of diodes and to develop efficient and stable
devices. The obtained |-V characteristics were used to
calculate various electrical parameters of the
heterojunction, including the barrier height (®s), which is
representation the energy difference between the
metal/semiconductor interface, reverse saturation
current (lo), which is a measure of the leakage current in
the reverse biased diode, rectification ratio, which is a
measure of the diode's ability to conduct current in one
direction (forward bias) compared to the opposite
direction (reverse bias), and ideality factor (n), which
indicates how closely the diode adheres to the ideal diode
equation. It takes into account the deviations from
ideality due to factors like recombination, series
resistance, and trapping effects (Plr and Tataroglu 2012;

Namkoong et al. 2013). The equations commonly used to

calculate the electrical parameters for diodes are as
follows (Sze and Ng 2006);

q(vV - IRS)) B 1]

In the equation, lo represents the reverse saturation
current, while n denotes the ideality factor. The symbols
g, k, T, and Rs correspond to the elementary charge,
Boltzmann constant, temperature of measurement, and
series resistance, respectively. The n value, a
dimensionless parameter indicating the deviation from

ideal behavior, equals 1 in the case of ideal diodes.

Table 1. The determined electrical characteristics of the diodes

Diodes CoO,/n-Si Cuo.25€00.750x/n-Si CuOy/n-Si
RR
(dark,£2V) 2.92x10? 1.19x103 1.29x10
n
(V) 3.19 1.99 2.19
s (eV)
(V) 0.78 0.77 0.78
®s (eV) Norde 0.81 0.84 0.81
®s (eV)C-V 1.69 1.89 0.79
Vbi (eV) C-v 1.49 1.69 0.60
Rs (kQ)
(Norde) 20.6 2.6 133.3

The value of n can be determined using the following

equation;
q[adv
=—|-— 2
n kT [dlnl (2)

The ideality factor (n) values of the diodes were
ascertained by analyzing the linear region slope of the
In(l) versus V graph under forward bias conditions. These
values are subsequently presented alongside other
pertinent electrical parameters, including barrier height
(®s) and rectification ratio (RR), in Table 1. Upon
introducing Cu doping, a discernible reduction in the
ideality factor (n) is noted, suggesting an enhancement in
the overall quality of the diodes. In the literature, it has
been reported that tunneling, generation-recombination
and leakage current mechanism are dominant in current-
conduction mechanisms, respectively, when n values are
1<n< 2, n=2 and n>2 for diodes (Ay and Tolunay 2007;
Sharma et al. 2018). In our case, the ideality factor was
observed as 1.99 for Cuo.25C00.750/n-Si and it was
observed that the copper doping brought the diode closer
to the ideal. The series resistance and barrier height of
CuxCo1x0/n-Si diodes can also be defined by Norde’s
method (Norde 1979). Following equation gives the
definition of Norde's function;
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Vo kT 1)
FV) =2 —%in (A_wz) (3)

The parameter y is an integer value exceeding the ideality
factor associated with diodes, and it possesses no physical
from the IV
characteristic is known as the I(V). The graph of F(V) vs.

dimensions. The current derived

voltage for the diodes is shown in Figure 3.

1501 —e—cu0,/n-Si 0
—o— Cu, ,:C0o,-:0/n-Si °
1354 0.25 o:75 000
—9—Co0O,/n-Si )
~1.20 -
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Figure 3. The F(V)-V of CuxCo1xO/n-Si structures under dark
condition

Due to the existence of a minimum point in the F(V) curve,
the expressions for barrier height and series resistance
are as follows:

Vo kT

¢B:F(Vo)+7—7 (4)
_kTy—n)
RS T al )

where Vo is the corresponding voltage and F(VO0) is the
point of F(V). The calculated ®s and Rs
parameters were tabulated in Table 1. A significant

minimal

decrease in Rs was observed with the doping of copper to
CoOx. The series resistance in a heterojunction structure
is the sum of the resistances of the different layers and
interfaces that make up the device. The series resistance
of the diode is influenced by several factors, including the
SiO2 of n-Si at the junction, the resistance of the contact
wires, the resistance of the semiconductor layers, and the
quality of the interface between oxide semiconductor and
n-Si  (Cifci 2018; Buyuk and llican 2020).
Consequently, the improvement of any of these

et al.

parameters or the total diode's ohmic loss, along with
doping, are linked to the decrease in Rs.

In order to comprehend the conduction mechanisms, we
examine the |-V characteristic of the manufactured diode,
which is sketched on a log-log scale as depicted in Figure
4.

102
—o—CuO,/n-si
10° .
—o—CuUg »5C0, 750/n-si M
10*F o CoO,/n-si o
310'5 r
é"lo-6 !
-7
107 f O/
108 F °/
o9 9 Region |
0.1 1
Log(V)

Figure 4. The Log(l)-Log(V) of CuxCo1xO/n-Si structures under
dark condition

The logarithmic graph reveals a power law pattern in the
current (laVv™), with various exponent values (m). The
charge transfer mechanism is determined by the constant
exponent value m. Figure 4 prominently exhibits three
well-defined linear voltage domains, delineated by
transitional segments, within the double logarithmic
representation of the forward bias current-voltage (I-V)
characteristics. These segments are characterized by
distinct slopes, aligning with different conduction
mechanisms. The existence of deep trap states at the p-n
junction interface is typically the cause of these various
current transport processes in diodes (Ahmed et al. 2019).
Figure 5 illustrates the C-V graph of diodes in the
frequency range of 10 kHz-1 MHz. The C-V graph clearly
shows that the applied voltage and frequency have a
substantial impact on the diodes' capacitance value. The
presence of interface states leads to a decline in the
capacitance value of the diodes as the frequency
increases within a specific positive voltage range in the
forward bias region (Khusayfan 2016; Cavdar et al. 2016).
The interface states of the diodes exhibit an inability to
accurately follow the AC signal at elevated applied
frequencies. As aresult, they do not significantly influence
the diode's
capacitance value at higher frequencies (Caglar et al.
2016; Aydin et al. 2016). The depletion region in the

diodes has a capacitive effect.

capacitance, resulting in a reduced

For this purpose, capacitance voltage measurements are
made and C-V graphs are drawn. Then, electrical
characterization is made using these graphs. The barrier
height and carrier concentration of the rectifier contact
are calculated with the capacity measured depending on
the reverse supply voltage.
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Figure 5. The C-V characteristics of CuxCo1xO/n-Si
structures under dark condition

The C2-V graphs of the diodes were plotted by using C-V
data and shown in Figure 6. The extrapolation of C2 -V
curves along the voltage axis serves to ascertain the
diffusion potential (Va). Meanwhile, the gradient of this
curve (refer to Table 1) imparts information regarding the
doping concentrations on both sides of the structural
configuration. The capacitance of the junction region of a
heterojunction diode is expressed by the following
formula [25];

Cc? = [ qes1Es2NAND 1 (6)
2(es1Na+es2Np)l (Vpi—V)
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Figure 6. The 1/C2-V characteristics of CuxCo1.xO/n-Si structures

at 1 Mhz

In Equation (6), q refers to the electron charge, &5; and
&, are the dielectric constants, NA and ND are the
acceptor and donor concentrations of the
semiconductors, respectively, and Vbi is the build in

potential. The Equation 6 can be expressed more simply;

1 2(Vpi—=V)
cz [ (6)

A2qegiNy

In this expression, A is the effective diode area. The
electrical parameters derived from the C2-V graph are
presented in Table 1. Upon scrutinizing the ®s (C-V)
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values derived from the C-V data, it becomes evident that
they surpass the ®s value ascertained from the current-
voltage (I-V) data. This discrepancy in barrier heights
arises from the intrinsic distinctions between the C-V and
I-V  methodologies. Furthermore, the dissonance
between ®s (C-V) and ®s (I-V) may be rationalized by the
influence of excess capacitance (Mdnch 1994; Karatas et
al. 2016).

4. Conclusions

The CoOx, Cu-doped CoOx, and CuOx thin films were
coated by using the sol gel spin coating method on n-Si
substrates. We examined the electrical characteristics of
heterojunction structures obtained from these thin films.
The findings demonstrate that Cu doping has a major
impact on the CoOx/n-Si diode's electrical characteristics.
The dark I-V characteristics of all diodes indicate
rectification behavior. I-V data was utilized to determine
the critical junction parameters, including Rs, RR, n, and
®s. The ideality factor values for the configurations of
CoOx/n-Si, Cu-doped CoOx/n-Si, and CuOx/n-Si were
3.19, 1.99, and 219 eV,
correspondingly. The lowest series resistance was
obtained from the Cuo.25C00.750x/n-Si diode with 2.6 kQ.
Additionally, measurements of the diodes' C-V properties

determined to be

were made between the frequencies of 10 kHz and 1
MHz. The findings show that copper doping has an
affirmative effect to regulate the electrical characteristics
of CoOx/n-Si diodes.
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Abstract

Hydrogen is an attractive source of energy because of its
properties, which include superior quality, effectiveness,
pureness, dependability, and sustainability. Technologies for
producing and storing hydrogen are being developed in parallel
with fuel cell development. Chemical storage of hydrogen in a
metal hydride containing boron eliminates the problem of
hydrogen transportation and storage. Through catalytic
reactions, hydrogen stored in solid form in boron hydrides can
be recovered. In this study, a nowel developed Co-Cr bimetallic
catalyst supported by kaolin, a natural mineral, was synthesized
to be used for hydrogen production by hydrolysis of sodium
boron hydride. The structural characteristics of the produced
Co-Cr@Kaolin catalyst were ascertained by EDX, FT-IR, and SEM
analyses. Next, the ideal conditions for the hydrolysis reaction
of sodium borohydride (NaBH,) catalyzed by Co-Cr@Kaolin were
examined. These included the concentration of the catalyst, the
amount of support material (kaolin), the amount of catalyst, and
the concentration of NaBH4. The optimal hydrolysis conditions
were found to be 2.5 % NaOH concentration, 40 mg of catalyst,
and 2% NaBH,4 concentration at 303 K. The maximum rate of
hydrogen production was determined as 5007 mL g min!
under optimal conditions. After conducting hydrolysis
operations at different temperatures to elucidate the reaction
kinetics, it was found that the catalytic hydrolysis reaction was
of the Oth order and that the reaction activation energy was
19.36 kJ moll. The hydrogen production rate obtained as a
result of the hydrolysis reaction accompanied by a Co-Cr catalyst
was determined as 3166 mL g1 minl. It is therefore established
that supporting kaolin to Co-Cr catalyst enhances its efficacy.

Keywords: Hydrogen; Kaolin; Sodium borohydride; Co-Cr@Kaolin;
Supported Catalyst.

Afyon Kocatepe Universitesi

Oz

Hidrojen, Ustliin kalite, etkinlik, saflik, glivenilirlik ve
sirdurulebilirlik gibi ozellikleri nedeniyle cazip bir enerji
kaynagidir. Hidrojenin (retilmesi ve depolanmasina yo6nelik
teknolojiler ~ yakit  hicresi  gelisimine  paralel olarak
gelistiriimektedir. Hidrojenin bor iceren bir metal hidrit
icerisinde kimyasal olarak depolanmasi, hidrojenin taginmasi ve
depolanmasi sorununu ortadan kaldirir. Katalitik reaksiyonlar
yoluyla bor hidritlerde kati halde depolanan hidrojen geri
kazanilabilir. Bu galismada, sodyum bor hidririin hidrolizi ile
hidrojen uretiminde kullaniimak Gzere dogal bir mineral olan
kaolin ile desteklenen yeni gelistiriimis Co-Cr bimetalik
katalizérii sentezlendi. Uretilen Co-Cr@Kaolin katalizériiniin
yapisal 6zellikleri EDX, FT-IR ve SEM analizleri ile belirlendi. Daha
sonra Co-Cr@Kaolin tarafindan katalize edilen sodyum
borohidruriin (NaBH4) hidroliz reaksiyonu igin ideal kosullar
incelendi. Bunlar, katalizériin konsantrasyonunu, destek
malzemesinin (kaolin) miktarini, katalizoriin miktarini ve NaBH,4
konsantrasyonunu igermektedir. Optimum hidroliz kosullarinin
303 K'de, % 2.5 NaOH konsantrasyonu, 40 mg katalizor ve % 2
NaBH, konsantrasyonu oldugu sonucuna varilmistir. Optimum
kosullar altinda hidrojenin maksimum Gretim hizinin 5007 mL g
1dk? oldugu belirlenmistir. Reaksiyon kinetigini aydinlatmak igin
farkli sicakliklarda hidroliz iglemleri yapildiktan sonra katalitik
hidroliz reaksiyonunun 0. mertebeden oldugu ve reaksiyonun
aktivasyon enerijisinin 19.36 kJ mol* oldugu bulunmustur. Co-Cr
katalizorl esliginde yapilan hidroliz reaksiyonu sonucunda elde
edilen hidrojen Uretim hizi ise 3166 mL g? dk! olarak
belirlenmistir. Bu nedenle, Co-Cr katalizériniin kaolin ile
desteklenmesinin  katalizoriin  etkinligini  arttirdigi  tespit
edilmistir.

Anahtar Kelimeler: Hidrojen,; Kaolin; Sodyum borohidrid; Co-Cr@Kaolin;
Destekli katalizér.

1. Introduction

Besides the gradual depletion of fossil fuels, burning them
releases pollutants including unburned hydrocarbons,
soot, odor, and carbon monoxide (CO), which are
hazardous to human health and disturb the natural
equilibrium of the environment (izgi et al. 2017, Tarasova
et al. 2022). In light of the concerning patterns of

environmental deterioration and the decrease of fossil
fuel reserves, it is crucial to investigate alternatives to
fossil fuels in order to promote the sustainable
development of human civilization (Abdalla et al. 2018,
Chen et al. 1997, Kumar and Das 2023). Scientific research
indicates that hydrogen energy, which is becoming more
and more popular as a fossil fuel substitute, is a clean and
effective energy source. Hydrogen-powered fuel cells are
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receiving a lot of attention as possible power sources for
high-power applications and portable devices (such as
energy generators) (Sartbaeva et al. 2008, Arzac et al.
2011, Koh et al. 2023). Hydrogen can be used as a fuel by
means of systems called proton exchange membrane fuel
cells (PEMFCs) (Ekinci 2020). In these cells, hydrogen is
introduced into the system as a gas to produce electricity
(Linden and Reddy 2001). The main argument in favor of
using hydrogen as a fuel is the fact that it can be
discovered in many different places. Carbon-based
materials can be converted into hydrogen using
thermochemical processes. Water can be converted into
hydrogen using electrolysis, hydrolysis, and other
processes. Solar energy can be converted into hydrogen
using photoelectrochemical processes (Onat et al. 20243,
Onat et al. 2024b, Izgi et al. 2024). However, there are
several drawbacks to using hydrogen as a fuel source
(Acar and Dinger 2019, Tutar and Eren 2011). These
include the high expense of hydrogen fuel technology as
well as the storage and gaseous hydrogen transportation.
The chemical formation of hydrogen in boron compounds
provides practically a whole solution to the transit and
storage problem. (Sahiner and Demirci 2017, Lang et al.
2020). Its cost is significantly decreased by synthesizing
the catalyst with loading-supported material. One of the
most significant chemical hydrides is sodium borohydride
(NaBH4) due to its large (10.6 wt %) storage of hydrogen
capability. Moreover, to have a high hydrogen storage
capability, sodium borohydride also has a high hydrogen
yield due to the hydrolysis that occurs when the hydrogen
in its structure is separated from the water (Su et al. 2012,
Demirci et al. 2010, Wee et al. 2006). Thermolysis or
hydrolysis are two methods for dehydrogenating
hydrogen contained in sodium borohydride (Sing 2022).

NaBH, + 2H,0 — NaBO, + 4H, €)

The catalyst can modify the reaction rate specified in
Equation 1. This situation offers considerable advantages
for employing hydrogen as a form of energy carrier by
eliminating transit and storage problems (Ozkar and
Zahmakiran 2005). NaBHs undergoes an exothermic,
spontaneous reaction known as self-hydrolysis. However,
at ambient conditions, only 7-8 % of sodium borohydride
produces hydrogen through self-hydrolysis. This value is
insufficient for any fuel cell application. Consequently, the
hydrolysis reaction can be accelerated by using metal or
acid catalysts, particularly for sodium borohydride (Boran
et al. 2013, Bai et al. 2006, Huang et al. 2021, Rethamma
et al. 2011). Thus, a continuous hydrolysis reaction is
possible at low temperature and pressure in the presence
of metal catalysts (Kojima et al. 2011). In an alkaline
solution, sodium borohydride does not burn. It also has
various benefits, such as recycling byproducts. When a
catalyst is used to hydrolyze NaBHa, hydrogen is released

spontaneously into the water (Su et al. 2012, Sahin et al.
2014a). In addition to releasing hydrogen from its
structure, sodium borohydride also enables the recovery
of hydrogen from the water structure, as shown in
Equation 1. Thus, it becomes even more crucial to use it
as a source of hydrogen (Tomasso et al. 2020).

Equation 1 can be used to generalize the hydrogen
production from metal hydrides. The fact that this
reaction is catalyst-controlled demonstrates how crucial
the catalyst is for producing hydrogen (Strmcnik et al.
2016). Usually, valuable metals like Rh, Ru, Pd, and Pt are
utilized as catalysts. Because these metals are expensive,
metal combinations incorporating Co, Cu, Ni, and Mn are
used instead, with increasing efficiency. Supported
catalyst synthesis is another crucial technique for creating
catalysts (Vesborg et al. 2015, Birry and Lasia 2004, Chen
et al. 2013, Vracar and Conway 1990, Durst et al. 2014,
Han et al. 2015, Kibsgaard and Jaramillo 2014, Huynh et
al. 2013, Fernandes et al. 2009).

One common clay mineral, kaolin, is a significant non-
metallic mineral source. After going through procedures
including purifying and wroughting, kaolin is ground up
and utilized to make pigment items and additives
(Hubadillah et al. 2018, He et al. 2023). Kaolin is used
widely in cement, ceramics, thermal energy storage
materials, and other industrial areas due to its features of
stable physical and chemical qualities, superior electrical
isolation, high whiteness, a large area of a specific surface,
high void proportion, and superior surface activation (Xie
et al. 2019, Huang et al. 2017, Li et al. 2019).

This work demonstrates the synthesis of a novel material
(Co-Cr@kaolin) that catalyzes the reaction of sodium
borohydride hydrolysis. Following an identification of the
Co-Cr@Kaolin catalyst's structure using EDX, FT-IR, and
SEM investigations, the ideal conditions (kaolin amount,
concentration of NaOH solution, catalyst amount, and
concentration of NaBH4) for the hydrolysis reaction were
investigated. This work aims to produce an effective and
dynamic catalyst with an affordable method for hydrogen
production.

2. Materials and Method
2.1 Materials

Catalyst synthesis was carried out using an oven, burette,
nitrogen tube, vacuum filtering device, and digital
precision scale. For hydrolysis, a water bath, a gas
measurement instrument, a stopwatch, and a digital
precision scale were utilized.

2.2 Synthesis of Co-Cr catalyst

A chemical reduction technique was used to produce the
Co-Cr
(Fernandes et al.

catalyst according to the reference article
2009). CoCl2 and Cr(NOs3)s were
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dissolved in water, and NaBH4 was added as a reductant
while the mixture was stirred quickly. The reduction of the
Co and Cr cations into metal required an excessive
number of borohydrides. After filtering and carefully
washing with distilled water and ethanol, the black
powder reaction result was dried at 323 K with a steady
flow of N2. The [Cr/(Cr + Co)] molar ratio of the final Co-Cr
catalyst powder could be changed by varying the molar
concentration of Cr(NOs)z in the aqueous solution.

2.3 Synthesis of Co-Cr@Kaolin catalyst

The impregnation method was utilized to support the Co-
Cr catalyst with kaolin. The synthesis technique involved
weighing and mixing the indicated amounts of Co-Cr
catalyst for each experiment in a magnetic stirrer at 500
rom for 30 minutes. Next, kaolin was added at a varied
rate (70 %, 80 %, 90 %, and 95 %) in each trial. It was mixed
once more for 20 hours at 500 rpm. Following that, it was
reduced with sodium borohydride in the prescribed
amounts. After the reduction, the catalyst was collected
and vacuum-filtered before being dried for six hours at
60°C while surrounded by nitrogen. The catalyst, which
was seen to be fully dry, was ground up and used to
catalyze hydrolysis reactions of sodium borohydride.

2.4 Hydrolysis experiments

Experiments on hydrolysis were conducted in a jackketed
tube with a magnetic stirrer at a speed of 600 rpm, at a
temperature of 30 °C. Furthermore, a circulating water
bath was employed to regulate the temperature since the
system's temperature needed to be maintained
consistently. An aqueous NaBH4 solution was added to
the reactor first, and then the catalyst was added. The
produced hydrogen amount was then measured with a
gas burette. The results were evaluated by drawing
graphs for each experiment. Figure 1 shows an
experimental working system of the hydrolysis reaction.

circulating water bath

gas burette

jacketed tube =% R
\ -
‘L_J | -] ]

magnetic stirrer

Figure 1. Hydrolysis reaction system

3. Results and Discussion
3.1 Catalyst characterization

Scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FT-IR), and Energy dispersion X-ray
spectrometry (EDX) were used to characterize catalysts.
SEM images of kaolin, Co-Cr catalysts, and Co-Cr@Kaolin
catalysts are displayed in Figure 2.

The SEM picture of kaolin in Figure 2a demonstrates that
it has a well-crystallized structure made up of hexagonal
particles with varying thicknesses and diameters.
According to the Co-Cr catalyst's morphology (Fig. 2(b)),
the particles are spherical and small in size. Using NaBH4
as a reducing agent during the catalyst manufacturing
results in the fast reduction of Co ions, which prevents the
creation of pertinent growth of particles. The Co-
Cr@Kaolin catalyst has improved interparticle spacing
without aggregation, which raises the catalyst's surface
area that is actively catalyzing (Figure 2 (c)).

Identifying the compatibility of the catalyst content with
the synthesized values is one of the crucial aspects of
catalyst characterization. The catalyst for the Co-Cr
system had 96 % Co and 4 % Cr. Figure 3(b) illustrates how
these values are maintained in the catalyst content. The
Co-Cr catalyst's EDX examination revealed the presence
of Co and Cr metals (Figure 3 b). The Al and Si components
in the kaolin's structure, which are visible in Figures 3(b)
and 3(c), respectively, demonstrate that the kaolin binds
to the catalyst (Bektas et al. 2023, Onat and Ekinci, 2024).

The catalysts' FT-IR spectrum analysis results are
displayed in Figure 4. The low-frequency portion of the
FT-IR spectrum of Co-Cr reveals the cobalt ion-
coordinated librational vibrations of molecules (Netskina
et al. 2020). A potential metal-oxygen interaction is
thought to be the cause of the band at 630 cm
(Nakamoto, 1963). While examining a Co(ll) combination
with pullulan, Miti et al. also discovered these bands
(Sotiles et al. 2019). The peak at 1200 cm™ is ascribed to
vibrations of chromyl (Cr=0) (Weckhuysen et al. 1996,
Trivedi et al. 2015). Cobalt (Co) and chromium (Cr) bands
become increasingly prominent in the kaolin-supported
catalyst structure, and the absorption bands of kaolin
align with the stretching frequencies of OH groups
between 3500 and 3750 cm™.

The peaks belonging to the Si-O, Al-OH, Si-O-Al, and Mg-
Al-OH groups, in the structure of kaolin are seen at 1009,
912, 754, and 636 cm™, respectively, in the Co-Cr@kaolin
spectrum (Tironia et al. 2012, Onat 2024 ). The SEM image
in Figure 2 c is supported by this circumstance. Kaolin-
supported catalyst surfaces crystallized more successfully
and revealed themselves more clearly.
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Figure 2. SEM iages of a) kaolin b)Co-Cr catalyst c)Co-
Cr@Kaolin catalyst.
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Figure 3. EDX analysis of a)Kaolin b)Co-Cr catalyst c)Co-
Cr@Kaolin catalyst.
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Figure 4. FT-IR analysis of Kaolin, Co-Cr catalyst, and Co-
Cr@Kaolin catalyst.

3.2. Effect of kaolin ratio

The efficiency of the pure catalyst (Co-Cr) and the kaolin-
supported Co-Cr catalyst (Co-Cr@Kaolin) were compared.
3166 mL g min? was found to be the rate at which
hydrogen is produced when a Co-Cr catalyst is present.
Figure 5 displays data on hydrogen production during
hydrolysis based on different kaolin ratios. Figure 5
illustrates that the maximum rate of production of
hydrogen quantity was achieved when 90% kaolin was
used. The rate at which hydrogen is produced in the
presence of 90% kaolin was determined to be 4084 mL g
! mint. The following investigations were carried out
using 90% kaolin, which was found to be the best value.

600

% 70 Kaolin

60 80 100
Time (min.)
Figure 5. Hydrogen production rate as a function of kaolin ratio

(50 mg catalyst, 30 °C, 5% NaOH, 2% NaBH,).
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3.3. Effect of NaOH ratio

NaOH concentration has a big impact on the process
because the reaction of NaBHa hydrolysis can be
suppressed without a catalyst by altering the pH of the
reaction solution. In this study, four different starting
NaOH solution concentrations (1%, 2.5%, 5%, and 7.5%)
were used to quantify the volume of hydrogen produced
by NaBHas hydrolysis. Figure 6 depicts the graph
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showcasing these research findings. The greatest rate of
generating hydrogen was found at a 2.5% concentration
of NaOH, as illustrated in Figure 6. At this NaOH
concentration, the rate of hydrogen production was
calculated to be 5007 mL g min. While the catalytic
activity of the catalyst increased up to 2.5% NaOH
concentration, after this concentration value, the
catalyst's efficiency decreased with increasing NaOH

concentration (Onat 2024, Izgi et al. 2019).
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Figure 6. Hydrogen production rate as a function of mass
percent of NaOH (50 mg catalyst, 30 °C, 2% NaBH,).
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Figure 7. Hydrogen production rate as a function of catalyst
amount (30 °C, 2.5% NaOH, 2% NaBH,).
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Figure 8. Hydrogen production volume as a function of NaBH,4
concentration (40 mg catalyst, 30 °C, 2.5% NaOH).

3.4. Effect of catalyst amount

To investigate the impact of catalyst amount on the rate
of hydrogen production, experiments were conducted.
Figure 7 shows the graph illustrating this impact. Even
though the rate of hydrogen production increased when
the catalyst dose was increased, the greatest rate of
hydrogen generation was reached when 40 mg of catalyst
was used. This demonstrates that using 40 mg of catalyst
maintains the catalyst's surface area in contact with the
substrate (Tian 2010, Onat and lzgi 2021).

3.5. Effect of Concentration of Sodium Borohydride

with and NaOH
concentrations were conducted to determine the effects
of varying NaBH4 concentrations (1%, 2%, 3%, and 4% by
mass) on the rate of hydrogen production. The effect of

Several tests constant catalyst

different NaBH4 concentrations on the rate of hydrogen
production is shown in Figure 8. As can be observed in
Figure 8, the maximum rate of hydrogen generation was
achieved when 2% by mass of NaBHs was used (lzgi et al.
2023). At this NaBHa concentration, the rate of hydrogen
production was calculated to be 5007 mL g min.

3.6. Effect of reaction temperature

Catalytic hydrolysis reactions of NaBHs with Co-
Cr@Kaolin catalyst were conducted at 30, 40, 50, and 60
OC temperatures to examine the impact of temperature
on the sodiumborohydride hydrolysis. Figure 9 depicts
the hydrogen production rate as a function of time and
various reaction temperatures. The Active Collision
theory can be used to explain this circumstance. In other
words, when the temperature rises, more interaction
occurs between the particles (Patel and Miotello 2015).
At 30 °C, the rate of hydrogen production is 5007 mL g
!minl. However, at 60 °C, the rate rises to 30325 mL g!
min. This implies that when the temperature rises, the
rate of reaction increases rapidly (Zhang et al. 2020).
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Figure 9. Hydrogen production rate as a function of temperature
(40 mg cat., 2.5% NaOH, 2% NaBH,).
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3.7. Reaction Kinetics

Table 1 lists the kinetic values that were calculated using
information on hydrogen production from hydrolysis
experiments conducted at different temperatures. As a
result, it has been proven that the reaction is of the Oth
order, meaning that the catalyst affects the reaction's
efficiency.

Table 1. Temperature-dependent kinetic data of NaBH4
hydrolysis catalyzed by Co-Cr@Kaolin catalyst.

Temperature Reac. Rate  Reac. Cons. HGR R?
(°C) degree (k) (mLg*min?)
30 0. degree 0.019 5007 0.9992
40 0. degree 0.0427 11641 0.9939
50 0. degree 0.0638 19112 0.9998
60 0. degree 0.1052 30325 0.9985

In order to determine the reaction kinetics, the data of
hydrogen production rates measured at different
temperatures were evaluated in the Arrhenius equation
(Equation 2).

Ea
RT

Ink =lnd — (2)

Here;

R is the universal gas constant (8.314 kJ K'*mol ), k is the
rate constant (min?), A is a constant known as the
Arrhenius factor, and T is the absolute temperature (K).
According to the Arrhenius equation, the plot of In k
versus 1/T was drawn (Figure 10). The activation energy
(Ea) of the reaction was calculated from the slope of this
graph as 19.36 kJ mol™? (Sahin et al. 2014b, Onat et al.
2021).
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Figure 10. Arrhenius equation graph of hydrolysis reaction in the
presence of Co-Cr@Kaolin catalyst.

4. Conclusion

This work investigated the catalytic activity of Co-
Cr@kaolin in the hydrolysis of NaBH4 to produce
hydrogen. The ideal conditions for the maximum rate of
hydrogen production were determined to be 40 mg of

catalyst, 2,5% NaOH, and 2% NaBH4 by mass. With the Co-
Cr@kaolin catalyst and the pure (Co-Cr) catalyst, the rates
of hydrogen production via hydrolysis under these
circumstances were found to be 5007 mL g min? and
3166 mL g mint, respectively. Thus, adding kaolin to the
pure catalyst enhanced its efficiency. A temperature-
dependent increase in the rate of hydrogen generation
was observed. Hydrogen production rates at 30 °C, 40 °C,
50 °C, and 60 °C were determined as 5007, 11641, 19112,
and 30325 mL g min?, respectively. Investigations on
characterization showed that kaolin improved the
catalyst's effective surface without changing the catalyst's
composition. Moreover, the Co-Cr@kaolin catalyst
catalyzed the process at a low activation energy and
produced a high amount of hydrogen.
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Oz

Bu calismada, literatiirde yer alan ftalonitril 1 bilesiginden
baslanarak piperazinedion birimi iceren yeni bir makrosiklik
bilesik 2 ve bu makrosiklik bilesigin kobalt(ll) ftalosiyanin turevi
3 sentezlenmistir. Sentezi gergeklestirilen bilesik 2 ve 3’lin
karakterizasyonlari FT-IR, MS, UV-Vis, 1H ve 13C NMR analiz
yontemleri kullanilarak gergeklestirilmistir. Onciil ftalonitril
bilesigi 1, makrosiklik bilesik 2 ve kobalt(ll) ftalosiyanin tirevi
3’Un ekstraktant Ozelliklerini belirlemek amaciyla sivi-sivi
ekstraksiyon deneyleri gergeklestirilmistir. Bunun igin, sivi-sivi
ekstraksiyonu yontemi kullanilmistir. 1, 2 ve 3 bilesiklerinin, sulu
fazdan Ag*, Hg?*, Cd?*, Zn?*, Cu?, Ni%*, Pb?* ve Co% metal
iyonlarini organik faza hangi oranda tasidigi belirlenmeye
galisiimistir. Bunun yani sira, makrosiklik halka buytklugu ve
makrosiklik halkadaki donér atom sayisinin  metal-iyon
ekstraksiyonu Uzerine olan etkisi, daha ©6nce vyapilan
¢alismalardan elde edilen sonuglar ile karsilastirilarak verilmistir.
1, 2 ve 3 bilesiklerinin kullaniimasi ile yapilan ekstraksiyon
galismalari, 3 bilesiginin Hg?* ve Cu?* katyonlarini sulu fazdan
organik faza en ylksek oranda tasidigini gostermistir. Kobalt(Il)
ftalosiyanin 3 bilesigi ile Hg?* ve Cu?* katyonlarinin sulu fazdan
kloroform fazina ekstraksiyon yiizdeleri sirasiyla %89,9 ve %83,1
olarak belirlenmistir.

Anahtar Kelimeler Makrosiklik; Ftalosiyanin; Metal ekstraksiyonu;
Gegis metalleri.

© Afyon Kocatepe Universitesi

Abstract

In this study, starting from the phthalonitrile compound 1
recorded in the literature, a new macrocyclic compound 2
containing a piperazinedione unit and its cobalt(ll)
phthalocyanine derivative 3 were synthesized. The compounds
2 and 3 was characterized by using the analyses such as FT-IR,
1H and 13 C NMR, MS and UV-Vis. Liquid-liquid extraction
experiments were performed to understand the extractant
properties of the precursor phthalonitrile compound 1,
macrocyclic compound 2 and 3. For this, the liquid-liquid
extraction method was used. It was attempted to determine at
what rate 1, 2 and 3 transport Ag*, Hg?*, Cd?*, Zn?*, Cu?*, Ni%*,
PbZ*, and Co?* metal ions from the aqueous phase to the organic
phase. In addition, the effect of macrocyclic ring size and the
number of donor atoms in the macrocyclic ring on metal-ion
extraction is given by comparing the results obtained from
previous studies. Extraction studies using the compounds 1, 2
and 3 have shown that the compound 3 transports Hg2* ve CuZ*
cations at the highest rate. The extraction percentages of Hg?*
ve Cu?* cations from the aqueous phase to the chloroform phase
in the presence of compound 3 were determined as 89.9% and
83.1%, respectively.

Keywords Macrocycle; Phthalocyanine; Metal extraction, Transition
metals.

1. Giris
GunlUmizde, gerceklestirilien madencilik, pil Gretimi,
tarimsal ve endistriyel kimyasal Gretimi ve diger

kimyasallarin (iretimi faaliyetlerinde ortaya ¢ikan atiklar
nedeni ile su kaynaklari cesitli kirleticiler tarafindan
kirletilmektedir (Malato vd. 2009, Yordanov vd. 1998).
Uzun sireli bu faaliyetlerin sonucu olarak, toprak ve
sulardaki agir metal kirliligi son yillarda dramatik bir
sekilde artmakta ve bu sorun kendini birgok alanda farkli
sekilde hissettirmektedir (Malato vd. 2009, Yordanov vd.
1998). Agir metallerin ¢evrede artan konsantrasyonu,

ozellikle insan saghg acisindan ciddi bir tehlike arz
etmektedir.

Bu tir agir metallerin insanlardaki biyobirikimi 6grenme
glcligl, davranis degisiklikleri, gelisim bozukluklar ve
sinir sisteminde hasar gibi ¢ok ciddi saglk sorunlarina
neden olmaktadir (Rehman vd. 2018). Agir metaller
sinifinda yer alan gimis ve civanin, proteinler ve
enzimlerle gliclii baglar olusturabilme potansiyeli nedeni
ile doku ve bobreklerde kolaylikla birikebilmesi mimkiin
olmaktadir. insan viicudunda bulunan bircok enzim,
yapilarinda tiyol veya tiyolat gruplari icermesi nedeniyle
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glimls ve civa gibi gecis metallerine karsi yiksek
baglanma egilimi géstermektedir (Yordanov vd. 1998).
Halk saghgl ve cevre agisindan agir metallerin su ve
topraklardan uzaklastirilmasi son derece 6nemlidir.

Agir metal katyonlarinin atik sahalarindan uzaklagtiriimasi
icin agir metallerin ekstraksiyonu, ayrilmasi ve geri
kazanilmasi ile ilgili konular lzerine ¢ok yogun sekilde
arastirmalar yapilmaktadir (Shuya vd. 2020, Furukawa ve
Tokunaga 2004, Rout ve Binnemans 2014, Yildiz 2024, Gok
ve Gok 2019, Akkus ve Oz 2014, Kabay ve Gok 2013). Bu
calismalardan elde edilen sonuglar, agir metallerin atik
sahasindan etkili ve segimli bir sekilde uzaklastirilabilmesi
i¢in kullanilacak olan kimyasal yapinin tasariminin oldukga
onemli rol oynadigini goéstermistir. Daha fazla ve etkili
metal ekstraksiyonu igin, kimyasal yapinin tasariminda
yumusak asit-baz kavrami rehber olarak kullaniimaldir.
Yumusak asit-baz kavramina gére (Hancock ve Martell
1989), glimis ve civa gibi yumusak katyonlarin daha
yuksek oranda ve segimli
yaplya
atomlarinin eklenmesi iyi bir yaklasim olarak ortaya

ekstraksiyonu  igin,
sentezlenecek  kimyasal yumusak  donor
¢cikmaktadir. Glinlimize kadar, kikirt dondér atomu
iceren c¢ok farkli tiirde kimyasal yapinin sentezleri ve
ekstraksiyon calismalarindaki etkinlikleri incelenerek
literatlirde rapor edilmistir (Gok ve Gok 2019, Gok ve Gok
2017, Das vd. 2020, Yildiz 2024, Gok ve Demir 2015, Gok
vd. 2015). Ftalosiyanin bilesikleri de bu kimyasal siniflar
icerisinde yer alan ve c¢ok gesitli metal katyonlari ile
koordinasyon yapabilme kabiliyetine sahip olan bir bilegik
sinifidir (Yildiz 2024, Gok ve Gok, 2018, Gok ve Gok 2019,
Gok 2015).

periferal olmayan kisimlarina kikirt donér atomu ihtiva

Ftalosiyanin bilesiklerinin periferal veya

eden makrosiklik yapilarin eklenmesi durumunda, agir
gecis elementlerini ekstrakte edebilme kapasiteleri daha
da artirilabilir. Bu tur bir kimyasal yapi ile yumusak giimis
ve civa katyonlarinin daha etkili bir sekilde ekstraksiyonu
mimkiin olabilir. Grubumuz tarafindan kikirt atomu
ihtiva eden makrosiklik bilesiklerin ve ilgili ftalosiyanin
tirevlerinin sentezi ve metal iyon baglama 6zellikleri
konusunda vyapilan ¢alismalarda, yumusak metal
katyonlarinin bu yapilar ile daha etkili sekilde ekstrakste
edilebildigini gdstermistir (Gok ve Gok, 2019, Gok ve Gok,
2018, Gok ve Gok, 2014). Ancak, kikirt donor atomu
ihtiva eden tirlerin, 6zellikle ftalosiyanin bilesiklerinin,
sentezine yonelik ¢alismalar zaman alici sentez siregleri,
toksik  kimyasallarin

saflastirmadaki  guglikleri ve

kullanilmasi nedeniyle oldukga sinirhdir.

Bu c¢alismada, periferal konumlarinda dort adet
piperazindion birimli N2Ss dondér atom setine sahip
makrosiklik halka ihtiva eden yeni bir kobalt(ll)

ftalosiyanin bilesiginin sentezi, karakterizasyonu ve Ag®,
Hg?*, Cd?*, Zn?*, Cu®*, Ni%*, Pb?*, ve Co?* katyonlarina karsi

olan ekstraktant ozellikleri bildiriimektedir.

2. Materyal ve Metot

Onciil ftalonitril bilesigi 1, literatiirde verilen ydntem takip
edilerek sentezlenmistir (Gok vd. 2007). Bu calisma
kapsaminda kullanilan tim kimyasallar kimyasal
tedarikgilerinde temin edildi. Cozlculerin saflagtirilma ve
kurutma islemleri Armarego’da (2022) tarif edildigi sekli
ile yapildi.
kullanildi. Organik bilesiklerin saflastiriimasi igin silika jel
(Merck, Kieselgel 60 A, 400-630 mesh) kullanildi ve

saflastirma islemi flash kolon kromatografisi teknigi ile

Ekstraksiyon deneyleri igin ultra saf su

gerceklestirildi. Ekstraksiyon ¢alismalarinda ¢oziicii olarak
Metal
hazirlanmasinda, metallerin (Pb, Co, Cu, Zn, Cd, Ag, Hg ve

kloroform kullaniimistir. pikratlarin

Ni) nitrat tuzlari ve pikrik asit kullanilmistir. Cozeltilerin

hazirlanmasi  sirasinda ultra saf su kullaniimistir.
Ekstraksiyon sirasinda fazlarin hacim degisimlerini
onlemek amaciyla ¢o6ziciler kullanilmadan 6nce

birbirlerine doyurulmustur. Spektrofotometrik dlgcimler,
oda sicakliginda 1 cm yol uzunlugundaki kiivetlerde
Optima 3000 Nano spektrofotometre ile kaydedilmistir.
Solvent ekstraksiyon deneyinde Selecta tip termostath
calkalayici kullanilmistir.

Elde edilen bilesiklerin FTIR spektrumlari, KBr disk teknigi
kullanilarak Perkin ElImer Spectrum 65 spektrometresinde
olciildii. 'H ve 3C NMR spektrumlari, CDCls ¢dziicii
icerisinde Varian Mercury 400 MHz spektrometresi ile
kaydedildi. Micromass Quatro LC/ULTIMA LC-MS/MS
kiitle spektrometresi kullanilarak organik bilesiklerin kiitle
analizleri gergeklestirildi. Element analizler, LECO
Elemental Analizorii (CHNS 0932) ile gerceklestirildi.
Bilesiklerin erime noktalari bir elektrotermal cihazla
belirlenmis ve rapor edilmistir.

2.1 Sentez
Piperazindion iceren makrosiklik bilesigin sentezi (2)

20 mL DMF igindeki 1 bilesigi (1,00 g; 1,55 mmol) ve NaOH
(0,136 g; 3.40 mmol) 65°C'ye isitildi ve azot atmosferi
altinda 4 saat sireyle karistirildi. Reaksiyon, etil asetat-
diklorometan (1:9) ¢ozlict sistemi kullanilarak ince tabaka
kromatografisiyle takip edildi. Bu slirenin sonunda
reaksiyon icerigi stiziilerek stizlinti doner buharlastiricida
kadar

diklorometan igerisinde ¢6zlldi. Organik kisim, iki kez

kuruluga buharlastirildi.  Kalan sarimsi yag
%5'lik NaCl ¢ozeltisi ile yikandi. Birlestirilen organik
kisimlar, susuz Na:S0s Uzerinde kurutuldu ve ¢ozlci,

dislik basing altinda tekrar buharlastirilarak ham Urin
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elde edildi. Elde edilen ham {rin, silika jel kolon

kromatografisiyle saflastinldi.  Elliasyon etil asetat-
diklorometan (2:8) ¢6zlci sistemi ile gergeklestirildi.
Uriin acik sar renkte kati olarak elde edildi ve vakum
altinda kurutuldu. Verim: 0,213 g (23%). E.n: 297-299 °C.
C28H22N402S4 icin elementel analiz (hesaplanan): C, 58,51;
H, 3,86; N, 9,75%; bulunan: C, 58,06; H, 3,91; N, 9,38%. IR
(KBr disc) vmax/cm™: 3053(CHar), 2920(-CHs), 2227(C=N),
1675(C=0), 1473, 1447, 1415, 1310, 762. *H NMR (400
MHz, CDCls, ppm) 8:7,67-7,64 (m, 2H, ArH), 7,45-7,42 (m,
6H, ArH), 7,32-7,30 (m, 2H, ArH), 4,76 (d, J = 16,6 Hz, 2H,
0=CCH2N), 4,10 (d, J = 16,6 Hz, 2H, O=CCH2N), 3,43-3,10
(m, 8H, SCH2). 3C-NMR (100 MHz, CDCls, ppm) & 164,2
(C=0), 143,7, 141,3, 133,9, 132,8, 130,6, 129,9, 129,6,
128,7, 115,1 (C=N), 112,3, 53,0 (NCH2), 34,1 (SCH2), 33,1
(SCH2). MS (ESI*) MS C28H23N202S4 igin hesaplanan [M+H]*:
575,1; bulunan 575,1.

Kobalt(ll) ftalosiyanin bilesigin sentezi 3

Piperazinedion birimi iceren makrosiklik bilesik 2 (0,16 g;
0,28 mmol) ve susuz CoCl2 (0,025 g; 0,14 mmol) bir
Schlenk tiipi igerisine ilave edildi. Uzerine, n-pentanol
(2,5 mL) ve Kkatalitik miktarda 1,8-diazabicyclo 5.4.0
undec-7-ene (DBU) ilavesi yapildiktan sonra reaksiyon
icerigi azot atmosferi altinda 140 °C'de 24 saat boyunca
karistirildi. 24 saat sonunda Schlenk tiipli ve iceriginin oda
sicakhgina sogutuldu. Oda sicakligina soguyan reaksiyon
iceriginin ¢6zlclsl vakum altinda déner buharlastiricida
uzaklastirildi. Elde edilen yesil renkli ham Grin, kloroform-
metanol (95:5) ¢ozlicl sistemiile silika jel kolon lizerinden
saflastirildi. Kobalt(ll) ftalosiyanin bilesigi 3 yesil kati
madde olarak elde edildi. Vakum altinda kurutuldu.
Verim: 0.039 g (%24). mp: >300 °C. C122HgsN1608S16Co icin
elementel analiz (hesaplanan): C, 57,03; H, 3,80; N, 9,50%;
bulunan: C, 57,53; H, 4,02; N, 8,94%. IR (KBr disc) vmax/cm"
1:3053 (CHar), 2914 (-CH3), 1671 (C=0), 1584, 1470, 1401,
1312, 1105, 1064, 942, 743; UV-Vis (DMF): Amax, nm (log
€): 366 (4,23), 630 (4,17), 695 (4,99); MS (MALDI-TOF)
(m/z): C122HgoN1608S16Co0 igin hesaplanan [M+H]*: 2357,2;
bulunan: 2357,6 [M+H]*

2.2 Ekstraksiyon yontemi

Baslangic ftalonitril bilesigi 1, piperazindion birimi iceren
makrosiklik bilesik 2 ve kobalt(ll) ftalosiyanin bilesigi 3'lin
Ag*, Hg*, Cd*, zn?%*, Cu®*, Ni**, Pb?*, and Co*
iyonlarina karsi affiniteleri sivi-sivi ekstraksiyon yontemi

metal

kullanilarak incelenmistir. Calisilacak metal iyonlarinin
pikrat ¢ozeltilerinin hazirlanisi ve ekstraksiyon deneyleri
literatlrde kayith yontemlere gore gergeklestirilmistir
(Gok ve Gok 2018, Gok ve Demir 2015, Gok vd. 2015).
Metallerin nitrat tuzlar olarak Pb(NOs3)2, Co(NO3)2.6H20,

Cu(NOs3)2.3H20, Zn(NOs3)2.6H20, Ni(NO3)2.6H-0,
Cd(NOs3)2.4H20,  AgNOs, Hg(NOs)2.H20 kullaniimistir.
Pikrat ¢6zeltileri, metallerin nitrat tuzlarinin 1 x 102 M’hk
cozeltisi ile pikrik asidin 1,25 x 10° M’lik ¢ézeltisinin
karistirilmasi ile hazirlanmistir. Ekstraksiyon ¢06ziiclsi
olarak kloroform kullanilmistir. Ekstraksiyon deneylerinin
yapilmasi sirasinda ilk olarak, ligandin 1,25 x 10* M’lik
kloroform iginde hazirlanan ¢o6zeltisinin 10 mL’si ile metal
pikrat ¢ozeltisinin 10 mL’si tipali amber renkli siselere
konuldu. Hazirlanan bu siseler termostatl calkalayiciya
yerlestirilerek 25 £ 0,1 °C'de 100 rpm’de 2 saat boyunca
calkalandi. Siire sonunda faz ayriminin gergeklesmesi igin
sise icindeki ¢ozeltiler bir ayirma hunisine alinarak ayni
sicaklikta hareketsiz olarak 2 saat bekletildi. Organik
fazdan ayrilan sulu fazlarin UV-Vis spektrofotometrede
355 nm’de absorbanslari kaydedildi. Daha sonra sulu
fazdan kloroform fazina ekstrakte edilen metal iyonu %’si
Esitlik (1) yardimi ile hesaplandi. Esitlikte yer alan, Ao
ligand yoklugunda sulu fazdaki metal pikrat ¢ozeltisinin
absorbansini, A ise ligand varliginda sulu fazdaki metal
pikrat ¢ozeltisinin absorbansini ifade etmektedir. Ayni
ekstraksiyon deneyleri organik fazda ligand yokken de

tekrarlanarak  pikrat  ekstraksiyonun  gergeklesip

gerceklesmedigi gosterildi.

E(%) = 2= (1)
Ao

3. Bulgular ve Tartisma
3.1 Sentez ve karakterizasyon

Bu ¢alismada literatiire kayitl olmayan iki yeni bilesik Sekil

1’de verilen vyol takip edilerek sentezlenmistir.
Sentezlenen yeni bilesiklerin yapi tayinleri, FT-IR, *H ve 13C
NMR, MS, UV-Vis

kullanilarak gerceklestirilmistir. Elde edilen sonuglarin

ve elementel analiz teknikleri
degerlendirilmesi sonrasi, sentezlenen yapilarin dnerilen
yapilar ile uyumlu oldugu belirlenmistir. Elde edilen

bulgular asagida detayh olarak tartisiimigtir.

1 bilesiginin, NaOH bazi ile kuru DMF igerisinde oda
sicakliginda ve azot atmosferi altinda gercgeklestirilen
reaksiyonundan piperazindion birimi iceren makrosiklik 2
bilesigi %25’lik verimle elde edilmistir. Elde edilen 2
bilesiginin alinan FT-IR spektrumu Sekil 2’de verilmistir.
Yapisi Sekil 1’de gosterilen (2) bilesiginde var olan, C=0 ve
C=N gruplarina ait gerilim titresimlerinin sirasiyla 1677
cmtve 2227 cmYde ortaya ¢tkmasi dnerilen yapi ile uyum
IH-NMR spektrumunda,
herhangi bir amid protononuna ait sinyalin gézlenmemis

icindedir. Bilesiginin alinan

olmasi dnerilen yapiyi desteklemektedir (Sekil 3).
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Sekil 1. Piperazindion birimi iceren makrosiklik bilesik 2 ve kobalt(ll) ftalosiyanin 3 bilesiginin sentezi. (/) NaOH, DMF, 65 °C.; (ii) susuz
CoCl,, DBU, kuru n-pentanol, N, kaynama sicaklig.
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Sekil 2. 2 bilesiginin FT-IR spektrumu

7.658
7.642
7.451
7.430
7.420
7329
7.312
7.208
7.261
—— 5300
4.788
4733
4.136
4.081
3.431
3.351
3319
3.308
3.288
3.149
3.102
1.561
1.255

) )

{

L e o . e e o s s o S L
7.50 7.00 6.50 6.00 550 5.00 450 4.00 350 3.00 250 2.00 150 1.00 0.50 0.00
_ppm (t1)

Sekil 3. 2 bilesiginin 13H-NMR spektrumu
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Ayrica aromatik halkada C=N gruplarinin bagh oldugu
karbonlara komsu karbonlardaki protonlarin sinyalleri 6 =
7,3 ppm’de tekli sinyal olarak gozlenmistir. 2 bilesiginin
Onerilen yapisinda C=0 grubu ile N atomu arasinda kalan
metilen protonlari *H-NMR spektrumunda & = 4,1 ve 4,7
ppm’de gozlenmistir.

2 Bilesiginin alinan 3C NMR (APT) spektrumu Sekil 4’de
verilmistir. 2 bilesiginin yapisinda yer alan C=0 grubuna
ait karbon rezonansi 6 = 164,2 ppm’de gozlenmistir ve

164 168

onerilen yapiyla uyumludur. 2 bilesiginde, C=0 grubu ile N
atomu arasinda kalan metilen karbonu & = 53,1 ppm’de
gozlenmistir. Kukirt atomuna bagh karbon atomlari 6 =
34,01 ve 33,01 ppm’de rezonansa gelmistir ve literatiirde
elde edilen degerler ile uyum icindedir (Yildiz 2024, Gok
ve Gok, 2019). C=N karbonuna ait sinyal 5 = 115,1 ppm’de
ortaya ¢cikmistir. Diger aromatik karbonlara ait karbon
rezonans sinyalleri 6 = 143,7, 141,3, 133,9, 132,7, 130,6,
129,9, 129,6, 128,7 ve 112,3 ppm’de gozlenmistir.

4
=70

i}

0

0

5 150 125 100
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S L S B B B B |
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Sekil 4. 2 bilesiginin 133C-NMR (APT) spektrumu
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Sekil 5. 2 bilesiginin ESI-MS spektrumu

2 Bilesiginin kaydedilen kitle spektrumunda m/z =
575,1’de ortaya ¢ikan sinyalin 2 bilesigi icin hesaplanan
m/z = 575,1 [M+H]* molekiler iyon degeri ile értiismesi
onerilen yapi ile uygunluk géstermektedir (Sekil 5).

Biitlin bu sonuglar hedeflenen makrosiklik 2 bilesiginin
basari ile sentezlendigini dogrulamaktadir. Ayrica, yapilan
elementel analiz sonrasi bulunan degerler ile hesaplanan
degerlerin birbirine yakin olarak elde edilmesi 2 bilesigi
icin onerilen yapiy! ile uyum icerisindedir. Elde edilen
halka
reaksiyonlari icin elde edilen sonuglar kiyaslandiginda,

sonuglar ile literatlirde benzer kapanmasi

sonuglarin uyum iginde oldugu belirlenmistir (Gok ve Gok,
2018, Gok vd. 2007, Gok vd. 2007).

Periferal konumlarda piperazindion birimli makrosiklik
halka iceren 3, makrosiklik ftalonitril bilesigi 2’nin CoCl»
tuzu ile bir Schlenk tlipliinde azot atmosferinde n-
pentanol ¢ozicl igerisinde ve katalitik miktarda DBU
varhginda 140 °C sicaklikta 24 saat karistirilarak
isitiimalariyla elde edilmistir. Elde edilen kobalt(ll)
ftalosiyanin bilesiginin KBr disk yontemi ile alinan IR
spektrumu, baslangi¢ bilesigi olan makrosiklik ftalonitril
bilesigi 2’nin IR spektrumu ile oldukga benzerdir. 2230 cm”
1 civarlarlarindaki kuvvetli C=N gerilme titresimine ait
bandin kobalt(ll) ftalosiyanin bilesiginin IR spektrumunda
gozlenmemesi ftalonitril tirevinin siklotetramerizasyonu
ile istenilen ftalosiyanin bilesiginin olustugunun bir
gostergesi olarak kabul edilebilir (Sekil 6).
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Sekil 6. 3 bilesiginin FT-IR spektrumu
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Sekil 7. 3 ekstraktantinin DMF ¢o6ziiciisiinde kaydedilen UV-Vis spektrumu

Kobalt(ll) merkez metalinin paramagnetik olmasindan
kobalt(Il) H NMR
alinamamigstir.  Ftalosiyanin bilesiklerinin

dolayi ftalosiyanin  bilesiginin
spektrumlari
olusumunu destekleyen analiz yéntemlerinden biri de UV-
Vis spektrumlaridir. Ftalosiyaninler, 300-800 nm arasinda
yer alan spektral pencerede iki bantli karakteristik UV-Vis
absorpsiyon spektrumlarina sahiptirler (Leznoff ve Lever,
1998). Bu absorpsiyon bantlarindan 300 nm civarinda
kaydedilen B bandi olarak adlandirilirken, 600-800 nm

arasinda goézlenen absorpsiyon bandi Q bandi olarak

adlandirilirlar.  Q absorbsiyon bandinin  gérinimi
ftalosiyanin halkasinin merkezine metal iyonu olup
olmamasina gore degismektedir. Genel olarak

merkezinde metal katyonu bulunan ftalosiyaninler Dan
simetrileri nedeniyle tekli bir Q bandi verirken, metal
icermeyen ftalosiyaninler Dzn simetrileri nedeniyle
bolinmis Q bandi ile karakterize edilirler (Leznoff ve
Lever, 1998). Bu ¢alismada sentezlenen metal ftalosiyanin
turevi olan 3 bilesiginin DMF igerisinde kaydedilmis UV-

Vis spektrumu Sekil 5’'de verilmistir.

Sekil 7'de gorulduglu uzere, metal ftalosiyanin bilesigi
beklendigi gibi iki ana absorpsiyon bandi vermistir. B

bandi olarak adlandirilan bant 365 nm civarinda
kaydedilirken, Q bandi

absorpsiyon bandi olarak kaydedilmistir. Bu veriler, 3

ise 695 nm civarinda tekli

bilesiginin UV-Vis spektrumunun literatir bilgileri ile
uyum icinde oldugunu gostermektedir.

MALDI-TOF teknigi ile alinan kditle
spektrumunda bilesige ait molekdiler iyon sinyalinin, (m/z)
= 2357,6 [M+H]*da

dogrulunu desteklemektedir

3 bilesiginin,

gozlenmesi Onerilen yapinin
(Sekil 8). Elde edilen
elementel analiz sonuglari ile hesaplanan degerlerin yakin
olmasi hedeflenen 3 bilesiginin basari ile sentezlendigini
gostermektedir.

=== == | BRUKER
DALTSHIOS

Sekil 8. 3 bilesiginin MALDI-TOF spektrumu
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3.2. Ekstraksiyon ¢alismalari

1, 2 ve 3’ bilesiklerinin gecis metal iyonlari Ag*, Hg?*, Cd**,
Zn%*, Cu?*, Ni?*, Pb?* ve Co?"a karsi olan afinitelerini
belirleyebilmek i¢in sivi-sivi ekstraksiyonu yontemi
kullanilmigtir. Bu galismalarda karismayan sivi ikilisi olarak
su ve kloroform segilmistir. 30 mL’'lik amber renkli siselere
L/M orani 10 olacak sekilde metal pikrat ¢6zeltisinden 10
mL (1,25 x 10> M) ve ligand ¢ézeltisinden 10 mL (1,25 x

10* M) ilave edilerek 2 saat siireyle calkalayici da

calkalanmistir. Sitire sonunda faz ayrimi saglanarak sulu
fazda kalan metal iyonu konsantrasyonu, sulu fazin UV-Vis
spektrofotometrede 355 nm’de absorbansinin okunmasi
ile hesaplanmistir. Sulu fazda ekstraksiyon oncesi ve
sonrasi bulunan metal iyonu konsantrasyonlarina karsilik
gelen absorbans degerlerinin Esitlik 1’de yerine konulmasi
ile % metal ekstraksiyonu hesaplanmistir. 1, 2 ve 3
bilesikleri ile sulu fazdan organik faza ekstrakte edilebilen
her bir metal iyonuna ait ekstrakte edilebilirlik yluzdeleri
Cizelge 1’de verilmistir.

Cizelge 1. 1, 2, 2’, ZnPc ve 3 bilesikleri ile sulu fazdan organik faza ekstrakte edilebilen katyonlarin ekstraksiyon ylzdeleri.

Ekstraksiyon yiizdesi® ? (%)

Bilesik

Niz+ Cu?* Hg2* Ag* Cd?* Pb2+ Co% Zn2* Referans
1 <1 <1 77,5£1,1 10,8+1,5 <1 1,310,3 <1 <1 Bu ¢alisma
<1 <1 2,7¢1,1 3,7+0,7 <1 <1 <1 <1 Bu ¢alisma
50,2+3,4 83,1+1,4 89,9+3,1 81,7+t1,5 50,7+0,7 72,6%0,8 41,3%0,7 34,3+2,9 Bugalisma
2 <1 <1 3,5%0,6 9,610,3 <1 5,1+0,7 <1 4,1+0,9 GOk ve Gok, 2018
ZnPc 3,040,2 12,3#0,2 67,9+0,6 31,6%0,5 1,1+0,1 5,1+0,3 <1 23,2+0,8  Gok ve Gok, 2018

aSicaklik: 25,010,1 °C; sulu faz (10 mL); [pic] = 1,25 x 10> M, organik faz (10 mL); [L] = 1,25 x 10* M; Degerler Ug bagimsiz ekstraksiyon deneyinin

sonuglarindan hesaplanmigtir.
bKloroform

Cizelge 1’e gore, 1 bilesiginin sulu fazdan kloroform fazina
en yiiksek oranda ekstrakte edebildigi metal iyonlari Hg?*
ve Ag' olarak belirlenmistir. 1 Bilesiginin Hg?* ve Ag*
iyonlari sulu fazdan kloroform fazina ekstraksiyon
ylzdesi, sirasiyla, %77,5 ve %10,8 olarak hesaplanmistir.
Diger metal katyonlarinin ekstrakte edilebilirlik oranlari
%1 ve altinda oldugu belirlenmistir. Bu sonuglar, 1
bilesiginin caligilan katyonlar arasinda Hg* ve Ag'
iyonlarinin tasinimi segimli olarak gerceklestirebildigini
gostermektedir. 1 Bilesigi makrosiklik yapida olmayip
zincir bir yapiya sahiptir. Bilesigin N2S4 dondr atom setine

sahiptir. Sert-yumusak asit baz kavramina gore N orta
sert ve S yumusak dondér atomlari olarak
tanimlanmaktadir.  Kukirt dondér atomu iceren

bilesiklilerin yumusak metal katyonlarina karsi sec¢imlilik
gosterdikleri literatiirde yapilan c¢alismalar ile ortaya
konmustur (Gok ve Gok, 2019, Gok ve Gok 2018, Gok ve
Demir 2015, Gok vd. 2015, Gok vd. 2007). Ekstraksiyon
calismasinda kullanilan katyonlara, yik/yaricap orani
bakimindan incelendiginde, sert-yumusak asit baz
kavramina gore Ag* katyonu en yumusak, Hg?* ve Pb?* orta
sert, Cd?*, Zn?*, Cu?*, Ni?*, ve Co?* ise sert katyonlar olarak
siniflandirilabilir. 1 bilesiginin icermis oldugu dort adet
yumusak kiikirt donér atomu ile en yumusak katyon olan
Ag* iyonun etkilesimde bulunmasi sert-yumusak asit baz
kavramina gore de uyum icindedir. Ag* katyonuna gére
daha sert olan Hg?* ve Pb?" katyonlarinin 1 bilesigi ile
ekstrakte edilebilme yiizdeleri incelendiginde, sirasiyla, %
77,5 ve %1,3 oldugu goérulmektedir. 1 bilesiginin Hg?
katyonunu Pb?* katyonuna kiyasla daha fazla tasiyabilme

kapasitesi sadece bilesigin yapisinda yer alan orta sert N
dondr atomunun etkisi ile agiklanamayacagi, 1 bilesiginin
Hg?* katyonunun Pb?* katyonuna gére secimli olarak
tasinmasinda baska faktorlerin rol oynadigina isaret
etmektedir. Literatlirde daha onceki yapilan galismalar

incelendiginde, ekstraksiyon igin kullanilan ligandin
yapisinda -Cl veya -Br atomlarinin yer almasi durumunda,
sivi-sivi ekstraksiyon calismalarinda Hg?* katyonuna karsi
secimliligin arttig1 belirlenmistir (Gok ve Gok 2018, Gok ve
Demir 2015, Gok vd. 2015). Bu ¢alismada da ekstraktant
olarak kullanilan 1 bilesiginin yapisinda -Cl atomlarinin
bulunmasi, orta sert Hg?* ve Pb?" katyonlarindan Hg?*
katyonunu tasiniminda bir secicilige neden oldugu
anlagiimaktadir ve literatiirde elde edilen sonuglar ile
uyum igindedir.
1 Bilesiginin  halkalasmasi  sonucu elde edilen
piperazindion birimi iceren makrosiklik bilesik 2 ile yapilan
ekstraksiyon deneylerinin  sonuglari incelendiginde
neredeyse hicbir metal katyonunu etkili bir sekilde sulu
fazdan organik faza tasiyamadigi belirlenmistir. 2 bilesigi
ile Hg?* katyonu %2,7 ve Ag* katyonu ise %3,7 oraninda
sulu fazdan organik faza tasinabilmistir. Elde edilen bu
degerler, 1 bilesigi varliginda elde edilen ekstraksiyon
degerlerine kiyasla oldukga disuk degerlerdir. Metal
katyonlarinin ekstraksiyonlari i¢in kullanilan ligandlarin
sahip oldugu donér atom tirli, sayisi ve halka
blyuklugliniin ekstraksiyon ylizdeleri (izerine Onemli
etkisinin oldugu literatiirde yapilan ¢alismalar ile ortaya
konmustur (Pedersen 1967, lzatt vd. 1985, Hancock ve

Martell 1989, Zhang vd. 1998). 1 bilesigi ile 2 bilesigi
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yapilarindaki tasidiklari dondér atom tlrli ve sayisi
bakimindan ayni sete sahip olup N2S4 dondr atom seti
olarak adlandirilmaktadir. Aralarindaki fark, 2 bilesigi
halkal bir yapiya ve gergin i¢ kaviteye sahip iken 1 bilesigi
acik zincirli ve esnek bir yapiya sahiptir. Bir metal
katyonunun bir ligand ile ekstrakte edilebilirliginin segimli
ve yuksek olmasi igin, dondr atomlarinin sert-yumusak
ozelliklerinin ekstrakte edilmek istenen metal katyonunun
sert-yumusak Ozellikleri ile benzer olmasi ve makro
halkanin kavite ¢apinin ekstrakte edilmek istenen metal
katyonu capi ile uyumlu olmasi gereklidir (Izatt vd. 1985,
1989).

ekstraksiyon galismalarindan, bilesigin yapisinda yer alan

Hancock ve Martell 1 Bilesigi ile yapilan
dondr atom setlerinin Hg?* ve Ag* katyonlarinin ekstrakte
edilebilmesi icin uygun oldugu gostermisti. 2 Bilesigi ile
elde edilen disuk ekstraksiyon sonuglari, halkalasma
sonrasi elde edilen 2 bilesiginin sahip oldugu kavite
capinin ekstraksiyon c¢alismalarinda kullanilan metal
katyonlarinin gaplari

ile  uyumlu olmadigina isaret

etmektedir.

2 Bilesiginin siklotetramerizasyonu ile elde edilen 3
bilesiginin yapisi Sekil 1’de goérilmektedir. 3 bilesigi
piperazindion birimi igeren dort adet makrosiklik halka
tasimaktadir ve ftalosiyanin c¢ekirdegi nedeni ile
diizlemsel yapiya sahiptir. Bu nedenle, ekstraksiyon
calismalarinda, 1 ve 2 yapilarina kiyasla daha fazla metal
katyonu tasima sahip

potansiyeline olabilecegi

ongorilmistl. Ekstraksiyon c¢alismalari  sonuglarinin
verildigi Cizelge 1'de 3’e ait ekstraksiyon sonuglari
incelendiginde, 3 ile elde edilen metal iyonu ekstraksiyon
degerleri tim metal katyonlariigin 1 ve 2 ligandlariile elde
edilen degerlere kiyasla daha ylksek ¢ikmistir. 3 bilesigi
varhiginda elde edilen en yuksek ekstraksiyon degerleri
Hg?*, Cu?* ve Ag* katyonlarina aittir ve sirasiyla %89.9,
%83,1 ve %81,7 olarak belirlenmistir. 1 ve 2 ligandlari ile
neredeyse hic ekstrakte edilemeyen Cd?*, Zn?*, Cu?, Ni%*,
Pb?* ve Co?* metal katyonlarinin ekstraksiyon degerleri 3
bilesigi ile yapilan ekstraksiyon c¢alismalarinda artis
gostermistir. Ozellikle, Cu?* ve Pb?* katyonlari igin oldukga
yuksek olan, sirasiyla, %83,1 ve %72,6 degerleri elde
edilmistir. 3 varliginda ekstraksiyon degerlerinde
kaydedilen bu dikkate deger artislar igin, 3’lUn dizlemsel
yaplya sahip olmasi ve daha fazla sayida donér atomuna
sahip olmasinin metal ekstraksiyonu Gzerine énemli bir
etkiye sahip oldugu soylenebilir. Literatiirde yapilan bazi
¢alismalarda da makrosiklik liganda kiyasla ftalosiyanin
analoglarinin daha etkili ekstraksiyon kabiliyetlerine sahip
olduklari ve bunun nedeni olarak ftalosiyanin halkasinin
duzlemselligi ve sahip oldugu donér atom sayilarinin
fazlalig seklinde ifade edilmistir (Yildiz 2024, Gok ve Gok

2018, Gok ve Demir 2015).

Grubumuz tarafindan yapilan daha onceki bir ¢alismada,
piperazindion birimi iceren daha kiiclik kaviteye sahip
olan bir makrosiklik bilesik 2’ ve bunun ginko ftalosiyanin
tirevi ZnPc sentezlenmis ve bu bilesiklerin ekstraksiyon
ozellikleri galisiimistir (Gok ve Gok 2018). O calismada
elde edilen bilesikler 2’ ve ZnPcile bu ¢alisma kapsaminda
elde edilen bilesikler 2 ve 3 yapisal olarak birbirlerine
benzer olup, makrosiklik halka blyukligi ve dondr atom
sayist bakimindan farkhhk gostermektedir (Sekil 9).

N S So. N
S o1 e <2 &
o)
ZnPc’

Sekil 9. 2’ ve 3 bilesiklerinin yapisi

Bu iki ¢alismanin kiyaslanmasi, literatiirde konuk-konak
etkilesimine etki eden faktorler arasinda sikca ifade
edilen, dondr atom sayisi, tiirii ve makro halkanin sahip
oldugu kavite buylklGginin ekstraksiyon (zerine
etkisinin agiklanmasi igin de oldukga kayda deger sonuglar
ortaya koymaktadir. 2’ ve ZnPc bilesiklerinin ayni metal
katyon seti ile yapilan ekstraksiyon ¢alismalarina ait
sonuglar Cizelge 1'de verilmistir. Ekstraksiyon sonuglari
incelendiginde, makrosiklik bilesik 2’ ile neredeyse hicbir
etkili  bir
gorilmektedir. Bu durum, bu calismadaki 2 bilesigi ile elde
ZnPc

ekstraksiyon calismasinda ise bitin metal katyonlarinin

katyonun sekilde ekstrakte edilemedigi

edilen sonuglarla benzesmektedir. ile yapilan

ekstraksiyon ylzdelerinde ©6nemli miktarda artis
kaydedilmis ve en yiiksek ekstraksiyon yiizdeleri Hg?* icin
%67,9 ve Ag" icin %31,6 olarak kaydedilmistir. Cizelge
1’deki sonuclara gore, ftalosiyanin bilesikleri ZnPc ve 3,
baslangic makrosiklik bilesikleri 2 ve 2"ye kiyasla daha iyi
ekstraktant oOzellikleri sergilemislerdir. Bu durum
ftalosiyanin halkasinin dizlemselligi ve daha fazla sayida
don6r atom icermesinin sonucu olarak daha iyi
ekstraktant olarak davranmalari ile ilgili literatlirde ifade
edilen durumu dogrulamaktadir. 3 ve ZnPc bilesikleri
periferal konumlarda dorder adet piperazindion birimli

makrosiklik halka tasimaktadirlar.

Daha o6nceki c¢alismamizda sentezlenen ZnPc ile bu
calismada sentezi yapilan 3 bilesiklerini ekstraksiyon
ozellikleri bakimindan kiyaslayacak olursak, tasidiklari
makrosiklik yapilar birbirlerine ¢cok benzer olsa da kavite
biyuklikleri ve icerdikleri dondr atom sayisi bakimindan
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farkliliklar gostermektedir. 3 bilesigi N2S4 donér atom seti
iceren daha biyik kaviteye sahip makrosiklik yapilar
ihtiva ederken, ZnPc bilesigi N.S2 dondr atom setine sahip
daha kuiglik kaviteli makrosiklik yapi ihtiva etmektedir.
Dondr atom sayisinin artmasi ve artan kavite bayukliga,
metal

sulu fazdan organik faza farkl katyonlarinin

cekilebilmesine olanak saglarken cekilebilen metal
katyonunu miktarinin artmasina da katki saglamasi
beklenen bir durumdur. Elde edilen sonuglar
incelendiginde, daha biiylk kavite ve daha fazla donor
atomuna sahip olan 3 bilesigi ile ekstrakte edilebilen
metal iyon tirlerinin sayisi ve miktarinin ZnPc bilesigine

kiyasla daha fazla oldugu belirlenmistir.
4. Sonuglar

Bu calisma kapsaminda, literatiirde kayith olmayan bir
adet yeni makrosiklik bilesik 2 ve bir adet yeni kobalt(ll)
ftalosiyanin bilesigi 3 sentezlenmis ve karakterize
edilmistir. Bu yeni bilesikler ve baglangig bilesigi 1’in metal
iyon baglama ozellikleri sivi-sivi ekstraksiyon yontemi ile
kloroform-su sisteminde incelenmistir. Ekstraksiyon
deneyleri, Hg?*, Cu®** ve Ag' katyonlarinin diger metal
katyonlar arasindan 1 ve 3 ile daha etkili sekilde ekstrakte

+

edildigini géstermistir. 1 bilesiginin  Hg?* ve Ag
katyonlarini ekstrakte edebilme kapasitesi sirasiyla %77,5
ve %10,5 olarak tespit edilmistir. 3 varliginda, bu
katyonlarin ekstraksiyon ytzdeleri %89,9 ve %81,7 olarak
belirlenmistir. Cu?* katyonun 3 bilesigi ile su fazindan
kloroform fazina ekstarksiyon ylzdezi %83.1 olarak
hesaplanmistir. Her iki bilesiginde Hg?* ve Ag'
katyonlarina karsi yiiksek affinite géstermeleri yani sira, 3
bilesigi diger metal katyonlarini da sulu fazdan kloroform
fazina vyiksek ekstraksiyon ylzdeleri ile ekstrakte
edebildigi belirlenmistir. 3’in ekstraksiyon kabiliyetindeki
artisin bilesigin dizlemsel yapisindan ve daha fazla sayida
dondr atomuna sahip olmasindan kaynakladigl sonucuna
varildi. Bu galisma, bilesik 1’in ve 3’Gn endustriyel atik
sulardan Hg?* ve Ag* iyonunun basarili bir sekilde segici
ekstraksiyonunda  kullaniima

potansiyeline  sahip

oldugunu ortaya g¢ikarmistir.
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Oz

Alisertib (ALS), Aurora kinaz inhibitorleri arasinda yer alarak,
kanser tedavisinde bilylik potansiyel tasimaktadir. Aurora
kinazin asiri ekspresyonu, kromozomal instabilite ve hiicre
transformasyonuna yol acabilir ve bu, timor olusumunda
onemli bir rol oynamaktadir. Arastirmalar, 6zellikle prostat
kanseri, kolorektal kanser ve T hiicreli lenfomalar gibi gesitli
kanser tirlerinde Aurora Kinaz A (AURK-A) ekspresyonunun
arttigini gbstermektedir. AURK-A ekspresyonunun
gorintilenmesi Uzerine literatirde kapsaml ¢alismalar
bulunmaktadir. Bu arastirma, AURK-A ekspresyonunun lyot-123
[123]] kullanilarak gorintlilenmesine yonelik bir 6n galismadir.
Calisma kapsaminda, Alisertib (ALS) bilesigi ilyot-123 [123]] (yari
omri: 13,2 saat, y: 159 keV) ile iodojen yontemi kullanilarak
radyoisaretlenmistir. Elde edilen [1231]I-ALS kompleksinin kalite
kontrol siiregleri, ince Tabaka Radyo Kromatografi (TLRC) teknigi
kullanilarak gerceklestirilmistir. Ayrica, inaktif iyot formu olan KI
ile yapilan isaretleme sonrasi, KI-ALS kompleksinin molekiler
yapisi Yuksek Performans Sivi Kromatografi (HPLC) ve Proton
Nukleer Manyetik Rezonans (*H-NMR) teknikleriyle analiz
edilmistir. Yapilan radyokimyasal verim analizleri, [1231]I-ALS'nin
%95,1 + 0,98 (n=3) oraninda basarili bir sekilde
radyoisaretlendigini ve 24 saat sonrasinda bile stabilitesinin %90
Uzerinde kaldigini belirtmektedir. HPLC sonuglari, KI-ALS
kompleksinin ALS bilesiginden farkh bir alikonma zamanina (Rt:
2,21 dk.) sahip oldugunu ortaya koymaktadir. NMR verileri ise,
[2231]1 atomunun ALS molekiliindeki aromatik benzen halkasina
orto veya para pozisyonunda baglandigini isaret etmektedir. Bu
baglantinin dogrulugunun belirlenmesi icin 3C-NMR, LC/MS-
QToF ve X-igini kristalografisi tekniklerinin  kullanilmasi
onerilmektedir. Sonug¢ olarak, bu oOn g¢alisma, AURK-A
ekspresyonunun detayli goriintilenmesi hakkinda temel bir bilgi
sunmakla birlikte, konunun derinlemesine anlasgiimasi i¢in daha
kapsamli in vitro ve in vivo preklinik ¢alismalarla desteklenmesi
gerektigi dusunllmektedir.

Anahtar Kelimeler: Alisertib; Aurora Kinaz inhibitérii; lyot-123;
Radyoisaretleme

© Afyon Kocatepe Universitesi

Abstract

Alisertib (ALS), as an Aurora kinase inhibitor, exhibits significant
potential in cancer treatment. The overexpression of Aurora
kinase, which can lead to chromosomal instability and cell
transformation, plays a vital role in tumor development. Studies
have shown an increase in Aurora Kinase A (AURK-A) expression
in various cancers, including prostate cancer, colorectal cancer,
and T-cell lymphomas. Extensive research exists on imaging
methods for AURK-A expression. This study is a preliminary
investigation into imaging AURK-A expression using lodine-123
[1231]. In this research, the Alisertib was radiolabeled with lodine-
123 [1231] (half-life: 13.2 hours, y: 159 keV) using the iodogen
method. The quality control processes ['231]I-ALS carried out
using Thin Layer Radio Chromatography (TLRC). Additionally,
after labeling with the inactive iodine form, KI, the molecular
structure of the KI-ALS was analyzed using High-Performance
Liquid Chromatography (HPLC) and Proton Nuclear Magnetic
Resonance (*H-NMR). Radiochemical yield analyses indicated
that [1231]I-ALS was successfully radiolabeled with a 95.1 + 0.98%
(n=3) efficiency and maintained over 90% stability after 24
hours. HPLC results revealed that the KI-ALS complex had a
different retention time (Rt: 2.21 min) compared to the ALS
compound. NMR data suggested that the [12I]l atom binds to
the aromatic benzene ring of the ALS molecule in either the
ortho or para position. To confirm this binding, the use of 13C-
NMR, LC/MS-QToF, and X-ray crystallography techniques is
recommended. In conclusion, this preliminary study provides
fundamental insights into detailed imaging of AURK-A
expression yet emphasizes the need for more comprehensive in
vitro and in vivo preclinical studies.

Keywords: Alisertib; Aurora Kinase Inhibitor; lodine-123; Radiolabeling
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Alisertib'in lyot-123 ile Radyoisaretlenme Potansiyelinin Arastirilmasi: Aurora A Kinaz inhibitériiniin..., UYGUR et.al.

1. Giris

Serin-treonin kinaz ailesi (Aurora kinaz A, B ve C),

sentrozom olgunlasmasi, kromozom ayrilmasi ve
sitokinezi gibi 6nemli roller oynar (Ding et al., 2015).
Aurora kinazin asiri ekspresyonu, ¢esitli solid timor
tiplerinde timorogenez ile iliskilidir (Schneider et al.,
2017). Aurora-A ilk olarak BTAK (meme tiimérinde
amplifiye edilen kinaz, ayni zamanda STK15 olarak
adlandirilan) geninin Griind olarak izole edilmistir. Bu gen,
meme, kolorektal ve mesane tiimérlerinin yani sira over,
serviks kanseri ve néroblastoma hiicre hatlarinda sikga
amplifiye edilen kromozom 20qg13'te yer almaktadir

(D’Assoro et al., 2016).

Noroendokrin  prostat  timorlerinin - ¢ogunda ve
kastrasyon direncli prostat adenokarsinomlarinin (KDPK)
bir kisminda Aurora A asiri ekspresyonu gosterilmistir
(Beltran et al., 2011). Aurora A'nin tiimdrijenezise katkida
bulundugu molekiler mekanizma karmasiktir ve siklikla
apoptoz ve/veya otofaji sinyal bozukluguna baglidir.
Aurora A birgok timor supresor protein (p53, BRCAL,
glikojen sentaz kinaz (GSK)-3b ve c-Myc) ile etkilesime
girerek modilator fonksiyonlarindaki onemli
degisikliklere neden olur (Mignogna et al., 2016). Aurora-
a inhibisyonunun, akciger ve over kanseri hiicre
hatlarinda kemoterapinin duyarhhgini artirdigi gésteren
calismalar da mevcuttur (Mignogna et al., 2016; Tagal et

al., 2017).

Meme kanseri hastalarinda yliksek Aurora A ekspresyonu
ile azalmis taksan duyarliigi arasinda anlamli bir iliski
bulunmustur. Aurora A ekspresyonunun meme kanseri
hastalarinda  prognostik  bir  belirte¢  olabilecegi
distintlmektedir (Cirak et al.,, 2015). Aurora kinaz
inhibitorleri, insanlarda gesitli timor tiplerinde hiicre
dongisinin ilerlemesini engelleyen ve apoptozu
indlikleyen bilesikler olarak genis ¢apta arastirma
konusudur (Borisa & Bhatt, 2017). Aurora A'nin ikinci
nesil, oral yolla alinabilen inhibitorii olan MLN8237 (ayrica
Alisertib olarak da bilinir), genis bir timor tipi yelpazesine
karsl in vitro ve in vivo aktiviteleri nedeniyle ileri evre
malignitelerin tedavisi i¢in arastirilmaktadir. Faz | ve I
klinik deneylerde, Alisertib (ALS) tedavisi, timor tipine
gore %4-52 oraninda terapoétik yanitlar elde etmistir.
ALS'nin kanser tedavisindeki olasi etkinligi, Faz Il klinik
calismalarla daha ayrintii bir sekilde incelenmektedir
(Friedberg et al., 2014; Gerson et al., 2019; Niu et al.,
2015). Aurora A inhibitorlerinin kanser tedavisindeki
potansiyeli, basta tlimoér hiicrelerinin molekiler durumu
ile ilgili olmak Uzere birgok faktére baglidir. Aurora A

inhibitorlerine daha iyi yanit verecek hastalarin secilmesi

icin etkin biyobelirtegler bulunmasi gereklidir (Malumbres
& Pérez De Castro, 2014).

Gorlintileme galismalarinda kullanilan radyontiklitlerden
biri olan iyot-123 ([*#1]I) radyoniiklidi ile gériintiileme,
gama kameralarda (Nal kristali) % 80 verim ve disik
zemin aktivitesi nedeniyle tercih edilmektedir. Elektron
yakalama (EC) yoluyla bozulur. Yarilanma siiresi 13 saat
olup, 159 keV ideal gama emisyonuna sahiptir. Niikleer
tipta kullanilan radyoiyodun diger formlari gibi
biyokimyasal ekspresyonu stabil iyot-127 ([*?7I]l) ile
aynidir(Ferris et al., 2021). Ayni elementin farkli izotoplari
olan, ([*?31]l (gama yayici) ve iyot-131 ([*3!]l (gama ve beta
yayici) teranostik amaglar igin kullanilabilir. Cesitli kanser
tirlerinde Aurora-A'nin artmis ekspresyon gostermesi
nedeni ile, timor gorintilemesinde ozellikle ileri evre
KDPK ve

prostat kanserinde ALS'nin yeni bir

kemoterapi direngli solid kanserlerde,
néroendokrin
molekiiler hedef oldugu distnilmektedir. Aurora A
ekspresyonunun molekiler olarak goérintilenmesi,
Aurora A inhibitorleri ile tedavi igin mevcut hasta segim
protokollerine deger katabilecegi gibi, Aurora A’nin
basaril  bir sekilde goérintilenmesi ile, 06zellikle
kemoterapi direngli hasta grubunda yeni bir teranostik
tedavi yaklasimi gelisebilecegini 6ngorilmektedir. Bu 6n
AURK-A ekspresyonunun

ALS'nin iyot-123  [*&I]

kullanilarak iodojen yontemiyle isaretlenme potansiyeli

calisma kapsaminda,

gorintllenmesi  amaciyla,

arastiriimistir.
2. Materyal ve Metot

2.1. Materyal
Alisertib (MLN8237)
reaktifler (HPLC sinifi metanol, n-oktanol ve asetonitril)

Medchemexpress, tim analitik
Sigma-Aldrich Chemical ve ince tabaka kromatografi
kagidi (ITLC-silika) Merck Chemical firmalarindan temin
edilmistir. Analitik ve izolasyon deneyleri igin disik
basin¢li gradyan HPLC sistemi (LC-10ATvp kuaterner
pompa, SPD-M20A DAD dedektér, CTO-10AS kolon firini,
SIL 20A-HT otomatik o6rnekleyici, FRC-10A fraksiyon
toplayici ve 5um C18 ODS-3 kolon (250x4.6mm 1.D. GL
Sciences Inc.) kullanilmistir. TLRC olgimleri ise Perkin
Elmer Cyclone Fosfor Goéruntiilime sistemi kullanilarak
gerceklestirilmistir. inaktif (K[*?71]1) ile kimyasal yapilarini
aydinlatmak icin Niikleer Manyetik Rezonans (*H-NMR)
deneysel ve teorik spektrumlari ile HPLC kromatogramlari
alinmistir. Nikleer Manyetik Rezonans (*H-NMR) analizi
Ege Universitesi E-BILTEM Teknoloji Transfer Ofisi'nde
gerceklestirilmistir. [121]-Nal TENMAK Nikleer Enerji
Enstitlist Hizlandirici  Tesisinde

Arastirma Proton

Uretilmistir.
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(e}

NS on
/)\N & Alisertib

Radyoisaretleme

1| RadyoTLC

[123|]|_A|_S e

Kalite Kontrol

Calismalari

Yapi Analizi

1 Radyo-HPLC

— 1l

Sekil-1. Deneysel Calismalarin Sematik Gosterimi

2.2. Radyoisaretleme Calismalari
[*231] radyoniiklidi
124Xe (p,2n)123Cs — 123Xe — 1231

nikleer reaksiyonuna goére TENMAK Nikleer Enerji

Arastirma  Enstitisi  Proton Hizlandirici  Tesisinde
tretilmistir. Gaz Hedef Odasi'ndan alinan [*2I1]l, otomatik
Pinctada Uretim Modiili'nde bulunan katyonik kolonda
safsiz katyonlarin eliminasyonu sonrasinda anyonik
kolonda tutulmustur. Bu kolon, 0,02M NaOH ile elle
edilerek  Na[*?3I]I

Radyoiyodinasyon ([*#1]I-ALS) reaksiyonu

formunda Gridnd  vial igerisinde
toplanmistir.
ise iyodojen metodu ile gergeklestirilmistir. Bu kapsamda
iyodojen (250 pg) diklorometan (1 mL) iginde ¢6zllmis ve
iodojen tlplerine aktarilarak diklorometanin
buharlasarak tiplerin yizeylerinde bir film tabakasi
olusturacak sekilde kaplanmasi saglanmistir.
Radyoiyodinasyon reaksiyonuna kadar iyodojen tipleri
+4°C'de saklanmistir.  Radyoiyodinasyon i¢in 1 mg
Alisertib, 1 mL DMSO iginde ¢éziilmistir. lyodojen
tiplerine 25 ug ALS ve 37 MBq Na[*?31]I eklenmistir. Elde
edilen karisimlar 30 dakika boyunca oda sicakhginda
[*231]1-ALS nin

verimlerini belirlemek igin TLRC yontemi kullaniimistir.

inkiibe edilmis ve radyo isaretleme

2.3. ince Tabaka Radyo Kromatografi (TLRC) Analizi

[*21]1-ALS radyoligandinin radyoisaretleme verimi ve 24
saatlik stabilitesi ince Tabaka Radyo Kromatografi (TLRC)

yontemi kullanilarak belirlenmistir. Kalite kontrol
¢alismalar icin sabit faz olarak 10 cm x 1,5 cm
boyutlarinda silikajel TLC plakalari  kullaniimistir.

Radyoaktif érneklerden 2 pL, plakalarin alt ucundan 0,5
cm yukariya damlatilmis ve mobil faz ortamina [n-

butanol/bidistile su/asetik asit (4:2:1)] daldirilmistir. TLRC
plakalari kurutulduktan sonra Perkin Elmer Cyclone Fosfor
goriintiilme sistemi ise sayilmistir. fyot-123 [*23[]I ve
oksitlenmis Iyot-123 [**Z]]l ve [*2I]I-ALS’nin alikonma
[*21]1-ALS nin
radyoisaretleme verimleri hesaplanmistir. [*21]I-ALS’nin

mesafe (Rf) degerleri, belirlenmis,
radyoisaretleme verim agisindan stabilitesi ise 1, 4 ve 24.

saatlerde ince Tabaka Radyo Kromatografi (TLRC)

yontemi kullanilarak belirlenmistir.

2.4. Yapi Analizi

Alisertib (ALS) bilesigi, inaktif iyot formu olan Kl ile
isaretleme yapilarak elde edilen KI-ALS kompleksi igin
molekiiler yapi karakterizasyonu Yiksek Performansli Sivi
(HPLC) ve Proton Nikleer Manyetik
(*H-NMR) kullanilarak
gerceklestirilmistir. fyot molekiiliiniin ALS’nin aromatik
elektrofilik
belirlemek i¢in radyoaktif olmayan iyot Kl ile iyodinasyon

Kromatografi
Rezonans teknikleri

halkasina stbstitiisyonunun  konumunu

reaksiyonu gerceklestirilmistir. Bu kapsamda
ALS/iyot/iodojen oranlari stokiyometrik olarak 1/2/1
olacak sekilde hazirlanmis, pH degeri 1IN NH4OH ile 8’e
ayarlanmistir. Reaksiyon 12 saat inkibe edilip 0.1N
Na,S0s ile tamamlanmustir. [*27I]I-ALS bilesiginin Nikleer
Manyetik Rezonans (*H-NMR) ve Yiiksek Performans Sivi
Kromatografi (HPLC) analizleri radyoisaretli [*23I]I-ALS’yi
karakterize etmek icin kullanilmistir. Bilesikler icin
beklenen teorik NMR spektrumlar ise ACD/Labs 6.0
bilgisayar programi kullanilarak olusturulmus ve deneysel

NMR spektrumlariyla karsilastiriimistir.

3. Bulgular

TENMAK-PHT tesisinde yapilan Uretim sonucunda son
Grin hacmi 2,5 mL olacak sekilde (890 MBg/mL) [1%31]-Nal
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elde edilmistir. Radyoisaretleme ¢alismalarina iliskin TLRC
kromotogramlari Sekil-1'de TLRC
kromatogramlari incelendiginde [*231]1, Ox-[*23]I ve [*ZI]I-
ALS ait Rf degerleri sirasiyla 0,93, 0,37 ve 0,71 olarak
analizlerinde, [*?3I]I-ALS
kompleksinin radyokimyasal verimliligi %95,1 + 0,98 (n=3)
olarak belirlenmistir. Ayrica, 24 saat sonrasinda bu
kompleksin radyokimyasal stabilitesinin %90'in tUzerinde
kaldig1 saptanmistir.

ise verilmistir.

bulunmustur. Kalite kontrol

a- [123|]|

o4 1

e

B4

[*231]1-ALS

82084

Sekil 2’de K[*?"I]I-ALS ait HPLC kromatogramlari
verilmistir. Sekil 2'deki HPLC kromatogram analizlerine
gore; ALS ve K[127I]I-ALS bilesiklerine ait alikonma
slreleri sirasiyla 2,54 dakika ve 2,21 dakika olarak
saptanmistir.  Sekil 3, teorik ve deneysel H-NMR
spektrum analizlerini igermektedir. Sekil 3(b) ve 3(c)'nin
detayl incelemesi ve teorik degerlerle karsilagtirilmasi
sonucunda, [*2%]'in potansiyel olarak baglanabilecegi
karbon atomlarina komsu hidrojenler icin ppm
degerlerinin sirasiyla 7,85 ve 7,79 olarak beklenmektedir.

b-  Ox-[*2I]I
ares2
23280
15026

07963

93 %5 192

Oxstance(mm)

“ws
v
Ostancerm:

Sekil 2. TLRC Kromatogramlari ( a- [*231]1, b- Ox-[13I1]I ve c- [1ZI1]I-ALS)

uV
1500006{
1l
(
12500001 [
‘ KI (Rt: 2.00)
1000000] ‘ \ Kl-Alisertib (Rt: 2.21)
Alisertib (Rt: 2.54)
750000} |
‘ |
5000001 | ‘
|
250000 J‘I ‘
| [
\ | -

T T
80 85 9.0 85 min

Sekil 3. [1271]I-ALS HPLC Kromatogrami.
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Sekil 4. inaktif [1271]I-ALS bilesiginin Deneysel (a) ve Teorik (b ve c) NMR spektrumlari.

4. Sonuglar ve Tartisma

ALS bilesigi ['21]l ile yiiksek radyokimyasal verimle
radyoisaretlenmistir. ALS goruntilime
farkl yapildig
gorilmektedir. Yapilan galismalarda PET gérintiileme igin
trityum ([3H]H) ve karbon-11 ([*1C]C) ile radyoisaretleme
yapilmistir. Radyoisaretleme verimi % 99 (zeri olarak

ile yapilan

¢alismalarinin radyonuklidlerle

rapor edilmistir (Goos et al., 2016). Baska bir calismada ise
sintigrafik gorlintileme igin ALS glimis nanopartikiillerle
enkapsile edilmis (ALS-NP), enkapsiile edilen ALS-NP’ler
([*°*™Tc]Te)  ile
radyoisaretlenmistir(Locatelli

teknesyum-99m yuksek  verimle
2014). Literatir
221 ile

¢alismaya

rastlaniimamistir. Calisma sonucunda, [*23(]I-ALS bilesigi

et al,
ALS’nin
iliskin bir

taramasi yapildiginda

radyoisaretlenmesine

icin radyokimyasal verimlilik %95,1 + 0,98 (n=3) olarak

saptanmistir.  Ayrica,  [*?3I]I-ALS'nin 24  saatlik
radyokimyasal stabilitesi %90'In (zerinde oldugu
belirlenmistir. Yapi analiz ¢alismalari  kapsaminda

gerceklestirilen HPLC sonuglarina gére K[*?71]I-ALS (R::
2,00 dk.) ve ALS (Rt: 2,21 dk.) bilesiklerinin farkh alikonma
strelerine sahip olduklari gézlemlenmistir. Sekil 2(b) ve
2(c) icerisindeki NMR sonuglarina bakildiginda ve teorik
ppm degerleriyle karsilastinildiginda, [*231]I'nin potansiyel
olarak baglanabilecegi karbon atomlarina yakin hidrojen
atomlarinin ppm degerlerinin sirasiyla 7,85 ve 7,79 oldugu
ALS'nin
aromatik benzen halkasina ya orto ya da para

gozlemlenmistir. icerdigi iyot molekillnin,
pozisyonunda baglandigi distnilmektedir. Olasi yapilar
cizilerek 2(b) ve 2(c)'de verilmistir. Ancak yapiy! daha iyi
'H-NMR  ,3C-NMR ve

kristalografisi yontemleri kullanilabilir.

aydinlatmak igin X-1s1N1

ALS bilesigi ile alakali literatiirlere bakildiginda cesitli
biyodagilim galismalari ilgi cekmektedir(Goos et al., 2016;
Locatelli et al., 2014) . [*!C]-ALS’nin nude farelerde in vivo

tutulumu ve biyodagilminin 6lgildigi cahismada, AURKA
protein ekspresyonunu non-invaziv olarak oOlgmek ve
hastalari tedavi siiresince buna gore siniflandirmak igin
kullanilabilecegi sonucuna varilmistir(Goos et al., 2016).
Glioblastomali fareler (zerinde Ag/Ali@PNP-Cltx->"Tc
kullanilarak yapilan in vivo ¢alismalar, NP'lerin timorlerde
fark edilebilir konsantrasyonlarda oldugunu gostermistir.
Ag/Ali@PNP-Cltx->*"Tc kullanildiginda timér kiiciilmesi in
2014).
Gergeklestirilen calismalar ALS’nin timor goriintileme ve

vivo olarak saglanmistir(Locatelli et al.,,

tedavisindeki potansiyelini ortaya koymaktadir. Bu
calismanin en onemli oOzelligi, isaretlemede pahal ve
ulagilmasi  zor bir radyoniklid ajan olan ['3[]I'iin
kullanilmasidir. Ancak [*231]1 ile [*3U]I'in teranostik cift
olarak farkh kanser tirlerinde kullanilabilme potansiyeli
gdz énine alindiginda ALS ile [*?31]l Un isaretlendigi ilk

¢alisma olmasi nedeni ile gerceklestirilen bu galisma ve

sonuglarinin  gelistiriimeye acik ve ©6nemli oldugu
dislintilmektedir.

Aurora A ekspresyonunun molekuler  olarak
goriintiilenmesine  yapilan g¢alismanin  Aurora A
inhibitorleri ile  tedaviye yoOnelik hasta segim

protokollerine deger katabilecegi gibi, Aurora A’nin

basarili bir sekilde goriintilenmesine bagh olarak,

ozellikle kemoterapi direngli hasta grubunda yeni bir

teranostik tedavi icin  6nemli veriler saglayacagi

ongorilmektedir. Bu 6n  ¢alisma, Aurora A

ekspresyonunun gorintilenmesi amaciyla
gerceklestirilmis olup, bulgulari desteklemek icin daha
kapsamli in vitro ve in vivo preklinik arastirmalara ihtiyag
duyuldugu disinilmektedir.

Etik Standartlar Bildirgesi

Yazarlar tim etik standartlara uyduklarini beyan ederler.
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ve dzeti kongre bildiri 6zet kitabinda basilmis “Aurora A Kinaz inhibitérii
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Oz

S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesigi disilfit bagi
iceren kukirtli bilesiklerdendir. Ayrica bilesikte tiyoester
gruplari S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat
bilesiginin sivi-sivi iyon ciftleri ekstraksiyonu ile belirlenen

mevcuttur.

ekstraksiyon sabitleri ve sonuclarina gére Fe3* iyonuna yiksek
afinite gosterdigi (% Ext.: 98.02) literatlirde verilmektedir. Bu
bilesigin ve yiiksek oranda olusturdugu demir (lll) kompleksinin,
bu calisma kapsaminda ylk dagilimi, elektrostatik dagilim
orbitalleri
HyperChem programi ile hesaplanmistir. Bilesigin ve demir (Il1)
kompleksinin en

haritalari, enerji parametreleri ve molekiiler

kararli yapilarinin  belirlenmesi olusan
kompleksin olusumuna dair enerji parametrelerinin belirlenmesi
gerceklestirilmistir. Elde edilen veriler 1s18inda olusan demir (IIl)
kompleksinin daha dislik enerjiye sahip oldugu, iyonlagsma
potansiyelinin daha dusik oldugu ve LUMO-HOMO elektron

boslugunun daha disik oldugu tespit edilmistir.

Anahtar Kelimeler: Hesapsal kimya; Tiyoester; Dislilfit bagi; Demir (111)
kompleksi; Hyperchem; HOMO-LUMO.

Afyon Kocatepe Universitesi

Abstract

S,S’-bis(2-pyridinyl)-2,2’-dithiosalicylthioat compound is one of
the sulfur compounds containing disulfide bonds. Additionally,
there are thioester groups in the compound. It is reported in the
S,S’-bis(2-pyridinyl)-2,2’-dithiosalicylthioat
compound has a high affinity for Fe3* ion (Ext.%: 98.02)
according to the extraction constants and results determined by

literature  that

liquid-liquid ion pair extraction. Within the scope of this study,
the charge distribution, bond lengths, electrostatic distribution
maps, energy parameters and molecular orbitals of this
compound and the iron (lll) complex it forms at high levels were
calculated with the HyperChem program. The most stable
structures of the compound and the iron (lll) complex were
determined and the energy parameters of the formation of the
complex were determined. In the light of the data obtained, it
was determined that the iron (Ill) complex formed had lower
energy, lower ionization potential and lower LUMO-HOMO
electron gap.

Keywords: Computational chemistry; Thioester; Disulfide bond; Iron (1lI)
complex; HyperChem; HOMO-LUMO.

1. Giris

Kikirt dondr atomu iceren bilesikler o6zellikle agir
metaller ve degerli metaller olmak lizere bircok gegis
grubu elementi ile ylksek afinite sergilemektedir (Calisir
2022, Calisir vd. 2022, Cicek and Calisir 2016, Hutchison
vd. 2008).

atomlardan biylk olmasi (oksijen, azot, vb.), tiyoester

Kikdrt atomunun ¢apinin  diger dondr

bilesiginin dis ceperine yerleserek yuksek

komplekslesmeler yapmasina imkan saglamaktadir
(Pedersen 1991). Bilesiklerde tiyoeter, tiyoester, disiilfit,
vb. farkl fonksiyonel gruplar seklinde yer almaktadirlar
(Eshghi vd. 2007, Gilbert 2013). Metal

komplekslesmelerinde (zerinde yer alan yan kollara ve

diger donor atomlarin varligi sayesinde farkli metal
iyonlarina ilgi gostermesi saglanabilmektedir (Calisir ve
Cicek 2017).

S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat daha
onceki calismalarimizda sentezlenmis ve krom (ll1), kobalt,

bilesigi

bakir (1), mangan (l1), demir (1) ve ginko iyonlariyla metal
komplekslesmesi incelenmistir (Sekil 1) (Calisir 2021). S,S’-

bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesigi, 2-
merkaptopiridin ile 2,2'-ditiyodibenzoil klordr
bilesiklerinin  bazik ortamda ve vyesil kimyanin

oncilerinden olan mikrodalga destekli sentez yontemiyle
sentezlenmistir. Disllfit bagi ve tiyoester gruplari iceren

bilesigin  karakterizasyonundan sonra bazi segilen
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iyonlarla komplekslesmesi  sivi-sivi  iyon giftleri

ekstraksiyonu ile tespit edilmistir. Bilesigin en ¢ok demir
(1) kompleksi ile komplekslesme yaptigi tespit edilmistir
(~%98) (Galisir 2021). Bu verilerden yararlanilarak hem

(0]
o SN SH
a SN © | Zah - s°
MW (1000 W), Pridin
0 Kloroform, 65 °C, 1 Saat AN
P

bilesigin hem de yuksek komplekslesme gercgeklestirdigi
demir (lll) kompleksinin bazi in silico parametreleri

incelenmistir.
N |
NN
ML
Z - S(-? - / \
1:1 CHCI3/H,0 A
M?*: Zn2*, Mn?*, Cr3*, AN
Fe®* Co?*, Cu?* S\
L: NOy z:2yada3

Sekil 1. S,5’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesiginin sentez semasi ve metal komplekslesmesi.

Teorik kimya, sentetik kimya ve diger alanlarda onci
arastirmalarda siklikla kullanilan bir kimya dalidir. Deney
sartlarinin ve mekanizmalarinin optimize edilmesi, teorik
kimyanin onemli bir kullanim sebebidir ve yesil kimyayi
desteklemek icin verimli deneylerin kurgulanmasini saglar
(Calisir ve Cicek 2022). Yari ampirik hesaplamalarin
sonuglari, kimyasal silreglerin bircok termodinamik ve
kinetik yoninld arastirmak igin kullanilabilmektedir.

Molekdllerin  enerjileri ve geometrilerinin kimyasal
olaylarla acik iliskileri vardir. Atomik yikler ve Sinir
Orbitalleri gibi diger nicelikler daha az tanimlanmistir,
ancak yararl niteliksel sonuglar saglar (Calisir ve Cicek
2023, 1994). Molekiiler  Orbital
hesaplamasinda enerji, elektronik kinetik

enerjilerin ve sistemdeki tim elektronlar ile atom

Howard  vd.
toplam

cekirdekleri arasindaki etkilesimlerin net sonucu ortaya
¢ikmaktadir. Bu, Born-Oppenheimer yaklasimina goére
nikleer hareket icin potansiyel enerjidir. Bir molekiliin
kararli geometrisi minimum toplam enerjiye sahiptir.
Farkh enerji minimumlarindaki (yerel minimum arti global
minimum) geometriler, bir molekdlin farkli kararl veya
yari kararl konformasyonlarini ve izomerlerini tanimlar.
Diferansiyel ortismenin ihmal edildigi yontemlerle (NDO
yontemleri) yapilan geometri optimizasyonlari genellikle
enerji minimumlarina karsilik gelen geometriler saglar
(Calisir ve Gakir 2022, Howard vd. 1994, Kumer vd. 2019).
HyperChem, elektronlarin baglanma enerjisini
hesaplarken ayni zamanda olusum isisini da hesaplar.
PM3, 298 K'de bir dizi molekil icin deneysel olarak
belirlenmis olusum silarina (entalpileri) uygun hale
getirilerek parametrelendirilir. Olusum isisi, bu yontemler
icin atomik olusum sisinin baglanma enerjisinden

cikarilmasiyla  hesaplanir.  Olusum sisi, dogrudan

hesaplanan baglanma enerjisinden daha faydali olup
genellikle  sonuglarin  degerlendiriimesinde  tercih
edilmektedir (Howard vd. 1994).

Bu calisma S,S’-bis(2-piridinil)-2,2’-

ditiyosalisiltiyoat bilesiginin ve demir (lll) iyonu ile metal

kapsaminda

kompleksinin bazi teorik parametrelerinin 6zellikleri
HyperChem Professional 8.0.1 yazilimi ile hesaplanmigtir.
Bilesigin ve demir (lll) kompleksinin, elektrostatik
potansiyeli, yiik dagihmi, toplam enerji seviyesi, olusum
Isisi ve baglanma enerjisi LUMO-HOMO boslugu gibi enerji
parametreleri tespit edilmistir. Elde edilen veriler, bilesik
ve kompleksin reaktivitesi, olasi tepkimelerde nukleofilik

ya da elektrofilik 6zellikleri hakkinda bilgiler sunmaktadir.

2. Materyal ve Metot
2.1 Hesaplamalar

HyperChem Professional 8.0.1 yazilimi, karmasik kimyasal
hesaplamalarin gergeklestiriimesine olanak saglayan,
molekiler capta modelleme ve similasyon yapabilen bir
programdir. Bu calisma kapsaminda da bazi kuantum
parametrelerinin hesaplamalari Intel (R) Core (TM) i3 CPU
M380 @ 2.53 GHz islemcili bir masaistli bilgisayar
yardimiyla gerceklestirilmistir. Oncelikle hem S,S’-bis(2-
piridinil)-2,2’-ditiyosalisiltiyoat bilesiginin hem de demir
() kompleksinin iki boyutlu acgik yapisi HyperChem
Gzerinde cizilmistir. Bilesigin ve kompleksinin geometrik

optimizasyonu, molekiler mekanik (MM+) ve vyari
ampirik  (PM3: Stewart’'s PM3 (AM1'in yeniden
parametrelendirilmesi)) teknikleri kullanilarak

gerceklestirilmistir. Boylece bilesik ve metal kompleksinin
en dustk enerjili konformasyonu tespit edilmistir.
Geometri optimizasyonlari gerceklestirilirken, vakum
sonlandirma kosuluyla Polak-Ribiere algoritmasi ve RMS
gradyani (0.01 kcal A mol! veya 950 maksimum déngii)
kullanilarak belirlenmistir. Basvurulan PM3 yaklasimi,
hesaplamali kimyanin 3 numarali parametrik yontemine
dayanmaktadir ve kuantum hesaplamalarinin yari
deneysel yontemine dahil edilmistir. Ayrica cesitli
molekiiler 6zellikleri benzetim edebilen bir Hamiltoniyen
yontemidir. PM3 yaklasimi, parametrelestirilmis bir yari
deneysel Hamiltoniyen yontemidir (Calisir 2022). PM3,
diatomik diferansiyel 6rtisme (NDDO) yaklasiminin ihmal
edilmesine dayanan AM1'in (Austin Model 1) yeniden
parametrelendirilmesidir. NDDO, Coulomb ve degisim
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integralleri hesaplanirken tim tek merkezli diferansiyel
ortisme terimlerini korur. PM3, AM1l'den vyalnizca
parametre degerlerinde farklilhk gostermektedir. PM3'e
iliskin parametreler, ¢ok daha fazla sayida ve daha genis
cesitlilikte deneysel ve hesaplanmis molekdiler 6zelliklerin
karsilastiriimasiyla turetilmistir. Tipik olarak baglanmamis
etkilesimler PM3'te AM1'e gore daha az etkilesime
girmektedir. PM3 oOncelikle organik molekiller igin
kullanilmasina ragmen bircok ana grup elementi igin de
parametrelendirilmektedir. PM3 ayrica gecis metali
iceren bilesiklerin (Ti, Mn, Fe, Co, Ni, Cu, Zr, Mo, Rh, Pd,
Hf, Ta ve W) incelemesi icin de kullanilabilmektedir
(Howard vd. 1994).

3. Bulgular ve Tartigsma

Daha o©nceki calismalarimizda sentezlenen ve metal
S,S’-bis(2-

calisma
kapsaminda secilmistir (Cahsir 2021). Bilesigin en yiiksek

komplekslesme 6zellikleri tespit edilen

piridinil)-2,2’-ditiyosalisiltiyoat  bilesigi  bu
komplekslesme gerceklestirdigi demir (lll) iyonu ile
olusturabilecegi muhtemel kompleks yapilari cizilerek
enerji parametreleri tespit edilmistir. Her ne kadar
molekiiler mekanik yontemleri niikleofilik bag olusumuiile
bag kirinimi gibi olaylarla sistemin elektronlarini goz ardi
yapmasi sebebiyle hesaplama yapsa da sistemin toplam
enerjisinin belirlenmesinde yararlanilan yontemlerden
bazilanidir (Calisir ve Cicek 2023). Bu ¢alisma kapsaminda
HyperChem yazilimi ve molekiler mekanik yéntemleri
kullanilarak geometrik optimizasyonu gergeklestirilmistir.
Bilesik ve bilesigin demir (Ill) kompleksinin toplam enerji
degerleri ve gradienti hesaplanmis ve Cizelge 2'de
Cizelge 1'e gore, S,S’-bis(2-piridinil)-2,2’-
ditiyosalisiltiyoat bilesiginin toplam enerjisinin, ayni
demir (lll)
kiyaslanmis ve demir (lll) kompleksinde daha yiksek

verilmistir.

bilesigin kompleksinin toplam enerjisi

oldugu tespit edilmistir.
Cizelge 1. S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesiginin ve

demir (Ill) kompleksinin geometrik optimizasyon (molekdler
mekanik) verileri.

Enerji .
(keal/mol) Gradient
,S'-bis(2-piridinil)-2,2" 38.4559 0.0099
ditiyosalisiltiyoat
S,S’-bis(2-piridinil)-2,2’-
ditiyosalisiltiyoat-demir ()  241.6166 0.0094

kompleksi

Yari-deneysel (ampirik) yontemler, molekiler mekanik

yontemlerinin  eksikliklerini tamamlanmak igin bu
calismada basvurulan ikinci yaklasim olmustur. Yari-
ampirik bir yontemde, PM3 fonksiyonelleri kullanilarak
hidrojen baglarina benzeyen molekiiller arasi etkilesimler

de hesaplanabilmektedir (Calisir 2022).

Cizelge 2. S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesigi ve

demir (lll) kompleksinin yari-deneysel (semi-emprical)
geometrik optimizasyonunda elde edilen parametreler.
S,S’-bis(2-
S,S’-bis(2- piridinil)-2,2’-
piridinil)-2,2’- ditiyosalisiltiyoat
ditiyosalisiltiyoat  demir ()
kompleksi
Elektron Sayisi 158 166
ift Esl is Sevi
Cift Eslesmis Seviye 79 83
Sayisi
Sistemin Yk 0 0
Toplam Orbital
144 153
Sayisi
Toplam Enerji
-109369.4735 -121768.7113
(kcal/mol)
Toplam Enerji (a.u.)  -174.2913 -194.0508
Baglanma Enerjisi
-5447.0141 -5846.0455
(kcal/mol)
izole Atomik Enerji
-103922.4594 -115922.6658
(kcal/mol)
Elektronik Enerji
-885362.2014 -1124788.0140
(kcal/mol)
Cekirdek-Cekirdek
o 775992.7279 1003019.3027
Etkilesimi (kcal/mol)
Cligin kullanilan
Eslesmi
sles 5/‘ . 3/3 3/3
Eslesmemis Orbital
Sayisi
Cligin Enerji 0.0000 0.0000
(kcal/mol) ' '
Cl icin Kullanilan
Konfigliirasyon 19 19
Sayisi
Olusum lsisi 98.6959 201.0355
(kcal/mol) ' '
Referans
Konfiglirasyon
T 0.0075 0.0066
Gradienti
(kcal/mol/Ang)
Simetri (Molekiiler
c1 c1
Nokta Grubu)

Cizelge 2’de verilen veriler, PM3 vyari deneysel yontem
kullanilarak hesaplanmistir. Hem bilesikte hem de
kompleksinde yiiksek elektron yogunlugu ve c¢ift eslesmis
seviye sayisl ylksek olmasina ragmen sistem net yuki
sifirdir. Ayrica Cl enerji seviyesi hesaplanirken Uger
orbital ve

eslesmis/eslesmemis 19 konfigilirasyon

kullanilmasina  ragmen  herhangi  bir  etkilesim
gbozlenmemistir. S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat
bilesigi ve demir (Ill) kompleksinin toplam enerjileri
karsilastinldiginda  bilesigin demir (Ill) kompleksinin
toplam enerjisinin daha disik oldugu gozlenmistir.
Dogrudan hesaplanan baglanma enerjisi ve birgok

atomun olusum 1sisi dikkate alinarak elde edilen olusum
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1sisi da metal kompleksinde daha disiik oldugu tespit
edilmistir. Bu durum elde edilen demir (Ill) kompleksinin
daha kararl oldugunu goéstermektedir. Ayrica molekiler
nokta gruplari hem bilesik hem de bilesigin demir (ll1)
kompleksi icin C1 olarak belirlenmistir.

Klopman-Salem denklemine gére her molekiilde bir tane
olmak sartiyla atom ciftleri tGizerindeki net ylkler arasinda
elektrostatik cekimleri ve itmeler mevcuttur. Ayrica iki
molekiil Gzerindeki dolu ve bos molekiler orbitaller
arasinda da etkilesimler bulunmaktadir. Denkleme gore
reaksiyon en uygun etkilesim enerjisini olusturacak
sekilde ilerlemelidir (Klopman 1968, Salem 1968a, Salem
1968b). Reaksiyon, bir tarafta yikler arasindaki uygun
elektrostatik etkilesimle gerceklesirken diger bir tarafta
ise Frontier yoringelerinin uygun bir sekilde 6rtiismesiyle
gergeklesir. Sinir (Frontier) Orbital Teorisi bu denkleme ek
bir varsayim saglamaktadir. Bu varsayima gore yalnizca en
yuksek dolu molekiiler orbital (HOMO) ile en diisik bos
molekiiler orbital (LUMO) arasindaki etkilesimleri dikkate
alinmakta ve bu orbitaller en kiiglik enerji ayrimina sahip
oldugundan Klopman-Salem denkleminde kigik bir
payda olusturmaktadir. Yikler arasindaki etkilesim; en
pozitif yikin en negatif yuk ile etkilesime girmesi
Uzerinedir. Bu iyonik reaksiyon genellikle glicli polar
reaktanlari icerir. Ayrica, HOMO ve LUMO'nun en uygun
sekilde Ortlisebilecegi etkilesimler, yani az polar
reaktanlarla gergeklesmelidir. Clnkl paydanin kiglk
olmas! icin ikisi de benzer enerjilere sahip olmalidir
(Fleming 2010, Howard vd. 1994, Fleming 2010).

Sekil 2 ve Sekil 3’de S,S’-bis(2-piridinil)-2,2’-
ditiyosalisiltiyoat bilesiginin ve demir (Ill) kompleksinin
LUMO ve HOMO orbitalleri, Cizelge 3'de de bu molekiiler
orbitallerin enerji seviyeleri verilmistir. LUMO ve HOMO
orbitallerinde pozitif degerlerler yesil renk ile negatif
degerler ise mor renkle verilmistir. Herhangi bir bilesigin
kimyasal reaktivitesinin tespit edilmesinde, elektrofil ve
nikleofil olarak davranislarinin ortaya cikarilmasinda
HOMO ve LUMO enerji seviyeleri, LUMO-HOMO eneriji
boslugu (AE) oldukga 6nemlidir. AE degerinin blyukIGgi
ile bilesigin reaktivitesi ters orantilidir (Calisir ve Cicek
2023). Sekil 2'de verilen S,5-bis(2-piridinil)-2,2’-
ditiyosalisiltiyoat bilesiginin LUMO ve HOMO orbitalleri
incelendiginde HOMO enerji dizeylerinden yogunluk
oldugu goézlenmektedir. Ancak LUMO orbitalleri oldukga
yetersizdir. Bu durum bilesigin nikleofilik 6zelliginin
baskin olmasini desteklemektedir. Sekil 3’de verilen S,S’-
bis(2-piridinil)-2,2’-ditiyosalisiltiyoat-demir ()
kompleksinin LUMO ve HOMO orbitalleri incelendiginde
LUMO orbitallerinin oldukga baskin oldugu ve kompleksin
elektrofilik 6zellik gosterdigi tespit edilmistir.

Sekil 2. S,S-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesiginin
LUMO (a) ve HOMO (b) orbitalleri.

Sekil 3. S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat — demir (lll)
kompleksinin LUMO (a) ve HOMO (b) orbitalleri.

S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat  bilesiginin ve
demir (Ill) kompleksinin Cizelge 3’"de LUMO-HOMO aralig
(AE) degerleri verilmistir. Bu AE degerleri incelendiginde
S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat
demir (Ill) kompleksine gére daha yiksek bir LUMO-

bilesiginin,

HOMO enerji bosluguna sahip olmasi bilesigin daha diisiik
reaktivite gostermesini agiklamaktadir (bilesik, 6.8049 ve
kompleks, 5.0987 eV).

Koopmans teoreminden yararlanarak bilesigin ve

komplesinin  muhtemel iyonlasma potansiyeli (IE),
literatiire gore negatif degerli HOMO enerijileri tizerinden
(Calisir 2022).

Teoremi, kapali kabuklu bir molekillin birinci iyonlagsma

hesaplanmistir ve Cakir Koopmans
enerjisinin, isgal edilen en yiiksek yoringenin (HOMO)
enerjisiyle ikinci dereceye yaklastigini belirtir. iyonlasma
sirasinda geri kalan elektronlar yeniden diizenlenir ve bu
teoremde dikkate alinmayan ek bir enerji terimine katkida
bulunur. Ancak Koopmans teoremi bircok durum igin
Orbital

fotoelektron spektrumlarinin yorumlanmasina olanak

gecerlidir ve Molekiler hesaplamalarindan

saglar. Yoriinge enerjilerinin daha yliksek iyonizasyon

potansiyellerine makul 0Olgiide yaklasabilecegi de

dogrudur. lyonlasma potansiyellerindeki hatalar tipik
olarak bir eV’'un onda birkagi kadardir, yani toplamin
klguk bir yazdesidir (Stewart 1990, Stewart 1970). Cizelge

3'de  verilen iyonlasma potansiyeli  enerjileri

incelendiginde bilesigin 1. iyonlasma enerijisi (-9.1944 eV)

daha disiik degere sahiptir. Dolayisiyla iyon dipol

etkilesme  kabiliyeti  artmaktadir. Bu  etkilesme
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kabiliyetinden dolayi demir (lll) iyonuna yiksek afinite
gostermektedir.
Cizelge 3. S,5-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesiginin ve

demir (lll) kompleksinin HOMO, LUMO, AE ve 1. iyonlasma
potansiyeli degerleri.

AE, 1.
Bilesik HOMO, LUMO, (LUMO-  iyonlasma
eV eV HOMO Enerjisi
araligi) (IE), eV
S,S"-bis(2-
piridinil)-2,2’- -9.1944 -2.3895 6.8049 -9.1944
ditiyosalisiltiyoat
S,S’-bis(2-
piridinil)-2,2’-
ditiyosalisiltiyoat- -6.7660 -1.6673 5.0987 -6.7660
demir (II1)
kompleksi
Elektronegatiflik degeri, metal ve bilesik arasinda

gerceklesen elektron transferi agisindan 6nemli bir
parametredir. Gergeklesecek elektron transferi icin AN
degeri hesaplanmistir. AN degeri hesaplanarak olusan
bulunmaktadir.

elektron transfer degeri Bu degeri

hesaplamak i¢in asagida verilen denklem kullanilmistir.
Xy — Xy,

AN = M 7L
2(Mm +11)

€Y)
Bu denklemde X, metal elektronegativitesi, X, ligand
elektronegativitesi, 1, metal iyonu sertligi ve 7, ligand
sertligini simgelemektedir. Bu degerler literatiirde verilen
formilasyon kullanilarak hesaplanmistir (Kaya vd. 2016).
Yukarida
elektronegatiflik degerleri arttikga metal ile inhibitor

verilen denklemden, inhibitorin

arasindaki  elektron  transfer degerinin  azaldig

gorilmektedir. Metal iyonu sertligi ve metal iyonu
elektronegativitesi literatirden elde edilmistir (Cicek and
Calisir 2016). Bilesigin elektronegativitesi ve sertligi de
literatlire gore hesaplanmistir (Kaya vd. 2016; Cicek and

Yildiz 2011).

Cizelge 4. S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesiginin ve
demir (Ill) kompleksinin elektron transfer degeri ve diger bazi
parametreleri.

Xy X, (Mm) 1 AN
Bilesik 1.83 -5.7920 92 6.8049 0.3202

Kompleks | 1.83 -4.2142 | 92 5.0987 0.2539

Cizelge 4 incelendiginde elektron transfer degerinin, AN,
S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat
demir (Ill) kompleksinin olduk¢a yakin oldugu tespit
edilmistir. Ancak S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat

bilesiginin ve

bilesiginin  elektron transfer degeri demir ()
kompleksinin  elektron transfer degerinden daha
dusaktar. Bu durum S,S’-bis(2-piridinil)-2,2’-

ditiyosalisiltiyoat bilesiginin daha yuksek reaktivitesine
isarettir.

Genel olarak nikleofiller pozitif yikli bolgelerdeki

molekillere saldirirken, elektrofiller de negatif yikli

bélgelere baglanmaktadir. Ozellikle "sert" niikleofilleri ve
elektrofilleri iceren reaksiyonlar icin, bir molekildeki
atomik ylklerden iyonik reaktivite bolgeleri belirlenebilir.
Elektrostatik potansiyel ile bu durum kesin ifade ile
elektron dagiliminin  ana

aciklanirken, yukler de

ozelliklerinin ©6n izlemesi olarak kullanilabilir. Atom

yuklerine dayal iyonik reaktivite tahminleri, ayni
elementin farkli atomlarini karsilastirirken genellikle daha

givenilirdir (Howard vd. 1994).

Elektrostatik potansiyel, bir molekiildeki reaksiyon
yerlerini bulmak icin faydaldir: Pozitif yukli tirlere,
elektrostatik potansiyelin gli¢li bir sekilde negatif oldugu
yerden saldirma egilimi mevcuttur (elektrofilik saldiri).
Atomik vyikler, buylk negatif degerlerin (elektrofilik
saldirt  bolgeleri) nerede meydana gelebilecegini
birlikte,

potansiyelin en blylk negatif degerinin mutlaka en biyik

gostermektedir. Bununla elektrostatik

negatif ylike sahip atoma bitisik olmasi gerekmemektedir.

S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat
demir (lll) kompleksinin 3D gosterimleri, elektrostatik

bilesiginin ve

potansiyel ve toplam yiik dagilim haritalari sirasiyla Sekil
4 ve Sekil 5’de verilmistir.

Bilesigin ve demir (lll) kompleksinin elektrostatik

potansiyel gosterimi incelendigi zaman bilesigin

kendisinde daha ¢ok pembe ile gosterilen disuk
potansiyel enerjinin bulundugu, komplekste ise yer yer
yesil ile gosterilen yliksek potansiyel enerji konumlandigi
tespit edilmistir. Ayrica bilesigin toplam yik dagihmi
haritasi incelendiginde, bilesigin lizerinde negatif yikin
neredeyse esit olarak dagildigi ve komplekste ise yer yer
negatif yikin azaldig

gozlenmistir. Bu sebeple

konformasyon-afinite uyumu hesapsal ile deneysel
karsilastirmada yiksek uyum gostermektedir. Bilesigin
reaktivitesinin kompleksten daha yiksek oldugu bu

varsayimdan gikarilabilir.
4. Sonuglar

Teorik kimya bircok bilim dalina 6n degerlendirme,
ongorl, sebep-sonug iliskisini gdz 6niinde bulundurarak
deney oOncesi ¢alisma ile ilgili optimizasyonlarin
olusturmasina onculik ederek zaman, malzeme israfini
rehberlik

yapmaktadir. Ayrica deneysel olarak elde edilen verilerin

Onlemesi sebebiyle bir¢cok bilim insanina

ispatlanmasi ya da desteklenmesi amaciyla siklikla
hesaplamali kimyaya basvurulmaktadir. Bu ¢alismada da
daha onceki calismalarda sentezlenerek ve karakterize
S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat

bilesiginin HyperChem Professional 8.0.1 yazilimiile enerji

edilen

parametreleri ile molekuler orbitalleri hesaplanmistir.
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12.106

(a)

0.088

(c)

(b)

Sekil 4. S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesiginin 3D yapisi (a), elektrostatik potansiyel (b) ve toplam yiik dagilimi (c).

2.883

I 0.377

Sekil 5. S,S’-bis(2-piridinil)-2,2’-ditiyosalisiltiyoat — demir (l1l) kompleksinin 3D yapisi (a), elektrostatik potansiyel (b) ve toplam yik
dagilimi (c).

Ayrica bilesigin demir (lll) iyonu ile ylksek oranda
komplekslesme yaptig tespit edilmis ve bu g¢alismada
bilesigin demir (lll) kompleksinin enerji parametreleri ile
molekiler orbitalleri hesaplanmistir. Olusan kompleksin
daha duslik enerjiye ve daha diisik LUMO-HOMO enerji
bosluguna sahip oldugu tespit edilmistir. Bilesigin demir
(1) iyonunuyla yiksek komplekslesme yapmasi bu sekilde
aciklanmaktadir.  Bilesigin  ve metal kompleksinin
elektrostatik potansiyel haritalari ve yuk dagilim
haritasina gore demir (lll) kompleksinin daha kararli
oldugu soylenebilir. Olusan kompleksin olusum isisi daha
distktlr. Ayrica olusan kompleksin birinci iyonlasma
enerjisi daha ylksektir. Dolayisiyla S,S’-bis(2-piridinil)-
2,2’-ditiyosalisiltiyoat bilesiginin demir (Ill) kompleksinin
daha istemli olarak olustugu séylenebilir. Son olarak S,S’-
bis(2-piridinil)-2,2’-ditiyosalisiltiyoat bilesiginin demir ()
kompleksinin ekstraksiyon isleminde yiiksek oranda

olusmasi, HyperChem ile elde edilen verilerle
desteklenmistir.

Etik Standartlar Bildirgesi
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Oz

Kurkumin, anti-kanser 6zelliklerine sahip yaygin bir dogal
Urindir, ancak diisiik ¢ozlinlrligu, vicuttaki etki yerine ulagsma
hizinin  yavas olmasi ve kararsizig nedeniyle kanser
arastirmalarindaki  kullanimi  simirhdir.  Kurkuminin  kanser
tedavisindeki kullaniminda karsilasilan sorunlarin Ustesinden
gelmek ve tedavi siresince etkinligini artirmak amaciyla ilag
tastyicr sistemlerin kullanilmasi ¢6zim olarak ortaya g¢ikmistir.
Yapilan bu galismada, ilk olarak silika tasiyicilar arasinda en
yaygin olan MCM-41 malzemesi hazirlanmistir. Daha sonra
MCM-41 malzemesinin Ure-amin grubu ile turevlendirilmesi
sonrasi MCM-41-AG malzemesi elde edilmistir. Hazirlanan bu
silika tasiyici sistemler kullanilarak kurkumin yikleme ve salim
galismalari gergeklestirilmistir. Kurkumin yiklemesi, silika
tagtyicilar ile  kurkumin ¢oOzeltisinin 24 saat karanlkta
karistirllmasi ile gergeklestirilmistir. Bu islem sonrasi,
kurkumin@MCM-41  ve  kurkumin@MCM-41-AG  olarak
adlandirilan kurkumin yikli malzemeler elde edilmistir. Yapilan
Olgimlerden kurkumin yikleme ylizdesi, MCM-41 igin %14 ve
tirevlendirilmis MCM-41-AG igin %16,7 olarak hesaplanmistir.
Kurkumin@MCM-41 ve kurkumin@MCM-41-AG
malzemelerinden pH 5.5 ve pH 7.4de kurkumin salimi
galisiimistir. Yapilan Olglimler sonrasi, kurkumin@MCM-41'in
her iki pH degerinde de tasidigi kurkuminin %90'nini ilk 15
dakika iginde biraktigl belirlenmistir. Kurkumin@MCM-41-AG
tasidigr kurkuminin pH 5.5’de %31’'ni 75 dakika icinde ve pH
7.4de %39'nu 60 dakika iginde biraktigi belirlenmistir. Elde
edilen bu sonuglar, tiirevlendirilmis silika tasiyict MCM-41-AG’in
¢iplak MCM-41’e kiyasla daha fazla kurkumin tasiyabildigi ve
tasidigl kurkumini daha az oranda ve daha uzun siirede kontrolli
olarak birakabildigini gostermektedir.

Anabhtar Kelimeler ila¢ salim; Kanser; Kurkumin; Nanotasiyici
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Abstract

Curcumin is a common natural product with anti-cancer
properties, but its use in cancer research is limited due to its low
solubility, slow rate of action at the site of action in the body,
and instability. The use of drug delivery systems has emerged as
a solution to overcome the problems encountered in the use of
curcumin in cancer treatment and to increase its effectiveness
during treatment. In this study, MCM-41 material, which is the
most common among silica carriers, was first prepared. Then,
MCM-41-AG material was obtained after derivatization of MCM-
41 material with urea-amine group. Curcumin loading and
release studies were carried out using these prepared silica
carrier systems. Curcumin loading was carried out by mixing
silica carriers and curcumin solution in the dark for 24 hours.
After this process, curcumin-loaded materials called
curcumin@MCM-41  and  curcumin@MCM-41-AG  were
obtained. From the measurements, the curcumin loading
percentage was calculated as 14% for MCM-41 and 16.7% for
derivatized MCM-41-AG. Curcumin release from
curcumin@MCM-41 and curcumin@MCM-41-AG materials was
studied at pH 5.5 and pH 7.4. After the measurements, it was
determined that 90% of the curcumin carried by
curcumin@MCM-41 at both pH values was released within the
first 15 minutes. It was determined that the curcumin carried by
curcumin@MCM-41-AG released 31% within 75 minutes at pH
5.5 and 39% within 60 minutes at pH 7.4. These results show
that the derivatized silica carrier MCM-41-AG can carry more
curcumin compared to bare MCM-41 and release the curcumin
it carries in a controlled manner at a lower rate and for a longer
period of time.

Keywords Cancer; Curcumin; Drug release; Nanocarrier

1. Giris

Kanser endistrilesmis llkelerde oliimlerin birincil temel
nedenlerinden biridir. Son yillarda, erken tani ve tedavi
edici seceneklerdeki artis o6lim oranlarini azaltmistir.
Fakat, kemoterapi icin kullanilan kimyasal ilaglar saglikh

hiicrelere de zarar vererek bulanti, kusma, sa¢ dékilmesi,
kandaki I6kosit sayisinin azalmasi, bagisiklik sisteminin
zayiflamasi, ishal, karaciger hasari, bébreklerde toksit
olusumu gibi cesitli yan etkilere neden olmaktadir
(Giordano ve Tommonaro 2019). Bu istenmeyen sonuglar
yenilikci ve daha etkili ilaglarinin arastirilmasina ihtiyag
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dogurmaktadir. Bu sebeple bilim insanlari son yillarda

kanser tedavisinde dogal {rlinlere yonelmislerdir.
Arastirmacilarin son yillarda tizerinde ¢okga c¢alistigi dogal
Urunlerden biri kurkumindir. Kurkumin, zerdegal bitkisinin
icinde yer alan 300 farkh kimyasal yapidan sadece bir
tanesi olup, bu 300 farkli bilesik arasinda en ¢ok bilinenini
ve en ylksek biyolojik aktivite gosterendir (Gupta vd.,
2013). Kurkuminin anti-kanser o6zelliklerini gozler 6niine
seren ¢ok sayida ¢alisma dikkate alindiginda tek basina ya
da kombine ilaglar ile kullanilabilecek umut vaat edici
etkili bir kanser ilaci olabilecegini gozler 06nine
sermektedir (Adahoun vd. 2017, Devassy vd. 2015, Elbialy
vd. 2020). Ancak, kurkumin, distik ¢é6zinarlGga, vicuttaki
etki yerine ulasma hizinin yavas olmasi ve kararsizligi
nedeniyle kanser arastirmalarindaki kullanimi sinirhdir.
Kurkumin kanser tedavisindeki kullaniminda karsilasilan
bu sorunlarin Ustesinden gelmek ve tedavi silresince
etkinligini artirmak amaciyla ilag tasityici sistemlerin
kullanilmasi  umut verici olarak

bildirilmistir (Chen vd. 2018).

¢6zimlerden biri

ilag tasinim sistemleri konusunda yapilan galismalar son
yillarda oldukga dikkat geken bir alandir ve yeni gelismeler
kaydedilmistir (Croissant vd. 2015, Vallet-Regi vd. 2018
Bagheri vd. 2018, Noureddine ve Je, 2018). Bu taslyici
sistemler sayesinde, ilacin taslyict sistem icerisine
yerlestirilmesi ile aktif veya pasif yonlendirme seklinde
dagitimi saglanabilmektedir. Boylece, ilaglarin yan etkisi
en aza indirilmeye baslanmistir. ideal bir ilag tasinim
sisteminin temel amaci, ilaci tek bir dozdan sonra istenen
tedavi edici aralikta tutmak ve / veya ilaci belirli bir
bolgeye hedeflerken ayni zamanda ilacin sistemik
seviyelerini ayarlayabilmektir. ilag tasinim sistemleri
kadar,

ekzozomlar,

olarak glnumize adjuvanlar, lipozomlar,

niozomlar, fosfolipid kompleksler ve
nanopartikiller gelmektedir. Bu sistemlerden bazilari
Amerikan Gida ve ilag dairesi (FDA) tarafindan da
(Diab vd. 2017).

sistemlerin bazilarinin uzun dénemli kullanimlarinda ciddi

onaylanmigtir Ancak bu tasiyici

sikintilar ortaya cikabilmektedir.

ilaglarin kanser tedavisinde daha etkin kullanimini
saglamak icin silika tipi ilag tasiyici diger ilag tasiyic
sistemler arasinda 6ne c¢ikmaktadir. Bunun en 6nemli
nedeni, kuvvetli Si-O baglarindan dolay: diger tasiyicilara
kiyasla bozunmaya ve mekaniksel baskiya karsi daha
dayanikli olmasi olarak agiklamaktadir (Croissant vd.
2018). Ayrica, silika tipi tasiyicilardan bazilarinin ginliik
1,5 grama kadar viicuda alinmasi durumunda insan saghgi
Uzerine ciddi bir etki yaratmadigi ortaya konmustur (Diab
vd. 2017).
calismalarin artmasi ile kaydedilen umut verici gelismeler,

ilagc tastyict sistemler (izerine vyapilan

kurkuminin kullanimi ile ilgili sorunlarin ¢6zimi igin de

farkh
baslamistir. Bu ¢alismalarin bazilarinda, serbest kurkumin

alternatiflerin  denenmesinin  6ninld ag¢maya
ve silika tastyici igine yiklenmis kurkuminin ¢alismalari
yapilmistir (Arli vd. 2023, Gok vd. 2023, Maleki vd. 2022,
GOk vd. 2022, Elbialy vd. 2019, Hartono vd. 2016, Abou
vd. 2016,).

tasinmasi ile

Kurkuminin silika taslyiciya yukleyerek

ilgili yapilan c¢ahsmalarda, kurkuminin
¢OzUnUrlGginin arttig ve kanser tedavisine daha etkin
sonuglar elde edildigi gortlmistir (Nasab vd. 2018,
Elbialy vd. 2020). Silika tasiyici sistemler arasinda en ¢ok
kullanilan MCM-41 ile kurkuminin beraber kullaniimasina
yonelik yapilan galismalarin bazilarinda, kurkuminin tek
basina iken gosterdigi tedavi edici etkisiyle, kurkuminin
MCM-41 yiiklenmesi sonrasi elde edilen kurkumin yukla
etkisi

silika

silika  tasiyici  malzemenin  tedavi edici
olarak, kurkuminin

karsilastirimistir. ~ Sonug

tastyictya yulklenerek kullanilmasi durumunda kanser
hiicreleri Uzerinde daha etkin tedavi edici 06zellik
gosterdigi bildirilmistir (de Oliveira vd. 2016). Sonraki
farkh
kurkumin

yillarda, silika yilizeyinin organik yapilarla

islevsellestirilmesinin tasinimi  Gzerindeki
etkisini belirlemeye yonelik ¢alismalar yapilmistir (Atiyah
vd. 2022, Taebnia vd. 2016). Ornegin Atiyah ve arkadaslari
yaptiklari galismalarinda, MCM-41 (Atiyah vd. 2022) ve
SBA-15'i (Atiyah vd. 2022) hazirladiktan sonra MCM-41 ve
SBA-15’i  3-aminopropiltrietoksisilan ~ (APTES) ile
tirevlendirerek NH@MCM-41 ve NH.@SBA-15
malzemelerini elde etmislerdir. Daha sonra kurkumini
fiziksel olarak bu malzemelere yiiklemislerdir. Her iki
APTES ile

malzemelere daha fazla kurkumin yiklemesi gergeklestigi

cahismada da vylzeyleri tlrevlendirilen
ortaya cikmistir. Ayni galismalarda gergeklestirilen ilag
NH@MCM-41 ve NH;@SBA-15

kurkuminin

salim deneylerinde,

materyallerinden saliniminin  referans
malzemeler olan MCM-41 ve SBA-15’e kiyasla daha uzun
sirede kontrolli bir sekilde gerceklestigi belirlenmistir.
Daha uzun ve kontrolli salimin meydana gelmesinin
nedeni olarak APTES ile kurkumin arasindaki molekdller
arasl etkilesimlerin artmasi olarak gosterilmistir. Farkh bir
arastirma grubunun yaptigi diger bir calismada, silika
malzemeye bagl amino grubu sayisinin  kurkumin
yliklenmesi ve salimi lizerinde etkisinin olup olmadigi
arastiriimistir (Taebnia vd. 2016). Calisma sonucunda,
silika tastyicilarin tiirevlendirilmesinde tek amino grubu
iceren organik grup yerine iki amino grubu iceren organik
grup kullanildiginda kurkumin yikleme oraninin %3,6'dan
%33,5'e ciktig

kurkuminin etkin tasinmasi

belirlenmistir. Yapilan bu g¢alismalar,
ve kontrolli saliminin
saglanmasi icin taslyici materyalin amino grubu igeren
organik bir grupla tiirevlendirilmesinin akilc bir yaklasim
oldugunu ortaya koymustur. Literatlirde amino grubu

iceren organik gruplarla MCM-41 ve SBA-15 gibi
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materyallerin  tirevlendirilmesine yoénelik c¢alismalar
kayith olmasina ragmen, yapisinda amino gruplari yaninda
kurkumin ile etkilesimi artirabilecek farkli gruplarin da
MCM-41’in turevlendirilmesinde kullanildigi ve kurkumin
tasinmasinda etkinligine etkisini belirten c¢alismalarin

sayisi yok denecek kadar azdir.

Bu calismada, literatlirde verilen silika tasiyicilara
alternatif ve daha etkin olabilecek kurkumin yiklu ilag
MCM-41’in

tirevlendirilmesinde amino gruplari yaninda farkli yan

taslyict  gelistirmek,  silika  tasiyic
gruplarin da eklenmesi ile ilag yikleme ve salim tizerinde
meydana getirecegi etkinin belirlenmesi amaglanmistir.
Bunun igin, ilk olarak MCM-41’in Gre-amin grubu ihtiva
eden bir organik bilesik ile tirevlendirilmesi ve
karakterizasyonu gerceklestirilmistir. Daha sonra, elde
edilen fonksiyonellestirilmis nanotasiyict kullanilarak

kurkumin yukleme ve salim calismalari
gergeklestirilmigstir. Tirevlendirilmis silika tasiyicinin daha
etkin

tirevlendirilmemis silika tasiyict MCM-41 de referans

olup olmadiginin belirlenmesi icin,
malzeme olarak bu calisma kapsaminda hazirlanmis ve
ayni deneylere tabi tutulmustur. Elde edilen sonuglar

detayli sekilde asagida verilmistir.

2. Materyal ve Metot

MCM-41  malzemesi ve  1-((1R,2R)-2-amino-1,2-
difenilenetil)-3-(3-(trietoksisilil)propil)ire (AG) bilesigi,
literatlirde verilen yontemler takip edilerek

sentezlenmistir (Arli vd. 2023, Gok vd. 2020). Bu ¢alisma

kapsaminda kullanilan tim kimyasallar kimyasal
tedarikgilerden temin edildi. Cozucilerin saflastirilma ve
kurutma islemleri Armarego’da (2022) tarif edildigi sekli
ile yapildi. Elde edilen bilesiklerin FT-IR spektrumlari, KBr
disk teknigi kullanilarak Perkin Elmer Spectrum 65
spektrometresinde Olgiildi. Silika tasiyict malzemelerin
elde edilmesi, tasiyici malzemelere kurkumin yiiklenmesi
ve salim islemleri icin IKA RCT Basic model siticili
manyetik karistirict kullanilmistir. Elde edilen silika tastyici
malzemelerin kurutulmasi islemleri icin Memmert marka
etilv ve Nikleon marka firin kullaniimistir. Kurkumin
yukleme ve salim c¢alismalarinda, yiikleme sonrasi tasiyici
malzeme ile ylikleme ¢ozeltisinin ayrilmasi igin Nive 1200
santrif(j kullanilmistir.  Kurkumin yikleme sonrasi,
yliklenmeden kalan kurkumin miktari ve taslyicidan salim
yapan kurkumin miktarinin hesaplanabilmesi icin Optima
3000 UV-Vis spektrofotometresi kullaniimistir. XRD
Olgimu, sirasiyla 1-10 ° ve 10-80 °'lik 26 sagilma agisi
(A = 0.154056 nm)

Empyrean

araliginda Cu-Ka radyasyonu
PANalytical
difraktometresinde gergeklestirildi. Numunelerin FE-SEM

icin Jeol SEM-7100-EDX

kullanilarak  bir X-igini

gorintilerinin - kaydedilmesi

cihazi kullanildi. TGA 6lg¢timleri bir Seiko SIl TG/DTA 7200
cihazinda gergeklestirildi. Analiz sirasinda sicaklik artis hizi
dakikada 10°C ve N2 gazi akis hizi ise 2 mL/dakika seklinde
Micrometrics

ayarlanmistir. N2 sorpsiyon izotermleri

Yiizey Alani ve Porosity Tristar Il analizériinde kaydedildi.
yuzey
gozenek

Mezogdzenekli malzemelerin alaninin

hesaplanmasinda BET ydntemi, boyutu

dagiliminin hesaplanmasinda ise BJH yontemi kullanildi.

2.1 Sentez
2.1.1. MCM-41 silika nanotasiyicinin hazirlanmasi

Hekzadesiltrimetilamonyum bromir (CTAB) (1,5 g) ve
ultra saf su (720 mL) Gi¢ boyunlu bir balona yerlestirildi ve
41 °C'de dizgin bir ¢ozelti olusana kadar karistirildi.
Reaksiyon kabina 5mL 2 M NaOH c¢ozeltisi eklenerek
sicaklik 80 °C'ye getirildi. Reaksiyon karisimi bu sicaklikta
1 saat karistirildi. Sre sonunda reaksiyon karisimina 7,5
mL tetraetil ortosilikat (TEOS) damla damla ilave edildi.
TEOS ilave edildikten sonra reaksiyon karisimi 80°C'de 3
saat daha karistiriilmaya devam edildi. Bu siirenin sonunda
karistiricinin  sicakhigr kapatilarak reaksiyon karistirildi.
Oda sicakhgina gelen reaksiyon karisimi siiziildli. Geriye
kalan beyaz kati, su ve etanol ile temizlendikten sonra 55
°C'deki
kurutulmus kati kismin 550°C'de 6 saat yakilmasi ile beyaz

firnda 48 saat sireyle kurutuldu. Firinda
kati halinde 1,5 g silika nanotasiyici malzeme MCM-41
elde edilmistir.

2.1.2. MCM-41-AG silika nanotasiyicisinin hazirlanmasi

iki boyunlu 100 mL’lik yuvarlak dipli bir balona 1 g MCM-
41 konularak 2 saat siresince vakum altinda 110°C
sicaklikta kanstirilarak kurutuldu. Sire sonunda oda
sicakligina sogutulan balon icerigine bir damlatma hunisi
yardimiyla kuru toluen igerisinde ¢ozlilmiis 0,1 g AG
bilesigi damla damla yaklasik 3 saatte ilave edildi. ilave
sirasinda ve sonrasinda reaksiyon ortami inert atmosfer
altinda tutuldu. ilave bittikten sonra reaksiyon sicaklig
110 °C’ye cikarildi ve bu sicaklikta 24 saat karistirildi. Stire
sonunda oda sicakhgina sogutulan reaksiyon, por 4 kroze
yardimi ile vakumda siiziildi ve krozede kalan kati kisim
toluen ve diklorometan ile yikandi. Elde edilen drin
vakum altinda kurutuldu. 1,07 g MCM-41-AG malzemesi
uguk sari renk kati madde olarak elde edildi.

2.2. ilag yiikleme ve salim ¢alismasi
2.2.1. Nanotasiyicilara kurkumin yiiklenmesi

ilk olarak 4 mg kurkumin/mUL’lik stok c¢dzelti hazirland.
Bunun i¢in, 400 mg kurkumin tartilarak 100 mL’lik bir
balon joje icerisine ilave edildi. Daha sonra balon jojenin
100 mlL gizgisine kadar etanol ilave edildi ve oda
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sicakhginda tam ¢6ziinme oluncaya kadar karistirildi.
Kurkuminin, MCM-41 ve MCM-41-AG'ye ylklemesinin
yapilabilmesi igin, kurkumin stok c¢6zeltisinden 25 mL
alinarak icerisine 100 mg MCM-41 veya MCM-41-AG ilave
edilerek oda sicakhginda ve karanlikta 24 saat siiresince
karistinildi. Stire sonunda karisim suzilerek MCM-41 ve
MCM-41-AG ilag ylikleme ¢ozeltisinden ayrildi. Kalan kati
kisim 20 mL etil alkol ile yikandi. Elde edilen kati kisimlar
birlestirilerek  kurutuldu. Yiklenen ilag  miktari,
suzilintilerin absorbansinin UV-Vis spektrofotometrede A
= 420 nm’de okunmasi sonrasi Esitlik 1 yardimiyla
hesaplandi (Chen vd. 2018, Sun vd. 2019). Kurkumin yuklu
silika tastyicilar kurkumin@MCM-41 ve kurkumin@MCM-
41-AG olarak adlandinimistir. Yiklenen kurkumin %’si
Esitlik (1) yardimi ile hesaplandi. Esitlikte yer alan, Ao
etanol igerisindeki kurkuminin baglangi¢c miktarini, A ise

taslyiclya yuklenen kurkumin miktarini ifade etmektedir.
A

E(%) = —x100 (1)
Ao

2.2.2. Nanotasiyicilardan kurkumin salim ¢alismasi

Kurkumin yukla, kurkumin@MCM-41 ve
kurkumin@MCM-41-AG  yapisindan
calismalari literatiirde verilen yontemlere gore yapilmistir
(Sun vd. 2014, Pang vd. 2018). Kurkumin@MCM-41 (pH =

kurkumin salim

0~ CTAB, NaOH, H,0
' ° °
i=O, 40 °C —>=80°C
oS
\/
TEOS
MCM-41
—OH

C,H;0" 1

L&

OC,H;

7,4 icin 1,2 mg ve pH = 55 icin 1,6 mg) ve
kurkumin@MCM-41-AG (pH = 7,4 icin 1 mg ve pH = 5.5
icin 1,3 mg) yapilari 10 mL (pH = 7.4 ve pH = 5.5) tampon
¢ozeltisine ilave edilerek 37 °C'de ve 100 rpm’de
karistirildi. Belirli araliklarla ortamdan numune alinarak
15 dakika
absorpsiyonu UV-Vis spektrofotometrede 420 nm’de

santrifijlendikten sonra Ust kisminin
okundu. Okuma sonrasi sivi kisim tekrar kurkumin salim
ortamina geri ilave edilerek karistirilmaya devam edildi.
Okunan absorpsiyon degeri yardimiyla zamana bagh

salimi gerceklesen kurkumin miktari hesaplanmistir.

3. Bulgular ve Tartisma
3.1 Sentez ve karakterizasyon

Calisma kapsaminda, kurkumini tasiyacak ve salimini
gerceklestirecek hedef silika tasiyici malzemelerin elde
Sekil MCM-41
sentezi ve  fonksiyonellestirilmesi

edilis yontemleri 1’de verilmistir.
malzemesinin
literatiirde verilen yonteme gore yapilmistir (Arl vd.
2023) Sentezlenen yeni malzemelerin yapi tayinleri, XRD,
SEM, TEM, TGA, FT-IR ve N sorpsiyon teknikleri
kullanilarak ve gergeklestirilmistir. Elde edilen sonuglarin
degerlendiriimesi sonrasi, elde edilen malzemelerin
hedeflenen malzemeler ile uyumlu oldugu belirlenmistir.

Elde edilen bulgular asagida detayl olarak tartisiimistir.

kurkumin
—_—

L&

@MCM-41
s
CoHsO AN A\ -Coy
H H NH,
G
kurkumin

0 Y O -

Q
@MCM-41-AG

MCM-41-AG
Sekil 1. MCM-41, MCM-41-AG, Kurkumin@MCM-41 ve Kurkumin@MCM-41-AG eldesine ait gosterim
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MCM-41 ve MCM-41-AG'nin distk acili toz X-1sin1 kirinim
desenleri  Sekil 2'de Her ki
nanotaslyicinin dusik acgili XRD deseninde, 26 = 2,6°'de
¢ok giiclii bir sinyalin gdzlenmesi, bu nanomalzemeler igin
altigen diizenlemeyi gosterir (Gok ve Gok 2024).

gosterilmektedir.

— MCM-41
MCM-41-AG

Siddet (a.u.)

20(degree)

Sekil 2. MCM-41 ve MCM-41-AG'nin dlslik agi XRD deseni

MCM-41 ve MCM-41-AG mezogozenekli silika yapilarinin
BET ylzey alani absorpsiyon-desorpsiyon izotermlerinden
sirasiyla 1147 ve 950 m?/g olarak hesaplandi ve ortalama
gozenek boyutu MCM-41 igin 3,0 nm ve MCM-41-AG igin
2,4 nm olarak hesaplandi. Elde edilen N2 sorpsiyon egrisi
ve por c¢api genislik egrileri Sekil 3'de verilmistir. MCM-41
nanotastyicinin AG grubu ile tirevlendirilmesi sonrasi,
ylzey alaninda ve por capinda dislis gozlenmesi, AG
yapisinin MCM-41’e basari ile baglandigini ve MCM-41-
AG yapisinin elde edildigini desteklemektedir.

0000000 80000 00es

Adsorbe edilen miktar (mmol/g)

—e—MCM-41
*-MCM-41-AG
0 0,2 04 06 08 1
Bagil basing (P/P;)
—e—MCM-41

— —+—MCM-41-AG
£
[=
2
E
L
a
kS
=
o

0 5 10

Por ¢api (nm)
Sekil 3. MCM-41 ve MCM-41-AG’nin N3 sorpsiyon (Ustte) ve por
capi verileri (altta)

MCM-41 ve MCM-41-AG malzemelerinin XRD analizi ile
dizenli bir yapiya sahip olup olmadiginin belirlenmesi
sonrasi, mikroskobik boyutta olarak nasil
oldugunu ve dizenli kanallarin olup olmadigini belirlemek
icin taramali elektron mikroskobu (SEM) ve transmisyon
elektron mikroskobu (TEM) analizleri gerceklestirilmistir.

sekilsel

Yapilan analizlere ait gorseller Sekil 4’de verilmistir. MCM-
41 ve MCM-41-AG igin elde edilen SEM goriintileri (a ve
c) incelendiginde, her ikisinin de tek dize yapida ve
kiiresel morfolojiye sahip olduklari gézlenmistir.

Sekil 4. MCM-41’in a) Taramali elektron mikroskobu (SEM)
goriintiisti, b) Transmisyon (gegirimli) elektron mikroskobu
(TEM) gorintlst ve c¢) MCM-41-AG’ninTaramal elektron
mikroskobu (SEM) goriintisi

Son olarak, referans silika malzeme MCM-41 ile

tirevlendirilmis  silika  malzeme  MCM-41-AG'nin
termogravimetrik  analizleri 10-800 °C arasinda
gerceklestirilmistir. Elde edilen egriler Sekil 5’de

verilmigtir.

98

g
o 9%
g
=
2 —MCM-41
i3
X ——MCM-41-AG

92

90

o 200 400 600 800
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Sekil 5. MCM-41 ve MCM-41-AG'nin TGA egrileri

Egriler incelendiginde, tlrevlendirilmis silika tasiyic
malzeme olan MCM-41-AG’'nin MCM-41’e kiyasla daha
fazla kiitle kaybina wugradigi anlasilmaktadir. TGA
egrisinde 200 °C’'nin altinda MCM-41 ve MCM-41-AG igin
yaklasik olarak ~%1’lik kiitle kaybi gozlenirken, 200-800 °C
arasinda MCM-41 igin gozlenen kitle kaybi %1, MCM-41-
AG igin gozlenen kitle kaybi vyaklasik %7 olarak
kaydedilmistir. 200 °C lizerindeki kiitle kaybi ylizdelerinin
farkh olmasi tirevlendirilmis MCM-41-AG’nin beklendigi
gibi daha fazla organik yapi icerdigini gdstermektedir.

3.2. ilag yiikleme ve salim ¢alismalari

Elde edilen silika tasiyict malzemelerin yapisal tayini
yapildiktan sonra, bu malzemelerin ne kadar kurkumin
tasiyabildikleri ve tagsinan kurkuminin pH 7.4 ve pH 5.5'de
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ne kadarinin ne kadarlik bir zaman dilimi igcinde salindiklari
ilagc ylkleme ve salim deneyleri ile belirlenmeye
cahsilmistir. Silika tasiyici malzemeler MCM-41 ve MCM-
41-AG’ye ayni sartlar uygulanarak kurkumin yuklemesi
gerceklestirilmistir. Esitlik (1)'in kullanilmasi ile yapilan
gore malzeme MCM-41'e
kurkumin ylikleme yiizdesi %14 ve tirevlendirilmis tasiyici

hesaplamalara referans
malzeme olan MCM-41-AG’ye yuklenen kurkumin miktari

%16,7 olarak hesaplanmistir. Tirevlendirilmis silika
tasiyiclya, referans malzemeye kiyasla %2,7 daha fazla
kurkumin Referans

yuklemesi  gercgeklestirilmistir.

malzemenin Ure-amin gruplari ile tirevlendirilmesi
sonucu elde edilen MCM-41-AG ile kurkumin arasinda
daha fazla etkilesimin meydana geldigi ve bu nedenle
yuklenen kurkumin miktarinda bir artis olustugu
soylenebilir. Turevlendirilmis silika tasiyici malzeme
MCM-41-AG’'ye referans malzemede %2,7 daha fazla
kurkumin yiuklenebildiginin belirlenmesi sonrasi, referans
malzemeyi tiirevlendirmenin kurkumin salim (zerine de
pozitif etki edip etmediginin belirlenmesi icin salim
¢alismalarina gecilmistir. Bunun icin iki pH degeri altinda
salim calismalar gergeklestirilmistir. Hedef odakl ilag
tasinim sistemleri icin c¢alisilan referans pH degerleri 7.4
ve 5.5 salim galismalar igin kullanilacak pH degerleri
olarak secilmistir. Kan dolasiminin oldugu sirkiilasyon ve
saglikli doku sistemlerindeki pH, fizyolojik pH olarak
adlandirilir ve degeri 7.4’dar. Saghkh hicrelerin kanserli
hicre ve dokulara dénlismesi durumunda pH degeri 5.0-
5.5 araligina inmektedir. Fizyolojik pH olarak adlandirilan
pH 7.4’de ilag taslyict malzemelerin tasidiklari ilaci hig
birakmamalari ya da daha az birakmalari istenirken,
kanserli hiicre ve dokularin sahip oldugu pH 5.5 degerinde
ise ilag tasiyici sistemlerin yiklerini diizenli ve daha uzun
siirede salmalari beklenmektedir. Salim ¢alismalari
sonucu elde edilen veriler islenerek olusturulan salim

grafigi Sekil 6'da verilmistir.

—4—pH=7.4 (Kurkumin @MCM-41-AG)
pH=7.4 (Kurkumin@MCM-41)

pH=5.5 (Kurkumin@MCM-41-AG)

pH=5.5 (Kurkumin@MCM-41)

100
90
80
70
60
50

% Salim

o] 60 120 180 240 300 360 420 480
Zaman (dakika)

Sekil 6. Kurkumin@MCM-41 ve kurkumin@MCM-41-AG’nin
farklh pH’lerde UV-Vis spektrofotometre ile zamana kars
kurkumin saliminin izlenmesi

Grafikte ortaya cikan egriler incelendiginde,
kurkumin@MCM-41 malzemesi pH 7.4 ve pH 5.5'de
tasidigl kurkuminin %90’ nini ilk 15 dakika iginde biraktig

belirlenmistir. YUklenen kurkuminin referans tasiyici
malzeme MCM-41'den ¢ok hizli bir sekilde her iki pH
degerinde de saliminin gergeklesmesi, yiiklenen kurkumin
malzeme MCM-41
etkilesimin olmadigini gostermektedir. Tirevlendirilmis

ile referans arasinda  kuvvetli
malzeme MCM-41-AG’ye kurkumin yiklenmesi ile elde
edilen kurkumin@MCM-41-AG, pH 5.5'de tasidigl
kurkuminin %31’'ni 75 dakika i¢inde ve pH 7.4’de %39'nu
60 dakika icinde biraktigi belirlenmistir. Bu sonuglara
gore, fizyolojik pH'da kurkumin@MCM-41-AG’dan
kurkumin salimi, kurkumin@MCM-41"e kiyasla 4 kat daha
%66 daha az

gorilmektedir. Daha uzun sirede ve daha az miktarda

yavas ve salinan miktarin oldugu
kurkumin saliminin elde edilmesi, MCM-41-AG taslyicl
sistemi ile kurkumin arasinda daha fazla etkilesim oldugu
srdirilen  salim

gostermektedir. 6 saat boyunda

¢alismalarinda, bu siire sonunda salinan kurkumin
miktarinda degisiklik godzlenmemistir. Elde edilen bu
sonuglar, tdrevlendirilmis silika tasiyicc MCM-41-AG’in
¢iplak MCM-41’e kiyasla daha fazla kurkumin tasiyabildigi
ve tasidigi kurkuminin daha az miktarini daha uzun siirede

kontrollii olarak birakabildigini gostermektedir.

Kurkumin@MCM-41-AG malzemesinden kurkumin
saliminin pH = 5.5 ve pH =7.4’deki zamana karsi degisimi
incelendiginde, pH 5.5’de gergeklesen kurkumin saliminin
pH 7.4’e gore %8 daha az ve daha uzun sirede
gerceklestigi  gorilmustiir. ilag tasiyici  sistemlerin,
fizyolojik pH’ya kiyasla kanserli hiicre pH’sinde ilag
salimini  daha disik oranda ve vyavas olarak
gerceklestirmesi ilag etkinligin artinlmasi agisindan
istenen bir durumdur. Kurkumin@MCM-41-AG igin dislik
pH'da daha az ve daha yavas kurkumin saliminin
gerceklesmesi, fakat referans MCM-41 malzemesinde her
iki pH’da ayni salim profilinin elde edilmesi, referans
malzemenin tlrevlendirilmesi ile distik pH degerlerinde
kontrolli salimin elde edilebilecegini gdstermektedir.

4. Sonuglar ve Tartisma

Bu calisma kapsaminda iki adet silika tabanli tasiyic
malzeme ile farkli pH’lerde kurkumin yiikleme ve salim
calismasi gerceklestirilmistir. Referans malzeme MCM-
41’in UGre-amin grubu ile tlrevlendirilmesi sonucu elde
edilen tasiyicic MCM-41-AG malzemesinin kurkumin ile
daha fazla etkilesime girdigi ve bu nedenle kurkumin
yiukleme oranin referans malzemeye kiyasla %2,7 daha
fazla gerceklestigi belirlenmistir. Yine kurkumin yukli
kurkumin@MCM-41-AG’den kurkumin salimi, calisilan
pH’lerde kurkumin@MCM-41’den gerceklesen kurkumin
salimina kiyasla daha yavas ve daha az oranda
durum, MCM-41'in
turevlendirilmesinin kurkumin salimi {zerine istenen

gerceklestigi  belirlenmistir. Bu

yonde katki sagladigini gostermektedir.
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Oz

Bu ¢alismada, klasik analizde ve bulanik metrik uzaylarda tanimli
f ve Y daralma dontsim siniflarinin sezgisel bulanik normlu
uzaylar igin yeni versiyonlari tanimlanacaktir. Ayrica, bu
dénugimlerin sezgisel bulanik normlu uzaylarda hangi sartlar
altinda yaklasik sabit nokta 6zelligini sagladigi gosterilecektir.
Bulunan sonuglar 6rneklerle desteklenecektir.

Anahtar Kelimeler: Bulanik metrik uzay; Bulanik normlu
uzay; Sezgisel bulanik metrik uzay; Sezgisel bulanik normlu
uzay; Yaklasik sabit nokta
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Abstract
In this paper, new definitions for intuitionistic fuzzy normed
spaces of f and i contraction mapping classes in classical
analysis will be given. In addition, it will be shown under which
conditions these mappings provide the approximate fixed point
property in intuitionistic fuzzy normed spaces. The results
obtained will be supported with examples.

Keywords: Fuzzy metric space; Fuzzy normed space;
Intuitionistic fuzzy metric space; Intuitionistic fuzzy normed
space; Approximate fixed point

1. Giris

Belirsizlik kavrami ile ilgili ilk agiklamalar Max Planck
tarafindan 1930 yilinda yapmustir. Gergek adi Lotfi Asker
Zadeh olan, California Universitesi profesérii ve ayni
zamanda Elektrik-Elektronik muihendisi olan Azeri asilli
Zadeh, 1965 yilinda yaptigi calisma ile belirsizlik kavramini
“Fuzyy Kimeler” olarak ifade etti. Yani bulanik kiime
kavrami bilimsel olarak ilk kez 1965 vyilinda Zadeh
tarafindan sistematik olarak ortaya konmustur (Zadeh
1965). Bu kavram birgok arastirmaci tarafindan topolojik
olarak analiz edilmistir. Klasik topolojideki bircok énemli
1968
bulanik topolojik uzayin

(Chang 1968).
bulanik kiime (izerinde de metrik yapisini olusturmak,

kavramin bulanik kime kavramiyla baglantisi,

yiinda Chang tarafindan

tanimlanmasiyla baslamistir Boylece
bulanik matematiginin problemlerinden biri olmustur. Bu
alandaki ilk calisma Kramosil ve Michalek tarfindan ortaya
konmustur (Kramosil ve Michalek 1975). George ve
Michalek
tanimlanan bulanik metrik uzay kavramini degistirerek

Veeramani ise Kramosil ve tarafindan

kuantum parcacik fiziinde 6nemli uygulamalari olan

bulanik  metrik  uzaylarin  Hausdorf  topolojisini

and Veeramani 1997).

Gergekten, bulanik topolojinin kuantum pargacik fiziginde

tanimlamiglardir  (George

bircok uygulamasi olup 6zellikle El Naschie'nin
calismalarinda hem sicim hem de e(o) teorisinde bu
uygulamalari gormek miimkindir (EI Naschie M. 1998,

2000, 2005).

Atanassov, bir nesnenin bir kiimeye ait olma derecesini
lyelik derecesi olarak ifade etmistir. Her bir elemaninin
Uyelik derecesi toplami 1 e esit veya 1 den az olmaldir
kosulu ile ortaya konan bu tanim "sezgisel bulanik kiime"
olarak adlandirilir. Bu tanim bulanik kiime kavraminin
halidir (Atanassov 1986). Ayrica
literatlirde t-norm ve t-conorm Schweizer ve Sklar

genellestirilmis  bir

tarafindan tanimlanmistir. Park, sezgisel bulanik kiimeler
fikrini kullanarak George ve Veeramani'ye bagl olarak
bulanik metrik uzayin bir genellemesi olarak sirekli t-
normlar ve sirekli t-conormlar yardimiyla sezgisel bulanik
metrik uzaylar kavramini tanimlamistir. Ayrica, Park
sezgisel bulanik metrik uzay Gzerinde bir Hausdorff
topolojisi tanimlamistir ve her metrigin bir sezgisel
bulanik metrigi dogurdugunu gostermistir (Park 2004).
Sezgisel bulanik normlu uzay kavrami ise Saadati ve
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Park’in  (Saadati ve Park
tanimlanmustir.

2006)
Bu gelismelerle birlikte fonksiyonel

¢alismalarinda

analizde kullanilan bazi kavramlar sezgisel bulanik metrik
ve norm araciligiyla yeniden incelenmistir. (Atanassov
1994, Alaca vd. 2006, Turkoglu vd. 2006, Mursaleen ve
Mohiuddine 2009, Mursaleen vd. 2009, 2010, Dinda ve
Samanta 2010, Karakaya vd. 2012, Ertirk ve Karakaya
2013, 2014, Sola Erduran vd. 2014, Sola Erduran 2020).

Matematigin bircok dalinda oOzellikle diferansiyel

denklemler, kismi diferansiyel denklemler, integral
denklemler gibi alanlarda oldugu kadar diger anabilim
dallarinda genis uygulamalari olan, matematigin en
basarili ve etkili araglarindan biri sabit nokta teorisidir.
Sabit nokta teorisi Stephan Banach tarafindan 1922'de
cesitli kosullar altinda sabit noktanin varliginin ve
tekliginin kanitlanmasi ile ortaya konmustur (Banach
1922). Abu Osman, Banach'in sabit nokta teoremini
bulanik metrik uzaylarda ele almistir (Abu Osman 1983).
Ardindan Grabiec (Grabiec 1988), George ve Veermani
(George ve Veermani 1997), Gregori ve arkadaslari
(Gregori ve Romaguer 2000, 2004, Gregori ve Sapena
2002, Gregori vd. 2016), Hadzic ve Pap (Hadzic ve Pap
2002), Mihet (Mihet 2004, 2008) gibi arastirmacilar
bulanik sabit nokta teoremi ve bulanik metrik uzaylarin
ozellikleri  Gzerine Tim bu

diger calismisglardir.

gelismelerle  birlikte  yeni  tanimlanan  daralma
dondstmleri ile hem klasik metrik uzaylarda hem de
bulanik metrik uzaylarda bircok sabit nokta teorisi
literatlire kazandirmistir. Bulanik metrik uzaylarda sabit
nokta teorisi Gzerine ¢ok sayida calisma mevcuttur (Abbas
vd. 2011, Wardowski 2013, Cho vd. 2018, Sedghi vd. 2018,
Mahmood vd. 2019, Wang vd. 2019, Tiwari ve Som 2019).
iigilenen arastirmacilar bu calismalara ve buradaki

referanslara bakabilir.

Ote yandan, uygulamali matematikte sabit nokta teorisi
ile cozlilebilecek bircok problem olmasina ragmen, bir tek
sabit noktanin varligini kanitlamak her zaman kolay
degildir. Aslinda, uygulamalara bakildiginda, bir¢ok giincel
reel problemlerde yaklasik bir ¢dziimiin fazlasiyla yeterli
oldugu gorilmektedir. Bu nedenle sabit noktalarin varligi
kesinlikle gerekli degildir, "yaklasik" sabit noktalarin
varligi gereklidir. Dogal olarak, e-sabit nokta (veya yaklasik
sabit nokta) kavrami ve yaklasik sabit nokta 6zelligine
sahip fonksiyon kavramlari tizerinde durulmus ve bunlarla
ilgili uygun bir teori elde edilmistir. Bu yaklasik sabit nokta
kavraminin gekici olmasinin bir nedeni de problemin kesin
¢06zUmU icin glcli kosullarin eklenmesidir. Sorunun
yaklasik ¢6zimini bulmak daha az sart koyarak daha
kolay olabilir. Dolayisiyla bir fonksiyonun yaklasik sabit
noktasinin tanimlanmasi ve bu kavrama iliskin teorilerin

uretilmesi kaciniimaz olmustur. ilk olarak klasik metrik

uzaylarda verilen yaklasik sabit nokta kavrami daha sonra
hizla bulanik metriklerde gelistirilmistir (Matouskova ve
Reich 2003, Berinde 2006, 2007, Pacurar ve Pacurar 2007,
Anoop ve Ravindran 2011, Dey ve Saha 2013, Dey vd.
2013, Ertiirk vd. 2022, Cona 2023).

Tam bu gelismeler incelendiginde bulanik kime
kavraminin sadece analiz ve topolojide degil uygulamali
matematik ve birgok mihendislik alaninda da yaygin bir
kullanima sahip oldugu gorilmektedir. Bulanik kiimelerde
yaklasik sabit nokta kavraminin disiplinler arasi bir
arastirma alani olarak ortaya ¢ikmasi bizi yaklasik sabit
Uzerine galismaya motive etmistir. Bu calismada, klasik
analizde mevcut olan f ve 1) daralma dontistim siniflarinin
sezgisel bulanik versiyonlari tanimlanmigtir. Ayrica bu
donlsumlerin hangi kosullar altinda yaklasik sabit nokta

ozelligine sahip oldugu arastiriimistir.
2. Materyal ve Metot

Bu bolimde c¢alismamiza temel teskil eden baz
kavramlara ve ilgili érneklere yer verilecektir. ilk olarak
strekli t-norm, sirekli t-conorm ve bu tanimlara bagl
olarak bulanik metrik, sezgisel bulanik metrik, bulanik
norm ve sezgisel bulanik norm tanimlari ifade edilecektir.
Daha sonra ise sabit nokta teorisi ile ilgili temel kavramlar
ve bu kapsamda calismamizda kullanacagimiz daralma
dontsumleri hakkinda bilgi verilecektir.

Tanim 2.1: *:[0,1] X [0,1] = [0,1] ikili
tanimlansin. Va, b,c,d € [0,1] igin;

islem

L. * islemi birlesmeli ve degismeli,
Il * islemi streklidir,
1. axl=a,
V. a<cveb<dikenaxb <c=*d,

kosullari saglaniyor ise * islemine stirekli t-norm adi verilir
(Schwiezer ve Sklar 1960).

Asagida verilen iki islem surekli t-norma birer 6rnektir.

axb=a.b veax*b=min{a, b}

Tanim 2.2: 0 : [0,1] x [0,1] - [0,1] olarak tanimlanan bir
ikili islem olsun. Va, b, c,d € [0,1] icin

I O islemi birlesmeli ve degismeli,
Il. O islemi sirekli,
1. a®00=a,
V. a<cveb<doldugundaa 0 b <cdd,

kosullarini saglaniyor ise ¢ islemine sirekli t-conorm adi
verilir (Schwiezer ve Sklar 1960).

1103



Sezgisel Bulanik Normlu Uzaylarda Yaklasik Sabit Nokta Ozelligi, CONA ve GUZEL TAN.

Asagida verilen iki islem sirekli t-conorma birer 6rnek
olarak verilebilir.

adb=min{l, a+ b}vea ¢ b =max{a, b}

Tanim 2.3: Eger X keyfi secilmig kiime, * strekli bir t-norm
ve M de X? x [0, ) {izerinde Vu, v,w € X, Vs,t > 0icin

R M(u,v,t) >0,
1. Mu,vt)=1u=r,
1. M(u,v,t) = M(v,u,t),
V. M(u,v,t) * M(v,w,s) < M(u,w,t +s),
V. M(u,v, -) :(0,00) - (0,1] siirekli,

kosullarini saglayan bir bulanik kime ise (X, M,*) sirah
UglUstine bir bulanik metrik uzay adi verilir (George ve
Veermani 1997).

Tanim 2.4: X # @ ve x islemi surekli t-norm, ¢ islemi
siirekli t-conorm ve M, V" kiimeleri X% x (0, ) {izerinde
bulanik kiimeler olsun. Eger Vu,v € X , Vs,t > 0 igin

1. M@u,v,t)+ N(u,vt) <1,
1. M(u,v,t) >0,
1. Mu,vt)=1lsu="1,
V. Mu,v,t) =M,u,t),
V. M, v,t) * M(v,w,s) < Mu,w,t+s),
V. M(u,v, +):(0,0) - [0,1] strekli,
vil. N t)<l1,
VIII. Nuvt)=0=2u=v
IX. N(u,v,t) =N(,u,t),
X. N, v,t) 0 N(v,w,s) = N(u,w,t+s),
Xl. N(Quv +):(0,0) - [0,1] strekli,

sartlari saglaniyor ise (X, M,V ,x0) beglisine sezgisel
bulanik metrik uzay denir (Park 2004).

Burada M (u,v,t) fonksiyonu u ve v nin t ye gbre
birbirine yakin olma ve N (u, v, t) fonksiyonu ise u ve v
nin t ye gore birbirine yakin olmama derecesidir.

Tanim 2.5: X bir vektor uzayi, * donislimu stirekli t-norm
ve N de X X (0,0) da tanimh bir bulanik kiime olsun.
Yu,v € X, Vt,s > 0igin

I N(u,t) >0,
1. Nut)=1u=0,
.. t
1. Her a # O icin N(au,t) = N (u, m),
Iv. N, t)* N(v,s) < Nu+v,t+5s),
V. N(u, -): (0,00) - [0,1] surekli,
VL. gl_?cr)to N(u,t) =1,

sartlari saglaniyor ise N bulanik kiimesine X vektor uzayi
tzerinde bir bulanik norm ve (X, N,*) ticlisiine de bulanik
normlu uzay adi verilir (Saadati ve Vaezpour 2005).

Tanim 2.6: X bir vektor uzayi, * islemi slrekli bir t-norm,
¢ islemi ise sirekli bir t-conorm ve M,N kimeleri
X X (0,0) tzerinde bulanik kiimeler olsun. Eger Vu, v €
X ,Vs,t > 0igin;

L M) +Nwt) <1,
.. M(u,t) >0,
m M,t)=1u=0,
IV. a#0igin M(au,t) =M (u, ﬁ),
V. M, t)*M@w,s) <Mu+vt+s),
VI. M (u, -):(0,0) — [0,1] strekli,
VII. tlim M(u,t) =1ve ltina M(u,t) =0,
Vi, N t) <1,
X. Nut)=0u=0,
. _ t
X. a#0iginN(au,t) =N (u, Ial)’
X. Nu,t) O Nws)=2Nu+vt+s),
Xll.  N(u, -):(0,00) - [0,1] stirekli,
XIil. tlim N(u,t) =0 ve ltin;)l]\f(u, t)=1

sartlari saglaniyorsa (X, M, V',*,0) beslisine bir sezgisel
bulanik normlu uzay adi verilir. Ote yandan, eger
(X, M, V',%,0) bir sezgisel bulanik normlu uzay ise

XIV. Hera € [0,1]iciha*a=a,ada=«a
kosulu saglanir (Saadati ve Park 2006).

Tanim 2.4 ve Tanim2.6 da kisalik adina (X, M, NV',*,0)
beslisi (M, V') ikilisi ile de ifade edilebilir.

Ornek 2.7: (X, ||]]) normlu uzay olsun. Ya,b € [0,1] igin
siraslyla siirekli t-norm ve siirekli t-conorm

axb=a.b, adb=min{l,a+ b}

ve M ve N ise hert € R* i¢in X x (0, ) (izerinde

t _ Ml
a0 V@O =g
olarak tanimh bulanik kimeler olsun. Bu taktirde
(X, M, V,%,0) bir sezgisel bulanik normlu uzaydir (Saadati

ve Park 2006).

M(u,t) =

Tanim 2.8: (X,d) bir metrik uzay ve T:X - X bir
donisiim olsun. V u, v € X igin,

d(T(u), T(v)) < Ad(u,v),
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sartini saglayan en az bir 1 € [0,1) sayisi bulunabiliyorsa
T ye daralma (contraction) donlsimi veya daraltan
donlisim A ya ise daralma orani denir (Berinde 2007).

Literatirde sabit nokta teorisi Gzerine yapilan ¢alismalar
ile birlikte birgok daralma tanimi yapilmistir. Kannan,
Chatterjea, Zamfirecu, yari daralma, kesin daralma,
hemen hemen daralma dénisimleri sadece bunlardan
bazilaridir. Daralma kosullari bazi fonksiyonlar yardimiyla
da genellestirilmistir. Bu konuda oldukg¢a fazla ¢alisma
Fakat,
aldigimiz f — daralma dénisiimi ve 1 —bulanik daralma

mevcuttur. burada sadece c¢alismamizda ele

donlisimi tanimlarina yer verilecektir.
Tanim 2.9 (f — Daralma Dénisiimii): (X, d) bir metrik

uzay ve f,T:X — X iki dontsiim olsun. Bu durumda
Vu,veXign

d(fTw), fT()) < kd(f W), f(©)),

olacak sekilde 0 < k <1 sayisi varsa T donusimine
f —daralma doéntstiimi adi verilir (Beiranvand vd. 2009).

Burada f =1
f —daralma donisimlerinin

(I birim donastim) alinmasi halinde
daralma donistimlerine
denk oldugu gorulir.

Ornek 2.10: X = [1,00) uzayl mutlak deger metrigi ile
birlikte alinsin ve

T:X—>X, Tl =2u

f:X—-X, f(u)=%+1

olarak tanimlansin.

1 1
A(fTW, fT(v)) = |ﬂ +1-- 1|
1 |1 1|
S —_—_ — —
2lu v
_ 111 1
=5kt 1-5-1]
1
= SIf@ - f@)|
1
= Zd(f(w, f@))

oldugundan T Dbir
(Beiranvand vd. 2009).

f —daralma  dénlisimudar

Simdi
daralma donisiimiinin tanimini ifade edelim.

de Mihet tarafindan tanimlanan 1 —bulanik

Tanim 2.11: ¢: [0,1] — [0,1],
I. 1 sirekli,
Il. Y azalmayan,
. vee (0,1)igin Y(t) > ¢,
ozelliklerini saglayan tim 1 dondsiimlerinin sinifi ¥ =
{Y| ¥:[0,1] - [0,1]} olsun. Ayrica, (X, M,*) bulanik

metrik uzay ve T:X — X bir donisim olsun. Eger T
donusimu V u,v € X ve t > 0 igin

M(T(w), T(W),t) = P(M(u,v,1)),

sartini sagliyorsa T ye 1 — bulanik daralma donisimi
denir (Mihet 2004).

Lemma 2.12: Y € ¥ ise Y(1) = 1 dir (Di Bari ve Vetro
2005).

Lemma 2.13: 1 € Wise hert € (0,1) igin Ilim Y@ =1
dir (Di Bari ve Vetro 2005).

Ornek 2.14: X =[0,), Va,b€[0,1] icin axb=
min{a, b} ve hert € (0,0) heru,v > 0igin

1, t<|u—v|

M(u,v,t) ={0 , t>|u—v|

olsun. (X, M,*) bir bulanik metrik uzaydir (Gregori ve
Sapena 2002). ¥ € ¥ olsun (1) =1 oldugundan ve
M(u,v,t) > 0ise

Mu,v,t) =1 = I/J(M(u,v,t)) =1

saglanacagindan (X,M,x) da alinan bir T bulanik
donlisimu igin

lu—v|<t = |Tw)-Tw)|<t.

Yani her u,v € X igin

ITW) —TW)| < |u—v|

dir. Tersine, T: X — X donlslimi her u, v € X igin
ITW) —TW)| < |u—v|

oluyorsa, Y(0) =0 ve Y €Y olmak lzere T bir
1 —bulanik daralma déntstimdiir.
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Ornek 2.15: X = (0,) ,Va,b €[0,1] icin a*b = a.b
ve her t € (0, ) heru, v € X igin

min(u,v)
Mu,v,t) = —,
max(u, v)
olsun. (X, M,*) bir tam glgli bulanik metrik uzaydir

(Radu 2002).

Ote yandan Vt € (0,1) icin v/t > t oldugundan 1 (t) =
vVt olmak tzere T:X - X, T(w) = Vu dénistimi bir
1 — bulanik daralma dénisimddr.

Gergekten; u > v olsun.

B min(T (u), T(v))

MO0 = T, )
_ min(VeVv)
" max(Vu, )

Vv

Vu
- min(u, v)
= |max(u,v)
=yM(u,v,t)

oldugundan T donisimi bir 1 — bulanik daralma

v
u

doénidstimaddr.

Tanm 2.16: X # @ , T:X - X herhangi bir dénlsim
olsun. T(u) = u olacak sekilde bir u € X varsa, bu u
noktasina T donldsiminiin sabit noktasi adi verilir. T
donlsiminin tim sabit noktalarinin kimesi F(T) ile
gosterilecektir (Banach 1922).

Bu bolimde son olarak Banach sabit nokta (Banach 1922)
ve yaklasik sabit nokta teoremlerini ifade edelim.

Teorem 2.17: (X,d) tam metrik uzay ve T:X — X bir
daralma doénlisiimi olsun. Su halde,

I. T,X te bir tek u sabit noktasina sahiptir;

Il.  Herhangibiruy € Xi¢cinu,,; =Tu, ; n=20,1,2,..
ile tanimlanan Picard iterasyonu tarafindan Uretilen
(U= dizi u sabit noktasina yakinsar.

Tanim 2.18: (X, d) bir metrik uzay, T: X - X,& > 0,u, €
X olsun. Eger

d(T (uo), up) < &,

ise uy noktasina T in yaklasik (approximate) sabit noktasi
veya & —sabit noktasi denir (Berinde 2007). Calisma

boyunca, T in yaklasik sabit noktalarinin kiimesi

F.(T) ={u € X : u, T nin bir & — sabit noktas1}

sekilde ifade edilecektir.
3. Bulgular

Bu bdlimde ilk olarak ispatlarda ihtiya¢ duyulan sezgisel
bulanik normlu uzaylardaki bazi temel kavramlara yer
verilecektir. Daha sonra yaklasik sabit nokta ozelligini
arastirmak icin sezgisel bulanik asimptotik regulerlik
tanimi ifade edilecektir. Son olarak ise f ve 1 daralma
bulanik

siniflarinin~ sezgisel

sabit

dénisim versiyonu

tanimlanarak  yaklasik nokta ozellikleri

arastirilacaktir.
Tanim 3.1:  (uy) dizisi (X, M, ,*,0) sezgisel bulanik
normlu uzayinda x e yakinsaktir denir ancak ve ancak her
t>0vek — oigin

M, —u,t) > 1ve N(u, —u,t) » 0

dir. (uy) dizisi sezgisel bulanik normlu uzayinda u ya
yakinsak ise u, —=—=u seklinde gosterilir (Saadati ve Park

k (M)
2006).

Tanim 3.2: (X, M, V',x,0) sezgisel bulanik normlu bir uzay
X, M, N,%,0) deki her
yakinsaksa (X, M, V',%,0) sezgisel bulanik normlu uzayina
tamdir denir (Saadati ve Park 2006).

olsun. Eger Cauchy dizisi

Tanim 3.3: X ve Y iki sezgisel bulanik normlu uzay ve
f:X = Y bir fonksiyon ve uy € X olsun. Eger, X teki
herhangi bir (u;) dizisi u, a yakinsak iken f(u,) dizisi de
Y de f(uy) ayakinsak ise f e ug € X de streklidir denir.
Ayrica f, X in her noktasinda surekliyse bu taktirde f e X
Uzerinde sireklidir denir (Mursaleen ve Mohiuddine

2009).
Tanim 3.4: (X, M, V',x,0) sezgisel bulanik normlu bir uzay
ve A € X olsun. Yu € X i¢cin u, -——~ u olacak sekilde A

kK QMN)
da bir (u;) dizisi var ise A ya X de yogundur denir
(Mursaleen vd. 2010).

Lemma 3.5: (X, M, V,*,0) sezgisel bulanik normlu uzay
olsun. Bu taktirde, asagidakiler saglanir:

I.  u € Xicin sirastyla M (u,") ve N (u,’) azalmayan ve
artmayan fonksiyonlardir.
Il.  Herhangibirt > 0igin
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Mu—v,t)=M@w—-u,t),
Nu-vt)=Nw-ut),

(Saadati ve Park 2006).

Tanim 3.6: (X, M, V',x,0) sezgisel bulanik normlu uzay,
f:X — X bir fonksiyon olsun. Su halde verilen bir ¢ > 0
veVt > 0igin

M(f(ug) —up, t) >1—¢
ve
N(f(ug) —ug,t) <e

iseug € X, f nin bir sezgisel bulanik yaklagik sabit noktasi
veya e-sabit noktasi olarak adlandirilir. f nin sezgisel

bulanik yaklasik sabit noktalarinin kiimesi P;(M‘N)(f) ile
gosterilir (Ertlrk vd. 2022).

Ormnek 3.7: 'R — R, T(u) =u +§ ile verilsin. ||, R
Uzerinde alisilmis mutlak deger normunu gostersin.
Vabe€[01] icih axb=a.b , adb=min{l,a+ b}
ise

Mut) = —— ve N(u,t) = 4

t+|u| t+|u|

olarak tanimlansin. Su halde (R, M, N ,*,9) bir sezgisel
bulanik normlu uzaydir. T bir sabit noktaya sahip degildir.

. 1 -
Eger e >mvet> 0igin

t

M(T(u) —u,t) =m> 1—¢
ve

IT(W)—u|
N(T @) —ut) = o

oldugundan dolayi her u € R, T igin bir sezgisel bulanik
yaklasik sabit noktadir. Fakat ¢ < ﬁ ve t>0,

F;(M’N) (T) = @ dur.

Tanim 3.8: (X, M, V',*,0) sezgisel bulanik normlu uzay ve
f:X — X bir fonksiyon olsun. Eger Vu € X, t > 0 igin

Jim MEW -, =1
ve

lim WV (f** () = f* @), 6) = 0

ise f e sezgisel bulanik asimptotik regller denir (Ertlrk vd.
2022).

Tanim 3.9: Eger her € > 0 igin FE(M'N)(f) =@ ise f
sezgisel bulanik yaklasik sabit nokta 6zelligine sahiptir
denir (Erturk vd. 2022).

Asagidaki teorem sezgisel bulanik asimptotik regilerlik ile
sezgisel bulanik yaklasik sabit nokta arasindaki 6nemli bir
baglantiy! ortaya koymaktadir.

Teorem 3.10: (X, M, V', *,0) sezgisel bulanik normlu uzay,
f:X = X bir fonksiyon olsun. f
asimptotik regller ise f sezgisel bulanik yaklasik sabit
nokta 6zelligine sahiptir (Ertirk vd. 2022).

sezgisel bulanik

Literatlire bakildiginda Kannan, Chatterjea, Zamfrescu,
zayif daralma ve R-daralma gibi donlstimlerin sezgisel
bulanik versiyonlari tanimlanarak bu donisiimlerin
sezgisel bulanik normlu uzaylarda hangi kosullar altinda
yaklasik sabit noktaya sahip oldugunu ortaya konmustur
(Erturk vd. 2022, Cona 2023). Bu galismada ilk olarak
Tanim 2.11'de verilen dénisiim sinifinin sezgisel bulanik
versiyonunu tanimlanacak. Daha sonra bu donilisimin
hangi sartlar altinda yaklasik sabit nokta 6zelligini

sagladigini veren teorem ispatlanacaktir.

Tanim 3.11 (Sezgisel 1 — Bulanik Daralma Déniisiimii):
(X, M, V',%,0) bir sezgisel bulanik normlu uzay, T: X - X
bir dénusim ve 1 —bulanik daralma doénisimi olsun.
Eger Vu,v € X ve t > 0 igin

M(T(u) —Tw),t) = l/)(]V[(u -, t))
NTwW—Tw),t) < Pp(Vu-v,1))

olacak sekilde i fonksiyonu varsa T donusimuine sezgisel
1 —bulanik daralma déntstima adi verilir.

Teorem 3.12: (X, M, V', *,0) bir sezgisel bulanik normlu
T:X - X bir
donlisimu olsun. Eger Vu, v € X igin

uzay, sezgisel 1 —bulanik daralma

MT@ - Tw),D = P (M (u-v, _)>
NTwW-Tw),0 < (w (u=v, E))

olacak sekilde her t = 0 igin llim Yk(t)=0vere (0,%)

sayisi var ise bu taktirde Ve € (0,1) icin FS(M’N) (TYy+90
dir.
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ispat: u € X, & € (0,1) ve t > 0 olsun. Sezgisel bulanik
normlu uzayin ve T sezgisel 1 —bulanik daralma

doniisiminin ozellikleri kullanilarak,

M(T*W) - T (W), 1) =
=M (T(T**(w) - T(T*(w)), t)

>y (M (Tk—l(u) - T"(u),%))

Tk—l(u)

Tk 1(u)
=¥ M<+Tk Tw) — T*(w), ﬁ+2,1>

1

> <M (Tk—i(u) _ T"‘l(u),%)

. M (Tk—l(u) - T"(u),ztll)>
— (M (Tk—l(u) - Tk(u),%))

> 2 (T4 @) = T4, )
= 2 (T(r-20) ~ T (), 35

( Tk Z(U) Tk l(u) 2/12>>

Tk—Z(u) Tk—2 (u) )

t
k-2 k-1 b
+T w) -T"'(w),— 4/12 412

IV

>y | 20 (12 — T2 ),

*M(T" ) = T ), )

t
— (]vr (T"‘z(u) - T"‘l(u),m))

> 9 (TH2 ) - TH @), (2;)2>

t
o e (- T, )
u (u) DL
elde edilir. Boylece, 1 € (0,%) oldugundan k — oo iken
t

GOF — oo dir. Sezgisel bulanik normun  (vii)
ozelliklerinden
) t
,ELTOM (u — T(u),w) =1
olup
’lim M(T* W) — T (w),t) =1 (1)

dir. Ayrica,

N(T*@w) - TF (W), 1)
= N(T(T**(w) - T(T*W)), t)

<y (N (T - T’f(u)é))
v (N (rere2a) - T(T’H(u)ﬁ))
w(w( (T2 - 1%, )))
=y (v (r2aw - Tk-l(u).—2)>

=2 (o (rrw) - 1r-2w) )
v (v (v (100 - TH(u)A%)))

_ (N (TH @ - Tk_z(u),%»

IA
/N

olup 1€ (0,%) oldugundan k — oo iken ,%k_’ oo dir.
Sezgisel bulanik normun (xiii) 6zelliklerinden Ilim N (u -
T(u),lik) =0 ve her t=0 ign lim YE@) =0

oldugundan

}113)10 Pk < (u - T(u),%)) =0

dir. Boylece,

}lm N(T*) — T (u),t) =0 (2)

bulunur. Dolayisiyla (1) ve (2) den sezgisel i —bulanik
daralma doénlsuimu sezgisel bulanik yaklasik sabit nokta
ozelligine sahiptir.

Simdi de Tanim 2.9 da verilen dénlsim sinifinin sezgisel
bulanik versiyonunu tanimlayalim.

Tanim 3.13 (Sezgisel f —Bulanik Daralma Doniigiimii):
(X, M, N,%,0) bir sezgisel bulanik normlu uzay ve
f,T:X = X iki donlisim olsun. Yu,v € X, t > 0 igin

t
MT@ - fTW),0) = M (f(u) - f(v),z)

t
NGT@ = [T@),0) < W (£ - F0),7)

1108



Sezgisel Bulanik Normlu Uzaylarda Yaklasik Sabit Nokta Ozelligi, CONA ve GUZEL TAN.

olacak sekilde A € (0,1) sayisi varsa T doénisimine
sezgisel f —bulanik daralma déntsiimi denir.

(I birim
doniisim) alinmasi halinde sezgisel bulanik daralma

Sezgisel f — bulanik daralma donusiumleri f =
doniisimlerine denk olur.

Asagidaki teoremde ise sezgisel f —bulanik daralma
donlisiminin yaklasik sabit nokta ozelligini sagladig
ispatlanacaktir.

Teorem 3.14: (X, M, V', ,0) sezgisel bulanik normlu uzay.
f,T:X = X iki dontgim ve T bir sezgisel f — bulanik
daralma dénisimi olsun. Bu durumda Ve € (0,1) igin

FO(Ty = ¢ drr.
ispat: u € X, € € (0,1) , t > 0 olsun. Burada T sezgisel
f —bulanik daralma dénlisiminin tanimi kullanilarak

MfTE@) = fT** (), t) =
M(F(TTF W) — F(TT*(W), t)

> 2 (F71 @) - T4 2)
= (F(IT*2w) - F(TT* ' (w)), )
Mﬂwﬂm—m%w»@

(

(
OW)W@%J
> 0 (f) - T, )

NFT W) — fT W), t)
=N(F(TT W) — F(TT*W), t)

< W (FT100) - T4, 2)
_y (f(TTk‘Z(u)) - f(TTk‘l(u)),/—i)
N(ﬂi“%w)—ﬂihxw)%)

AN IA

I/\

OW)W@MJ
< (F@) - T, )

oldugundan T bir sezgisel f — bulanik daralma
donistimdir. Her e > 0, hert > 0 igin

Mu—T(w),t) =M (u —%,t)

_M(Zu t)
= 3

elde edilir. A € (0,1) ve k - o iken A—tk — oo dur. Sezgisel

bulanik normun (vii) ve (xiii) 6zelliklerinden

lim M (FT*(w) = FT4* (W), 2¢)

> lim M(f(u) — T i) =1
T koo ’/1k

lim V(fT* () — fT* (u), At)

] t
< Jim ¥ (£ = T, 75) =
elde edilir. Su halde,

lim MFT @) - fT* W), 6) =1 (3)
lim NV (FT*(w) = fT** (w),£) = 0 (4)

olup (3) ve (4) den sezgisel f — bulanik daralma
doénusimuniin  sezgisel bulanik yaklasik sabit nokta

ozelligine sahip oldugu goralir.

Ornek 3.15: Ornek 3.7’de verilen sezgisel bulanik norm,
surekli t-norm ve sirekli t-conorm ile X = (—o0,+)
kiimesi bir sezgisel bulanik normlu uzaydir. Su halde

T:X->X, T(w =
f:X-X, fu)=

u
§’
u

donlsumleri verilsin. T donisimiin sabit noktasi yoktur.
Fakat heru,v € X,u # vve hert > 0 igin

MUYT@) — fTW), ) = —
t+ -3
= M(f(w) — F(0), 1)
ve
«NUTM)—wam)=tbéiz
= N(fT@) - fT(v),0)
= tz >1-—¢
t+|
ve

N—Tw,) =N (u —g,t)
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_N(Zu t)
= T

&t
2(1-¢)

esitsizliklerinden % < yazilir.Here > Ovehert > 0

. . u & . .
icin — < 209 olacak sekilde u € (0,1) oldugundan T

donlisimu yaklasik sabit nokta ozelligine sahiptir.

4. Sonuglar ve Tartigsma

Bulanik kiimelerde yaklasik sabit nokta kavrami, sabit
nokta kavrami kadar son dénemlerde arastirmalarda 6n
plana ¢ikmaktadir. Ozellikle disiplinler arasi bir arastirma
konusu olmasi ve olmasi

sonuglarin  uygulanabilir

arastirmacilart  bu konu Uzerine c¢alismaya tesvik
etmektedir. Bu nedenle bu calismanin da 6zlni yaklasik
sabit nokta o6zelligi olusturmaktadir. Oncelikle, klasik
analizde sabit nokta teorisinde tanimh bazi dénisim
siniflarinin sezgisel bulanik versiyonlari tanimlanmistir.
Daha sonra ise bu doéntsimlerin hangi kosullar altinda
yaklasik sabit nokta 6zelligini sagladigi kanitlanmistir. Su
halde sezgisel bulanik normlu uzaylarda, farkli déonisiim

siniflari igin de yaklasik sabit nokta 6zelligi arastirilabilir.
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Oz

Boussinesq Denklemleri (BSQ) bu makalenin odak noktasidir. ilk
olarak, nonlineer evoliisyon denklemlere goklu soliton ¢éziimler
olusturmak igin kullanilan Hirota'nin D operatériine iliskin temel
bir genel bakis sunuyoruz. Daha sonra dordiincii dereceden BSQ
ile ilgili bazi detaylar veriliyor ve bir soliton ¢6zim bulmak igin
Hirota Direct yontemini kullaniyoruz. Hirota'nin bilineer
yaklagimi ayni zamanda nonlineer evoliisyon denklem olan
altinci dereceden Boussinesq benzeri denklem sinifini ¢6zmek
icin de kullanilir. Sonuglar, bu yaklasimin tam integre edilebilirlik
gerektirdigini dogrulamistir.

Anahtar Kelimeler: Hirota Direct Metod; Boussinesq Denklemleri;
Soliton Coziimler; Mathematica 12.

Afyon Kocatepe Universitesi

Abstract

Boussinesq Equations (BSQ) are the focus of this article. First, we
provide a basic overview of Hirota's D operator, which is used to
build multi-soliton solutions for equations involving nonlinear
evolution. After that, some details regarding fourth-order BSQ
are provided, and we use Hirota's direct method to find a one-
solution solution. Hirota's bilinear approach is also used to solve
a class of sixth-order Boussinesq-like equations with nonlinear
evolution. The outcomes verified that this approach requires
complete integrability.

Keywords: Hirota Direct Metod; Boussinesq Denklemleri; Soliton
¢éziimler; Mathematica 12.

1. Introduction

Complete integrable and partially integrable nonlinear
evolution equations have historically piqued the interest
of mathematicians and physicists more than other partial
differential equations. The seminal contributions to
soliton theory are the discovery made by J. Scott Russell
in 1844 and the subsequent method developed by Hirota
in 1980. Of all the soliton equations, Korteweg de Vries'
equation from 1895 has gained the most notoriety and
significance. Zabusky and Kruskal found the other
numerically for the KdV equation (1965), which Lax
subsequently proved analytically (1968). By using inverse
scattering transformation (IST), the multisoliton solutions
of KdV were discovered (Gardner et al. 1967 and Kay and
Moses 1956). Later on, a broad class of equations was
addressed by the application and generalization of this
method (Zakharov et al. 1972 and Ablowitz et al. 1974).

Following all of these advancements, in 1971-1972,
Hirota created his bilinear approach for creating soliton
solutions. A specialized method called the Hirota direct
method is applied to soliton equations, integrable
systems, and nonlinear partial differential equations in
particular. Since its introduction, it has developed into a

potent tool for figuring out the precise soliton solutions

to integrable equations. The approach is very helpful in
comprehending how solitons behave. These solitons,
which are able to move without changing their form or
energy, are found in a variety of physical systems,
including water waves, plasma phenomena, and optical
fibers.

In this research, fourth-order BSQ and a category of
nonlinear sixth-order Boussinesq-like equations, referred
to as nonintegrable equations, are treated using Hirota's
After (1973,1980,2004)
developed this well-known analytical technique, other
writers such as Matsuno (1984) and Nakamura (1979)
used it to solve nonlinear evolution equations precisely.

bilinear method. Hirota

The inverse dispersion transform (Ablowitz and Segur,
1981) and Whitham's method (1984), which is used to
find regular solutions by such function, is the other known
techniques. In fluid dynamics, the behavior of
indestructible, turbulent flows in a relatively thin layer of
fluid is described by the partial differential equation
known as the Boussinesq equation. It bears the name
(1877), a

mathematician and physicist from the 19th century who

Joseph  Valentin  Boussinesq French

made a substantial contribution to the field of fluid
mechanics research. He created an equation to describe
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the locations of horizontally stagnant homogenous water.
Both the nonlinearity and the wave dispersion in
shallower waters are taken into account in the equation.
It is particularly useful for modeling wave propagation
and wave-structure relationships in geophysics,
oceanography, and engineering. Cushman-Roisin (1994)
provides a general introduction to geophysical fluid
dynamics. It covers a range of geophysical fluid dynamics
topics as well as applications of Boussinesq equations.
Anderson (2011) concentrates on computational fluid
dynamics basics. The book covers foundational concepts
and stresses contemporary computational techniques
along with subjects like the Boussinesq equation.

2. Hirota's D Operator and Bilinear Form

A novel direct technique for building multi-soliton
solutions to integrable nonlinear evolution equations
was presented by Hirota in 1971. This approach is
predicated on the partial differential equation's Hirota
bilinear form, which converts it into a system of bilinear
equations. The original partial differential calculation can
be precisely solved using bilinear equations. If its aim is
constructing soliton solutions it can say that Hirota's
direct method is the best way and it can say this method
is the fastest in producing results. Hirota introduced the
method defined as a formula in which a and b are non-
negative integers and which is called Hirota derivative by
using the D operator. The D operator is a bilinear
operator. The "D" operator in the Hirota method is
typically used in integrable systems and plays a specific
role in such contexts, often acting as a derivative operator
with respect to a time or space variable. On the other
hand, the "D" operator in fractional calculus represents
an operator for derivatives at non-integer orders. The key
difference lies in their respective applications and
mathematical properties. Hirota’s D operator can be
defined as:

a 9\ (a a\P -
DEDP(E.g) = (3 — o) (5 —25) fx Ot gr—e (1)

In this method, we transform new variables so we can
obtain a soliton solution more easily. Multisoliton
solutions can be derived by many other methods for
example Inverse Scattering Transform (IST) and Darboux
Transformation. IST is powerful but more complicated.;

1. Fora=0andb =1,

D.(f.9) = feg — f g (2)
2. Fora=1landb =1,
Dth(f- g) = fetd — fx9¢ — [e9x + [ Gxe- (3)

NOTE:
DyD(f.g) = DDy (f. 8).
and generally

DED{(f.g) = DP DE(f. 9).

3. Fora=1andb =0,

Dy(f.9) = fx9 = f9x -
4, Fora=2andb =0,

DI(f-9) = fexg — 2fe9x + [ Gxx -
5. Fora=3andb =0,

ng(fg) = fexxd = 3fexx + 3fxGxx — [ Gxx -

6. Fora=4andb =0,

D;(fg) = foxxxd — 4fexx9x + 6fxxGxx —
A4f Gxxx + [ Gxxxx

Theorem 1:

Dx(f.9) = (=1)* D(g.).
Theorem 2:

DDY(f.g) = (=1)**"Dg¢ D{ (9. f).
Theorem 3:

Dy(f.1) = oy f.

So D(f.1) = £, D:%(f 1) = fyx and
DJ% (f- D) = faxns DD (f- 1) = for

Theorem 4:
DE(1.g) = (=1)*0¢g.

So D,(1.9) = — gy, Dg(l-g) = gxx and
Dg(l-g) = —Gxxs DxDe(1.g) = Gxe.

7. If g = fandfor a =1,2,3,4 we get

Dx(f-f) =0,
Dag(ff) = 2(foxf _fxz)'
Di(f.f) =0,

D;:(ff) = 2(foxxxf — Afrxxfe + 3fx2x):
DD (f.f) = 2(fxef — fofD)-

(4)

(5)

(6)

(7)

(8)
(9)
(10)
(11)

(12)
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Theorem 5: If ais odd DE(f.f) = 0.
Theorem 6: If a + b is odd DZDE(f. f) = 0.

Theorem 7: For ¢; = k;x + w;t +y; and y; is real for
(i=1,23,..) and e?%1,e%2are exponential

functions. So

D,D.(e®1.e92) = (k; — k,)(w; —w,)e®1t¢z |
Dg(e‘pl.e(pz) = (kl - kz)a .

(13)
(14)

Proof: From result of (3) we can see

D,D.(e®1.e?2) = (kyw; — kyw, — kowy + kyw,)e®1192,
= (k1 — k) (wy — wy)e®1792,

easiliy.

From the results (4), (5), (6)

D,(e®1.e?2) = (k, — k,)e?1*92, (15)
Df(e(l’l,e‘l’z) = (k% — 2k1k2 + k%)e(p1+(p2,

= (ky — k2)29¢1+¢2’ (16)
D;(e(l’l,e‘l’z) = (k% — 2k1k2 + k%)e(p1+(p2,

= (ky — ky)3e%1t%z, (17)
and generally;
D& (e%1.e%2) = (k; — k,)%e¥1792,
by using this results we get above equalties;
8. DyDi(e?1.e?1) = 0.
9.D7(e?t.e®1) = 0.
Definition: Partial differential equation

F(u, Ug, Uy, Uyy, ... ) = 0 should be used to Express it,
such that, using the dependent variable transformation
u = u(f), the corresponding bilinear form is expressed as
B(f.f) = 0. Next, we consider perturbation expansion as
the equation for a solution, in which € is an arbitrarily
small parameter and f is bounded by x and t.
f=1+32¢f;. (18)
An approximative solution would be provided by this
expansion. But when dealing with a bilinear equation
B(f.f) = 0, the right value of f1 is selected to truncate
the infinite expansion with a finite number of terms,

providing an exact solution. It obtain if it write f. f and
take fo = 1.

ff=Q+efitelf+-)A+efi+elfa+-0)

=11+e(fi. 1+ 1) +2(HL.1+f1. i+ 1.1)

Converting to B(f.f) = 0 and gathering the ! powers
we possess,

€%B(1.1) =0,
e B(fi.1+1.f)) =0,
e2:B(fL.1+fi.fi+1.f,) =0,

"B <i fn_k.fk> =0.
k=0

in which B represents a bilinear operator and
fo = 1 for a certain positive integer n. We can write;

N
fi= Z e
—

1

Thus, we obtain a one-soliton solution by using €%, a two-
soliton solution by using €2, and an N-soliton solution by
using eV.

Soliton solutions are obtained by;
1. Logarithmic Transformation
2. The Rational Conversion.

3. The Arctan Conversion.

in the bilinear Hirota method. Even though the answer
isn't always obvious, you can still write an equation in
bilinear form using the sum of bilinears. For KdV class
equations, logarithmic transformation is typically used.

3. Boussinesq Equation (BSQ)

The most widely used versions for simulating shallow
water waves are the fourth-order extension of the
classical Boussinesq equation and its variant. An
expansion of the classical Boussinesq equation that takes
higher-order dispersive effects into account is the fourth-
order Boussinesq equation. It is used to more accurately
model wave behavior in specific shallow water systems.
As it write for the equation;

Uet — Upx — 3u925x — Uyyyyx = 0. (19)

We search for the logarithmic transformation of the
equation. Boussinesq equation (BSQ) is the name of this
equation. Generally, this equation is expressed as a
formula;

Ut + YUxx + Bu)zix + AUyxxx = 0.
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When «a is positive, it is recognized as the good BSQ; if it
is negative, it is classified as the bad BSQ. Here, we use
the Hirota Direct method to find the soliton solution of
the bad BSQ of (19), in which u =u(x,t) and the
boundary condition u = 0 as |x| — oo. The form contains
the solution to the equation. Equation has the solution in
u = 2(Inf),, in which f, fix, ft, .= 0 as
[x| = co. Let @ = Inf then u = 20,,. If it substitute into
(19) it obtain

the form

2®xxtt - waxxx - 12(®chx)xx - ZQxxxxxx =0.

After twice integrating this equation, we get;

200 — 205y — 12(092595 = 20yxxx = 0. (20)
For @ = Inf;
fef 17
Dee = ”fz £,
@ = foxf — fxz
xx = fz ]

_ b fxf; fE1; fE fi
®xxxx X);XX_4 xf:;xx_i_ 12 Xf;CX_ 3%_6fi4.

Upon substituting into (20), we arrive at;

(ﬁ:tf - ftz) - (fxxf - fxz) - (fxxxx - 4’fxf;cxx + 3fxzx) =0 (21)

By using (8), we can obtain bilinear form;

(D¢ — Dz = DY)(f.f) = 0. (22)

To find a one-soliton solution, let's take
B=D?—-D?—-D} and find &' by perturbation
expansion. Let's look at the BSQ B(f.f) = 0 in bilinear
form. We are now attempting to solve (22) in terms of
(18). By replacing (18) with (22) and matching the
coefficients of powers &, we can obtain;

81 = fl,tt - fl,xx - fl,xxxx =0. (23)

For N =1, f; = e®t where ¢; = ky x + wyt + y;. If we
substitute f; = e®1 into (23) we get

Wi — ki — ket =0, wy = ki + ki
(k; # 0). So we can write

f=1+evN KT Then for
f=1+e%, f, =ke® andf, = ke’

In perturbation expansion by getting €2 we may choose
f> =0 and we may choose f; =0 i > 2. We can set
& = 1 without loss of generality. Thus we have

e(pl

u(x, t) = Zk% m

1 P1
=3 k?(sech 7)2

Figure 1: Figure of the BSQ equation’s one-soliton solution for
Yy =011,k =—-0.86andw = —0.92.

This is the one-soliton solution for the BSQ equation. In
this way we can get multisoliton solutions.

4.Sixth Order Boussinesq Equation

Nonlinear sixth-order generalized Boussinesq equation is
known as not completely integrable. Hirota's Direct
Method is a well- known method which can help one to
obtain exact solutions of completely integrable
equations. If a nonlinear partial differantial equation can
be expanded to the simple bilinear form
B(D,,D)(f.g) =0 where B

polynomial function and D is the Hirota’s bilinear

is a exponential or

differantial operator then we can obtain N-soliton
solution for this nonlinear equation.

In this work we look for the equation which is called sixth-
order Boussinesq equation;

2 —
Ute — Uxx — 3uxx = Uxxxx — Hlxxxxxx = 0, (24)

where p is a positive parameter. For ¢ = 0, we can easily
see that it is a bad Boussinesq equation.

Sixth-order Boussinesq equation is expressed in the form
of

2 2 —
Upt — AUyxy — Buxx = VUxxxx — K Usexxxxx = 0.

by Daripa(2002).

There, we take the bilinear transformation of (24) and
simplify it into a bilinear equation and a residual equation.
The sixth-order term prevents a solon-type solution for
the residual part. The sixth-order term, the dispersion
term, enhances the basic structural instability of the
Boussinesq equation. However, this term causes
integrability to be lost. Here we use (24) in which u =

u(x,t) and the boundary condition u = 0 as |x| - co.
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Equation has the solution in the form u = 2(Inf),,
where fy, fixr ftr o = 0as|x| - . Let @ = Inf thenu =
20, If we substitute into (24) we obtain

waxtt - 2(Z)xxxx - 12((2)92cx)xx - z(bxxxxxx
= 2UD yxxxxxxx = 0.

If we integrate this equation two times we obtain

Qtt - Qxx - 6®925x - (Z)xxxx - :u(bxxxxxx =0. (25)
For @ = Inf;
_ 2
Bpp = ftt}{zft )
_ fxxf B fxz
Qxx - T’

_ Jexxx _ 4 Safaxx [E Frx _ @ _ E
Q)xxxx T F 4 f2 +12 f3 3 2 6f4'

_ fxxxxxx _ 6fxfxxxxx _ 15 fxxfxxxx

Q)xxxxxx -
f f? f?
2 2
+30fx ]]:x:xx + 120fxf?c{xxx _ 10]3;9;9:
3 3 4
+30’;j‘—;‘ - 120f—"jﬁ"x + 360f—"f£""

2¢2 6
—27058= —120%
If we substitute into (25) we obtain

(feef = f2) = (Fexf — £) = (FexxaS — 4fscfonx +315)
~(fexxxxxf = 6fxfxxxrx + 15 faxfexxx — 10fx)
~f?(fexxxf — 4fxfonx +31&) — 4(faf — £3)? —

2L =0, (26)
By using (8) we can obtain bilinear form

(D =D =D =D)(f-f)=0. (27)

Additionally, a residual term

F2DAf.f) = 42 ) - 25 = 0.

let take B =D?—D2—-D}—D¢ and find &' by
perturbation expansion to find one-soliton solution. Let
us consider the bilinear form B(f. f) = 0. Now we try to
find a solution of (27) in the form of (18). If we substitute
(18) into (27) and equate coefficients of powers £ we
obtain

el = fl,tt - fl,xx - fl,xxxx - fl,xxxxxx =0.

For N =1,f; = et where ¢, =k x + wit + ;. If we
substitute f; = e®1 into (28) we get

W7 —k? — ki —kde?1 =0,

k? + ki + kS (ky # 0). So we can write

kix+ /k,2+k,4+k6 7
f=1+e P Then for

f=14e?, f, = ke® and f,, = k¥e®1.

In perturbation expansion by getting €2 we may choose
f> =0 and we may choose f; =0 i > 2. We can set
& = 1 without loss of generality. Thus we have

e?(—2k%e??(—26 cosh ¢ + cosh 2¢ + 33))
(e? + 1)

u(x, t) =

ePw?(e?+1)*
(e®+1)6

ePk*(eP+1)*—ePK?(e?+1)*
(e®+1)°6

one soliton solution by Mathematica 12.

Figure 2: Figure representing the one-soliton solution for
Yy = —1,k = —0.5and w = 3 of sixth order BSQ equation.

5.Conclusions

The classical Boussinesq equation and a class of nonlinear,

incompletely integrable sixth-order Boussinesqg-like

both
This study shows that some non

equations are subjected to the bilinear
transformation.
integrable partial differential equations can be solved
using this approach. If the linear terms of the independent
functions are the same and there is a residual term in the
bilinear form, the balance terms become possible. The
figures are plotted to display the dinamical features of the
solutions. Mathematica has been used for presenting
figures of solutions. It is possible to observe soliton
solutions for appropriate values of y,k and w. In
mathematica, a dynamic drawing program, it is possible
to visualize the travelling waves of the solution for

different values of y.
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Abstract

In this study, the cubic exponential B-spline collocation method
has been proposed for the numerical solutions of the Burgers
equation with the operator splitting. To apply the operator
splitting method, the Burgers' equation has decomposed into
two sub-equations based on the time term: the linear part
(diffusion) and the nonlinear part (convection). Subsequently,
for each sub-equation, Crank-Nicolson finite difference
schemes in the temporal direction and cubic exponential B-
spline functions and their derivatives have been applied at the
Xy nodal points in the spatial direction. The algebraic equation
systems obtained have been solved numerically using the Lie-
Trotter and Strang splitting schemes to get the solutions of the
main equation. Some advantages of the splitting methods
include preserving the physical characteristics of the solution,
yielding more convergent results over long time intervals,
enabling simpler algorithms, and facilitating the storage of
solution vectors on computer. To assess the accuracy of the
computed numerical results the L, and L, error norms have
been used. Additionally, the obtained results have been
compared with some studies in the literature. The stability
analysis of the applied method has been investigated using the
von Neumann Fourier series method.

Keywords: Burgers Equation; Cubic Exponential B-spline; Collocation
Method; Lie-Trotter Splitting; Strang Splitting.
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0z
Bu calismada, Burgers denkleminin niimerik ¢oziimleri igin
klbik Ustel B-spline kollokasyon ile birlikte operator pargalama
yontemi Onerildi. Operator pargalama yontemini uygulamak
icin Burgers denklemi zaman terimine gore lineer kisim
(difzyon) ve lineer olamayan kisim (konveksiyon) olarak iki alt
denkleme pargalandi. Daha sonra her bir alt denkleme zaman
yoninde Crank-Nicolson sonlu fark yaklasimlari, konum
yoninde ise kibik (Gstel B-spline fonksiyonlarinin ve
turevlerinin x,,, digim noktalarindaki degerleri uygulandi. Elde
edilen cebirsel denklem sistemleri Lie-Trotter ve Strang
parcalama semalari kullanilarak ana denklemin niimerik
¢6zimleri bulundu. Pargalama yontemlerinin bazi avantajlar
¢6zimiin  fiziksel ~ ozelliklerini  korumasi, uzun zaman
araliklarinda daha vyakinsak sonuglar vermesi, daha basit
algoritmalara  olanak saglamasi, ¢6zim  vektorlerinin
bilgisayarda depolanmasi olarak sayilabilir. Hesaplanan sayisal
sonuglarin dogrulugunu 6lgmek igin literatiirde sikga kullanilan
L,, Ly, hata normlar kullanildi. Ayrica elde edilen sonuglar
literatlirdeki bazi galismalarla  karsilastirildi.  Uygulanan
yontemin kararliik analizi Von Neumann Fourier seri
yontemiyle incelendi.

Anahtar Kelimeler: Burgers Denklemi; Kiibik Ustel B-spline; Kollokasyon
Yéntemi; Lie-Trotter Par¢alama; Strang Parg¢alama.

1. Introduction

The nonlinear Burgers’ equation is

U, +UU, —vU,, =0,a<x<b,t=0 (1)

with the initial condition

U(x,0) =9(x)

and the boundary conditions

U(a,t) = f1(t), U, t) = f2(D),

where U(x,t) is a function sufficiently differentiable in
the x direction, t is time, and v is the positive kinematic
viscosity coefficient. The Burgers’ equation was first
introduced by (Bateman 1915) in the context of fluid
mechanics research. This equation is acknowledged as
the most elementary mathematical model delineating

the equilibrium between convection and diffusion. The
equation (1) was later studied by Burgers (Burgers,
1948), and after this study, it was named the Burgers
equation. If v =1 is substituted into equation (1), the
inviscid Burgers’ equation is obtained, which models
shock waves and finds numerous applications in physics
(Brezis and Felix 1997). The reasons behind equation (1)
attracting the attention of many researchers include its
incorporation of the simplest form of nonlinearity,
represented by the convective term UU,, its inclusion of
the term vU,,, modeling physical wave phenomena, and
the possibility of comparison with the exact solution
obtained by (Cole 1951). Due to the increasing interest in
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nonlinear phenomena in recent years, the Burgers
equation, which models a variety of phenomena such as
gas dynamics, heat conduction, traffic flow, and shock
wave events, has attracted considerable attention from
researchers (Gao et al. 2013). In recent years, with the
emergence of more powerful computers, efforts have
been made to compute solutions of the Burgers
equation using numerous numerical methods and
techniques. Some of these studies, (Dag et al. 2005)
applied cubic B-splines bases using a linearization
technique and the collocation finite element method.
(Saka and Dag 2007) utilized time and space splitting
techniques to obtain approximate solutions of the
Burgers' equation via quintic B-spline collocation
procedures. (Kutluay and Esen 2004) solved the Burgers'
equation using a lumped Galerkin method with quadratic
B-spline finite elements. (Dag et al., 2017) employed
cubic Trigonometric B-spline (CTB) functions to establish
a collocation method for finding solutions of the Burgers'
equation. (Ucar et al. 2020) solved the Burgers' equation
using the operator splitting cubic B-spline collocation
method. (Dag et al. 2004) solved the Burgers' equation
using both time and space splitting with the quadratic B-
(Mittal and Jain 2012)

computed the numerical solutions of the Burgers'

spline collocation method.

equation via collocation-modified cubic B-splines using
SSP-RK43 and SSP-RK54. (Ersoy et al. 2018) determined
the numerical solutions of the Burgers equation using
the exponential B-spline collocation method. (Celikkaya
and Guzel 2023) constructed numerical solutions of the
Burgers equation by employing four numerical schemes
based on operator splitting.

2. Operator Splitting Method

Operator splitting methods are highly effective
techniques used to decompose complex mathematical
and engineering problems into simpler ones to obtain
their solutions. In splitting methods, the main equation is
decomposed into sub equations, and the solutions of
each sub equation are obtained independently of the
main equation over the time interval [t,, t,;1]. If the
equation is decomposed in a way to model different
physical problems, the method is called “operator

splitting” (Hundsdorfer 2000).

Let split the Burgers equation as follows:

Up = vUyy, (2)
U, = -UU,. (3)

The strategy to obtain numerical solutions of the Burgers
equation using the operator splitting method involves
solving equations (2) and (3) numerically or analytically.

Let @4, and @%, denote the analytical or numerically
acceptable solutions of equations (2) and (3) with a time
step of At, respectively. Then, the numerical solutions of
equation (1) can be obtained as U(x,At) = w,.0(x)
with an appropriate At, where

— A o,,B o A o,B o, A
Wt = Pata, Patb, " Pitay, Patby, PAtamyeq

or
— B o, A o B o, A o, B
WOpt = Patb, Piata; " Pacb, Phtay, PAtbmiq:

Coefficients a; and b; can be obtained using the Baker-
Campel-Hausdorff formula to achieve solutions of the
desired order (Creutz and Gocksch 1989, Suziki 1990,
Yoshida 1990, Sari et al. 2019). The simplest splitting
method known as Lie-Trotter (Trotter 1959) splitting is
defined as follows:

— Ao,.B * Bo,,A
Lae = @at°Par OF Lae = Qpc"®ac-

The solution algorithm for Lie-Trotter L}, can be written
in the following form

du*(t)
T =AU, U () = U°(tn), t € [t tria ],
T = BU™(£), U™ (tn) = U"(tns1) t € [ty tngal-

In this scheme, equation (2) is solved with the original
initial condition given by the problem, and the obtained
results are used as the initial condition in equation (3).
Thus, the numerical solutions of the main problem are
found as U(t,.4+1) = U™ (t,+1). If the order of operators
A and B is changed, a similar algorithm can be written for
L. Strang splitting (Strang 1968), one of the commonly
used methods in the literature, is defined as follows:

_ Ao, Bo, A *« _ ,Bo, Ao, B
Sar = Qat° Q" Pat OF Sae = Pat°Par°Pat.
2 2 2 2

The numerical algorithm for A°B°A scheme of S,; is
given as follows:

v .
= AU, U7 () = V() t € [tn, tn%],
— = BU™(t), U™ (t,) =U (tn%),t € [t thial-
auvT(t) _ e
T =AU (O,U (tn+%) = U™ (tp ) t € [tn%, tn+1],

At . : .
where, t 1=1¢, +5 and desired numerical solutions
2

are obtained as U(t,,q) = U™ (t,41). Similarly, the
B°A°B scheme can also be formulated in a similar
manner as provided above.

In this study, numerical solutions of the Burgers

equation were computed using cubic exponential B-
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spline collocation finite element method with AB, BA,
ABA and BAB numerical patterns.

3. Cubic Exponential B-spline Functions and Application
of the Method

Em(x) =9

0;

where p is positive free parameter and

_ phe _p[ cle=1)+5s?
al_phc—s' 7 2(phe — )1 -0
_ p
b, ~ 2(phc —s)’

_ 1[exp(—ph) (1 — c) + s(exp(—ph) — 1)
Cl_Z[ (phc —s)(1 —c¢) ’

_ 1[exp(ph) (c — 1) + s(exp(ph) — 1)
1_1[ (phc —s)(1—c) ]

It is clear that the set {E_, (x), Eq(x), :++ Ey+1(x)} forms
a basis over the interval [a, b], (Mccartin 1991). Hence, a

function defined over the interval [a,b], denoted as
Epn(x),m =—1(1)N + 1, can be expressed as a linear
combination of the functions. That is, with §,,(t) being
time-dependent parameters, the expression for Uy (x, t)
can be approximated as follows:

Uy (x, t) = XREL 1 8 (6) By (20). (5)
Using expressions (4) and (5), the function and its first
and second-order derivatives can be determined as
follows:

U(x,t) = U(xp, t) = 10,1 + €6, + @161,
Ut = g'emt) = B8, 1 — Br6maa, (6)
U = gremt) = Y10m-1 = ¥20m + V10m41,
where

s—ph B, = p(1-c) _ p3s
1

T 2(phe=s)" "1 T 2(phe-s)" "1 T 2(phc-s)

p2s

aq V2 =

phc-s’

If the approximations in expression (6) are utilized in
equations (2) and (3), the following system of ordinary
differential equations is obtained as follows:

0-’18m—1 + azsm + a18m+1 —V(V10m-1 — V20m +
Y16m+1) =0, (7)

b, ((xm_2 —x) == (sinh (p(Gm-s - x))))) :

a; +bi(xy, —x) + ¢ exp(p % (X — x)) +d,; exp(—p * (X — x)),
a; +by(x—x,) + ¢4 exp(p * (x—xm)) +d; exp(—p * (x—xm)),

b, ((x—xm+2) - % (sinh (P((x_xm+2))))>

A uniform partitioning of the solution domain [a, b] in
terms of the nodal points x,,, a = xg < x; < - < xy =
Let s =sinh(ph) and ¢ =
cosh (ph), the cubic B-spline functions E;(x) are defined

b and h=x,.1 — Xp-

in terms of the nodal points x,, as follows:

[xm—Zt xm—l]

[xm—ll xm]
[xm' xm+1] (4)
[xm+1t xm+2]

Otherwise,

a18m—1 + aZSm + a18m+1 + Zy (B10m-1 — P1Om+1) =
0. (8)

Where, the symbol - denotes the first-order derivative
with respect to t, and

Zm = aldm_l + a26m + (115m+1.

If Crank-Nicolson for time discretization and the values
of exponential B-spline functions at nodal points x,, for
space direction in equations (7) and (8) are employed,
the following algebraic equation systems are obtained:

n+1 n+1 n+1 n n n
T 0pmog + 120, + 16k =130, + 140, + 136041,

(9)

n+1 n+1 n+1 n n n
TsOmo1 + 760m ~ + 170557 = 17651 + 760m + 15041

(10)
Where
vAty, vAty, vAty,
n=a - , T = ay + ,r3=a1+T,
vAt)/z ZmAtﬁl
T, =a, — > ,Ts =a1+—2 ,Te = Oy,
_ zZmAtBy
T7 —_ 1 - .

2

The algebraic equation systems (9) and (10) consist of
(N+1) equations and (N+3) time-dependent parameters
Sm(t). If boundary conditions U(a,t) = U(b,t) = 0 are
applied to these systems, the following relations are
obtained for parameters §_; and dy,; that not in the
solution domain:

- _f2s _ A
6_1 = o 6y — 01 + oy
Byir = =Byt — 6y + +0’:—21. (11)

By using the equations (11) in the (9) and (10), yielding
tri-diagonal band matrices of size (N + 1) x (N + 1).
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3.1 Initial State

To start the solution of systems (9) and (10), the initial
condition

UN(xml 0) = ﬁ(xm)!m = 0(1)N
and boundary conditions
Urx(a,0) = f1(£), Ugx (b, 0) = f5(8)

are used. The initial vector 8%, can be obtained as

follows:
r aifi7
59 ] Uy — G
a1y2 Y1
[— T +a, O 0 ] [ 5{) 0
a a ay . .
l —ak + azJ 513—1 0
" 89 Uy — 12

Y1 -

3.2 The Von Neumann Stability Analysis

The stability analysis of systems (9) and (10) has been
investigated using the Von Neumann Fourier series
method (Von Neumann and Richtmyer 1950). In this
method, 87 = "ef™  where i=+—1, € is the
amplification factor, B is the mod number, and h is the
be the stability
(9) and (10),

spatial step length. Let p, and pg

parameters associated with systems

the Sh = gnetbmh g

substituted into systems (9) and (10), and necessary

respectively. If expression

operations are carried out, the following expressions are

. VAt
obtained, where 6 = Th :

’

(f”“) _ 2aicosBh+az—26(1—cosph) _ M-N
Pa en 2a1cosph+ay+20(1—cosfh) M+N
€n+1
PB( e ) =

For stability, the conditions |pA(E1;1)
o (50

<1 must be satisfied. To satisfy the
condition py <1, it is required that M+ N > M — N,

cosPh(rs+r7)+1rg—isinfh(r;—1s) _ P—iQ
cosBh(rs+r7)+rg+isinBh(ry—rs)  P+iQ'

<1 and

fn+1
since 8 = 0, the condition |pA( ) <1 is satisfied.

ETL
Similarly, taking the absolute value of a complex number
for pg reveals that pg < 1. Thus, the following

inequalities are obtained for the Lie-Trotter and Strang
§n+1 €n+1
P, (6) = |.0A( e ) |PB( e ) <1,

1 1
n+z gn+1 s
Psp(§) = |Pa <€€_n> |PB( o ) PA( e )

Therefore, the numerical algorithms provided above are

schemes, respectively

<1

unconditionally stable.

Table 1. Comparison of numerical results with some studies of Problem 1 for h = 0.025, At = 0.0005, v = 0.01,p = 1.

X Time La¢ *At Sat SZt (Ersoy et al. 2018) (Ucar et al. 2020) (Kutluay and Exact

Esen 2004)
At = 0.0001 At = 0.001 At = 0.00001

0.25 0.4 0.34200 0.34191 0.34192  0.34192 0.34192 0.34192 0.34183 0.34191

0.6 0.26904 0.26896  0.26897  0.26897 0.26897 0.26896 0.26889 0.26896

0.8 0.22154 0.22148  0.22148 0.22148 0.22148 0.22148 0.22142 0.22148

1 0.18824 0.18819 0.18819 0.18819 0.18819 0.18819 0.18815 0.18819

3 0.07513 0.07511 0.07511 0.07511 0.07511 0.07511 0.07511 0.07511

0.5 0.4 0.66084 0.66071 0.66071 0.66071 0.66071 0.66071 0.66066 0.66071

0.6 0.52955 0.52942 0.52942  0.52942 0.52942 0.52942 0.52938 0.52942

0.8 0.43925 0.43914  0.43914 0.43914 0.43914 0.43914 0.43910 0.43914

1 0.37451 0.37442 0.37442 0.37442 0.37442 0.37442 0.37438 0.37442

3 0.15021 0.15018  0.15018 0.15018 0.15018 0.15018 0.15017 0.15018

0.75 0.4 0.91036 0.91028  0.91029 0.91029 0.91027 0.91027 0.91024 0.91026

0.6 0.76738 0.76725 0.76725 0.76725 0.76725 0.76725 0.76721 0.76724

0.8 0.64754 0.64739 0.64740 0.64740 0.64740 0.64740 0.64737 0.64740

1 0.55618 0.55605 0.55605 0.55605 0.55605 0.55605 0.55603 0.55605

3 0.22493 0.22490  0.22490 0.22490 0.22483 0.22483 0.22480 0.22481
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Table 2. Comparison of numerical results at t = 0.1 for Problem 1 with h = 0.0125, 0.00625, At = 0.0005, v =1,p = 1.

X h La; | iy Sa: Sit (Ersoy et al. (Ugar et al. 2020) (Kutluay and Esen  Exact
2018) 2004)
At = 0.0001 At = 0.001 At = 0.00001

0.1 0.0125 0.10955 0.10950 0.10953 0.10953 0.10953 0.10953 0.10953 0.10954
0.2 0.20981  0.20973 0.20977 0.20977 0.20977 0.20977 0.20978 0.20979
0.3 0.29191 0.29182 0.29186 0.29186 0.29186 0.29187 0.29187 0.29190
04 0.34791 0.34785 0.34788 0.34788 0.34788 0.34788 0.34790 0.34792
0.5 0.37153 0.37153 0.37153 0.37153 0.37153 0.37153 0.37155 0.37158
0.6 0.35897 0.35902 0.35899 0.35899 0.35899 0.35900 0.35901 0.35905
0.7 0.30981 0.30990 0.30985 0.30985 0.30986 0.30986 0.30988 0.30991
0.8 0.22773  0.22783 0.22778 0.22778 0.22778 0.22778 0.22780 0.22782
0.9 0.12064 0.12070 0.12067 0.12066 0.12067 0.12067 0.12068 0.12069
0.1 0.00625 0.10956 0.10951 0.10954 0.10954 0.10954 0.10954 - 0.10954
0.2 0.20983  0.20975 0.20979 0.20979 0.20979 0.20979 - 0.20979
0.3 0.29194  0.29185 0.29189 0.29189 0.29189 0.29189 - 0.29190
04 0.34795 0.34789 0.34791 0.34791 0.34792 0.34791 - 0.34792
0.5 0.37157 0.37156 0.37156 0.37156 0.37156 0.37157 - 0.37158
0.6 0.35901 0.35906 0.35903 0.35903 0.35903 0.35903 - 0.35905
0.7 0.30985 0.30994 0.30989 0.30989 0.30989 0.30989 - 0.30991
0.8 0.22776  0.22786 0.22781 0.22781 0.22781 0.22781 - 0.22782
0.9 0.12065 0.12071 0.12068 0.12068 0.12068 0.12068 - 0.12069

4. Numerical Experiment and Results

4.1 Problem 1

In this problem, the Burgers' equation is considered with
the following initial and boundary conditions

U(x,0) =sinmx,0 <x <1,

Uu@,t) =U0(,t)=0,t = 0.

The exact solution of this problem was obtained as an
infinite series by (Cole 1951) as follows:

Z;’;l jajsin jrxexp(-j2m?vt)

U(x,t) = 2nv

a0+2;°;1 ajcos jmxexp(—j2m?vt)’

where

1
a =f e(-@m) ™) (1-cos mx) dx,
0

1
aj = 2f e(-@m)™)(=cosm) o5 iy dx, j = 1(1) ...
0

Table 1 In Table 1, some nodal values are given for
different t values of Problem 1. As observed from the
table 1, despite the use of smaller time step At in some
studies, it is clear that the results obtained by our
method are more accurate. Although the same type of B-
spline is used in the (Ersoy et al. 2018), the results
obtained with operator splitting are quite close to the

exact solution even with larger At. In Table 2, numerical
values at different x at t = 0.1 are given. As can be seen
from the Table 2, the results computed with the Strang
scheme are generally more accurate compared to those
computed with the Lie-Trotter scheme. Moreover,
despite using larger At, our numerical results are in good

agreement with those in other studies.

4.2 Problem 2

In this problem, the Burgers' equation is considered with
the given initial condition at t =1 and the following
boundary conditions (Asaithambi 2010, Mittal and Jain
2012)

X

1 1.y’
T+exp (; (x* =2)

U(x,1) =

U@,t) =U(L,t) =0,t > 1.

The exact solution of this problem is given as follows:

U(x,t) =

where t, = exp (1/(8v)). The numerical solutions of
this problem depict the represent of shock waves as
time progresses. It can be seen from the Figure 2 that as
viscosity parameter v decreases, the shock waves are
getting steeper. The results are computed with the Lie-
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Trotter and Strang splitting schemes are given in Table 3

for Problem 2.

Table 3. Comparison of numerical results at different times for Problem 2 with h = 0.005, At = 0.01, v = 0.0005,p = 1.

X t La; | iy Sat St (Ersoy et al. 2018) (Dag et al. 2005) Exact
0.1 1.7 0.05882 0.05882 0.05882 0.05882 0.05882 0.05883 0.05882
0.2 0.11765 0.11765 0.11765 0.11765 0.11765 0.11765 0.11765
0.3 0.17647 0.17647 0.17647 0.17647 0.17647 0.17648 0.17647
04 0.23529 0.23529 0.23529 0.23529 0.23529 0.23531 0.23529
0.5 0.29412 0.29412 0.29412 0.29412 0.29412 0.29414 0.29412
0.6 0.35294 0.35294 0.35294 0.35294 0.35294 0.35296 0.35294
0.7 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.8 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.9 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.1 2.5 0.04000 0.04000 0.04000 0.04000 0.04000 0.04000 0.04000
0.2 0.08000 0.08000 0.08000 0.08000 0.08000 0.08000 0.08000
0.3 0.12000 0.12000 0.12000 0.12000 0.12000 0.12001 0.12000
04 0.16000 0.16000 0.16000 0.16000 0.16000 0.16001 0.16000
0.5 0.20000 0.20000 0.20000 0.20000 0.20000 0.20001 0.20000
0.6 0.24000 0.24000 0.24000 0.24000 0.24000 0.24001 0.24000
0.7 0.28000 0.28000 0.28000 0.28000 0.28000 0.28001 0.28000
0.8 0.01121 0.01121 0.01121 0.01121 0.01121 0.00811 0.01121
0.9 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.1 3.25 0.03077 0.03077 0.03077 0.03077 0.03077 0.03077 0.03077
0.2 0.06154 0.06154 0.06154 0.06154 0.06154 0.06154 0.06154
0.3 0.09231 0.09231 0.09231 0.09231 0.09231 0.09231 0.09231
0.4 0.12308 0.12308 0.12308 0.12308 0.12308 0.12308 0.12308
0.5 0.15385 0.15385 0.15385 0.15385 0.15385 0.15385 0.15385
0.6 0.18461 0.18461 0.18461 0.18462 0.18462 0.18462 0.18462
0.7 0.21538 0.21538 0.21538 0.21538 0.21538 0.21539 0.21538
0.8 0.24615 0.24615 0.24615 0.24615 0.24615 0.24616 0.24615
0.9 0.12539 0.12221 0.12221 0.12461 0.12394 0.12358 0.12435
Furthermore, numerical results are compared with some i
existing studies for the same parameters found in the
literature. As clearly seen from the table, the results 0s] V!
obtained with our method are quite close to the exact _
solution. % ]
4.3 Problem 3 W
As the final problem, the Burgers' equation is considered 0.2
with the following exact solution o \
_ n 00 02 04 X 06 08 10
U(x,t)=%,0$xsl,t20, where 7 =
a(x—pt=y)
-, 0,00005 -
With boundary conditions U(0,t) = 1,U(1,t) = 0.2 and 000004 - v o
the initial condition can be obtained from the exact §
solution for t = 0. Eomm—
®
In Table 4, the results are compared with the (Celikkaya b [
and Guzel 2023), which used operator splitting with the 0,00001 4 /
cubic trigonometric B-spline collocation, for the
parameters h = 1/36, At = 0.01, v =0.01, p = 1. As S = % - 5

seen from the table, the nodal values computed with our
method are in good agreement with those of in the
(Celikkaya and Guzel 2023).

Figure 1. The physical behavior of Problem 1 for v=1, h =
0.025, At =0.0005 (Above) and absolute error at t=
0.1(Below).
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Table 4. Comparison of numerical results of Problem 3att = 0.5 forh = 1/36, At = 0.01,v = 0.01,p = 1.

(Celikkaya and Guzel 2023)

X L Ly, S S, L°N N°L L°N°L N°L°N Exact
0.000 0.998 0.997 0.998 0.997 1.000 1.000 1.000 1.000 1.000
0.056 1.000 1.000 1.002 1.000 1.000 1.000 1.000 1.000 1.000
0.111 1.000 1.000 1.002 1.000 1.000 1.000 1.000 1.000 1.000
0.167 1.000 1.000 1.002 1.000 1.000 1.000 1.000 1.000 1.000
0.222 1.000 1.000 1.002 1.000 1.000 1.000 1.000 1.000 1.000
0.278 0.999 0.999 1.001 0.999 0.999 0.999 1.001 0.999 0.998
0.333 0.981 0.984 0.985 0.982 0.981 0.984 0.985 0.982 0.980
0.389 0.837 0.848 0.845 0.843 0.835 0.848 0.845 0.843 0.847
0.444 0.461 0.451 0.457 0.457 0.458 0.451 0.457 0.457 0.452
0.500 0.240 0.235 0.237 0.237 0.239 0.235 0.237 0.237 0.238
0.556 0.204 0.203 0.203 0.203 0.203 0.203 0.203 0.203 0.204
0.611 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
0.667 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
0.722 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
0.778 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
0.833 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
0.889 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
0.944 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
0.100 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200

0,0040 -

= =l
/ Sty
20,3 g ) 4 1 N e 5 0,0020
= . e | o 2

S/ > jr g A7 8 00015

L | 0,0010

l‘ )\ “ ‘ 0,0005 -

{ t ‘ ! 0,0000
i j 7 0,0 02 04 X 06 08 10

Figure 2. The physical behavior of Problem 2 for v = 0.0005,
h = 0.005, At = 0.01 (Above) and absolute error at t = 3.25

(Below).
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Figure 3. The physical behavior of Problem 3 for v = 0.01, h =
1/36, At = 0.01 (Above) and absolute errorat t = 1.2

(Below).
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Figure 4. The physical behavior of Problem 3 for v = 0.005,
h=1/36, At =0.01 (Above) and absolute error t =0.1
(Below).

Figure 1 shows that the results are computed with the
Spe for v =1. As seen from the Figure 1, the exact
solution closely resembles the numerical solution to the
extent that they are practically indistinguishable.
Furthermore, it is observed that the error is high in the
middle of the solution domain at t = 0.1. Figure 2
illustrates the shock waves generated by Problem 2 for
v = 0.0005. As seen from the Figure,

progresses, the height of the shock wave decreases and

as time

moving towards the right. Additionally, it is observed
that the error concentrates on the right side of the
solution domain at t = 3.25. Figures 3 and 4 show the
shock waves obtained for the Problem 3 with viscosity
values of v =0.01 and v = 0.005, respectively. As
clearly seen from the Figures, as the viscosity parameter
v decreases, the shock waves steeper, and it is observed
that the errors reach their highest values at the right
boundary at t=3.25.

5. Conclusions

In this study, the numerical solutions of the Burgers’
equation are obtained using the exponential B-spline
method  with
computed results are supported with graphs and tables.
Additionally, the obtained
compared with more computationally intensive methods

collocation operator splitting. The

numerical results are
such as Galerkin method. It has been observed that quite
accurate results are obtained for larger At values using
operator splitting. Furthermore, a comparison has been
made with the (Celikkaya and Guzel 2023), which solved
the equation using the cubic trigonometric B-spline
collocation method with operator splitting.

It is observed that the results obtained with exponential
B-spline are in good agreement with those found in
(Celikkaya and Guzel 2023). Splitting a given partial
differential equation has been demonstrated as an
effective method with simpler algorithms, proving to be
effective in the numerical solutions of partial differential
equations. It is clearly seen from the provided graphs
that the operator splitting method preserves the
physical structure of the solution. The cubic exponential
B-spline collocation operator splitting method will be an
effective and suitable method for the numerical
solutions of partial differential equations with more
complex structures.
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Abstract

Eating disorders are enduring conditions characterized by
elevated rates of mortality and morbidity, presenting a serious
threat to life. Among these disorders, binge eating disorder is
the most prevalent. Therefore, it is an important health problem
that often results in obesity worldwide. This study was
conducted to evaluate the eating attitudes and behaviors of
university students and predict binge eating disorder using
machine learning methods. The study was carried out on 306
individuals (117 males and 189 females). Individuals’ personal
characteristics were questioned using the questionnaire form.
The Bulimic Investigatory Test Edinburgh (BITE) test was used to
determine whether individuals taking part in the study had
binge eating disorder. In this study, in which binge eating
disorder was classified, different artificial neural network
models were created by changing the basic parameters, and the
optimum model was assessed accordingly. Among the models
created with different layers and activation functions, the
optimum results were obtained using the number of fully
connected layers as 2, first and second layers’ sizes as 10, and
ReLU, a nonlinear activation function, in the Bilayered Neural
Network structure. This study is the first trial in which binge
eating disorder is predicted using machine learning methods,
and we believe that machine learning is an important tool to
help researchers and clinicians diagnose, prevent, and treat
eating disorders at an early stage.

Keywords: Machine learning algorithms; Binge eating disorder; Bulimic
investigatory test Edinburgh (BITE); Eating disorder

© Afyon Kocatepe Universitesi
0z
Yeme bozukluklar, yiksek olim ve hastalik oranlariyla
karakterize edilen ve yasam igin ciddi bir tehdit olusturan kalici
durumlardir. Bunlar arasinda en yaygin olani tikanircasina yeme
bozuklugudur. Bu nedenle diinya capinda siklikla obeziteyle
sonuglanan dnemli bir saghk sorunudur. Bu galisma, tniversite
O0grencilerinin yeme tutum ve davraniglarinin degerlendirilmesi
ve tikinircasina yeme bozuklugunun makine 06grenmesi
yontemleri kullanilarak tahmin edilmesi amaciyla yapiimistir.
Arastirma 306 kisi (117 erkek, 189 kadin) Uzerinde
gerceklestirilmistir. Bireylerin kisisel 6zellikleri anket formu ile
sorgulanmistir. Calismaya katilan bireylerde tikinircasina yeme
bozuklugu olup olmadigini tespit etmek amaciyla, Bulimic
Investigatory Test Edinburgh (BITE) testi kullanilmistir.
Tikinircasina yeme bozuklugunun tahmin edildigi bu ¢alismada,
temel parametreler degistirilerek farkl yapay sinir agi modelleri
olusturulmus ve buna gore optimum model degerlendirilmistir.
Farkli katmanlar ve aktivasyon fonksiyonlari ile olusturulan
modeller arasinda Cift Katmanl Sinir Aginda katman sayisi 2,
birinci ve ikinci katman boyutlari 10 ve dogrusal olmayan
aktivasyon fonksiyonu olan ReLU kullanilarak optimum sonuglar
elde edilmistir. Bu ¢alisma, anket ¢alismalarindan tikinircasina
yeme bozuklugunun makine 6grenmesi yontemleri kullanilarak
tahmin edildigi ilk ¢alisma olup, makine 06greniminin,
arastirmacilarin ve klinisyenlerin yeme bozukluklarinin erken
teshisi, 6nlenmesi ve tedavisine yardimci olacak énemli bir arag
olduguna inaniyoruz.

Anahtar Kelimeler: Makine égrenmesi algoritmalari; Tikinircasina yeme
bozuklugu; Bulimic investigatory test Edinburgh (BITE); Yeme bozuklugu

1. Introduction

Eating disorders are severe, potentially life-threatening
conditions characterized by high rates of mortality and
morbidity (Giiney and Kuruoglu 2007, Sonmez 2017).
These disorders typically emerge during late adolescence
or early adulthood and are linked to the social, physical,
and psychological development of young adults
(Badrasawi and Zidan 2019). Binge eating disorder (BED),
being the most prevalent eating disorder, represents a
significant global health issue linked to obesity on a

widespread scale (Albertsen et al. 2019, Hay et al. 2020,
Hutson et al. 2018, Wonderlich et al. 2009).

BED is defined by recurrent and uncontrollable episodes
of excessive eating, often without compensatory actions
(Gordon et al. 2019, Turan et al. 2015). Research suggests
a connection between BED and social influences,
depression, nutritional status, self-esteem, stress and
anxiety (Badrasawi and Zidan 2019). Those with BED often
experience shame regarding their behaviors and may

hesitate to disclose their symptoms to both therapists and
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individuals in their social circle (Berg et al. 2012).
Overeating is a behavior that is usually hidden and does
not normally emerge if the clinician does not directly
investigate eating habits (Wonderlich et al. 2009). The
diagnostic criteria for BED include eating rapidly at least
once a week for about three months, consuming food
until discomfort, eating despite lack of hunger, solitary
eating due to shame, followed by feelings of disgust,
intense guilt, and absence of
compensatory actions (Kober and Boswell 2018).
According to the DSM-5, the severity of BED is determined
as follows: binge eating once to three times per week on

depression, or

average (non-severe), binge eating four to seven times
per week on average (moderate), binge eating eight to
thirteen times per week on average (severe), binge eating
fourteen times or more per week on average (excessive)
(American Psychiatric Association 2013). Individuals
diagnosed with BED face an increased likelihood of
developing dyslipidemia, hypertension, type 2 diabetes,
and metabolic syndrome in comparison to those without
eating disorders.

Moreover, they may have more sleeping problems than
people without eating disorders (Badrasawi and Zidan
2019). Obesity and related physical complications often
accompany because there are no compensatory
behaviors such as vomiting, excessive exercise, fasting,
and the use of laxatives in individuals with BED (Gordon
et al. 2019). Less than 50% of people with BED receive

treatment (Kessler et al. 2013).

University students can change their eating habits to cope
with the stress caused by leaving their family and the
place of residence for their education and to adapt to
university life, along with the effect of adolescence, which
may even cause eating disorders (Tlirkmen and Sivrikaya
2020). From this perspective, in the study, the eating
attitudes and behaviors of university students were
evaluated by applying different machine learning (ML)
methods, and it was estimated whether BED was
experienced.

In another study using machine learning methods, risk
was diagnosed and predicted in eating disorders,
depression, and alcohol use disorder (Desrivieres et al.
2024). The Random Forest-based method was used to
prepare data and linear regression and logistic regression

models for risk prediction.

A recent study investigated how the diagnostics of eating
disorders can benefit from novel technologies such as
machine learning as well as natural language processing
(NLP) (Merhbene et al. 2024). Presented a review of the
application of machine learning techniques in detecting

eating disorders from text and evaluated the models
used, focusing on their performance, limitations, and the
potential risks associated with current methodologies.

In the literature, especially recently, many studies have
been conducted to evaluate the prediction, prevention,
and treatment of eating disorders using ML methods
(Benitez-Andrades et al. 2022, Cerasa et al. 2015, Forrest,
et al. 2021, Linardon et al. 2022, Orru et al. 2021; Raab et
al. 2020; Ren et al. 2022; Sadeh-Sharvit et al. 2020; Wang
2021).

Early identification of individuals with eating disorders is
crucial as untreated symptoms often escalate in
frequency, severity, and permanence. Timely diagnosis
and prompt initiation of treatment are linked to favorable
outcomes in the management of eating disorders
(Lewinsohn et al. 2000). Therefore, the study aimed to
evaluate the prediction model that could be used in the

early diagnosis of BED using ML methods.

2. Materials and Methods

The sample of this study consists of 117 males and 189
females between the ages of 17-28 who voluntarily took
part in the study. Analyses were carried out using the
survey method based on the information obtained from
306 volunteers.

The questionnaire consists of 2 sections, which include
general information and the BITE scale. The participants
are asked to answer 12 questions in the general
information section and 40 questions in the Bulimic
Investigatory Test section. The answers to the
questionnaire questions were used as independent

variables in the analysis.

The independent variables and data types in the General
Information section are included in Table 1. Body mass
index is a derived variable obtained using the height and
weight information stated by the participant.

Table 1. Features.

Features Data Type
Gender Categorical
Age Numeric
Weight Numeric
Size Numeric
Max weight Numeric
Min weight Numeric
Ideal weight Numeric
Mother’s educational status Categorical
Father’s educational status Categorical
Mother’s profession Categorical
Father’s profession Categorical
Number of siblings Numeric
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The BED of the participants was evaluated using the
Bulimic Investigatory Test, Edinburgh (BITE), developed
by Henderson and Freeman (Henderson and M.Freeman
1987). The BITE is a scale consisting of 33 questions that
measure the symptoms of bulimia nervosa or binge
eating. It has two subscales, called the “symptom scale”
and “severity scale.” The highest score obtained from the
test was found to be 30. All 37 main criteria and 4 sub-
criteria in the Bulimic Investigatory Test are categorical
data.

The BITE scores were determined by the expert according
to the answers given to the questions in the
questionnaire. According to the calculated BITE score, the
state of BED used as a dependent variable in the study
was classified as in Table 2. 113 out of 306 people in the
study sample did not have BED, 168 people had abnormal

eating behavior, but no BED, and 25 people had BED.

Table 2. BITE score ranges.

BITE

Score Situation Frequency
Range

0-10 No binge eating disorder 113
11-19 Have abnormal eating behavior. 168
No binge eating disorder
>20 Have a binge eating disorder 25
In the study, analyses were conducted for 306

standardized samples according to 53 features. 306
samples in the data set were randomly divided into
training and test data sets. In the analysis, 215 samples
were used for the system training, and 91 samples were
used for system testing. The 5-fold cross-validation
method was used in training.

2.1 Machine learning techniques

Machine learning methods imitate human-specific
learning styles and are developed to make correct
predictions by extracting patterns from previous
observations through algorithms (Schapire 2003). The
model created with the algorithms used is established to
show the highest performance for the data set analyzed.
There are many available ML methods developed for
clustering, classification, prediction, or regression (Atalay

and Celik 2017).

Classification algorithms learn which data will be assigned
to certain classes from the class information in the data
within the training data set and then predict the correct
class information of the test data accordingly (Khehra and
Pharwaha 2016). In the literature, many classification
algorithms support different types of data, such as K-
nearest neighborhood (KNN), linear regression, logistic

regression (LR), support vector machines (SVM), random
trees, decision trees and Naive Bayes (Aggarwal and Zhai
2012, Ashour et al. 2018, Bulk et al. 2022, Harrell 2015).

Different ML methods were applied while determining
the classification method suitable for the data set
analyzed in the study. To this end, the data set was
analyzed using MATLAB (MATLAB is a
trademark of The MathWorks, Inc.)
language. The results were evaluated based on the

registered
programming

performance metrics derived from implementing the
methods (Metlek and Kayaalp 2020).

Support Vector Machines (SVM) is a learning technique
originating from statistical learning theory, employed for
pattern recognition and solving two or multiclass
classification challenges. Initially, SYM maps the data to a
higher-dimensional space for linear separation, aiming to
maximize the margin between classes. The primary goal
of SVM is to derive the optimal hyperplane that
effectively separates classes and maximizes the distance
between support vectors of distinct classes (Ayhan and
Erdogmus 2014). While obtaining these planes, different

models are formed using different core functions.

The study created different models according to the
hyperplanes determined using SVM Linear, Quadratic,
Cubic, and Gaussian kernel functions. In all SVM models,
the box restriction level was selected as 1. Among the
SVM models established, the best result was obtained
with the Quadratic kernel function. For the quadratic
SVM, the final model was created by selecting the Kernel
scale and the Automatic and Multiclass method was
selected as One-vs-One.

The K-Nearest Neighbor (KNN) algorithm is a non-
parametric method and stands out as one of the most
popular and widely utilized algorithms in the realm of ML
techniques. A learning cluster is created for training
purposes using tagged data with known class information.
It is a supervised ML method in which classification is
made using the proximity between the new sample and
the nearest k samples (Bin Alam et al. 2021). Many
different metrics are used to determine a class and
calculate the distance between the samples (Affonso et
al. 2017). The number of the nearest samples to be
evaluated in the classification according to the selected
metric is determined by changing the number of k.

The optimum KNN model was chosen from the Fine,
Medium, Coarse, Cosine, and Cubic KNN models created
according to different distance metrics and nearest
neighbor numbers. While Euclidean is the distance metric
used to classify in Fine, Medium, and Coarse KNN models,
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this metric is Cosine in Cosine KNN and Minkowski in
Cubic KNN. The models were formed according to the
number of the nearest neighbors (1-10-100), and their
performances were compared. In the selected optimum
Cosine KNN model, the number of neighbors was
considered 10, the Distance metric was considered
Cosine, and the Distance weight was considered Equal.
Artificial
models that imitate the biological brain with their ability

neural networks (ANNs) are mathematical
to create, derive, and explore new human-specific
information (Barkana et al. 2017). Generally, in ANNs,
which consist of a series of neurons, interconnection, and
learning rules, each processing element has five basic
elements: input, weight, additive function, activation
function, and output. These basic parameters are
determined and changed according to the data and
model, and artificial neural network models are formed to
make a classification in many different areas, such as
health, construction, and logistics.

In this study, in which BED was classified, different
artificial neural network models were created by changing
the basic parameters, and the optimum model was
assessed accordingly. Among the models created with
different layers and activation functions, the optimum
results were obtained using the number of fully
connected layers as 2, first and second layers’ sizes as 10,
and RelLU, a nonlinear activation function, in the Bilayered
Neural Network structure (Vila-Blanco et al. 2020).

Another method employed is discriminant analysis, which
is a linear technique assuming a direct relationship
between a dependent variable and one or more
independent variables (Alunni et al. 2015). Since the
dependent variable used in the analyses was divided into
three groups, a full linear discriminant analysis of the
covariance structure was carried out using the preferred
method.

Boosted trees, one of the ensemble classifiers, are used in
classification and regression problems (Ashour et al.
2018). In the analyses, along with the AdaBoost method,
the Maximum number of splits was selected as 20, learner
type decision tree and rate as 0.1, and the number of
learners as 30.

The Bagged (Bootstrap Aggregation) Trees method,
another ensemble classifier, creates a series of models
trained on random data and combines these models for
prediction (Ashour et al. 2018). The Bagged Trees model
applied to the data set was established by selecting the
number of learners as 30 and the maximum number of
splits as 214 for the decision tree learning type with the
Bag method. The Subspace Discriminant method is also

accepted as a community learning method. Its main
principle is to improve the predictive performance of a
single model created by training and combining multiple
models. Thus, a higher accuracy rate is obtained
compared to a single classifier model (Karaca et al. 2019).
In the model established in the Subspace Discriminant
method, which is preferred due to rapid classification and
less memory use, analyses were performed by selecting
the Ensemble method as Subspace, the Learner type as
Discriminant, the Number of learners as 30, and the
Subspace dimension as 27.

In the literature, different metrics are used to evaluate
the process of classification using ML methods (Sokolova
et al. 2006). The criterion of classification success is
determined by the Confusion Matrix, which is comprised
of samples that are correctly and incorrectly classified for
each class. The number of samples classified as true
positive is expressed with TP, false positive with FP, false
negative with FN, and true negative with TN. The widely
accepted evaluation criteria for comparing the
classification performances of different algorithms using

these values are accuracy, sensitivity, and recall.

Accuracy = T (1)
TPT; TN + FP + FN

Sensitivity = e (2)

Recall = (3)
TP + FN

ROC-AUC curves are
classification problems used to compare the success of

the performance metric for

different models trained on the same data set. The AUC
value refers to the area under the ROC curve and assumes
a value between 0 and 1 (Sokolova et al. 2006).
Classification accuracy is measured with the AUC curve.
When evaluating the model, it is supposed that the closer
the AUC value to 1 is, the more successful the model is.

3. Results and Discussions

In the study, classification was made using different ML
methods on the same data set. Accuracy and AUC values
were used to compare the classification models obtained
with different algorithms. The results obtained from the
test and training data for the 7 classification methods
created are presented in Table 3. When the accuracy rates
of the models created using different classification
methods and the AUC values obtained from ROC curves
are evaluated, the classifiers by which the best
predictions were made with the data set are Support
Vector Machines (84.6%) and Subspace Discriminant
(82.4%) methods. The confusion matrix and ROC curves of
both methods created for the test data are presented
below (Figure 1-2-3-4).
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Table 3. Accuracy values of classification methods.

Machine Learning Techniques

Accuracy Rates AUC

Results of Train

Results of Test Results of Train

Results of Test

Support Vector Machines 86.0% 84.6% 0.97 0.97
K-Nearest Neighbors 72.6% 79.1% 0.90 0.91
Neural Network 76.3% 79.1% 0.85 0.85
Discriminant Analysis 84.2% 82.4% 0.94 0.94
o » BoostedTrees 77.2% 82.4% 0.90 0.90
5 o
g £ Bagged Trees 76.3% 84.6% 0.89 0.93
wn wv
S 8 Subspace Discriminant 83.3% 82.4% 0.96 0.98
1 21 6 1 21 6
‘% 2 2 % 2 3 4
3 3 3 3 5

1 2
Predicted Class

Figure 1. Confusion matrix for SVM.
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Figure 4. ROC curve for subspace discriminant
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Feature selection was made using ML methods (Naive
Bayes, LR, SVM, Random Forest) according to the survey
results and clinical evaluations in revealing the effective
characteristics of eating disorders (Orru et al. 2021).

A similar study used decision tree classification analysis, a
machine learning technique, to identify the primary risk
factors influencing the manifestation of eating disorders
in 830 young women from China. The findings indicated
that factors such as psychological distress, body image
inflexibility, and body dissatisfaction significantly
increased the risk of developing eating disorders (Ren et

al. 2022).

The use of social media has increased, and it is used to
obtain information about mental health from people’s
electronic footprints and inform/guide them about the
need for treatment or the available treatment (Benitez-
Andrades et al. 2022). In the study by Yan et al. (2019), a
total of 6000 social media posts were tagged and analyzed
by two clinical psychologists (Yan et al. 2019). In the study,
social media posts were evaluated using five different ML
methods in the natural language processing process,
users who needed intervention were determined, and the
posts were used in the early diagnosis of eating disorders.
In a similar study, Twitter topics on eating disorders,
which have an important position in public health
research, were determined by ML methods (Zhou et al.
2020). One hundred twenty-three thousand nine hundred
seventy-seven tweets were reviewed, and the best-
performing classifier was identified to determine the
tweets related to eating disorders with various supervised
ML methods. Moreover, a study aimed to predict the
eating disorders of users by using internet activities
(Sadeh-Sharvit et al. 2020). The internet activities of 936
participants were analyzed with LR, decision trees, and
SVM, among the ML methods, and the diagnosis of eating
disorders or conditions requiring urgent intervention
were predicted.

Among the studies using image processing methods to
diagnose eating disorders, Cerasa et al. (2015) analyzed
brain structural magnetic resonance images using the
SVM method to identify the biomarkers to diagnose
eating disorders (Cerasa et al. 2015). ML methods were
employed in the study, and the effects of BED, one of the
most common eating disorders, on the human brain,
were analyzed using electroencephalography (EEG) data
(Raab et al. 2020). The established model classifies
individuals affected by BED and healthy individuals with
an accuracy of 81.25% through theta activities in the
range of 4.5 — 6 Hz. Another study on BED analyzed the
data of 1,341 participants with the decision tree

classification method to identify the effective eating
patterns in the recurrence of BED (Linardon et al. 2020).
About 70% of the participants were correctly classified,
and it was expressed that intuitive eating was the most
important parameter in recurrent BED.

ML methods are used not only for detecting BED but also
for predicting treatment outcomes (Forrest et al. 2021).
The 6-month treatment status and basic clinical and
demographic information of 191 patients, who had been
diagnosed with BED, were assessed. Predictions were
made with flexible network regression and random
forests, which are logistic/linear regression and ML
models known as conventional methods.

In our study, among the 7 different ML methods applied,
SVM (84.6%) and Subspace Discriminant (82.4%) methods
were observed to classify binge eating disorders more
accurately.

4, Conclusions

ML methods are used in many fields, and their use and
importance in the field of health increase every day
(Veranyurt et al. 2020). There are many areas of
application in terms of early diagnosis, treatment and
planning of operational processes in health services and
management using ML methods. Expanding the area of
use of ML algorithms, particularly in the classification and
early diagnosis of diseases, enables optimization in terms
of quality and cost in the delivery of health services.

Applying machine learning techniques in eating disorders
research is a relatively new and burgeoning area of
investigation. While the potential benefits of leveraging
advanced computational methods for the diagnosis,
treatment, and understanding of these complex mental
health conditions are substantial, the literature in this
domain remains limited.

Recent studies have begun to explore the use of machine
learning algorithms in analyzing various data sources,
such as EEG recordings, to identify patterns or markers
associated with specific eating disorders, including binge
eating disorders (Linardon et al. 2022, Raab et al. 2020).
These exploratory efforts aim to enhance diagnostic
accuracy, predict responsiveness to interventions, and
optimize treatment outcomes for individuals affected by
eating disorders.

However, the field is still in its early stages, and further
research is necessary to establish the reliability, validity,
and clinical utility of machine learning approaches in the
context studies,

of eating disorders. Larger-scale
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standardized methodologies, and interdisciplinary
collaborations between clinicians, researchers, and data
scientists will be crucial in advancing this emerging area

of inquiry (Linardon et al. 2020).

Unhealthy nutrition causes many diseases. These diseases
are also important because of their economic burden on
individuals and society. Individuals’ eating attitudes and
behaviors are seen to differ in coping with stress and
overcoming the responsibilities of modern life. Since
delays in the diagnosis and treatment process of BED,
which is the most common eating disorder in adults,
cause symptoms to become more frequent, severe, and
permanent over time, it is extremely important to
diagnose individuals with BED early and take therapeutic
measures. Regarding these measures, it is recommended
to increase the number of studies on the connection
between BED and nutrition and cooperate with parents,
dieticians, psychologists, and psychiatrists (Turan et al.
2015).

This is the first study in which BED is predicted by ML
methods using the answers given to the questionnaire. In
the study, the answers of the volunteer participants to the
questions in the questionnaire and the BITE score
variables calculated according to these answers were
analyzed using different ML methods, and the state of
BED was classified. Among the 7 different ML methods
applied, SVM (84.6%) and Subspace Discriminant (82.4%)
methods were observed to classify BED more accurately.
According to the results, ML can be considered an
important tool to help researchers and clinicians work on
the early diagnosis, prevention, and treatment of eating
disorders.

In future studies, it is aimed to create a model by
determining the features with the highest contribution to
classification performance among the features used in
the analysis. Accordingly, participants can be ensured that
they give an idea about BED by answering fewer
guestions. It is aimed to accelerate the prediction process
with fewer questions, especially in organizations serving
in the field of public health. It is also aimed at developing
a decision support system to be used in binge eating
disorder diagnosis and treatment processes with different
machine learning algorithms.

As the field progresses, it is anticipated that the
integration of machine learning into eating disorders
research will lead to more personalized, data-driven
approaches to prevention, diagnosis, and treatment,
ultimately improving the quality of life for those affected
by these serious mental health conditions.
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Abstract

Steganography, especially in the form of text generation based
on secret messages, has become a current research topic. It is
more difficult to identify the hidden message when it embedded
di-rectly into the text without using a cover text, and it also has
a higher embedding capacity. Owing to the high rate of
imperceptibility and resistance to steganalysis of this type
steganography, it is essential that steganalysis methods,
generate better performance. Although the complexity of deep
learning models increases the accuracy rate, it also increases the
inference time. In this study, a linguistic steganalysis was
performed with a lower inference time and a higher accuracy
rate. In the developed model, first, differences between non-
stega and steganographic texts were mod-elled by a finetuned
Bert using the custom dataset. The disparity information
obtained by fine-tuned model was distilled into 3 separate
networks, BertGCN, BertGAT and BertGIN, for faster and more
accurate inference. Then, these 3 distilled networks were
combined through Transfer Learning to form a new model.
Experiments demonstrates that the proposed model surpass
other methods in terms of the accuracy (a success of 0.9879 at
3.22 bpw on text encoded through SAAC Encoding) and the
effectiveness of inference (1.09 second).

Keywords : Knowledge distillation; Llinguistic steganalysis; Transfer
learning; GAT (Graph Attention Network); GCN (Graph Convolutional
Networks); GIN (Graph Isomor-phism Network.

© Afyon Kocatepe Universitesi

Oz

Ozellikle gizli mesajlara dayali metin Gretimi seklindeki
steganografi glincel bir arastirma konusu haline gelmistir. Gizli
mesajin kapak metni kullaniimadan dogrudan metnin igine
gémiilmesi durumunda tespit edilmesi daha zor oldugu gibi
gomme kapasitesi de daha yiksektir. Bu tip steganografinin
algilanamazlik oraninin yiksek olmasi ve steganalize karsi
direnci nedeniyle, steganaliz yontemlerinin yiksek performans
lretmesi 6nemlidir. Derin 6grenme modellerinin karmasikhg
dogruluk oranini arttirsa da gikarim siresini de arttirmaktadir.
Bu calismada, daha disik c¢ikarim siresi ve daha vyiiksek
dogruluk oraniyla dilsel steganaliz gergeklestirilmistir.
Gelistirilen modelde dncelikle stega olmayan ve steganografik
metinler arasindaki farklar, 6zel veri seti kullanilarak hassas
ayarli Bert (Bidirectional Encoder Representations from
Transformers) tarafindan modellendi. ince ayarli modelle elde
edilen esitsizlik bilgisi, daha hizli ve daha dogru ¢ikarim igin
BertGCN (Bert Graph Convolutional Network), BertGAT (Bert
Graph Attention Network) ve BertGIN (Bert Graph Isomorphism
Network) olmak Uzere 3 ayri aga ayristirildi. Daha sonra bu 3
damitilmis ag, Transfer Ogrenme yoluyla birlestirildi ve yeni bir
model olusturuldu. Deneyler, 6nerilen modelin dogruluk (SAAC
Kodlama yoluyla kodlanan metinde 3,22 bpw'de 0,9879 basari)
ve cikarimin etkinligi (1,09 saniye) agisindan diger yontemleri
geride biraktigini géstermektedir.

Anahtar Kelimeler: Bilgi damitma; Dilsel steganaliz; Ogrenme aktarimi;
GAT (Graf Dikkat Adit); GCN (Graf Evrisimli Adlar); GIN (Graf izomorfizm
Adi).

1. Introduction

The realization that a hidden message can be embedded
in a text document and that this new version of the
document carrying a message can be transferred
seamlessly over normal channels has recently led to the
field of steganography becoming a research topic that has
drawn intense attention. Textual information can be
transferred over platforms with high frequency of use in
daily life, such as social media tools, blog pages, emails,
etc., quickly and effortlessly. While steganography is a
useful method when it comes to protecting and securely

transferring information that is not intended to be
accessed by malicious people, it is known that this
method becomes completely harmful when it is used by
terrorists, hackers, and those who carry out illegal
activities to transfer suspicious messages. At this point,
we encounter "steganalysis", which is the opposite of ste-
ganography. Steganalysis classifies whether a text

document contains a secret message or not.

In steganography, it is known that the generation-based
steganography method, which can embed messages at a
high rate and is more resistant to steganalysis in terms of
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imperceptibility, gives more effective results (Yang et. al
2019 (a), Kang et. al 2020, Fang et. al 2017). Hence, the
steganalysis models should have a high detection rate on
texts containing hidden messages created through
generation-based steganography in order to be regarded
successful. Most of the work in the field of steganalysis to
date is ML (Machine Learning) based (Xiang et. al 2018,
Chen et. al 2011, Meng et. al 2010). Steganalysis studies
using ML methods examine the changes in some
statistical features such as word frequency (Yang and Cao
2010, Xiang et. al 2014), word occurrence probability
(Meng et. al 2009), content relevance (Chen et. al 2011).
However, such steganalysis methods tend to detect only
stego texts created using ste-ganography algorithms
designed to generate statistical variations. Therefore,
there is no universality of these ML-based methods
against all steganography methods, especially due to their
inability to detect steganographic texts that are produced
based on hidden messages.

DL (Deep learning) techniques have been adapted to
steganalysis by researchers working in the opposing field
of steganography due to the recent focus on the high
embedding capacity and imperceptibility rates of DL-
based steganography algorithms that generate text based
on hidden messages. In this context, many methods such
as, local word level relevance (Yang et. al 2019 (b), Yang
et. al 2020), global-level knowledge sharing between
words (Wu et. al 2021), usage of one-dimensional hidden
property (Yang et. al 2019 (b), Yang et. al 2019 (c), Zou et.
al 2020), multidimensional hidden property
representation (Yang et. al 2020, Niu et. al 2019),
leveraging isolated in-text semantic features (Zou et. al
2020), semantic and syntactic features (Yang, J et. al
2021) have been applied in DL-based steganalysis studies.

One of the studies where DL algorithms are applied in the
field of steganalysisisin (Wen et. al 2019). They suggested
a convolutional neural network-based text ste-ganalysis
model that can automatically learn feature
representations from texts and capture complicated
dependencies. In (Yang et. al 2019 (c)), they discovered
that the conditional probability distributions of words are
modified after hidden information is inserted into a text.
In order to extract the differences in feature distribution,
they created a model using recurrent neural networks.
Based on the recovered feature data, they then
categorised a text as cover or stego text. A hybrid
steganalysis model utilizing CNN (Convolutional Neural
Network) and BiLSTM (Bidirectional Long Short Term
Memory) is reported in (Niu et. al 2019). To improve the
detection accuracy of their model, they prioritized

learning both local features and long-term semantic

information of the text. In addition, there have been
studies aiming to find out the relationship between words
and the texts in which these words take place and to make
a classification based on this. In the first of these studies,
after adding a secret information to a text, it was tried to
detect that the correlation between words of that text
was broken, with a model based on CSW (Convolutional
Sliding Windows) (Yang et. al 2020). In the other study, it
is mentioned that there is a relationship between the
words of the text and the text that is sensitive to overt
and hidden
relationship a method called as Explicit and Latent Text
Word Relation Mining is mentioned (Li et. al 2022).

steganography, and to extract this

The work in (Yang, H et. al 2020), a feature pyramid that
combines basic text properties and a densely linked LSTM
network are combined to suggest a neural linguistic
steganalysis scheme. The developed models has become
more and more comprehensive in order to extract the
high-level properties of the text by delving deeper, which
has resulted in computing processes becoming more
challenging and inference times increasing. In order to
provide a solution to these disadvantages, in the study of
(Peng et. al 2021) a multi-stage strategy based on transfer
learning to circumvent time-consuming computations
and produce more effective inference is de-scribed. In
their model, they distilled the steganographic text
information obtained by a finetuned Bert model into
LSTM and CNN networks separately. The semantic
knowledge obtained from each of these networks was
transferred to the new network formed by the
combination of the 2 networks by transfer learning
method. This reduces the time spent on inference and
calculation.

In linguistic steganalysis studies, the words are usually
given to the model in the form of a sequence and training
is provided through this sequence (Yang et. al 2020, Niu
et. al 2019, Li et. al 2022). Although LSTM models are
suitable for long-term learning, the connection between
words in the text should not only be considered between
words that are next to each other but also the connection
between words at different points in the text should also
be considered. At this point, graph-based networks have
started to attract attention. There are some studies in the
literature that address this issue. In contrast to sequence-
based linguistic steganalysis methods, a graph updater
model made up of GGNN (Gated Graph Neural Network)
layers was mentioned in the steganalysis study in (Fu et.
al 2022) to extract the properties of word nodes. They
employed graph channel attention learning to determine
the critical di-mensions of the nodes in the graph and
used the graph attention module as a graph updater to
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concentrate on the text's keywords. In (Yang, J. et. al
2021), they describe a steganalysis framework that
integrates semantic and syntactic features
simultaneously. They implemented a language model
with transformer architecture as a semantic feature ex-
tractor. They used the GAT network to identify syntactic
features. Since graph-based networks may more
effectively capture the relationship between words in a
text than sequence-based networks, the graph approach

was also chosen for this study.

When the studies in the literature are evaluated, it is
known that steganalysis methods, especially DL-based
ones, are universal and give more successful results than
traditional methods in detecting texts created with
hidden
messages. However, this increased success leads to an

generation-based steganography based on
increase in the complexity and computational cost of the
DL model. Therefore, the steganalysis process becomes
difficult to implement in practice.

At this point, it has been noticed that in the steganalysis
studies in the literature, graph-based networks have not
been used by combining them through transfer learning
in detecting the texts produced through secret messages
and providing an acceptable performance in terms of
inference time. Therefore, in this study, a new model
based on graph-based and multi-stage transfer learning
method, which is a combination of GCN, GAT and GIN
networks, is developed. Prior to creating the model, a
finetuned BERT model was used to model the distinctions
between regular texts and stega texts. Then, the feature
information of the finetuned Bert model is distilled into
the BertGCN, BertGAT and BertGIN networks separately
for fast inference. In the last step, the semantic features
obtained from the previous step are combined into a new
network structure consisting of a combination of GCN,
GAT and GIN networks. Inspired by the work presented in
(Peng et. al 2021), the work presented here is based on a
graph-based structure that not only reduces
computational effort, but also captures the semantic
relationship between adjacent words, as well as the
correlation between each word of the text. In this way,
instead of only extracting the relationship between side
by side word sequences, as implemented in (Peng et. al
2021), the level of relationship between all words is
captured, which allows for a more detailed analysis of the
text. The work here shares commonalities with the work
in (Peng et. al 2021) at using only transfer learning to
reduce computational effort and enable more efficient
inference. However, the network structure created here
is completely different from the work in (Peng et. al 2021).
The general framework of the model is given in Figure 1

and the details are provided in section 3. The benefits of
the study to the literature are listed below.

¢ Finetuning the BERT model for text classification on a
dataset with a heter-ogeneous graph structure consisting
of stega and normal texts

e Separately distillation into the GCN, GAT, and GIN
networks from the finetuned Bert model carrying stega
text feature data. Thus, stega-normal text detection by
each of these three networks based on the weights
obtained by BERT

¢ Reducing computational time and increasing inference
efficiency by transferring the text classification
information obtained by BertGCN, BertGAT and BertGIN
networks to the new model that combines these three
networks through transfer learning

The rest of the paper is organized as follows: Section 2
presents a review of the literature on text steganalysis.
Section 3 discusses the details of the experimental setups
and proposed model. Results and discussions are
presented in Section 4. Section 5 presents the general

conclusion of the study.

2. Materials and Methods

There are three distinct stages in the text stage analysis
model. The dataset produced for this work, which
contains both normal and stega texts, was used to train a
pre-trained BERT model in the first step of the model to
capture feature differences between normal and stega
texts. The second stage is the information distillation
stage, in which the weight information of the finetuned
BERT model is distilled separately to the GCN, GAT and
GIN networks, in other words, inference is attempted
based on the weights obtained by the BERT model. In the
last stage, a new network model was created by
combining the weights obtained from the GCN, GAT and
GIN networks in the previous stage under a single roof.
The aim of combining these three networks is to maximize
the performance of stega text detection.

2.1. Dataset collection

The dataset of stega/non-stega texts used in this study is
based on the encoding methods used in (Shen et. al 2020).
Linguistic steganography methods applied in the creation
of stega texts are AC (Arithmetic Coding), Huffman
Coding, SAAC (Self Adjusting Arithmetic Coding) and Bin-
LM (Block Based Coding). In addition to the plain texts in
(Shen et. al 2020), which contains no hidden information
(where plain texts are categorized into 4 categories),
various plain texts were also taken from the web
environment. With the inclusion of these texts, a corpus
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Figure 1. The general framework of the proposed text steganalysis method based on transfer learning.

containing non-stega texts in 5 different categories was
created. Then these corpus were transformed into stega
texts with the usage of AC, Huffman,Saac, Bin-LM
methods. As a result, a corpus structure including both
stega and nonstega texts was reached.

For each of the non-stega texts in 5 different subject
categories in this study, 4 different encoding methods
were used during stega text generation. In other words, 4
separate stega texts were obtained for any category of
plain text. This process was applied to non-stega texts in
all categories. The stega texts obtained by each of the 4
encoding methods are included in the dataset used here.
In other words, in each of the 5 subject categories, there
is 1 nonstega document and 4 stega documents. During
the creation of the entire corpus, an equal number of
non-stega documents (50 sentences from each) were
taken from each subject category, creating a corpus of
250 nonstega sentences in total for 5 subject categories.
During the addition of stega texts to the whole corpus, 15
sentences were taken from the stega documents in the
encoding method for each subject category and 240 stega
sentences were obtained in total. Thus, there are 250
nonstega and 240 stega sentences in the whole corpus. In
addition, the accuracy rates of the proposed incorporated
steganalysis model and the GCN, GAT, GIN networks are

tested separately on the texts produced by each of the
four encoding methods. During these experiments, 50
stega test sentences and 50 nonstega test sentences (400
in total from 4 subject categories for each of saac, ac,
huffman and bins coding) were taken from documents in
each subject category. The results obtained from these
trials are presented in Table 3.

In order to transform the generated dataset into a graph
as in benchmark datasets such as 20NG , R8 , R522 which
are widely used in text classification, the work in (Yao et.
al 2019) is taken as a reference. In the knowledge
distillation phase, the output vector of the BERTbert-
base-uncased model [CLS] token used as a tutor model is
taken as the document embedding vector of the GCN,
GAT and GIN networks. Then a feed-forward layer was
added to allow each of the student models to make
classification predictions. The GAT network uses a multi-
head attention mechanism with 8 heads.

2.2. Experimental setting

The hyperparameters used in the three phases of the
study are as follows: 1e-5 was determined as the learning
rate in all phases. In the Knowledge distillation and Incor-
porating features stages, GCN, GAT and GIN networks
consist of 1 layer. The number of neurons in the hidden
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layers of the GCN and GIN networks is 200, while the GAT
network has a neuron size of 200 units multiplied by the
number of heads used. Fur-thermore, MLP (multi-layer
perceptron) was used during the formation of the GIN
network and an iterative neighbor node aggregation (i.e.
message passing) method was adopted. Adam (Kingma
and Ba 2014) was used as the optimization algorithm.
Dropout value is 0.5 and batch size is 128. In the GIN
network, sum pooling is used as graph pooling and node
pooling method. Acc (Accuracy) and R (Recall) metrics
were used for detection perfor-mance in the
experiments. The inference time measure, which is the
time in seconds that it takes to determine whether a text
is a stega or not, was used to determine the efficiency of

the steganalysis model.
2.3. Finetune BERT for modelling feature differences

A large corpus and a complicated network structure are
needed in order to train a model from scratch on the
dataset that will be utilized for the study and to achieve
ex-cellent performance. However, it is not always possible
to obtain a corpus of large-scale and labelled texts. In this
case, the model to be created is expected to have a more
detailed structure in order to capture feature differences
even in a small number of data sets. The medium size of
the data set used in this study necessitated the use of a
robust model structure. For this purpose, a pre-trained
BERT model (Bert Based Uncased) was finetuned using
the dataset prepared for the study, which was generated
by the text generation method based on hidden
messages. Instead of a BERT model pre-trained on a
sizable corpus, a BERT model finetuned on the dataset
utilized here was employed as a tutor model to reduce the
training time in the second phase of the study. The
operations performed at this stage of the study constitute
the "Fine-Tuned Bert" part of Figure 1. Finetune steps
performed using the relevant dataset of the Bert model
are given in Algorithm 1.

Algorithm 1: (Finetune BERT for Modelling Feature
Differences)

Input: dataset (D)

Output: Finetuned Bert Model

1.Do build text graph from D

2.create train, validation and test nodes
3. Pretrained Bert encodings

4. for nodes in D do

5. do train steps

6. end for

2.4. Knowledge distillation

At the second stage of the model, in order to overcome
the problem of increased inference time due to the

complex BERT architecture, the weights learned by BERT
were transmitted independently to each of the GCN (Kipf
and Welling 2016), GAT (Velickovic et. al 2017), and GIN
(Xu et. al 2018) networks, and information distillation was
conducted. Here, the BERT model serves as the instructor,
while the GCN, GAT, and GIN networks represent the
students. At this step of the investigation, we adapted the
BertGCN technique described in (Lin et. al 2021) to the
GAT and GIN networks. At the distillation stage, the
BertGCN, BertGAT, and BertGIN models each have one
hidden layer, softmax is used as the activation function,
and cross-entropy is utilized as the loss function.
Moreover, in order to improve the capacity of the
BertGAT model and to stabilize the learning process, a
multi-head attention structure is used in the GAT
architecture.

In each of the BertGCN, BertGAT and BertGIN models, the
representation of the document nodes is initialized by the
pre-trained BERT model. In other words, these
representations (the X value in equation 2) constituted an
input for each of the GCN, GAT and GIN networks. The
contribution of the BERT representations used at this
stage is revealed in the fact that the BERT model is able to
transfer its weight values to other networks, since it has
already been trained with very large amounts of raw data.
During the training period, document representations are
iteratively updated over the GCN, GAT and GIN networks.
Then the outputs of the document nodes are sent to the
softmax classifier for prediction. The 3 models created in
the distillation phase use a heterogeneous graph
structure as they contain both word nodes and document
nodes. The work in (Yao et. al 2019) is taken as a reference
for the construction of this structure. The operations
performed at this stage of the study constitute the
“Knowledge Distillation” part of Figure 1. Knowledge
Distillation steps are included in Algorithm 2.

Algorithm 2: Knowledge Distillation

Input: Finetuned Bert Model, dataset (D)

Output: BertGCN, BertGAT, BertGIN distilled models

At this stage, the Bert weights are transferred to each of
the GCN, GAT and GIN networks separately.

1.Do build text graph from D

2.create train, validation and test nodes

3. Bert encodings

4. for nodes in D do

5. if selected model is GCN then

6.make prediction on embeddings via BERT

7.Send the node features (edge weights, node features)
to GCN model

8.Combine the classification results obtained by the BERT
and GCN

9.else if selected model is GAT then

10.repeat steps 6 to 8 for GAT
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11.else

12.repeat steps 6 to 8 for GIN
13.end if

14. end for

TF-IDF (Term frequency-Inverse Document Frequency) is
applied for word-document edges in the graph structure
and PPMI (Positive Point-Wise Mutual information) is
applied for word-word edges. The definition of edge
weights between nodes i and j is given in (1) (Lin et. al
2021).

PPMI(i, j), i,jarewordsandi # j
TF — IDF(i,j), iis document,j is word (1)
1, i=j
0, otherwise

Ay =

The BertGCN, BertGAT and BertGIN models all use the
finetuned Bert model to find document embeddings and
treat these embeddings as inputs to the document nodes.
Itis expressed in terms of embeddings of document nodes
Xaoc € R™0cXd (s the embedding dimension. The
initial feature matrix of the nodes is as given in (2) (Lin et.
al 2021).

X = (¥aoe) (2)

(Mdoctnwora)xd

i. output feature matrix of the GCN, GAT and GIN layers is

calculated as in (3). Here, p is the activation function, A
is the normalized neighborhood matrix and wte
R4i-1%%i represents the weight matrix of the layer. L0 =
X defines the input feature matrix of the model. The
outputs of each of the BertGCN, BertGAT and BertGIN
models, calculated according to equation (3) (Lin et. al
2021), were then sent to the softmax classifier in (4) (Lin
et. al 2021).

1O = (A,L(i—n) (3)

Zgen,gar,ain = softmax(g(X,A)) (4)

The g in Equation (4) represents the model used. Cross
entropy loss is used as the loss function.

In this study, BertGCN, BertGAT and BertGIN models are
optimized with a classifier that operates on Bert
embeddings. This resulted in faster extraction and higher
performance. Accordingly, document embeddings
(denoted by X in Equation (5)) are sent to a dense layer
with softmax activation. Then, these weight values were
sent to each of the GCN, GAT and GIN models separately
based on the Bert weights obtained in Equation 5, and the
GCN, GAT and GIN networks were trained within their

own network architectures.

The Bert model used here plays the role of teacher
network, while the GCN, GAT and GIN models play the role
of student network. In the last stage of the information
distillation process, the prediction values obtained by the
Bert network and the prediction values obtained by each
of the GCN, GAT and GIN networks were combined (for
BertGCN, Bert prediction values were added with GCN
prediction values; for BertGAT, Bert prediction values
were added with GAT prediction values; and for BertGIN,
Bert prediction values were added with GIN prediction
values) to obtain the total predicted value (Equations
6,7,8) (Lin et. al 2021).

Zggrr = Softmax(WX) (5)
ZtotalforBertGeN = Zpert T Zgen (6)
ZtotalforBertGAT = Zgert + Zgar (7)
ZtotalforBertGIN = Zpert + ZgIn (8)

2.5. Incorporating features

This step of the study was carried out after experiments
showed that combining the features obtained by different
networks and performing a stega text detection study
based on these new values greatly improved the
detection rate. Transfer Learning method was used in the
last stage of the study. In this way, by utilizing the weight
information of the BERT model trained using a large
corpus, a faster learning is provided on the dataset
created for this study. In the last stage of the study, the
weights obtained by combining the distilled BertGCN,
BertGAT and BertGIN models from the previous stage,
Knowledge Distillation, were transferred to the newly
created model and this new model was trained on the old
acquired weights. Therefore, the parameters of these 3
student networks, which do not have a fully connected
layer, were transferred to the newly created model,
causing the previous weights to be the input information
of the new model. This phase of the study is based on the
work in (Peng et. al 2021). The operations performed at
this stage of the study constitute the " Incorporating
Features " part of Figure 1. Incorporating Features steps
are included in Algorithm 3.

Algorithm 3: Incorporating Features
Input: BertGCN, BertGAT, BertGIN distilled models
Output: Proposed incorporated model

1.Combine GCN-GAT-GIN then do incorporated model
2.Sum the weights of BertGCN, BertGAT and BertGIN then
transfer to incorporated model

In the incorporated model created by combining the
features of 3 networks, the power of the GCN network to
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process non-sequential graph embeddings that cannot be
processed by traditional network structures such as RNN
(Recurrent Neural and CNN
Therefore, the different order of the input nodes does not
affect the outcome of the GCN network. As the study in
(Jing et. al 2021, Liu et. al 2022) emphasized that the GAT
network is superior to the GCN network due to its ability

Networks) is utilized.

to use the attention mechanism to weight the sum of the
properties of adjacent nodes, so in this study, GAT
network is also included and the effect of the GAT model
on the classification is evaluated. According to the study
in (Velickovi¢ et. al 2017), the graph attention mechanism
is different from the self-attention mechanism. In the self-
attention mechanism, weights are as-signed to all nodes
of a document, whereas in the graph attention
mechanism, nodes with different numbers of neighboring
nodes can be assigned individual weight values and these
nodes can be processed simultaneously in parallel with
high computational efficiency (Wang and Li 2022, Zhang
et. al 2023). While GNN (Graph Neural Network) variants
are quite successful in learning node embed-dings, they
may be inadequate in the case of learning entire graph
embeddings and thus classifying an entire graph. In this
case, a new network approach is needed to learn the
entire graph by combining node embeddings. At this
point, the GIN network provides a solution to this need
thanks to its global pooling layer. In this study, the GIN
network was preferred be-cause it gives more successful
results in graph classification than the GCN network
(Rassil et. al 2020, Xu et. al 2018).

3. Results and Discussions

3.1. Comparison with state-of-the-arts

In this study, nine distinct DL-based steganalysis
approaches are compared to the method employed in

this study in terms of both extraction times and accuracy

Inference Time-Huffman Coding 1bpw

5,71
3,55

INFERENCE TIME (SN)
Ok N WA U O

STEGANALYSIS METHODS

rates. The findings of this comparison are provided in
Table 2. Hence, it
Incorporated model developed in this study achieves

is seen that the graph-based

better results than state-of-the-art methods for both
huffman and Bin-LM encoding methods, regardless of the
embedding rate. In contrast to the work in (Peng et. al
2021),
networking point, it is observed that the accuracy does

which is referenced at a new integrated
not decrease or even increases in cases where huffman
encoding is used, although the embedding rate increase.
In (Peng et. al 2021), when huffman coding was used, an
increase in the embedding rate had the effect of
decreasing the detection accuracy. The superiority of the
detection performance of the proposed model is because
the pre-trained Bert model, which has huge information
capacity, is subjected to finetune and distillation
processes on a dataset containing stega-nonstega texts,
to capture the local and global features of the texts in
more detail. In addition, combining the strengths of each
of the GAT, GIN and GCN networks under a single network
roof is the underlying reason for this superiority. The aim
of the study is to develop a model with high accuracy and
faster inference. For this purpose, when the test result
values given in Figure 2a-2b and Table 1 are analyzed, it is
seen that the proposed work can provide faster inference
compared to previous studies in both huffman and Bin-
LM coding methods. It is thought that distilling the Bert
model, which has a more complex network structure and
therefore a longer inference time, into the GAT, GIN and
GCN networks, which are much smaller and less complex
networks, shortens this time. In terms of inference time,
it is close to, but shorter than, the work in reference
(Peng et. al 2021) were obtained. The reason for this is
that graph-based networks are better able to capture
non-ordered word sequences and the relationship
between these words.

Inference Time of Incorprated Models (Block Based Coding
1bpw)

=
=

13
1,36
1,21

oo
[ )

Average Inference Time

Inference Time (sn)

Steganalysis Methods

MS-TL (Incorporation of BiLSTM and tiny CNN)

The Proposed Model (Incor poration of GCN,GAT and GIN)

Figure 2a-2b. The inference efficiency of different steganalysis methods on Huffman and Bin-LM coding.

3.2. Effects of integrated training

Examining Table 3 reveals that finetuning the Bert
network with the related dataset, increases the detection
success. In contrast to the models in (Wen et. al 2019,

Yang et. al 2019 (c), Niu et. al 2019), the inference time of
the finetuned model presented here is significantly
longer. In order to shorten the inference time, a transfer
learning technique is used to transfer the knowledge
gathered by the distilled small-scale graph-based models
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(BertGCN, BertGAT, and BertGIN) to the new model,
which is a combination of the three tiny models. Thus,
the extraction time is drastically reduced. At 1bpw, the
VLC encoding method has a modest drop in precision (Our
FineTuned: 0,9907; Our Incorporated: 0.9706), an
increase in accuracy was observed at 3.22 bpw of the
same coding method (Our FineTuned: 0.9732; Our
Incorporated: 0.9812). At 1bpw, in the Bin-LM coding, the
proposed incorporated model shows an increase in
accuracy (Our FineTuned: 0.8995 ; Our Incorporated:
0.9353) but at 3 bpw a small decrease was observed (Our
FineTuned: 0.9689 ; Our Incorporated: 0.9535).

Figure 3 illustrates the accuracy rates produced by the
incorporated model for each encoding technique and
bpw value. Hence, the corpus including stega texts
encoded using the Saac approach yields the best accuracy
rate. According to the study in (Shen et. al 2020), the Saac
approach is more effective than Bin-LM encoding,
huffman, and arithmetic encoding in terms of
imperceptibility of stega texts. It is remarkable that the
incorporated model realized here was able to obtain a
high accuracy rate even with the Saac approach, which
has a high imperceptibility rate.

Our Incorprated Model Accuracy on Each of Steganography Types

1,0000
0,9900
0,9800

> 0,9700
3

< 0,900

0,00 0,50 1,00 1,50 2,00 2,50 3,00 350 4,00 4,50 5,00

bpw

—8—blod based huffman

Figure 3. Our model accuracy on each of encoding methods.

Table 4 displays the detection rates of the model
presented in (Peng et. al 2021) and the model
developed in this paper using various embedding
strategies. Analyzing the results in this table reveals
that the model used here is superior in terms of
detection capability for all bpw ratios for both Bin-
LM and Huffman coding. The reason why the
proposed model has a higher detection rate than the
model created by combining BILSTM and CNN

networks is because graph-based networks are
better able to capture not only the relationship
between ordered words, but also the level of
interest (global features) of all words in relation to
one another. This study also reveals that tiny GCN
networks are inferior than tiny GAT and tiny GIN
networks in terms of detection success for each
encoding technique. This is because the GAT
network use the attention mechanism to weight the
features of adjacent nodes, whereas the GIN
network is superior at classifying at the graph level
as opposed to the node level. The investigations in
(Xu et. al 2018, Zhang et. al 2021) support the results
acquired in this study by the GIN net-work. Another
conclusion that can be drawn from Table 3 is that the
incorporated model has a higher accuracy rate than
the distilled GCN, GAT and GIN models. The main
reason for this is considered to be that the global
characteristics learned in the distill stage are learned
in more detail in the incorporated stage.

4. Conclusions

In the steganalysis process, the model's applicability
to real life, or its lowest inference time, is just as
crucial as its detection capability. This study was
conducted to address a gap in the literature upon
being noticed that the combination of GCN, GAT,
and GIN networks through transfer learning has not
been employed in the field of steganalysis before.

A new model with an effective inference time and
high accuracy has been developed. In the study,
which adopts the transfer learning method, the pre-
trained BERT model was finetuned to model feature
differences. Then, the feature information acquired
by the finetuned model was transferred to the tiny
GCN, GAT and GIN networks separately. In the last
phase, a transfer learning approach was used to
combine the knowledge that BertGCN, BertGAT, and
BertGIN had acquired. When the findings are
evaluated, it is found that the work applied here
provides results that are superior to those achieved
by state-of-the-art methods in terms of both
inference time and model accuracy. In later versions
of the study, it is intended to assess the classification
and inference time per-formance of quantum ML on
graph-based steganalysis data.
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Table 1. Comparison of detection accuracy, model size and inference results.

Steganography Dataset Steganalysis Acc-1 Acc- 3,22 Average Average
Method bpw bpw Model Size Inference Time
VLC-Huffman IMDB MS-TL (Incorporation of 0.9711 0.9285 18.70M (x2.67) 1.22s (x8.13)
(Yang et. al 2019 (a)) BiLSTM and tiny CNN)
(Peng et. al 2021)
Custom  The Proposed Model 0.9706 0.9812 19.23M (x1.12) 1.09 s(x2.45)
Dataset  (Incorporation of
GCN,GAT and GIN)
Acc - 1bpw Acc - 3bpw
Bin-LM IMDB MS-TL (Incorporation of 0.8660 0.9435 19.21M(x2.08) 1.365(x7.56)
(Fang et. al 2017) BiLSTM and tiny CNN)
(Peng et. al 2021)
Custom  The Proposed Model 0.9353 0.9535 20.15M(x1.65) 1.21 5(x3.67)
Dataset  (Incorporation of

GCN,GAT and GIN)

Table 2. Detection accuracy of different steganalysis methods on the Bin-LM and the VLC-based encoding methods.

Steganography Type
VLC-Huffman (Yang et. al 2019 (a)) Bin-LM (Fang et. al 2017)
Dataset IMDB IMDB
Method bpw 1.00 1.82 3.22 441 1 2 3 4
LS-CNN (Wen et. al Acc 0.9720 0.9525 0.9270  0.8585 0.8395 0.8965 0.9395 0.9630
2019) R 0.9740 0.9430 0.9250 0.8600 0.8280 0.9010 0.9510 0.9620
TS-BiRNN (Yang et. Acc 0.9595 09575 0.9100 0.8565 0.8470 0.8855 0.9335  0.9660
al 2019 (c)) R 0.9540 0.9620 0.8940  0.8540 0.8580 0.8800 0.9280  0.9750
R-BiLSTM-C (Niu et. Acc 0.9765 0.9600 0.9175  0.8545 0.8445 0.9060 0.9395  0.9645
al 2019) R 0.9750 0.9540 0.9060 0.8390 0.8680 0.8990 0.9490 0.9740
BiLSTM-Dense Acc 0.9633  0.9458 0.9233  0.8580 0.8435 0.8980 0.9415 0.9675
(Yang, H et. al 2020) R 0.9100 0.9410 0.9243 0.8890 0.8260 0.9100 0.9350 0.9770
MS-TL (Peng et. al Acc 0.9711 09655 0.9285 0.8715 0.8660 0.9115 0.9435  0.9720
2021) R 0.9711  0.9664  0.9440  0.8670 0.8770  0.9120  0.9490  0.9680
GCN (Wu et. al bpw 1.000 2.183 3.285 - 1 2 3 -
2021) Acc 0.784 0.913 0.960 - 0.859 0.939 0.967 -
R 0.769 0.911 0.964 - 0.851 0.929 0.967 -
LS-BGAT (Xiang et. bpw (Any bpw data was not given by them) - - - -
al 2022) Task-2 Acc 0.951 - - - -
(Only with VLC) R 0.976 - - - -
Sesy (Bert-GAT) bpw 1.000 1.838 2.498 3.721 1.000 1.777 2.467 3.855
(Yang, J et. al 2021) Acc 0.839 0.916 0.937 0.977 0.931 0.953 0.971 0.988
R 0.976 0.975 0.972 0.985 0.944 0.973 0.978 0.989
HGA (Steganalysis) Steganography Type
(Fu et. al 2022) VLC-Huffman (Yang et. al 2019 (a)) (Yang et. al 2021)
bpw 1 2 3 - 1 2 3 -
Acc (Recallis  0.935 0.923 0.91 - 0.898 0.883 0.849 -
not provided
by them)
OURS Steganography Type
VLC-Huffman (Yang et. al 2019 (a)) Bin-LM (Fang et. al 2017)
(Custom Dataset. All corpus included)
bpw 1.00 1.82 3.22 4.41 1 2 3 4
Acc 0.9706 0.9775 0.9812 0.9846 0.9353 0.9448 0.9535 0.9611
R 0.9534 09679 0.9769  0.9853 0.8959 0.9024 0.9133  0.9275
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Table 3. Detection accuracy and inference time of steganalysis methods and modelling feature differences (finetuned)

Method Acc- Acc- Inference

1bpw 3,22bpw Time (sn)
VLC-Huffman LS-CNN (Wen et. al 2019) 0.9720 0.9270 2.77
(Yang et. al 2019 TS-BiRNN (Yang et. al 2019 (c)) 09595  0.9100 257
(a) R-BiLSTM-C (Niu et. al 2019) 0.9765 0.9175 5.71
MS-TL Finetuned BERT (Peng et. al 2021) 0.9835 0.9570 53.63
Proposed Finetuned BERT (Custom Dataset) 0.9907 0.9732 38.17
MS-TL (Incorporation of BiLSTM and tiny CNN) (Peng et. al 2021) 0.9711 0.9285 1.22
The Proposed Model (Incorporation of GCN,GAT and GIN) 0.9706 0.9812 1.09

Method Acc Acc 3bpw  Inference

1bpw Time (sn)
Bin-LM (Fang et. al LS-CNN (Wen et. al 2019) 0.8395 0.9395 2.92
2017) TS-BIRNN (Yang et. al 2019 (c)) 08470  0.9335 2.84
R-BiLSTM-C (Niu et. al 2019) 0.8445 0.9395 6.02
MS-TL Finetuned BERT (Peng et. al 2021) 0.8830 0.9510 55.78
Proposed Finetuned BERT (Custom Dataset) 0.8995 0.9689 40.13
MS-TL (Incorporation of BiLSTM and tiny CNN) (Peng et. al 2021) 0.8660 0.9435 1.36
The Proposed Model (Incorporation of GCN,GAT and GIN) 0.9353 0.9535 1.21

Table 4. Comparison of Distilled and Incorporated Models Detection Accuracy

Steganography Model Acc Values on IMDB and Our Dataset
1lbpw 3bpw
Bin-LM (Fang et. al 2017) Tiny CNN (Peng et. al 2021) 0.8505 0.9410
Tiny BiLSTM (Peng et. al 2021) 0.8580 0.9405
Tiny CNN-BILSTM (Peng et. al 2021) 0.8532 0.9413
Incorporated CNN+BILSTM (Peng et. al 2021) 0.8660 0.9435
1bpw 3bpw
Tiny BertGCN 0.8792 0.9534
Tiny BertGAT 0.8816 0.9598
Tiny BertGIN 0.8897 0.9612
Proposed Incorporated Model 0.9353 0.9535
VLC-Huffman (Yang et. al 2019 (a)) 1lbpw 3bpw
Tiny CNN (Peng et. al 2021) 0.9700 0.9150
Tiny BiLSTM (Peng et. al 2021) 0.9705 0.9195
Tiny CNN-BiLSTM (Peng et. al 2021) 0.9711 0.9188
Incorporated CNN+BILSTM (Peng et. al 2021) 0.9700 0.9285
1lbpw 3.22bpw
Tiny BertGCN 0.9224 0.9556
Tiny BertGAT 0.9396 0.9673
Tiny BertGIN 0.9445 0.9738
Proposed Incorporated Model 0.9706 0.9812
AC (Ziegler et. al 2019) 1lbpw 3.22bpw
Tiny BertGCN 0.9109 0.9628
Tiny BertGAT 0.9376 0.9653
Tiny BertGIN 0.9532 0.9694
Proposed Incorporated Model 0.9715 0.9876
SAAC (Shen et. al 2020) 1lbpw 3.22bpw
Tiny BertGCN 0.9257 0.9689
Tiny BertGAT 0.9449 0.9721
Tiny BertGIN 0.9574 0.9768
Proposed Incorporated Model 0.9736 0.9879
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Oz

Dagintk arama algoritmasi, tek amagh optimizasyon
problemlerinin ¢éziimiinde sik¢a kullanilan bir ydntemdir.
Ancak, cok amagli problemlerle basa ¢ikmak oldukga zorlu bir
surectir. Bu makale, ¢ok amacgli optimizasyon problemleriyle
basa cikabilmek igin "Daginik Arama Algoritmasi" (DA) olarak
adlandirilan yéntemin genisletilmesine yonelik bir Oneri
sunmaktadir. Onerilen yaklagim, DA algoritmasina cok amagli
optimizasyon algoritmasi olan Baskin Olmayan Siralama Genetik
Algoritmasi Il (NSGA-I1) yéntemindeki Yogunluk Mesafesi (CD) ve
Hizli Bastirilmamis Siralama kavramlarini ekleyerek hibrit ¢ok
amach optimizasyon algoritmasi 6nermektedir. Bu onerilen
algoritma, ZDT ve DTLZ test problemleri kullanilarak
degerlendirilmistir. Yapilan deneysel sonuglar, onerilen Cok
Amagcli Daginik Arama(CADA) algoritmasinin 19 farkli cok amagli
optimizasyon yontemi ile karsilastirildiginda, ZDT problemi igin
2.401GD ortalamaile birinci sirada, DTLZ probleminde ise 0.0035
IGD ortalama degeri ile altinci sirada yer aldigini géstermektedir.
Bu sonuglar, dnerilen algoritmanin karsilastirilabilir dizeyde
basarili bir performansa sahip oldugunu ortaya koymaktadir.

Anahtar Kelimeler: Cok Amagl Optimizasyon Algoritmasi; Dagdinik
Arama Algoritmasi; NSGA-II Algoritmasi; ZDT-DTLZ Problemleri

Afyon Kocatepe Universitesi

Abstract

The Scatter Search algorithm is a frequently used method in
solving single-objective optimization problems. However,
dealing with multi-objective problems is a highly challenging
process. This article proposes an extension of the method
referred to as "Scatter Search Algorithm" (SSA) to tackle multi-
objective optimization problems. The suggested approach aims
to augment the SSA algorithm by incorporating concepts from
the Non-Dominated Sorting Genetic Algorithm Il (NSGA-II)
method, specifically Density Distance (CD), and Fast Non-
Dominated Sorting. This proposed algorithm has been evaluated
using ZDT and DTLZ test problems. Experimental results show
that the proposed Multi-Objective Scatter Search (CADA)
algorithm ranks first with an average IGD of 2.40 for the ZDT
problem and sixth with an average IGD value of 0.0035 for the
DTLZ problem when compared to 19 different multi-objective
optimization methods. These results demonstrate that the
proposed algorithm exhibits a comparable level of successful
performance.

Keywords: Multi-Objective Optimization Algorithm; Scattered Search
Algorithm; NSGA-II Algorithm; ZDT-DTLZ Problems

1. Giris

Optimizasyon, belirli bir problem igin en uygun ¢éziimin
bulunmasi strecidir(Emel ve Taskin, 2002). Bu problemler
farkh tirlerde olabilir: strekli, ayrik, tek amagli veya ¢ok
amacl (Hassan, 2021). Problemin yapisina gére metotlar
ve modeller kullanilarak en uygun ¢6ziim bulunur. Gergek
dinyada karsilasilan optimizasyon problemleri, amag
fonksiyonlarinin sayisina bagl olarak tek veya ¢ok amagli
olarak siniflandirilabilir (Kamjoo ve ark., 2016). Tek amagli
hedefi
optimize etmeyi amaglar, bu yizden genellikle eniyileme

optimizasyon problemleri genellikle tek bir
veya karar agaci tabanli algoritmalar kullanilirken, ¢ok

amacgh  optimizasyon  problemleri icin  evrimsel
algoritmalar, gok amach pargacik siirii optimizasyonu veya
¢6zim bulma algoritmalari gibi 06zel algoritmalar
gelistirilmistir. Bu algoritmalar, mihendislik (Azizi ve ark.,
2023; Chen ve ark., 2023), ekonomi (Bilici ve Ozdemir,
2023; Cheraghi ve Jahangir, 2023), tip(Dorterler ve ark.,

2022; Patil ve ark., 2023; Sekkal ve ark., 2024), lojistik

(Ozdemir ve Dérterler, 2022; Heidari ve ark., 2023; Peng
ve ark., 2023) ve diger bir¢ok alanda gesitli problemlerin
¢O6ziimiinde kullanilir. Cok amagli problemlerin tek amagli
optimizasyon ydntemleriyle ¢6zilmesi genellikle zor
olabilir, bu nedenle bu tiir problemler icin 6zel olarak
gelistirilmis ¢ok amagh optimizasyon algoritmalari
bulunmaktadir. Cok amach optimizasyon, birden fazla
hedefin ayni anda optimize edilmesini ifade eder. Bu tir

optimizasyonun genel formuli asagidaki esitliklerde yer

almaktadir:
min/max  f,(x), m=12,....M (1)
Kisitlar: — gj(x) >0,j =1,2,....,J (2)
he(x) =0,k =12,....K (3)
x W <x < @i=12,..,n (4)

Burada m =1,2,...,M problemdeki amag kimesidir.

fm(x) amag fonksiyonunu belirtir. g;(x) >0,j =
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1,2, ....,] esitsizlik kisitlarini ifade ederken, h(x) =
0,k =1,2,....,K esitlik kisitlarini ifade etmektedir.

Son vyillarda, ¢ok amagh optimizasyon problemlerini
(CAOP) cesitli
gelistirilmistir (Ma ve ark.,

evrimsel
2021).
optimizasyon algoritmasi Vektér Degerlendirilen Genetik
Algoritmasidir (VEGA)(Schaffer, 1985). Daha sonra,
Niched Pareto Genetic Algorithm (NPGA) (rey Horn ve
ark., 1994), Multi Objective Genetic Algorithm (MOGA)
(Murata ve Ishibuchi, 1995), Nondominated Sorting
Genetic Algorithm Il (NSGA-II) (Deb ve ark., 2000), Pareto
Archived Evolution Strategy (PAES)(Knowles ve Corne,
2000), Strength Pareto Evolutionary Algorithm Il (SPEA-I1)
(Zitzler ve ark., 2001), Pareto Envelope-Based Selection
Algorithm Il (PESA-Il) (Corne ve ark., 2001), Multiple-
Single-Objective Pareto Sampling (MSOPS)(Hughes, 2003)
ve Orthogonal Multi-Objective Evolutionary Algorithm Il
(OMOEA-II)(Zeng ve ark., 2005) gibi birgok evrimsel
algoritma onerilmistir. Ancak, bu algoritmalarin bazi

¢o6zmek igin algoritmalar

ilk ¢ok amagli

sinirlamalari vardir. Ornegin, NSGA-Il algoritmasi, ézellikle
yuksek boyutlu problemler ve ¢ok sayida amag fonksiyonu
iceren problemler igin hesaplama verimliligi agisindan
sinirlamalara sahiptir(Tian ve ark., 2016). Ayrica, mevcut
algoritmalarin ¢ogu, yerel optima takilma sorunuyla karsi
karsiya kalabilir ve bu da ¢6zim kalitesini olumsuz
etkileyebilir(Li ve Li, 2021).

Bu calismada, NSGA-II algoritmasinin Yogunluk Mesafesi

tek amagli Daginik Arama algoritmasini ¢ok amach bir
algoritmaya donistirmek amaglanmistir. Bu yaklasimin,
literatirdeki daha iyi

mevcut yontemlere kiyasla

performans gostermesi ve vyerel optimale takilma

sorununu  azaltmasi  hedeflenmektedir.  Onerilen
algoritma, ZDT ve DTLZ test problemleri kullanilarak
degerlendirilmistir. Deneysel sonuglar, 19 farkh ¢ok
amagl optimizasyon yontemleri ile karsilastiriimistir.
Makale su sekilde dizenlenmistir. B6lim 2.1, ZDT ve DTLZ
problemleri tanitilmistir. B6lim 2.2°de NSGA-II, Daginik
arama algoritmasi ve Onerilen yontem agiklanmistir.
Bolim 3'te algoritmalarin ZDT ve DTLZ problemleri
Gzerindeki performanslari karsilastiriimistir. Bolim 4'te

sonuglar sunulmustur.
2. Materyal ve Metot
2.1 Materyal

2.1.1. ZDT Test Problemleri

Zitzler, Deb ve Thiele (ZDT) (Zitzler ve ark., 2000) , farkh

evrimsel yodntemlerin  performansini
ZDT1-Z2DT6
onermislerdir. Bu fonksiyonlar iki hedefle ilgili sorunlari
ZDT problemleri, [0, 1]
degiskenlere sahiptir. Fonksiyonlar, disbikey (ZDT1 ve
ZDT4), icbukey (ZDT2 ve ZDT6) ve baglanti kesme (ZDT3)

olan Pareto cephelerini sunar. ZDT problemlerinin pareto

¢ok amaglh

karsilastirmak icin fonksiyonlarini

ele almaktadir. araliginda

cepheleri, formilleri ve arama uzay bilgileri Cizelge 1'de

ve Hizli Baskinlk Siralama yaklasimlarindan yararlanarak verilmistir.
Cizelge 1. ZDT test problemleri
Problem Pareto Cephe Formiil Arama Uzayi
1 filx) = x;
\\ f2(6) = g)R(f1(x), g(x))
® \ 9 30 0 S xl S 1
ZDT1 ' \ gx)=1+ 29 X;
- = 1<i<30
.
(x) f1(x)
" h(fi(x), g(x)) =1 -
(i), 9@) o
""“-\ fi0) =
o =t
p - 60 = g@h(f (), 9(x)) v <1
& \ 9 30
! <<
ZDT2 \ 9@ =1+5>"x 1<i<30
\ i=2
L A®Y
f(x 1
' h x),g(x))=1-—
(i@, 9) (g(x)>
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i) =x,
f2(x) = g)h(fi(x), g(x))
" [+ Pareio o] 9 30
NG _
: ‘\ : g(x)—1+ﬁ._2xi 0<x;<1
i O\ - .
@O & X R(£,00,9(0) t=r=30
1
1 | \ . A®
\ -—1_
TT T \ . (x)g(x)
fi (x) — (;(x))Sln(lonfl(x))
filx) =x
._\\ f2() = gCOR(fi(x), () Osx=1
Z \,‘\ 10 —5<x, <5
: _ 2 _ .
ZDT4 | \\; : gx) =91+ ;(xi 10 cos(4mx;)) 2 <i<10
\...
= G
T he T —q- 1)
h(G9) =1~ [
. T — fi(x) = 1 — exp(—4x;)sin®(6mx;)
\.'s'-\.. fZ(x) = g(x)h(fl(x)’g(x)) 0< X <1
ZDT6 z B 10, x,]"*° 1<i<10
T - \_.\\ gl =1+ 9[—]
..... e \\ ,
_ fi(x)
2.1.2. DTLZ Test Problemleri birden ¢ok vyerel Pareto-optimal cephe araciligiyla

DTLZ, 2005 yilinda Deb, Thiele, Laumanns ve Zitzler
tarafindan onerilen test problemleridir (Deb ve ark.,
2005). DTLZ (DTLZ1-DTLZ7) takiminda yedi test fonsiyonu
bulunmaktadir. DTLZ problem setleri, birkag 6zellikten
olusur ve birkag CAOA yetenegini degerlendirir. DTLZ1,
DTLZ3 ve DTLZ6 tipik olarak ¢cok modludur ve CAOA'larin

yvakinsamasini degerlendirir. CAOA'lar, yerel Pareto
cephelerinin varligi nedeniyle Pareto optimal cephesine
yakinsama sorunlari  yasarlar. CAOA'larin  ¢esitli

bicimlerdeki sorunlari ¢6zme yetenegini inceleyen DTLZ2
ve DTLZ4-DTLZ7 dahil olmak lizere baska test sorunlari da
vardir. DTLZ problemlerinin pareto cepheleri, formdilleri
ve arama uzay bilgileri Cizelge 2’de verilmistir.
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Cizelge 2.Dtlz test problemleri (Deb ve ark., 2005; Zou ve ark., 2011; Huang ve Chen, 2020)

Problem Pareto Cephe Formiil Arama Uzayi
1
fi(x) = Exlxz -"xM—l(l + g(xM))
056 - 1
f2(x) = Exlxz -1
04 —xy-1)(1 0<x; <1
DTLZ1 Sl +90aw) 1<i<n
0.4
°4~ S Ty 0z fulx) = 1(1 —x)(1+ g(xa))
2 06 086 1 2
fikx) = (1 + g(xM)) cos(x; 7
\2) cos(x,m
\2) ...cos(xy_1m\2)
f(x) = (1 + g(xM)) cos(x;
\2) cos(x,m 0=x; =1
OTLZ2 \?) e Sin(xy_1m\2) l<i<n
Su(x) = (1 + g(xM)) sin(x;m\2)
g0 = ) (n=05)
fikx) = (1 + g(xM)) cos(x; 7
\2) cos(x,m
\2) ...cos(xy_1m\2)
f(x) = (1 + g(xM)) cos(x,m
\2) cos(x,m
\2) ...sin(xy_,7\2)
Ful0) = (1 + 9(0) sinCam2) =rsd
DTLZ3 ‘ 1<i<n
gQxy)
=100 ||xy]
+ Z (xi

—0.5)2 —cos(20m(x; — 0.5))
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filx) = (1 + g(xM)) cos(xi'm
\2) cos(xgm
\2) ...cos(xp_,m\2)

fo(x) = (1 + g(xy)) cos(xfm
\2) cos(x5m
\2) ...sin(xg_;m\2) 0<x; <1

DTLZ4 Tt W

fu @) = (1 + g(xy)) sin(xfm\2)

gCaw) = ) (1= 0.5y

Xi€xXMm

fikx) = (1 + g(xM)) cos(6,m
\2) cos(6,m
- \2) ...cos(xy_1m\2)

05 f2(x) = (1 + g(xM)) cos(0;m
\2) cos(6,m
oL \2) ...sin(fy_,m\2) 0<x <1
= e 0 )
05 -os T e . 1<i<n
DTLZ5 g1 g

fu@) = (1 + g(xy)) sin(6;m\2) 2<l<M—-1)

g0 = ) (0= 05)

Xi€XM

x
0; = m(l +2g()x)

fikx) = (1 + g(xM)) cos(6,m
1. \2) cos(6,m
‘ \2) ...cos(xp_1m\2)

o 05
fo(x) = (1 + g(xM)) cos(f,m
. \2) cos(0,m
0 = \2) ...Sin(@M_lTE\Z) 0< X; <1
v 02
’ B B.e ¢4 ’
2 1 08

DTLZ6 o
fu(x) = (1 + g(xp)) sin(6;7\2) 2<lsM-1)

X
0; = m(l +2g()x;)

9(xm) = Z x>

Xi€xXMm
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fikx) = x,
6
5 fS(x) = X3
o4 .
3 0< X; <1
2.
DTLZ7 ° : , 'o fu(x) <i<n
- 05 = (1+g(xM))h(f1!f2' "'!fM—l!g)!
f2 i f1
9
gley) =1+— Z X
|2t |
Xi€EXM
2.2 Metot Olusturulan RefSet'ten, birlestirme islemlerini
2.2.1. Baskin Olmayan Siralama Genetik Algoritmasi Il gerceklestirmek icin alt kimeler olusturulur. Bu  alt

(NSGA-II)

Genetik algoritma temelli gesitli ok amagli optimizasyon
algoritmalan gelistirilmistir. Bu algoritmalar arasindan
literatlirde en ¢ok tercih edilenlerden biri NSGA-II olarak
adlandirilan bastirilmamis siralama genetik
algoritmasidir. NSGA-II algoritmasi 2002 yilinda Srinivas

ve Deb tarafindan gelistirilmistir (Deb ve ark., 2002).

NSGA-II algoritmasi temelde iki bélimden olusur.
1.  GA Operatérleri: segim, ¢gaprazlama, mutasyon

2.  Pareto Fonksiyonlari: Baskin olmayan siralama

fonksiyonu, Kalabalik mesafe fonksiyonu

Rastgele N boyutlu kisitlara uygun sekilde baslangi¢
popilasyonu olusturulur. Ardindan ¢o6ziimlerin tiim
amaglari Elde edilen uygunluk degerleri
Baskinhk

degerlerine gore ylzeyler olusturulup siralanir ve CD

hesaplanir.
kullanilarak baskinlik degerleri hesaplanir.
degerleri hesaplanir. Daha sonra ¢aprazlama ve mutasyon

islemleri icin kalabalk mesafe tahmin prosediri
yardimiyla turnuva sec¢imi kullanilarak parent havuzu
olusturulur. Daha sonra cesitlilik operatorleri uygulanir.
NSGA-II algoritmasinin akis diyagrami Sekil 1’de sematik

olarak gosterilmistir.

2.2.2. Daginik Arama Algoritmasi

Dagilm arama yontemi ilk olarak Glover tarafindan
1977'de gelistirilmistir (Glover, 1977). Bu y6ntem, yeni
¢OzUmler elde etmek icin referans seti (RefSet) adi verilen
bir dizi ¢6zUmin birbirleriyle kombinlenmesini igerir.
RefSet, popiilasyondaki en iyi bireyleriicerir ve bu bireyler
uygunluk ve gesitlilik bazinda segilir. Ornegin, bir ¢6ziimiin
uygunluk degeri, referans kiimesine girmeye aday diger
¢6zUmlerden daha disiik olabilir. Ancak, bu birey

cesitliligi artirlyorsa, referans kiimesine dahil edilir.

kiimelerdeki bireyler birlestirilerek yeni bireyler elde
edilir.

BASLA

| Popiilasyon Olugtur |

|

| Uygunluk Degerlerini Hesapla |

]

| Yiizeyleme yap |

]

| Kalabalik Mesafe Hesapla |

I

| Turnuva Segim Yap

!

| Mutasyon - Caprazlama |

l

| Mevcut Pop ile Yeni Pop Birlestir |

1 HAYIR
| Yiizeyleme yap |

!

| Kalabalik Mesafe Hesapla |

|

Bir Sonraki Nesile Gegecek Bireylerin
Sagim Islemini Yap

Durdurma Kriteri

Saglyor mu?

BITIR

Sekil 1. NSGA-II akis diyagrami

Yeni bireyler ve mevcut RefSet ¢oziimleri bir havuzda
toplanir. Daha sonra, bu havuzdan farkli yontemler
kullanilarak bireyler secilir ve RefSet glincellenir. Eger
RefSet giincellemesi sonrasinda herhangi bir degisiklik
olmazsa, yeni bir popilasyon olusturulur ve sireg
durdurma kriteri saglanincaya kadar devam eder. Daginik
arama yonteminin akis semasi Sekil 2’de sematik olarak
gosterilmigtir.
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| Baslangig pop olustur |

!

_pl Referans seti (RefSet) olustur |
| RefSet 'den alt setler seg | N

!

Cozim kombinasyon yantemlerinin
uygulanmasi ve degerlendirilmesi

!

Refset giincelle

!

EVET

RefSet degistir
mi?

EVET

—| BITIR

Durdurma Kriteri
Saghyor mu?

HAYIR l

—| Yeni pop dret |

Sekil 2. Daginik Arama Algoritmasinin Akis Diyagrami

2.2.3. Onerilen Cok Amach Daginik Arama Algoritmasi

hedefler
baskin

NSGA-II
gerektirmeksizin

hakkinda o6n bilgi
¢ozUmler

algoritmasi,
kiimesini  elde
literatirde en ¢ok tercih edilen
NSGA-Il, hizli

yaklasimi ve kalabalik mesafe hesaplamasiyla her bir

edebilmesiyle
yontemlerden biridir. baskin siralama
¢6zim icin tekrarlamalara gerek kalmadan hesaplama
karmasikligini en aza indirir. Ancak, NSGA-II'nin 6zellikle
yuksek boyutlu problemler ve ¢ok sayida amag fonksiyonu
iceren problemler igin bazi sinirlamalari bulunmaktadir.
Bu sinirlamalar, yerel optimale takilma ve hesaplama
verimliligi agisindan performans disukligine yol agabilir.

NSGA-II'nin  bu
yararlanarak, tek amagli Daginik Arama algoritmasini ¢cok

Bu c¢alismada, avantajlarindan
amach hale getirilmistir. Onerilen algoritmada, NSGA-
II'nin Kalabalik Mesafe (CD) ve Baskinlik Siralamasi (Non-
kullanilarak  RefSet
gerceklestirilmistir.

Dominated Sort) yodntemlerini

guncellemeleri Ayrica,  Elitizm
yontemi ile en iyi bireyler hafizada tutulmustur. Bu
sayede, algoritma hem yerel optimale takilma sorununu
azaltmakta hem de hesaplama verimliligini artirmaktadir.
Cok amagcli Daginik Arama algoritmasinin akis diyagrami

Sekil 3'te gosterilmistir.
2.2.3.1. Caprazlama

Bu calismada yeniden Uretme islemi igin operatorler
Genetik
algoritmadaki gaprazlama operatorlerinden uniform ve iki

asagida  ayrintih  olarak  agiklanmistir.

nokta caprazlama yontemleri Sekil 4’te, ayirma ve ters

caprazlama yontemleri ise Sekil 5‘te

Uniform c¢aprazlama teknigi,

gevirme
gosterilmistir. rastgele
secilen bir noktada genlerin yer degistirilmesi islemidir. iki
nokta ¢aprazlama teknigi ise rastgele belirlenen iki nokta

arasindaki genlerin yer degistirilmesidir.

| Baslangic pop olugtur |

Referans seti (Refset) olustur |

———|
- —
| RefSet ‘den alt setler se¢ |
Coziim kombinasyan yéntemlerinin
Mutasyon -— ve deg -
Bastinilmis Siralama
Yogunluk Mesafe _.l RefSet gincelle
EVET
RefSet deisti
mi2
HAYIR 1
EVET
Durdurma Kriteri - "
Sagiiyor mu? ——p| PARETO YOZEYI

HAYIR 1

| Yeni pop dret |

Sekil 3.Cok Amach Daginik Arama algoritmasinin akis diyagrami

Ebeveyn 1 | 1 0 1 0 1 0 1 0 0 0

Cocuk [0 0 1 o I 0 1 I 0 o

Ebeveyn 2 | 0 1 0 0 1 0 1 1 0 0

Ebeveyn 1 | 0 0 0 0 1 0 1 0 1 1

Couk O 0 1 I I 0o 1 0 1 1

Ebeveyn2[I 0 1 1 1 0 0 0 0 1

(b)
Sekil 4.(a) Uniform ve (b) iki nokta caprazlama (Hakli ve Ortacay,
2019)

Ebeveyn 1 | 1 0 1 1 0 1 0 1 1 0

Cocuk  [1

Ebeveynz\fu 1 1 0o 1 Jo 1 1 0 1

Ebeveyn 1 ‘ 1 0 1 0 0 1 1 1 0 0

Cocuk  [1 1

Ebeveyn2[l Jo o 1 JI o 1 o 1 o0

(b)
Sekil 5.(a) Ayirma ve (b) Ters gevirme gaprazlama (Hakli ve
Ortacay, 2019)

Ayirma caprazlama yontemi, belirtilen iki bireyden ayni
farkli
degistirilmesi islemidir. Ters c¢evirme caprazlama ise

boyutta iki noktayr secip bu noktalarin yer

1156



CADA Algoritmasinin ZDT ve DTLZ Test Problemlerinde Uygulanmasi, HABER ve UGUZ.

secilen iki nokta arasindaki genlerin ters cevrilerek diger
bireye eklenmesidir.

2.2.3.2. Mutasyon

Cok Amacli Problemleri (MOP'ler) ¢bzen Cok Amacgh
Evrimsel Algoritmalar (MOEA'lar) igin Deb ve Goyal
(1996), (PLM) adi
varyasyon mekanizmasi 6nermistir (Deb ve Goyal, 1996).

Polinom Mutasyonu verilen bir
Bu operatér, daha sonra Deb ve Tiwari (2008) tarafindan
gelistirilmistir (Deb ve Tiwari, 2008).

Rastgele deger r<0,5 ise, sol tarafa (XLow ve Xi arasindaki
bolge) 6rneklenir; aksi takdirde r> 0,5 ise sag tarafa (Xi ile
PLM karar
degiskeninin arama uzayinda bilylik sigramalara izin

XUpper arasindaki bdlge) 6rneklenir.
verdigi icin, optimizasyon siirecinin yerel optimumdan
kagma sansi daha yliksektir ve sinirdayken bir ¢6zimi
degistirebilir. Polinom mutasyon ile ilgili kaba kod, Sekil

6'da verilmistir.

1: 70

2: repeat

32 r<Ul0,1]

4. if (r < P,,) then

- o1 < UB—IB;

6 (52 — l('lf _LZL-

7 r « U|0,1]

8 if (r < 0.5) then

9 8 —[2r + (1 — 2r) x (1 — &;)m ]!
10: else

1: L= 21 = ) +2(r — 0.5) x (1 — &) +1]ams1
12: end if

13: T — T+ (5k.(UBi — [JBi)

14:  end if

15: until i++==m

Sekil 6.Polinom mutasyon (Abed-Alguni ve Paul, 2020)

3. Bulgular

Onerilen yéntemin basarisini degerlendirmek ve diger
yontemlerle karsilagstirmak amaciyla elde edilen sonuglar
bu bélimde sunulmaktadir. Yontemler Intel® Core™ i7,
2.40 GHz CPU, 16GB RAM, 64-bit isletim sistemine sahip
bilgisayarda ve Matlab 2021 uygulama gelistirme aracinda
cahstirimistir.

Yontemin performans degerlendiriimesi icin ¢ok amagli
optimizasyon benchmark problemleri olan ZDT ve DTLZ
test fonksiyon setleri kullaniimistir. ZDT problemi, belirli
ozelliklere sahip alti farkh problemden olusmaktadir. Her
fonksiyon, disbikeylik, icblkeylik, ¢cok modluluk veya
stireksizlik gibi belirli bir zorluk derecesine sahiptir. Bu tiir
ozellikler, algoritmalarin farkh kosullar altinda test
edilmesine olanak tanir. DTLZ kiyaslama seti ise esnek ve
uygulanmasi kolay yedi problemden olusmaktadir. Tim
bu kiyaslama islevleri, ¢ok amacgh yaklasimlarin

performansini dogrulamak igin ilgili literatliirde yaygin
olarak kullaniimaktadir. Onerilen yaklasimin kapsaml bir
sekilde test edilmesi icin ZDT ve DTLZ problem setleri
segilmistir. Problemlerin tanimlari Cizelge 3’de verilmistir.
Onerilen yéntemin parametreleri Cizelge 4" de
gosterilmektedir.

Cizelge 3.Deneysel Test Problemlerinin Tanimlamalar

Popiilasyon Maksimum
Ama¢  Boyut
Problem Boyutu Fes Sayisi
Sayisi (D)
(N) (MFC)
ZDT1-
2 30 100 4x10°
ZDT3
ZDT4,
2 10 100 4x10°
ZDT6
DTLZ1 3 7 500 10°
DTLZ2-
12 500 10°
DTLZ6
DTLZ7 3 22 500 10°
Cizelge 4.Parametreler
Parametre Degeri
Calisma Sayisi (Run) 30
Mutasyon Orani 0.2
RefSet Boyutu 20
Dagitim endeksi 20
Parametrelerin degerleri, belirli araliklarda yapilan

denemeler sonucunda belirlenmistir. Mutasyon orani
0.07, 0.2, 0.5 ve 0.7 degerleri ile 10 kez calistirilmistir. En
uygun degerin 0.2 olduguna karar verilmistir. RFC degeri
ise 10 ve 20 olarak 10 kez galistirilmistir.

CADA algoritmasinin performansini degerlendirmek igin
IGD (Inverted
kullanilmigtir. IGD, algoritmalarin Urettigi ¢ozimlerin

Generational  Distance) metrigi
gercek Pareto optimial sinir ile ne kadar yakin oldugunu
Olcer. Pareto optimial sinir, higcbir amag fonksiyonunu
digerini kotllestirmeden optimize edilemeyen ¢dziimlerin
kiimesidir. Bu metrigin hesaplanmasi igin, algoritma
tarafindan Uretilen ¢ozimlerin gergcek Pareto optimal
sinirina  olan mesafeleri ol¢llir ve bu mesafelerin
ortalamasi alinarak bir skor elde edilir. Daha diistk bir IGD
degeri, algoritmanin daha iyi performans gosterdigini
gosterir. CADA algoritmasinin ZDT1, ZDT2, ZDT3 ve ZDT6
problemleri Uzerinde yakinsama grafikleri Sekil 7’de

gosterilmistir.
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PROBLEW: ZDT1

PROBLEM: ZDT2

25 . . . T . ‘ : : s . : ‘ . . ;
+  MNon dominated N '*% o @y %0 o
©  Fes: 5000 0gr : ° g 1
5 Fes: 10000 i e}
d % Fes 20000 || usr g ]
[ 2 Foe oo Y ]
N 148F o B 0+ %f i
g o o] E" L &%&h |
E Oo E 05 ﬁ%‘v
L 1 04t ‘%% 1
?"?"‘3.,"\ @ ST +  Non dominated &
'%%%% o 03r ©  Fes: 5000 2‘5.;% 1
0&f i " 4 L Fes: 10000 B |
.wwM 0? % Fes: 20000 12%
M L +  Fes: 30000 oo |
o ‘ . . . . . %«ﬁm_ o Fes: 40000 ‘%
0 01 02 03 04 . 0.51 06 07 08 08 1 DD 0'1 nlz 0'3 mla 0'5 n‘a D'T nle 0'9 y
mag Arnac 1
(a) (b)
. PROBLEM: ZDT3 ) PROBLEM: ZDTE
: : ‘ ; . o ® 8 5 "5 o
+  Mond ted o]
o boncom ol g, | |
Fes: 10000 T S o g,
, v Fes200mD || o8y TR E
3 o 4 Fes: 30000 07 wiFy o . |
) Fes: 40000 \* o B
rer o ] 0Bf & e i
o o 4 o {P* b
[T E & L * J
£ 1”‘1% o £ oe **# ¥
0l ol i o 1 04r +  Mon dominated : #* # ?xx;
' o ©  Fes 5000 N
. 5
o { 2 0.3r Fes. 10000 *;.* 1
ur @ ] % Fes 20000 +
v\ 02y 4 Fes: 30000 + ]
0.5 1 0 Fes: 40000 I
! 0 D.‘W D.I2 D.‘3 D.Ifi D.‘S D.IB D.‘T D.IB 09 DD.2 D.I3 D.I4 D.IS D.‘B D.I'.f D.IB D.IE! 1
Amag 1 Amag 1
(c) (d)
Sekil 7(a) ZDT1, (b) ZDT2,(c) ZDT3 ve (d) ZDT6 yakinsama grafikleri
Sekil 7 incelendiginde, ZDT1, ZDT2 ve ZDT3
problemlerinde 20000 Fes'de Pareto yiizeyine ulagildigi ~ Sizelge 5. Onerilen yontemin IGD dfg?_rle”
goriilmektedir. Ancak, ZDT6 probleminde 40000 Fes ENIVI ENKOTU ORT. STD
tamamlandiginda dahi tam olarak Pareto vylzeyine ZDT1  0.0001  0.0048 0.0046  0.0001
erisiiememistir. CADA yonteminin her bir problem ZDT2 0.0000 0.0050 0.0041 0.0013
Gzerinde 30 kez galistirma sonucunda IGD metriginin en DT ZDT3 0.0000 0.0345 0.0069 0.0066
iyi, en kotd, ortalama ve standart sapma degerleri Cizelge ZDT4 0.0000 0.1380 0.0155 0.0343
5'te verilmigtir. ZDT6 0.0000 00041  0.0033  0.0011
Algoritmanin  ZDT ve DTLZ problemleri (zerindeki
basarisini  6lgmek icin 6nerilen CADA algoritmasi,
RVEAIGNG (Liu ve ark., 2022), MWDEO(Ewees ve ark., ENIYI ENKOTU ORT. STD
2021), MOEA/D(Zhang ve Li, 2007) , RVEA(Cheng ve ark., DTLZI 00145 0.2964 0.0274 0.0501
2016), MOPSO(Coello ve Lechuga, 2002), SMPSO(Nebro ve DTLZ2  0.0000  0.0314 0.0268 0.0088
ark., 2009), NSGA-II (Deb ve ark., 2002), MOALO (Mirjalili DTLZ3 O'OOOO 1'0056 0'0786 0'1734
ve ark., 2017) , SHAMODEWO (Panagant ve ark., 2019) , ' ' ' '
R C s DTLZ . . . .
MOMVO(Mirjalili ve ark., 2017) , MOGOA(Mirjalili ve ark., DTLz4  0.0000  0.0317 0.0266 0.0087
2018) , MOGWO(Mirjalili ve ark., 2016) , KnEA(Zhang ve DTLz5 0.0000 00017  0.0012  0.0004
ark., 2014) , PICEAg (Wang ve ark., 2012) , MOEADSTM (Li DTLz6 0.0000 00085  0.0035  0.0019
ve ark., 2013) , NSGA-III (Deb ve Jain, 2013) ve GREA (Yang DTLZ7 0.0000  0.3413 0.0391  0.0541

ve ark., 2013) isimli cok sayida ¢ok amagh optimizasyon
algoritmasi ile karsilastiriimistir.
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Bu algoritmalar, iyi performans ve rekabetci sonuglar
gosterdikleri icin secilmistir. Ayrica, bu tlr yontemler ilgili
yaygin
kullanilmaktadir. Bu algoritmalarin sonuglari Ewes ve

literatirde  karsilastirmalar  igin olarak

(Ewees ve ark., 2021). Yontemlerin 30 kez calistirma
sonunda elde edilen IGD dl¢iimlerinin ortalama sonuglari
ve karsilik gelen standart sapma (Std) degerleri Cizelge
6’da gosterilmektedir.

arkadaslari

Gizelge 6. Onerilen algoritmanin IGD sonuglari ve ZDT problemleri iizerinde karsilastirilan algoritmalar.

tarafindan yapilan c¢alismadan alinmistir

MWDEO MWDE MOEA/D RVEA MOPSO SMPSO NSGAIl MOALO SHAMODEWO CADA
Ortalama 0.0046 38.424 0.0112 0.0148 33.905 0.0049 0.0149 0.826 0.5606 0.0046
ZDT1 Std 0.0003 0.025 0.01 0.0029 111 0.0002 0.0065 0.0003 0.4845 0.0001
Sira 2 18 5 6 17 4 7 14 12 2
Ortalama 0.0048 24.672 0.0167 0.0172 46.869 0.0049 0.012 0.6095 0.6095 0.0041
ZDT2 Std 0.0002 0.025 0.0358 0.0044 8.48 0.0003 0.0015 0.0434 0.0503 0.0013
Sira 2 15 7 8 16 3 6 11 11 1
Ortalama 0.0402 35.528 0.0168 0.0355 38.288 0.0053 0.0941 0.7995 0.5472 0.0069
ZDT3 Std 0.0396 0.269 0.0085 0.0141 10.6 0.0002 0.0561 0.0029 0.473 0.0066
Sira 8 19 4 6 20 1 10 16 15 2
Ortalama 0.0049 69.899 0.0113 0.0153  13.533 1.4939 0.0111 0.2735 1.14 0.0155
ZDT4 Std 0.0003 0.0025 0.0054 0.0061 4.24 1.11 0.0016 0.0764 0.6498 0.0343
Sira 1 20 4 5 18 15 3 11 14 6
Ortalama 0.0037 5.1587 0.0054 0.0162 1.4103 0.0039 0.0074 0.1651 0.0294 0.0033
ZDT6 Std 0.0002 0.025 0.0013 0.0044 3.43 0.0002 0.0011 0.1117 0.0065 0.0011
Sira 2 15 5 9 13 4 6 12 10 1
Ortalama
Sira 3.00 17.40 5.00 6.80 16.80 5.40 6.40 12.80 12.40 2.40
SHAMODE MOMVO MOGOA MOGWO KnEA PICEAg GrEA NSGAIl MOEADSTM RVEAIGNG
Ortalama 0.0036 0.9839 0.9013 0.2818 0.3481 0.1068 0.1702 0.0046 0.0048 0.7883
ZDT1 Std 0.0009 0.016 0.0642 0.4837 0.0781 0.0754 0.0681 0.0006 0.0005 0.0651
Sira 1 16 15 10 11 8 9 2 3 13
Ortalama 0.6095 0.6861 0.7817 0.6095 0.1455 0.281 0.0078 0.0049 0.0057 1.4953
ZDT2 Std 0.0773 0.0091 0.0985 0.0947 0.0136 0.0547 0.0003 0.0017 0.001 0.3503
Sira 11 12 13 11 9 10 5 3 4 14
Ortalama 0.3488 0.912 1.2207 0.275 0.0318 0.1558 0.0395 0.0144 0.0469 0.5362
ZDT3 Std 0.299 0.0852 0.3893 0.4723 0.0131 0.0907 0.0333 0.0131 0.0864 0.114
Sira 13 17 18 12 5 11 7 3 9 14
Ortalama 0.2177 2.2231 2.9814 0.2815 0.3532 0.2377 0.202  0.005 0.0332 13.916
ZDT4 Std 0.2742 0.978 0.9698 0.4839 0.0512 0.0518 0.1033 0.0013 0.0457 6.795
Sira 9 16 17 12 13 10 8 2 7 19
Ortalama 0.0038 0.0147 0.0308 0.0037 0.0097 0.0039 0.0074 0.0039 0.0038 4.1236
ZDT6 Std 0.0005 0.0252 0.0501 0.0012 0.0043 0.0013 0.0035 0.0011 0.0012 0.8426
Sira 3 8 11 2 7 4 6 4 3 14
Ortalama
Sira 7.40 13.80 14.80 9.40 9.00 8.60 7.00 2.80 5.20 14.80
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ZDT2 ve ZDT6 problemlerinde Cok Amagh Daginik Arama
(CADA) algoritmasi 20 yontem arasindan en iyi sonucu
vermistir. ZDT1 ve ZDT3 problemlerinde ise CADA
algoritmasi 2. sirada gelmistir. ZDT4 probleminde CADA
yontemi 6. olarak orta diizeyde basari elde etmistir. CADA

yontemi 2.40 ortalama siralamasiyla en basarili yontem
olmustur. MWDEO yontemi ise 3.00 ortalama ile 2. sirada
gelmistir. Cizelge 7’de DTLZ problemleri tizerinde 30 kez
galistirma sonucunda elde edilen 1GD olglimlerinin
ortalama sonuglari ve karsilik gelen standart sapma (Std)

degerleri gosterilmektedir.

Cizelge 7. Onerilen algoritmanin IGD sonuglari ve DTLZ problemleri izerinde karsilastirilan algoritmalar

MWDEO MWDE MOEAD RVEA MOPSO SMPSO NSGAIlT MOALO SHAMODEWO CADA
Ortalama 0.0110 43.2200 0.0084 0.0157  5.2281 1.8398 0.0120 0.0944 0.0037 0.0274
DTLZ1 Std 0.0003 17.400  0.0001 0.0085 1.6023 1.6628  0.0003 8.8723 1.0001 0.0501
Sira 5 19 3 7 17 15 6 13 2 8
Ortalama 0.0218 0.4985 0.0219 0.0231  0.0324 0.0304 0.0309 0.2146 0.0501 0.0268
DTLZ2 Std 0.0000 0.0089 0.0000 0.0007  0.0007 0.0005 0.0004 0.0251 0.0016 0.0088
Sira 1 19 2 3 10 8 9 17 13 7
Ortalama 0.0229 248.38  0.0307 0.4486 53.6958 8.7553  0.0344 1.6806 0.0493 0.0786
DTLZ3 Std 0.0022 3.7000  0.0056 0.2974 35.8193 9.7907  0.0024 1.4903 7.3306 0.1734
Sira 1 20 2 9 18 16 3 12 6 7
Ortalama 0.0251 0.8685 0.1257 0.0226  0.1105 0.2563  0.0304 0.8351 0.8997 0.0266
DTLZ4 Std 0.0009 0.1710  0.2076 0.0002  0.0967 0.0902  0.0004 0.0666 0.0013 0.0087
Sira 4 16 11 2 10 12 8 14 17 6
Ortalama 0.0009 0.4268  0.0135 0.0393  0.0025 0.0011  0.0011 0.1107 0.0035 0.0012
DTLZ5 Std 0.0000 0.0575 0.0000 0.0041  0.0002 0.0000 0.0001 0.0091 0.0001 0.0004
Sira 1 18 11 14 6 2 2 15 8 3
Ortalama 0.0010 2.8857  0.0136 0.0446  1.3185 0.0011  0.0011 0.0030 0.0135 0.0035
DTLZ6 Std 0.0000 1.6800  0.0000 0.0081  0.7897 0.0000 0.0000 0.0184 0.0679 0.0019
Sira 2 17 12 15 16 3 3 4 11 6
Ortalama 0.0224 4.5597 0.06 0.0604 0.6932 0.0375 0.0313 0.1415 0.0449 0.0391
DTLZ7 Std 0.0005 0.968 0.0006 0.0038  0.3972 0.0027  0.0012 0.0866 0.0007 0.0541
Sira 1 19 11 12 17 6 5 14 8 7
Ortalama Sira 2.14 18.29 7.43 8.86 13.43 8.86 5.14 12.71 9.29 6.29
SHAMODE MOMVO MOGOA MOGWO KnEA  PICEAg GrEA NSGAIII MOEADSTM RVEAIGNG
Ortalama 0.0028 0.0614  0.1971 0.0742  0.0108 0.0472  0.0318 0.0084 2.5647 10.8794
DTLZ1 Std 0.5908 1.1161 12.8282 4.6956  0.0005 0.0298  0.0221 0.0001 0.7207 1.7325
Sira 1 11 14 12 4 10 9 3 16 18
Ortalama 0.0485 0.0766  0.2978 0.118 0.0265 0.024 0.049 0.0219 0.0281 0.1567
DTLZ2 Std 0.0011 0.0063 0.0392 0.0201  0.0003 0.0001  0.0007 0.0000 0.0007 0.0385
Sira 11 14 18 15 5 4 12 2 6 16
Ortalama 0.1044 0.5908 1.5597 1.7616  2.5219 7.4608  0.0489 0.0400 11.4591 169.3794
DTLZ3 Std 21.6842  18.5734 5.1478 355534 1.3436 0.1626  0.0155 0.0094 0.4788 53.0521
Sira 8 10 11 13 14 15 5 4 17 19
Ortalama 0.9095 0.9191 0.8564 0.9171  0.0267 0.0241  0.0479 0.0220 0.0288 0.3855
DTLZ4 Std 0.0011 0.0017  0.0569 0.0015 0.0004 0.0002 0.0011 0.0000 0.0013 0.0967
Sira 18 20 15 19 5 3 9 1 7 13
Ortalama 0.0032 0.0111 0.1596 0.0153  0.0017 0.0011  0.0202 0.0023 0.0043 0.1183
DTLZ5 Std 0.0001 0.0096  0.0091 0.0023  0.0001 0 0.0011 0.0003 0.0002 0.0325
Sira 7 10 17 12 4 2 13 5 9 16
Ortalama 0.0262 0.0076  0.0089 0.0047  0.0009 0.0010 0.0220 0.0037 0.0045 7.0499
DTLZ6 Std 0.1576 0.002 0.2045 0.0002  0.0000 0.0004 0.0004 0.0004 0.0000 1.6570
Sira 14 9 10 8 1 2 13 5 7 18
Ortalama 0.0546 0.1664  0.1155 0.3200 0.0274 0.0268  0.0552 0.0291 1.2677 4.7924
DTLZ7 Std 0.0019 0.0339 0.621 0.4509  0.0008 0.0005 0.0025 0.0005 0.3079 1.2132
Sira 9 15 13 16 3 2 10 4 18 20
Ortalama Sira 9.71 12.71 14.00 13.57 5.14 5.43 10.14 343 11.43 17.14
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CADA ydntemi,
probleminde 3.

IGD sonuglarina bakildiginda DTLZ1

basari  yontem olmustur. Diger
problemlerde ise 6-8 arasinda basarilar elde etmistir.
MWDEQO yontemi ise 4 problem uzerinde en basarih
sonuca ulasan algoritma olmustur. Diger problemlerde de
ilk 5’e girmeyi basarmigtir. Ortalama degerlere
bakildiginda, en basarili yéntem MWDEO olmustur. CADA
yontemiise 20 yontem arasindan ortalama olarak 6.sirada

gelmektedir.

4. Sonuglar ve Tartigsma

Dagintkk Arama metodu tek amagh optimizasyon
problemleri icin gelistirilmis bir algoritmadir. Dolayisiyla,
¢ok amach problemlerin ¢éziiminde etkili sonuglar elde
edememektedir. Bu galismada, Daginik Arama yéntemine
NSGA-Il metodunun Yogunluk Mesafesi (CD) ve Hizl
Baskinlk Siralamasi kavramlarini ekleyerek hibrit bircok
amach optimizasyon algoritmasi gelistirilmistir. Onerilen
Cok Amach (CADA)

performansini degerlendirmek igin ZDT ve DTLZ test

Daginik Arama algoritmasinin
problemleri lizerinde deneysel ¢alismalar yapiimistir. Elde
edilen sonuglar, 19 farkli ¢ok amagh optimizasyon
yontemleriyle karsilastiriimistir. Karsilastirma sonuglarina
gore, CADA algoritmasi ZDT problemi tizerinde en bagaril
yontem olurken, DTLZ problemleri Gizerinde 6. sirada yer

almigtir.

Mevcut optimizasyon algoritmalarinin yiksek boyutlu ve
¢ok sayida amag fonksiyonu iceren problemler karsisinda
yetersizlikleri bulunmaktadir. Bu ¢alismada gelistirilen
hibrit algoritma, bu eksiklikleri gidererek, hesaplama
verimliligini artirmakta ve yerel optima takilma sorunlarini
NSGA-II
avantajlarini Scatter Search ile birlestirerek daha etkin bir

azaltmaktadir.  Calismamiz, algoritmasinin

¢6zUm sunmaktadir.

NSGA-Il, ¢ok
¢6zmedeki basarisiyla taninirken, li¢ veya daha fazla hedef

amacgh optimizasyon problemlerini
sunuldugunda performansinda diisis yasanabilir. Bu
durum, ZDT problemlerinde elde edilen basarili sonuglara
karsilik DTLZ problemlerinde elde edilen altincilik
siralamasiyla da dogrulanmistir. Gelecek calismalarda,
NSGA-II'nin bir uzantisi olan ve (gten fazla hedefi ele

almak igin gelistirilmis glicli bir ydntem olan NSGA-III'lin

kullanimi  6nerilebilir. NSGA-Ill ve daginkk arama
yontemlerinin  hibritlenmesi, incelenen problemler
lzerinde  NSGA-Il  ve NSGA-lll algoritmalarinin

karsilastiriimasi ilging bir arastirma konusu olabilir. Ayrica,
diger gelismis ¢ok amacl optimizasyon algoritmalari,
ornegin HypE ve SPEA2, ile de karsilastirmalar yapilarak
CADA algoritmasinin performansi daha kapsamli bir
sekilde degerlendirilebilir.

Sonug¢ olarak, bu calisma, ¢ok amacgh optimizasyon
problemlerinin ¢oziimiine yonelik daha verimli ve etkili bir
yaklasim sunarak literatlire 6nemli katkilar saglamaktadir.
CADA algoritmasinin gosterdigi performans, hem teorik
hem de alanlarda faydalar

uygulamal potansiyel

sunabilir.

Etik Standartlar Bildirgesi
Bu ¢alismanin hazirlanma siirecinde bilimsel ve etik ilkelere uyuldugu ve
yararlanilan tiim ¢alismalarin kaynakgada belirtildigi beyan olunur.
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Abstract
Information security holds paramount importance for
organizations and users alike, safeguarding against

unauthorized access to sensitive data. Daily usage of the
internet amplifies the importance of security measures and the
detection of malicious activities. Cyber-attacks, as these
malicious activities are commonly known, are continually
evolving with advancements in hardware, software, and
complex network algorithms. Intrusion Detection Systems play
a crucial role in shielding data and information from
cyberattacks. The rapid progression in machine learning and
deep learning, two popular methodologies in data mining, has
found applications in various fields, including security. This study
focuses on the use of machine learning and deep learning
methods to design an intelligent intrusion detection system. For
the development of this smart intrusion detection system, two
well-established datasets, NSL-KDD and Kyoto 2006+, were
employed. Machine learning methods were implemented
utilizing the classification algorithms available in the WEKA data
mining tool. The results obtained from these classification
algorithms were compared with the deep learning model
designed within the scope of the study. Consequently, a detailed
analysis of machine learning and deep learning methods on the
NSL-KDD and Kyoto 2006+ datasets for an intelligent intrusion
detection system was conducted, and suggestions were
proposed for further research endeavors.

Keywords: Deep learning, Intrusion detection system, Kyoto 2006+,
Machine learning, NSL-KDD

Afyon Kocatepe Universitesi

Oz

Bilgi glivenligi, her organizasyon ve kullanici igin bilgilere yetkisiz
erisime karsi koruma saglamak agisindan son derece 6nemlidir.
internet, her giin genis bir alanda kullaniimaktadir. Bu kullanim
arttikga, guvenlik ve kotl niyetli faaliyetleri tespit etmenin
6nemi de artmaktadir. Bu koti niyetli faaliyetler, siber saldirilar
olarak adlandirdigimiz, donanim, yazihm ve karmasik ag
algoritmalarinin  gelisimiyle glin gegtikge degismekte ve
gelismektedir. Saldiri tespit sistemleri, verileri veya bilgiyi siber
saldirilardan korumada 6nemli bir rol oynamaktadir. Makine
ogrenimi  ve derin 6grenmedeki hizlh ilerlemeler, veri
madenciliginde poptler olan bu iki yontemin glivenlik dahil
bircok alanda kullanilmasina neden olmaktadir. Bu galismada,
akilli bir saldiri tespit sistemi tasarimi icin makine 6grenimi ve
derin 6grenme yontemleri Uzerinde c¢ahsilmistir. Akilli saldiri
tespit sistemi tasarimi igin literatiirde iyi bilinen NSL-KDD ve
Kyoto 2006+ olmak lizere iki veri seti kullaniimigtir. Makine
O0grenimi  yontemleri, WEKA veri madenciligi aracindaki
siniflandirma  algoritmalari  kullanilarak gergeklestirilmistir.
Siniflandirma algoritmalarindan elde edilen sonuglar, ¢alismanin
kapsaminda tasarlanan derin  6grenme  modeli ile
karsilagtirilmistir. Boylece, makine 6grenimi ve derin 6grenme
yontemleri, akilli bir saldiri tespit sistemi icin NSL-KDD ve Kyoto
2006+ veri setleri Uzerinde detayli bir sekilde analiz edilmis ve
ileri galismalar igin 6nerilerde bulunulmustur.

Anahtar Kelimeler: Derin 6grenme, Saldiri tespit sistemi, Kyoto 2006+,
Makine 6grenmesi, NSL-KDD

1. Introduction

Nowadays, ensuring a high level of security in information
and communications technology (ICT) systems and
networks is crucial. This ensures that users and
organizations can communicate in a safe and trustworthy
environment. ICT systems and networks are continually
susceptible to various security vulnerabilities, connection
attempts, penetration attacks, and other similar
intrusions by unauthorized and malicious users (Gurung
et al. 2019). Any breach or intrusion in the security of ICT
systems and networks poses a critical problem, as these
systems process a variety of sensitive user data. Internal

and external hacker attacks, which often advance in

obscurity to evade detection, can be executed manually
or through computer-based methods against ICT systems
and networks (Vinayakumar et al. 2019). Day by day,
cyberattacks are continually evolving alongside
advancements in hardware, software, and network

topologies featuring extremely complex algorithms.

Intrusion Detection Systems (IDS) are essential for
identifying and stopping constantly changing and
advancing hostile attacks. An IDS is a security tool that
analyzes network traffic to analyze the system for
detecting suspicious activity and notifying the system or

network administrator (Vasilomanolakis et al. 2015). IDS
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is divided into two classes: Host-Based Intrusion
Detection System (HIDS) and Network-Based Intrusion
Detection System (NIDS). HIDS monitors the host
computer for suspicious behaviors, including altering or
removing system files, executing unauthorized system
calls, or making undesirable configuration adjustments,
and notifies the user accordingly (Vinayakumar et al.
2019). HIDS uses log file data, including sensor logs,
system logs, software logs, file systems, disk assets, user
account information, and other pertinent data for each
system. NIDS is typically positioned at network points like
gateways, switches, and routers to identify attacks and

potential threats within network traffic (Puzis et al. 2008).

Network traffic analysis and attack detection are primarily
carried out through two methods: misuse detection and
anomaly detection. Misuse detection relies on predefined
signatures and attack models to identify attacks.
Information indicating that each pattern represents a
specific type of attack is stored in the signature database,
which is regularly updated with newly discovered attack
types. During attack detection, the system searches for
patterns similar to known attack patterns in the signature
database (Kim et al. 2014). As a result, while this method
excels at accurately detecting known attacks, identifying
new attacks proves challenging. Anomaly detection, on
the other hand, relies on heuristic mechanisms to identify
unknown malicious activities. These mechanisms learn
the normal behavior and properties of the network to
generate a learning model. Any traffic flow that
significantly deviates from the learning model is
considered an intrusion or attack (Qassim et al. 2016).
While such an intrusion detection system can identify
new and unknown attacks, it often comes with a high false
positive rate due to the challenge of distinguishing
between normal and abnormal network behavior. The
classification of IDS by deployment and detection

techniques is presented in Figure 1 (Ahmad et al. 2021).

Intrusion Detection System (IDS)

Deployment Method based IDS | Detection Method based IDS

l Y

Hostbascd IDS Network based IDS Signature based IDS AS SRy icteeton
: based IDS

Machine Learning / Deep Learning Models

Figure 1. The classification of IDS

This article's primary contribution is to assess the impact
of data preprocessing techniques on the effectiveness of
IDS and to compare the success of the proposed deep

learning (DL) model with existing machine learning (ML)
algorithms.

2. Related Works

This section provides a summary of studies on the ML and
DL approaches used in the development of NIDS and
HIDS. As sub-branches of artificial intelligence (Al), ML
and DL are effective methods utilized in the development
of IDS by learning from big data (Prasad and Rohokale
2020). In recent years, these techniques have gained
significant popularity in the field of network security,
particularly with the advent of powerful graphics
processing units. DL-based techniques, characterized by
deep structures, have proven to be more effective in
learning complex information from raw data compared to
ML-based techniques (Dong and Wang 2016). Diro and
Chilamkurti (2018) used DL as a novel intrusion detection
technique with promising outcomes for attacks on loT
devices. According to the authors, the addition of various
protocols resulted in the emergence of thousands of zero-
day attacks, many of which were minor variants of
previously known cyberattacks. This situation highlighted
the difficulty even traditional ML systems face in
detecting these minor attacks over time (Diro and
Chilamkurti 2018). Khraisat et al. (2018) examined various
data mining techniques that may reduce the number of
false negatives and false positives in anomaly intrusion
detection systems. The study used the NSL_KDD dataset
and found that the intrusion detection system created
with the C5 decision tree classifier worked very well and
had few false alarms (Khraisat et al. 2018). Shone et al.
(2018) presented a novel DL technique for intrusion
detection. The authors proposed a nonsymmetric deep
auto-encoder for unsupervised feature learning and
stacked it with the random forest algorithm classifier. The
proposed model was implemented on a TensorFlow-
enabled graphics processing unit and evaluated using the
KDD Cup '99 and NSL-KDD cyberattack datasets (Shone,
Ngoc et al. 2018). Duan et al. (2019) proposed an IDS
based on the improved artificial bee colony with elite-
guided search equations. The authors employed an
enhanced artificial bee colony algorithm to optimize the
initial weights of the neural network, preventing the
model from converging to a local optimum and enhancing
training speed. The developed model demonstrated
strong classification capabilities, achieving a high
detection rate for attacks (Duan et al. 2019). In a study by
Sahu and Mehtre (2015), a multi-class classification model
was presented using the J48 Decision Tree algorithm on
the Kyoto 2006+ dataset. They demonstrated that their
proposed model achieved an accuracy of 97.2% (Sahu and
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Mehtre 2015). Swathi and Rao (2019) compared various
Partial Distance Search-based (PDS) k nearest neighbor
classifiers on the Kyoto 2006+ dataset for attack
detection. The experimental studies indicated no
significant difference between the classifiers (Swathi and
Rao 2019). Park et al. (2018) analyzed the performance of
Random Forest on various datasets derived from the
Kyoto 2006+ dataset for attack detection. Chitrakar and
Huang (2014) proposed a Candidate Support Vector
based on Incremental SVM (CSV-ISVM) algorithm on the
Kyoto 2006+ dataset for attack detection and analyzed
the results. Kasongo (2023) proposed XGBoost long short-
term memory (XGBoost-LSTM) and XGBoost Simple
(XGBoost-Simple-RNN)
algorithms based on neural network algorithm for NSL-
KDD and the UNSW-NB15 benchmark datasets. The

obtained results have been compared with different

Recurrent Neural Networks

types of Recurrent Neural Networks, as a result, the
XGBoost-LSTM algorithm obtained the best result in the
NSL-KDD on the other hand XGBoost-Simple-RNN
algorithm achieved competitive results in UNSW-NB15
benchmark dataset (Kasongo 2023). Du et al. (2023)
proposed a network intrusion detection classification
model based on a convolutional neural network and long
short-term memory algorithms (NIDS-CNNLSTM). The
proposed NIDS-CNNLSTM applied n KDD CUP99,
NSL_KDD, and UNSW_NB15 benchmark datasets, the

Table 1. List of related works

outcomes of the proposed NIDS-CNNLSTM show a high
detection rate and classification accuracy and a low false
rate (Du et al. 2023). Zakariah et al. (2023) proposed a
novel intrusion detection system based on an artificial
neural network (IDS-ANN), the proposed IDS has been
tested on the NSL_KDD dataset. The results of the
proposed IDS have been compared with ML classifiers like
k-nearest neighbors, DL, Support Vector Machine, Long
Short-Term Memory, and Deep Neural Network. The
proposed IDS
outperformed each of these ML classifiers in all
evaluations (Zakariah et al. 2023). Bakro et al. (2024)
present an improved cloud IDS based on the synthetic

performance of the consistently

minority over-sampling technique (SMOTE), information
gain (IG), chi-square (CS), particle swarm optimization
(PSO), and random forest (RF). In the proposed IDS,
SMOTE has been utilized to address the imbalanced data
issue, IG, CS, and PSO have been used for feature
selection, and finally the RF is utilized for detecting and
classifying types of attacks. The proposed IDS has been
verified by the UNSW-NB15 and Kyoto benchmark
datasets, as a result, the proposed IDS significantly
outperforms other IDSs proposed in the related work
according to evaluation metrics (Bakro et al. 2024). The
list of related works are shown in Table 1.

Evaluation Metrics Classification Type

Reference Algorithm Dataset TPR FPR AUC  Binary Multi Class
Chitrakar and Candidate Support Vector Kyoto
Huang (2014) based Incremental SVM 2006+ N/A N/A N/A ¥ N/A
Normal
Sahu and Mehtre . Kyoto o 0 0
(2015) J48 Decision Tree 2006+ 97.20% 47.00% 97.2% N/A Attack
Unknown Attack
Normal
Park etal. (2018)  Random Forest ggggi N/A N/A 99% N/A  Attack
Unknown Attack
97.73% 20.62% N/A Normal
sh | N D A 94.58% 1.07% N/A Dos
one et al. on-symmetric Deep Auto- NSL-KDD 3.829% 3.45% N/A N/A ROL
(2018) Encoder + Random Forest 2.70% 50.00% N/A U2R
94.67% 16.84% N/A Probe
Duan etal, (2019)  Atificial bee colony + BP NSL-KDD ~ 97.23%  N/A  98.12% +  N/A
neural networks
Normal
Swathi and Rao Partial Distance Search- Kyoto 0
(2019) based (PDS) K-NN 2006+ N/A N/A - 99.28%  N/A - Attack
Unknown Attack
Logistic Regression N/A 4.7% 97.4%
Random Forest N/A 3.2% 99.7%
Rama Devi and Stochastic Gradient 0 0
Abualkibash Descent NSL-KDD N/A 4.8% 97.4% + N/A
(2019) Naive Bayes N/A 2.1% 89.5%
Adaboost N/A 4.5% 89.3%
Multi-Layer Perceptron N/A 3.9% 88.9%
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Table 1. (continued) List of related works

Reference Algorithm Dataset Evaluation Metrics Classification Type
TPR FPR AUC Binary Multi Class
NSL-KDD 98.45% 16.52% 90.13% + N/A
97.5% 25.7% N/A Normal
. 87.55% 1.52% N/A Dos
Su et al. (2020) Deep Learning
NSL-KDD 44.25% 0.91% N/A N/A R2L
20.95% 0.09% N/A U2R
85.76% 1.15% N/A Probe
Choudhary and .
. Deep Learning NSL-KDD 89.14% 0.91% 96.33% + N/A
Kesswani (2020)
Normal
Dos
Kasongo (2023) XGBoost-LSTM NSL-KDD N/A N/A 99.49% N/A R2L
U2R
Probe
Normal
Du et al. (2023) NIDS-CNNLSTM NSL-KDD N/A 0.29% 99.9% +
Abnormal
Zakariah et al. Normal
IDS- ANN ANN NSL-KDD N/A N/A 97.5% +
(2023) Abnormal
Bakro et al. . Kyoto Normal
Modified RF 99.25% 0.008 99.25% N/A
(2024) 2006+ Abnormal
TPR: True Positive Rate, FPR: False Positive Rate, AUC: Accuracy
3. Materials and Methods Table 2. Attack types of NSL-KDD dataset
Category
3.1. Datasets Attack Name Total
of attack
3.1.1. NSL-KDD Dataset apache2, back, land, neptune,
The KDD Cup 99 dataset, prepared by Stolfo et al. (2000), Dos mailbomb, pod, processtable, smurf, 11
is the best known and most widely used dataset in the teardrop, upstorm, worm
. . . ipsweep, mscan, nmap, portsweep,
evaluation of anomaly detection methods in computer Probe P P e P P 6

networks. The KDD Cup 99 dataset was created in the
DARPA'98 IDS assessment program. The dataset contains
41 features in which each record is labeled as normal or
attack and redundant records that complicate the
classification task for ML algorithms (Revathi and Malathi
2013, Tavallaee et al. 2009). These undesirable features
of the KDD Cup 99 dataset have been found by
researchers to affect the detection accuracy of many IDSs,
and the NSL-KDD dataset was derived to overcome these
disadvantages (Tavallaee et al. 2009). The NSL-KDD
dataset, which is the revised and cleaned-up version of
KDD CUP 99 dataset has certain advantages. These are
(Tavallaee et al. 2009, Datti and Verma 2010);

¢ The training set does not have duplicate entries, which
aids in the learning process for classifiers.

* The test set is free of any duplicate records.
¢ There is an inverse relationship between the proportion

of records in the original KDD dataset and the number of
records selected from each difficulty level group.

¢ The quantity of records in both the training and test sets
is adequate.

Table 2 lists attack types of NSL-KDD datasets (Dhanabal,
and Shantharajah 2015).

saint, satan
ftp_write, guess_passwd, httptunnel,
imap, multihop, named, phf, sendmail,

R2L 15
snmpgetattack, spy, snmpguess, xclock,
warezclient, warezmaster, xsnoop
buffer_overflow, loadmodule, perl, ps,

U2R , 7
rootkit, sqlattack, xterm

The detailed analysis of the NSL-KDD dataset shows the
number of records in four kinds of attacks and normal
traffic for training and testing is shown in Table 3.

Table 3. Number of records in NSL-KDD dataset
Number of Records

NSL-KDD
Dos Probe R2L  U2R Normal Total
KDD
. 45927 11656 995 52 67343 125973
Train+
KDD Test+ 7460 2421 2885 67 9711 22544
Total 53387 14077 3880 119 77054 148517

3.1.2. Kyoto 2006+ Dataset

Kyoto 2006+ is a public dataset that consists of three
years of actual traffic data from November 2006 to August
2009 . The dataset has 24 features, with 14 of them being
extracted from the KDD CUP'99 dataset. Ten additional
elements have been included to enhance the analysis of

Network-based Intrusion Detection Systems (NIDSs).
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Honeypots were used to generate the Kyoto 2006+
dataset, which informs IDS researchers on the latest
cyberattack trends and internet situations (Song et al.
2011). In this study, while using the Kyoto 2006+ dataset,
Source_IP_Address, Source_Port_Number,
Destination_IP_Address, Destination_Port_Number and
Start_Time properties have been removed. Kyoto 2006+
dataset doesn’t provide the attack type information. The
class attribute of the dataset indicates whether the
session is attack or not attack. To ensure data diversity,
three different days were selected from January and May
2015, and the used dataset was created by combining
them. Table 4 demonstrates the properties of the class
types of the Kyoto 2006+ dataset.

Table 4. The class types of the Kyoto 2006+ dataset
Number of Records

Kyoto 2006+ Normal Known Unknown
Session Attack Attack

Original Dataset 50,033,015 43,043,225 425,719

The Used Dataset 83,033 1,934,163 72

3.2. Feature Selection

Feature selection is the technique of selecting a subset of
features from the original features. The general purpose
of feature selection is to get rid of irrelevant, redundant
features in the dataset in order to build robust learning
models. Feature selection preserves important features,
thus making the learning algorithm run faster (Kabir et al.
2010, Ladha and Deepa 2011). Also, feature selection
helps visualize and understand data, reduces training
times, and requires less storage (Guyon and Elisseeff
2003). The advantages of feature selection are (Ladha and
Deepa 2011):

¢ Reduces the size of the feature set and increases the
speed of the ML classification algorithm.

e Improves data quality by eliminating irrelevant and
noisy data.

» Simplifies the data collection process and reduces the
amount of memory needed for data storage.

¢ Increases the success of the classification model.

Feature selection methods can be generally evaluated in
three categories. These are filter methods, wrapper
methods, and hybrid methods. In filter methods, feature
selection is done with functions based on statistical
criteria such as distance, dependency, knowledge, and
consistency measurements before any learning is studied
(Budak 2018). In wrapper methods, there must be a
predetermined learning model for feature selection. This
method has a higher computational cost than the filter
method (Guan, Liu et al. 2004). Forward selection,
backward selection, and stepwise selection are examples

of these methods. Hybrid methods combine filter
methods and spiral methods. Decision trees and support
vector machines are examples of hybrid methods (Budak
2018). In this study, wrapper methods were used as

feature selection methods.
3.2.1. Wrapper Methods

Wrapper methods use a specific learning algorithm to
generate a subset of features that get better solutions.
Wrapper methods generally outperform filter methods in
terms of prediction accuracy. However, wrapper methods
are difficult to implement in high-dimensional datasets
because the learning algorithms are computationally
expensive (Zhu et al. 2007, El Aboudi and Benhlima 2016).

3.2.1.1. Sequential Feature Selection

The Sequential Feature Selection (SFS) is a feature
selection method that initially starts with an empty set
and then adds the feature that provides the best
classification accuracy to the empty set. The second step
involves adding the remaining features to the existing
subset and evaluating the new feature subset. These
steps persist until we incorporate the remaining features
into the feature set and the accuracy of the classification
remains unchanged. This creates a subset of the features
(Whitney 1971, El Aboudi and Benhlima 2016, Yan et al.
2018). The weakness of this method is that a selected
feature cannot be removed from the cluster in later steps
(EI Aboudi and Benhlima 2016).

3.2.1.2. Sequential Backward Selection (SBS)

The Sequential Backward Selection (SBS) method,
presented by Marill and Green (1963) (Pudil et al. 1994),
works in the opposite way to the SFS method. This
method starts with a set containing all the properties. The
method then eliminates the feature that enhances
classification accuracy by subtracting it from the feature
set. These steps persist until the removal of any feature in
the set fails to increase the classification accuracy. This
creates a subset of the features. Similar to SFS, SBS is not
guaranteed to find the optimal subset of features, but it
provides rapid convergence to a solution (Marill and
Green 1963, El Aboudi and Benhlima 2016).

3.3. Classification Algorithms
3.3.1. Artificial Neural Network

Artificial neural networks (ANN) are a type of supervised
ML model that mimics the neural processes of the human
brain. The system consists of neurons, which are
processing units, and their interconnections (Krose and
Smagt 1996). The threshold logic unit presented by
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Warren McCulloch and Walter Pitts in 1943 and the
Perceptron designed by Frank Rosenblatt in 1957 can be
considered the basis of ANNs (Rojas 2013). The net input
of the cell is calculated by linearly combining the inputs as
aresult of multiplying the ninputs applied as inputs to the
artificial neuron with the relevant weight value. Then, the
calculated input value is subjected to an activation
function, and the output of the cell is calculated.

Layers of artificial neurons combine to form artificial
neural networks. They usually consist of an input layer,
one or more hidden layers, and an output layer which are
called multilayer neural networks. Multi-layer neural
networks are the most commonly used neural network
architectures due to their simplicity. A fully connected
neural network occurs when each neuron transmits all
the values it generates to the subsequent neuron.

3.3.2. K-Nearest Neighbor

The K-Nearest Neighbor (K-NN) algorithm is one of the
simplest supervised ML algorithms that predicts the class
of the new sample based on feature similarity using all
samples in the training set (Ahmad et al. 2021). This
algorithm calculates the distance between the newly
arrived sample and each sample in the training set and
then estimates the newly arrived sample's class based on
the number of classes with the smallest distance.
Euclidean, Manhattan, and Minkowski distance equations
in K-NN are equations used to calculate distances
between two samples (Khan et al. 2002). In the K-NN
algorithm, the k parameter is one of the factors affecting
the model's performance. If the value of k is too small, the
model may overlearn. A large k value could lead to the
misclassification of the new sample (Zhang et al. 2019).

3.3.3. Decision Tree

Decision Tree (DTree) is one of the basic supervised ML
algorithms used for both classification and regression,
taking the rules from the class-labeled training sets
(Gorunescu 2011, Chary and Rama 2017). In DTree, a
pattern consists of nodes, branches, and leaves. Every
node symbolizes a feature. The branch symbolizes a
decision or regulation. Every leaf symbolizes a class label
(Chary and Rama 2017, Sahani et al. 2018). There are
different decision trees for the classification process, such
as CART, C4.5, and ID3. In this study, C4.5 decision tree
classifier is used. C4.5 is an entropy-based classifier that
measures the uncertainty of the dataset. C4.5 uses
entropy to calculate the information gain. The
information gain determines the degree and importance
of the attributes for generating a rule by constructing the

tree structure (Gorunescu 2011). After calculating the

information gain of all attributes in the dataset, the
attribute with the largest information gain value is placed
at the root of the tree. The remaining attributes are
placed on the branches from root to tip.

3.3.4. Naive Bayes

The Naive Bayes (NB) classification method is a
probabilistic classifier based on Bayes' theorem. Bayesian
classifiers determine the most likely class for a particular
occurrence based on its feature vector. The NB classifier,
P(C; |1 X) determines the probability that the X instance
belongs to the class C;. The sample to be classified is
assigned to the class with the highest probability. The NB
classifier makes learning easier by presuming that
features are unrelated to the classes that are provided.
Even though this assumption of independence is
frequently faulty, NB frequently outperforms more
sophisticated classifiers in real-world scenarios. The NB
method can run faster than other classifiers and may
provide higher classification accuracy when applied to

large datasets (Rish 2001, Gorunescu 2011).

3.3.5. Decision Table

The Decision Table (DTable) is a learning algorithm based
on schema-specific feature selection. This selection
process involves identifying the optimal subset of
features by evaluating the performance of learning
schemas using different feature subsets. Decision tables,
a type of classifier with schema-specific attribute
selection, are increasingly employed across various fields
(Witten and Frank 2002, Witlox et al. 2009). A decision
table comprises two main components: the schema and
the body. The schema represents a pre-selected set of
attributes that define the data, while the body is a table
of labeled data items. In this table, the attributes specified
by the schema constitute the rows, and the decisions
form the columns. When presented with an unlabeled
sample, a decision table classifier seeks matches in the
decision table using only the features in the schema. If the
instance is not located, the decision table's majority class
is returned. The most common class among all matching
instances will be returned if there is no other outcome
(Hodge et al. 2006).

3.3.6. Deep Learning

DL is one of the most popular ML techniques today. DL is
a ML algorithm inspired by the human brain that mimics
how neurons receive and process information through
interaction. DL is defined as the use of interconnected
deep networks with multiple layers to produce an output.
The layers use the results from the previous stage as input
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and transfer them to the next layer so that they can
produce an output. Similar to the structure and depth of
the human brain, DL methods learn from the low-level
characteristic to the high-level concept. DL is a subset of
ML activities that includes many hidden layers with deep
web features. DL models are more efficient than ML
approaches due to their intricate architecture and
capacity to autonomously extract significant information
from the dataset to provide an output (Dong and Wang
2016, Wei et al. 2018, Ahmad et al. 2021). In DL, the
number of hidden layers is greater than in typical neural
networks, allowing for the creation of more complicated
and nonlinear interactions. Due to its good performance,
DL is used in many fields in the literature, such as
biomedicine, computer vision, manufacturing,
agriculture, image processing, and medicine (Mohsen et
al. 2018). There are many reasons behind the frequent

use of DL methods today. The main ones are:

* The increase in the amount of data: The widespread use
of the internet has led to the production and storage of
large amounts of data in digital media. DL methods
enabled the realization of this big data use.

* GPUs and increased processing power: Powerful and
efficient parallel calculations can be made using the GPU
(Graphics Processing Unit). GPUs are used to train DL
algorithms faster on large datasets.

¢ Increasing depth: With the increase in processing
power, DL methods can be used in practice.

Solving problems with DL is equivalent to designing the
multi-layer network structure in the best and most
appropriate way. While designing ML models that learn
with input data, there are some parameters that
designers need to decide for the algorithms and
techniques to be used in the model. Likewise, in DL
models, the designer decides on the dropout value, the
number of layers, and the number of neurons. Typically,
these parameters are not exact initially but change based
on the specific situation and dataset. Hyper-parameters
are parameters that vary based on the specific problem
and dataset. The hyper-parameters that determine the
performance of the DL that need to be adjusted in DL
training are as follows (Sarker 2021):

¢ Dataset Size: The size and variety of the dataset are one
of the most important factors in DL algorithms. The larger
and more diverse the dataset, the higher the learning rate
and time spent learning.

e Mini Batch Size: With the large data size in DL
applications, processing all data at the same time
consumes time and memory. Because in each iteration of

the learning, gradient descent is calculated on the
network with the backpropagation process, and the
weight values are updated. The larger the number of data,
the longer this process will take. For this reason, the data
is processed in parts. These pieces are called mini-
batches.

e Learning Rate and Momentum Coefficient: The updating
of parameters in DL algorithms is done during the
backpropagation process. During backpropagation, the
difference is calculated by computing backward
derivatives using the chain rule. This difference is then
scaled by the learning rate parameter and used to update
the weight values. The learning rate in this process can be
incremental,

a constant, momentum-dependent, or

adaptively learned value.

¢ Optimization Applications: To determine the best value
in nonlinear issues, optimization techniques are applied.
The optimization techniques adam, adamax, adagrad,
adadelta, and stochastic gradient descent are commonly
employed in DL applications. These algorithms differ in
terms of speed and performance. The choice of these
algorithms is also hyper-parameter.

e Number of Training Rounds (Epoch): During the training

process, the model updates its weights using
backpropagation after each batch of data is processed.
Subsequently, the identical procedure is implemented for
additional training datasets. The best suitable weight
values are attempted to be calculated in each training
step. An epoch refers to the number of training steps.
in DL,

resulting in a low success rate in the initial epochs which

Weight values are calculated incrementally
improves as weights are updated. Learning ceases after
reaching a specific stage.

e Activation Function: Activation functions convert the

output values to non-linear values after weight

calculation in multilayer artificial neural networks.
Nonlinearity, which is a feature of DL methods, is due to
the nonlinearity of the activation functions and is used in
solving nonlinear problems. Sigmoid, Tangent Hyperbolic,
Relu and Softmax are frequently used activation

functions.

¢ Dropout: In fully connected layer networks, dilution of
nodes below a certain threshold increases the success.

e Number of Layers and Hidden Layers: The most
important feature that distinguishes DL applications from
other artificial neural networks is the number of layers.
Layers and hidden layers create a depth, and as the depth
increases, the learning rate and rate increase. The
number of layers varies according to the design of the
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model. The success rate in DL depends on both the
number of layers and hyper-parameters.

There are many DL architectures developed in the
literature until today. Examples are Convolutional Neural
Networks (CNN), Deep Neural Networks (DNN), Recurrent
Neural Networks (RNN), AutoEncoder (AE), and Deep
Belief Network (DBN). In this study, DNN architecture was
designed and used. A basic DL architecture known as DNN
allows the model to learn across several levels. For ML
tasks like regression and classification, DNNs work
incredibly well. There are numerous hidden layers in
addition to the input and output layers. Multiple hidden
layers in DNNs are used to transport the input data from
the input layer to the output layer. DNN is used to model
complex nonlinear functions. DNNs, unlike traditional
networks, contain multiple hidden layers that use
specially designed mathematical operations and
activation functions. Thus, the increasing number of
hidden layers increases the abstraction level of the model
to increase its capacity (Anuse and Vyas 2016, Dong
2018). There is a common problem in the training phase
of traditional networks: overfitting. In the overfitting
problem, the network learns too much of some examples
in the training set. Thus, the network may not learn from
other samples in the training set or samples that are not
seen in the test set. Dropout has been proposed to
overcome the overfitting problem. The dropout operation
randomly selects some of the nodes from the network
and does not use them in the training process (Srivastava,
Hinton et al. 2014).

3.4. Dataset Splitting

In this study, K-fold Cross-validation method is used to
split the dataset. The K-fold Cross validation technique is
one of the most used approaches for model selection,
model parameters, and error prediction for classifiers.
Cross-validation is used to evaluate the generalization
ability of models and to prevent overfitting. K-fold cross-
validation involves randomly dividing the dataset into k
subsets, where one subset is used as the test set and the
remaining k-1 subsets are used as the training set in each
iteration. These operations are repeated for the number
of sub-sets by changing the test set each time. Here "fold"
refers to the number of sub-sets. The performance of the
model is the average of the performances of k clusters. In
this method, fold selection is important. Figure 2 shows
an example of 10-fold cross-validation (Zhang and Liu
2023).

3.5. Data Normalization

Data normalization is data preprocessing techniques and
means converting all the variables in the data to the same
range. Data normalization can improve the accuracy and
efficiency of ML algorithms. Decimal Scaling, Min-Max
Normalization, and Z-Score Standardization are the
frequently used normalization techniques in the literature
(Al Shalabi and Shaaban 2006).

Test Fold  Training Folds

1 iteration - — Accuracyi
2 jteration - — Accuracy:
1
3 jteration [ — Accuracys Accuracy = Ez Accuracy,
. i=1
10™ jteration - — Accuracyio

Figure 2. 10-fold cross-validation

In the study, the Min-Max normalization method is used.
The Min-Max normalization is a method that provides
linear conversion from a predefined range to a newly
defined range (Patro and Sahu 2015). The formula of the
Min-Max normalization for an attribute A is shown in
Equation 1.
v —miny . .

v = max, = min, (new_max, — new_miny,) + new_min, (1)
Here, v is the value to normalize, v’ is the new normalized
value, miny is the minimum value of attribute A, max, is
the maximum value of attribute A, new_min, and
new_max, are the new minimum and maximum limits of
attribute A to scale. The normalized features in the study
are scaled to the range of 0 and 1. In the study, the
features applied to the Min-Max normalization process in
the NSL-KDD dataset and the Kyoto 2006+ dataset are
shown in Tables 5 and 6.

Table 5. Normalized features in the NSL-KDD dataset
Feature Names

dst_bytes,
num_failed_logins,

duration, src_bytes, land, wrong_fragment,

urgent, logged_in, dst_host_count,
su_attempted, num_access_files, count, num_file_creations,
num_shells, num_compromised, num_root, hot,
num_outbound_cmds, dst_host_srv_count, is_host_login,

is_guest_login, srv_count, dst_host_count, root_shell

Table 6. Normalized features in the Kyoto 2006+ dataset

Feature Names
IDS_detection,
dst_host_count, dst_host_srv_count,

source_bytes, destination_bytes, count,
malware_detection,

ashula_detection
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3.6. Encoding

For the machines to make modelling on the datasets, the
dataset must be of numerical type in a way that the
machine can understand. The conversion of non-digital
data into digital is called Encoding (Oguzlar 2003). In this
study, coding process was applied by starting from scratch
while encoding process was being done. For example, the
protocol_type property in the NSL-KDD dataset takes the
values of "icmp, tcp, "udp" before encoding, and "0, 1, 2"
after encoding, respectively. In this study, encoding
process was applied to the properties named
protocol_type, service, flag, and class in the NSL-KDD
dataset. In the Kyoto 2006+ dataset, the coding process
has been applied to the features named protocol_type,
service, and flag.

3.7. Evaluation Criteria

The following performance evaluation criteria were used
to evaluate the performance of the DL model and ML
methods designed in this study; accuracy, precision,
recall, F-measure, and error rate. These metrics are
extracted from the two-dimensional confusion matrix,
which provides information about the Actual

Predicted class (Ahmad et al. 2021) shown in Table 7.

and

Table 7. Confusion matrix

Predicted Class

Attack Normal
Actual -, -
a Attack True Positive False Negative
ass
Normal False Positive True Negative

In Table 7, True Positive (TP) values are attack samples
that are correctly classified by the classifier. True Negative
(TN) values are normal samples that are correctly
classified by the classifier. False Positive (FP) values are
normal samples that are misclassified by the classifier.
False Negative (FN) values are attack samples that are
misclassified by the classifier. Using all these values, the
performance evaluation metrics used in the study are
calculated as (2), (3), (4) and (5):

Accuracy = _ TPHTN 2
TP+FP+TN+FN

Precision = ——— 3)
TP+FP

TP
Recall = 4)
TP+FN
Iy _ 3 (Precision x Recall) <
easure = Precision x Recall ®)

Here, accuracy is the ratio of correctly predicted samples
to all samples. This value represents model prediction
accuracy. Precision shows how well the model predicts

attack patterns. Recall is the proportion of accurately
classified attack instances to all real attack cases. The F-
Measure is calculated as the harmonic mean of Precision
and Recall. This value measures the accuracy of a system,
taking into account both the precision and recall of the
system (Ahmad 2021).

3.8. WEKA

WEKA was developed in 1997 at the University of Waikato
for data mining and ML tasks. WEKA got its name from the
initials of the words Waikato Environment for Knowledge
Analysis. WEKA is a set of ML and data mining algorithms.
WEKA has a GUl interface and is programmed in JAVA. The
file format or extension used to store data in WEKA is
ARFF. WEKA has tools for visualization. Besides, it has the
ability to expand and include new algorithms (Meena and
Choudhary 2017). In this study, ML algorithms were
tested on WEKA.

4. Experimental Results

In this study, the datasets were tested with the frequently
used machine learning algorithms for classification
processes in the literature on the WEKA program after
applying the data preprocessing steps. The designed DL
approach is given in Figure 3. In Table 8, the parameters

of DL and the algorithms used are given.

/
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Figure 3. Deep learning model structure

Table 8. Parameters of the algorithms used

Algorithm Parameters

ANN batch size=128, epoch=1000
K-NN K=5, batch size=128

DTree batch size=128

DTable batch size=128

DL batch size = 128, iteration = 1000
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Table 9. Results for the original NSL-KDD and preprocessed NSL-KDD datasets

Original NSL-KDD Dataset

Preprocessed NSL-KDD Dataset

Method
Accuracy Precision  Recall F-measure Accuracy Precision Recall F-measure

ANN 0,976 0,977 0,977 0,977 0,988 0,988 0,988 0,988
K-NN 0,991 0,991 0,991 0,991 0,990 0,990 0,990 0,990
DTree 0,995 0,996 0,996 0,996 0,992 0,993 0,993 0,993
NB 0,872 0,875 0,873 0,872 0,864 0,865 0,865 0,865
DTable 0,987 0,987 0,987 0,987 0,975 0,975 0,975 0,975
DL 0,994 0,994 0,994 0,994 0,993 0,993 0,993 0,993

4.1. Results in the NSL-KDD Dataset

The NSL-KDD dataset was analyzed as four separate sets
as original, preprocessed, SFS feature selection applied
(NSL-KDD-SFS) and SBS) feature selection applied (NSL-
KDD-SBS). The results of four separate sets are given in
Table 9. When the original NLS-KDD results are analyzed,
The DTree outperforms others, achieving a remarkable
accuracy of 99.5% and precision, recall, and F-measure all
at 99.6%. On the other hand, the DL model displays high
performance across the board, with an accuracy of 99.4%

ANN, K-NN, and DL models achieve exceptionally high
accuracy of 98.8%, 99.0%, and 99.3%, respectively.
Precision, recall, and F-measure values are consistently
strong for all models, with DTree leading with 99.3%
across these metrics. NB, while having a lower accuracy of
86.4%, maintains a balanced precision and recall around
86.5%. The DTable model also performs well, with an
accuracy of 97.5%. Overall, these results underscore the
effectiveness of the models in capturing patterns within
the data, and the choice among them should consider
between

specific task requirements and trade-offs

and precision, recall, and F-measure all at o
99.4%.According to the results of preprocessed NSL-KDD; precision and recall.
Table 10. Results for the NSL-KDD-SFS and NSL-KDD-SBS datasets
NSL-KDD-SFS Dataset NSL-KDD-SBS Dataset
Method
Accuracy Precision  Recall F-measure Accuracy Precision Recall F-measure
ANN 0.987 0.988 0.988 0.988 0.988 0.988 0.988 0.988
K-NN 0.990 0.990 0.990 0.990 0.989 0.990 0.990 0.990
DTree 0.992 0.993 0.993 0.993 0.992 0.993 0.993 0.993
NB 0.864 0.865 0.865 0.864 0.857 0.858 0.857 0.857
DTable 0.975 0.975 0.975 0.975 0.975 0.975 0.975 0.975
DL 0.991 0.991 0.991 0.991 0.991 0.991 0.991 0.991

After SFS feature selection is made on the NSL-KDD
dataset; ANN, K-NN, DTree, NB, DTable, and DL models all
exhibit commendable performance. ANN, K-NN, and DL
showcase consistently high accuracy of 98.7%, 99.0%, and
99.1%, respectively, along with matching precision, recall,
and F-measure values around 98.8%, 99.0%, and 99.1%.
DTree performs exceptionally well with an accuracy of
99.2% and precision, recall, and F-measure all at 99.3%.
NB trails behind with an accuracy of 86.4%, while DTable
maintains a solid accuracy of 97.5%.

According to the results of NSL-KDD-SBS DTree, K-NN, and
DL models consistently achieve accuracy levels above
99%, showcasing their exceptional predictive capabilities.
Naive Bayes lags slightly behind with an accuracy of
85.7%, suggesting it may not perform as well on this task.

However, all models, including Naive Bayes, maintain
balanced precision, recall, and F-measure values.

4.2. Results in the Kyoto 2006+ Dataset

The Kyoto 2006+ dataset was analyzed as three separate
sets: original, preprocessed, and SBS feature selection
applied. Since all features were selected during feature
selection using the SFS method, no experimental study
was conducted with the Kyoto 2006+ SFS dataset. The
results are given in the table below. When the original
Kyoto2006+ results are examined ANN and K-NN achieve
high accuracy levels of 97.7% and 98.6%, respectively,
with balanced precision, recall, and F-measure values
around 97.5-98.6%. Decision Tree excels with an accuracy
of 99.5% and near-perfect precision, recall, and F-
measure scores at 99.6%. Naive Bayes, while displaying a
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lower accuracy of 69.3%, exhibits remarkably high
precision at 95.1%, although with a lower recall and F-
measure. Decision Table performs well with an accuracy
of 98.9% and consistent precision, recall, and F-measure

values. Deep Learning stands out with an impressive
accuracy of 99.5% and balanced precision, recall, and F-
measure scores at 99.5%.

Table 11. Results for the Kyoto 2006+ original and preprocessed dataset

Kyoto 2006+ Dataset

Kyoto 2006+ Preprocessed Dataset

Method . .
Accuracy Precision  Recall F-measure Accuracy Precision Recall F-measure

ANN 0.977 0.975 0.977 0.975 0.975 - 0.975 -

K-NN 0.986 0.985 0.986 0.986 0.986 0.985 0.986 0.986

DTree 0.995 0.996 0.996 0.996 0.990 0.990 0.991 0.990

NB 0.693 0.951 0.694 0.786 0.695 0.947 0.695 0.787
DTable 0.989 0.989 0.989 0.989 0.979 0.978 0.980 0.978

DL 0.995 0.995 0.995 0.995 0.991 0.991 0.991 0.991

According to the preprocessed Kyoto2006+ results ANN exceptional performance, achieving an accuracy,

achieves an accuracy of 97.5% with recall at 97.5%,
suggesting that it captures a high proportion of actual
positive instances. However, precision and F-measure
values are not provided. K-NN demonstrates solid
performance with accuracy, precision, recall, and F-
measure all at 98.6%. Decision Tree also performs well
with an accuracy of 99.0% and balanced precision, recall,
and F-measure values at 99.0-99.1%. Naive Bayes shows
a lower accuracy of 69.5% but maintains a high precision
of 94.7%, suggesting it correctly identifies a substantial
portion of positive instances. Decision Table achieves an
accuracy of 97.9% with balanced precision, recall, and F-
measure values around 97.8-98.0%. Deep Learning stands
out with an accuracy of 99.1% and balanced precision,
recall, and F-measure scores at 99.1%

Table 12. Results for the Kyoto 2006+ SBS datasets

Kyoto 2006+ SBS
Method Accuracy Precision Recall F-measure
ANN 0.884 0.885 0.884 0.884
K-NN 0.879 0.883 0.880 0.880
DTree 0.912 0.913 0.912 0.912
NB 0.824 0.823 0.824  0.823
DTable 0.833 0.836 0.833  0.830
DL 0.990 0.990 0.990 0.990

After the SBS feature selection is made on Kyoto 2006+
dataset; ANN achieves an accuracy of 88.4%, precision of
88.5%, recall of 88.4%, and an F-measure of 88.4%. K-NN
closely follows with an accuracy of 87.9%, precision of
88.3%, recall of 88.0%, and an F-measure of 88.0%.
Decision Tree performs slightly better with an accuracy of
91.2%, precision of 91.3%, recall of 91.2%, and an F-
measure of 91.2%. Naive Bayes lags with an accuracy of
82.4%, precision of 82.3%, recall of 82.4%, and an F-
measure of 82.3%. Decision Table exhibits an accuracy of
83.3%, precision of 83.6%, recall of 83.3%, and an F-
measure of 83.0%. Finally, Deep Learning stands out with

precision, recall, and F-measure of 99.0%.

4.3. Discussion of Experimental Results

When all experimental studies are taken into account, it
can be seen that classification accuracy generally
decreases, especially after data preprocessing and
feature selection processes. Moreover, it seems that the
success of all machine learning algorithms except the K-
NN algorithm decreases after the normalization process
because, in the K-NN algorithm, each feature is expected
to have the same impact on the classification process. In
addition, the high number of features provides flexibility
to machine learning models. It has been observed that
selecting some features for these datasets deprives the
model of the unique information contained in that
feature, information that could be a critical determinant
of the outcome. As a result of the classification model
being deprived of some features required for prediction,
it was analyzed that the data was insufficient for high
success and thus the classification accuracy was
determined to decrease. According to the results, it has
been observed that the DL model gives better results on
the original dataset for both NSL-KDD and Kyoto 2006+
datasets. Thus, it was learned that the DL model is more
successful with more data.

Moreover, as an intrusion detection system, the best
results of the proposed intrusion detection system on
NSL-KDD and Kyoto datasets are compared with the
previous studies. When compared with the proposed DL
model and the study conducted by Kasongo in 2023, it is
seen that they achieve 99.5% and 99.49% success,
respectively, for the NSL-KDD dataset. In addition, when
the proposed DL model is compared with the study
conducted by Bakro in 2024, it is seen that they achieve
99.5% and 99.25% success, respectively, for the Kyoto
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2006+ dataset. As a result, the proposed DL model is
successful for both datasets.

5. Conclusions

In this study, a machine learning-based approach has
been studied in the development of intelligent intrusion
detection systems. Within the scope of the study, NSLKDD
and Kyoto 2006+ datasets, which are frequently used in
the literature, were used. The datasets were given to the
ANN, K-NN, DTree, NB, DTable, and DL classification
algorithms used in the study, first in their original form
and then with discretization, feature selection, data
reduction, and normalization preprocessing techniques,
and experiments were carried out by cross-correcting. As
a result of the experimental studies, it was observed that
the DL model developed within the scope of the study and
the DTree algorithm were both successful. It was
observed that the ANN, KNN, and DTable algorithms used
in the study obtained similar results and the NB algorithm
showed the worst performance.

Another important analysis obtained from the study is
that, for intrusion detection datasets, the DL model
achieves more successful results with the original
datasets, that is, with more data, but its success decreases
especially as a result of the data preprocessing

operations.

To improve the performance of the developed model in
future studies, it is recommended to use it as a hybrid and
test the resulting model on the real system.
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Abstract

The vast majority of the digital era data is stored as text. Text
mining is an integral part of data mining. Text classification (TC)
is a natural language processing (NLP) operation often needed
in text mining. This operation is needed in numerous kinds of
research such as information retrieval, document classification,
language detection, sentiment analysis, etc. According to the
literature, the filter feature selection methods have often been
applied to reduce the dimensionality of data in Turkish TC.
However, the wrapper-based feature selection methods can
provide better classification accuracies than the filter methods.
Motivated by this idea, a Turkish TC method based on wrapper
feature selection using particle swarm optimization algorithm
(PSO) and multinomial naive bayes (MNB) classifier is proposed
in this study. TTC-3600 Turkish news texts are used for TC in the
experiments. The proposed method achieves a classification
accuracy of 94.55% on TTC-3600 Turkish news text dataset by
using stemming Tf-Idf features. Hence, it produces competitive
accuracies to the cutting-edge Turkish TC methods.

Keywords: Feature selection; Natural language processing; Text
classification; Text mining.

Afyon Kocatepe Universitesi

0z

Dijital ¢ag verilerinin blyldk ¢ogunlugu metin olarak
depolanmaktadir. Metin madenciligi veri madenciliginin
ayrilmaz bir pargasidir. Metin siniflandirma (TC), metin

madenciliginde siklikla ihtiyag duyulan bir dogal dil isleme (NLP)
islemidir. Bu isleme bilgi erisimi, belge siniflandirma, dil tespiti,
duygu analizi vb. birgok arastirmada ihtiya¢ duyulmaktadir.
Literatiire gore, Turkge TC'de veri boyutunun azaltmasi igin filtre
Oznitelik segme yodntemleri siklikla uygulanmaktadir. Ancak
sarmalayici  tabanli  Oznitelik se¢me yontemleri, filtre
yontemlerine kiyasla daha iyi siniflandirma dogrulugu
saglayabilir. Bu fikirden hareketle, bu ¢alismada pargacik strisi
optimizasyon algoritmasi (PSO) ve gok terimli naive bayes (MNB)
siniflandiricisini kullanan sarmalayici 6znitelik se¢im ydntemi
tabanli bir Tiirkge TC metodu 6nerilmektedir. Deneylerde TC igin
TTC-3600 Tiirkge haber metinleri kullanilmistir. Onerilen
yontem, koklerine ayrilmis (stemming) Tf-Idf 6zniteliklerini
kullanarak TTC-3600 Tirkce haber metni veri kimesinde
%94,55'lik bir siniflandirma dogruluguna ulasmaktadir. Boylece
en son Tirkce TC yontemleriyle rekabet edebilen siniflandirma
dogruluklar Gretmektedir.

Anahtar kelimeler: Oznitelik secimi; Dogal dil isleme; Metin
siniflandirma; Metin madenciligi.

1. Introduction

Digital age data, such as customer reviews, news, social
media and countless digital documents, are progressively
produced through various sources (Ghareb et al. 2016,
Borandag et al. 2021). The vast majority of this data is
stored as text. Hence, text mining is always hot research
field in data mining (Koksal and Yilmaz 2022). At the same
time, TCis an NLP task frequently used in text mining and
is defined as the automatic assignment of text to a set of
predefined categories. This task is used in various NLP
tasks such as information retrieval, customer review
analysis, document classification, topic detection, author
identification, bioinformatics, content management, web

page classification, language detection, information
filtering, spam detection, document summarization, and

sentiment analysis.

In the literature, there are many TC studies in other
languages but, few studies on this subject for Turkish
language (Kiling 2016). The reasons are due to language
specificity, data availability, and research focus. Turkish is
a less commonly studied language compared to English,
resulting in fewer resources and less attention from
researchers. Limited publicly available Turkish text
datasets (Koksal and Akglil 2022) and resources make it

challenging for researchers to conduct comprehensive

*Sorumlu Yazar/Corresponding Author: Ezgi Zorarpaci

e-posta/e-mail: ezgi.zorarpaci@istanbul.edu.tr


mailto:ezgi.zorarpaci@istanbul.edu.tr
https://dergipark.org.tr/tr/pub/akufemubid
https://orcid.org/0000-0003-0974-7584

Turkish Text Classification Based on Wrapper Feature Selection Using Particle Swarm Optimization, ZORARPACI.

studies. Most research in NLP and TC focuses on widely
spoken languages like English.

To remedy this problem, here are some suggestions: (i)
creating and releasing more Turkish text datasets for
researchers to use in their studies, (ii) encouraging
collaboration among researchers to pool resources, share
datasets, and collectively work on improving Turkish text
classification methods, (iii) making research findings and
resources openly accessible to the community to facilitate
further studies and advancements in Turkish text

classification.

Kiling et al. (2017) have emphasized the lack of a
comparison dataset for Turkish TC studies. As a result,
they have created TTC-3600 dataset which is a recent
publicly accessible and has well-documented news
containing 3600 news texts equally apportioned across six
classes: economy, arts, culture, health, politics, sports,
and technology. They have applied a few commonly used
text classification algorithms such as naive bayes (NB),
support vector machines (SVM), k-nearest neighbor (K-
NN), C4.5, and random forest (RF) on TTC-3600 dataset.
Consequently, if the data is stemmed by using the
Zemberek library, RF combined with the feature selection
method based on feature ranking reaches a classification
accuracy of 91.03%.

After creating TTC-3600 dataset, Aci and Cirak (2019)
have trained two convolutional neural network (CNN)
models using raw and stemming texts of this dataset.
Their study achieves fl1 scores at 93.3% and 90.1% on
stemming and non-stemming data, respectively.

Kuyumcu et al. (2019) have used FastText word
embedding method to categorize TTC-3600 dataset;
without pre-processing stages for the text data. They
have attained an accuracy of 93.43% with the training of
NB, K-NN, and C4.5 models separately. They have also
claimed that their work is the first to categorize a
comparison dataset by using FastText.

Dogru et al. (2021) have analyzed the impact of Doc2Vec
word embedding on CNN, gaussian NB, RF, NB, and SVM
text classification models using pre-processed Turkish and
English datasets that are TTC-3600 and BBC news texts.
CNN generates an fl score of 94.17% on TTC-3600
dataset, overshadowing the previous studies.

Feature selection, a critical step in text mining, is pivotal
in improving model performance, interpretability, and
scalability by identifying and retaining the most
informative attributes. Recent studies have explored the
application of deep learning techniques for feature
Methods such as

selection in text mining tasks.

autoencoders, CNNs, and recurrent neural networks
(RNNs) have been employed to automatically learn
informative representations from text data. For instance,
Xie et al. (2019) have proposed a novel feature selection
approach based on deep autoencoder networks,
achieving the state-of-the-art (SOTA) performance for TC.
Hybrid feature selection methods, combining traditional
statistical techniques with machine learning algorithms,
have emerged as promising approaches for text mining.
These methods aim to leverage the strengths of both
feature selection

approaches to achieve superior

performance.

Researchers have explored methods to select features
that are relevant to multiple labels simultaneously,
improving the efficiency and effectiveness of multi-label
TC models. Zhang et al. (2023) have proposed a novel
group-preserving  label-specific  feature  selection
approach for multi-label TC. In low-resource settings
where labeled data is scarce, feature selection becomes
crucial for building effective text mining models.
Researchers have explored feature selection techniques
that can adapt to limited training data while maintaining

performance (Meetei et al. 2021).

These
methodologies and applications of feature selection in

recent studies demonstrate the diverse
text mining, ranging from deep learning approaches to
hybrid methods and interpretable feature selection
techniques. The advancements in feature selection
contribute to enhancing the efficiency, effectiveness, and
interpretability of text mining models across various

domains and settings.

In addition, researchers have paid attention to the feature
selection based Turkish TC studies in the literature. For
instance, a recent filter feature selection method, named
trigonometric comparison measure (TCM) considering
relative document frequencies have been proposed for
TC. The proposed method has been compared to eight
well-known filter feature selection methods including
balanced accuracy measure (ACC2), IG, chi-squared (CHI),
odds ratio (OR), gini index (Gini), deviation from a poisson
distribution (DP), distinguishing feature selector (DFS),
and normalized difference measure (NDM). The proposed
method has been evaluated on ten datasets including
TTC-3600 by using MNB and SVM classifiers (Kim and
Zzang 2019). Heyong and Ming (2019) have developed
supervised hebb rule based feature selection (HRFS) for
TC. MNB classifier achieves a classification accuracy of
90% with 500 features selected by HRFS. Parlak (2023) has
emphasized that pre-processing is one of the key
components to improve the performance of TC. In the
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study, Gini, CHI, OR, extensive feature selector (EFS), and
NDM are used for feature selection. According to the
experimental results, SVM reaches an f1 score of 78.1%
with 1000 features selected by EFS on TTC-3600 dataset.

Zorarpaci (2023) has made a performance evaluation to
measure the success of density peaks clustering algorithm
(DPC), a new semi-supervised machine learning method,
for Turkish TC. To improve the performance of DPC, it has
been proposed to use IG filter feature selection method,
which eliminates irrelevant Tf-1df (term frequency-inverse
document frequency) features in this study. TTC-3600
benchmark dataset has been used to evaluate the study's
contribution to the literature, analyze the findings, and
compare the results with the existing results. The
proposed method reaches an accuracy of 99.69% for the
categorization of TTC-3600 dataset.

According to the literature, well-known filter feature
selection methods have frequently been employed for
dimensionality reduction in Turkish TC. On the other
hand, the wrapper based feature selection methods can
result in better classification accuracies as compared to
the filter methods. The wrapper methods employ a
certain machine learning algorithm to assess the feature
subsets, which can lead to selecting the most relevant
features for that particular model. These methods can
capture interactions between features, which can be
beneficial in complex datasets. Since the wrapper
methods directly consider the performance of the model,
they can potentially provide better feature subsets
tailored to the model's performance. However, the
wrapper methods are computationally expensive as they
need to train and evaluate the model for each subset of

features, making them slower and resource-intensive.

The filter methods are computationally less expensive
since they evaluate the features based on their intrinsic
properties without involving model training. The filter
methods might not consider feature interactions or the
effects of features on the model's performance,
potentially missing important relationships between
features. Since the filter methods do not consider the
model's performance, they may select subsets of features
that are not necessarily optimal for a specific model. The
filter methods may not always select the most relevant
features for a specific model.

Consequently, a Turkish TC based on wrapper feature
selection is proposed in this study. In the proposed
wrapper feature selection method, PSO is used to
discover the possible feature subsets and MNB is utilized
to assess the qualities of these feature subsets. The
combination of global and local search capabilities,

adaptability, efficiency, and flexibility makes PSO a
powerful optimization technique for wrapper feature
selection in machine learning tasks.

On the other hand, MNB classifiers are computationally
efficient, making them suitable for large-scale TC tasks
with high-dimensional feature spaces. Due to their
simplicity and efficiency, MNB classifiers can scale well
with the size of the dataset and the number of classes.
They can handle a large number of features (words or n-
grams) without significantly increasing computational
complexity or memory requirements. Despite their simple
MNB
classifiers often perform surprisingly well in practice,

assumptions and independence assumptions,

especially in TC tasks.

Based on these reasons, MNB is also applied to classify
Turkish news texts (i.e., TTC-3600) using the optimal
feature subset specified by the proposed wrapper feature
selection method.

The rest of the paper is organized as follows. Section 2
introduces the methods used in the proposed approach.
Section 3 describes the proposed wrapper feature
selection method in detail. In Section 4, the datasets used
in the experiments, the experimental setup, and the
experimental results of Turkish TC are given. In Section 5,
the paper is concluded.

2.Materials and Methods

In this part of the paper, the explanations related to the
methods used in this study are presented as subsections.

2.1 MNB

MNB is an NB algorithm for multinomially distributed
data. Equation (1) is simply the multinomial distribution
(McCallum and Nigam 1998):

N.
[v| P(welcj;6)7it

P(di]e;; 6) = PAdiDIa; ]! T, 0L (1

where d; represents the it"* document, N;, is the number
of occurrences of feature w, in document d; (i.e., it"
text). The parameters of the generative component for
each class are the probabilities for each feature and are
indicated by Gwdcj = P(w¢|c;; ), where 0 < HWHC]. <1
and Ztﬁwdcj = 1. Bayes-optimal estimations of these

parameters are computed using a set of labeled training
data. After the parameter estimation step, the test data is
classified by computing the posterior probability for each
class. The class label with the highest probability is
assigned to each test instance (McCallum and Nigam
1998).
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2.2 PSO

PSO (Kennedy and Eberhart 1995) is a swarm-based
stochastic optimization algorithm. It mimics the social
behaviors of animals such as insects, birds, fishes, etc. The
swarms follow a cooperative path to discover the food.
Each particle in the swarm sustains altering the search
model based on its own and other particles’ experiences
(Wang et al. 2018). In Figure 1, an entire presentation of
PSO algorithm is given.

Initialize swarm

I
¥

Fitness evaluation for particles

!

Computing the historical optimal

position for each particle

l

Computing the historical optimal
position for the swarm

)

Updating the velocity and
position for each particle

Meet
termination

criteria?

Figure 1. Flowchart of PSO (Wang et al. 2018).

Let be the size of swarm is N, the position vector for each
particle is represented as X; = (x;,, X;,, .., X;,), where d
is the number of parameters for the problem in hand.
Velocity vector is represented as V; = (v, vy,, -, Vy,)-
Particle’s historical optimal position is given as P; = (p;,,
Piy» -+ Diy)- The historical optimal position for the swarm
is given as Py = (pg,, Pg,» -»Pg,)- FOr any maximization
problem, the updating formula for each particle’s optimal
position is presented in Equation (2) (Wang et al. 2018).

a {xi(,it+1' if f(Xi,t+1) > f(Pi,t)

Pit+1 = .
’ pd, otherwise

(2)

The updating formulas of velocity and position are
given in Equation (3) and Equation (4), respectively.

vgtﬂ =W * v{’_lt + ¢y *rand * (pf_lt — xft) +cy *
d d
rand * (pg_t - xl-,t) (3)

d _ .d d
Xite1 = Xip T Vi (4)

According to Equation (3), w, ¢1, and ¢, are inertia

weight, invidual weight, and social weight,

respectively. For each iteration, the updating of the
position of each particle X; is shown in Figure 2.

Figure 2. The position update of the particle (Wang et al. 2018).

3. The Proposed Method

In this section, the proposed method is explained in
detail. To create features for the classification of the texts,
Tf-1df vectorization is used. Term frequency (Tf) indicates
the number of occurrences for a word in the document.
Tf value of the word t in a document d is computed as
given in Equation (5) (Koksal and Akgul 2022).

Document frequency is acquired by using the instances of
a word in corpus D. Idf (Inverse document frequency)
expressed in Equation (6) is obtained through the
inversion of this value. Consequently, Tf-Idf value is
computed from Tf and Idf values as given in Equation (7).

Tf (t,d) = log (1+ freq(t,d)) (5)
Idf (t,D) = log (N / (count (d € D:t € D)+1)) (6)
Tf —Idf (t,D) = Tf (t,d) x Idf (t,D) (7)
The proposed TC consists of two phases, the wrapper

feature selection and the categorization of the text data,
respectively. The most general form of the proposed
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method can be given as in Figure 3. According to Figure 3,
high-dimensional text training data is processed with
PSO-MNB (i.e., the wrapper feature selection) to eject
redundant and indiscriminate Tf-Idf features from the
data. After applying the wrapper feature selection, this
reduced data with the best selected Tf-Idf features is
utilized to classify news texts with MNB classifier
effectively. MNB classifier is also used to compute the
fitness values of the particles in the swarm. To compute
the fitness value of each particle X; in the swarm, the
features selected by X; are taken into consideration and
the other features are not included for classification with
MNB classifier. Classification is made for these selected
features by using MNB with 2-fold cross-validation and
the classification accuracy of MNB is assigned as the
fitness value of X;, f(Xl-,t). Thanks to the proposed
wrapper feature selection, the best discriminative feature
subset with a higher classification accuracy is determined.

4. Experimental Results
4.1 Dataset

In the experiments, the publicly available TTC-3600
Turkish news dataset, which is used as a benchmark
dataset for Turkish TC in previous studies in the literature,
is used. TTC-3600 is an evenly distributed dataset with six
news categories: culture, economy, health, politics,
sports, and technology. The dataset includes 3600 texts of
news in total. This dataset is publicly available and can be
downloaded from (Int.Ref-1)

4.2 Experimental Setup

In this study, the well-known WEKA package is employed
to implement the proposed wrapper feature selection
and classification methods. The experiments are
performed on a system equipped with a 2.6 GHz Intel
Core i7-9750h CPU and 16 GB of RAM. The accuracy, f1
score, precision, and recall values are utilized as the
classification performance metrics for the algorithms. The
mathematical formulas for the accuracy, fl score,
precision, and recall are given in Equation (8), Equation
(9), Equation (10), and Equation (11), respectively. 10-fold
cross-validation is used to obtain the classification results

in the experiments.

TP+TN

Accuracy = ———— (8)
TP+FN+TN+FP
2XPrecisionxXRecall
F1_score = ——"""""— (9)
Precision+Recall
. . TP
Precision = (10)
TP+FP
TP
Recall = (11)
TP+FN

In Equations (8-11), TP and TN stand for true positives
and true negatives while FP and FN represent false
positives and false negatives. For the proposed wrapper
feature selection (i.e., PSO-MNB), the default WEKA data
mining tool parameters (i.e., 0.33, 0.34, and 0.33
respectively) are used for inertia weight (w), individual
weight (c;), and social weight (c,) in PSO algorithm.
Because the default parameters generally produce close
to optimal results. 20-50 particles have been suggested
for PSO in the literature. In the experiments, the best
results have been achieved when the population size (N)
is set to 50. The number of maximum iterations is set to
500 for PSO algorithm since there is no significant
progress for the higher number of iterations.

In PSO-MNB, 2-fold cross-validation is used for the model
evaluation to measure the qualities of the candidate
feature subsets. A wrapper feature selection method (i.e.,
PSO-MNB) employs an optimization method (i.e., PSO)
that searches for the candidate feature subsets. As a
result, a pre-determined classifier (i.e., MNB) is built and
evaluated on the dataset as many as the number of
iterations of the optimization method. This process is
time-consuming and computationally expensive. To
shorten the runtime of the model evaluation during the
determination of the qualities of feature subsets, the
minimum number of cross-validation (i.e., 2-fold) s
preferred in this study.

On the other hand, the default parameters in the WEKA
data mining tool are used for all machine learning
methods in the experiments.

4.3 Classification Results

From the observed results in Table 1, it is clear that the
proposed wrapper feature selection based method (i.e.,
PSO-MNB) has the highest classification result among the
algorithms both on stemming and non-stemming data in
terms of TC. In addition, the best TC result (an accuracy of
94.55%) is obtained by the proposed method on
stemming data. At the same time, the proposed method
obtains f1 score of 94%, 94% of precision, and 94% of
recall on stemming data. In addition, the proposed
method achieves f1 score of 93.4%, 93.4% of precision,
and 93.4% of recall on non-stemming data.
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Wrapper Feature

Selection

Documents
(News texts)

Creating Tf-Idf
feature vectors for

the entire data

|

Splitting the entire

data into training
and test data

l

Initialize the swarm with randomly

selected Tf-Idf features

I
A

Computing the fitness values of the
Tf-1df features selected by the
particles by using MINB classifier

l

Computing the historical optimal

selected features (i.e., position) for
each particle

|

Computing the historical optimal
selected features (i.e., position) for
the swarm

}

Updating the velocity and position

(i.e., selected features) for each
particle

Reached the
number of max

iteration?

Choose the particle with the best Text
Classification

selected features (i.e., fitness) in

the swarm

|

Train MNB classifier using training
data with the best selected Tf-Idf
features to classify texts

|

Classify unseen test data with the

best selected Tf-1df features by

using trained MNB classifier

Figure 3. The basic steps of the proposed method.

The number of original stemming Tf-Idf features is 5692.
However, the number of Tf-Idf features is reduced to
2949 for stemming data by applying PSO-MNB. On the
other hand, the number of original non-stemming Tf-Idf

features is 7507 while the number of Tf-Idf features is
decreased to 3947 when PSO-MNB is applied to non-
stemming data. Besides, the proposed method produces
a classification accuracy of 93.44% for Turkish TC on non-
stemming data. According to Table 1, MNB classifier has
the highest classification result compared to the other
classification algorithms for Turkish TC on non-stemming
and stemming data following the proposed method. From
this point of view, PSO-MNB wrapper-based feature
selection method increases the accuracy performance of
MNB classifier by 1.39% and 2.64% on non-stemming and
stemming data, respectively. After the proposed method
and MNB classifier, the best Turkish TC results (87.58% on
non-stemming data and 89.25% on stemming data) are
attained by RF. Consequently, the proposed method
performs better than the widely used classification
methods on non-stemming and stemming versions of
TTC-3600 Turkish TC dataset.

4.4 Comparison with SOTA

In this section, a comparison of the proposed method
with SOTA is given. Therefore, firstly, the comparison of
the proposed method with the existing feature selection
based Turkish TC is made and the results of the previous
studies are delivered in Table 2.

According to Table 2, the best classification accuracy
(99.69%) on TTC-3600 dataset for Turkish TC is obtained
by IG-DPC (Zorarpaci 2023). This study utilizes |G to select
the discriminative Tf-Idf features and then applies DPC
which is semi-supervised machine learning algorithm by
using the selected Tf-Idf features. Following 1G-DPC, the
second best classification result (accuracy of 94.55%) is
accomplished by the proposed wrapper feature selection
based method (i.e., PSO-MNB).

Kiling et. al (2017) have used TTC-3600 dataset for Turkish
TC. In this study, Tf-Idf feature weighting schema is
proposed for feature extraction. The third classification
accuracy (91.03%) is achieved by this method which is
based on attribute ranking feature selector and RF
classifier (Kiling et al. 2017).

Heyong and Ming (2019) have tested their method on
some datasets (i.e., CarF, CarR, CNAE, IMDB, and KDC) for
English TCand TTC-3600 dataset for Turkish TC. They have
used Tf-Idf method to extract the features. They have
applied HRFS feature selection method to the datasets.
MNB classifier is employed during the categorization
process. They have reached a classification accuracy of
90% on TTC-3600 dataset in this study.

Parlak (2023) has implemented Tf-Idf feature extraction
method for TC. In this study, BBC 20Newsgroups and TTC-
3600 datasets are utilized for English and Turkish TC,
respectively. In this study, EFSis used for feature selection
and SVM is used for TC. According to this study, 78.1%
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classification result is obtained by the proposed method Accurac
¥ prop Reference Method o v
on TTC-3600 dataset. (%)
Kiling 2016 C4.5+Boosti 85.52%
Table 2. Classification performances of the existing feature ( |!n§ - ) O0stIng 00
selection based Turkish TC methods on TTC-3600 dataset. (Aci and Girak 2019) Word2Vec+CNN 93.30%
Feature Classifier  Accuracy (Kuyumcu et al. 2019)  FastText 93.52%
Reference . S
Selection (%) (Dogru et al. 2021) CNN 94.17%
Attribute RF (Koksal and Akgiil FastText+CNN
(Kiling et al. 2017) ) 91.03% 95.97%
ranking-based 2022)
(Heyong and HRFS MNB (Yarekli 2023) PV-DBOW 93.51%
0,
Ming 2019) 90% The proposed method  PSO+MNB 94.55%
Parlak 2023 EFS SVM 78.1% e . .
( - ) > Secondly, the classification results of the cutting-edge
(Zorarpaci 2023) IG DPC 99.69% Turkish TC method ted in Table 3. A di
urkis methods are presented in Table 3. Accordin
The proposed PSO+MNB MNB o ] P . &
method 94.55% to the results in Table 3, the highest accuracy (95.97%) on

From the results in Table 2, it is clear that pre-processing
based Turkish TC methods result in pretty good results
and the proposed method generates competitive results
to the existing pre-processing based Turkish TC studies.

Table 3. Classification performances of the cutting-edge Turkish
TC methods on TTC-3600 dataset.

TTC-3600 dataset is achieved by FastText-CNN developed
by Koéksal and Akgtil (2022). They have utilized FastText
for feature extraction and CNN classifier for TC. After
FastText-CNN, the second highest Turkish TC classification
accuracy (94.55%) is accomplished by the proposed
method (i.e., PSO-MNB).

Table 1. Classification performances of the methods on TTC-3600 dataset.

Accuracy
Data
NB SVM K-NN ET c4.5 RF BN MNB PSO-MNB
. 52.83
Non-stemming  76.11%  85.83% % 62.4% 78.05% 88.3% 83.88% 92.05% 93.44%
Stemming 76.72%  86.94% 54% 65.75% 79% 89% 87.88% 91.91% 94.55%
F1-score
NB SVM K-NN ET c4.5 RF BN MNB PSO-MNB
Non-stemming 76.1% 85.8% 52.4% 62.5% 78% 88.3% 83.9% 92% 93.4%
Stemming 76.7% 87% 54.4% 65.8% 78.9% 88.9% 87.9% 91.9% 94%
Precision
NB SVM K-NN ET Cca.5 RF BN MNB PSO-MNB
Non-stemming 76.6% 85.9% 62% 62.6% 77.9% 88.5% 84.6% 92.1% 93.4%
Stemming 77.3% 87.2% 61.9% 65.9% 78.9% 89% 88.1% 92% 94%
Recall
NB SVM K-NN ET c4.5 RF BN MNB PSO-MNB
Non-stemming 76.1% 85.8% 52.8% 62.5% 78.1% 88.3% 83.9% 92.1% 93.4%
Stemming 76.7% 86.9% 54% 65.8% 79% 89% 87.9% 91.9% 94%

On the other hand, the difference between the
classification accuracies of PSO-MNB and FastText-CNN is
only 1.42% which is not a great difference. Following
FastText-CNN and PSO-MNB, Turkish TC methods based
on CNN show excellent classification performances
(93.30%-94.17%) on TTC-3600 dataset. Dogru et al. (2021)
have implemented convolution to extract the features
and CNN to classify the news texts. They have used BBC
20Newsgroups and TTC-3600 datasets for English and
Turkish TC, respectively. They have achieved a
classification result of 94.17% on TTC-3600 dataset for
Turkish TC. Kuyumcu et al. (2019) have proposed FastText

that is word embedding based classifier for Turkish TC.
They have used TTC-3600 dataset to evaluate FastText
classifier. They have attained a classification result of
93.52%. Yurekli (2023) has proposed an ensemble Turkish
TC approach based on document processing, paragraph
vector learning, and document similarity estimation. The
experiments have been conducted on TTC-3600 dataset
and a classification result of 93.5% is obtained by this
approach.

Aci and Cirak (2019) have developed a Turkish TC method
based on CNN and Word2Vec. They have tested their
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method by using TTC-3600 dataset and achieved a
classification result of 93.3% on this dataset. When an
overall assessment is made, it can be inferred from the
results that the proposed wrapper feature selection
based Turkish TC method (i.e., PSO-MNB) eliminates the
irrelevant Tf-Idf features from TTC-3600 dataset and
increases the classification performance of MNB
classifier. Moreover, it produces competitive Turkish TC

classification results to SOTA.

5. Conclusions

In this study, a Turkish TC method based on wrapper
feature selection using PSO and MNB classifier is
proposed. In the study, to create features for the
classification of the news texts from TTC-3600 dataset, Tf-
Idf vectorization is employed. The proposed TC method
includes two steps, the wrapper feature selection and the
of the
respectively. In the study, MNB classifier is utilized both

classification texts using Tf-Id features,
for computing the quality of the feature subsets in PSO
algorithm and categorizing the news texts. According to
the experimental results, the proposed wrapper feature
selection based Turkish TC method (i.e., PSO-MNB)
generates competitive classification results to both the
existing feature selection based Turkish TC methods and

the cutting-edge Turkish TC methods.

In future work, it is planned to use the proposed wrapper
feature selection with CNN classifier to improve the
classification accuracy for Turkish TC.
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Oz

Keylogger yazihimlari, kullanicinin klavye kullanarak girdigi
verileri gunlige kaydederek vyakalayip, tutan ve bunlarn
saldirgan'a gonderen casus yazilimlardir. Kisisel bilgilerin ve
gizliligin tehlikeye girmesine neden olabilecegi igin bu konuda
yapilan galigsmalar gizlilik ve guivenligi saglamak agisindan biiylk
dnem tasimaktadir. Makine Ogrenimi (ML) yontemleri,
anormallikleri analiz ederek tespit edebilir ve keylogger'lar
tanimlayabilir. Bu ¢alismanin amaci, keylogger'lari tespit
edebilen ve en yaygin kullanilan ML yéntemlerini belirleyerek bu
yontemler arasinda performans karsilastirmasi yapmaktir. Bu
amag¢ dogrultusunda, bir veri seti Uzerinde LightGBM, kNN,
Decision Tree ve Random Forest modellerinin keylogger
tespitindeki dogruluk oranlarini hesaplayarak performans
karsilagtirmalari yapilmistir. Yapilan g¢alismada AUC skoru
sonuglarina gore Random Forest modelinin diger modellere
kiyasla daha iyi siniflandirma performansi sergilemektedir.
Dogruluk skoru sonuglarina gore ise Decision Tree ve Random
Forest modellerinin diger modellere gére daha iyi dogruluk
sagladigini gosterirken, kNN ve LightGBM modellerinin daha
disik performans gosterdigini gostermektedir. Sonug olarak,
AUC skoru ve dogruluk skoru kullanilarak yapilan
degerlendirmeler farkl sonuglar ortaya koymaktadir. AUC skoru,
siniflandirma  performansini daha genis bir perspektiften
degerlendirirken, dogruluk skoru dogru siniflandirma oranina
odaklanir. Random Forest modeli, hem AUC skoru hem de
dogruluk skoru agisindan diger modellere gore daha iyi
performans gostermektedir.

Anahtar Kelimeler Keylogger; Gizlilik; K6t amagli yazilim; Makine
6grenimi; Keylogger tespiti

© Afyon Kocatepe Universitesi

Abstract

Keylogger software is spyware that records, captures, keeps and
sends the data entered by users using the keyboard to the
Attacker. Great importance is attached to ensuring the
confidentiality and security of the work carried out in this
regard, as it may endanger personal information and
confidentiality. Machine learning methods can detect anomalies
by analyzing them and identify keyloggers. The aim of this study
is to detect keyloggers and to determine the most commonly
used machine solutions and to compare the performance
between these rates. For this purpose, a data set was created
on performance comparisons by calculating the accuracy rates
of LightGBM, kNN, Decision Tree and Random Forest models in
keylogger detection. According to the activities AUC score show,
the Random Forest model shows better performance compared
to other models. When providing the accuracy score, it shows
that Decision Tree and Random Forest models show better
accuracy than other models, while kNN and LightGBM models
perform lower. As a result, evaluations using the AUC score and
accuracy score reveal different results. While the AUC score
evaluates their growth from a broader perspective, the accuracy
score focuses on accurate results. The Random Forest model
performs better than other models in terms of both AUC score
and accuracy score.

Keywords Keylogger; Security; Malware; Machine Learning; Keylogger
detection.

1. Giris

Keylogger yazilimlari temel islevi bakimindan, kullanicinin
klavye kullanarak girdigi verileri glinlige kaydederek
yakalayip, tutan ve bunlari saldirgana génderen casus
yazilimlardir (Kazi vd. 2023). Kotii amach yazihm olan
keylogger'larin  potansiyel tehditlerine yogunlasmak,
bunlari 6nlemek ve tespit etmek icin bir mekanizma
gelistiriimesi de 6nemli bir konu haline gelmistir. Tus
glinlGigl veya klavye yakalama olarak da bilinen tus vurusu
glnligl (keylogging), klavyeyi kullanan kisinin bilgisi
disinda eylemlerini izlemek i¢in genellikle gizlice yapilan

bir klavyede basilan tuslari kaydetme islemidir.
Keylogging, insan bilgisayar etkilesimini incelemek icin de

kullanilabilir (Creutzburg 2017).

Donanimdan ve akustik analiz yaziimina kadar ¢ok sayida
keylogging yontemi mevcuttur. Bazi ¢alismalar donanim
ve yazilim keylogger'lari dahil olmak tizere farkli keylogger
tdrlerini ve bunlarin hassas verileri ¢almak igin nasil
kullanilabilecegini 6zetlemektedir. Her tespit ve 6nleme
birlikte
tartisiilmaktadir (Ruhani ve Zolkipli 2023). Kullanici alani

tekniginin etkinligi, sinirlamalari ile

keylogger'larini tespit etmek ve gizli veri ve bilgileri
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¢almalarini 6nlemek icin birtakim stratejiler gelistirilebilir.
Bu yaklasim temelde tim sireclerin girdi/cikti (G/C)
etkinligini simile edilmis kullanici etkinligiyle eslestirerek
ve ikisi arasindaki korelasyonu saptamaya dayanmaktadir
(Wajahat vd. 2019). Cozim odakli bu iki yaklasim
incelendiginde; Her iki yaklagimin da artilari ve eksileri
vardir. Ornegin, ilk yaklasim, kullanicilarin sifrelerini
korumak icin ek bir adim olarak kullanabilecekleri bir
secenek sunar. Ancak, bu yontem yeterli olmayabilir ve
saldirganlar bu korumay! asabilirler. Diger yandan, ikinci
yaklasim daha sofistike bir tekniktir, ancak kullanicilara bir
ek yUk getirir ve sistem performansini azaltabilir.
Keylogger tespitinde Onerilen bir diger yaklasim; sifreleri
okunamaz veya sifreli bir kaliba doniistirerek ve diger tus
vuruslari arasinda gizleyerek gizlemek icin yeni onerilen
bir teknige dayanmaktadir. Ancak bu teknik, tus baskilari
ve tus vuruslari arasindaki araliklar analiz edilerek
¢ozilebilir. Ayni sifreleme dizesi, bir oturumdaki gergek
tus vuruslarini veya parolayi almak icin kullanilabilir, bu da
oturumu bir algoritma temelinde bilgi ¢ikaran eleme
saldinsi gibi saldirilara karsi savunmasiz hale getirir (Singh
and Singh 2018). Bilgisayarlari keylogger'lardan korumak
icin bir diger yaklasim da Keylogger’lara Ekran istemi
Yaklasimi (OSPAK) adli yeni bir yaklasim onerisidir.
Keylogger'lar, hassas bilgileri ¢almanin en vyaygin
yollarindan biridir ve OSPAK, tus wvuruslarinin OSPAK
tarafindan ginlige kaydedilecegi veya yok sayilacagi
zaman kullanicilari uyarmak icin bir tuval kullanarak buna
karsi koruma saglamayi amaglamaktadir (Hung vd. 2020).

Bu kotl amagli yazilimlari tespit etmek igin etiketlemek de
bir yéntemdir. Fakat kimi zaman giincel koti amagli
yazilimlarin cogunun sergiledigi karmasik davranisi temsil
etmek igin tek bir etiket yeterli olmayabilir (Moskovitch
vd. 2008).
davranislarini otomatik olarak etiketlemek igin basit bir

Kot amacgh yazihm oOrneklerinin  farkli
yontem onerilmistir. Bu yontem, dort genel Android kotu
amagh vyazilim veri kiimesi (izerinde test edilmis ve
sonuglar tartisilmistir. (Garcia-Teodoro vd. 2022). Makine
O6grenimi (ML), bu tur tehditlerle miicadele etmek igin
kullanilan bir yontemdir. Bu teknoloji, bir bilgisayar
programinin belirli bir gorevi yerine getirmek igin veri
analizi yaparak kendini egitmesine olanak tanir.

Algahtani ve arkadaslari Android cihazlardaki kot amagli
yazihmlari tespit etmek igin Destek Vektor Makinesi
(SVM), Naive Bayes (NB) ve Derin Sinir Aglari (DNN) gibi
cesitli ML sistemlerini 6nermislerdir (Algahtani vd. 2019).
Jawed ve arkadaslari hem Windows hem de Android
platformlarinda ML algoritmalarini kullanarak givenligi
artirmanin  bir yolu olarak tus wvurusu biyometrisi
tekniginin uygulanmasini

onermislerdir. Buna gore

kullanicinin davranisi, yazma diizenini yakalayarak kimlik

dogrulama amaciyla analiz edilmis ve bu sistemle, yetkisiz
kullanicilarin tespit edilmesini saglayan kullanici davranisi
analizi icin tekli siniflandirma gergeklestirmek (zere
cesitli

kullanicinin ~ yazma  modelinden ozellikler

cikarilmistir (Jawed vd. 2018).

Windows ve Android sistemlerde oldugu gibi Linux
ortaminda benzer savunma zorluklari mevcuttur. Linux'da
API tabanh keylogger sorununu ¢ézmek oldukga gligtur
fakat yapay bagisiklik sistemi (AIS) teknolojisine dayali bir
saldir tespit sistemi (IDS) kullanarak ug bilgi islemdeki
tehditlerini
dnerilmistir. Onerilen bu yaklasim, sanal makineleri

siber givenlik azaltmak bir ¢6zlim
keylogger'larin varligi icin sirekli olarak kontrol eder ve
cekirdek butinliginli garanti etmek igin ana isletim
sistemi ile sanal makine katmaninin isbirligi yaptigi bir
mimari kullanir. AlS'de kullanilan bu algoritma, cesitli
sorunlari ¢ézmek igin bagisiklik sisteminin 6grenme ve
hafiza  Ozelliklerinden

yararlanmig  ve yaklasimin

anormallikleri tespit etmek icin bir negatif se¢im

algoritmasi (NSA) kullanilmistir (Huseynov vd. 2020).

Keylogger tespitinde bir diger ¢6zim de dosya sistem
analizi yerine adli bellek yaklasimidir. Ancak, mevcut adli
bellek araclarina, isletim sistemi i¢ bilesenleri ve tersine
muhendislik bilgisi gerektirdiginden, tim arastirmacilar
tarafindan erisilemez. Bu c¢alismada arastirmacilarin,
fiziksel bellek yakalamada kesfedilen kodu taklit eden ve
oykuniulmis kod tarafindan gercgeklestirilen tim eylemleri
kaydeden bir motor olan HookTracer'a nasil yeni

yetenekler ekledigini agiklanmaktadir. Bu ¢alismaya
dayanarak, "hooktracer_messagehooks" adli, bellekteki
bir kancanin kot amagli bir keylogger veya iyi huylu bir
yazilimla iliskili olup olmadigina otomatik olarak karar
verebilen yeni bir Volatility eklentisi gelistirilmistir (Case
vd. 2020). Keylogger tespitinde kullanilan ML yaklasimlari
incelendiginde; bazi ¢calismalarda keylogger'lari algilamak
ve gecersiz kilmak icin makine 6grenme algoritmalarini,
Ozellikle Destek Vektor Makinesi algoritmasini kullanan
yeni bir algilama teknigi araciligiyla bu soruna bir ¢6ziim
onerilmektedir (Pillai ve Siddavatam 2019). Keylogger
tespiti icin yapilan bir diger calismadaki veri seti LightGBM
cercevesi kullanilarak egitilmis ve test edilmistir. Model,
orijinal dengesiz durumdaki veri setinden kotli amach
%99.47

(Balakrishnan ve Renjith 2023). Keylogger tespitinde

olaylar dogrulukla  ayirt  edebilmistir
kullanilan ML yaklasimlarindan bir diger galismada, SVM,
Rastgele Orman ve Karar Agaci dahil olmak Uzere gesitli
ML algoritmalari kullanilmistir. Bu ¢alismada kullanilan
ML tekniklerinin performans karsilastirmalari, cesitli
Olcimler kullanilarak degerlendirildi ve keylogger casus
yazihmlarini tespit etmede sistem basarisini belirlemek

icin siniflandirma raporuna ve karisiklik matrisine dayal
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olarak sunuldu (Alghamdi vd. 2022). Keylogger tespitinde
yapilan bir baska calismada ise iceriden gelen saldirganlari
tespit etmek icin ML modeli olarak yine Light Gradient
Boosting Machine (LightGBM) kullanilmistir. Calisma
sonunda model, orijinal dengesiz durumdaki veri setinden
kotu amagh olaylari %99.47 dogrulukla ayirt edebildi
(Mohammed vd. 2021). Yapilan baska bir ¢alisma, kot
amagl yazilim algilama ve 6nleme igin kullanilan mevcut
ML siniflandirma algoritmalarinin performansinin acilen
degerlendirilmesi gerektigini vurgulamaktadir. Calismaya
gore mevcut siniflandirma algoritmalari, kéti amaglh
yazilmlarin bilgisayar sistemine bulagmasini tespit etme
ve Onleme yetenekleri agisindan disik performansa
sahiptir. Bu algoritmalarin performansinin
degerlendirilmesi, mevcut algoritmalarin zayifliklarinin
Ustesinden verimli

gelebilecek daha saglam ve

algoritmalarin ~ olusturulmasina  yardimci  olacagi
distintlmektedir (Dada vd. 2019). Ayrica yaygin olarak
kullanilan bu makine 6grenmesi algoritmalari Tip 2
diyabet gesitli tip alanindaki veri analizlerinde teshise
yonelik olarak kullanilmaktadir (Arslan ve Ozdemir 2024;

Dorterler vd. 2024).

Android isletim sistemi mimarisi ile glivenlik mekanizmasi
ve android zafiyetlerinden yararlanma senaryolarini bir
ile Smart

¢alismada olusturulmutur. Bu senaryolar

Pentester Framework (SPF) araci kullanilarak cesitli

ornekler Uzerinde calismalarini gergeklestirmislerdir.

Olusturulan siniflandirma ve Kali Linux Gzerinde kurulan
sanal ortamda gerceklesen faydalanma yontemleri

senaryolari baz alinarak, android isletim sistemi

kullanicilarinin  ve gelistiricilerinin olasi risklere karsi
farkindaliklarinin  arttirilmasi  ortaya
(Ozdemir Zaim 2021).

taramasinda, keylogger tespitinde yaygin olarak kullanilan

koymuslardir

ve Cavsi Yapilan literatir
birden ¢ok Makine Ogrenmesi modelini birlikte ele alip
performans karsilasmasina odaklanan hicbir calismaya

rastlaniimamistir.

Bu ¢alismanin amaci, keyloggerlarin tespit edilmesinde
yaygin olarak kullanilan Light Gradient Boosting Machine
(LightGBM), K-Nearest Neighbors (kNN), Desicion Tree
(DT), ve Random Forest (RF) ML modellerinin ayni veri seti
Uzerindeki performans degerlerinin karsilastiriimasina
konuda

odaklanarak gelecekte bu yapilacak olan

calismalara katki saglamaktir.
2. Materyal ve Metot

Bu calismada ML modellerinin gelistiriimesinde arag
olarak Python, Jupyter Notebook ve Colab kullaniimistir.
Python, veri analiz, 6n isleme ve grafik islemlerinde
kullanilacak olan programlama dilidir. Jupyter Notebook,
analizi

kullandigimiz  veri  seti  Uzerinde  veri

yapabilecegimiz ve python kodlarini c¢alistiracagimiz
gelistirme ortamidir. Colab ise tarayici lizerinden Python

kodlarini yazip yiritebilen bir ortamdir.
2.1. Kullanilan Kiitiiphaneler

Hedeflenen amag dogrultusunda python programlama
dilinin asagidaki hazir kiitiiphaneleri kullaniimistir;
e numpy (bilimsel hesaplama ve veri isleme ve analizi
icin)
e pandas (veri isleme, veri analizi, veri temizleme ve
veri maniptlasyonu igin)
e matplotlib (verileri gorsellestirmek igin)
e seaborn (verileri daha estetik ve bilgilendirici bir
sekilde gorsellestirmek igin)
e qgplot (olasilik dagihmi grafigi (QQ plot) ¢izmek icin
kullanilir. Bu grafigin amaci, bir degiskenin normal
dagihma uygunlugunu gorsel olarak kontrol
etmektir.)
e metrics (Gesitli metrikler ve degerlendirme olgitleri
saglar. Ornegin, dogruluk, hassasiyet, geri cagirma,
F1 puani ve daha fazlasi gibi metrikleri hesaplamak
icin)
2.2. Kullanilan Paketler ve Fonksiyonlar

Python dilini
modellerin tasariminda asagidaki paket ve fonksiyonlar

programlama kullanilarak gelistirilen

kullaniimistir;

e Scikit-learn (veri isleme, boyutsal kiigilme, model
segimi, regresyon, siniflandiriimasi, kiime analizi.
Bu paket icerisinden kullanilan siniflar ve
fonksiyonlar:

e LabelEncoder (kategorik verileri sayisal verilere
dénusturmek igin)

e train_test_split (veri setini egitim ve test kiimelerine
bélmek igin)

e classification_report, accuracy_score (ML modelinin
performansini degerlendirmek icin)

ROCAUC, ConfusionMatrix

modellerinin

e  PrecisionRecallCurve,
(siniflandirma performansini
degerlendirmek igin)

e Hassasiyet-Dogruluk egrisi (PrecisionRecallCurve)
(modelin siniflandirma performansini analiz etmek
icin)

o Yellowbrick (gorsellerinin kullanacagi renk paletini
ayarlamak igin)

e KElbowVisualizer (kimeleme analizi icin optimal
kiime sayisini belirlemek igin)

e LearningCurve, Featurelmportances (ML

modellerinin performansini degerlendirmek igin)

uyumlu olmayan ML

e Wrap (Yellowbrick ile

modellerini sarmalamak igin)
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e cross_validate dogrulama yontemiyle

(capraz

modelin performansini degerlendirmek igin)
e  StandardScaler (veri setindeki ozellikleri
standartlastirmak igin) metrics (gesitli metrikler ve

degerlendirme 6lgitleri igin)
2.3. Veri Seti

Bu ¢alismada Google LLC'nin bir yan kurulusu olan ve
gevrimici bir topluluk olan Kaggle (int.Kay.1)'de yer alan
Keylogger_Detection.csv isimli veri seti kullanilmistir.
Mevcut veriler (int.Kay.2)’de 523617 keylogger ve iyi
huylu 6rnek icermektedir. Siniflarin dagilimi asagidaki
gibidir:

309415 Gézlem ile lyi Huylu Veriler

214202 Gozlem ile Keylogger Verileri

Pandas kiitiphanesi kullanilarak 'Keylogger
_Detection.csv' dosyasinin okunmasi saglanacaktir. Daha
sonra okunan bu veri setinden bir veri c¢ergevesi
olusturularak veri kiimesi hakkinda daha hizli bir 6n

izleme yapmak amaglanmistir.

2.4. Veri On isleme

df_dk.isnull().sum() eksik
degerlerin sayisini hesaplamasini sagladik. Boylece veri

Calismada, komutu ile,
cercevesindeki her bir hicre igin eksiklik durumunu
kontrol ederek eksik degerler i¢in True (dogru) degeri,
eksik olmayan degerler icin False (yanlis) degeri treten bir
dondirilmesi  saglanmistir.

boolean veri cergevesi

Sonrasinda, .sum() ifadesi ile her sdtundaki True
degerlerin toplamini hesaplayarak True degeri eksik
degeri temsil ettigi icin, her bir stitundaki eksik degerlerin
toplam sayisinin déndirilmesini sagladik. Eksik degerler,
veri analizinde veya isleme sireglerinde dikkate alinmasi

gereken énemli bir konudur. Sonug Sekil 1'deki gibidir.

Ardindan df_dk.info() ifadesi ile, veri gercevesinin hafiza
kullanimi, sttunlarin veri turleri, non-null (eksik olmayan)
degerlerin sayisi ve bellek kullanimi gosteren bir 6zet
raporun Uretilmesi saglanmistir.

Siniflandirma "Class" sltunu df_dk veri

cercevesinden ayristirilarak Class_df adinda yeni bir Seri

ading;

nesnesine atandi. Bu islem, "Class" stitununu ayri bir
degiskende saklamak icin kullanildi. Veri ¢ercevesindeki
"Class" stitununu kullanarak "label" adinda yeni bir stitun
olusturulmustur. Veri cercevesindeki etiketleri
isaretlemek, gereksiz situnu c¢ikarmak ve oOrnekleme
yapmak icin "Benign" ve "Keylogger" etiketlerini sirasiyla

0 ve 1 olarak degistirilmistir.

Unnamed: @

Flow ID

Source IP
Source Port
Destination IP

[ w T e R (N Y ww

Idle Mean 4
Idle Std 4
Idle Max 4
Idle Min 4

Class 1

Length: 86, dtype: intbhd

Sekil 1. Eksik degerlerin sayisini gdsteren gikti

"Remove Useless Features" kodu kullanilarak veri
cercevesindeki gereksiz  Ozelliklerin  minimum ve
maksimum  degerleri  karsilastirilarak  kaldiriimustir.

"Feature Scaling" kodu ile veri 6lgeklendirme islemi
belirli bir
yapimistir.  Bu

yapilarak  verilerin araliga gore

standartlastirmasi standartlastirma,
sUtunun degerlerini situnun ortalamasindan gikararak ve
standart sapmaya bolerek gerceklestirilmistir.
Normalizasyon islemi igin, siitunun degerlerini minimum
ve maksimum degerleri arasinda birim araliga sikistirarak
gerceklestirilmistir. Ardindan "for" donglsi ile veri
cercevesindeki tiim siitunlari dolasarak her bir situnu
standartlagtirmak normalize

veya etmek igin

"standardize" fonksiyonu cagrilmistir.

2.5. Kullanilan Makine Ggrenmesi Modeli

Bu galismada K-Nearest Neighbors (kNN), Decision Tree,
Light Gradient Boosting Machine (LGBM) ve Random
kNN, veri
komsulara dayali olarak siniflandirma yapabilme yetenegi

Forest modelleri kullaniimigtir. setindeki
nedeniyle keylogger detection'da kullanigh olabilecegi
disundlmistir. Decision Tree (Karar agaci) , belirli
ozelliklerin ~ 6nemini ve

hangi  kombinasyonlarin

keylogger'' dogru sekilde tahmin etmeye yardimci
oldugunu ortaya c¢ikarabilecegi duslinilmistir. LGBM
ozellikleri  kullanarak

algoritmasi, veri  setindeki

keylogger'i tespit etmek igin karmasik bir model
olusturabilir. LGBM, yliksek dogruluk ve hizli egitim siiresi
gibi avantajlarindan dolayi secilmistir. Son olarak Random
Forest modelinin, veri setindeki farkl 6zelliklerin dnemini
ve etkisini 6grenmek igin kullanilabilecegi ve genellikle
asirt uyumu (overfitting) onlemek igin iyi bir se¢cim oldugu

disundlmistar.
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Source Destination Flow Total Fwd Tgtal Toral teugth Tofal; Length Fwd Packet Fwd Packet
Port Port Protocol Duration Packets Backward of Fwg of Bud Length Max Length Min
Packets Packets Packets g g
1194  47717.0 80.0 6.0 60458468.0 29.0 65.0 976.0 85705.0 494.0 0.0
1627 623220 53.0 17.0 1118.0 1.0 1.0 30.0 226.0 30.0 30.0
1486  36178.0 443.0 6.0 254942.0 10.0 8.0 688.0 5169.0 354.0 0.0
1837 544470 80.0 6.0 8336699.0 2.0 0.0 0.0 0.0 0.0 0.0
664 39231.0 4430 6.0 13923619.0 3.0 1.0 0.0 0.0 0.0 0.0
5 rows x 81 columns
Sekil 2. Her bir etiketin kag gdzleme sahip oldugunu gosteren gikti
fotal Total Total Fwd Fud
Source Destination Flow Total Fuwd ata Length of Length of Packet Packet
Protocol N Backward
Port Port Duration Packets Paikete Fwd Bwd Length Length
Packets Packets Max Min
0 -0.233494 -0.351011 -0.490176  0.039742  -0.013349 -0.043985 -0.087417 -0.045804 0.016123 -0.207574
1 0.816404 -0.351011 -0.490176 -0.471632 1.096175 0.454328 0.032215 0.439023 0.875028 -0.207574
2 -2.070073 3.025506 -0.490176 -0.489904 -0.096861 -0.059162 -0.154847 -0.052244 -0.409159 -0.207574
3 -0.850547 -0.377187 1.958197 -0.466274 -0.108791 -0.056632 -0.158714 -0.051848 -0.453633 0.438340
4 0746738 -0.351011 -0.490176 -0.170973  -0.084931 -0.059162 -0.168139 -0.052244 -0.562039 -0.207574

5 rows x 69 columns

Sekil 3. Sonug olarak elde edilen veri gergevesinin ilk bes satiri

2.6. Gorsellestirme ve Bilgi Edinme

Veri gorsellestirme adina oncelikle sinif  dagilimini
gorsellestirmek icin ("Attrition Flag Distribution" ) isimli ve
8X8 Sekil 4’te pasta grafigi

olusturulmustur. Bu grafik, Benign yani iyi huylu ve

ing olan gorilen

Keylogger siniflarinin ylzdesini ve goérsel olarak nasil
dagildigini gostermektedir.

Attrition Flag Distribition

2. Keylogger

41%

1.Benign
59%

= 1. Benign

= 2. Keylogger

Sekil 4. Iyi huylu (benign) ve kétii huylu verilerin dagilimi

3. Bulgular

Kullanilan modeller Gzerinde sirasiyla, ¢apraz dogrulama
icin ortalama dogruluk skoru, performans hesaplamalari
ve karisiklik matris degerleri hesaplanmistir. Cizelgede yer
alan bu

ifadeler bizlere farkh bilgiler vermektedir.

Bunlardan c¢apraz dogrulama skoru ortalamasi, ML
dogruluklarini
kullanilan bir dlgidir. Capraz dogrulama, veri kiimesini

modellerinin degerlendirmek igin
farkh pargalara boler ve her bir parga lGizerinde modeli
egitir ve test eder. Sonuglar daha sonra bir araya getirilir
ve ortalama dogruluk skoru hesaplanir. Performans
hesaplamalari, kadar iyi calistigini
degerlendirmek icin yapilan cesitli hesaplamalardir. Bu
hesaplamalar arasinda dogruluk, kesinlik, duyarhlik ve F1

skoru gibi performans 6lgimleri bulunmaktadir. Cizelge

modelin  ne

1., Cizelge 2, Cizelge3 ve Cizelge 4’de her bir model icin bu
performans degerler verilmistir.

Cizelge 1. kNN modeli icin sonuglar
Model: K-Nearest Neighbors (kNN)
0.7022535211267606

Capraz dogrulama skoru ortalamasi

Model Performans Degerleri

Kesinlik Duyarlihik  F1_skor  Support
0.0 0.73 0.80 0.77 423
1.0 0.66 0.57 0.61 287
Dogruluk 0.71 710
Macro avg 0.70 0.69 0.69 710
Weighted 0.70 0.71 0.70 710
avg

Karisiklik matris degerleri ise, bir siniflandirma modelinin
performansini degerlendirmek icin kullanilan bir matristir.
Karigiklik matrisi, dogru ve yanhs siniflandirilan érneklerin
sayisini gosterir. Bu matris, modelin hangi siniflari ne
kadar dogru tahmin ettigini gosterir. Sekil 4, Sekil 5, Sekil
6 ve Sekil 7’de her bir modele ait karisiklik matrisleri
gorilmektedir.
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kNN karigiklik matrisi

0,0 339

123

Gergek sinif

1,0

0,0 1,0
Tahmin sinifi

Sekil 4. kNN igin karisiklik matrisi

Cizelge 2. Decision Tree (DT) Modeli i¢in sonuglar

LGBM karisikhk matrisi

"E 0.0 319

w

v

S

& 10 153

0.0 1.0
Tahmin sinifi
Sekil 6. LGBM igin karisiklik matrisi

Cizelge 4. RF Modeli igin Sonuglar

Model: Decision Tree (DT)

Model:

LGBM

Capraz dogrulama skoru ortalamasi

0.920281690140845

Capraz dogrulama skoru ortalamasi

0.9188732394366198

Model Performans Degerleri

Model Performans Degerleri
Kesinlik Duyarliik F1_skor Support Kesinlik Duyarlihk F1_skor Support
0.0 0.94 0.93 0.94 423 0.0 0.92 0.93 0.93 423
1.0 0.90 0.91 0.91 287 1.0 0.90 0.88 0.89 287
Dogruluk 0.92 710 Dogruluk 0.91 710
Macro avg 0.92 0.92 0.92 710 Macro avg 0.91 0.91 0.91 710
Weighted avg 0.92 0.92 0.92 710 Weighted avg 0.91 0.91 0.91 710
DT karisikhk matrisi RF karisikhik matrisi
“g 0.0 395 “E 0.0 395
wv (%]
X~ X
(] (0]
I &
& 10 26 & 10 35
0.0 1.0 0.0 1.0
Tahmin sinifi Tahmin sinifi
Sekil 5. DT igin karigiklik matrisi Sekil 7. RF icin karigikhik matrisi
Cizelge 3. LGBM modeli igin sonuglar
Model: LGBM “’
Capraz dogrulama skoru ortalamasi 0.6380281690140845 - i o
08 = l‘." o
Model Performans Degerleri s ‘E ",“' //
Kesinlik  Duyarlihik F1_skor Support o 08 .:.".: ,/'
0.0 0.68 0.75 0.71 423 S
~ 0 2
1.0 0.56 0.47 0.51 287 § .::‘,’ s
[} i P
Dogruluk 0.92 710 02 gt o
u P - DT
Macro avg 0.62 0.61 0.61 710 w ]
Weighted avg 0.63 0.64 0.63 710 00 02 04 06 08 10
Yanlis pozitif oran
. . L Sekil. 8 Dort modele ait ROC-AUC egrisi sonuglari
Calismada ayrica, esik degerlerinin  siniflandirma

problemlerinde performans metrigi olarak kullanilan
ROC-AUC egrileri hesaplanmistir. ROC-AUC egrileri Sekil
8’de gosterilmistir. Bu ¢alismada kullanilan dért modele
ait dogruluk skorlarinin siralamasi Cizelge 5’te verilmistir.
Ayrica bu modellere ait performans karsilastirma grafigi

de Sekil 9’da gosterilmistir.

Cizelge 5. D6rt modele ait do

gruluk skorlar

Model Skor
1 DT 0.920282
2 RF 0.918873
3 kNN 0.702254
4 LGBM 0.638028
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1.0

08
06
S
vl
N s
02
kNN DT

LGBM RF
Sekil 9. Dort modele ait performans karsilastirmasi grafigi

00

4. Sonug ve Tartisma

Yapilan literatlir taramasina dayanarak bu calismada

keylogger tespitinde sikga  kullanilan  modeller
belirlenmistir. Buna gore, veri setimiz izerinde sirasiyla K-
Nearest Neighbors, Decision Tree, (kNN), Light Gradient
Boosting ve Random Forest (RF) olmak Uzere dort farkli
0grenmesi  modeli

makine degerlendirilmistir. Bu

modellerin performanslarini  anlamak icin dogruluk

skorlari ve AUC degerleri kullaniimistir.

Verilerimize dayanarak yapilan model karsilastirmasinda,
iki farkl 6lgut olan AUC (Area Under the Curve) skoru ve
dogruluk skoru kullanilmistir. iki metrik arasindaki farkli
modellerin performansinin  farkh

sonuglar, acilardan

degerlendirilmesini saglar.

AUC skoru, siniflandirma modellerinin hassasiyetini ve
6zgllliguni olcen bir olgtdilr. Bu skor, bir siniflandirma
modelinin pozitif ve negatif 6rnekleri dogru bir sekilde
ayirma yetenegini degerlendirir. Random Forest modeli,
en yiksek AUC skoruna sahiptir (0.9724), ardindan
Decision Tree (0.9193) ve LightGBM (0.9187) modellerinin
sonuglari siralanmaktadir. kNN modeli ise en diisik AUC
skoruna sahiptir (0.7471). Bu sonuglar, Random Forest
modelinin diger modellere kiyasla daha iyi siniflandirma
performansi gosterdigini gostermektedir.

Dogruluk skoru, bir siniflandirma modelinin dogru
siniflandirilan 6rneklerinin oranini élger. Decision Tree
(0.9203) ve Random Forest (0.9189) modelleri, yiksek
dogruluk skorlarina sahipken, kNN (0,7023) ve LightGBM
(0.6380) modelleri ise daha dusik dogruluk skorlarina
sahiptir. Bu sonuglar, Decision Tree ve Random Forest
modellerinin diger modellere gore daha iyi dogruluk
sagladigini gosterirken, kNN ve LightGBM modellerinin

daha dislik performans gosterdigini ortaya koymaktadir.

Sonug olarak, AUC skoru ve dogruluk skoru kullanilarak
yapilan farkh
koymaktadir. AUC skoru, siniflandirma performansini

degerlendirmeler sonuglar  ortaya

daha genis bir perspektiften degerlendirirken, dogruluk

skoru dogru siniflandirma oranina odaklanmaktadir.
Random Forest modeli, hem AUC skoru hem de dogruluk
skoru agisindan diger modellere gére daha iyi performans
gostermektedir.

AUC skoru en ylksek olan Random Forest modelini
mevcut giivenlik sistemine entegre etmeye karar veren
bir kurulus, sisteme dahil edilen bilgisayarlarin kullanimini
izleyerek ve kullanicilarin  giriglerini analiz ederek
potansiyel keylogger'lar tespit edebilir. Ornegin, model,
normalde kullanici tarafindan giris yapilan bir alanin,
anormal sekilde uzun bir siire boyunca pasif kalmasi
belirli  tug

kombinasyonlarina anormal siklikta basilmasi durumunda

durumunda alarm  verebilir  veya

uyari verebilir.

Bu sekilde, Random Forest modeli entegre edildikten
sonra, kurulusun bilgi glivenligi ekibi potansiyel keylogger
saldirilarini daha hizli ve etkili bir sekilde tespit edebilir ve
bu tur saldirlara karsi daha iyi korunabilir hale gelebilir.
Bu da kurulusun giivenlik sistemlerindeki performansini
artirabilir ve bilgi giivenligi agisindan daha saglam bir yapi
olusturabilir.

Ancak, model segimi yaparken tek bir metrik tGzerinden
degil, birden fazla metrigi bir arada degerlendirmek
gereklidir. Her iki sonucun da dikkate alinmasi, veri setiniz
icin en uygun modeli segmenize yardimci olacaktir. Ayrica,
model se¢iminde kullanilan veri setinin 6zellikleri, boyutu,
hesaplama maliyeti ve diger spesifik gereksinimler de goz
onlinde bulundurulmahdir.

Bu c¢alisma ydntemsel acgidan genisletilmek adina,
kullanilan modellerin performansini artirmak icin farkh
Oznitelikler eklenebilir veya mevcut Ozniteliklerin daha
derinlemesine incelenmesi yapilabilir. Ayrica farkhh ML
modellerinin performans

veya algoritmalarinin

karsilastirmalari da eklenebilir. Kullanilan modellerin
hiper parametrelerinin daha iyi ayarlanmasi igin farkh

optimizasyon teknikleri de denenebilir.

Calismanin konu agisindan genisletilmesi adina, daha
genis ve cesitli keylogger veri setleri kullanilabilir. Ayrica
keylogger'larin  algilanmasi  ve gizlilik ihlallerinin
Oonlenmesi icin yeni yontemler gelistirilebilir veya mevcut
yontemler iyilestirilebilir. Bu ¢calisma keylogger tespitinde
cesitli makine o6grenmesi metodlarinin kullaniimasiyla
kot amacgli yazihm tespitinde dair yapilacak galismalara

kaynak teskil edecektir.

Etik Standartlar Bildirgesi
Yazarlar tim etik standartlara uyduklarini beyan ederler.

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

taslak
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Oz

Agir metaller, birikim 06zelligi ve akuatik ortamlardan
uzaklastinimasindaki giglik gibi nedenlerle sularin kalitesinin
bozulup kirlenmesine yol agmaktadir. Nikel (Ni) ve kadmiyum
(Cd) da bu agir metaller arasinda yer almaktadir. Bu ¢alismada
adsorban olarak Eskisehir bolgesinden temin edilen bentonit
kullanilarak  sulardan nikel ve kadmiyumun giderimi
amaclanmistir. Bentonit kili (izerine nikel ve kadmiyumun
maksimum adsorpsiyonunu saglamak amaciyla pH degeri,
adsorban dozu, karistirma siresi, hiz ve metal iyonu
konsantrasyonu gibi parametreler incelenmis, analiz edilmis ve
optimizasyonu saglanmistir. Deneysel veriler Langmuir ve
Freundlich adsorpsiyon izotermine uyarlanmistir. 0.1 mg/L (100
ppb) baslangi¢c konsantrasyonu icin optimum adsorban dozu
nikel ve kadmiyum igin 1 g/25 mL olarak belirlenmistir. Deneyler
sirasinda 30. dakikada adsorpsiyon prosesi denge haline gelmis,
her iki agir metal igin de maksimum giderim verimi ise 40°C’de
elde edilmistir. Adsorban boyutu deneylerinde ise en yiksek
verim, Nikel i¢in 0.5 mm olarak belirlenirken kadmiyum igin ise
>2 mm boyutta tespit edilmistir. Deneysel verilerin Langmuir ve
Freundlich adsorpsiyon modellerine uydugu goérilmektedir.
Calisma sonucunda, Eskisehir bolgesinden elde edilen bentonit
kilinin sulu ¢6zeltiden kadmiyumun ve nikelin uzaklastiriimasi
icin etkili bir sekilde kullanilabilecegi ortaya konmustur.

Anahtar Kelimeler: Adsorpsiyon; Nikel, Kadmiyum; Bentonit, izoterm;
Kinetik

© Afyon Kocatepe Universitesi

Abstract

Heavy metals cause water quality deterioration and pollution
due to their accumulation and difficulty removing them from
aquatic environments. Nickel (Ni) and cadmium (Cd) are among
these heavy metals. This study used bentonite from the
Eskisehir region as adsorbent to remove nickel and cadmium
from synthetically prepared water. To ensure maximum
adsorption of nickel and cadmium on bentonite clay,
parameters such as pH value, adsorbent dose, mixing time,
speed and metal ion concentration were investigated, analyzed
and optimized. The experimental data were fitted to Langmuir
and Freundlich adsorption isotherm. For an initial concentration
of 0.1 mg/L (100 ppb), the optimum adsorbent dose was
determined as 1 g/25 mL for nickel and cadmium. During the
experiments, the adsorption process reached equilibrium at 30
minutes and the maximum removal efficiency for both heavy
metals was obtained at 40°C. In adsorbent size experiments, the
highest efficiency was determined as 0.5 mm for nickel and >2
mm for cadmium. It is seen that the experimental data fit the
Langmuir and Freundlich adsorption models. As a result of the
study, it was revealed that bentonite clay obtained from the
Eskisehir region can be used effectively for the removal of
cadmium and nickel from aqueous solution.

Keywords: Adsorption,; Nickel; Cadmium; Bentonite; Isotherm; Kinetics

1. Giris

Agir metallerin insan ve gevre sagligi bakimindan tehdit
olusturmasina neden olan biyolojik olarak pargalanamaz
olmalari, ayrismaya karsi direngli olmalari, birikim
yapabilmeleri ve besin zincirine karisarak diger canlilara
ulasabilme ozellikleridir. Bu 6zellikleri nedeniyle de su ve
atik sulardan giderimleri 6nemli hale gelmektedir. Agir
metallerin giderilmesi icin kimyasal ¢oktlirme, iyon
degisimi, ters osmoz, kimyasal pihtilastirma ve ¢oktiirme
(Charerntanyarak 1999),

ultrafiltrasyon (Landaburu-

Aguirre et al. 2009) ve adsorpsiyon (Jiang et al. 2010, Ahn
et al. 2009, Jusoh et al. 2007) gibi cesitli yontemler
kullanilabilmektedir (Galindo et al. 2013).

Adsorpsiyon, agir metallerin giderilmesinde daha verimli,
yaygin
fizyokimyasal bir siregtir (Kurniawan et al. 2006, Khan et

glvenli, ekonomik ve olarak kullanilan

al. 2018). Diistik maliyetli adsorbanlar kullanilarak yapilan

adsorpsiyon, agir metallerin  sulu ¢ozeltilerden
uzaklastirilmasinda etkili bir sekilde uygulanmaktadir

(Unli and Erséz 2006). Calismaya konu olan kadmiyum
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(Cd) ve nikel (Ni) ise gelismekte olan Ulkelerde sikga
kullanilmalari ve bozunmayan yapilari nedeniyle biyik
endise kaynagidir. Kadmiyum, insan ve gevre sagligi icin
tehlikeli 6zellige sahip agir metallerden bir tanesidir. Nikel
ve bilesiklerinin normal seviyelerin 6tesinde temasi,
alerjik dermatit, kardiyovaskiler ve bdbrek hastaliklari,
gastrointestinal bozukluklar, akciger fibrozu, akciger ve
burun kanseri dahil olmak Uzere insan saghgini
etkileyebilir (Kushwaha et al. 2020; Kayranl et al. 2022).
Son wyillarda, Cd (ll) ve Ni (Il)'nin sulu g¢o6zeltiden
uzaklastirilmasi igcin ¢esitli adsorbanlar kullanilmistir
(Benguella and Benaissa 2002, Gomez-Salazar et al. 2003,
Gupta et al. 2003, Singh et al. 2005, Nwabanne and

Ibbokwe 2008, Torab-Mostaedi 2010).

Adsorpsiyon siirecinde aktif karbon (Jusoh et al. 2007),
kaolinit (Gupta and Bhattacharyya 2006), dogal ve
sentetik zeolitler (Ouki and Kavannagh 1999), piring
kabugu (Vieira et al. 2012), killer (Vieira et al. 2010) gibi
farkh birgok adsorban kullanilmistir. Killer, yiksek katyon
degisim kapasitesi Ozelligine sahip olup kolayca temin
edilen dastk maliyetli adsorbanlardir. Ayrica geri
donistiurilebilir ve sonraki dongiler igin yeniden
kullanilabilmektedir (Galindo et al. 2013). Smektit grubu
kil minerallerinden biri olan bentonitin kristal yapisi {i¢
tabakal olup sisme 6zelligi nedeniyle de adsorpsiyon
prosesinde oldukga yaygin bir sekilde kullanilmaktadir
(Tahir and Rauf 2003). Adsorpsiyon prosesi yaninda birgcok
uygulamada en ¢ok tercih edilen kil minerali 6zelligi
tasiyan bentonitin yiksek ylizey alanina sahip olmasi ve
iyi adsorpsiyon kapasitesine sahip olmasi tercih sebepleri
(Kalpakli  2018).

mineraller, aliiminyum ve magnezyumca zengin volkanik

arasindadir Bentoniti  olusturan
kil, taf ve lavlarin kimyasal ayrismasi ve bozunmasiyla

olusmus ¢ok kiiguk kristaller (baslicasi
montmorillonit)’dir. Bentonit kolloidal silis yapil, sert
olmayan, gozenekleri fazla ve sekil alabilen rengi oldukga
2005).

Glinimuzde bentonitin kullanim alanlari dokiim sanayi,

actk bir kaya olarak gozlemlenir (Temelli
petrol endistrisi, gida, ¢cimento (retimi, seramik Gretimi,
kagit dretimi, temizleyici kimyasal Uretimi, lastik ve
kauguk enddstrileri ve su aritimi olmak Uzere birgok farkh
endustri alani olarak sayilabilir. Ozellikle yiiksek agir metal
icerigi olan atiklarin bertarafinda genis ylizey alani, katyon
degisim kapasitesi, organik ve inorganik iyonlar
adsorplama egilimi gibi 6zellikleri nedeniyle fazlaca tercih
edilerek oldukga yaygin bir kullanim alani sunmaktadir

(Donat et al. 2005).

Bu c¢alismada, bentonit minerali kullanilarak sulu
¢Ozeltilerden Ni ve Cd adsorplama kapasitesinin
belirlenmesi amaglanmistir.  Adsorpsiyon kapasitesi

Gzerinde pH, adsorban dozu, temas siresi ve sicakhgin
etkileri arastirilmistir. Denge verilerini incelemek igin
Langmuir ve Freundlich izoterm modelleri kullaniimistir.

Elde edilen sonuglar degerlendirildiginde Ni ve Cd
adsorpsiyonu icin Langmuir izoterminin Freundlich
izotermine gore matematiksel olarak daha anlamli oldugu

belirlenmistir.

2. Materyal ve Metot/Materials and Methods
2.1. Adsorban

Bentonit, dogal adsorban olarak yaygin kullanilan kil
minerallerinden  bir  tanesidir.  %80’den  fazla
(5A1203.2Mg0.24Si0,.6H20(Na20,Ca0))
iceren bentonit, smektit grubu kil minerallerinden bir

montmorillonit

tanesi olup griden siyaha, yesilden beyaza kadar farkh
renklerde olabilmektedir. Genel olarak sabunumsu ve
balmumsu bir dis goriiniise sahip olan bentonitler su
icinde belli bir sicakhga kadar bir miktar sisme ozelligi
gosterir (600°C'den sonra bu 6zellik kaybolur) ve
kurutuldugunda catlakli patlamis misir gorintisi verir.
Ozgiil agirhig 2.7-2.8 g/cm3 olan kuru bentonit, toz haline
getirildiginde yogunlugu 1.6-1.8 g/cm3 araligina kadar

dusebilmektedir (Temelli 2005).

2.2. Yontem

Cd ve Ni cozeltileri analitik saflikta kadmiyum klorir

(CdCl2) ve nikel klorir (NiCl2.6H20) kullanilarak
hazirlanmistir. Cd(ll) ve Ni(ll) ¢ozeltileri sirasiyla 1000
mg/L Cd(ll) ve Ni(ll) iceren stok c¢ozeltilerden

hazirlanmistir.

Calismada adsorban olarak elek analizi yapilan ve 0,5 mm,
1 mm, 2 mm ve >2 mm olarak 4 farkh tane boyutlu
bentonit numuneleri kullanilmistir. Daha sonra hassas
terazide 0.05, 0.15, 0.5, 1, 1.5, 2, 2.5 ve 3 gr olacak sekilde
tartilarak farkl boyut ve miktarlarda 25 ml'lik deney
Daha
¢ozeltilerden eklenerek pH degerleri 0.1M NaOH veya
0.1M HNO:3 ¢ozeltisi kullanilarak 3, 4,5, 5.5, 6, 6.5, 7 ve 8'e
ayarlanmistir. Hazirlanan 6érnekler galkalayiciya konularak
5, 10, 15, 30, 45, 60, 90 ve 120 dk sireyle180 rpm’de
calkalanmistir. Deneyler 20°C, 25°C, 40°C ve 60°C sicakhk
degerlerinde gergeklestirilmistir. Adsorpsiyon giderim

tlplerine ilave edilmistir. sonra hazirlanan

verimi hesaplanirken esitlik (1) kullanilmistir.

[((Co) = Ce)/Co)] * 100 (1)

Co: Cozeltinin ilk konsantrasyonu (ug/L),
Ce: Adsorpsiyon sonrasi ¢ozelti icerisinde kalan agir metal
konsantrasyonunu (pg/L)
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3. Bulgular
3.1. Adsorban dozunun etkisi

Adsorban dozu, onemli

parametrelerden biridir. Cankl belirli ¢calisma kosullari

adsorpsiyon proseslerindeki

altinda adsorbatin belirli bir baglangi¢ konsantrasyonu igin
bir adsorbanin kapasitesini belirler (Torab-Mostaedi

2010).

Bentonit kullanilarak giderim ve optimum bentonit
adsorpsiyon dozunun belirlenebilmesi amaciyla 1 mm
boyuta sahip 0.05, 0.15, 0.5 ve 1g (hassas terazide
tartilarak)’lik bentonit 6rnekleri 100 ppb’lik (0.1 ppm) 25
ml Ni-Cd sulu ¢ozeltisine ilave edilmistir. Numuneler 60 dk
sureyle 5°C ortam sicakhginda calkalanmistir. Cozelti
Uzerinde olusan sivi faz enjektorle alinarak numune
icerisinde kati madde kalma ihtimaline karsi filtrelenerek
10 ml’lik tiiplere konulmustur. Olgiimler ICP MS cihazinda
TS EN 17294 metodu ile analiz edilmis ve optimum
adsorban miktari belirlenmistir (Cizelge 1).

Cizelge 1. Adsorban dozu-Ni/Cd giderim verimi verileri

Adsorban Ce Giderim
Dozuu (gr) (ppb) Verimi (%)
0.05 34.341 65.66
Ni 0.15 10.833 89.17
0.50 9.299 90.70
1.00 6.477 93.52
0.05 34.401 65.60
cd 0.15 8.776 91.22
0.50 7.703 92.30
1.00 0.591 99.41

Calismada adsorban dozunun 0.05 g’dan 1 g’a ¢ikariimasi
ile birlikte adsorbe edilecek ¢o6ziinen icin daha fazla
adsorban yizeyi sagladigindan dolay! (Geng et al. 2003;
Anna et al., 2015) ylzey alaninin artmis ve boylelikle nikel
ve kadmiyum iyonlariigin aktif tutucu sayisinin artirmistir.
Sonug olarak adsorban dozu artisiyla nikel giderim verimi
%65.66'dan %93.52'ye, kadmiyum igin ise giderim verimi
%65.60’dan %99.41’e yikselmistir (Sekil 1).

Adsorpsiyon giderim verim grafigi incelendiginde
maksimum nikel ve kadmiyum giderimi i¢in optimum

adsorban dozunun 1g oldugu goérilmektedir.

3.2. Adsorban boyutunun etkisi

Killer,
bilesenleridir. Kiglik partikil boyutlari, lamel yapilari ve
etkili

iyon degisimi

topraklarin  mineral  fraksiyonunun  ana

negatif yOkli  yUzeyleri
bu da veya

elektrostatik cekim icin genis reaktif ylizey alanlarina

nedeniyle dogal

adsorbanlardir, onlari
sahip iyi katyon adsorbanlari yapar (Draoui et al., 1999).
Calismada adsorban boyutunun artmasiyla giderim

veriminde 6nce dilisis ve sonrasinda tekrar ylkselme
egilimi gozlenmistir (Cizelge 2, Sekil 2).

100
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70

65 —e—Ni —e—Cd
60

0,00 0,20 0,40 0,60 0,80 1,00 1,20
Adsorban Dozu (g)

Giderim Ylzdesi (%)

Sekil 1. Adsorban dozunun Nikel ve Kadmiyum giderimine etkisi.

Cizelge 2. Adsorban boyutu-Ni/Cd giderim verimi verileri

Adsorban Ce. Giderim
Boyutu (mm) (ppb) Verimi (%)
0.5 2.701 97.30
Ni 1.0 7.262 92.74
2.0 20.236 79.76
>2.0 4.831 95.17
0.5 1.352 98.65
cd 1.0 0.449 99.55
2.0 0.587 99.41
>2.0 0.346 99.65

Kil adsorbanin gozenek o&zelliklerinin (ylizey alani ve
toplam goézenek hacmi gibi) ve partikil boyutunun,
adsorpsiyon  kapasitesini ve adsorpsiyon oranini
belirlemede 6nemli bir rol oynadigi bilinmektedir (Tsai et
al. 2003). Calismada kadmiyum konsantrasyonundaki
degisim ile adsorban boyutu karsilastirildiginda adsorban
boyutundaki degisimin giderim verimine etkisinin cok

fazla olmadigi gorilmektedir.

105

g
I

a5
90
85
80
75 —e—Nj —e—Cd
70
0,0 0,5 1,0 1,5 2,0 2,5 3,0
Adsorban Boyutu (mm)

Giderim Yizdesi (%)

Sekil 2. Adsorban boyutunun Nikel ve Kadmiyum giderimine
etkisi

Maksimum nikel giderimi 0.5 mm boyutundaki adsorban
kullanilarak elde edilirken kadmiyum igin maksimum
giderim>2.0 mm boyutundaki
deneylerde elde edilmistir.

adsorbanla yapilan
Deneylerden elde edilen

sonuglar da gostermistir ki parcacik boyutunun kiglk
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olmasi ylzey alanini artirmis buna bagh olarak da
adsorplama kapasitesi artmistir.

3.3. Temas siiresinin etkisi

Kadmiyum ve nikel adsorpsiyonu hizli bir sireg
oldugundan dolayi adsorpsiyonun >%95'inin ilk 10 dakika
icinde gerceklestigi ve 1 saat igerisinde dengeye ulastigl
bilinmektedir (Statillan-Medrano ve Jurinak 1975; Chen et
al. 2011). Bunun igin galismada optimum temas siiresinin
belirlenmesinde 120 dakikalik siire baz alinmistir. Yapilan
adsorpsiyon deneyleri

temas suresi artisiyla giderim verimi ilk dnce arttigi daha

sonucunda nikel gideriminde
sonra azalarak bir siire sonra yeniden artisa gegtigi ve
baslangic seviyesine yaklastigi gozlenirken kadmiyum
gideriminde ise temas siresinin artisiyla giderim verimi
once bir miktar artmig sonrasinda yine bir miktar azalarak
devam ettigi gbzlenmistir (Cizelge 3, Sekil 3).

Cizelge 3. Temas siresi-Ni/Cd giderim verimi verileri

Temas Ce Giderim
Siiresi (dk) (ppb) Verimi (%)
15 5.811 94.19
Ni 30 3.454 96.55
i
60 7.138 92.86
120 6.015 93.99
15 0.497 99.50
cd
30 0.201 99.80
60 0.394 99.61
120 0.351 99.65
100 -— o -
£ o8
%’ 96
:):-,
£ 94
5]
2 92
0 —o—Nj —e—Cd
90

0 20 40 60 80 100 120 140
Temas Siiresi (dk)

Sekil 3. Temas siiresinin Nikel ve Kadmiyum giderim verimine
etkisi

Sekilde nikel ve kadmiyum gideriminde maksimum
verimin (sirasiyla %96.55 ve %99.80) 30. dk’da elde
edildigi goriilmistir. Bu da adsorpsiyonun ilk 30 dakikada
hizli bir sekilde gercgeklestigini ve daha sonra duragan hale
gectigini (Kushawa et al. 2020) ifade etmektedir.

3.4. Sicakhgin etkisi

Calisma kapsaminda optimum adsorpsiyon sartlarinin
belirlenmesi amaciyla bentonit kullanilarak nikel ve
kadmiyum gideriminde sicakhgin etkisinin belirlenmesi
icin Ni-Cd ¢ozeltisine 1 mm boyuta sahip 0.15 g bentonit

eklenmis ve 20°C, 25°C, 40°C ve 60°C sicaklik altinda 60 dk
sureyle karistirilarak deney gerceklestirilmistir (Cizelge 4).
Elde edilen veriler grafiklendirilerek optimum sicaklik
sartlari belirlenmistir (Sekil 4).

Cizelge 4. Sicaklik-Ni/Cd giderim verimi verileri

Sicaklik Ce Giderim
(°c) (ppb) Verimi (%)
20 8.923 91.08
) 25 5.942 94.06
Ni 40 2.969 97.03
60 7.940 92.06
20 0.284 99.72
25 2.430 97.57
cd
40 0.282 99.72
60 0.568 99.43
Adsorplama reaksiyonlari  genellikle  ekzotermik

oldugundan, proses sonucunda negatif entalpi degisimini
ifade eder (Tasyurek, 2016; Acar ve Acar, 2022).

Negatif entalpi slrecinde azalan sicaklk degeri ile
adsorplama derecesi artis gostermektedir. Calismada
hem nikel hem de kadmiyum icin 40°C sicakliga kadar
dogru orantili olarak artan adsorpsiyon orani ortam
sicakhigr 60°C'ye ulastiginda yeniden azalma egilimini
yansitmaktadir.

110

-—, ¢ .
) '/"/I'\’

80

70
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o
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50
10 20 30 40 50 60 70
Sicaklik (°C)

Sekil 4. Sicakhgin Nikel ve Kadmiyum giderimine etkisi.

3.5. Adsorpsiyon izoterm Modelleri

Adsorpsiyon sirecini incelemek igin, dengede ve sabit
sicaklikta adsorbanin kitlesi (m) lizerine adsorbe edilen
adsorbat miktari (x) arasinda bir grafik cizilir. Bu grafik
adsorpsiyon izotermi olarak bilinir. Langmuir tek katmanli
adsorpsiyonu temsil eder Langmuir modelinin gegerliligi,
adsorpsiyon bolgelerinin diizglin dagihmi, tek katmanli
adsorban yizeyinin doygunluk seviyesi ve adsorban ylizey
bolgelerinde adsorbe edilen molekiillerin afinitesi gibi
farkh parametrelerle agiklanmaktadir. Freundlich modeli
adsorban Uzerinde ¢ok katmanh adsorpsiyonu temsil
etmektedir (Khan et al. 2018).

izotermin sekli, bir adsorpsiyon sisteminin "elverisli" veya
"elverissiz" olup olmadigini tahmin ederken de dikkate

alinabilir. Bir Langmuir izoterminin temel 06zelligi,
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asagidaki denklemle tanimlanan boyutsuz bir ayirma
faktori veya denge parametresi R cinsinden ifade
edilebilir (Alkan and Dogan 2001; Gonzalez et al., 1988):

1

R= 2)

T 14KLCe

R degerine gore, izoterm sekli Cizelge 5’te verildigi gibi
yorumlanabilir. Sekil 5, Inge ile InCe degerlerinin grafige
gegirilmesiyle elde edilen Freundlich izotermini
gostermektedir. 1/n degerlerinin 0 ile 1 arasinda olmasi,
segilen ¢alisma kosullari altinda her iki metal iyonunun da
bentonit Gzerine adsorpsiyonunun uygun oldugunu

gostermektedir.

Gizelge 5. izotermin sekli icin ayirma faktéri

R Degeri Adsorpsiyon Tipi
R>1 Elverisli degil
R=1 Dogrusal
0<R<1 Elverigli

R=0 Déndirilemez

3.5.1 Langmuir izotermi

Denge adsorpsiyon izotermi, adsorpsiyon sistemlerinin
tasariminda temel 6neme sahiptir. Sonlu sayida 6zdes
bolge iceren bir yiizey Uzerine tek katmanli adsorpsiyon
icin gecerli olan Langmuir modeli, ¢bzeltiden adsorpsiyon
verilerini temsil etmek igin en sik kullanilan modeldir.
Heterojen bir adsorban i¢in adsorpsiyon izoterminin tam
sekli KL degerlerinin dagilimina veya daha spesifik olarak
adsorban lizerindeki bolgelerin adsorpsiyon enerjilerinin
frekans dagilimina baglh olacaktir (Langmuir 1918, Do
1998). Bu model Esitlik 3’teki sekilde ifade edilebilir
(Torab-Mostaedi 2010):

AmK1.Ce (3)
1+KCe

qe =
Burada ge adsorbent tizerindeki denge metal iyon derigimi
(mg/g), Ce cozeltideki denge metal iyonu derisimi (mg/L),
gm adsorbentin tek katmanh adsorpsiyon kapasitesi
(mg/g) ve KL adsorpsiyonun serbest enerijisi ile ilgili
Langmuir sabitini (L/mg) temsil eder.

Bu tip adsorpsiyon su durumlarda gecerlidir: (i) adsorban
ylzeyi homojendir (ii) hem ylizey hem de kiitle fazlari

ideal davranis sergiler ve (iii) adsorpsiyon filmi

monomolekilerdir.

Deney sonucunda elde edilen qe ve Ce verileri

grafiklendirilerek Sekil 5’te verilmistir. Sekil 5 izoterm
verileri ile ge degerlerinin karsilagstirmasini yaparak

adsorpsiyon prosesinin yorumlanmasina katki

saglamaktadir.

Sekil 5’te verilen grafikten R? degerleri Cd ve Ni igin
sirasiyla 0.66 ve 0.95 olarak bulunmustur.

0,035
0,030
0,025
0,020
o
o
0,015
0,010
0,005

0,000

Ce

e Ni ®m Cd ——Langmuir (Ni) ——Langmuir (Cd)

Sekil 5. Deneysel verilerin Langmuir izotermleri ile elde edilen ge
degerleri ile karsilastiriimasi

3.5.2 Freundlich izotermi

Freundlich denkleminin dogrusallastiriimis formu esitlik
(4)'te verildigi gibidir.

log(q.) = logK + In(logC,) (4)

ge ve Ce'nin anlami, Langmuir izotermi altinda &nceki
bélimde tanimlananlara benzerdir. K ve n Freundlich
sabitleri olarak bilinir. K sabiti adsorpsiyon derecesi ile
ilgilidir ve n adsorpsiyon yogunlugunun kabaca tahmin
edilmesini saglar (Hema ve Arivoli 2008). Bu sabitlerin
degerleri, log(ge) vs log(Ce) grafiginden belirlenebilir ve bu
grafik Freundlich adsorpsiyon grafigi olarak bilinir.
Freundlich modeli (Weber 1972, Do 1998) ampirik bir
denklemdir ve heterojen yiizeylerde ideal olmayan
sorpsiyon ve ¢ok katmanli sorpsiyon i¢in uygulanabilir.
Denklem genellikle Esitlik 5'te gorildigi gibi seklinde
verilir (Torab-Mostaedi 2010):

1
ge = KrC, /n (5)

Burada KF adsorplama kapasitesi ile ilgili bir sabittir ve 1/n
malzemenin heterojen olma o0zelligine gore degisiklik
gosteren adsorpsiyon yogunlugunu ifade eden ampirik bir
parametredir. Bu modelin sabitlerini elde etmek igin
Langmuir izoterminin dogrusal olmayan formu kullanilir.
Yapilan deneyler sonucunda elde edilen verilerle gizilen
Ln(qe)-Ln(Ce) karsilastirma grafigi Sekil 6’da verilmistir.

R? degerleri Cd ve Ni icin sirayla 0.79 ve 0.82 olarak tespit
edilmistir. Bu sekillerde gorilebilecegi gibi, elde edilen
adsorpsiyon sonuglari en iyi Freundlich izoterm modeli
tarafindan agiklanmaktadir.
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Ln (qe)

Ln(Ce)

® Ni m Cd ——Freundlich (Ni) ——Freundlich (Cd)

Sekil 6. Deneysel verilerin Freundlich izotermleri ile elde edilen
ge degerleri ile karsilasgtiriimasi

4. Sonuglar ve Tartigsma

Su ve atik sulardan agir metallerin giderimi icin kimyasal
¢oktirme, iyon degisimi, ters osmoz, ultrafiltrasyon ve
adsorpsiyon gibi bircok yontem kullaniimaktadir. Agir
metallerin geri kazanim galismalarinda; yiksek giderim
verimi ve daha az camur olusumu gibi avantajlari
nedeniyle iyon degistirme, kimyasal ¢oktlirmeye gore
daha avantajli olsa da iyon degisim prosesinde kullanilan
reginelerin  maliyetinin olmasi

yuksek yontemin

dezavantaji  olarak  duslndilebilir.  Son  vyillarda

su/atiksulardan agir metallerin giderimi igin dislk

maliyetli dogal maddelerin kullanildigi calismalar

artmistir.  Dogal adsorban olarak  ozellikle kil
minerallerinin kullanildigi calismalarda giderim veriminin
yiksek olmasi adsorpsiyon prosesinin diger yontemlere
gore daha c¢ok tercih edilmesine neden olmustur.
Adsorpsiyon; gaz, sivi, buhar veya c¢ozelti icerisindeki
¢O6ziinmUs taneciklerin kati ylizeyde tutulmasi olarak
tanimlanir. Sulardaki Ni ve Cd’un uzaklastiriimasinda
adsorpsiyon prosesinin kullanildigi calismada adsorban
dozu, adsorbanin temas siresi, sicaklik ve adsorban
boyutu o6zelliklerinin giderimle baglantisi ve en uygun
adsorpsiyon sartlari tespit edilmistir. Buna gore adsorban
olarak kullanilan bentonitin; Ni adsorpsiyonu en iyi 0.5
mm boyutta gergeklesirken Cd adsorpsiyonu ise 2mm’den
daha bilylk boyutlarda optimum sonu¢ vermistir.
Adsorpsiyon deneyleri sonucunda optimum temas siresi
hem Ni hem Cd icin 30 dakika olarak ol¢tlmustir.
Deneylerde en iyi adsorban dozaji ise hem Ni ve hem de
Cd icin 1gr olarak belirlenirken en yiliksek verimin alindigi
sicakhk degeri 40°C olarak belirlenmistir. Yapilan bu
calisma ile ekonomik, ¢evre dostu ve dogal bir adsorban
olan bentonitin Ni ve Cd gideriminde etkili bir sekilde

kullanilabilecegi ortaya konulmustur.
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Oz

Kentsel alanlarin degisiminin tahmin edilmesi, kent planlamasi
ve yonetimi igin kritik Gneme sahiptir. Bu sebeple SLEUTH gibi
uzamsal modelleme tahmin araglari bu alanda siklikla
kullaniimaktadir. Ozellikle hizli gelisen kentlerden biri olan
Canakkale’nin glincel bir kentsel yayllma analizi uzamsal agidan
ele alinmadigi gorilmektedir. Bu g¢alismada Ganakkale ilinin
2025,2030,2035 ve 2040 yillari igin kentsel alanlarin gelisimi
incelenmistir. Veri seti olarak egim haritasi, arazi ortisi
haritalari, gelisimden hari¢ tutulacak alanlar, kentsel alan, yol
ulagim agi ve kabartma haritasi kullanilmistir. Modelin test
asamasi gerceklestirildikten sonra kalibrasyon asamasinda en
uygun kentsel bliyime katsayilarini belirlemek amaciyla sirasiyla
kaba, hassas ve final kalibrasyon islemi gercgeklestirilmistir.
Yapilan kalibrasyon sonucu SLEUTH modelde kullanilacak olan
kentsel biiylime katsayilarindan difizyon, cins, yayilma, egim ve
yol agirhgi katsayi degerleri sirasiyla 75, 25, 46, 76, 75 olarak
belirlenmistir. Yapilan kentsel alan gelisim similasyonlari
sonucunda 2019 yilindan 2040 yilina kadar gecen 21 yillik siirede
kentsel alanlarda toplam %43lik bir artis beklenirken
tarim/giplak toprak alanlarinda ise yaklasik %23luk bir disls
olacagl  oOngorulmustir. Ayrica  olusturulan  senaryoyu
dogrulamak igin 2023 yili referans arazi 6rtisi verisi, SLEUTH
model sonucu olusturulan 2023 yili tahmini kentsel gelisim
haritasi karsilastiriimis ve %7 fark gorulmustiir. Bu sonuglar
kentsel yayilimin oldugu bolgelerde altyapi galismalarina ve
cevre dizenlemelerine 6n hazirlk ve planlama yapilmasi
acisindan 6nem tagimaktadir.

Anahtar Kelimeler: Kentsel biiyiime; SLEUTH; Cografi Bilgi Sistemleri;
Uzamsal analiz; Canakkale; Arazi értiisii degisimi.
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Abstract

Forecasting the change in urban areas is critical for urban
planning and management. For this reason, geospatial modeling
forecasting tools such as SLEUTH are frequently used in this
field. It is observed that Canakkale, which is one of the rapidly
growing cities, has not been addressed in a recent urban sprawl
analysis from a geospatial perspective. This study analyzes the
development of urban areas of Canakkale for the years 2025,
2030, 2035, and 2040. Slope maps, land cover maps, excluded
areas, urban areas, transportation networks, and hillshade maps
were used as data sets. After the testing phase of the model,
coarse, fine, and final calibrations were performed to determine
the most appropriate urban growth coefficients in the
calibration phase. As a result of the calibration, the urban
growth coefficients used in the SLEUTH model, diffusion, type,
spread, slope, and road weight coefficient values were
determined as 75, 25, 46, 76, and 75, respectively. As a result of
the urban area development simulations, a total increase of 43%
is expected in urban areas in the 21 years from 2019 to 2040,
while a decrease of approximately 23% is predicted in
agricultural/bare land areas. In addition, in order to validate the
scenario, the reference land cover data for 2023 and the
predicted urban growth map for 2023 generated by the SLEUTH
model were compared and a 7% difference was observed. These
results are important for the preliminary preparation and
planning of infrastructure works and landscaping in areas with
urban sprawl.

Keywords: Urban growth; SLEUTH; Geographic Information Systems;
Geospatial analysis; Canakkale; Land cover change.

1. Giris

Kentsel alanlar sirekli gelisim ve degisim icinde olan
dinamik boélgelerdir. Ekonomik ve teknolojik degisimler,
nifus artisi gibi farkh etmenler siirekli degisen peyzaj
donistimlerine yol agmaktadir. Kentsel degisimlerin
gelecege yonelik dogru tahmini ozellikle yeni agilan
alanlarda dogru altyapi hizmetlerinin planlanmasini da
kolaylastirmaktadir. Diinya nifusunun %50’si kentsel
alanlarda yasarken 2050 yilina gelindiginde bu oranin
%68'e tahmin  edilmektedir

yukselmesi (Birlesmis

Milletler 2018). Bu durum yeni konutlar, ulasim yollari,

kamu hizmetleri gibi birtakim ihtiyaglarin sirekli
saglanmasini gerektirmektedir. Kentler ayrica ekonomik
blylmenin merkezindedirler. Finans, sanayi, hizmet gibi
sektorler kentler etrafinda gelismektedir (Glaeser 2011).
Bu sebeple kentsel biylimeyi 6ngérmek yeni potansiyel
yatirimlar icin blyuk bir 6neme sahiptir (Cohen 2004).
Yatirimlarda olasi zararlari en aza indirmek amaciyla
kentsel blylime sinirlarinin belirlenmesi, bu sinirlar
koruyacak hukuki ve idari altyapinin olusturulmasi ve hizl
gelisen  sehirlerdeki etkilerini

altyapt  projelerinin
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degerlendirecek similasyon modellerinin dretilmesi

gerekmektedir (Ayazli vd. 2022).

Canakkale sehrinin fiziksel 6zellikleri, Marmara Denizi'ne
kiyisi olmasi, Sarigay Nehri'nin sehir merkezinden gegmesi
ve yerlesimin turistik cazibeye sahip dogal alanlarla i¢ ice
olmasi gibi unsurlar, kentsel bilylime ve vyapilasma
Gzerinde belirleyici bir rol oynamaktadir. Canakkale, son
20 yilda Universite kurulmasi ve turizmin artmasi ile
ekonomik beklentilerin yiksek oldugu bir kent olmustur
(Cavus ve Uysal 2018). Bu beklentiler sonucu tasinmaz
sektorli hiz kazanmis ve sehir sinirlart hizli bir sekilde
Canakkale
baktigimizda ise en yiliksek yogunluga orman alanlari,

genislemeye baglamistir. arazi yapisina
daha sonra tarim arazileri ve en son yerlesim alanlarinin
sahip oldugu gorilmektedir (Cavus 2014). 2018 yilinda
Cavus ve Uysal tarafindan yapilan ¢alismada ise yerlesime
uygun alanlarin birincisi kent merkezinin kuzeyinde yer

alan Esenler Mahallesi, ikincisi ise gorece Merkez ilge

sinirlarindan uzakta olan Glizelyali bolgesi olarak
belirtilmistir.
Son vyillarda Canakkale’de, hizli nlfus artisi  ve

sosyoekonomik degisimle karakterize edilen énemli bir
kentsel déniisiim siireci yasanmaktadir. Ozellikle 2018
sonrasi, Canakkale 1915 Koépriisu gibi bolgede yapilan
altyapi ve ulasim projelerinin yani sira turizm ve tarim
sektoriindeki gelismeler, kentte belirgin bir blylime
ivmesi yaratmistir. Bu hizli degisim sireci, Canakkale'nin
kentsel dokusunda ve kullanim desenlerinde 6nemli
degisikliklere yol agmistir. Ancak, mevcut literatiirde, bu
dinamik degisimin etkilerini ve kentsel gelisim streclerini
uzamsal agidan analiz eden ¢alismalarin sinirli oldugu
gozlemlenmektedir.

Kentsel blylime g¢alismalarinda simulasyon yontemlerinin

kullanilmasi karmasikligin yonetilmesi, gelecek
senaryolarinin degerlendirilmesi, uzun vadeli etkilerin
degerlendirilmesi ve planlama-politika gelistirme araclari
olarak kullanilabilirligi ile dne ¢ikmaktadir. Kentsel alanlar
bircok farkh faktérin bir arada bulundugu ve birbirinden
(Waddell 2002). Similasyon

yontemleri bu karmasikhgi yonetmeyi saglar (Batty 2008,

etkilendigi bolgelerdir
Portugali 2011). Kentsel biylime kararlari, uzun vadeli
etkilere sahiptir. Similasyon, belirli bir kararin veya olayin
uzun vadeli etkilerini degerlendirebilir ve bu sekilde karar
vericilere daha bilingli bir sekilde hareket etme imkani
saglar (Angel vd. 2010).

Kentsel gelisim modellemelerinde en sik kullanilan
yontem hiicresel otomat yéntemidir. Hiicresel otomata,
bir sistemin mekansal yapisini hicreler veya bolgeler
olarak modeller ve bu hiicrelerin zamanda nasil degistigini

simile eder (Batty vd. 1999).

SLEUTH model, arazi kullanimi ve arazi ortlist degisimini
analiz ederek arazinin gelecekteki yapisini tahmin eden
hiicresel otomat tabanli bir modeldir. 1997 yilinda Clarke
tarafindan gelistirilen modelde arazi ortiisi ve mekansal
degisimi simile etmek icin alti temel veri katmanini
kullanir. Bunlar sirasiyla Egim (Slope), Arazi kullanimi
(Land
(Exclusion), Kentsel alan (Urbanization), Yol ulagim agi

cover), Gelisimden hari¢ tutulacak alanlar
(Transportation) ve Kabartma haritasidir (Hillshade).
Model, her bir hiicredeki gelecek arazi 6rtlisi durumunu

tahmin etmek igin bu veri katmanlarini kullanmaktadir.

Kumar ve Agrawal (2023) yaptiklari calismada Hindistan’in
yogun bir sekilde gelisen Prayagraj sehrinin 2040 yil igin
kentsel biylimesini simile etmiglerdir. 1990 ve 2020 arazi
ortaleri kullanilarak gergeklestirilen g¢alisma sonucunda
2040 yili igin kentsel alan gelisimi incelenmistir. Sonug
olarak 1990 yilinda 40 km? olan kentsel alanin 2040 yilina
geldiginde 119 km? olacagini tespit etmiglerdir (Kumar ve
Agrawal 2023). Saxena ve Jat tarafindan yapilan bir diger
calismada ise kigik yapilasmalarin yogun oldugu kirsal
alanlarda kentsel blayimeyi ve kent sinirlarini yakalamak
icin  model parametrelerinin duyarliig arastirilmistir
(Saxena ve Jat 2019). Calismada SLEUTH modelinin, farkli
kentsel formlari tanimlama ve kendi kendini degistiren
parametrelere karsi duyarliligini  6lgme yetenegini
basariyla gosterdigi ifade edilmistir. SLEUTH modeli,
kiimelenmis, daginik, kenar, yoldan etkilenen, kompakt ve
yayilan merkez biytmesi gibi farkli kentsel yapilari dogru
bir sekilde tanimlayabilmekte ve ayni zamanda modelin

parametrelerine ne kadar duyarh oldugunu gdéstermistir.

SLEUTH model ile yapilan yerel 6lgekteki calismalara
baktigimizda ise Yakup ve Ayazli (2021), istanbul ili igin bir
arazi kentsel gelisim similasyonu gergeklestirmis ve 2040
yili kentsel alanlarin yayillimini incelemislerdir. Calismada
2000 ve 2018 yillarinin arazi ortileri kullanilmis ve sonug
%25inin
doniisebilecegini tespit etmislerdir. Genele bakildiginda

olarak tarim alanlarinin kentsel alana
ise 22 yillik slirecte kentsel alanda %24 oraninda bir
blylime olacagini kestirmislerdir. 2020 yilinda Uysal vd.
tarafindan yapilan galismada ise Afyonkarahisar ilindeki
kentsel gelisimin 2030 yilina kadar olan similasyonunu
olusturmaktir. Burada temel fark ilk senaryoda cevresel
faktorlerin harici tutulmasi iken ikinci senaryoda tarim,
orman ve mera gibi alanlar herhangi bir korumaya
alinmamasidir. Sonuglara bakildiginda kent gelisiminin 19
yillik sliregte 3115 hektar artacagi ve bu artis ile dogal
alanlarin 2300 hektarinin yok olacagini 6n gérmislerdir.
Cevresel faktorlerin harici tutuldugu senaryoda ise 2000
hektar dogal alanlarin kentlesmeden korunabilecegi

vurgulanmigtir.
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Bu galisma SLEUTH model kullanilarak Canakkale ilinin
2025,2030,2035 ve son olarak 2040 yilinin kentsel gelisim
similasyonunu olusturarak kent alanlarinin artisini ve
gelisme yonlinl tespit etme amaci tasimaktadir.
Calismada Harita Genel Mudirligtd (HGM)'nden temin
edilen 2009,2013,2015 ve 2019 yillarina ait ylksek
¢OzUnurlikla Calismada
kullanilacak olan egim, kabartma haritasi gibi trinler ise
ALOS PALSAR uydusundan dretilen Sayisal Yikseklik

Modeli (SYM) yardimi ile elde edilmistir. Bu baglamda,

ortofotolar  kullaniimistir.

Canakkale'nin ~ son yillardaki nifus artisi  ve

sosyoekonomik degisimiyle iliskilendirilmis  kentsel
gelisim sireclerini daha iyi anlamak i¢in SLEUTH modeli
gibi kentsel simiilasyon araglarinin kullanimi biiyiik 6nem
tasimaktadir. Bu calisma, Canakkale'nin 6zgiin kentsel
dénisim dinamiklerini anlamak ve gelecekteki planlama
stratejilerini sekillendirmek igin gerekli olan analitik bir

cerceve sunmayl amaglamaktadir. Calisma sonucunda

kentsel gelisme alanlart belirlenerek olasi imar
planlamalari, ¢evre dizenlemeleri ve altyapi gibi
hizmetler icin bir 6n hazirlik olmasi planlanmustir.

2. Materyal ve Metot

Calismanin  kapsaminda  oOncelikle ¢alisma alani

belirlenmis, daha sonra SLEUTH model icin gerekli veriler
temin edilmistir. Elde edilen veriler ayni boyut ve
¢Ozunurlikte olmasi gerektiginden birtakim onisleme
SLEUTH model
kalibrasyon ve tahmin asamasi olmak lizere ti¢ bélimden

adimlari  gergeklestirilmistir. test,
olusmaktadir. Verilerin 6n isleme adimlari gerceklestikten
sonra model test edilmistir. Test sonucu herhangi bir hata
tespit edilememis ve kalibrasyon adimina gegilmistir.
Kalibrasyon sonucu modelde kullanilacak kentsel gelisim
parametreleri belirlenmis ve son olarak tahmin adimina

gecilmistir. Tahmin sonucu 2040 tarihli Canakkale kentsel

gelisim haritasi tretilmistir. Ayrica 2023 yil referans verisi
ile modelin dogrulamasi gergeklestirilmistir.

2.1 Calisma alani

Calismada bolge olarak Canakkale’nin yillardir gelismeye
devam eden Esenler Mabhallesi segilmistir. Ozellikle bu
bblgenin secgilme sebebi gelisime acik alanlarin Lapseki
ilcesine dogru genis bir gsekilde ilerlemeye devam
etmesidir. Kentin diger gelisime acik Glizelyali bélgesi ise
kent merkezinden oldukga uzak olmasi sebebiyle bu
calismaya dahil edilmemistir. Kentin diger bolgelerinde
gelisim durmus veya gelisime kapali olan orman, su

alanlari gibi farkh etmenler sebebiyle devam edemeyecek

durumdadir. Galisma alaninin  konumu Sekil 1.de
verilmistir.
Tiirkiye i1 Galigma Alani N
(Ganakkale) A
Esenler
Lejant
8510 288 0 510 Kilometers. 3 5 0 3 Kilometers
T ——

Sekil 1. Calisma alani

2.2 Kullanilan veri

SLEUTH kentsel gelisim modelinin galismasi icin gerekli
veriler sirasiyla egim, arazi ortlisi haritasi, gelisimden
hari¢ tutulacak alanlar, kentsel alan, yol ulasim agi ve
kabartma haritasidir. Calismada kullanilan veriler,
ozellikleri ve edinilme kaynaklari Cizelge 1.”de verilmistir.

Cizelge 1. SLEUTH modelde kullanilan veriler ve elde edilme yontemleri

. . . . - Mekansal

Veri Elde edilme yontemi Turd R
¢ozunirlik

Egim ALOS PALSAR Raster veri 12,5m
Arazi OrtUsi haritasi Harita Genel Mudurlugi Raster veri 40 cm
Gelisimden harig tutulacak alanlar Harita Genel Mudurlugi Raster veri 40 cm
Kentsel alan Harita Genel Mudurluga Raster veri 40 cm
Yol ulasim agi Harita Genel Mudurluga Vektor veri -
Kabartma haritasi ALOS PALSAR Raster veri 12,5m

Cizelge 1./de verilen egim ve kabartma haritasi verileri
ALOS PALSAR’dan elde edilen Sayisal Yukseklik Modeli
(SYM) ile Uretilmistir. Arazi ortlisi haritasi, harici alanlar
ve kentsel alan Harita Genel Midirligi’nden elde edilen
multispektral ortofotolardan dretilmistir. Ortofotolarin

alim tarihi sirasiyla 2009, 2013, 2015 ve 2019’dur. Sekil
2./de calisma bolgesine ait ortofotolar gosterilmektedir.

2025, 2030, 2035 ve 2040 vyillari igin SLEUTH kentsel
gelisim tahmininde arazi ortlsi haritasi olarak 2009 ve
2019 goriintlleri kullanilmistir. Arazi 6rtlsi haritasi
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olusturulurken kontrolll siniflandirma islemi
gerceklestirilmistir. Siniflandiriimis gortntiler Sekil 3.'te
verilmistir. Siniflandirma dogruluklari ise Cizelge 2.'de

verilmistir.

~ Arazi siniflan
f Tanm arazisi, giplak toprak
. I Kentselalan

Orman, su alanlan (geligimden
harici tutulacak bbige)

Sekil 3. 2009 ve 2019 yillari igin siniflandirma sonuglari

Cizelge 2. 2009 ve 2019 tarihli ortofotolarin kontrolli
siniflandiriimasi sonucu elde edilen genel dogruluk ve kappa
katsayilari

Genel dogruluk

Gorunta tarihi Kappa katsayisi

(%)
2009 90,04 0,86
2019 95,09 0,91

Siniflandirma islemi gergeklestirilirken Kentsel alan,
Tarim/Ciplak toprak ve Orman/Su alanlar olacak sekilde
Ug farkh sinif kullanilmistir. Bu sekilde kullaniimasinin
sebebi orman ve su alanlarinin gelisimden harici tutulacak
bolgeler olarak belirlenmis olmasindan dolayidir. Kentsel
bliyimenin daha tutarli tahmin edilebilmesi igin ise ara
tarihlerde bulunan 2013 ve 2015 tarihli ortofotolardan
kentsel alan siniflari elde edilmistir. 2009 ve 2019 yilinin

kentsel alanlari Cizelge 3.’te verilmistir.

Cizelge 3. 2009 ve 2019 tarihli gorintiilerde bulunan kentsel
alan miktari

Goriinti tarihi Kentsel alan (km2)

2009 2,84
2019 3,78

Gelisimden hari¢ tutulacak alanlar belirlenirken yasa ve

yonetmelikler c¢ercevesinde orman ve su alanlari

secilmistir. Bu bolge cikartilirken de siniflandiriimis

gorantuler kullanilarak ilgili sinif elde edilmistir. Yol ulasim

agl ortofotolarda tespit edilen yol Orlintllerinin
sayisallastiriimasi sonucu vektor veri olarak her yil icin ayri
ayr Uretilmistir. Son olarak galisma alaninin kabartma

haritasi SYM ile olusturulan egim verisinden tiretilmistir.

2.3 Hiicresel otomat yéntemi ve SLEUTH model

Hlcresel otomat yontemi, kentsel arastirmalarda
kullanilan 6nemli bir modelleme yaklasimidir. Hicresel
otomat, kentsel alanlardaki mekansal degisimleri ve
blylmeyi modellemek igin kullanilir. Bir kentin belirli bir
zaman dilimindeki mekansal yapisini hiicreler veya
bolgeler seklinde temsil eder ve bu hicrelerin zamanda
nasil degistigini simile eder. Hiicresel otomat yontemi
temel olarak hiicrelerin

komsuluk iliskilerine

dayanmaktadir. Fakat modelin dogru ¢alismasi igin
birtakim tanimlanmis kurallara ihtiya¢ vardir ve bu
farkh

gosterebilmektedir. Blyik kentsel alanlarda ve uzun

kurallar ¢alisma bolgeleri icin  degiskenlik

zaman  dilimlerinde  modelin  ¢alismasi  zaman
alabilmektedir ve hesaplama giici gerektirebilir (Li vd.

2010).

ilk olarak Clarke tarafindan 1997 yilinda duyurulan
hiicresel otomat tabanh SLEUTH model, Kentsel Blylime
Modeli - Urban Growth Model (UGM) ve Arazi Ortiisii
(LCD)
birlestiriimesiile olusturulmustur. UGM, bir alanin kentsel

Deltatron Modelinin - Land Cover Deltatron
bliyiimesini simile etmek igin kullanilirken, LCD, arazi
ortusi degisikligini ve arazi gegcislerini simile etmek igin
kullanilir. SLEUTH C dilinde gelistirilmis UNIX tabanh bir
acik kaynak yazihmdir. SLEUTH modelin ¢alismasi igin veri
olarak bas harflerinden olusan Slope (Egim), Land cover
(Arazi Ortusl), Exclusion (Gelisimden hari¢ tutulacak
alanlar), Urbanization (Kentsel alan), Transportation (Yol
ulasim ag1) ve Hillshade (Kabartma haritasi) kullanilir.

Model, hicrelerin

kosullarina dayali olarak kentsel biiylime davranislarini

komsuluk iliskileri ve ¢evresel

simiile eder. Kullanilan hiicresel otomata kurallari,
hicrelerin belirli bir zaman diliminde nasil degisecegini
tanimlar. Ornegin, hiicrenin etrafindaki diger hiicrelerin
kullanimi, egimi ve ulasilabilirligi gibi faktorlere bagh
olarak bir hiicrenin kentsel olarak gelisip gelismeyecegi
Model, belirli bir

(genellikle yillar veya on vyillar) kentsel biyime ve

belirlenebilir. zaman araliginda

degisimi simile eder. Modelin parametreleri ve kurallari
kalibrasyon ile optimize edilir. SLEUTH modeli, kentsel
biyime ve degisimin karmasikhgini anlamak ve
gelecekteki senaryolari tahmin etmek icin glicli bir arag
edilir.

olarak kabul Ancak, modelin dogrulugu ve

glvenilirligi, kullanilan verilerin kalitesine, modelin

parametrelerine ve kurallarina baglidir. Bu nedenle,
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modeli gelistirirken, kalibrasyon ve dogrulama asamalari
onemlidir.

Model temel olarak diflizyon katsayisi, cins katsayisi,
yayllma katsayisi, egim katsayisi ve yol agirlik katsayisi
olmak Uzere beg farkl kentsel biiylime katsayisini kullanir.
Bu katsayilar ile kendiliginden biliyiime, yeni yayilan
blylime, kenar blyimesi ve yoldan etkilenen bilyliime
olmak Uzere dort farkli blylime kuralinin temellerini
belirlemis olur.

SLEUTH modelin ilk asamasi olan test adiminda girdi
olacak olan verilerin uygun standartlara gére hazirlanmasi
gerekmektedir. Test asamasi, baslangi¢ kosullarinin ve
toplanan verilerin gerekli kriterleri karsiladigindan emin
olmak igin gergeklestirilir. Baglangic kosullari ya da girdi
verileri amaclanan kriterleri tasimiyorsa zaman kaybi
yaratacaktir. Bu sebeple modeli kalibre etmeden énce bir
test asamasinin ylratilmesi kritik 6neme sahiptir. Test
asamasl, kalibrasyon ve tahmin asamasinda kullanilan,
ayni boyut ve standartlara gore uretilen girdi verileri Sekil
4.te gosterilmistir.

Slope (Egim) s A

Land use (Arazi ortusii) o’

000

Exclusion (Geligsimden harici
tutulacak alanlar)

Urbanization (Kentsel alan)

Transportation (Yol ulagim agi)

2015

Hillshade (Kabartma haritasi)

Sekil 3. Canakkale’nin 2040 yili kentsel gelisim tahmininde
kullanilacak SLEUTH model igin hazirlanan girdi verileri

Girdi veriler ile uygulanan test asamasi sonucunda
verilerin geometrik ve radyometrik tutarhligi saglanarak
kalibrasyon asamasina gecilmektedir.

SLEUTH kentsel gelisim siirecinde kullanilacak olan
parametrelerin kalibrasyonu, modelin dogrulugunu ve

araziye olan uygunlugunu arttirmak icin yapilr.
Kalibrasyon isleminde kullanilan kentsel biyiime
katsayilari,  modeldeki  kentsel blyime  hizini

belirlemektedir (Ayazli 2022). Bu katsayilar, modelin
belirli bir arazi ortlistiiniin kentsel gelisime ne kadar yatkin
oldugunu belirler. Kentsel bliylime katsayilari sirasiyla
diflizyon katsayisi (diffusion), cins katsayisi (breed),
yayillma katsayisi (spread), egim katsayisi (slope) ve yol

agirhk katsayisidir (road gravity).

Diflizyon katsayisi (diffusion) olasi bir kentlesme igin bir
pikselin rastgele secilme olasiligini kontrol etmektedir.
bolgede

rastgele bir

Difuzyon katsayisi bulunan yol agindan

etkilenmektedir ve kentsel olusum

gerceklesirken yol agirlik katsayisi hesaba katilmaktadir.

Cins katsayisi (breed), kendiliginden biiylyen bir pikselin
yeni yayllma merkezi olma olasili§ini kontrol eder.
Difizyon katsayisinda oldugu gibi yoldan etkilenen bir
blylime bulunmaktadir.

Yayilma katsayisi (spread), bir yayillim merkezinin pargasi
olan herhangi bir pikselin kendi bolgesinde ek bir kentsel
piksel olusturma olasiligini belirler.

Egim katsayisi (slope) tiim biylime kurallarini dogrudan
etkileyen bir faktordir. Egim ylizdesi ile kentsel gelisim
arasinda dogru oranti kurmak yerine egim katsayisi bir
carpan olarak kullanilir. Egim katsayisi yiksek ise arazideki
yamag diklesecektir ve kentlesme olasiligi diisecektir.

Son olarak yol agirlik katsayisi (road gravity) bir yol agi igin
secilen pikselden belirli bir arama mesafesi kullanarak
gorintl boyutlarinin agirligini belirler ve farkl katsayilarin
etkilenmesinde rol oynar.

Tam katsayilarin kalibrasyonu U¢ adimda gergeklesir.
kaba,
katsayilara uygulanir. Kaba kalibrasyon igin degerlerin O

Sirasiyla hassas ve final kalibrasyon islemi
ile 100 degerleri arasinda 25’lik adimlarla ilk kalibrasyon
islemi gerceklestirilir. Burada temel amag¢ ortalama bir
katsayi degeri bulup hassas kalibrasyon icin baslangic ve
daha kisa

kalibrasyonu,

degerlerini araliklarda
Model

similasyonunda gelecekteki kentsel degisimi en iyi temsil

bitis  katsayi
verebilmektir. kentsel blylime
eden parametrelerin belirlenmesi ve bu parametrelerle
en uygun billyiime katsayilarinin hesaplanarak gelecekteki
degisimlerin tahmin edilmesi amaciyla uygulanmaktadir
(Ayazli 2019). Kaba kalibrasyon sonucu 3124 adet farkli
senaryo gerceklesmistir. Her bir katsayinin farkl degerler
aldigi tim senaryolar incelenmistir. Tum bu dongiler
icerisinde ideal olan kalibre edilmis katsayilari se¢mek igin

Optimum Sleuth Metric (OSM) yoéntemi kullaniimistir.
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OSM, Dietzel ve Clarke (2007) tarafindan kalibrasyonu
gerceklestirirken kullanilan farkh o6lgutleri bir arada

kullanarak ideal katsayr degerlerini tespit etmeyi

amaglamaktadir. OSM degerini hesaplarken kullanilan
formdl Esitlik (1)’de verilmistir (Dietzel ve Clarke 2007).

OSM = Compare * Pop * Edges * Clusters x Slope *

xmean * ymean (1)
OSM skoru sonucunda kaba kalibrasyon isleminde
olusturulan en basarili senaryolar(S) Cizelge 4.te
verilmistir.

Cizelge 4. Kaba kalibrasyona uygulanan OSM skoru sonucu en
basarili bes senaryo

Difiizyon Cins Yayilma Egim aévl:')l:él
S1 75 25 1 100 75
S2 1 75 1 100 50
S3 25 100 1 25 75
S4 50 25 1 50 1
S5 50 25 1 50 25

Son olarak Final kalibrasyon islemine gecerken Cizelge
5’te verilen ve hassas kalibrasyon isleminde en basarili
OSM skorunu alan Senaryo 6’nin katsayl degerleri ile
kalibrasyon gergeklestirilmistir. Cizelge 6."da  Final
kalibrasyonunda elde edilen ve en yiksek OSM skoruna

sahip katsayi degerleri gosterilmistir.

Cizelge 6. Final kalibrasyona uygulanan OSM skoru sonucu en
basarili bes senaryo

Difizyon Cins Yayilma Egim Yol agirhg:
S11 75 25 46 76 75
S12 75 25 51 31 75
S13 75 25 61 16 75
S14 75 25 61 46 75
S15 75 25 31 31 75

Cizelge 4’teki kaba kalibrasyon sonuglarina gore en ylksek

skorun elde edildigi Senaryo 1’in kentsel biylime
katsayilari hassas kalibrasyon islemi igin kullanilmigtir.
Yalnizca egim katsayisi icin anlamh degerler elde
edebilmek amaciyla en yliksek tigincli OSM skoruna sahip
olan Senaryo 3’'lin egim katsayl degeri baslangi¢ olarak
kabul edilmistir. Yani sirasiyla difiizyon, cins, yayiima,
egim ve yol agirlhig! katsayilar icin 75, 25, 1, 25 ve 75
degerlerinden baslanarak kalibrasyon islemi
baslatilmistir. Burada yalnizca yayilma katsayisi icin 25’lik
adim dongusi takip edilmistir yayilma disinda kalan tim
katsayilar 1’er iterasyon ile optimize edilmistir. Elde
edilen sonuglar kapsaminda en yliksek OSM skoruna sahip
hassas degerleri Cizelge 5.'te

kalibrasyon katsayi

verilmistir.

Cizelge 5. Hassas kalibrasyona uygulanan OSM skoru sonucu en
basarili bes senaryo

Difiizyon  Cins Yayilma Egim aé\::::él
S6 75 25 46 51 75
S7 75 25 51 1 75
S8 75 25 76 76 75
S9 75 25 76 76 75
S10 75 25 26 76 75

Yapilan final kalibrasyona goére GCanakkale sehir
merkezinin 2025, 2030, 2035 ve 2040 yili tahmininde
kullanilacak olan kentsel biliylime katsayilari Senaryo
11'deki degerlere gore secilmistir ve diflizyon, cins,
yayllma, egim ve yol agirhg katsayi degerleri sirasiyla 75,
25, 46, 76, 75 olarak belirlenmistir. Difiizyon katsayisi,
kentsel bliyimenin mevcut yapilarin gevresine yayllma
egilimini temsil eder. Yiksek bir difiizyon katsayisi,
kentsel bliyimenin var olan yapilarin yakininda daha
yogun olma egiliminde oldugunu gosterir. Bu durum, kent
merkezine yakin bdlgelerde yogunlasmis bir kentsel
blylmeyiisaret edebilir. Cins katsayisi, arazinin egriliginin
veya topografik egiminin kentsel biylime uzerindeki
etkisini temsil eder. Dislik degere sahip cins katsayisi, diiz
arazilerde daha fazla kentsel bliylime olacagini 6nerirken,
yuksek bir deger, daha engebeli arazilerde kentsel
bliylimenin azalabilecegini gosterebilir. Yayllma katsayisi,
kentsel bliylmenin yayilma hizini ve yayillma potansiyelini
temsil eder. Yiksek degerli bir yayilma katsayisi, kentsel
blylmenin hizl bir sekilde genisledigini ve yeni alanlara
yayildigini gosterir. Egim katsayisi, arazi egiminin kentsel
bliyime Uzerindeki etkisini temsil eder. Yiiksek degere
sahip egim katsayisi, dik arazilerde kentsel bliyimenin
sinirh oldugunu veya azaldigini gosterebilir. Yol agirligi
katsayisi, mevcut ulasim aginin ve yollarin kentsel
bliyimeye olan etkisini temsil eder. Yiiksek bir yol agirligi
katsayisi, kentsel bliyiimenin mevcut ulasim aglarini takip
etme egiliminde oldugunu ve ulasim aglarinin yakininda
daha yogun bir kentsel bliyiime oldugunu gosterebilir.

SLEUTH modelin son asamasi olan tahmin asamasinda,
kalibrasyon sonucu elde edilen en uygun parametreler
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kullanilarak belirlenen bir yilin kentsel gelisimi tahmin

edilir. Yalnizca tahmin gorintilerini degil, ayrica

degisimin istatistiksel verilerinin de elde edilmesini
saglamaktadir. Sonug olarak, bu ¢alismada 2025, 2030,
2035 ve 2040 yilinin olasi kentsel gelisimi tahmin

edilmistir.
3. Bulgular

Sirasiyla test, kalibrasyon ve son olarak tahmin islemi
gergeklestirildikten sonra Canakkale ilinin 2025, 2030,
2035 ve 2040 tahmini kentsel gelisim goriintileri elde
edilmistir. ilgili gdriintiler Sekil 5.’te verilmistir.

2025 2030 2035 2040

Sekil 5. Canakkale ilinin sirasiyla 2025,2030,2035 ve 2040 yili
tahmini kentsel gelisimi

Sekil 5. incelendiginde 2019 yilindan itibaren olan gelisim
senaryolarinda sehrin genel olarak Kuzey ve Kuzey bati
yoninde ilerledigini gormek mimkinddr. Sirasiyla 2009,
2019, 2025, 2030, 2035 ve 2040 tarihlerindeki kentsel
alanlar ve tarim/ciplak toprak alanlari Cizelge 7.de
verilmistir.

Cizelge 7. Tum yillar igin kentsel ve tarim/¢iplak toprak alanlari

il Kentsel alan Tarim/Ciplak toprak
(km2) alani (km2)
2009 (referans) 2,84 7,79
2019 (referans) 3,78 6,46
2025 (senaryo) 4,66 5,62
2030 (senaryo) 4,91 5,42
2035 (senaryo) 5,15 5,22
2040 (senaryo) 5,40 4,99

2035 yillari arasinda %4,9, 2035-2040 yillari arasinda ise
%4,9 oraninda kentsel alan artisi gozlemlenmistir. Ayni
sekilde tahmin haritalarinda bulunan tarim/ciplak toprak
alanlarinda sirasiyla 2025-2030 vyillari arasinda %3,5,
2030-2035 yillari arasinda %3,7, 2035-2040 vyillar
arasinda ise %4,5’lik bir duslis gbzlemlenmistir. Son olarak
genel sonuca baktigimizda 2019-2040 vyillari arasinda
kentsel alanlarda toplam yaklasik %43’lik bir artis
beklenirken tarim/ciplak toprak alanlarinda yaklasik
%23’lUk bir diistis 6ngoralmustdr.

Olusturulan tahmin modelini dogrulama amaci ile 2023
yili referans uydu goruntisii ve 2023 vyih tahmin
gorintlst  karsilastirilmigtir.  Referans gorinti igin
Sentinel-2 uydu goruntisi kullaniimigtir. Karsilastirmanin
gorsel sonuglari Sekil 6.”da verilmistir.

Arazi siniflari
Tarim arazisi. Iplak toprak
I Kentsel alan

Orman, su alanlari (gelisimden
harici tutulacak bdige)

Sekil 6. a)2023 yili Sentinel-2 uydu go6rintisinin
siniflandirma  haritasi  b) SLEUTH model sonucu
olusturulan 2023 yili tahmini gelisim haritasi

Sekil 6.”da verilen model dogrulugu test goriintilerinin
alansal olarak karsilastiriimasi Cizelge 8.’de verilmistir.

Cizelge 8. Model dogrulugu testinde elde edilen alanlar

Vil Kentsel alan Tarim/Ciplak
(km2) toprak alani (km2)

2023 4,78 6,22

(referans)

2023 (senaryo) 4,44 5,70

Cizelge 7. incelendiginde oncelikle elimizde referans
olarak bulunan 2009 ve 2019 goérintilerinin kentsel
alanlarinda %33’lUk bir artis goze carparken tarim/giplak
toprak alanlarinda ise vyaklasik %17lik bir dusls
gorilmektedir. Ayni sekilde 2019 yihi ile ilk tahmin
senaryomuz olan 2025 yilina baktigimizda kentsel alanda
%23luk bir artis olacagl 6ngorulmistir. Ayni seneler igin
tarim/giplak toprak alani degisiminde ise %13luk bir dusts
meydana gelecegi tahmin edilmistir. Uretilen kentsel
gelisim senaryo tahmin haritalarini kendi iglerinde
inceledigimizde 2025-2030 yillari arasinda %5,4, 2030-

Cizelge 8.'de verilen model dogrulugu test verileri
incelendiginde 2023 yili referans ve SLEUTH model sonucu
elde edilen 2023 yili tahmin senaryosu alanlarindan
%7lik  bir
gdzlemlenmistir. llgili sonuglar Sonuclar ve Tartisma

Kentsel Alan sinifinda yaklasik sapma

boliminde daha detayli incelenmistir.

4. Sonuglar ve Tartisma

Bu galisma Canakkale ilinin son yillarda yogun bir sekilde
kentsel gelisim gosteren Esenler Mahallesi’'nde 2025,
2030, 2035 ve 2040 yillarinda gergeklesecek olan alansal
yvaylhmin analizini yapmaktadir. Yapilan c¢alismada bir
hiicresel otomat modeli olan ve arazi Ortisi
similasyonunu gerceklestiren SLEUTH modeli
kullaniimigtir.
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SLEUTH model sonucu olusturulan kentsel gelisim
senaryolarina bakildiginda kentsel alanlarin dogrusal artisi
ile tarim/giplak toprak alanlarinin kademeli diststinin
birbirleriyle tutarli olduklar goériilmektedir. Bu da
beklenildigi gibi tarim arazileri Gizerinde ingaatlarin devam
ettigini ve kentsel alanlarin bu bolgelerde genisledigini
gostermektedir. Referans yillar olan 2009 ve 2019 yillari
arasindaki kentsel alan artisi ile kentsel gelisim
senaryolarinda dretilen haritalarin ilerleyen vyillar igin
kentsel alan artis oranlari benzerlik géstermektedir. Bu da
elde edilen sonuglarin tutarli sekilde kentsel gelisim
senaryolarini Urettigini gostermektedir.

Model dogrulugu 2023 yili referans uydu goriintiisi ve
2023 yih SLEUTH model tahmin  senaryosu
karsilastirlldiginda alansal bazda %7’lik bir fark olustugu
gorulmustur. Bu fark kentin 6zellikle Covid-19 pandemi
sirasi ve sonrasinda aldigi kontrolstiz go¢ ve hizl
kentlesme sonucu olustugu varsayimina dayanmaktadir.
2015-2020 yillari arasinda ortalama yillik nifus artis hizi
yaklasik %1 iken 2020-2021 yillari arasinda nifus artis hizi
%3 olmustur. Gorilen bu hizh artis kentlesmede de
etkisini gostererek referans ve senaryo cgiktisindaki alansal
farkhhg agiklamaktadir. Bu sonug dogrultusunda kentsel
gelisim modellemeleri gergeklestirilirken sosyoekonomik
sartlarin da dikkate alinabilecegi gésterilmistir.

Cavus ve Uysal'in 2018 vyilinda vyaptigi calismada
Canakkale’nin kentsel gelisim ve yayilmasinin sebepleri
arastinlmistir. 1992 yilinda sehirde yeni kurulan
Universitenin ¢evresinde gelisim yogunlasinca 2010 yih
itibariyle sehrin imar planina uygun olacak sekilde kuzey
yoniinde yayilacagl ongorilmustir. Yapilan ¢alismada da
Canakkale’nin kuzeyinde kalan Esenler Mahallesi'nde
kentsel gelisimin ayni sekilde devam edecegi ve yayllma
alanlarinin  yapilan  galismalarla  uyumlu  sekilde
ilerleyecegi tespit edilmistir.

Kentsel gelisimin dogru tahmini, yapilacak olan ¢evresel
peyzaj ve ekolojik dilizenlemeler igin iyi bir altyapi
olabilmektedir. SLEUTH model kullanilarak yapilan bu
¢alismada kentin gelisme alanlarinin yiksek dogrulukla
tahmin edilmesi o bolgeler icin ileriye doénuk
planlamalarin  yapilmasina da ©ncilik edecektir.
Boylelikle kentlerde yanhs ve diizensiz planlamalardan
kaynakli alt-list yapi sorunlarinin minimize edilmesi
beklenmektedir.

Etik Standartlar Bildirgesi
Yazarlar tum etik standartlara uyduklarini beyan ederler.

Yazarhk Katki Beyani

Yazar 1: Kaynaklar,  Arastirma,
Gorsellegtirme

Yazar 2: Dogrulama, Metodoloji

Metodoloji, Deney, Yazma,

Cikar Catigmasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir
¢ikar catismasi yoktur.

Verilerin Kullanilabilirligi
Bu ¢alisma sirasinda olusturulan veya analiz edilen tim veriler, istek
izerine sorumlu yazardan temin edilebilir.

Tesekkiir

Bu arastirma Harita Genel Middirltga tarafindan “Yiksek
¢OzUnUrlakla hava fotograflari ile kentsel-kirsal gelisimin
izlenmesi” projesi kapsaminda desteklenmistir.
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Abstract

Bioclimatic comfort refers to the climatic conditions that
contribute to individuals’ physiological and psychological well-
being. Criteria such as temperature, relative humidity and wind
speed are pivotal in determining bioclimatic comfort.
Bioclimatic areas should be taken into consideration in urban
planning studies for both human well-being and energy saving.
This study endeavors to identify bioclimatic comfort areas
tailored for Kahramanmaras. 57 years of climate data obtained
from 32 meteorological stations were used. These data were
imported into ArcGIS 10.8 geographic information systems (GIS)
software. Bioclimatic comfort levels were analyzed on a
monthly, seasonal, and annual basis, employing the Discomfort
Index (DI), Heat Index (HI), and Wind Chill Index (WCl). The
findings revealed that the optimal bioclimatic conditions fell
within specific ranges: a temperature range of 18-25°C, relative
humidity between 32-48%, and a wind speed of 1.25—-2.75 m/s.
Ten classes were generated based on bioclimatic suitability. The
areas characterized by almost unsuitable bioclimatic comfort
cover are 426 km? and 2.93%, less suitable areas encompass
9106 km? and 62.69%, and moderately suitable bioclimatic
comfort areas span 4993 km? and 34.38%.

Keywords: Geographic information systems; Bioclimatic comfort;
Discomfort index; Landscape planning; Climatic parameters.

Afyon Kocatepe Universitesi
0z
Biyoklimatik konfor insanlar igin hem fizyolojik hem de psikolojik
olarak kendilerini saglikli hissettikleri iklim kosullaridir.
Biyoklimatik konforun belirlenmesinde sicaklik, bagil nem ve
ruizgar hizi gibi kriterler kullanilmaktadir. Hem insan saghgi hem
de enerji tasarrufu igin biyoklimatik alanlar sehir planlama
calismalarinda dikkat edilmelidir. Bu ¢alismada Kahramanmaras
ili icin  biyoklimatik konfor alanlarinin  belirlenmesi
amaglanmistir. 32 meteoroloji istasyonundan 57 vyillik iklim
verileri kullanilmigtir. Bu veriler ArcGIS 10.8 cografi bilgi
sistemleri (CBS) yazihmina aktarilmistir. Discomfort Index (Dl),
Heat Index (HI) ve Wind Chill Index (WCI) kullanilarak
biyoklimatik konfor aylik, mevsimlik ve yillik olarak
belirlenmistir. Bu arastirma ile biyoklimatik kosullarin en uygun
oldugu zamanlarda sicaklik 18-25°C, nispi nem %32-48 ve riizgar
hiziise 1.25-2.75 m/s olarak hesaplanmistir. Biyoklimatik agidan
uygunluk durumuna gore on sinif olusturulmustur. Biyoklimatik
konforun neredeyse uygun olmadigi alanlar 426 km? ve %2.93,
biyoklimatik konforun az uygun oldugu alanlar 9106 km? ve
%62.69, biyoklimatik konforun orta uygun oldugu alanlar 4993
km2 ve %34.38 oranindadir.

Anahtar Kelimeler: Cografi bilgi sistemleri; Biyoklimatik konfor;
Rahatsizlik indeksi, Yerlesim alani belirleme; iklim parametreleri.

1. Introduction

Throughout history, the climate has been a significant and
intriguing concern for humanity. It directly influences
fundamental human needs such as shelter and nutrition.
both
physiological and psychological well-being, promoting a

Optimal climatic conditions contribute to
sense of health. Today, the notion of bioclimatic comfort
is defined as the suitability of natural climatic conditions
for human health. Parameters affecting human well-
being, such as temperature, humidity, wind speed and
radiation, are evaluated in the assessment of bioclimatic

comfort status (Ekercin and Ormeci 2010, Orhan et al.

2014). The energy people use today is predominantly
derived from non-renewable sources, particularly coal, oil
and natural gas. A substantial part of this energy is
consumed for heating in cold climates and cooling in hot
climates. Bioclimatic conditions play a direct or indirect
role in various aspects of human life, such as well-being,
habitat selection and nutrition (Roshan et al. 2019). In a
world with finite settlement possibilities, bioclimatic
evaluations must be considered in the planning phase of
the cities for sustainable human living (Cetin et al. 2018,
Nouri et al. 2023, Oliveira and Andrade 2007, Toy et al.
2007). Research on bioclimatic conditions and their
effects on humans has been a focal point for researchers
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over many years. In the early stages, Haldane (1905)
examined the psychological states of people working in
extreme temperatures, exploring the effects of
bioclimatic conditions on human well-being. Today, one
of the most widely used indices for gauging bioclimatic
comfort is the Bioclimatic Comfort Chart developed by
Olgyay (1963). Olgyay notes that optimal bioclimatic
comfort conditions outdoors entail a temperature range
of 21 - 27.5°C, relative humidity between 30% and 65%,
and wind speed less than 5 m/s. Some of the indices
developed to calculate bioclimatic comfort are as
following; Effective Temperature (ET), Temperature
Humidity Index (THI), Discomfort Index (DI) (Thom 1959),
Wind Chill Index (WCI) (Osczevski 1995), Physiological
Equivalent Temperature (PET) (Mayer and Hoppe 1987)

and Heat Index (HI) (Steadman 1979).

When analyzing the research on the determination of
bioclimatic comfort in recent years Adiguzel et al. (2020),
Caliskan et al. (2012), Cetin (2015, 2020), Cetin et al.
(2018, 2019), Evrendilek and Berberoglu (2008), Gungor
et al. (2021), Kargioglu et al. (2009), Mansuroglu et al.
(2021), Metin and Caglak (2022), Ozyavuz et al. (2018),
Topay (2007), Toy et al. (2007, 2022), it becomes evident
that comfort zones are identified through a single index,
with the results not converted into an annual format.

This study employed DI, HI and WCI to delineate

bioclimatic comfort areas in Kahramanmaras. Detailed

information regarding the indices is presented in the

material and methods section. Hence, the study seeks to;

e Produce temperature, relative humidity and wind
speed maps for Kahramanmaras.

e Compare the results for DI and HI, which depend on
temperature and humidity variables.

e  Evaluate the effect of cold conditions on bioclimatic
comfort areas using WCI.

e Compare DI, HI and WCI maps with those derived
from DI+HI+WCI.

e Determine monthly and seasonal bioclimatic
comfort areas for sectors like tourism.
e |dentify new bioclimatically suitable residential

areas to minimize energy consumption for heating
and cooling purposes.

2. Materials and Methods

2.1 Study Area

Kahramanmaras was chosen as the study area due to its
status as a growing city characterized by diverse climate
characteristics. Located in the southern region of Turkey,
the city center is situated at coordinates 37° 34’ 59" North

and 36° 55’ 59" East (Figure 1). With an average altitude
of 568 meters above sea level, the city encompasses
northern regions involving mountainous terrain. The
altitude of the land varies between 350 and 3000 meters.
Due to its geographical location, Kahramanmaras exhibits
both
characteristics. The city experiences an average annual

Mediterranean and  continental climate
temperature of 17.2°C, with an average of 76.4 rainy days
and a monthly total precipitation averaging 750.9 mm.
Over the period from 1930 to 2022, the highest recorded
temperature in the city reached 45.2°C, while the lowest

temperature was -9.6°C.

The city has a surface area of 14525 km?, 59.7% of which
is covered with mountains, 24% plateaus and 16.3%
plains. Besides, it sustains a growing population of
1,178,619 people. It continues to receive immigration due
such as the climate and

to factors economy,

transportation (Int. Ref. 1, Meteorology 2022).

2.2 Field study and modeling of bioclimatic variables

This study used data obtained from 32 meteorological
stations and field studies administered by the State
(SMAGD)
covering the entire city (Meteorology 2022). The

Meteorology Affairs General Directorate
observations (temperature, relative humidity and wind
speed) and environmental data carried out by these
stations from 1965 to 2022 were organized in a
computerized environment. Meteorological parameters
for the entire city were derived from the measured
in ArcGIS 10.8

software. Monthly average temperature distributions

stations using Kriging Interpolation

(Figure 3), monthly average relative humidity
distributions (Figure 4) and monthly average wind speed

distributions (Figure 5) were modeled for all months.

2.3 Selection and calculation of bioclimatic comfort
indices

The use of a single index in determining bioclimatic
with
characteristics, like Kahramanmaras, is both uncontrolled

comfort zones in cities diverse climate
and insufficient. Therefore, it is essential to employ
multiple bioclimatic comfort indices to systematically
assess various climate effects in a controlled and nuanced
manner. This study utilized DI and HI indices based on
temperature and relative humidity variables and WCI
indices to account for the coldness effect (Thom 1959,
Steadman 1979, Osczevski 1995). The formulas for these
indices and their bioclimatic classifications (Table 1),

(Table 2), (Table 3) are displayed as follows:
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Figure 1. Location of study area

Table 1. Classes of the discomfort index (Thom 1959).

DI Comfort sensation Point
Less than 10 Discomfort feeling 0
10-18 Moderate discomfort feeling 1
18-21 No discomfort feeling 2
21-27 Moderate discomfort feeling 1
More than 27 Discomfort feeling 0

DI =T — (0,55 — 0,0055RH)(T — 14,5) (1)

Here, DI represents the discomfort index, T signifies the
temperature (°C) and RH (%) refers to the relative
humidity.

Table 2. Classes of the heat index (Fotso-Nguemo et al. 2023).

HI Comfort sensation Point
Less than 15 Discomfort feeling 0
15-17 Moderate discomfort feeling

17-25 No discomfort feeling 2
25-28 Moderate discomfort feeling 1
More than 28 Discomfort feeling 0

T+61 T—-68)*1.2
HI' =05 *{ ' +(J;2[=E 0.0094)) ]} )

Here, HI represents temperature index, T signifies the
temperature (°F) and RH (%) refers to the relative
humidity.

Table 3. Classes of wind chill index (Blazejczyk et al. 2012).

wci Comfort sensation Point
Less than (-10) Discomfort feeling 0
0-(-10) Moderate discomfort feeling 1
More than 0 No discomfort feeling 2

WCI = 13.12 + 0.6215T — 11.37V %6 + (0.3965T =*
V0.16) (3)

Here, WCI refers to the Wind Chill index, T points the
temperature (°C) and V (km/h) is the wind speed.

Monthly thematic maps for DI, HI and WCI were
generated from the monthly average temperature (Figure
3), monthly average relative humidity (Figure 4) and
monthly average wind speed (Figure 5) maps using the
raster calculator function, which facilitates pixel-based
calculations. These maps were classified through the
reclassify function. In this process, bioclimatically
unsuitable areas were assigned 0 points, moderately
suitable areas 1 point, and very suitable areas 2 points.
Thus, maps were created for monthly and seasonal

evaluations (Figure 6), (Figure 7), (Figure 8).

1217



Determining Residential Areas Based on Bioclimatic Conditions in Kahramanmaras, Turkey, DOGRULUK vd.

2.4 Determining suitable settlement areas on a monthly
and annual basis from a bioclimatic perspective

The cell statics function can calculate across the same
pixels in various layers. Using this function, a monthly
bioclimatic comfort zones map, represented as DI + HI +
WCI, was generated by averaging the monthly maps
and WCl In this
modeling study, the monthly

produced for DI, HI (Figure 9).
comprehensive city-wide
DI + HI + WCI map was divided into 10 classes, prioritizing
more suitable areas over unsuitable ones to make a

thorough analysis of bioclimatic comfort areas.

Monthly bioclimatic comfort zone maps may be
insufficient for a comprehensive assessment of suitable
settlement areas. Thus, annual DI, Hl and WCI bioclimatic
comfort zone maps were generated by averaging the
respective monthly maps, using the cell statics function.
Besides, an annual DI+HI+WCI bioclimatic comfort zone
map (Figure 10) was produced by averaging these maps
through the same cell statics function. This resulting map
was categorized into 10 distinct classes, ranging from
unsuitable to very suitable areas, for more detailed
analysis. In this way, bioclimatically suitable areas for
settlement were determined by combining three
different indices for Kahramanmaras.

Bioclimatically suitable settlement area map

[ Meteorology stations J

v

Y

[ Temperature polygon data ]

[ Relative humidity polygon data ]

[ Wind speed polygon data ]

L Kriging interpolation 33 J
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J
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Figure 2. Study flow diagram

3. Results and Discussions

The findings revealed that the optimal bioclimatic
conditions for Kahramanmaras fell within specific ranges:
a temperature range of 18-25°C, relative humidity
between 32-48%, and a wind speed of 1.25 — 2.75 m/s.
The value ranges of bioclimatic variables (temperature,
relative humidity and wind speed) were calculated
through analyzing the monthly average temperature
(Figure 3), monthly average relative humidity (Figure 4)
and monthly average wind speed (Figure 5) maps for

Kahramanmaras.

The coldest season in Kahramanmaras is winter and the
hottest season is summer. Winter is characterized by
increased humidity levels, which subsequently decrease

during the summer months. In addition, the annual
temperature average is calculated at 10.75°C, with an
annual relative humidity average of 57.83% and an annual
wind speed average of 2.31 m/s. The average
temperature increases from January to August, with
August being the hottest month and January the coldest.
The highest humidity is observed in January, while the
lowest humidity in September. Humidity is quite high in
winter and lowest in summer. Considering wind speed,
the months display general similarities despite an
increase during the summer months. The effect of high
temperatures in summer is lessened by winds coming

from the north.
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Figure 4. Average monthly relative humidity (from 1965 to
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November.

Figure 6. Monthly bioclimatic comfort areas according to
discomfort index: a December, b January, ¢ February, d March,
e April, f May, g June, h July, i August, j September, k October, |
November.
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Table 4. Seasonal and regional classification of bioclimatic

a b c “%4 comfort areas for Kahramanmaras.
i Seasons Regions DI HI wdcli
o/ North 1 1 2
i East 1 1 2
Winter
AhL RIS G A SR South 1 1 2
d e f
West 1 1 2
North 1 1 2
East 2 1 3
Spring
South 2 2 3
g h i
West 2 1 3
North 3 2 3
East 2 3 3
Summer
South 1 2 3
J k 1
West 3 3 3
North 1 1 2
i East 2 2 2
Autumn
South 2 2 3
e e n.
West 2 2 2
Classification of the Wind Chill Index A Stations.
o W e somison @ ) e *Suitability ranking: 1-Unsuitable-3-Suitable
Figure 8. Monthly bioclimatic comfort areas according to wind
chill index: a December, b January, ¢ February, d March, e April, . .
f May, g June, h July, i August, j September, k October, |  Monthly DI (Figure 6), monthly HI (Figure 7) and monthly
November. WCI (Figure 8) maps generated from temperature,
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relative humidity and wind speed maps were examined
(Table 5). Bioclimatically, the most favorable season is
summer, while the least suitable is winter. A regional
analysis of comfort areas reveals that the west and south
regions are the most suitable, whereas the east and north
regions are identified as the least suitable areas.

Upon comparing DI and HI with the same variables

seasonally and regionally, the similarity rate was
identified as 69%. In contrast to previous studies Cetin
(2015), Oliveira and Andrade (2007), Ozyavuz et al.
(2018), Toy et al. (2007) that employed a single index, this
study demonstrated that the use of a single index was not
controlled and the results showed significant differences.
expanded by
incorporating the calculation of the coldness effect during
with  WCI.

bioclimatically unsuitable through WCI were found to

Moreover, the study’s scope was

winter months Areas identified as

align with unsuitable areas in both DI and HI maps.

In the initial phase of the study, monthly bioclimatic
comfort zone maps for DI, HI and WCI were divided into
three categories: unsuitable, moderately suitable and
suitable. A similar study divided bioclimatic comfort areas
Adiguzel et al. (2020) into two classes as suitable and
unsuitable areas. Increasing the number of classes in this
study offered a notable advantage in determining a more
nuanced the order of preference.

Upon analyzing the monthly DI+HI+WCI map (Figure 9),
the effects of the continental climate in the northern
regions of the province were evident throughout the year.
Generally, the city does not exhibit a favorable bioclimatic
comfort conditions in December, January, February and
March, while the summer months (June, July, August) are
more suitable for tourism and nature-related activities.
These maps can be used as a foundational tool for
settlement planning, and areas can be selected for
seasonal residences,

holidays and  temporary

accommodation.

Table 5. The annual and regional suitability for settlement in
Kahramanmaras in terms of bioclimatic conditions.

Regions DI HI WCI DI+HI+WCI

Northwest

North

Northeast

East

Southeast

South

Wlw wlwlw(Nlw
W W WIN|IN[FLN
ool ou|b~luvg

Southwest

EE IO IO, I I O T I (R~ [ S S

West 3 2 5

*Suitability ranking: 1-Unsuitable-10-The Most Suitable

Annual maps for DI, HI, WCI and DI+HI+WCI (Figure 10)
were generated by averaging monthly produced DI
(Figure 6), HI (Figure 7), WCI (Figure 8) and DI+HI+WClI
(Figure 9) maps. This annual map was divided into 10
classes and analyzed regionally (Table 5).

The northern regions of Kahramanmaras exhibit a
significantly unfavorable bioclimatic comfort due to the
continental climate effect. The southern regions are
relatively more suitable areas due to the influence of the
Mediterranean climate. No region within the city attains
uniform suitability scores across all indexes. Besides, no
region in the city is bioclimatically suitable. On the other,
the expansion of class categories is advantageous in

determining the appropriate settlement area

Considering the suitability classes across regions, notable
differences emerged. A substantial difference of 63% was
identified between DI and HI, while a complete 100%
difference was found between DI and Hl, as well as DI and
DI+HI+WCI. Similarly, a 100% difference was calculated
between HI and WCI, and HI and DI+HI+WCI. A 50%
difference was noted between WCl and DI+HI+WClI.

Table 6. Annual classification of bioclimatic comfort areas in
Kahramanmaras based on indices.

Suitability DI HI WCI DI+HI+WCI

Ranking (km2) (km2) (km2) (km2)
1 144 960 - -
2 1023 6153 - 426
3 13358 7412 93 9106
4 - - 217 4993
5 - - 14215 -
6 — —_ — —_
7 — —_ - _
8 - - - -
9 — —_ — —_
10 - - - -

*Suitability ranking: 1-Unsuitable-10-The Most Suitable

Bioclimatic comfort areas were analyzed annually using
various indices (Table. 6). Generally, categories suitable
for settlement could not be conclusively determined for
DI, HI and WCI. When comparing DI and HlI, it is evident
that there is a density in the 2nd and 3rd degree suitability
categories. Substantial differences were observed on an
area basis between these indices based on the same
variables. The WCl is an index mostly related to coldness.
Areas in the 5th degree suitability category have been
determined due to the absence of very high cold
temperatures across the province. The DI index showed
the most similarity with the DI+HI+W(CI index in terms of
appropriate class areas.
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Upon the examination of the annual bioclimatic comfort
areas for Kahramanmaras (Figure 10), the bioclimatic
conditions are not generally favorable across the city.
From a bioclimatic perspective, the southern regions of
the province appear to be more suitable in the newly

=38°20'N

=38°0'N

=37°40'N

=37°20'N

determined settlement areas. The primary limitation of
the study is due to the scarcity of meteorological stations
in the region and the inadequate number of sensors
within these stations.

Classification of the annual average of the DI, Hl and WCI indexes
Suitable area

Moderately suitable area

8000 e

A Stations

D Kahramanmaras

Unsuitable area

Figure 10. Annual bioclimatic comfort areas for Kahramanmaras: a DI, b HI, ¢ WCI, d DI + HI +WClI

4. Conclusion

This study employed data from 32 meteorological
stations to model temperature, relative humidity and
wind speed. Bioclimatic comfort areas for
Kahramanmaras were identified in both monthly and

annual formats with DI, HI, WCI and DI+HI+WCI.

The western and southern regions of Kahramanmaras are
bioclimatically more comfortable on both a monthly and
seasonal basis compared to the eastern and northern

regions. The most favorable months for outdoor activities
and tourism are June, July and August. On comparing DI
and HI results based on temperature and humidity
variables in a monthly format, a notable difference of
approximately 30% was observed. This suggests that
relying on a single index for determining bioclimatic
comfort zones is uncontrolled and inaccurate.

This study confirmed the necessity of deploying distinct
indices to calculate both the effects of temperature and
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coldness in cities such as Kahramanmaras, where four
seasons and different climates are experienced.

A bioclimatically very suitable and suitable settlement
area was not determined in Kahramanmaras. It consists
of unsuitable areas due to the continental climate effect
of the northern regions. However, the southern regions
are moderately suitable for settlement due to the
Mediterranean climate.

This study conducted specifically for Kahramanmaras
highlights that bioclimatic comfort areas can be
determined through the simultaneous application of
various indices. To enhance the efficiency of future
research, it is recommended to increase sampling points,
incorporate more bioclimatic indexes, and expand
suitability classes. Besides, criteria such as regional
radiation, number of cloudy days, rainy and snowy days

may also be included in the calculation process.

Decision makers must take natural climatic conditions
into account when determining settlement areas to
promote sustainable human living and optimize the
accurate use of finite energy resources. Thus, the amount
of energy spent for cooling in hot seasons and heating in
cold seasons will decrease and energy efficiency will be
ensured.
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Oz

Bu c¢alismada, elektro egirme teknigi ile nanofiber poliviniliden
florir (PVDF) membranlar (retilmis ve membranlarin
adsorpsiyon performanslari incelenmistir. Membranlarin ayirma
performanslarini iyilestirmek icin igerisine dogal zeolit
(klinoptilolit) %0, 2, 4 oraninda eklenmistir. Membran ayirimi
sirasinda, membranin malzemeyi adsorplama mekanizmasi
deneysel optimizasyon ile belirlenmisgtir. Deneysel
optimizasyonda boyar madde konsantrasyonu (5-10-15 mg/L),
dogal zeolit (klinoptilolit) orani (%0-2-4) ve adsorbent dozajinin
(0.01-0.015-0.02 g) etkisi incelenmistir. Optimum kosullar 10
mg/L boya konsantrasyonu, 0,02 g adsorbent miktari ve %2 katki
orani olarak belirlenmistir. Yapilan izoterm galismalari Langmuir
izotermine uyum gostermistir. Dolayisiyla PVDF adsorbent
yuzeyindeki aktif noktalar homojen dagilimlidir ve tek katmanl
adsorpsiyon gergeklesmistir.

Anahtar Kelimeler: Poliviniliden floriir membrane; Metilen mavisi
giderimi; Elektro egirme; Deneysel optimizasyon.

© Afyon Kocatepe Universitesi

Abstract

In this study, Nanofiber Polyvinylidene fluoride (PVDF)
membranes was produced by electon spinning method and
examined by absorbition performances. To improve
membranes’ seperation performances, natural zeolite
(clinoptilolite) was used in 0, 2, 4% rates. In membrane
seperation progress, membranes’ material absorbition
mechanism was set on with experimental optimization. In
experimental optimization dyed matter concentration (5-10-15
mg/L), natural zeolite (clinoptilolite) rate (0-2-4%) and
absorbation dosage (0.01-0.015-0.02 g) effect was examined.
Optimum conditions was set as 10 mg/L dye concentration, 0,02
g amount of absorbition and 2% as contribution rate. It is
approved that these isoterm tests were compatible with
Langmiur isoterm. Therefore, active points in PVDF absorbition
surface were homogenous and single layered absorbition was
occured.

Keywords: Polyvinylidene fluoride membrane; methylene blue removal;
Electrospinning; Experimental optimization.

1. Giris

Su, yerylziindeki en degerli dogal kaynaklardan biridir.
Hizlh ndfus artisi, kentlesme ve sanayilesme dogal
kaynaklar igin sorun yaratmaktadir (Kumar vd. 2022).
Yeryiziinde bulunan suyun %97'si denizler ve okyanuslari,
%2,97'si
olusturmaktadir.

kutup buzullari ve %0,03'GQ ylzey sularini
kithg
azaltilmasi igin su tasarrufu, tuzdan arindirma ve geri

GUnUmuzdeki su sorunun
donlisim gibi yontemler vardir (Manouchehri vd. 2017).

Membran ayirma prosesleri, akiskan sistemlerinin

separasyonu icin yakin zamanda kullanilmaya baslanan
glivenilir ve verimli proseslerdir. Membran prosesleri,
Urlin icin daha yiiksek standartlara ulasmak, atik suyun
yikici gevresel etkisini azaltmak ve daha az alan
gerektirmek gibi avantajlara sahiptir (Kumar vd. 2022).

Evsel veya endistriyel atiksulardaki dnemli bir sorun atik

suyun boyar madde icermesidir. Boyar maddeler ¢evresel
kirlilige neden olmaktadir. Sentetik boyalar, tekstil ve
boya isleme enddstriyel atik sularinda biylk miktarlarda
bulunur ve énemli bir gevresel tehdit olusturur. Tekstil,
baski, kagit ve plastik dahil olmak lizere bir¢ok endistri bu
boyalari Gretmektedir (Ngulube vd. 2017).

Boyalarin mutajenik ve kanserojen 6zellikleri nedeniyle,

yaygin  su
sonuclanabilen bir ¢cevre sorunudur. Ayrica, yliksek molar

sentetik  boyalarin kirliligi, felaketle
kitleleri, karmasik yapilari ve dusik biyobozunurluklari
nedeniyle sentetik boyalar direncli organik molekillerdir
(Hosseini vd. 2019). Renkli atiksularin biyolojik bozunma,
pihtilasma, oksidasyon, fotokatalitik bozunma gibi yaygin
yontemlerle aritilmasi son derece zordur. Adsorpsiyon ve
nanofiltrasyon islemleri, boyanin uzaklastiriimasi icin en
umut  verici nanolifli

yontemlerdir.  Elektrospun
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malzemeler, ylksek gozeneklilik, kiglk lif caplari,
gozenekler ara baglantisi, genis 0zglil ylizey alani, ylzey
islevselliginde esneklik ve miikemmel gbzenek boyutu
ayarlanabilirligi  gibi  spesifik  0Ozellikleri nedeniyle
membran olarak kullanildiginda benzersiz avantajlar
sunar (Li vd. 2016). Bu 6zellikler, elektro egrilmis nanolifli
membranlarin disik basing disist, yiuksek gegirgenlik ve
distk isletme maliyeti gibi avantajli 6zelliklerine katki
saglar. Atik sularin aritilmasi ve geri donUstiiriilmesinde
bluyuk avantajlara ve potansiyele sahiptir. Su anda,
sentetik ve dogal polimer, poliakrilonitril (PAN), poliimid
(P1), poli(vinil alkol)(PVA), poli(vinilidenfloriir)(PVDF),
selliloz asetat(CA), polilaktik asit (PLA), politiretan (PU),
polikaprolakton (PCL), polietilen oksit (PEO) gibi nanofiber

membranlar basariyla elde edilmistir (Cui vd. 2020).

Yari kristal bir yapiya sahip poliviniliden flortr (PVDF),
membran malzemesi olarak yaygin olarak kullanilan
olaganisti ve ayirt edici bir polimerdir. PVDF, iyi
kabiliyeti, stabilite,
mikemmel kimyasal direng, iyi mekanik mukavemet ve

membran  olusturma termal
membran biliminde biiylk ilgi gormesine neden olan
dahil

benzersiz ve belirgin avantaj sunar (Nikooe vd. 2017).

antioksidasyon aktivitesi olmak Uzere birgok
Bununla birlikte, PVDF'nin ideal 6zelliklere sahip olmasina
ragmen, hidrofobik bir malzeme olarak bilinir. Literatiire
dayanarak, su aritma membran teknolojisinde genis
uygulamalara sahip ¢ogu polimerik malzeme 06ziinde
hidrofobiktir (Liang vd. 2014). Cok sayida calisma,
membranin hidrofilik modifikasyonu ile membran
kirlenme direncinin arttirilabilecegini dogrulamistir (Xu
vd. 2012). Hidrofilik bir zarda,

organik/inorganik nanopartikuller ile modifiye edilerek bu

membran ylzeyine

ozellikler iyilestirilmistir.

Literatirde membranlarin belirtilen tim o6zelliklerini
arttirmak ve es zamanli birgok kirliligin desarja gecmesini
engellemek icin kullanilabilecek ucuz ve fonksiyonel
malzeme klinoptilolittir. Klinoptilolit, cok uzun yillardir su
aritiminda, basingli-basingsiz filtrasyonda, adsorpsiyon
islemlerinde suyu temizlemek igin kullanilan bir
malzemedir. Kristal yapilari, termal kararliliklari, katalitik
ozellikleri, mekanik dayanimlari, elek ve iyon degistirme
ozelliklerinin yani sira molekillerinin kafes yapilarindan
siklikla

kullanilmaktadir. Son yillarda yapilan ¢alismalarda sadece

dolayi, bilim ve endistriyel arastirmalarda
adsorbent olarak kullanildiginda toplam demir, arsenik,
amonyak, krom, boyar madde ve yag gibi birgok kirliligi
yuksek verimle ayirdigi rapor edilmistir (Babazadeh-
2023).

malzemelere eklendiginde ise onlarin mekanik dayanimini

Mamagani vd. Bunun vyani sira polimerik
(Puszka vd. 2023), antimikrobiyal 6zelligini, hidrofilitesini,

gozenekliligini eszamanh arttirdigi belirtilmektedir.

Metilen mavisi (MB) giderimi icin literatiirde birgok
arastirmada; farkh polimer ve katki malzemeleri ile atik
suda aritimlar yapilmistir. PVDF ve kopolimeri, tekstil atik
sularini aritmak igin yaygin olarak kullanilmaktadir. Zhang
vd. (2019), fotokatalitik bozunma yoluyla MB boyasini
ctkarmak igin bir PVDF/grafen oksit (GO)/Cinko oksit (ZnO)
kompoziti Greterek %86,84'lik bir giderme verimliligi elde
etmislerdir. Vecino vd. (2015), atik sudaki boyayi ortadan
kaldirmak
hapsolmus bag

icin kalsiyum aljinat hidrojel boncuklara

atiklarindan biyokompozitler
sentezlenmis ve %74,6 boya giderme verimliligi elde
edilmistir. Patel vd. (2022), yilinda eski membranlardan
aldiklari PVDF tabakasini dimetil formamid (DMF) iginde
¢6zmuis ve boncuk olarak yeniden sentezleyip metilen
mavisi gideriminde kullanmislardir. Calismada, %99 ayirim
performansi elde edilmistir. Ancak adsorpsiyon daha ¢ok
kesikli prosesler icin uygun olup, membranlarin strekli
ayirma performansina  etkisi

rejimlerinin  ayirma

belirlenmemistir.

Deneysel ¢alismalarda dogru bir sonuca ulasabilmek igin
dogru bir deney tasarimin yapilmasi, parametrelerin
dogru olarak belirlenmesi ve deney sonucundan ne
bekleneceginin dogru olarak bilinmesi gerekir. Deneysel
tasarim, deney yapilmadan 6nce hangi parametrelerde
deney yapilacagina karar verilmesidir. Deneysel tasarim
deney sayisini azaltir ve edinilen bilgi miktarini artirir. Bu

c¢alismada; sulardaki boyar madde giderimi igin
adsorpsiyon  yapilmistir.  Adsorpsiyon icin  farkh
konsantrasyonlarda metilen mavisi cozeltileri

hazirlanmistir. PVDF temelli filtrelerin metilen mauvisi
PVDF
adsorpsiyonda adsorbent olarak kullaniimistir.

giderim  yetenegi  incelenmistir. filtreler

Elektro egirme teknigi ile nanofiber filtreler tretilmis ve
filtrelerin hem adsorpsiyon hem de ayirma performanslari
incelenmistir.  Filtrelerin  ayirma  performanslarini
iyilestirmek icin icerisine dogal zeolit %0-2-4 oranlarinda

eklenmistir.

Filtrenin boyayl adsorplama kapasitesi deneysel
optimizasyon ile belirlenmistir. Deneysel optimizasyonda
boyar madde konsantrasyonu (5-10-15 mg/L), dogal zeolit
(klinoptilolit) orani (%0-2-4) ve adsorbent dozajinin (0.01-
0.015-0.02 g) etkisi incelenmistir. Ayrica adsorpsiyon
izotermi

yapilmis ve optimum deneysel kosullari

belirlemek i¢in adsorpsiyon testleri kullaniimistir.

2. Materyal ve Metot
2.1 Malzeme

Poliviniledienflorir (PVDF) (ortalama mol agirhigi 275,000)
Aldrich firmasindan temin edilmistir. Dimetil formamid
(DMF), isolab firmasindan %99,0 saflikla temin edilmistir.
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Merck
Polivinilpirolidon (PVP) (ortalama mol agirhgi 360,000)

Aseton firmasindan  temin  edilmistir.

Sigma firmasindan temin edilmistir. Dogal zeolit

(klinoptilolit) Rota Maden firmasindan temin edilmistir.
2.2 Filtre iiretimi

Bu calismada membran filtreler elektro egirme teknigi ile
Uretilmistir. Bunun igin, kiitlece %25 oraninda PVDF, %2,5
PVP iceren PVDF-DMF-aseton ¢ozeltisi hazirlanmistir. Bu
sayede saf filtreler icin homojen haline getirilen ¢6zelti 10
ml siringaya alinmis, elektro egirme sistemine
yerlestirilmis ve 16 kV, %50 nemlilik kosullarinda, plakaya
toplanmistir. Plakanin siringa ucundan uzakhgi 18 cm’de
sabit tutulmustur. Uretilen her filmin kalinligi 150 pm
olarak belirlenmistir. Deneysel film Uretim sistemi Sekil
1’de gorilmektedir. Klinoptilolit katkil filtreler iginse
homojen ¢oOzelti siringaya alinmadan ©nce, 6nceden
ultrasonik banyoda DMF ile homojen bir sekilde
¢ozdurulmis klinoptilolit ¢ozeltisine homojen saf ¢ozelti
manyetik karistirici Gizerinde karisim halindeyken yavasca
eklenmistir. Cozelti karistirilarak homojen hale getirilmis
ve siringaya alinmistir. Diger deneysel kosullar saf
filtrelerle ayni belirlenmistir. Uretilen %2 klinoptilolit
katkili PVDF membranin 6rnek gorlntlisi Sekil 2’de

gosterilmistir.

Sirmga  Gozelti

Sekil 1. Film Uretiminin sematik gosterimi.

sekil 2. Uretilen %2 klinoptilolit katkili PVDF membranin
goruntlsu.

2.3 Karakterizasyon testleri

Filtrelerin karakterizasyonu FTIR, SEM ve gozeneklilik
(ampirik) testleri ile yapilmistir. Bag yapilarini incelemek
icin FTIR analizi yapilmistir. SEM ile gozenek yapisi,
dagilimi, polimer-katki maddesi uyumu incelenmistir.
Gozeneklilik (ampirik) analizi igin ise her bir gézeneklilik

degeri, Ug¢ farkh Olgimin ortalamasi  alinarak
belirlenmistir.  Bunun icin asagidaki denklemden
yararlanilmistir (Badini Pourazar vd. 2020):
Ma-Mb
Gozeneklilik (%) = (m> x100 (1)
pa  pp

Burada Ma, membranlarin suyla islatildiktan sonraki
kitlesi, Mb, membranlarin suyla islatiimadan onceki
kitlesi, pa, yogunlugu ve pp,
yogunlugudur.

suyun polimer

2.4. Kesikli adsorpsiyon testleri

Yanit ylizey metodunun merkezi kompozit tasarimina
gore proses parametreleri degistirilerek on yedi farkli
deney dizenegi tasarlanmistir. Deneysel tasarim Design
Expert 12 programindan yararlanarak olusturulmustur.
(MB)
secilmistir ve farkli konsantrasyonlarda (5-10-15 mg/L)

Boya giderim deneyleri i¢in metilen mavisi

metilen mavisi 1000 mg/L stok metilen mavisinin
seyreltilmesiyle elde edilmistir. Farkli miktarlarda (0.01-
0.015-0.02 g) adsorbentler (%2 ve %4 dogal zeolit
(klinoptilolit) katkili ve saf PVDF membran adsorbentler)
10 mL metilen mavisi ¢ozeltisi eklenen erlenmeyerlerde
75 rpm’de 90 dakika boyunca calkalanmistir. Siire
sonunda UV-Vis spektrofotometrede (Shimadzu 1280),
650 nm dalga boyunda UV-Probe programi yardimi ile
kalibrasyon egrilerine gére dogrudan konsantrasyonlar
okunmusgtur. Metilen mavisi igin kalibrasyon grafigi Sekil
3’te gosterilmistir. PVDF adsorbent Gzerindeki giderilme
yuzdesi (%) asagidaki denklem ile hesaplanmistir:

_ Co—Cs
)

R

* 100 (2)

Bu esitlikte R (%) metilen mavisinin ayrilma ylzdesi, Co
(mg/L)
konsantrasyonu, Cs (mg/L) deney sonunda elde edilen

adsorplanan ¢Ozeltinin baslangigtaki

¢ozeltideki konsantrasyondur. izoterm  grafiklerini
olusturabilmek icin 0,015g sabit adsorbent miktari ve
sabit %2 katki farkli

konsantrasyonlarda (2-5-8-10-13-15 mg/L) metilen mavisi

klinoptilolit oraniyla

ile adsorpsiyon yapiimistir.
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Sekil 3. Metilen mavisi kalibrasyon grafigi.

2.5. Deneysel optimizasyon ile kesikli adsorpsiyon
testleri

Yanit ylizey metodu faktorlerin farkli seviyelerinden
olusan deney kombinasyonlarindan elde edilen sonuglara
bagh olarak yanitlar ve faktorler arasindaki iligkinin
matematiksel modellemesi ve optimizasyonu igin
kullanilan bir deneysel tasarim metodudur. Bu ¢alismada
yanit ylizey metodunun uygulanmasi icin bir deneysel
tasarim programi olan Design Expert 12 kullaniimistir.
Calisma kapsaminda yanit ylizey metodunun merkezi
kompozit tasarim teknigi tercih edilmistir. Adsorpsiyona
etki eden faktorler ve faktorlerin seviyeleri literatir
verileri dikkate alinarak olusturulmustur. Sonug olarak (g
faktor ile lg¢ seviyeden olusan tasarim olusturulmustur.

Faktorler ve seviyeleri Cizelge 1'de gosterilmistir.

Cizelge 1. Deneysel optimizasyon parametreleri.

Faktorler Seviyeler -alfa +alfa
A-Adsorplanan
madde
5,10, 15 1.59 18.41

konsantrasyonu
(mg/L)
B-Adsorbent 0.01, 0.015,

. 0.06 0.23
miktan (g) 0.02
C-Katki orani (%) 0,2,4 0.34 1.34

£
=
=
@
£
[
a —— Saf PVDF
PVDF-%2 Kii

—— PVDF-%4 Kii

2200 2000 1800 1600 1400 1200 1000 800

Dalga Boyu (cm)

Sekil 4. Saf, %2 klinoptilolit ve %4 Klinoptilolit katki PVDF
membranlarinin FTIR analiz sonuglari.

Belirlenen degerler igin Design Expert 12 programi farkh
kombinasyonlarda toplam 17 adet deneyden olusan bir
tasarim olusturmustur. 17 adet deney olusturulmasinin
nedeni merkez noktalarinin 3 adet secilmesidir. Merkez
noktanin 3 adet secilmesi nedeniyle 10 mg/L, 0.015 mg ve
%2 kosullari 3 kez tekrarlanmistir. Belirtilen deney
25°C'de  sicaklikta
yapilmistir. Gozeltilerin pH degerleri olgilmis ve MB
7-7.35
gorilmugtir. Adsorpsiyon ¢ozelti

parametrelerinde  adsorpsiyon

arasinda  oldugu

10 mL ve

konsantrasyonuna gbre
hacmi

calkalama hizi 75 rpm’de sabit tutulmustur.
3. Bulgular

3.1. Karakterizasyon

Sekil 4’'te Saf, %2 klinoptilolit ve %4 Klinoptilolit katkili
PVDF ATR-FTIR
gosterilmistir. FTIR analizleri yapilirken filtreler 6nce suda

membranlarinin spektrumlari
bekletilmis ardindan kurutulmustur. Filtrede gbzenek
olusturucu olarak kullanilan PVP’nin tamamen ¢6ziinmesi
beklenmektedir. Sekilde 870 cm™ve 1170 cm™ bélgesinde
gorilen pikler PVDF'in organik yapisinda bulunan C-C ve
C-C-C baglarindan kaynaklanmaktadir (Chan vd. 2024).
1670 cm™ bélgesinde goriilen pikler PVP’nin tamamen
suda ¢o6zlinmedigini ve icindeki karboksil C=0 baglarini
gostermektedir bagi temsil etmektedir (Hassan vd. 2022).
Bu bagda o6zellikle ylksek zeolit eklendiginde hazirlanan
filmlerde artig gérilmesine ragmen bu ¢alismada belirgin
bir artis gértilmemektedir.

Sekil 5. Saf PVDF (a) ve %4 klinoptilolit katkili PVDF (b) filtrelerin
SEM analiz goruntdleri.

Bunun nedeni, elektro egirme prosesi geregi olusan alfa,
beta ve gama fazlarin dogasi geregi katki oranina bagh
farkhlik ¢ok fazla gorilmemektedir (Lopes vd. 2014).
Lopez vd. (2014)'nin yaptiklari ¢calismada, PVDF icine %4
NaY zeoliti
membranlarda, silisyum temelli baglar net gérilmisken,

icerikli katilmis, film olarak hazirlanan
ayni membran elektro egirme ile hazirlandiginda katkil ve
katkisiz membranlarin gorintliisiniin tamamen ayni
oldugu gérilmiistiir (Lopes vd. 2014). 1400 cm™Vdeki pik
PVDF yapisindaki CF2

kaynaklanmaktadir. Klinoptilolit eklenmesiyle siddette bir

baginin C-F titresiminden
azalma meydana gelmistir. Benzer bir durum literatiirde
grafen oksit eklenen membranlarda da gortlmektedir
(Hassan vd. 2022)
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Sekil 5’de ise saf (a) ve %4 katkili (b) fiber filtrelerin SEM
analizlerine yer verilmistir. Fiber yapi ¢aplari homojen ve
herhangi bir birikim veya boncuklasma goérilmemesi
filtrelerin ~ basanli  bir  sekilde  olusturuldugunu
gostermektedir. Sekil 5b’de ise klinoptilolitler agik bir

sekilde goriilmektedir.

Membranlarin  gozeneklilik testleri ampirik olarak
hesaplanmistir. Saf PVDF (%0), %2 ve %4 klinoptilolit
katkil membranlarin gézeneklilik sonuglar Cizelge 2'de
listelenmistir. Gorildugl gibi gozeneklilik degerleri
klinoptilolit orani arttikga artmaktadir. Bunun temel
nedeni klinoptilolitin su tutma kapasitesinin yiksek
olmasi ve suyla olusturdugu hidrojen baglaridir.
Klinoptilolit miktari artikga gozenekliligin artmasi literatdr
ile de uyumludur (Badini Pourazar vd., 2020).

Cizelge 2. Saf PVDF (%0), %2 ve %4 klinoptilolit katkil
membranlarin gozeneklilik sonuglari.
Katki Orani (%)

Gozeneklilik (%)

0 77.27
2 82.23
4 83.21

3.2. Kesikli adsorpsiyon testleri ve izoterm modelleri

farkh
konsantrasyonlardaki 10 mL metilen mavisi ¢ozeltileriyle
sabit miktarda (0,015 g) ve %2 katkil klinoptilolit katkili
PVDF adsorbent ile gergeklestirilmistir. Metilen mavisi ve

Adsorpsiyon izoterm ¢alismalar

PVDF vyiizeyi arasindaki etkilesimi tanimlamak ve analiz
etmek icin Langmuir ve Freundlich izoterm modelleri

Uzerinde calsilmistir.  Bu  izoterm  modellerinin

dogrusallastiriimis formlari asagidaki sekildedir:

. Ce 1 Ce
Langmiur: — = + (3)
qe qmaxK qmax

Bu esitlikte Ce (mg/L), adsorplanan c¢ozeltideki denge
konsantrasyonu, ge (mg/g) adsorplama kapasitesi, gmax
(mg/g) maksimim adsorplama kapasitesi ve K (mg/g)
adsorpsiyon kapasitesiyle ilgili bir sabittir.

qe=(Co—Ce)*(n%) (4)

Bu esitlikte Co (mg/L) adsorplanan ¢6zeltinin baslangictaki
konsantrasyonu, V (L) adsorplanan ¢ozeltinin hacmi ve m
(g) adsorbent miktaridir. Buna gore Ce'ye karsi Ce/ge
grafige gecirildiginde elde edilen dogrunun egim ve
kaymasindan sirasiyla gmax ve K degerleri hesaplanabilir.

Freunlich: In(ge) = Ln(Kf) + %ln(Ce) (5)

Bu esitlikte ge ve Ce ifadeleri Langmuir izotermindeki
ifadelerle aynidir. Kf (mg/L) adsorpsiyon kapasitesinin bir
Olgltl olan Freunlich sabiti iken n boyutsuz bir Freunlich
sabitidir. Bu esitlikten yararlanarak InCe'ye karsi In(ge)'in

grafige gecirilmesiyle elde edilen dogrunun egim ve
kaymasindan sirasiyla 1/n ve InKf degerleri bulunur (Sekil
6 ve Sekil 7).

7
6 ° -
5
4 -
3
S 3 y=0,615x- 0,4749
°, e ° R?*=0,9221
1 0
0 =
1 2 4 6 8 10 12
Ce

Sekil 6. %2 Klinoptilolit katkili PVDF adsorbent igin Langmuir
izoterm grafigi

1 . :
0’8 . ------------
4 o
E 0’6 ------------------- .
....... G"ﬂ". meetiy y=0‘1358x+ 014501 .
----- R?=0,2406
0,2
[ ]
o
2 ) ! 1 | |
In Ce

Sekil 7. %2 Klinoptilolit katkih PVDF adsorbent igin Freunlich
izoterm grafigi

Metilen mavisinin adsorpsiyonu icin izoterm
parametreleri Cizelge 3’te listelenmistir. Sonuglar
Langmuir izoterminden elde edilen korelasyon

katsayisinin  (R?) Freunlich izoterminden elde edilen
daha
Dolayisiyla Langmuir

korelasyon katsayisindan blayik oldugunu

gostermisgtir. izotermi metilen
mavisinin PVDF {izerinden adsorpsiyonunu daha iyi
tanimlamaktadir. Langmuir izotermi adsorbent yiizeyinin
homojen dagilimli oldugunu kabul ettigi icin bu ¢calismada
Langmuir izoterminin daha iyi uyum goéstermesi PVDF
aktif

dagildigini gostermektedir (Turkyilmaz 2018). Ayrica

adsorbent ylzeyindeki noktalarin  homojen

Langmuir izotermi metilen mavisinin PVDF adsorbent
Gzerine tek katmali adsorpsiyon gergeklestigini
dogrulamaktadir (Rafatullah vd. 2010).

Cizelge 3. Metilen mavisinin adsorpsiyonu igin izoterm

parametreleri.

izoterm Parametreler Deger
Qmax 0,61
Langmuir K -0,47
R? 0,92
N 7,36
Freundlich K 1,57
R? 0,24
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3.3. Deneysel optimizasyon modelleri

Merkezi kompozit tasarimina gore belirlenen deney
sonuglarina gére yapilan optimizasyon sonucunda elde
edilen ayirma yuzdeleri Cizelge 4’te listelenmistir ve boyar
madde giderimi adsorpsiyon testinin model istatistikleri
Cizelge 5’te listelenmistir. Boyar madde konsantrasyonu
15 mg/L iken en dusik ayirma yizdeleri gozlenmistir.
Ayirma vyizdesi %0-1,5 arsindayken dogal
(klinoptilolit) katkisi %2 oldugunda yaklasik %20’ye
yukselmistir. Boyar madde konsantrasyonu 10 mg/L’ye
%20-50'ye
yukselmistir. Ancak katki orani %0 ve %4 iken ayirma
yuzdesi yaklasik %20-30 araliginda kalirken katki orani %2
iken bu aralik yaklasik %30-50 civarina kadar ylikselmistir.

zeolit

disuraldiginde ayirma vyizdesi yaklasik

Boyar madde konsantrasyonu 5 mg/L’ye dusirilmesine
ragmen katki orani %0 ve %4 iken ayirma yuzdesi %12 ila
%26 arasinda kalmistir. Ancak katki orani %2 iken bu oran
%58,17’ye kadar yukselmistir. Bu durumda optimum katki
oraninin %2 oldugu séylenebilir. Adsorbent miktarinin ve
madde ylzdesi

boyar konsantrasyonunun

Uzerindeki etkileri ise 3D vyuzey grafikleri Uzerinden

ayirma

incelenmistir.

Cizelge 4. Design Expert 12 programinin olusturdugu deneysel
tasarim ve metilen mavisi ayirma ylzdeleri.

Adsorplanan

Adsorbent  Katki  Ayirma

Madde . . .
Miktari Orani  Yiizdesi

Konsantrasyonu
(me/L) (g) (%) (%)
5 0.01 4 25.54
15 0.015 2 19.36
5 0.01 0 22.93
15 0.02 4 0,59
10 0.015 2 38.56
10 0.015 2 38.59
5 0.015 2 58.17
15 0.01 4 1.17
10 0.02 2 49.89
10 0.01 2 30.02
10 0.015 2 38.57
10 0.015 4 19,51
5 0.02 0 12.46
15 0.01 0 0,59
10 0.015 0 28.73
5 0.02 4 36.93
15 0.02 0 0,59

3D yiuzey grafikleri Sekil 8, Sekil 9 ve Sekil 10’da
gosterilmistir. Her (¢ grafikte de adsorbent miktari

arttikca ve boya konsantrasyonu distiikce ayirma

yuzdesinin  arttigi  gbzlenmistir.  Boyar  madde

konsantrasyonu  arttikca  adsorbent  yiizeyindeki

gbzeneklerin dolmasindan kaynaklanir (Catioglu 2019).

Boyar madde orani sabit (10 mg/L) sabit tutulup katki
orani da %2’de sabit tutuldugunda adsorbent miktar1 0,01
g iken ayrima ylzdesi %30,02 iken adsorbent miktari iki
katina gikarihp 0,02 g’a yiikseltildiginde ayrima ylzdesi
%49,89’a ylikselmistir. Adsorbent miktari yukseldikge
ayirma yuzdesinin artmasinin  nedeni adsorbent
miktariyla birlikte ylzey alaninin artarak adsorpsiyon
kapasitesini arttirmasidir. Ancak belli bir noktadan sonra
adsorbent miktari artsa bile adsorpsiyon artmaya devam

etmez (Catioglu 2019).

o \
S0

R (%)

00 \ 3 15

0014
B: Adsorbent (g) 0012

7 A: Boya
001 5 Konsantrasyonu
(mg/L)

Sekil 8. Katki orani %0 igin 3D ylzey grafigi.

R (%)

0.02 g N ' 15

Q014

B: Adsorbent (g) 00127
001 5

7 A:Boya
Konsantrasyonu
(mg/L)

Sekil 9. Katki orani %2 igin 3D ylzey grafigi.
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Sekil 10. Katki orani %4 igin 3D yuzey grafigi.

Cizelge 5. Boyar madde giderimi adsorpsiyon testinin model
istatistikleri.

Kaynak Standart R? Ayarlanmig

Modelin ifade
korelasyon katsayisi (R?) dikkate alinarak model kaynagi

gecerliligini  ve anlamlihgini eden
olarak “kiibik” model secilmistir. Buna goére R? degeri
%98,84 bulunmustur. Fit Cizelge 6'da

gosterilmistir. Yeterli hassasiyet sinyal/glrulti oranini

istatistikleri

Olger ve bu oranin 4'ten biiyik olmasi istenmektedir. Bu
oran 13.708 olup “kiibik” modelin kullanilabilecegini
gostermektedir.

Cizelge 6. Fit Istatislikleri

Standart Sapma 4,41 R? 0,9884

Ortalama 24,83 Ayarlanmis R? 0,9383

CV.% 17,74 Yeterli Hassasiyet 13,7082
Kibik modele gore ANOVA analizi Cizelge 7’da

gosterilmistir. Buna gore, model F degerinin 19,71 olmasi
modelin anlaml oldugunu gostermektedir. Bu kadar
blylk bir F degerinin gurilti nedeniyle olusma ihtimali
yalnizca %1,58'dir. 0,0500'den kiiglik P degerleri model
terimlerinin anlamh oldugunu gosterir. Bu durumda A, B,
C? 6nemli model terimleridir. 0,1000'den biyulk degerler

model terimlerinin  anlamli  olmadigini  gosterir.

Sapma R? 582306,34'lik Uyum Eksikligi F degeri, Uyum Eksikliginin
;:‘:;:’derece 18%'2621 8:;;23 8:;;22 anlém.lul. olduétvmu. .gbst?rif. .I.3u kadar biyiik bir' U.yun'f
Kiibik 441 0.9884 0.9383 Eksikligi F degerinin girultiden kaynaklanma ihtimali

yalnizca %0,01'dir.
Cizelge 7. Kubik modele gore ANOVA analizi.
Kaynak Kareler Serbestlik Kareler F-degeri p-degeri
Toplami derecesi (df) Ortalamasi

Model 4973,38 13 382,57 19,71 0,0158 S
A-Boya konsantrasyon 753,11 1 753,11 38,80 0,0083
B-Adsorbent miktari 197,41 1 197,41 10,17 0,0497
C-Katki orani 42,60 1 42,60 2,19 0,2351
AB 0,2813 1 0,2813 0,0145 0,9118
AC 87,78 1 87,78 4,52 0,1234
BC 56,60 1 56,60 2,92 0,1862
A2 66,21 1 66,21 3,41 0,1619
B2 38,30 1 38,30 1,97 0,2547
c? 1030,42 1 1030,42 53,09 0,0053
ABC 62,94 1 62,94 3,24 0,1695
Lack of Fit 58,23 1 58,23 5,82E+05 <0,0001
Hata 0,0002 2 0,0001

Yapilan calismalar sonucunda asagidaki denklem elde
edilmistir:

R=+41,52-19,40A+9,93B-4,61C-19,61C2

Bu denkleme goére boya konsantrasyonunun negatif
etkisinin adsorpsiyon (zerine etkisinin oldukg¢a biyilk
oldugu gorulmektedir. Adsorbent miktarinin ise pozitif
yonde etkisinin dikkate deger oldugu gorilmektedir. Katki
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oraninin  etkisinin ise  olduk¢a distk oldugu

goriilmektedir.

Gergek deneysel verilerin ve tahmin edilen degerlerin
karsilastiriimasi Sekil 11’de gosterilmistir. Grafik, tahmin
edilen verilerin gercek deneysel verilerle birbirine oldukga
yakin oldugundan dolayi gercek ve tahmini degerlerin
uyumlu oldugunu gostermektedir ve %98,84 olan R?
degeri bunun kanitidir.

Tahmin edilen vs Gergek

60 _|

50 _|

Tahmin edilen

Gergek

Sekil 11. Gergek deneysel veriler vs tahmin edilen degerler
grafigi.

4. Sonuglar ve Tartisma

Bu calismada boyar madde giderimi icin PVDF temelli
membran filtrelerin boyar madde adsorpsiyonu, deneysel
tasarim metotlarindan biri olan yanit ylizey metodu ile
gerceklestirilmistir. Adsorbentlerin etkinligini belirlemek
icin  baslangictaki boyar madde konsantrasyonu,
adsorbent miktari ve adsorbent igindeki katki maddesi
olan dogal zeolitin (klinoptilolit) katki orani degistirilerek

deneysel tasarim kurularak kapsamli bir arastirma
gergeklestirilmistir. Deneysel sonuglar, artan boyar
madde konsantrasyonunun ayirimda negatif etki

gosterirken, adsorbent miktarinin pozitif etki gosterdigini
kanitlamistir. Klinoptilolit katki orani igin ise en iyi
sonuglar %2 katki oranina sahip adsorbentlerde
gozlenmistir. En fazla uzaklastiriima litre basina 4,55 mg
ile %2 katki oranina sahip ve 0,02g adsorbentle 10mg/L
konsantrasyona sahip metilen mavisi ¢ozeltinde elde
edilmistir. En iyi ikinci kosul ise 10 mg/L konsantrasyona
sahip metilen mavisi ¢0Ozeltisinde, 0.015g ve %2
klinoptilolit katkili adsorbent ile elde edilmistir. Litre
¢Ozelti basina uzaklastirilan boyar madde yaklasik 4,07
mg’dir. Bu durumda optimum kosullar, 10 mg/L boya
konsantrasyonu, 0,02 g adsorbent miktari ve %2 katki
orani olarak belirlenmistir.

Boyar madde ve %2 klinoptilolit katkih PVDF yiizeyi
arasindaki etkilesimi tanimlamak ve analiz etmek igin
Langmuir ve Freundlich izoterm modelleri Uzerinde
calisiimistir. Calismalar Satkan (2023) ve Akdeniz (2022)
tarafindan geceklestirilen ¢alismalarda oldugu gibi PVDF
adsorbentlerin Langmuir izotermine uyumlu oldugunu
gostermistir.  Adsorpsiyon,  adsorbentlerin  yizey
ozellikleri ve adsorpsiyon mekanizmasi hakkinda bilgi
verir. Dolayisiyla Langmuir izoterminin daha iyi uyum
gostermesi PVDF adsorbent ylzeyindeki aktif noktalarin
homojen dagildigini ve tek katmanli adsorpsiyon
gerceklestigini gostermektedir. Ayrica adsorplanan
molekdllerin  birbirleriyle  etkilesime  girmedigini
gostermektedir. Dolayisiyla sonuglar %2 klinoptilolit
katkil PVDF membranin metilen mavisinin
adsorpsiyonunda etkili oldugunu géstermistir.

Etik Standartlar Bildirgesi
Yazarlar tim etik standartlara uyduklarini beyan ederler.

Yazar Katki Beyani

Yazar 1: Deneysel c¢alisma, Analiz ve yorumlama, Arastirma,
Yazma/orijinal taslak, Yazma/inceleme ve diizenleme

Yazar 2: Deneysel c¢alisma, Analiz ve yorumlama, Arastirma,
Yazma/orijinal taslak, Yazma/inceleme ve diizenleme

Yazar 3: Deneysel tasarim ve ¢alisma, Analiz ve yorumlama, Arastirma,
Kaynak saglama, Yazma/orijinal taslak, Yazma/inceleme ve dizenleme,
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Cikar Catigmasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir
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Verilerin Kullanilabilirligi
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Ozet

Bu galismada grafitten Hummers Tour metodu ile grafen oksit
sentezinin performans degerlendirilmesi Gizerinde durulmustur.
Hummers Tour metodunda tim sartlar ayni kalacak sekilde
sadece fosforik asit, borik asit veya boraks dekahidrat bilesikleri
degistirilerek, bu kimyasallarin grafen oksit sentezi Gizerindeki
etkilerinin degerlendirilmesi hedeflenmistir. Grafen oksit
orneklerinde; BET analizi ile yizey alan (YA), FTIR ile yapi
karakterizasyonu, ZETA-SIZER ile Zeta Potansiyeli (ZP) ve
Pargacik boyut dagilimi (PB), SEM+EDS ile oksidasyon dereceleri
(C/0), XRD analizi ile kristal boyutu (KB) ve Raman analizi ile
yapidaki kusur orani (ID/IG) analiz edilerek, 6rnekler arasindaki
ivilesme oranlari belirlenmistir. iyilesme oranlari grafit drneginin
dzellikleri referans alinarak belirlenmistir. lyilesme oranlari igin
en iyi sonuglar; YA icin % 7,7 ve PB igin %37,9 ile fosforik asit ile
sentezlenen grafen oksit 6rneginde ve C/O oraniigin %97,4 , ZP
icin %100,5 ve KB igin ise % 84,30 ile boraks dekahidrat ile
sentezlenen grafen oksit érneginde elde edilmistir. D/G igin iyi
iyilesme orani % 67,85 ile borik asit le sentezlenen grafen oksit
orneginde elde edilmistir. Calisma sonuglari gdostermistir ki
grafen oksit sentezinde fosforik asit yerine bor bilesiklerinin
kullaniimasi avantajli olmaktadir.

Anahtar Kelimeler: Grafen oksit ; Hummers metodu; Borik asit; Boraks
deka hidrat; BET yiizey alani; Pargacik boyutu

Afyon Kocatepe Universitesi

Abstract

In this study, the performance evaluation of graphene oxide
synthesis from graphite by the Hummers Tour method was
focused on. In the Hummers Tour method, it was aimed to
evaluate the effects of these chemicals on graphene oxide
synthesis by changing only phosphoric acid, boric acid, or borax
decahydrate compounds so that all conditions remain the same.
In graphene oxide samples; Surface area (YA) by BET analysis,
structure characterization by FTIR, Zeta Potential (ZP) and
Particle size distribution (PB) by ZETA-SIZER, oxidation degrees
(C/0) by SEM+EDS, crystal size (KB) by XRD analysis and defect
rate in structure (ID/IG) by Raman analysis were analyzed and
the recovery rates between the samples were determined. The
recovery rates were determined by reference to the
characteristics of the graphite sample. The best results for
recovery rates; It was obtained in the graphene oxide sample
synthesized with phosphoric acid with 7.7% for YA and 37.9% for
PB, and in the graphene oxide sample synthesized with borax
decahydrate with 97.4% for C/O ratio, 100.5% for ZP and 84.30%
for KB. The recovery rate for D/G was obtained in the graphene
oxide sample synthesized with boric acid at 67.85%. The results
of the study have shown that it is advantageous to use boron
compounds instead of phosphoric acid in the synthesis of
graphene oxide.

Keywords: Graphene oxide ; Hummers method; Boric acid; Borax deca
hydrate; BET surface area; Particle size

1. Giris

Grafenin iletkenlik, mekanik, mukavemet ve sertlik gibi
olaganisti 6zelliklere sahip olmasi sebebiyle, son yillarda
arastirmacilarin ilgisini cekmektedir (Farjadian et al. 2020,
Gao et al. 2024). Grafen bazli malzemelerin biyosensorler,
yakit hiicreleri, enerji depolama cihazlari, ilag/gen dagitim
sistemleri gibi biyomedikal uygulamalar ve atik su
yonetimi dahil olmak Uzere bir ¢ok alanda kullanimi
mimkin olmaktadir (Bai et al 2020, Korucu 2022, Jia et
al.2022, Song et al.2019). Grafen oksidin sentezi icin bir
oksitleyici ajan varhiginda konsantre asit lzerine grafit
eklenmesi ile grafitin oksidasyonunu icerir. Grafen oksidin

hazirlanmasina yoénelik metotlarda, Brodie kuvvetli

oksidan olarak dumanl nitrik asit ve potasyum klorat
kullandi (Brodie 1859). Staudenmaier ise sulfurik asit ve
nitrik asit kombinasyonunu potasyum klorat ile birlikte
kullandi (Staudenmaier 1898). Hummers ve Offemann'in
(1958) gelistirdigi yontemde siilfiirik asit, sodyum nitrat
ve potasyum permanganat kullanildi (Hummers and
Offeman 1958). Hummers yontemi ile birlikte, patlama
riski, asit sisi (ClO2), zehirli gazlarin salinmasi (NO2 ve
N204), uzun reaksiyon sireleri, zahmetli saflastirma
islemlerinin O6nline gecilmektedir (Korucu et al. 2018).
Tour, Hummers metodunu gelistirerek sodyum nitrat
yerine fosforik asit kullanmasi ile NOx gazi olusumunu
engelleyerek farkl bir yaklasim getirmistir. Arastirmacilar
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grafen oksitin kullanimin yayginlagsmasi ile daha cevreci ve

verimli yontemler (zerine ¢alismalar yapmaktadir
(Marcano et al. 2010). Bu hedefle Hummers yénteminde
borik asidin kullanildigi bir calismada, borik asidin grafen
oksitin yapisina ait kusurlarinin giderimin de olumlu etki
et al. 2022). Ulkemizde de bor

sekilde

gostermistir (Zhang

bilesiklerinin  yaygin  bir Uretilmesi, bor
bilesiklerinin Hummers yonteminde NaNOs veya H3POgs
yerine kullanilmasinin 6nuni  agmaktadir. Literatirde
yaygin olarak grafen oksit sentezi sonrasi slispansiyon
¢Ozeltiler hazirlanarak borik asidin, grafen oksidin yapisi

icerisine katki edilmesi ¢alisilmistir (Banu and Ayga 2022,

Mannan et al. 2018). Ancak, Hummers yonteminde
grafen oksit sentezinin bor bilesikleri kullanilarak
karakterizasyonunun yapildig bir ¢alismaya

rastlaniimamuistir.

Bu calismada Hummers yodnteminde grafen oksitin
ozellikleri iyilestirme hedefi ile, ayni sartlar altinda
borik dekahidrat
performanslarinin degerlendirilmesi

fosforik asit, asit veya boraks
kullaniminin

amaglanmigtir.

2. Materyal ve Metot

Bu calismada Modifiye Hummers metoduyla grafen oksit
sentezinde, fosforik asit, borik asit ve boraks dekahidratin
performanslarinin degerlendiriimesi hedeflenmistir. Bu
hedefle tim deney sartlari ve kimyasal oranlari ayni
kalmak sartiyla, fosforik asit, borik asit ve boraks
dekahidratin Gg¢ farkh deney icin kullanilarak, bu Ug
kimyasalin grafen oksit sentezi Uzerine performanslari
degerlendirilmistir. Kullanilan fosforik asit referans deney
alinarak borik asit ve boraks dekahidratin performanslari
kiyaslanmistir. Gergeklestirilen deneyler ¢ift cidarli cam
reaktor icerisinde, sicaklik kontroli ise sirkiilasyonlu su
banyosuna bagh ¢ift cidarli cam reaktorler ile
gerceklestirilmistir. Her deney igin, 2g grafit o6rnegi
Gzerine 50mL sdlfurik asit alinmis, Gzerlerine 20mL
fosforik asit (birinci deney igin) veya 20g borik asit(ikinci
deney icin) veya 20g boraks dekahidrat (liciinci deney
icin) eklenmis ve lizerlerine her deney icin 6g potasyum
permanganat eklenmis ve 16 saat boyunca 5 °C’de
karistirilmistir. Daha sonra karisimlarin her birinin Gzerine
50 mL distile su ilave edilerek reaksiyon sicakhgi 95°C
cikarilmis 6 saat boyunca karistirilmistir. Siire sonunda
karisim sogumaya birakilarak tzerlerine 5 mL hidrojen
peroksit ve 5 mL hidroklorik asit ilavesi yapilarak
reaksiyon sonlandirilmistir. Her bir deney c¢ozeltisi 5 L
kaplara alinarak pH 3 oluncaya kadar dekantasyon islemi
ile yikama yapilmistir. Ornekler, santrifiij edilerek son

yikamasi yapiimis ve 60 °C’de etiivde kurutulmustur.

Sentezlenen grafen oksit 6rneklerini performanslarinin
degerlendirilmesi amaciyla Zeta Sizer analizi ile Zeta
Potansiyeli ol¢imii ve Pargacik boyut dagilm analizi
gerceklestirilmistir.

Zeta Potansiyeliile 6rneklerin dispersiyon ve ¢dzlinebilme
ozellikleri, Pargacik Boyut Dagihmi ile de 6rneklere ait
nano boyut analizi gergeklestirilmistir. Zeta Potansiyeli
degeri -30 mV ile -60 mV arasindaki degerleri dispersiyon
Ozellikte oldugunu ve bu deger -60 mV yaklastikca daha iyi
dispersiyon kabiliyetinde oldugunu gosterir (Simsek et al.
2018). Pargacik boyut analizinde ise ortalama pargacik
boyut degeri ve dagilimlar verilmektedir. Grafen oksidin
nano Ozelikte olmasi istendigi icin pargacik boyut dagilimi
ortalamasi kuclik deger hedeflenir (Korucu et al. 2023).
FTIR analizi ile grup
karakterizasyonu gerceklestirilmistir. Grafitin yapisina ait

oksijen igerikli fonksiyonel
olmayan oksijen gruplarinin yapiya ilave olarak grafen
oksidin sentezinin gercgeklestiriimesi gerekir. BET analizi
ile ylzey alani olgiimleri gergeklestirilmistir. Grafen
oksidin kullanim alanlari sebebiyle yilizey alaninin da
SEM+EDS ile oksidasyon

derecesinin bir 6l¢lsii olan C/O orani hesaplanmis ve

blylik degerler hedeflenir.

yaplya ilave olan oksijen igerikli gruplardan dolayi dusiik
degerler hedeflenmistir. Raman analizi ile yapidaki kusur
derecesine ifade eden D/G pik orani hesaplanmis,
yapidaki kusur az olmasi istendigi icin dusik degerler
hedeflenmistir. XRD analizi ile kristal boyutu sonuglar
elde edilerek, tabakalar arasi mesafe azalarak kigik
kristal boyutu degerleri elde edilmesi hedeflenmistir
(Guliyeva et al. 2023). Grafen oksit 6rnekleri Hummers
yontemi ile incelenen Ug¢ deney icin, yedi farkh kriter ile
karakterize edilmistir.

Calismada grafen oksit malzemelerin karakterizasyonu
icin, BET analizi Quantachrome - Nova Touch LX* ile, FTIR
analizi Bruker—Tensor 2 ile, SEM+EDS analizi Carl Zeiss-
Sigma 300 VP ile, Zeta Potansiyeli ve Par¢acik Boyut
Dagilimi analizi Malvern - Zetasizer Nano ZS ile Cankiri
Universitesi Merkezi

Karatekin Arastirma

Laboratuvarinda gergeklestirilmistir. Raman analizleri
Thermo DXR cihazi ile Namik Kemal Universitesi merkezi
arastirma laboratuvarinda, XRD analizleri ise Bruker D8
Discover cihazi ile Bayburt Universitesi merkezi arastirma

laboratuvarinda gergeklestirilmistir.

Cizelge 1'de grafen oksidin karakterizasyonu igin
belirlenen kalite kriterlerine ait 6zellikler agiklanmaktadir.
Secilen kalite kriterlerine gore yontemler arasinda
performans degerlendirilmesi yapilmistir. Sekil 1‘de ise

¢alismaya ait akis diyagrami verilmistir.

1236



Modifiye Hummers Yontemi ile Grafen Oksit Sentezinde Bor Bilesiklerinin Kullanilmasi, YILMAZ MERTSOY ve KORUCU.

Cizelge 1. Grafen oksite ait kalite kriterleri

No Sembol Agiklama Bilgi Hedef Dger
1 FTIR Yapi analizi Fonkisyonel gruplar

2 PB Zeta Sizer Partikil Boyutu En klguk en iyi
3 P Zeta Potansiyeli Dispersiyon ozelligi En kiicik en iyi
4 D/G Raman Yapidaki kusur En kiicik en iyi
5 KB XRD Kristal boyutu En kiicuk en iyi
6 YA BET Yizey alani En biyik en iyi
7 EDS C/O orani Oksidasyon Derecesi En kiicik en iyi

Modifiye Hummers Yontemi

B Graten Oksit -
H:BO;

AF'

Grafen Oksit -
H:PO:

Grafen Oksit -
Na;B.0,10H;0

‘ Grafen Oksit Sentezinin
Karakterizasyonu

FTIR, Raman, XRD, BET,
Zeta Potansiyeli Partikul
Boyutu, SEM+EDS

Sekil 1. Deney sistemine ait akis diyagrami

3394 1721 1046
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Dalga Sayisi (cm™)
Sekil 2. Grafit ve grafen oksit 6rneklerine ait FTIR spektrumlari

3. Bulgular

Sekil 2’de FT-IR analizi grafiklerinde goruldugia Gzere,
sentezlenen grafen oksit 6rneklerinde, grafitin yapisina ait

olmayan, O-H pikleri 3391 cm™ ve 1410 cm™ de, C=0 piki
1721cm de, C=C piki 1680 - 1620 cm'de, C-O piki 1221
cm? ve 1046 cm™ de, gdzlenmistir. FTIR analizi sonuglari,
grafitten Hummers-TUOR metodu ile borik asit, boraks
dekahidrat ve fosforik asit kullanimi ile grafen oksit
sentezinin basariyla gergeklestigini gostermistir. Bor
oksit
orneklerinde O-H piklerinin fosforik asit ile sentezlenen

bilesikleri  kullanilarak  sentezlenen grafen
grafen oksit piklerine gore yayvan ve genis oldugu
gorilmuistir. Buda bor bilesikleri kullanilarak sentezlenen
grafen oksit piklerinde O-H gruplarinin fazla oldugunun
gostergesidir.  Ayrica  bor  bilesikleri  kullanilarak
sentezlenen grafen oksit 6rneklerinin fosforik aside gére
daha yogun C=0 ve C-O piklerin goriilmesi yapiya ilave
olan oksijen icerikli fonksiyonel gruplarin daha fazla

oldugunu gostermistir.

1590 1350
| |
| GoHBo, IR
g GO-Na,B,0,.10H,0 I\
5 J
% |
SL6oHpO, [\
rafit I
I |
I |
1 1 1 L ‘ .I 1
2800 2400 2000 1600 1200

Raman kayma (cm™)

Sekil 3. Grafit ve grafen oksit 6rneklerine ait Raman grafikleri

Sekil 3’de, Raman spektroskopisindeki ID/IG orani, grafen
oksit icin kritik bir parametredir. ID bandindaki (yaklasik
1350 cm™?) siddetin artmasi, grafitin yapisina eklenen
fonksiyonel gruplarin ilave olmasi ile yapida meydana
gelen kusurlari gostermektedir. IG bandina (yaklasik 1590
cm?) olusumu ise yapidaki sp? karbon ciftlerinin bag
birinci dereceden

gerilmesinden kaynaklanan

sagiimalardir. ID/IG pik oranindaki artis, yapiya baglanan
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fonksiyonel gruplara ilave olarak kusurlu grafen oksit
yapisina da isaret etmektedir. Raman grafikleri analizi,
grafitten Hummers-Tour metodu ile borik asit, boraks
dekahidratin ve fosforik asit kullanimi ile ID pikine ait
siddetin artigl ve IG pikinin dikey olarak siddetinin artigi
gozlenmistir. Buda yontemlere ait grafen oksit sentezinin
basarili oldugu géstermistir (Chaloupkova et al. 2023).

Sekil 4’de Zeta Potansiyeli ve Pargacik boyutu analizi
sonuglari verilmistir. Grafen oksidin suyu seven ve suda
dagilabilme 6zelliginden dolayi zeta potansiyeli degerleri
onem arz etmektedir. Degerlerin eksi yonde azalmasi
dispersiyon 06zelliginin iyilesmesine yorumlanir. Grafen
oksit orneklerinin Zeta potansiyeli degerlerinde grafite
gore bir dusls gozlenmistir Yontemler arasinda en iyi
degeri boraks dekahidrat vermistir. Parcacik boyutu
degerlerinde, boyut dagilimi ve ortalama pargacik boyutu
olarak verilmistir. Pargacik boyut dagiliminda 100nm
altinda taneciklerin igcermesi malzemenin nano 6zellikte
oldugunu gosterir (Sanchez et al. 2024). Sentezlenen
grafen oksit orneklerinin grafite gore daha fazla nano

tanecikler icerdigi deney sonuglarindan da goriilmektedir.

30 15
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<200 P=213my 210 zp=s07my
o -
© ]
¥ 10 05
5
0
1 10 100 1000 1 10 100 1000
Size (d nm) Size (d, nm)
30 30
95| G0-H;BO; 95| GO-Na;B,0,10H,0
PS= 432,82n PS= 436,4 nm
<200 zP=378mv 5200 =27 my
2 : 2
%15 %15
® 10 @19
5 5
0 0
1 10 100 1000 1 10 100 1000
Size (d, nm) Size (d, nm)
Sekil 4. Grafit ve grafen oksit &rneklerine ait ZETA-SIZER
sonuglari

Sekil 5’'de grafit ve grafen oksit 6rneklerine ait SEM
gorintuleri ve Cizelge 2 "de EDS sonuglari verilmistir. SEM
gorintulerinde iki boyutlu grafen oksit tabakalarinin
dizlemler halinde kivrilmis, katlanmis sekilde oldugu
gorilmektedir. Bu kivrimlarin olusmasinin sebebi grafen
oksidin olusumu sirasinda ortaya cikan oksijen iceren
fonksiyonel gruplardan ve bunun sonucu olusan yapisal
kusurlardan kaynaklanmaktadir (Muniyalakshmi et al.
2020). EDS analizi verilerine gore ise grafite ait C:0 orani
62,29 degerinden, grafen oksit ornekleri sentezi ile 1,77
ile 1,65 arasinda degismistir. Cizelge 2’deki SEM+EDS

sonuglari, boraks dekahidrat kullanarak sentezlenen
grafen oksit 6rneklerinin oksidasyon performansinin en iyi
oldugunu, borik asit ve fosforik asit ile sentezlenen grafen
oksit orneklerinde ise birbirine yakin sonuglar elde

edildigini gdstermistir.

N \ %
oo W g il N T L
13 | | [T R

Sekil 5. a)Grafit b) GO-H3PO,4 c) GO-Na,B0407.10 H,0 d) GO-
H3BOs3 ait SEM+EDS sonuglari

Sekil 6’da grafit ve grafen oksit orneklerine ait XRD

Saf grafit, XRD deseninde 002

diizleminde 206 =26° de bir pik gosterir.

sonrasi (002) diizlem piki oksijen fonksiyonel gruplarinin

grafikleri verilmistir.
Oksidasyon

varligi nedeniyle daha disuk agilara (9-13°civarina) kayar.
Grafitin yapisinin tamamen grafen okside donistigliniin
bir gdstergesi olarak bu pik kaybolur. Sentezlenen grafen
oksitlere ait olan piklerim 9-13° civarinda ortaya ciktigl
gorllmistir (Surekha et al 2020). Bu galismada X-isini
Kirinim Desenlerinden anlasildigi Gzere; grafitten, grafen

oksidin sentezinin her metot igin basarili oldugu
gozlemlenmistir.
206=26,44
26=11,67
GO-H,BO,
206=12,20

” GO-Na,B,0,.10H,0

R
26=13,24
__/L /}] GO-H,PO,

Grafit

5 10 45
2 teta (derece)

Siddet (a.u.)

Sekil 6. Grafit ve grafen oksit 6rneklerine ait XRD grafikleri

X 1gint Kirinim Duizeninde, hesaplanan kristal boyut degerinin
kiicik olmasi arzu edilir. Kristalin boyutu azaldik¢a, az
tabakali duzenli plakalarin olustugunu gosterir. Grafen
oksit orneklerinde kristal boyutu Debye-Scherrer
denklemi ile hesaplanmistir (Abdel-Aal et al. 2020).
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0,9%A

7(002) = BeCos (0)

(1)
T (002) yoniindeki kristal boyutu, A ise x-1sini dalga boyu
0,15406 nm'dir, B maksimum kirinim genigliginin yarisidir,
0 ise kirinim agisidir. Grafit ve grafen oksit drneklerine ait
hesaplanan kristal boyut degerleri Cizelge 2’de verilmistir.

Cizelge 2’de grafit ve grafen oksit 6rneklerine ait BET
yizey alani él¢iimleri verilmistir. BET él¢ciimlerinde (m?/g)
amaclanan deger maksimumdur. Yiksek ylizey alani,
kiitle aktarim hizini, adsorpsiyon kapasitesini, mikro
gozenekleri ve lamel boyutunu olumlu yénde etkiler.
Sentezlenen grafen oksit orneklerinin YA degerlerinin
11,14 ile 13,36 arasinda degerler elde edilmistir.

4. Tartigma ve Sonug

Calismamizdaki  Sekil 2’deki FTIR sonuglarindan
anlasiimaktadir ki, Modifiye Hummers yoénteminde grafen
oksit sentezinde borik asit ve boraks dekahidrat
kullaniminin basarili oldugu gorilmastir. Cizelge 2’deki
EDS sonuclarindaki incelendiginde boraks dekahidratin,
mevcut yontemde kullanilan fosforik aside gére daha fazla
oksijen igeren gruplari icermesinden dolayi C/O oranlari
diisuk ¢ikarak oksidasyon performansinin daha iyi oldugu
gorilmektedir. FTIR analizinde boraks dekahidrat ve borik
asitteki pik siddetlerinin, mevcut yontemde kullanilan
fosforik aside gore daha baskin ve yayvan oldugu, bu da
yaplya baglanan fonksiyonel gruplarin daha fazla
olduguna isaret etmektedir. Boraks dekahidrat ve borik
asidin yapisinda icermis oldugu oksijen icerikli gruplar
grafen  oksidin  yapisina  yerleserek  oksidasyon
performasini artirmistir. Zeta potansiyeli olglimleri
birbirine yakin degerler verse de, pargacik boyutu
sonuglarinda grafen oksidin yapisina bor bilesiklerinin
yerlesmesinden 6tiri, borik asit ve boraks dekahidratin
kullanilarak sentezlenen grafen oksit 6rneklerinin

parcacik boyutunda bir artis gercgeklesmistir. Raman
analizleri  incelendiginde  borik asit  kullanilarak
sentezlenen grafen oksit 6rneklerinin daha az kusurlu yapi
icerdigi, ID/IG degerlerinin  dustik ¢ikmasindan
anlasilmistir. Borik asit grafen oksidin yapisindaki kusurlu
bolgelere vyerleserek kusur oranini azaltmistir. XRD
analizleri ile borik asit ve boraks dekahidratin kullanilarak
sentezlenen grafen oksit drneklerinin fosforik aside gore
daha kiguk kristal boyutuna sahip 6rnekler elde edildigi
gozlenmistir.

Cizelge 2 de grafit referans alinarak hesaplanan iyilesme
oranlar incelendiginde, yizey alani (BET) ve pargacik
boyutu (ZETA-SIZER) icin en iyi deger sirasiyla % 7,7 ve %
37,9 ile fosforik asit ilen sentezlenen grafen oksit 6rnegi
vermistir. Zeta Potansiyeli, kristal boyutu (XRD) ve C/O
(EDS) ait iyilesme oranlari degeri sirasiyla % 100,5 ,
%84,30 ve % 97,4 ile boraks dekahidrat ile sentezlenen
grafen oksit 6rnegi vermistir. Yapidaki kusur orani D/G
(Raman) ait iyilesme orani % 67,85 ile borik asit le
sentezlenen grafen oksit 6rneginde elde edilmistir.

Modifiye Hummers yontemi ile grafen oksit sentezinde
fosforik asit yerine boraks dekahidrat veya borik asit
kullanimi basarili olmustur. Ulkemizde bor yataklarinin
fazla olmasi ve bor bilesiklerine yonelik Gretim yapan
tesislerin olmasi sebebiyle, bu Grlnlerin katma degere
sahip proseslerde kullanilabilir ve uygulanabilirligini
gbsteren calismalar buyiuk onem tasimaktadir (Guliyev
2015). Boraks dekahidrat dogal bir bor bilesigi olmasi ve
daha oOnceden grafen oksit sentezinde kullanilan bir
calismaya rastlanilmasi sebebiyle sonuglar ilgi cekici
olmustur. Calismamizda Hummers yonteminde fosforik
asit yerine alternatif olarak boraks dekahidrat ve borik asit
kullanimi ile grafen oksidin 6zelliklerini iyilestirmede daha
basarili oldugunu gostermistir.

Cizelge 2. Modifiye Hummers yontemleri ile sentezlenen grafen oksit érneklerine ait iyilesme oranlari

Yanitlar RefGrafit GO-HsPOs GO-Na:B;0;10H.0
BET (YA-m?/g) 12,41 13,36 12,52

ZP (ZP-mV) 21,3 -40,7 42,7

ZP (PB-nm) 483 300 436
Raman (D/G) 2,83 0,97 0,99

XRD (KB-nm) 40,51 8,42 6,36
SEM-EDS (C/0) 62,29 1,75 1,63

iyilesme Orani

iyilesme Orani iyilesme Orani

GO-H3BOs3 (%)GO-
% GO-HsPO4 % GO-H3BO3
Na:B10710H:0
11,14 7,7° 0,9 -10,2
-37,8 91,1 100,5 77,5
433 37,9 9,7 10,4
0,91 65,72 65,01 67,85
7,56 79,11 84,30 81,33
1,77 97,2 97,4 97,2

Grafite® gore % iyilesme oranlarinin kalite kriterlerine gére hesaplanmasi
Yizde degisim = (( (Yeni deder/Eski deger)-1)*100
b ((13,36/12,41)-1)*100 =7,65

Kisaltmalar

GO: Grafen Oksit

GO-HsPO4: Grafen oksit fosforik asit sentezi
GO-Na2B40710H,0: Grafen oksit boraks sentezi
GO-H3BOs: Grafen oksit borik asit sentezi

KB: Kristal boyutu

PB: Pargacik boyutu
YA: Yiizey alani
ZP: Zeta Potansiyeli

Etik Standartlar Bildirgesi
Yazarlar tim etik standartlara uyduklarini beyan ederler.

Yazarlik Katki Beyani
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Oz

Bu calismada Bolu Abant sahasindaki bir tatil koylnin su
ihtiyacinin giderilmesi amaciyla dogru akim 6zdireng ¢alismasi
yapilmistir. Gahismanin gergeklestiriimesinden 6nce bdlgede
mevcut olan sondaj litolojileri ve jeolojik bilgiler kullanilarak
sahanin kavramsal modeli olusturulmustur. Kavramsal model
Uzerinde modelleme ¢alismasi vyapilarak, saha c¢alismasi
oncesinde hangi veri toplama geometrisinde hedeflenen model
bilesenlerinin ¢ézimiinde daha basarili olacag belirlenmistir.
Pol-dipol elektrot dizilimleri kullanilarak, ikisi mevcut sondajlarla
kesisen, alti profilde dogru akim 6zdireng verileri toplanmistir.
Verilerin iki boyutlu ters ¢oziimi gergeklestirilerek, 6zdireng
kesitleri elde edilmistir. Sondajlarin kesistigi iki profildeki
Ozdireng kesitleri referans alinarak sahada en uygun konumda
sondaj yeri Onerisi yapilmis ve ihtiyaci karsilayacak yeralti
suyuna ulasilmistir. Sonuglarin basarisi ortamin jeolojisine gore
yéntemin belirlenmesi ve segilen yontemin kavramsal model
Uzerinde denenmesine dayanmaktadir.

Anahtar Kelimeler: Abant, Hidrojeoloji, Dogru Akim, Ozdireng, Yeralti
Suyu, Ters Coziim

Afyon Kocatepe Universitesi

Abstract

In this study, a direct current resistivity study was carried out to
solve the potable water needs of a holiday resort in the Bolu
Abant field. Before carrying out the study, a conceptual model
of the field was created based on the drilling lithology and
geological information available in the region. By carrying out a
modeling study on the conceptual model before the survey, it
was determined which data acquisition geometry would be
more successful in the resolution of the component of the
models. Direct current resistivity data were collected in six
directions using pole-dipole electrode arrays, two of which
intersect the existing drillings. By performing two-dimensional
inversions of the data, resistivity sections were obtained. Taking
as a reference the intersection of two profiles, a drilling location
was recommended, and drilling obtained water. The success of
the results relied on the determination of the method according
to the geology of the environment and testing the proposed
method over a conceptual model.

Keywords: Abant, Hydrogeology, Direct

Groundwater, Inversion.

Current,  Resistivity,

1. Giris

iklim degisikliginin bir sonucu olarak igilebilir su sikintisi
diinyada son 20 yildir oldukga artmaya baglamistir.
Gelecek son 50 yilda ise kurakligin getirecegi sonuclar ve
dinyanin hem tarim hem de igecek temiz/tatl su
bulmakta sikinti cekecegi agiktir. Diinyada Tatl su
kaynaklarinin blyik bir kismini buzullar ve siirekli karlar
olusturmaktadir (Gelisli ve Babacan, 2021). Diger tatli su
kaynaklari ise ylzey sulari olup miktarlari oldukga azdir.
Ulkemizin kisi basi yillik su miktari 1313 m3 olup, bu miktar
1000 m¥{in altina dustigunde tlkemiz su kithg ceken
tlkeler sinifina girecektir (int. Kyn. 1). 2022 yilinda
Ulkemizdeki tath su kaynaklarindan ¢ekilen su miktari 8.3
milyar m3 olup bu miktarin 4.24 milyar m¥{ yeralti
sularindan, 4.06 milyar m3 lik bélimu ise yizey
sularindan elde edilmistir (TUIK, 2023). Yiizey sularinin
kirlilik ve buharlasma gibi ¢evresel etkenlere daha agik
olmasi, glin gectikce artan su ihtiyaci gibi nedenler yeralt

sularina olan ihtiyacinda artmasina neden olmaktadir. Yer
alti su arastirmasi igin 6ncelikle sahanin genel jeolojisinin
ve hidrojeolojisinin iyi bilinmesi gereklidir. Bu sayede
suyun tespitine yonelik hangi g¢alismalarin yapilacagina
karar verilmektedir. Aramalarda

dogru yontemin

secilmesi, sonucun basarisini etkileyen en o6nemli

etmenlerdendir.

Yeraltini olusturan jeolojik birimlerin gozeneklilik,
gecirgenlik, kil icerigi ve suya doygunluk gibi 6zelliklerinin
farkl olusu bu jeolojik birimlerin farkli 6zdireng degerleri
ile tanimlanabilmesine neden olur. Ozellikle bosluk bicimi
ve bunlari dolduran akiskan 6zellikleri (sicaklik, tuzluluk,
kirlilik vb.) birimlerin 6zdireng degisiminde etkili olur. Bu
yuzden elektrik ve elektromanyetik yontemler temiz ve
kirlenmis yeralti sularinin dogrudan haritalanmasi ve
izlenmesinde daha basarili  sonuglar vermektedir
(Fitterman and Stewart 1986, Buselli and Lu 2001, Hautot

et al. 2002, Siemon et al. 2009, Riwayat 2018, Nazifi ve
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Giilen 2019). Ulkemizde vyeralti suyu aramasi genellikle
elektrik yontemlerden dogru akim 6zdireng (DAOQ)
yontemi kullanilmaktadir. DAQ verileri, disey elektrik
sondaji (DES) veya sondaj-profil 6l¢ti alim teknikleri ile
Olglilmekte ve ters ¢6zim yazihmlan ile yeraltinin bir
boyutlu (1-B) veya iki boyutlu (2-B) 6zdireng modelleri
elde edilmektedir (Bozkurt ve Kurtulus 2016, Gelisli ve
Babacan 2021, Yilmaz ve Yildirrm 2021, Ertekin and
Ulugergerli 2022).

Uygulamada DES verileri degerlendirilirken yeraltinin 1-B
(tabakal) oldugu varsayimi ile ters ¢6zimui yapilir. Su
iceren birimin jeolojisine bagl olarak ¢evre kayaglara gore
daha iletken veya vyalitkan olmasindan yararlanilarak
hangi derinlikte su iceren birime ulasilabilecegi
ongorilmeye cahsihr (Hazell et al. 1988, Wurmstich and
Morgan 1994, Hamzah et al. 2007, Coker 2012, Yesil,
2014, Yiiksel ve Hoskan 2019 Manu et al. 2019). Fakat DES
verilerinin 1-B ters ¢6zimde yerylizii topografyasi ve
birimlerin oniinde

jeolojik karmagik  yapisi  goz

bulunduruldugunda sayisal hatalardan dolayr gergek
modellere uzak yeralti modellerinin elde edilmesi olasidir.
Bu hatalarin 6nline gecgebilmek icin belirlenen bir hat
boyunca olglilen DES verilerinin topografya bilgisi de
hesaba katilarak 2-B ters ¢6zimi yapiimaktadir (Ertekin
and Ulugergerli 2022). Ayrica, ¢ok elektrotlu ¢ok kanall
Ozdireng cihazlarinin gelisimine paralel olarak sondaj-
profil 6l¢ii alim teknigi ile DAQ verilerinin ters ¢6ziimii igin
2-B ve 3-B algoritmalar gelistirilmistir (Loke vd. 2003,
Giindogdu ve Candansayar 2018, Ozyildirm vd. 2020).
Boylece yeraltinin 6zdireng dagilimi 2-B veya 3-B olarak
daha gergekgi yorumlanabilmektedir.

Bu calismada Bati Karadeniz Bolgesinde yer alan Bolu ili
Abant Bolgesi, Omerler Kéyii yakinlarinda su ihtiyaci olan
bir tatil
gerceklestirilmistir. Oncelikle var olan sondaj bilgilerinden

kéyli igin jeoloji ve DAO calismasi
hareketle sahanin kavramsal modeli olusturulmustur.
Kavramsal modelden diiz ¢6zim ile pole-dipol elektrot
dizilimi ve iki farkli 6lgim geometrisinde yapay veriler
elde edilmistir. Yapay verilerin ters ¢6zimi sonucunda
kavramsal modelin daha dogru bulunup bulunamayacagi
(Model

degerlendirilmis ve saha calismalarinda DAQ verisinin

model ¢ozindrlik Resolution) kesitleri ile

hangi geometride olglilecegine karar verilmistir.

Saha calismasinda, iki tanesi var olan sondajlarin lizerinde
olmak {izere toplam alti dogrultu boyunca DAO verileri
Olglilmiis ve ters ¢ozimleri yapiimistir. Boylece sondaj
litolojisi bilinen iki 6zdireng¢ modeli ile karsilastirmal
olarak tatil verimli

koyiine en vyakin ve en

gerceklestirilecek sondaj vyeri ®nerilmistir. Onerilen

sondaj litolojisi sonuglari ile 06zdireng kesitleri

karsilastiriimistir. Boylece vyeralti suyu aramalarinda
basarili bir sondaj énerisi icin DAO ydnteminde izlenecek

yollar tartisilmistir.

2. Materyal ve Metot

DAO yéntemi, genel tanim olarak yer altina A ve B
M ve N
esasina

noktalarindan bir | akimi uygulandiginda,

noktalarinda olusan gerilimin  6lglilmesi

dayanmaktadir. DAQO verilerinin 2-B  yorumu igin,
genellikle bir hat boyunca farkh elektrot dizilimleri ile
(Wenner, Schlumberger, Dipole-Dipole, Pole-Dipole vb.),
sondaj-profil 6l¢li alim teknigi ile 6lcilmekte ve 2-B ters
¢6zUim algoritmalari ile yeraltinin digey ve yanal yonde
dzdirenc degisimleri elde edilmektedir. Bu calismada, AGI
R8 marka c¢ok kanalli 6zdireng cihazi kullanilarak 6
dogrultu boyunca, 25 elektrot ve Pole-Dipole elektrot
ile DAO verileri

diziliminde akim elektrotlarindan biri (AM) mesafesine

dizilimi Olg¢lilmustir. Pole-Dipole
gore sonsuz sayilabilecek bir mesafeye arazinin durumuna
gore genellikle profil dogrultusuna dik olacak sekilde
konumlandirilir (Sekil 1). Sag yonli (MNB) veya sol yonli
(AMN) olabilir. Sahada d&lctlen verilerin her biri aletten
tekrar okumalardan istatistiksel hesaplanan hata
degerine gore siniflandiriip hata degeri yiksek olan
veriler arazide tekrar edilmis ve dizelmeyen veriler ters

¢6ztmde kullanilmamistir.

= B

Yeryiizii 1 a a

A M N

Sekil 1. Sol Yonli Pole-Dipole Elektrot Dizilimi

Geleneksel 25 elektrot kullanilarak hesaplanan pole-dipol
elektrot dizilimi ile elde edilen verilerin geometrileri Sekil
2’de siyah noktalarla verilmistir. Bu veri 06lglim
geometrisiyle elde edilecek veride ilk ve son elektrotlarin
oldugu kisimlarin altinda lggen alanlar seklinde bilgi
eksikligi olmaktadir. Bu sorunun 6niine gegebilmek igin,
ikinci veri geometrisinde, AMN elektrot dizilimde A
elektrotunu 30’ar metre aralik ile -330 metreye kadar ve
MNB elektrot diziliminde B elektrodunu 1050 metreye
kadar uzatilarak, sirasi ile geleneksel pole-dipol elektrot
diziliminde bilgi olmayan kirmizi ve mavi ile verilmis

noktalardan bilgiler elde edilmeye ¢alisiimistir.

2.1 Yapay veri Uygulamasi

Yapay veri uygulamasinda, mevcut sondaj ve jeolojik
bilgiler temel alinarak arastirma sahasinin kavramsal bir
Burada iki farkl
geometrisinden hangisinin bilinen model icin daha iyi

modeli olusturulmustur. Olgim
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sonu¢ verecegi arastinlmistir. Kavramsal modelden
onceki bolimde bahsi gecen geometrilerde modelleme
yapilarak, yapay verileri elde edilmistir. Yapay verilerin
elde edilmesinde ve gergek verilerin ters ¢dziimiinde
Ozyildirm vd. (2020) tarafindan gelistirilmis modelleme

ve ters ¢6zUm algoritmasi kullaniimistir.

N-Seviye

[T TP

BRBIGBZo~tnw-

-100 ] 100 200 300 400 500 600 700 800
Uzaklik (m)

Sekil 2. Pole-dipol elektrot dizilimi ile fakli veri olgim
geometrileri. (Siyah noktalar AMN veya MNB elektrot
diziliminde 25 elektrot kullanilmistir, kirmizi AMN elektrot
diziliminde A elektrotu -330 metre uzatilmistir, Mavi noktalar B
elektrodu 25. Elektrottan itibaren 330 metre daha uzatilmistir
“1050 m”).

Yapay verilerin olusturulmasinda kullanilan kavramsal
model, Sekil 3a’da sunulmustur. Modelde 3 birim vardir;
yaklasik 5 Qm civarindaki 6zdirencli degerleri filis (kil silt)
iceren birimleri, yaklasik 100 Qm civarindaki 6zdirengli
degerler allivyon birimi ve 500-1000 Qm 6zdireng araligl
Model tepkisi,
Ozyildirm vd. (2020) ‘nin diiz ¢dziim kismi ile &nceki

kirectasi birimleri temsil etmektedir.

bolimde bahsi gecen iki farkli 6lcim geometrisi ile
hesaplanmistir. ilk veri seti, calismada veri-1 olarak
anilmakta ve 25 elektrotta AMN veya MNB dizilimi ile
hesaplanmistir. ikinci veri seti ise veri-2 olarak anilmakta
sonsuzda olmayan elektrot 25 elektrodun disinda profilin
£330 m daha
hesaplanmistir. Her iki veri setine %1 Gauss gurultusi

basindan ve sonundan uzatilarak
(Gaussian noise) eklenerek ayni parametre uzayinda ters
¢6zim yapilmistir. RMS (Root Mean Square) degeri %1
degerine ulastiginda (7 yinelemede ulasiimistir) algoritma
durdurulmustur. Ters ¢oziimlerin sonucu elde edilen
modeller, veri-1 ve veri-2 igin sirasiyla Sekiller 3b ve 3c ‘de

sunulmustur.

Ozdiren¢ modellerinde veri-1’den elde edilen modelde,
ozellikle iletken yapilarin altindaki yalitkan birimlerin,
veri-2'den elde edilen modele nazaran yapay modele
daha az benzedigi gozle ayirt edilebilmektedir. Veriden
model agindaki parametrelerin ¢ozunurlik kalitesini
gozlemlemek icin, model c¢oziinlrlik matrisi (Model
resolution matrix “R”) kullanilmaktadir (Newman ve
Alumbaugh 2000, Ozyildirim et al. 2017). R degeri izleyen

sekilde hesaplanmaktadir (Menke 1989).

R = (ATWIW4A + «CTC) ™" x ATWIW,A (1)

Burada A ters ¢c6ziimde, son yinelemede hesaplanan Kismi
turevler dizeyi (Jacobian Matrix), W4, Veri agirlik dizeyi, C,
Yuvarlatma matrix) ve a

Dizeyi  (Smoothing

diizglinlestirme (regularization) parametresidir.

a) Yapay Model

log, [p{(02m)]
3

Derinlik(m)
g o
&

b) Veri-1 Ters (:ijziimﬁ Sonucu (RMS=% 1.01)
Ozdirenc Modeli

)

Derinlik(m

¢) Veri-2 Ters (,:ﬁzﬁmﬁ Sonucu (RMS=% 1.01)
Ozdiren¢ Modeli

Derinlik(m)

0 100 200 300 400 500 600 700
Uzaklik(m)

Sekil 3. a) Kavramsal model, b) Veri-1 ters ¢6ziim sonucu ve c)
Veri-2 ters ¢6ziimi sonucu, elde edilen 6zdireng modelleri.

R matrisinin kosegen elemanlari, 2B model kesiti gibi
gosterilerek ters ¢dziim sonucu elde edilen modelin, hangi
hakkinda
yapilmaktadir. Sekiller 4a ve 4b’de sirasi ile Sekiller 3b ve

kisimlarinin iyi  ¢ozildGga yorumlamalar
3c’de elde edilen 6zdireng modellerinin model ¢oztintrlik
kesiti sunulmaktadir. En iyi ¢6ziim, model ¢ozUnurlik
matrisinin kosegen elemanlari 1, kalan elemanlari sifir
oldugunda bulunmaktadir (Candansayar ve Tezkan 2008,
2017). Model

matrisin kdsegen elemanlarin 10 tabaninda logaritmasi

Ozyildirm  vd. ¢Ozlnirlik kesitinde,
alinarak gizdirilmistir. Cizilen logio(R) degeri, -2’den klgik
ise model parametresinin kotlu ¢o6zildugini, -2’den
bilylk ve 0’a ne kadar yaklasirsa, model parametresinin o
kadar iyi ¢6zuldigliinu gostermektedir. Sekil 4a’da veri-1
‘in ters ¢oziimiinde, Sekil 5a’da sunulan yapay verinin
geometrisine bagli olarak, ilk ve son elektrotlarin oldugu
kisimlarda simetrik olarak veri olmadigi icin orta Uggen
alan  haricinde  kalan  bodlimlerin  ¢ozllemedigi
gozlemlenmektedir (Sekil 3b). Fakat Sekil 4b ‘de, Sekil
5c’de sunulan veri 6l¢im geometrisine bagh olarak,
model ¢6zunurlik degerlerinin daha yiksek oldugu ve
modelin ¢6zllebildigi dikkat cekmektedir (Sekil 3c). Bu
yuzden saha verileri 6lgllurken, veri-2  Olgim
geometrisinde verilerin dlgtlmesi planlanmistir. Sekil 5'de
yapay veriler ile ters ¢6ziim sonucu hesaplanan veriler, iki
veri seti arasindaki cakismayl gozlemlemek amaci ile

sunulmustur.
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Sekil 4. a) Veri-1 ters ¢6zim sonucu 6zdireng modeli (Sekil 3b) ve b) Veri-2 ters ¢6ziim sonucu 6zdireng modeli (Sekil 3c) icin model

¢Ozunirlik matrisi kosegen elemanlari.
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Sekil 5. Tematik modelin diiz ¢6zimii sonucu elde edilen a) Yapay veri-1 ve b) ters Coziimiinde hesaplanan gorinir dzdireng verisi,
c) Yapay veri-2 ve d) Ters ¢6zim sonucu hesaplanan gorinir 6zdireng verisi.

3. Bulgular

Calisma sahasi Bolu (Bati Karadeniz) sehir merkezinin
yaklasik 17 km kuzeybatisinda ve 1:25.000 &lgekli G26-C2
paftasinda yer almaktadir (Sekil 6a). Calisma alani ve yakin
cevresinde ise genel olarak ilk kez Yilmaz vd. (1981)
tarafindan adlandirilan Abant Formasyonu’na ait kayaclar
ile Neojen yasli kirintili kayaglar ve aliivyon yer almaktadir.
Abant formasyonu Ust Kretase-Alt Eosen yasli bloklu
konglomera, kumtasi, silttasi, marndan olusur ve ¢alisma
alani verir.

icerisinde genis mostralar Formasyon

olistostromal kesimlerden, dizgin filis istifi oOzelligi
gosteren dlzeylerden, karasal-sig deniz fasiyeslerindeki
¢cOkel paketlerinden ve karbonatl kaya bolimlerinden

olusur (Yilmaz vd. 1981). Birimde granit, gabro, amfibolit,

serpantinit, volkanik ve metamorfik kaya bloklari da
gozlenir (Yildirrm 2008). Pliyosen yash geng ¢okeller ve
altivyon bu birimi Gzerlemektedir (Sekil 6b).

Abant Formasyonu genel anlamda filis 6zelliginde olup,
icerdigi kil-silt boyutlu malzemeler nedeniyle hidrojeolojik
acidan genel olarak “Gegirimsiz” 6zellikte olup, icerdigi
kirectasi bloklari ve kumtaslari boyut ve yapilarina bagh
olarak kismen yer alti suyu icerebilir. Pliyosen c¢okel
icerisindeki  cakiltaslari kumtaslari

kayaglar ve

(peklesmemis) nedeniyle vyari gecirimli Ozelliktedir.
AlGivyon ise bolgedeki en onemli akifer olarak goze
carpmaktadir. Bolge genelinde yagis sulari genel olarak
yuzeysel akisa gecmekte, az bir kismi ise allivyon

icerisinde yeralti suyu olarak depolanmaktadir.
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Sekil 6. a) Calisma alani yer bulduru haritasi ve b) inceleme alaninin jeoloji haritasi (1/25.000 6lgcekli MTA jeoloji haritasindan

basitlestirilmistir) tizerinde DAO verilerinin 6lgiildigi dogrultular

Olgiilen DAQ verilerinin ters ¢dziimii gergeklestirilerek
Olglilen ve kuramsal verilerin ¢akismasi ile ters ¢6ziim
sonucu elde edilen 6zdireng modelleri Sekil 7a-f'de sirasi
ile butin dogrultular i¢in  sunulmustur. Bitln
dogrultularda en Ustten baslayarak, ters ¢6zim sonucu
elde edilen 6zdireng kesitleri, 6l¢lilen ve kuramsal veri
siralamasi ile sunulmustur. Ters ¢6zim sonuglarinin
glvenilirligi icin bir olctt olarak ol¢lilen ve model tepkisi
olarak hesaplanan kuramsal verinin uyumuna bakilir.

Bitin dogrultular da o6lglilen ve kuramsal veri arasinda

RMS karekok (Root Mean Squares- RMS) hata degeri
%4’Un altindadir. Bu durum iki veri kiimesi cakismalarinin
yeterli oldugunu gostermektedir. Ters ¢6zim model agi,
program tarafindan elektrot dizilim ve profil uzunluguna
gbre optimum ve otomatik olarak ayarlanmistir (Boltim 2
‘de ¢Ozundurlik analizi yapilan model agi ile ayni). Genel
olarak her iki istasyon arasi en az dort diizensiz Giggene
bolinmustir. Ters ¢oéziimde, baslangic modeli olarak,
olgililen verilerin aritmetik ortalamasi, homojen olarak

alinmistir.
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Sekil 7. a-f) Sirasi ile, dogrultu A-F boyunca, olgilen veriler, ters ¢6ziim sonucu elde edilen kuramsal veri ve 6zdireng modelleri.

4. Yorum ve Tartisma

Sekiller 9.a ve 9.b ‘de sirasi ile A ve B dogrultusu 6zdireng

modelleri sunulmustur. Her iki dogrultu Gzerinde
halihazirda ©Onceden vyapilmis soguk su sondajlari
mevcuttur. Bunlardan birincisi, yaklasik 60 metre

derinliklerden 10 I/s su alinabilen Abant izzet Baysal
Universitesine ait bir sondaj kuyusudur (MS-1), kuyu
litolojisi Sekil 8a’da sunulmustur. B dogrultu izerinde ise,
¢alismaya konu olan, tatil kéylnin su ihtiyacini karsilama
amach agilan fakat su alinamayan bir sondaj yapiimistir.
Sekil 9b’de kuyu litolojisi verilmistir. Her iki dogrultuda
yapilan Olgimler ve elde edilen 6zdireng modelleri,
yorumlanacak diger verilere referans olmasi agisindan
onemlidir.

YAS arastirmalarinda genellikle tath suyun iletkenliginden
yararlaniimaktadir. Gozeneklerinde yeralti suyu igeren
kayaglar yan kayaglara gore daha iletken olabilmektedir.
Fakat bu bolgede ylzeyde veya goreceli sig kesimlerde
istiflenen filis, akifer 6zelligi gosteren allivyonlardan daha
iletkendir (p<20 Qm). Filisin gecirimsiz 6zelligi hem suyu
hem de tabakalara

vermemektedir gecirimli  alt

ilerlemesini 6nlemektedir. Dolayisiyla ylizeyde gozlenen
filislerin oldugu kisimlarda derinlere su iletilmeyecektir.
Ayrica derinlerdeki asiri yahtkan kisimlarda da suyun
varhig tartismaldir. Bu  Ozellikler g6z 6niunde
bulunduruldugunda filise gére daha yalitkan, ama yiizey
ile baglantisi olan allivyon tabakanin en derin oldugu ve
senklinal seklinde altta filislerle gecirilmeyen en derine
uzanan allivyon tabaka aranmaldir. A dogrultusu igin
verilen model Uzerine birimlerin ismi ve sondaj vyeri
gosterilmigstir. Filis istifleri, icerisinde barindirdigi kil
mineralleri nedeni ile distuk 6zdirenc (p <20 Qm) ile

tanimlanir.

Uzerindeki isaretlenen ¢okiintii seklinde dolmus, akifer
gorevi goren allivyon tabakalar ise daha yiksek 6zdirengli
(100 Qm> p >50 Qm) birimlerdir (Sekil 9a). Bir diger
referans modeli, B dogrultusu icin elde edilen model
Gzerinde birimlerim isimleri ve yapilan sondaj konumu
isaretlenmistir (Sekil 9b). Ozdiren¢ modelinde, yiizeye
yakin kisimlar filis istifi ile kaphdir ve iletken (p <20 Qm)
bir yapidadir. Bu yizden, alt tabakalarda su sizintisinin
olmadigi yorumlanmistir.
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Sekil 9. a-f) Sirasi ile, dogrultu A-F boyunca, 6lgtilen veriler, ters ¢6ziim sonucu elde edilen kuramsal veri ve 6zdireng modelleri.

Basarisiz sondaj litolojisi (Sekil 8b) ve 6zdireng modeli
karsilastinldiginda, silttasi iceren filisten dolayl sonuca
ulasamadig1 degerlendirilmistir. Sahada mevcut olan bir
diger sondaj ise Sekil 6b’de konumu verilen, litolojisi Sekil
8c’de verilen sondajdir (MS-2). Sondaj, yaklasik 25 vyil
once, tatil koylinin su ihtiyacglarinin karsilanmasi igin
yapilmistir. Fakat su anda ihtiyaglar icin yetersiz, debisi
mevsimsel olarak degismekte ve derinligi 35 metre
ortalama ~2 /s su alinabilmektedir.
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Sekil 8. a) Mevcut sondaj-1 (MS-1), b) su alinamayan sondaj (BS),
¢) mevcut sondaj-2 (MS-2), d) 6nerilen sondaj, kuyu litolojileri.

C dogrultusunda olgllen verilerden elde edilen 6zdireng
model tizerinde filis birimi konumlari isaretlenmistir (Sekil
9c). C dogrultunda olgilen veriler, her ne kadar genel
jeoloji bilgisi ve oncel jeoloji ¢alismasina gére umutsuz
icerisinde su tasima

gorinsede, tatil koyu sinirlar

maliyetinin  azaltilabilecegi bir sondaj plani igin

Olgulmistur. Jeoloji bilgisine uyumlu olarak Sekil 9c’de de

acikga goruldigi gibi modelin ilk 5-15 metresi silt ve kil
iceren iletken filis istifi bulunmaktadir.

Bu ylzden modelde akifer gorevi gorebilecek birimin

olamayacagl seklinde yorumlanmistir. D Dogrultusu
ozdireng modeli de yilzeyden itibaren g¢ok iletken (p<20
Qm) bir yapida olup, genellikle ylizeyin yaklasik tamami
filis istifi ile kaphdir. Bu nedenle alt tabakalarda akifer
ozelligi 17-23.

elektrotlarin oldugu kisimlarda derinlerde tabakanin tatli

gosteren birim olmayabilir. Ayrica
su icermeyecek kadar yiuksek o6zdirengli (p>100 Qm)
olmasi, jeolojik bilgiler g6z 6nline alindiginda bu bloklarin
su icermeyen kirectasi bloklari olabilecegi yorumuna
ulastirmigtir. E dogrultusu 6zdireng modeli yer yer orta
iletken (~¥100 Om) ve genellikle yalitkan (p >100 Qm)
ozelliktedir. Model jeolojik olarak anlamlandirildiginda, su
icermeyen kirectasi veya magmatik/metamorfik kokenli
Modelde kireg

taslarinin kirik ve catlaklarindan veya ylzeye yakin akifer

bloklarin olabilecegi yorumlanmistir.
ozelligi olan allivyonun bulunmasi s6z konusu olabilir.
Referans modeli dikkate alindiginda, ikincil sondaj yeri
onerisinde bulunulabilir. E dogrultusu 6zdireng modeli, A
dogrultusu 6zdireng modeline en benzer fiziksel 6zellik
gostermektedir. Ozellikle 13. ve 14. elektrotlarin altinda
mevcut Universite sondajinin bulundugu yer ile ayni
6zdireng yapisini (100 Qm> p >50 Qm) sunmaktadir. Bu
ylizden burada 50+10m yeni bir sondaj yeri 6nerilmistir
(0S). Yapilan sondaj sonucu kuyu litolojisi Sekil 8d ‘de
sunulmustur. Sondajda ~48 metreye kadar allivyon
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tabaka kesilmis olup, gerceklestirilen sondajdan ~7 I/s
debisinde tatli su alinabilmektedir.

4. Sonuglar

Bu ¢alismada dogru akim 6zdireng yontemi verilerinin 2B
ters ¢6zimu ile Bolu ili Abant Bolgesindeki bir tatil
koylnde YAS arastirmasi sunulmustur. Sahada yapilan 6n
jeoloji calismalari ve var olan kuyu litolojileri kullanilarak,
sahanin kavramsal bir modeli olusturulmustur. Kavramsal
model, farkl iki veri o6lgim geometrisi kullanilarak
modellenmis, daha sonra ters ¢ozim ile ayni 6zdireng
modelinin bulunup bulunamayacagi, model ¢6ziintrliik
kesitleri kullanilarak sunulmustur. Bdylece sahada
yontemi uygulamadan 6nce bulunacak modellerin
dogrulugunun saglamasi yapilmistir.

Sahada bulunan 6nceden yapilmis iki sondaj yeri (bir
tanesi mevcut su alinan, digeri su alinamayan basarisiz
sondaj) Uzerinde iki DAO dogrultusu secilmistir. S6z
konusu dogrultularda olgulen verilerin ters c¢o6zimi
sonucu elde edilen 6zdireng modelleri, calismada yeni bir
sondaj onerisinde bulunmak igin referans modeller olarak
secilmistir. Boylece 6zdireng modellerinin jeolojik olarak
dogru anlamlandiriimasi ve yorumlanmasi saglanmistir.
Daha sonra arastirmaya konu olan tatil kéylnin ihtiyacina
yonelik optimum bir yerde sondaj Onerisinde
bulunulmustur. Onerilen sondaj yerinde sonucu basari
olarak nitelendirilecek yeterli miktarda yeralti suyuna
ulasiimistir.

Sonug olarak, jeofizik arastirmalarda saha galismalarindan

once, arastirma ydntemlerinin  belirlenmesi igin
parametrelerin ¢ozllebilirliginin oncel olarak
arastirilmasi, ¢alismanin  basarisi  i¢cin en oOnemli

faktorlerden biridir. Hedeflere yonelik, sondaj basarisini
etkileyen diger bir onemli faktér ise, sahanin jeolojisinin
iyi kavranmasi ve sahada bulunan fiziksel sondaj
bilgilerinin referans olarak kullanilmasidir.

Etik Standartlar Bildirgesii
Yazarlar tim etik standartlara uyduklarini beyan ederler.

Yazarhk Katki Beyani

Yazar 1: Fikir Sahibi, Saha Galismasi, Metodoloji, Yazma — Orijinal Taslak
Gorsellegtirme

Yazar 2: Saha Galismasi,
Gorsellegtirme

Arastirma, Yazma — Orijinal Taslak
Cikar Catigmasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir

¢ikar gatismasi yoktur.

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

Tesekkiir

Saha c¢alismalari ve lojistik hizmetlerinde verdigi
desteklerden dolayi, Ercan sirketler toplulugu isletme
midiri Tugrul Vedat AKYUREK e tesekkiir ederiz.
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Oz

Dronelar, glinimulzde cesitli sektorlerde cesitli amaglar igin
kullanilan hava araglaridir. Drone’larin  motorlarini  kontrol
etmek icin ESC (Electronic Speed Controler) karti kullanilir. Bu
kart, drone’lardaki motorlarin hizlarini kontrol ederek hava
aracinin istenilen yoéne ve vyukseklige c¢ikmasini saglar.
Drone’larda bulunan motorlarin hassas hiz kontroli hava
aracinin kararli bir sekilde ugusu igin hayati Gneme sahiptir. Bu
¢alismada 2450 kVa 12 V’luk bir drone motorunun hiz
kontroliinin gergeklestirilmesi icin Afyon Kocatepe Elektrik
Muihendisligi laboratuvarinda bir ESC karti tasarlanmis;
tasarlanan kart uretilmis ve performansi denenmistir. Makalede
bu ESC kartinin galisma algoritmasi ve performansina ait
sonuglar sunulmustur. Performans degerlendirmesi yapilirken,
belirli araliklarla hiza bagli akim degerleri, motor sicakhk verileri
gibi parametreler 6lglilmis ve kaydedilmistir. Parametrelerin
zamana baglh degisimleri incelenmis ve gelistirilen ESC kartinin,
motoru basariyla kontrol edebildigi tespit edilmistir.

Anahtar Kelimeler: Drone; Elektronik Hiz Kontrolci; Atmega 328P;
IR2101S Gate Driver; BLDC Motor

Afyon Kocatepe Universitesi

Abstract

Drones are aerial vehicles used for various purposes in various
sectors today. ESC (Electronic Speed Controler) board is used to
control the engines of drones. This card controls the speed of
the motors in drones, allowing the aircraft to go in the desired
direction and height. Precise speed control of the motors in
drones is vital for the stable flight of the aircraft. In this study,
an ESC board was designed in Afyon Kocatepe Electrical
Engineering laboratory to realize the speed control of a 2450
kVa 12 V drone motor; the designed board was manufactured
and its performance was tested. In this paper, the working
algorithm and performance results of this ESC board are
presented. During the performance evaluation, parameters
such as speed dependent current values and motor temperature
data were measured and recorded at certain intervals. The time
dependent variations of the parameters were analyzed and it
was found that the developed ESC card was able to control the
motor successfully.

Keywords :Drone; Electronic Speed Controller; Atmega 328P; IR2101S
Gate Driver; BLDC Motor

1. Giris

GlUnimizde drone’lar yangin sondiirme operasyonlari,
arama kurtarma faaliyetleri, afet bolgelerindeki kesif
calismalari, tarim sektorinden cografi haritalama
alanlarina kadar birgok farkh alanda kullanilmaktadirlar.
Drone’lar igin en populer motor olan distan rotorlu firgasiz
dogru akim (BLDC) motorlari yuksek hiz, verimlilik,
sessizlik ve uzun omir gibi 6zelliklere sahiptir. Bu tir
motorlarin kontrol yontemleri, en onemli
parametrelerden biridir. Sensorstiz motor kontroli igin
Zit-EMK yontemi kullaniilmaktadir. Drone
uygulamalarinda siricinin Gretim maliyetini distrmek,
ureticilerin dncelikli hedeflerindendir. Uretim maliyeti,
genellikle rotor konumunun tespitini yapan sensor gibi
yardimci bilesenlerin ortadan kaldirilmasiyla azaltilir.
Diuslik gigli anahtarlamali reliktans motorun (SRM)
kontrol  sistemi  karmasik olup yaygin  olarak
kullanilmamaktadir (Ling-Lu, 2015). Otomobil
endustrisinin gelecegi olan E-Ara¢ sorunsuz, sessiz ve
verimli bir sekilde saglanan aninda guctiir (Zakeer, 2019).

Normalde, zit-emk sinyalinde, sinyale baglanmis tahrik
edilen sektorden gelen giriltd vardir. Voltaji ve
dolayisiyla motorun hizini degistirmek icin bir PWM sinyali
kullanilir. Bu nedenle, birlesik PWM guirtltiisii nedeniyle
sifir gecis olayini tespit etmek zordur. ideal sinyale daha
cok benzeyen filtrelenmis bir zit-emk sinyali tiretilebilir ve
daha sonra sifir gegis olayini tespit etmek daha kolaydir
(Mohammed, 2009).

BLDC motorlar kendi igerisinde sensorlii ve sensorsiiz
olarak iki gruba ayrilir ve uygulamalarda her iki motor
tlrinl de gérmek miimkindiir. Ancak kontrol kolayligi ve
konum dogrulugu acisindan sensorlii BLDC'ler farkl
uygulamalarda fazlaca tercih edilmektedir (Tatar, 2017).
Son zamanlarda ©6ne ¢ikan yontemlerden dogrudan
moment kontroll (DTC) yénteminin, firgasiz DC motorlar
icin de uygulanabilir oldugu gérilmistir. Bu kontrol ile
motorun degisken yiklere verecegi moment tepkisi en iyi
duruma getirilmeye calisilirken geleneksel DTC’ ye gére
bileske akinin kontroliiniin de yapilmasi
etmektedir. Elektrikli araclar icin cok 6nemli bir konu olan
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moment ve akinin birlikte kontroli “iyilestirilmis
dogrudan moment kontrol(” ile yapilabilir (Karakas,
2016). Quad copter drone, yuksek verimlilik ve kigik
hacim nedeniyle rotor olarak genellikle Firgasiz Dogru
Akim (BLDC) motorunu kullanir. BLDC motor hiz kontrol,
drone konumu ve hiz tespiti i¢in ¢ok 6nemlidir. Optik
sensor, laboratuvarda test edildiginde BLDC motorun
donis hizint 6lgmek igin kullanilabilir. Donls hizinin
hesaplanmasi, hiz kontroli icin Darbe Genislik
Modilasyonu (PWM) tekniginin kullaniimasi ve seri
arayliz bir mikrodenetleyici kullanilarak uygulanabilir
(Prokosa, 2019). Drone’larin giinlik hayatta kullanimi
yayginlagmaktadir. Tipik dronlar ya da c¢evremizde
gordiklerimiz  ¢ogunlukla hobiyle ilgilidir. Ancak,
drone’larin ticari kullanim igin kullanilma potansiyeli
gegen on yilda baslamistir. Oncelikle, drone’lar bir kisinin
ulasmakta veya almakta zorluk cekebilecegi belirli bir

bolgenin  kusbakisi  goriniminid  alma  amaciyla
kullaniliyor. Tarimsal Gretimden, bina bakimina ve emlak
satisina  kadar bunu genisletmek  mimkindir.

Oniimizdeki yillarda, hic siiphe yok ki dronelar icin birgok
yeni kullanim alani kesfedilecektir. Bu nedenle drone’larin
artik gercek sorunlari ¢o6zdiigu vyolculuk daha yeni
baslamistir ve artik sadece bir oyuncak olarak gortilmiyor
(Mogensen, 2016).

Fircasiz Dogru Akim Motorlarn disik agirliklar, ylksek
verimlilikleri ve bakim maliyetleri nedeni ile uygulamada
diger motorlarin yerini almaya devam etmektedir. Bu
motorun kullanimi yayginlasmis olsa da algilayicilarin bu
motorda kapladig alan ve motorun elektronik strici

devre kartt olmadan slrilememesi bu motor ile

olusturulan sistemlerde maliyeti artirici etken olarak

ortaya c¢ikmaktadir. Bu sebepten bu motorlarda

algilayicisiz kontrol yontemleri, maliyeti dislirmek ve

algilayicilarin motorda  kapladigi  alani  ortadan

kaldirabilmek igin calisiimaya devam edilmektedir
2022). Elektrikli

araglarin yayginlastigl ginimuzde, bu araglarda kullanilan

(Kaplan, otomobil motosiklet gibi
motorlarin da dogru bir sekilde hizinin kontrol edilmesi

gerekmektedir. Ayrica bu kontrol ile bataryalarda

depolanan enerjinin en st duzeyde verimlilikle
kullanilmasi gerekmektedir. Elektrik motoru ile ¢alisan
araglarda c¢ogunlukla Firgasiz Dogru Akim Motorlari
kullanilmaktadir. Bu motorlarda konum bilgisi icin ya
sincos denilen ¢oziici, kodlayici ya da Hall sensoérleri
kullanilmaktadir. Sargilarin konum bilgisi motoru kontrol
edebilmek i¢in 6nemli bir etkendir. Konum bilgisi
alindiktan sonra kontrolér tarafindan gerekli anahtarlama
elemanlari kontrol edilerek motorun sargilarina enerji
saglanir. Bu sekilde miknatislar ile sargilar arasinda olusan
itme ve ¢cekme kuvveti sonucu motorun hareketi saglanir
(Yavuzarslan, 2019). Fircasiz DA Motorlari yiksek verim,

yiuksek moment, sessiz ¢alisma ve kolay kontrol edilebilir

olmalarindan dolay! giinimizde 6nemli hale gelmistir.
Bunlarin elektromanyetik yapisi senkron makinelere
benzer olmasina karsilik, gerilim dalga sekilleri trapezoidal
endikleme sekline sahiptir. Sabit miknatisli firgasiz dogru
akim motorlari yliksek gii¢ yogunluklari ve kolay kontrol
edilebilmeleri nedeniyle genis bir uygulama alanina

sahiptir (Ulu, 2011).

Bu calismada, rotor hizindan bagimsiz olarak motor giris
ile zit-EMK
gbzlemleyiciye sahip sensorsiiz bir dis rotorlu BLDC motor

terminali akimi ve DC sebeke gerilimi
slrilict tasarimi gergeklestirilmis ve tasarlanan kontrol
karti laboratuvar sartlarinda denenmistir. Makalenin

ileriki su sekildedir: Bolim 2'de
ic yapisi

tasarlanan BLDC slrlici devresi

kisimlarinin  plani
Sensdrsiiz BLDC motorunun ve Ozellikleri
anlatildiktan sonra,
sunulmugtur. Bolim 3’te ise tasarlanan ve {retilen
kontrol kartinin laboratuvar sartlarindaki performans
testlerine ayrilmistir. Bu kisimda, gergeklestirilen test
prosediri ve oOlgilen veriler sunulmustur. Son olarak
Bolim 4’te ise, elde edilen sonuglar ve ileriki ¢alismalar

tartisilmistir.

2. Materyal ve Metot
2.1 Sensérsiiz BLDC Motorun i¢ Yapisi ve Ozellikleri

Sensorsiiz BLDC  motorlar, miknatis  rotorunun
pozisyonunu dogrudan olgmek icin sensorlere ihtiyag
duymadan sensorsiiz bir sekilde calisabilme o6zelligine
sahiptir. BLDC motorlari daha verimli ve esnek bir calisma
icin tasarlanmis ve (retilmislerdir. BLDC motorlarin i¢
yapisinda, bir rotor ve stator bulunur. Rotor, manyetik bir
miknatis veya manyetik malzemelerden yapilmistir ve
motorun donme hareketini gerceklestirmesini saglar.
Stator ise bir dizi sarim veya bobinden olusur. Dénme
hareketini indiklemek icin manyetik bir alan olusturur ve
boylece manyetik alan rotorun pozisyonunu algilamak igin
sensorler yerine geri besleme dongisiu kullanihir. Sekil
1’de BLDC motorun vyapisal ve baglanti semasi
gosterilmistir.

Sekil 1. BLDC Motor Semasi

Genellikle trapezoidal veya sinlizoidal komitasyon
teknikleri kullanilarak rotorun konumunu belirlemek igin
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geri besleme sinyalleri elde edilir. Bu sinyaller, motor
kontrol algoritmasi tarafindan islenir ve motorun hangi
bobinlere ne zaman gii¢c uygulanacagi belirler. Dogru akim
motorlarinin yapisinda bulunan kolektér ve firgalarin
BLDC motorlarinda olmayisi onlari daha az bakim ve ariza
ile avantajl konuma getirmistir. Ayni zamanda dogru akim
motorlarina gore de daha uzun 6mirli olup, c¢ok az
Isinmalari, sessiz ¢alismalari, slrtinme ve ark
yapmamalari genel Ustunliklerindendir (Dereli, 2020).
Ayni zamanda BLDC motor sensorli motorlara gore daha
disik maliyetlidirler; ¢lnkil, sensorlerin maliyetini
ortadan kaldirirlar. Ayrica, sensorsiiz motorlar daha az
parca ve kablo igerdigi i¢in daha kompakt bir tasarima
sahiptir.  Bu motorlar daha yuksek verimlilik
saglamaktadir. Sensorsiiz bir sistemin gercek zamanli
olarak rotor pozisyonunu hesaplamasi, motorun optimum
calisma kosullarinda ¢alismasini saglar. Bu da enerji
tiketimini azaltir ve motorun daha verimli bir sekilde
¢alismasini saglar.

Bu calismada drone’lar icin Ozel tasarlanan ve Uretilen
A2212 kodlu BLDC motoru kullanilmigtir. Kullanilan motor
2450 KV biriminde olup volt basina 2450 d/dk dénls hizi
gerilimi 11,1 V
tasarlanmistir.  Yuk altinda maksimum 25,2 A akim

saglamaktadir. Nominal motor
cekmektedir. Bu veriler ile motor 280 W gilic seviyesinde
calisabilmektedir. Sekil 2’de bu ¢alismada kullanilan BLDC

motorun rotor ve stator yapisi yer almaktadir.

Rotor

Sekil 2. BLDC Motor Rotor ve Stator

2.2 BLDC Siiriicii Devresinin Tasarimi

Motor siirtictisii temel olarak li¢ bolimden olugsmaktadir.
Bu devreler kart beslemesi, kontrol sistemi ve 3 faza ait
anahtarlama devreleridir.

2.2.1 Besleme (Regiilasyon) Devresi

Regilasyon katmani, bir devrenin gii¢ ihtiyaci ve stabil bir
sekilde besleme geriliminin karsilanmasi icin 6nemli bir
bilesendir. Regililasyon katmaninda kullanilan
reglilatorler, besleme gerilimini belirli bir diizeyde sabit
tutarak cikis gerilimini istenen seviyeye regilile eder.
Regililatorler genellikle voltaj regulatorleri veya giig

regilatorleri  olarak adlandiriir.  Bu regiilatorler,
dalgalanmalara veya degiskenliklere karsi koruma
saglarken devrenin de istikrarli bir sekilde ¢alismasini
saglar. Regllatorler, yiksek giris gerilimini daha duslik bir
cikis gerilimine duglirmek veya disuk giris geriliminden
daha yiksek bir gikis gerilimi elde etmek igin kullanilirlar.
Regulasyon katmaninda kullanilan regulatorler, genellikle
entegre devreler seklinde tasarlanmistir. Bu entegre
devreler, bir voltaj regllatorid c¢ipi, MOSFET'ler,
kondansatorler ve direng gibi ek komponentlere de
ihtiyag duyar. Voltaj regllatori ¢ipi, giris gerilimini kontrol
ederek c¢ikis gerilimini belirli bir diizeyde sabit tutar.
MOSFET'ler ise giris ve ¢ikis arasindaki anahtarlamayi
yaparak istenen gerilimi saglar. Regulatorlerin segimi,
olusturulan sistemde dikkat edilmesi gereken o6nemli
konulardan biridir. Dogru regiilatoér segimi, devrenin giig
ihtiyacini karsilamak, 1si Gretimini kontrol etmek ve
istenilen performansi saglamak agisindan kritik 6nem
tasimaktadir. Ayrica, regilatorlerin verimliligi, dogrulugu
ve dusuk giris-cikis gerilim farki gibi ozellikler de goz
oniinde bulundurulmalidir.

Regllasyon katmanindaki regilatorlerin yerlesimi ve
diizenlemesi de ®nemlidir. lyi bir devre tasariminda,
regulatorlerin 1s1 dagihmi icin yeterli alan saglanmali ve
parazitlerden korunmasi igin uygun kapasitorler tercih
edilmelidir. Ayrica, besleme hatlarinin giriltiiden
korunmasi igin diizgiin bir yerlesim ve yodnlendirme
yapilmalidir. Bir devrenin regililasyon katmani igin
kullanilan regiilatorler, devrenin gli¢ ihtiyacini ydnetmek
ve istikrarli bir sekilde ¢alismasini saglamak icin oldukca
onemlidir. Dogru regilatér secimi ve iyi bir devre
tasarimiyla, devre glvenilir bir sekilde calisabilir ve
istenen performansi saglayabilir.

Bu c¢alismada lineer tip reglilatér tercih edilmistir.
Uygulanan yiiksek giris gerilimini devrenin calisabilmesi
icin ihtiya¢c duydugu seviyeye indirerek stabil bir sekilde
besleme saglar. 6~35 V ve 13~35 V araliginda besleme
gerilimine sahip 2 regulatér kullanilmistir. Kullanilan
“LM7805” regllatorii sistemde islemciyi ve durum
LED’lerini beslemek igin, “LM7812” ise Gate (Kapi) strucl
entegrelerini beslemek icin kullanilmistir. Sekil 3’de
LM7805 reglilator baglanti semasi ve Sekil 4’de LM7812
reglilatér baglanti semasi yer almaktadir.

T 1cs T
L Vin OUT 2 T
GND
A ci2 Jsvos Lcis 167 _fe8 €9 2RI3
=T—0.33 uF —T0.1 \F—T— -T- T 51 kOhms
22uF 22uF | 22uF

W _ DIlo
4 \:\Green
GND

Sekil 3. LM7805 Regllator Baglanti Semasi
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—-0.33 pF M1 ——0.1 uF
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Sekil 4. LM7812 Regiilator Baglanti Semasi

2.2.2 Kontrol Devresi

AVR tabanlh Atmel marka Atmega 328P mikroislemcisi
kullanilarak kontrol islemleri gerceklestiriimektedir. Bu
islemci piyasada en c¢ok satisi yapilan ekonomik
mikroislemcilerden biridir. icerisinde bulunan EEPROM
ozelligi sayesinde hafizaya deger aldirma islemi kolaylkla
gerceklesir ve bu c¢alisma igin pin sayisi yeterlidir.
Mikroislemci izerindeki bulunan PWM gikislari sayesinde
surticii igin istenilen hizda ve sayida PWM cikislari
alinabilmektedir.

Mikroislemcinin PBO pininden dijital olarak giris yapilan 50
HZz'lik bir Duty cycle (gorev periodu) ile karta eneriji
verildiginde Duty %99 seviyesinde baslatilmalidir. Béylece
EEPROM
kaydetme modunda baslayacaktir. En yilksek seviyede

mikroislemci  yazilimsal olarak hafizaya
baslatildiktan sonra Duty kumanda lzerinden en disik
seviyeye direk alinarak EEPROM igin hafizaya veri alma
islemi tamamlanmis olacaktir. Mikroislemci hafizaya
alinan bu veriler araliginda en yiksek hiz ve en dusik hiz
ayarini gercgeklestirecektir. Boylelikle olusan PWM Sinyali
Gate

yapilmaktadir. Sekil 5’de sensérsiiz BLDC motorun devre

surticlilere aktarilarak anahtarlama islemleri
topolojisi blok diyagrami goriilmektedir. Fazlar A, B ve C
olarak isimlendirilmis olup kontrol algoritmasinda A

birinci fazi, B ikinci fazi ve C Gguincl fazi temsil eder.

DC+

REF I e
PWM
: 2
PWM IN PwM
| AVRAtmel PWM
Atmega328P | Diital Gila b
: e S Gate Siiriicii
Dijital Cikug Mosfet
Dijtal Gikag @g 2
)
e —
Dc-

ZI-EMK

Sekil 5. Sensorsiiz BLDC Motor Devre Topolojisi Blok Diyagrami

Sekil 6’ da Back-EMF (Zit EMK) tarafindan gelen dijital
darbeler mikrodenetleyicinin karsilastirma bacaklari
tarafindan islenir. Ug Back-EMF konum sinyali girisinden
herhangi birinin her bit degisiminde harici kesme Uretilir.
Bit degisiminde 6zel kesme, motor kontrol algoritmasinin
tasariminda kullanilan Atmega 328P
mikrodenetleyicisinin dogal bir ézelligidir. U¢ Hall giris
sinyalinden herhangi birinde herhangi bir bit degisikligi
meydana gelir gelmez, program ylritme sirasi kesme
adresine atlar. Altit PWM sinyali ¢ fazlh tam kopri
invertoriin altt MOSFET kapisini stirmek icin gereklidir. Bu
invertdér BLDC motorun ug¢ fazini dogrudan tahrik eder.
Rotor konumuna bagh olarak, ilgili PWM kanallari agilir ve
bunlar da BLDC statorun ilgili fazlarini invertoriin
MOSFET'leri aracihgiyla ¢alistirir (Mukherjee, 2014).

51 s [re)  ss{ fr
= = in fa a 1]
11
oc 1 L e m g &
Kaynak T - ] s |
e N L e
52 54 o - 1r
PWM 51 &—f
PWM 52 ¢— —
PWM 53 ¢— Anahtarlama Sinyali

Back—EMIF A
PWM Sg ((: Uretimi sinyal Okuma T
6
Pozisyon Geri
Mikrodenetleyici Bildirimi
Opamp Karsilastirma

Sekil 6. Sensorsiiz BLDC Motor Devre Topolojisi Blok Diyagrami

2.2.3 3 Fazli Anahtarlama Devresi

Bu devre, BLDC motor siirlici devresinde motorun
hareketine baslamasini saglayacaktir. iki temel devreden
olusur. Bu devrelerden biri asagida gorilen IR2101S
MOSFET siriict devresidir. IR2101S entegresi Boostrapt
mantigina dayali olarak MOSFET leri anahtarlamaktadir.
Sekil 6'da verilen gorselde bir faza ait IR2101S devresi yer
almaktadir. 12 Vile beslenen Gate siirlicl entegresi 22 uF
ile desteklenmektedir.

kondansator Entegrenin veri

sayfasindaki baglanti semasinda 2,2 uF Booststrapt
kondansator degeri tercih edilmis ve bu ¢alismada da ayni
deger ile tasarim gergeklestirilmistir. Anahtarlama
kisminda; anahtarlama elemaninin tiri ve degerleri
dogru secilmelidir. Anahtar segilirken kayiplar, ¢alisma
frekansi, Uzerinden gecirebilecegi akim, calisabilecegi
gerilim, iletim ve kesim sireleri ve sogutulabilme
parametreleri olduk¢a ©6nemlidir. Sekil 7’de bir BLDC
motorun 3-fazli H kopru devresi ile sliriilme topolojisinin
gorseli yer almaktadir. Bu topolojide 6 adet anahtarlama
elemani kullaniimaktadir. Bu tasarlanirken
MOSFET

edilmistir. Komitasyona uygun olarak mikroislemciden

calisma

anahtarlama elemaninin  kullanimi  tercih

gelen sinyallere gore Gate sirlcide olusturulan sinyaller
High Side ve Low Side kisimlarinin kontroliini bu
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cikislardan gelen sinyaller ile gergeklesmektedir.
Mikroislemciden uygulanan bu sinyaller 3 faz Gate sirici
entegrelerine iletilmektedir. Gate slrlcli entegresi bu
sinyali entegrenin besleme gerilimiyle dogru orantili
olacak sekilde Uzerinde yikselterek MOSFET lerin Gate
PWM’i
olusturulan sisteme goére uygulanan bu PWM’le birlikte
MOSFET ler tetiklenmektedir. High Side kisminda bulunan
MOSFET lere PWM sinyali, Low Side tarafinda bulunan
MOSFET lere de

uygulanmaktadir. Yani kesimde veya iletimde olacak

pinlerine bu uygular. Kontrol mantiginda

sadece “0” veya “1” sinyalleri
sekilde anahtarlanmaktadir. Boylece Low Side tarafinda
yasanacak stirekli anahtarlamadan kaynaklanan kayiplarin
da 6niine gegilecektir. Anahtarlama elemanlarina uygulan
bu sinyallerle birlikte motor fazlarina gerilim gegisi olur.
Boylece motor donme hareketine baglar. Bir faz igin

kurulan baglanti semasi Sekil 8'de yer almaktadir.

Anahtar 1 Anahtar 3 Anahtar 5 3 Faz BLDC
| | E | E Motor
PWM 1 PWM 3 PWM S u

v

|+

I
c
<
s

w

Anahtar 4 Anahtar 6
?WNH.—I E FWM5_| E

Sekil 7. BLDC Motorun 3-Fazli H Kopru Devresi ile Suriilme
Topolojisi

Anahtar 2

PWM 2 |

Sekil 8. Bir Faza Ait IR2101S Baglanti Semasi

3. Siiriicii Devresi Algoritmasi ve Uretimi
3.1 Kontrol Algoritmasi

BLDC motor siriicii devresini calistirabilmek igin bir
yazilima ihtiya¢ duyulmaktadir bu yazilimin akis semasi
Sekil 9’ de yer almaktadir. ESC’ lerin kontrol algoritmalari
diger sistemlere gore karmasik olabilmektedir. Bu ylizden
kontrol zorluklar

islemlerini gerceklestirirken

yasanabilmektedir. Sistemimizde 6ncelikle kalibrasyon
yapabilmek icin kumanda Uzerinden gaz Jostick’ ini en
2S-3S

sistemin batarya

yuksek seviyedeyken batarya baglantimizi

gerceklestirip
enerjilendirilir. Enerjilenen sistem kalibrasyon modunda

baglantisi yapilarak
acilarak EEPROM igin kayit moduna ge¢mektedir. Gerekli
kayit islemini yapabilmek icin kumanda (izerinden en
yuksek seviyede olan gaz ayarini istenilen en dusik
seviyeye cekerek kayit islemi gerceklestirilir. Kayit islemi
tamamlandiktan sonra yazilim algoritmasi bir sonraki
adima geger.

Farkh Duty seviyelerinde PWM sinyali A-B, B-C ve C-A
fazlarina bir saniye silireyle es zamanh uygulanarak motor
fazlari kendi aralarinda kisa devre edilir. Kisa devre olan
fazlar, uygulanan Duty seviyesine bagli olarak farkli
tonlarda motor fazlarindan ses olusturur. Bu sistem
fazlarda herhangi bir hata olup olmadiginin kontroliinG
gerceklestirir. Bu islem sirasinda sistem Zit-EMK den de
gerilim donisind okuyarak sistemin sagligini dogrular.
Test adimlari olumlu tamamlandiktan sonra sistem
belirlenen gaz ayar araliklarinda motoru déndiirmeye
hazir hale gelmektedir. Herhangi bir test adiminda sistem
olumsuz bir durum tespit ederse kart Gzerinde bulunan
led 3 saniye araliklarla yanarak sistemi 3 saniye bekleme
moduna alir ve test adimlarini basa alir. Hata dizelene
kadar sistem bu sekilde ¢alismasina devam eder.

Sensdrsiiz Kontrol>

Sistem Baslatma

Kalibrasyon
Yapildi Mi?

Evet

v

Motor Fazlarini Sirayla
E

Kontrolii Gergeklestir.

Kisa Dievre Ederck

‘ar

v

h 4

Motar Kentrol lgin
Gereldi Kontrol
Simyallerini Oret

Motor Hareketine
Devam Ettir

A

Sistemi 3 Saniye
Bekleme Moduna Al

Sekil 9. Yazihm Algoritma Semasi
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3.2 ESC Tasarimi ve Uretim Gériiniimii

Tasarimi ve (retimi gergeklestirilen ESC devresinin

gorselleri Sekil 10 ve Sekil 11’ de yer almaktadir. Tasarim
asamasinda gerekli sematik ve PCB gizimleri Altium
Designer PCB ¢izim programi lizerinde gergeklestirilmistir.
Uretim asamasinda ise Cin menseili PCB {iretim sirketleri

tercih edilmistir. Bir sonraki asamada tasarlanarak

Uretilen devre kartinin test islemi asamasina gecilmistir.
Test asamasinda gli¢ devresinden baslanarak kademeli bir

sekilde siirlici devre komponentleri lehimlenerek

devreye entegre edilmistir. Ayni zamanda bu asamada

kisa devre testleri gergeklestirilerek dizgi slreci

tamamlanmistir ve mikrodenetleyicinin ve surlicu

devresinin galisacagl tasarim ¢iktisina ulasiimistir.

Gelistirilen yazilim sirict devresine yiiklenerek sinyal
ciktilari kontrol edilmistir. Son asamada motora ait
baglantilar gergeklestirilerek gercek zamanh testler
yapilmistir. Boylelikle sistemin uzun slreli sorunsuz

calismasina  yonelik  kontrol ve test islemleri

gergeklestirilmistir.
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Sekil 11. ESC Karti Arka YiizU

3. Bulgular
3.1 ESC Kartinin Denemesi

Tasarlanan ve Uretimi gerceklestirilen ESC kartinin
denemeleri 12 Volt ve 16 Volt olmak Gzere iki farkl gerilim
kademesinde gerceklestirilmistir. Verilerin kayit altina
alirken gli¢ kaynagi, takometre, termokupl ve kronometre

kullanilmistir. Deney diizenegi Sekil 12’ de yer almaktadir.

7 BLDC
\ Motor /

Sekil 12. Deney Diizenegi

Cizelge 1. 12 Volt Besleme Voltaji icin

Duty RPM SI:::I:I::; S“:: :iflfgtu Akim Besleme Siire
(%) (devir/dk) o o (A) Voltaji (V) (dk)
(°q) (°c)
5% 8440 25,45 25,77 0,92 12 5
10% 9350 26,32 26,00 1,01 13 5
15% 11268 26,95 26,06 1,10 14 5
20% 12465 27,41 26,21 1,20 15 5
25% 13879 28,16 26,35 1,29 16 5
30% 15278 28,81 26,49 1,38 17 5
35% 16678 29,46 26,63 1,48 18 5
40% 18077 30,11 26,77 1,57 19 5
45% 19476 30,76 26,90 1,66 20 5
50% 20876 31,42 27,04 1,75 21 5
55% 22275 32,07 27,18 1,85 22 5
60% 23674 32,72 27,32 1,94 23 5
65% 25073 33,37 27,45 2,03 24 5
70% 26473 34,02 27,59 2,12 25 5
75% 27872 34,67 27,73 2,22 26 5
80% 29271 35,32 27,86 2,31 27 5
85% 30671 35,97 28,00 2,40 28 5
90% 32070 36,62 28,14 2,50 29 5
95% 33469 37,27 28,28 2,59 30 5
100% 34869 37,93 28,41 2,68 31 5

3.2 12 Volt Gerilim Altinda Calisirken ESC Kartindan
Alinan Veriler

Olusturulan deney dizeneginde sistem 12 Volt ile
beslenerek calismasi gozlemlenmek istenmistir. Duty
orani 5’er adimlarla %100’e kadar yukseltilmektedir. Her
bir yilkseltme adiminda veriler ol¢liimis ve kayit
edilmistir. Ol¢im sonuglari Cizelge 1’de yer almaktadir.
Motor her bir test asamasi igin 5 dakika sire ile
calistirilmis ve veriler bu siire sonunda alinmigtir. Motor
calismaya devam ederken Duty orani bir lst kademeye

yukseltilmis ve deneye devam edilmistir.
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Cizelge 1'de ki goruldigu gibi RPM, Sicakhk ve Akim
degerleri Duty oranina gore dogrusala yaklasik sekilde
yukselmektedir. Bu deneyde motor nominal gerilimde
calistirlmig ve alinan veriler incelenmistir. Bu veriler
dogrultusunda bazi grafikler olusturulmustur. Sekil 13 ‘de
DUTY-RPM grafiginde gorildigli gibi DUTY oraninin
artmasiyla birlikte motor RPM’i de dogru orantili olarak
artmigtir. Sekil 14’de RPM-SICAKLIK grafiginde ise yuksek
RPM’lerde motor daha fazla akim cgektigi icin sicaklik
degeri de artmaktadir. Son olarak Sekil 15’de goérilecegi
gibi akimin artmasiyla RPM de artmaktadir.
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3.3 16 Volt Gerilim Altinda Calisirken ESC Kartindan
Alinan Veriler

Olusturulan deney diizeneginde sistem 16 Volt ile
beslenerek c¢alismasi gozlemlenmek istenmistir. Duty
orani 5’er adimlarla %100’e kadar yikseltilmektedir. Her
bir yiikseltme adiminda veriler olgilmis ve kayit
edilmistir. Olciim sonuglari Cizelge 2’de yer almaktadir.
Motor her bir test asamasi icin 5 dakika sire ile
cahstirlmis ve veriler bu sire sonunda alinmistir. Motor
calismaya devam ederken Duty orani bir st kademeye

ylkseltilmis ve deneye devam edilmistir.

Cizelge 2. 16 Volt Besleme Voltaji igin

Motor Mosfet Besleme
Duty RPM Akim Siire
Sicakhigi  Sicakhigi Voltaji
(%) (devir/dk) (A)
(ka (W] V)

5% 10935 29,05 25,77 0,74 16 5
10% 12465 30,57 2592 0,82 16 5
15% 13298 32,10 26,06 0,96 16 5
20% 16077 33,62 26,21 1,12 16 5
25% 15661 35,15 26,35 1,26 16 5
30% 18900 36,67 26,50 1,38 16 5
35% 19775 38,19 26,65 1,52 16

40% 21266 39,72 26,79 1,65 16 5
45% 22758 41,24 26,94 1,78 16 5
50% 24249 43,00 27,30 1,85 16 5
55% 25740 44,20 27,14 2,03 16 5
60% 27231 45,74 27,30 2,16 16 5
65% 28723 47,28 27,46 2,29 16 5
70% 30214 48,82 27,62 2,42 16 5
75% 31705 50,36 27,78 2,55 16 5
80% 33196 51,90 27,94 2,68 16 5
85% 34688 53,44 28,10 2,81 16 5
90% 36179 54,98 28,26 2,94 16 5
95% 37670 56,52 28,42 3,07 16 5
100% 39161 58,06 28,58 3,20 16 5

Cizelge 2’de yer alan verileri motor nominal galisma

Cizelge
incelendiginde diisik Duty degerlerinde akimda ilk

geriliminin Ustlinde cahstiriimaktadir.
duruma goére azalmalar meydana gelse de RPM ve
Sicaklikta artis gozlemlenmektedir. RPM yikseldikge,
motor igerindeki bakir sargilarin nominal ¢alisma gerilimi
Uzerinde calismaya devam etmesi motor sargilarinin
Isinmasina yol agmaktadir. Bu durum motor isisinin da
yukselmesine neden olmaktadir. Artan Duty oranlarinda
akimda duizensizlikler yasanmakta ve ilk deney durumuna
daha
gozlemlenmistir. Bu veriler dogrultusunda bazi grafikler
16 ‘de DUTY-RPM grafiginde
goriildigi gibi DUTY oraninin artmasiyla birlikte motor
RPM’i de orantisal olarak artmistir. Sekil 17°da RPM-
SICAKLIK grafiginde ise yliksek RPM’lerde motor daha
fazla akim cektigi icin sicakhk degeri nominal gerilimde

gore  kaynaktan yuksek akim  cekildigi

olusturulmustur. Sekil

calismaya gore daha fazla artis gostermektedir. Son olarak
Sekil 18'de gorilecegi gibi RPM’in artmasiyla nominal
gerilimdeki calisma akimina gére akimda daha fazla artis
gorilmiustar.
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4. Tartisma ve Sonug

Bu calismada, drone’larda kullanmak amaciyla verimi
ylksek bir ESC karti tasarlanmis ve basarili bir sekilde
Uretilmistir. Calismada tasarlanan sistem ve sistemin
performansina ait bulgular sunulmustur. Elde edilen
bulgular incelendiginde sistemin kendisinden beklendigi
Uzere drone’larda kullanimi igin kararli bir sekilde galistig
anlasilmistir. Literatlirdeki ¢alismalarda ESC sistemleri
agirhkh olarak similasyon ortaminda gergeklestirilmis
olup gercek zamanl uygulamalarin sayisinin az oldugu
gorilmektedir.

(Al Mashhadany, 2022) simiilasyon ortaminda BLDC
motorun hiz kontroliine yonelik PID tabanli bir ¢alisma
gerceklestirmistir. (Cabuk, 2021) calismasinda zit EMK
tabanli bir drone motoru kontroliine yonelik simiilasyon
calismasi gergeklestirmistir. Calismasinda 330W’lik glice
sahip bir drone motorunun 14,6V gerilim seviyesinde
kontrol etmistir. (Prakosa,2019) calismalarinda quad
copter drone i¢in motorun hizini 6lgmeye yonelik bir
uygulama gergeklestirmistir. Calismalarinda hazir bir ESC
kullanarak gercek zamanli olusturduklari optik sensor
tabanli bir deney diizenegiile hizini 6lgmislerdir. (Dafang,

2011) bir arag yakit pompasini BLDC motor ile galistirmak
istemis ve hazir Griin BLDC motor sirtci kullanarak
sistemin kararliigini analiz etmislerdir. (Jadhav, 2022)
ekibiyle birlikte bir BLDC motorun tasarimini similasyon
ortaminda gergeklestirerek sonuglarini paylagsmiglardir.
(Lu, 2010) ESC galismasinin anahtarlama sinyallerini
simiilasyon ortaminda analizlerini gergeklestirerek
literatlre katki saglamistir.

Bu calismada drone sistemleri icin bir ESC tasarimi ve
Uretimi gergek olarak gergeklestirilmigtir.
Onerilen ¢alismada literatiirdeki calismalardan farkli
olarak 4 katmanh PCB tasarimi sayesinde daha kiglik
boyutlu bir devre karti Gretimi yapilmistir. Devrede
kullanilan gii¢ topolojisi sayesinde piyasada satilan benzer
Ozellikteki ESC'lere gore kadar gerilim ve akim degerlerini
desteklemektedir. Devre kartinin boyutunun kuglik
olmasi ile elektromanyetik hassasiyetinin disiik olmasi
saglanmis ve yiliksek adetli iretimlerde disiik maliyetle
uretilebilmesine yonelik onemli bir altyapi
olusturulmustur.

zamanli
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