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RESEARCH ARTICLE / ARASTIRMA MAKALESI

Kiiresel Bulamik Ortamda Cok Kriterli Karar Verme Yontemleri ile Demir
Celik Sektoriinde Tedarike¢i Secimi

Supplier Selection in the Iron and Steel Industry with Multi-Criteria Decision Making
Methods in a Spherical Fuzzy Environment

Zeynep Simge BAYSAL '), Berk AYVAZ 2/, Muhammet CEYLAN 3
![stanbul Ticaret Universitesi, Miihendislik Fakiiltesi, Endiistri Miihendisligi Boliimii,
*[stanbul Ticaret Universitesi, Miihendislik Fakiiltesi, Endiistri Miihendisligi Béliimii,
3[stanbul Ticaret Universitesi, Miihendislik Fakiiltesi, Mekatronik Miihendisligi Béliimii, Istanbul, Tiirkiye

Oz

Sirketler tedarikgi segimini gergeklestirirken genel olarak satin alma ve rekabet stratejilerine uygun olarak belirlenmis
kriterlere dikkat etmektedirler. Fakat bu segimi yaparken birgok zorlukla karsilasildigl, bu sebeple dikkat edilmesi gereken pek
¢ok hususun bulundugu bilinmektedir. Piyasada ¢ok sayida tedarikgi bulunmakta ve bu tedarikgiler icinden sirkete en uygun
olanin segilmesi amaglanmaktadir. Tedarikgi segim problemlerinin ¢o6ziminde genellikle Cok Kriterli Karar Verme (CKKV)
yéntemleri uygulanmaktadir. Bahis konusu ¢alismada, Avrupa Yesil Mutabakati kapsaminda olusturulan Sinirda Karbon
Dlzenleme Mekanizmasi’na tabi olan demir-gelik sektériinde faaliyet gosteren bir sirket icin tedarikgi se¢im problemi ele
alinmistir. Ug tedarikginin performans degerlendirmesi yapilarak séz konusu tedarikgiler 6 ana, 23 alt kriterde incelenmistir.
Calismada, Kiresel Bulanik Analitik Hiyerarsi Prosesi, TOPSIS (Technique for Order Preference by Similarity to Ideal Solution)
ve CODAS (Communication Disorders, Audiology and Swallowing) yontemlerini iceren bir karar verme yaklagimi yer
almaktadir. Tedarikgilerin degerlendirilmesi siirecinde uzmanlar tarafindan belirlenen kriterlerin agirliklarini hesaplamak igin
Karesel Bulanik AHP yontemi kullanilmis olup, demir-gelik sektériinde tedarik¢i secimi asamasinda en onemli kriterin fiyat
oldugu tespit edilmistir. Kiresel Bulanik TOPSIS yéntemi kullanilarak Tedarikgi 3; Kiresel Bulanik CODAS yontemiyle ise
Tedarikgi 1’in en iyi alternatif oldugu belirlenerek tedarikgiler siralanmistir.

Anahtar Kelimeler: Cok Kriterli Karar Verme (CKKV); Kiiresel Bulanik Sayilar; AHP; TOPSIS; CODAS; Tedarikgi Segimi

Abstract

When selecting suppliers, companies generally pay attention to criteria determined in accordance with their purchasing and
competition strategies. However, it is known that many difficulties are encountered when making this choice, and therefore
there are many issues that need to be taken into consideration. There are many suppliers in the market and the aim is to
choose the one that is most suitable for the company among these suppliers. Multi-Criteria Decision Making (MCDM)
methods are generally applied to solve supplier selection problems. In the study in question, the supplier selection problem
for a company operating in the iron and steel industry that is subject to the Border Carbon Regulation Mechanism established
within the scope of the European Green Deal is discussed. The performance evaluation of three suppliers was made and the
suppliers in question were examined in 6 main and 23 sub-criteria. The study includes a decision-making approach that
includes Spherical Fuzzy Analytical Hierarchy Process, TOPSIS (Technique for Order Preference by Similarity to Ideal Solution)
and CODAS (Communication Disorders, Audiology and Swallowing) methods. During the evaluation of suppliers, the Spherical
Fuzzy AHP method was used to calculate the weights of the criteria determined by the experts, and it was determined that
the most important criterion was price in the supplier selection phase in the iron and steel industry. Supplier 3 selected with
the Spherical Fuzzy TOPSIS method, and spherical fuzzy CODAS method, Supplier 1 was determined to be the best alternative
and the suppliers were ranked.

Keywords: Multi-Criteria Decision Making (MCDM); Spherical Fuzzy Numbers; AHP; TOPSIS; CODAS; Supplier Selection

I. GIRIS

Giliniimiizde tedarik¢i se¢imi isletmelerin ticari faaliyetlerinin siirdiiriilmesi asamasinda biiyiik dnem tagimaktadir.
Tedarikei se¢imi, birbirine zit sayisal veri igeren veya igermeyen bir¢ok kriteri bulunan ¢ok kriterli bir karar verme
problemi olarak tanimlanmaktadir. Bu problemlerde ilgili firmalarin isteklerine gore en uygun tedarikgilerin
secilmesi hedeflenmektedir. Hangi iiriin veya hizmetin, hangi firmadan ne kadar alinacagmin dogru bir sekilde
belirlenmesi, miisteri memnuniyetinin arttirilmasi ve firmalarin rekabet yeteneginin gelistirilmesini saglamaktadir.
Ayni sektdrlerde yer alan firmalar arasinda rekabet olusmakta ve bu firmalarin getrefilli rekabet ortaminda dogru
bir tedarik zinciri yonetimi saglayarak fark olugturmalar1 gerekmektedir.
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Demir Celik Sektoriinde Tedarikgi Secimi

Son zamanlarda fosil yakitlarin kullanilmasi, endiistriyel ve
tarimsal  etkinlikler sonucu meydana gelen iklim
degisikliginin olumsuz etkilerinin yogun bir sekilde
goriilmesi tiim diinya i¢in gelecek korkusu olugturmaktadir.
Kiiresel 1sinma sebebiyle, gelismekte ve gelismis
ekonomilerde  artan  endiistriyel  faaliyetlerin  de
siirdiiriilebilir olmas1 gerekmektedir [1].

S6z konusu ticaret ortaminda endiistriyel faaliyetlerini daha
cevreci gergeklestiren igletmelerin rekabet avantaji
saglamas1 ongdriilmektedir. Ad1 sik¢a duyulan iklim kriziyle
miicadele kapsaminda iilkeler ayr1 ayr1 hedeflerini,
politikalarin1 ve yol haritalarini agiklamaktadir. Ulkemizin
toplam ihracatinin yaklasik %41’ini gergeklestirdigi Avrupa
Birligi (AB) ise iklim kriziyle miicadele kapsaminda Avrupa
Yesil Mutabakati’ni (AYM) olusturmustur. Olusturulan
mutabakat kapsaminda, AB’nin 2050 yilina kadar net sifir
emisyon hedefini tamamlayan ilk kita olmasi, ekonomisinin
yeniden sekillenmesi, sistemlerin ve tedarik zinciri yapisinin
stirdiiriilebilirlik ve yesil donilisiim kavramlarina uyumlu
olacak sekilde yenilenmesi hedeflenmektedir. Ayni zamanda
ticaret sisteminin degismesi ve karbon emisyonunun
azaltilmasima yonelik AB’de ikamet eden ithalat¢i firmalara
cesitli kisitlamalarin getirilmesi dngoriilmektedir.

AYM kapsaminda olusturulan Sinirda Karbon Diizenleme
Mekanizmas1 (SKDM) cergevesinde AB’nin ithal ettigi
tiriinlerin karbon igeriginin kontrol edilerek, {irlinleri ithal
eden firmadan belirli oranda karbon vergisi alinmasi
planlanmaktadir [2]. 1 Ekim 2023 tarihi itibariyle baslayan
gecis donemi kapsaminda karbon vergisine tabi olan 6 sektor
(elektrik, gilibre, demir-gelik, ¢imento, aliiminyum ve
hidrojen) olarak belirlenmistir  [3]Gegis ddneminin
bitmesinin ardindan 2026 y1li itibariyle diger sektorler igin
de uygulanacaktir. Bu dogrultuda tiim sektorlere yonelik
tedarik  zincirinin  siirdiirtilebilir  ve  yesile uyum
gostermesinin iklim kriziyle miicadele kapsaminda ve
dongiisel ekonomi modelinde 6nemli rol oynayacaktir. Ote
yandan, siirdiiriilebilir maksimum kar ve istihdam saglamak
global diizeyde yer alan isletmelerin en Onemli
amagclarindandir. Firmalarin mali agidan gii¢lii olmalarinin
yalnizca satis performansina bagli olmadig, tedarik zinciri
yonetim performansiin da yukarida bahsedilen amaglari
yerine getirmek i¢in direkt olarak etkiledigi bilinmektedir.
Firmalarin  faaliyet gosterdikleri sektorlerde ihtiyag
duyduklart iiriin ve hizmet alimlarinda ortaya ¢ikan, tedarik
zinciri iliskisinde yer alan tedarik¢ilerin seg¢imi ve
degerlendirilmesi elzemdir. Zaman igerisinde artig gosteren
rekabet ortami, maliyet ve iliskilerin karmasiklagmasi gibi
nedenlerin akabinde rasyonel kararlarin alinabilmesi igin
sezgiler, tecriibeler ve sinirl bilgiler disinda karar siirecinin
analitik olarak degerlendirilmesi gerekmektedir [4].

Tedarik¢inin se¢im karar1 ve degerlendirme siirecinde gok
sayida kriter yer aldig1 ve birbirleriyle ¢atisan bahis konusu
kriterler arasindan se¢im yapilmasi gerektigi icin karar
verme problemleri karmasik problemlerdir [5]. Bu karmasik
problemlerin ¢6ziimii asamasinda, pek cok beceriklilige
sahip tedarik¢ilerin  igerisinden en efektif olanin
secilebilmesi igin ¢ok kriterli karar verme (CKKYV)
yontemleri  kullanilmaktadir. S6z konusu yOntemler
sayesinde tedarik¢ilerin  degerlendirilme  siireclerinde

birbiriyle ¢elisen nitel ve nicel kriterler kullanilarak

tedarikcilerin =~ kapsamli  bir  sekilde  kiyaslanmasi
saglanmaktadir.
Isletmelerin faaliyet gosterdikleri sektorlerdeki

tedarikgilerin belirlenmesi i¢in kullanilan kriterler firmalarin
gerekliliklerine bagli olarak farklihk gostermektedir.
Tedarik¢i se¢imi probleminde karar vericiler tarafindan
degerlendirilen en popiiler kriterlerin; teslimat, servis,
fiyat/maliyet, kalite, yonetim, teknoloji, liretim yetenegi,
finans, esneklik, arastirma ve gelistirme, risk, giivenlik, iligki
ve ¢evre oldugu belirtilmektedir [6]. Literatiir incelendiginde
tedarik¢i se¢im siireci yedi adimdan olugsmakta olup, Sekil
1’de yer almaktadir [7].

Ilk asamada problemin tammlanmasi, tedarik¢i segim
ihtiyacinin olup olmamasi belirlenmektedir. ikinci asamada
karar  vericilerin  ihtiyaglar1  neticesinde  kriterler
belirlenmektedir. Ardindan niteliklerine gore potansiyel
tedarikcilerin  belirlenerek degerlendirilmesi ve nihai
se¢iminin gergeklestirilmesi gerekmektedir.

Kritik satin alma
ihtiyaglarmm ve
kriterlerinin
belirlenmesi

Tedarikei se¢imi
probleminin
tanimlanmasi

Satin alma
stratejisinin
belirlenmesi

Potansiyel

tedarikgilerin
belirlenmesi

Tedarikgi
havuzunda yer
alan tedarikgilerin
siirlandirilmast

Nihai se¢im
yapabilmek i¢in
yontem
belirlenmesi

Tedarikgilerin
secilmesi ve

anlagmaya
varilmasi

Sekil 1. Tedarik¢i Secim Siireci

Bu g¢alismada, son zamanlarda olduk¢a popiiler olan
SKDM’ye tabii olan demir-gelik sektdrii baz alinarak, bu
sektorde faaliyet gosteren ¢elik sacdan malzeme iireten bir
sirket i¢in tedarik¢i se¢im problemi ele alinmistir. Buradaki
kriter belirleme ve kriterlerin degerlendirilmesi islemi 5
kisilik bir ekip tarafindan yapilmistir. Bahis konusu ekipte 2
miihendis ve 3 satin alma personeli yer almigtir. Caligmada 3
farkli tedarikci 6 ana, 23 alt kriter kapsaminda
degerlendirilmistir. Her  bir kriter =~ uzmanlarin
degerlendirmeleri 1518inda detayli incelenmistir. Calismanin
sonunda s6z konusu sirket i¢in en uygun tedarikgilerin
degerlendirilmesi amacglanmis  olup, tedarik¢i se¢im
probleminin ¢6ziilmesi igin li¢ adet Cok Kriterli Karar Verme
(CKKV) yontemi kullamilmigtir.  Seg¢im  kriterlerinin
agirliklarinin  belirlenebilmesi amaciyla Kiiresel Bulanik
Analitik  Hiyerarsi  Prosesi  yontemi, tedarik¢ilerin
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siralanabilmesi agamasinda ise Kiiresel Bulanik TOPSIS ve
Kiiresel Bulantk CODAS yontemleri uygulanmistir. Bu
calisma, bes bolimden olusmustur. Ik bolimde giris
yapilarak caligma hakkinda genel bilgiler verilmektedir.
Ikinci béliimde, literatiir taramasina yer verilmektedir.
Sonraki boliimde ise ¢ok kriterli karar verme yontemlerinden
caligmada uygulanan Kiiresel Bulantk AHP, TOPSIS ve
CODAS  yontemlerinin  metodolojisi  sunulmaktadir.
Dordiincti boliimde, bahsedilen yontemler uygulanmakta ve
tedarikgiler siralanmaktadir. Besinci boliimde ise sonuglar ve
bulgular ~ yorumlanmaktadir.  Yapilan  degerlendirme
sonucunda SKDM’ye tabi olan demir-gelik sektoriinde
tedarik¢i se¢imi asamasinda ¢evre ana kriteri basligt altinda
bulunan karbon emisyonunun azaltilmasma yonelik
belirlenen yesil kriterlere pek 6nem verilmedigi, en 6nemli
kriterin fiyat unsuru oldugu tespit edilmistir.

Calismada  kullanilacak  kriterlerin ~ ve  ydntemin
belirlenmesine yonelik literatiir taramasinda 2003-2023
yillart arasinda yapilan caligmalar ve arastirmalar ele
alinmustir. Ozellikle tedarikci secimi, yesil tedarikci secimi,
cok kriterli karar verme yontemleri anahtar kelimeleri
taranarak inceleme yapilmistir.

Kahraman vd. (2003), yaptig1 caligmada Tirkiye’de beyaz
esya Ureticisi firma igin tedarik¢i se¢imi problemini ele
almigtir. Firmanin satin alma yoneticilerine goriisiilmiis,
anket uygulanmig ve kriterler belirlenmistir. Uygulamada 3
ana kriter, 11 alt kriter belirlenerek 3 tedarikgi
degerlendirilmistir.  Tedarikgilerin  degerlendirilmesinde
Bulanik AHP yontemi kullanilmistir. Soner ve Oniit, (2006)
tarafindan gergeklestirilen ¢alismada, havalandirma ve klima
cihazlari lireten bir isletmenin tedarik¢i se¢im problemini ele
almmistir. Calismada AHP yontemi ile 7 kriterleri
degerlendirip, ELECTRE yontemi kullanarak 5 tedarik¢iyi
siralamiglardir. Tahriri vd. (2008) ¢alismasinda, Malezya'da
bir ¢elik imalat girketi i¢in tedarik¢i se¢cim problemini ele
almig ve problemin ¢6ziimii icin AHP yoOntemini
kullanmistir. Calismada 6 ana kriter, 16 alt kriter belirlenmis
ve 4 tedarik¢i degerlendirilmistir. Biiylikozkan & Ciftgi
(2012) yapmis olduklart ¢alismada, yesil tedarikgi
degerlendirmesi i¢in hibrit Cok Kriterli Karar Verme
Yontemi kullanilmustir.  Uygulamada, bulanik ortamda
DEMATEL, ANP ve TOPSIS yontemleri kullanilmig, 19
kriter baz alinarak 5 tedarik¢i degerlendirilmistir. Calisma,
Tirkiye’de oncii firmalardan biri olan Ford Otosan’da
uygulanmustir.

Arikan ve Kiiclikge (2013) calismalarinda, satin alma
faaliyetlerini siirdiiren bir kamu kurulusuna en uygun
tedarik¢inin  segilmesini  hedeflemislerdir.  Kurumun
tedarik¢i seciminde etkisi olacagi degerlendirilen kriterler
anket ¢aligmasi sonucunda tespit edilen 6 ana kriter ve alt
kriterler AHP yontemi kullanilarak agirliklandiriimustir.
Yapilan calismada PROMETHEE II yontemi kullanilarak 32
tedarik¢i firma degerlendirilmistir. Junior vd. (2014) yaptig
calismada, otomotiv liretim zincirinde yer alan bir firmanin
tedarik¢i se¢cim problemini ele alarak, problemin ¢oziim
asamasinda Bulanik AHP-TOPSIS yontemlerini
uygulayarak 5 tedarikciyi degerlendirmistir. Yapilan
calismada her iki yontem karsilastirilmistir. Bronja (2015)
calismasinda, araba egzoz sisteminde kullanilacak aliiminize
edilmis levha icin tedarik¢i se¢imi gerceklestirmistir.

118

Kriterlerin agirliklandirilmasinda Bulanik AHP yo6ntemi,
tedarikgilerin siralanmasinda ise Bulanik TOPSIS yontemini
kullanarak, 10 kriter baz almmarak 6 tedarikgi
degerlendirilmistir. Yilmaz (2015) ¢alismasinda, bir firma
icin tedarik¢i se¢cim problemine odaklanmistir. Calismada
Bulanik AHP ve Bulanik VIKOR biitiinlesik yontemi
uygulanmistir. Uygulamada fiyat, kalite, teslimat ve hizmet
kalitesi kriterleri baz alinarak 3 tedarik¢i degerlendirilmistir.
Kara ve Ecer (2016) c¢alismasinda, AHP ve VIKOR
yontemlerini kullanarak tedarik¢i segim problemini ¢6zmeyi
amaglamigtir. Yapilan caligmada belirlenen ana kriterler;
kalite, maliyet, profil, teslimat ve esneklik olarak verilmistir.
Bu kriterlerin 12 adet alt kriteri olusturulmustur. Calisma
sonucunda tiim kriterler ig¢inde “teslimat” kriterinin en
onemli oldugu tespit edilmistir.

Tekez ve Bark (2016) ¢alismasinda, bir mobilya fabrikasinin
tedarik¢i secimi problemini ¢dzmek i¢in Bulanik TOPSIS
yontemi kullanilmigtir. Calismada 6 kriter baz alinarak 6
tedarikci degerlendirilmistir. Denizhan vd., (2017) yapmis
oldugu ¢alismada, makine imalati sektoriinde yesil tedarikgi
secim problemini ele alarak 6 ana kriter altinda 3 firmay1
degerlendirmistir. Bu degerlendirmeler esnasinda AHP ve
Bulanik AHP yontemlerini uygulamistir. Arslan ve Uysal
(2017) tarafindan yapilan ¢alismada agag isleme sektdriinde
faaliyet gosteren bir isletmenin ¢ok kriterli karar verme
yontemleri  kullanilarak tedarik¢i se¢im  probleminin
¢oziimlenmesi amaglanmistir. U¢ ham agag tedarikgisinin
performanslarmin degerlendirilmesi agsamasinda ELECTRE
yontemi uygulanmistir. Daldir ve Tosun (2018) yilinda
yapmis olduklar1 ¢alismada bir igletme icin yesil tedarikei
secimi i¢in 3 ana kriter 12 alt kriter kullanarak, 2 uzman
goriisiine bagvurmuslardir. Problemin ¢6ziimii i¢in Bulanik
WASPAS ve AHS yo6ntemlerini kullanmislardir. Narayanan
ve Jinesh (2018) senesinde yaptiklari calismada, bir dokiim
iinitesi i¢in tedarik¢i segimi gergeklestirmistir. Problemin
¢Oziimii igin SWARA ve TOPSIS yontemleri kullanilarak 4
alternatif tedarik¢i iginden en uygun olan secilmistir. Onat
ve Kactioglu (2019) calismalarinda, perakende sektoriinde
Tuzla’da depo faaliyetlerini siirdiiren bir isletmenin tedarikgi
se¢im problemi ele alinmis olup; Cok Kriterli Karar Verme
Yontemlerinden Bulanikk AHP ve Bulanik TOPSIS
biitiinlesik kullanilmigtir. Problemin ¢6ziimiinde 5 ana kriter,
15 alt kriter belirlenmis ve tedarikgileri 4 karar verici
degerlendirmistir. Madenoglu (2019) yaptig1 caligma ile
mobilya iiretimi yapan bir firmanin yesil tedarik¢i se¢im
problemini  ele  almistir.  Caligmadaki  kriterlerin
agirliklandirilmas: asamasinda Bulanik SWARA, yesil
tedarikgilerin siralanmasi ve se¢imi asamasinda Bulanik
ARAS, Bulanik Gri Iliskisel Analiz, Bulanik TOPSIS,
Bulanik VIKOR, yontemleri kullanilmistir. Dogan ve Akbal
(2019), yaptiklar1 calismada bir {iniversite hastanesinin
tedarikcileri satin alma birim yoneticilerinin gorisleri
alinarak 5 kriter kapsammda AHP yontemi kullanilarak
degerlendirilmistir. Polat ve Kagmaz (2019), ¢aligmalarinda
imalat sektoriinde faaliyet gosteren Kocaeli’de yer alan bir
endiistriyel makine imalat firmasinin elektrik malzemelerini
temin ettigi tedarik¢iyi segmesi amaglanmistir. Calismada 5
ana kriter, 17 alt kriter baz alinarak Bulanik AHP yontemi
kullanilarak tedarik¢iler degerlendirilmistir. Sekerci ve
Yazicioglu (2019), caligmalarinda gida sektdriine yonelik
pet sise platformu adina yapilan tedarik¢i se¢cim problemini
ele almiglardir. Yapilan ¢aligmada literatiir incelenerek en
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cok tercih edilen kriterler belirlenerek tedarikciler AHP
yontemi kullanilarak degerlendirilmistir. Cezlan (2021) ¢ok
kriterli karar yontemlerini kullanarak saglik sektdriinde yesil
tedarik¢i segimi ilizerine bir calisma gergeklestirmistir.
Calismada 7 yesil kriter ele alinmis ve s6z konusu kriterler
AHP yontemi ile agirhiklandirilmistir. Ardindan 3 tedarikei
TOPSIS yontemi kullanilarak siralanmis en uygun tedarikgi
secilmigtir. Unal ve Temur (2021) yesil tedarik¢i se¢imi
problemini ele alarak bir sirketin tedarikgilerini SF-AHP ile
coziimlemistir. Yapilan ¢alismanin sonuglarinda en dnemli
kriterin maliyet oldugu belirlenmistir. Erbiyik vd. (2021)
tarafindan yapilan calismada, otomotiv sektoriinde yesil
tedarik¢i se¢imi problemi ele alinmis olup, 5 kriter altinda 3
farklt tedarik¢i anket yontemi ile degerlendirilmistir.
Kriterlerin  agirliklandirilmast  asamasinda SWARA
yontemi, tedarikgilerin  siralanmast  agamasinda  ise
ELECTRE yontemi kullanilmigtir. Nebati vd. (2021)
calismasinda, otobiis tedarik¢isi se¢imi problemini ele almis
olup, ilk agsamada ¢ok kriterli karar verme yontemlerinden
biri olan AHP yontemi kullanarak kriter agirliklarini tespit
etmistir. Ardindan Promethee yontemi kullanilarak da en
uygun tedarik¢inin se¢imi saglanmistir. Calismada 3 ana
kriter, 9 alt kriter kullanilarak 3 tedarikg¢i degerlendirilmistir.
Afzali vd. (2022) calismalarinda bir ¢elik firmasi igin
tedarik¢i segim problemini ¢6zmeye odaklanmustir.

Calismada, ¢ok kriterli siirdiiriilebilir tedarik¢i se¢imi igin
Aralik Degerli Sezgisel Bulanik (IVIF) AHP ile
genigletilmis bulanikk Kombinatif Mesafeye Dayali
Degerlendirmeye (CODAS) yontemi kullanilmistir. 3 ana
kriter, 9 alt kriter belirlenerek 4 tedarik¢i degerlendirilmistir.
Tiirkmen ve Demirel (2022) yapmis olduklart ¢aligmada,
enerji sektdriinde rol oynayan bir firma igin tedarikg¢i
secimine odaklanmistir. Calismada CKKV (Cok Kriterli
Karar Verme) yontemleri uygulanarak 2 karar verici, 4
alternatif tedarik¢iyi 7 kriter altinda incelemistir. Kriterlerin
Oonemini hesaplama asamasinda SWARA ve tedarikgilerin
degerlendirilmesi agamasinda ise Bulanik COPRAS yontemi
kullanilmstir. Zarali (2022) yapmis oldugu c¢alismasinda,
aliminyum sektoriinde faaliyet gosteren bir firmanin 3. parti
tersine lojistik hizmet saglayicisinin degerlendirmesi ve
secilmesi amaciyla kiiresel bulanik TOPSIS yontemi
uygulanmistir. Nebati, Ayvaz ve Kusake¢r (2023), yapmis
olduklar1 ¢alismada savunma sanayiye yonelik en iyi ERP
yazilim  saglayicisma  oncelik  vermek  amaciyla
hibritlestirilmis kiiresel bulanik AHP ve kiiresel bulanik
CODAS yontemlerini kullanmigtir.

Caligmada kullanilacak yontemin ve kriterlerin belirlenmesi
asamasinda yukarida belirtilen ¢aligmalar incelenmis olup,
Tablo 1’de 6zetlenmektedir

Tablo 1. Literatiir Arastirmas1 Ozet Tablo

Referans Arastirma Yontem Arastirma Alam
Amaci
Erbryik vd. [4] Yesil tedarik¢i | SWARA - ELECTRE | Otomotiv sektorii
se¢cimi
Onat ve Kactioglu | Tedarik¢i se¢imi | Bulamk ~ AHP - | Perakende sektorii
[5] Bulanik TOPSIS
Kahraman vd. [8] | Tedarik¢i se¢imi | Bulanik AHP Beyaz esya sektorii
Soner ve Ogiit [9] | Tedarikgi secimi | AHP-ELECTRE Havalandirma ve klima
cihazlari
Tahriri vd. [10] Tedarik¢i se¢cimi | AHP Celik sektorii
Biiyiikozkan  ve | Yesil tedarik¢i | Bulantk DEMATEL- | Otomotiv sektorii
Ciftei [11] secimi ANP-TOPSIS
Arikan ve | Tedarik¢i se¢cimi | AHP — PROMETHE | Satin alma
Kiigiikge [12] 11
Junior vd. [13] Tedarikg¢i se¢imi | Bulantk ~ AHP  — | Otomotiv sektorii
Bulanik TOPSIS
Bronja [14] Tedarikg¢i se¢imi | Bulantk ~ AHP  — | Araba egzozu i¢in aluminize
Bulanik TOPSIS edilmis levha
Yilmaz [15] Tedarikgi se¢imi | Bulanikk ~ AHP  — | Endiistryel firin
Bulanik VIKOR
Kara ve Ecer [16] | Tedarik¢i se¢cimi | AHP —VIKOR Tekstil sektorii
Tekez ve Bark [17] | Tedarikei se¢imi | Bulanik TOPSIS Mobilya sektorii
Denizhan vd. [18] | Yesil tedarik¢i | AHP — Bulanik AHP | Makine imalat1 sektorii
se¢imi
Arslan ve Uysal | Tedarik¢i segimi | ELECTRE Ahsap sektorii
[19]
Daldir ve Tosun | Yesil tedarikci | Bulanik WASPAS — | Uretim
[20] se¢cimi Bulanik AHS
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Tablo 1. Literatiir Aragtirmas1 Ozet Tablo (devani)

Narayanan ve | Tedarik¢i se¢cimi | SWARA - TOPSIS Dokiim sektorii
Jinesh [21]
Madenoglu [22] Yesil tedarik¢i | Bulantk TOPSIS - | Mobilya sektorii
se¢imi VIKOR- ARAS-
Bulanik Gri liskisel
Analiz
Dogan ve Akbal | Tedarik¢i se¢imi | AHP Saglik sektorii
[23]
Polat ve Kagmaz | Tedarik¢i se¢cimi | Bulanik AHP Endiistriyel makine imalat
[24] sektorii
Sekerci ve | Tedarik¢i secimi | AHP Gida sektorii
Yazicioglu [25]
Cezlan [26] Yesil tedarik¢i | AHP - TOPSIS Saglik sektorii
se¢imi
Unal ve Temur | Yesil tedarik¢i | SF AHP Isletme
[27] secimi

Nebati vd. [28]

Tedarikgi se¢imi

AHP - PROMETHEE

Ulasim sektorii

Afzali vd. [29]

Tedarikgi se¢imi

IVIF AHP - CODAS

Celik sektorii

Tiirkmen ve | Tedarik¢i se¢imi | SWARA — Bulanik | Enerji sektorii
Demirel [30] COPRAS
Zaral1 [31] Tedarikgi se¢imi | SF TOPSIS Aliiminyum sektorii

Nebati vd. [32]

ERP secimi

SF AHP-CODAS

Biligim sektorii

Kaynak taramasinda demir ¢elik sektdriinde tedarikgi
secimine iligkin olarak kiiresel bulanik AHP, TOPSIS ve
CODAS yaklagimlarmin bir arada bulundugu bir ¢alisma
tespit edilmemis olmakla birlikte, demir-celik sektoriinde
tedarik¢i se¢im problemine iligskin hibrit ¢ok kriterli karar
verme yontemleri kullanilarak yapilan bir caligmaya da
rastlanilamamustir.

II. MATERYAL VE YONTEM

Bu boliimde kriterlerin agirliklandirilmast ve tedarikgilerin
siralanmast  problemleri i¢in kullanilacak {i¢ yOntemin
asamalarina yer verilmektedir. ilk olarak Kiiresel Bulanik
AHP yontemi ardindan TOPSIS ve CODAS yontemi
aciklanmaktadir.

2.1 Kiiresel Bulamk AHP Yontemi

Kiiresel bulanik kiimelerle birlikte kullanimi yaygin CKKV
yontemlerinden biri olan AHP ydntemi problem ¢odzerken
kriterler arasindaki iligkiyi ikili karsilagtirma yOntemi
kullanarak ~ 6nem  derecelerinin  tespit  edilmesini
saglamaktadir. Kiiresel AHP yonteminin uygulanmasi i¢in
gerekli asamalar agagida sunulmaktadir.

Asama 1: Problemin ¢6ziimlenmesine iliskin olarak literatiir
ve alternatiflere gore kriterler belirlenerek hiyerarsik yapi
olusturulur.
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Asama 2: Kiriterlerin birbirleriyle etkilesimlerinin analiz
edilmesine yonelik olusturulan ikili kargilagtirma matrisleri,
karar verici uzmanlardan alinan bilgiler dogrultusunda Tablo
2’de gosterilen sozel terimler kullanilarak tanimlanir.

Tablo 2. Dilsel Olgek, Puan Indeksleri ve Karsilik Gelen
Kiiresel Bulanik Sayilar [33]

Sozel terimler Score (u, v, m
indeksi
(8D
Kesinlikle daha fazla 9 (0.9,0.1,0.1)
onemli (KFO)
Cok yﬁksek onemli 7 (0.8,0.2,0.2)
€YO) )
Yiiksek 6nemli (YO) 5 (0.7,0.3,0.3)
Biraz fazla 6nemli 3 (0.6,0.4,0.4)
(BFO)
Esit onemli (EO) 1 (0.5,0.5,0.5)
Biraz diisitkk 6nemli 1/3 (0.4,0.6,0.4)
(BDO)
Diisiik 6nemli (DO) 1/5 (0.3,0.7,0.3)
Cok diisiik Snemli 1/7 (0.2,0.8,0.2)
(CDO)
Kesinlikle daha diisiik 1/9 (0.1,0.9,0.1)
onemli (KDO)
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Asama 3: Tium kriterler sozel terimlere doniistiiriilir ve
kiiresel bulanik ikili karsilastirma matrisleri olusturulur.

[ 1 dyp dm]
sy :
A=l @
1

an1

Asama 4. Olusturulan ikili karsilastirma matrislerinin
tutarliligi puan endeksleri kullanarak incelenir. 4,4, ikili
kargilagtirma karar matrisinin maksimum veya temel
6zdegeridir. Yapilan hesaplamaya gore CR degerinin 0,1
degerinden kiiciik olmas1 matrisin tutarligi oldugu anlamina
gelmektedir. 0,1 degerinde biiylik olmasi durumunda ise
verilerin  tutarsiz oldugu ve wuzmanlarin yeniden
degerlendirmesi gerektigi degerlendirilir.

Asama 5. Kiiresel agirlikli aritmetik ortalama operatorii
(SWAM) kullanilarak her bir kritere gore kiiresel bulanik
AHP agirliklari hesaplanir.
SWAM,, = (w,Bs; + w,Bg;, + -+ + wyBsp)
n UWL'

= ([1 -, - “/Zisi)wi]l/z . [l'[?:1(1 _

1/2
L (CE I DU

0]

Asama 6. Asagidaki denklemi kullanarak kriterlerin 6nem
diizeylerinin belirlenmesi i¢in kiiresel bulanik sayilardan net
say1 degerlerinin elde edilmesi amaciyla berraklastirma
yapilir.

s(ws) =

oo i

J
Asama 7. AHP yonteminde ikili karsilagtirma matrislerinin
normalizasyonu i¢in her 6genin kendi siitun toplamina

-2y - (Z-n)]

bolinmesi  gerekmektedir.  Esitlik 4  kullanilarak
normalizasyon islemi gerceklestirilir.
TSk s(w)

Asama 8. Ana ve alt kriterlerin global agirliklar1 hesaplanir.
Bu asamada alt kriterlerin normalize yerel agirliklari ile ana
kriterlerin yerel agirliklar1 c¢arpilir. Yapilan islemlerin
sonunda tiim kriterlerin hesaplanan agirliklar1 toplaminin 1
olmas1 gerekmektedir.

2.2 Kiiresel Bulanik TOPSIS Metodu

TOPSIS yontemi CKKV yontemleri arasinda en yaygin
olarak kullanilan ydntemlerin basinda gelmektedir.
Kullanim alaninin kapsamli ve uygulama agamalarinin diger
yontemlere kiyasla daha anlagilir olmasiyla birlikte karar
verilirken pozitif ideal ¢6ziime en yakinlik saglamasi
sebebiyle bulanik setlerde oldukg¢a fazla kullanilan CKKV
yontemidir [34]. Bahis konusu yontemin agamalar1 agagida
siralanmaktadir.

Asama 1. Karar verici uzmanlardan gelen cevaplar
kullanilarak karar matrisinin Tablo 1’de yer alan dilsel
degerlere gore olusturulur.
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Asama 2. Karar verici uzmanlarin ilettigi cevaplar Esitlik
2’de belirtilen SWAM operatori ile birlestirilir.
Asama 2.a. Karar verici uzman kisilerin degerlendirmeleri
baz almarak kriter agirliklari birlestirilir ve kriterlerin
agirliklart toplaminin 1°e esit olmasi saglanr.
Asama 2.b. Karar vericilerin degerlendirmeleri sonucunda
elde edilen birlestirilmis kiiresel bulanik karar matrisi Esitlik
5’te belirtildigi izere olusturulur.

) )

D= (G&)) =
(H11) V11, 7011) (H12) V12, TT12)
< (421, V21, T21) (H22) V22, T022)
©) ©)
(U1 Vms Tm1) - (Bmz) Vi Tmz)

Asama 3. Kriterlerin agirliklar1 ve alternatif derecelerinin
belirlenmesinin ardindan kiimelenmis agirlikli  kiiresel
bulanik karar matrisi olugturulur.

Asama 4. Asagidaki esitlik kullanilarak toplu agirlikli karar
matrisi bulaniklastirilir.

Score ((Cj (Xiw))

= (ijw — T[ijw)z - (”ijw - ”iiw)z

(Uins Vins T1)
(Hzn Van T2n)

)
©)
©)
©

(tons Vinns o)

(6)

Asama 5. Esitlik 6 ile elde edilen puan degerlerine gore
Esitlik 7 ve Esitlik 8 kullanilarak Kiiresel Bulanik Pozitif
Ideal Coziim (SF-PIS) belirlenmektedir. Ayni sekilde Esitlik
9 ve Esitlik 10 uygulanarak Kiiresel Bulanik Negatif ideal
Coziim (SF-NIS) elde edilmektedir.

SF-PIS igin:
X* = {Cj,maxi < Score ((C]-(Xiw)) > j o
=12,...n}
(Cll (#;; viki Tl.';)), (CZI (‘Ll;, v;, T[;)) }
X* = { * * * 8
(Cor (0 V3 3)) ®
SF-NIS i¢in:
X = {Cj,minl- < Score ((Cj(XiW)) >j ©
=12,...n}
_ (Cll(.ul_t vl_lnl_)>:(c2t (M2_1v2_1n-2_)) }
X = { Joee 10
(Cor (7, v, 7)) 10

Asama 6. Tedarik¢i X; ile SF-NIS ve SF-PIS arasindaki
mesafelerin sirastyla hesaplanmasi gerekmektedir. Bu adim
icin normallestirilmis Oklid mesafesi kullanilir.

SF-PIS igin:

D (XUX*)

Ly 11
- an(uxi - MX*)Z + (in - UX")Z + (T[Xi - ﬂx*)z ( )
i=1
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SF-NIS igin:
DX, X™)=

iZ?::L(#XL- - llx—)z + (UXL' - vX—)z + (erL. - rrx—)z

12)

Asama 7. SF-NIS'e olan maksimum mesafenin ve SF-PIS'e
olan minimum mesafenin belirlenmesi gerekmektedir.

SF-PIS igin:

Dinin (Xi, X*) = min D(X;, X) 13)
SF-NIS i¢in:

Dinax(Xi, X7) = max D(X;, X7) (14)
Asama 8. Esitlik 13 ve Etkinlik 14°te yer alan
denklemlerden faydalanilmaktadir. Yakinlik oraninin
hesaplanmasi i¢in Esitlik 15 kullanilmaktadir.

_ _bxpx")  DXpXT)
XD =5 X DrarKex) (15)

Adim 9: Alternatiflerin/tedarikg¢ilerin optimal siralama
strasinin ve optimal alternatifin belirlenmesi gerekmektedir.
Yukaridaki denklem kullanilarak yakinlik oraninin artan
degerlerine gore alternatifler siralanmaktadir.

2.3 Kiiresel Bulanik CODAS

Asama 1. Karar matrisinin her bir karar verici igin
olusturulmast gerekir. Sozel terimleri kullanarak karar
matrisleri olusturulur.

Asama 2. Karar vericilerden alinan cevaplar Esitlik 2°de
belirtilen SWAM operatorii ile birlestirilir.

Asama 3. Bireysel karar matrislerine dayali olarak toplu
kiiresel bulamik karar matrisi Esitlik 4’teki sekilde
olusturulur.

Asama 4. Kiimelenmis agirlikli kiiresel bulanik karar matrisi
hesaplanir. ~ Kriter  agirliklarn  ve  alternatiflerin
derecelendirmeleri belirlendikten sonra, ¢arpma operatorii
ile birlestirilmis agirlikli kiiresel bulanik karar matrisi
olusturulur.

Asama 5. Esitlik 16°da belirtildigi iizere puan fonksiyonunu

(SCF) kullanarak toplu agilikli karar matrisinin
bulaniklagtirilmasi gerekir.
SCF (£ (Y;w))

(16)

2 2
(T w_ M
W) T\

Asama 6. Besinci adimdaki puanlara gore Kiiresel Bulanik
Negatif Ideal Coziimiin (SF-NIS) bulunmasi gereklidir.
Karsilik gelen SF sayilari, net minimum puanlara goére
belirlenmektedir.

X = {Cj'm}n <SCF (E,-(Yiw)) > =123 ...,n|} a7
(Cy, (ug, vy, ) (Co, (g, v7,12)), e,
{ (Cor i, v, T0)) } 8)

Asama 7. X;ve X~ alternatifleri arasindaki mesafeler
hesaplanmalidir. Bu adim i¢in Esitlik 19 ve Esitlik 20°de yer
alan normallestirilmis Oklid mesafesi ve kiiresel mesafe
denklemleri kullanilir.

Disgy. (X, X7)
n
: 19
S CREAE S YR I o
i=1
1 n
Disspn (X, X7) = EZ arccos(py, X py- + vy, X Uy~ a0

i=1
+ Ty, X Tx-)

Asama 8. Esitlik 22 araciligiyla herhangi iki alternatif
arasinda goreceli degerlendirme matrisi (RA) olusturulur.

RA = [hip] 1)
hip = (Disguc, — Disuc, )
+ (5 (Disguc, — Disguc,) 22)

X (Dissphi - Dissphp»

Asama 9. Her alternatifin degerlendirme puanlarinin (H;)
azalan degerlerine gore siralanmasi gerekmektedir. En
yiiksek (H;)’ye sahip alternatif, alternatifler arasindaki en iyi
se¢imdir.

NgE

Hy= ) hy (23)

p=1

1. UOYGULAMA

Calismanin bu boliimiinde demir c¢elik sektoriinde faaliyet
gosteren, ihracat yapan bir sirket icin tedarik¢i se¢im
problem ele almmaktadir. S6z konusu sirketin, Paris Tklim
Anlagmasi’nin imzalanmasinin ardindan,AB tarafindan
olusturulan Avrupa Yesil Mutabakati kapsaminda AB’ye
ihrag edilen triinlerin karbon emisyonlarinin hesaplanmast
gerekmekte, ithalatcialrdan  karbon  vergisi  talep
edilmektedir. Bu ¢ergevede, ithalat¢inin diigsiik karbon
vergisi Odemesi veya Odememesi rekabet avantaji
saglamaktadir. Dolayistyla ihra¢ edilen {iriinleri olusturan,
iiretim siireglerine dahil edilen {irlinlerin talep edildigi
tedarikgilerin se¢imi 6nemlidir.

Calismada firma i¢in uygun tedarik¢inin se¢ilmesi
hedeflenmektedir. Bu problem igin demir-gelik firmalarinda
calisan belirlenmis farkli kisilere, tedarik¢i segiminde dikkat
edilen kriterler sorulmaktadir. Buradaki kriter belirleme
islemi 5 kisilik uzman bir ekip tarafindan yapilmistir.
Yapilan degerlendirme sonunda 6 ana kriter ve 23 alt kriter
belirlenmis ve puanlanmistir. Belirlenen kriterler Tablo 3°te
sunulmaktadir.
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Tablo 3. Demir Celik Sektoriinde Tedarik¢i Se¢imi Kapsaminda Belirlenen Ana ve Alt Kriterler

Alt Kriterler

Kusur orani (Ka;)

Fire orani (Ka,)

Kalite giivence sistemleri (Kas)
Is giivenligi (Kay)

Tasima maliyeti (Fi)

Fiyat opsiyonu (Fi»)
Maliyet (Fi3)

Paketleme (Fi4)

Vadeli satis (Fis)

Teslimat siiresi (Te;)
Teslimat giivenilirligi (Tez)
Eko tasarim (Ce;)

Kaynak kullanimi (Ce,)
Kirlilik kontrolii (Ces)
Cevre yonetim sistemleri (Ces)
Yesil imaj (Ces)

Yesil tiretim (Ceg)

Yesil lojistik (Cey)

Geri doniisiim orant (Ces)
Ulasilabilirlik (1;)
Seffaflik (il,)

Tecriibe (Ki;)

Referans (Ki,)

Ana Kriterler
Kalite (Ka)

Fiyat (Fi)

Teslimat (Te)
Tedarik¢i Se¢cim

Karan Cevre (Ce)

iletisim (i)

Kurumsal itibar (Ki)

Bes uzmanin goriiglerinden olusturulan ikili karsilagtirma
matrisleri SWAM operatorii ile birlestirilerek, KVortak’a
(ortak karar verici) ait karar matrisi olusturulmustur. Once
ana kriterlerin ardindan alt kriterlerin ikili kargilagtirmalart
yapilmis olup, agirliklar1 hesaplanmustir.

Son olarak global agirliklar hesaplanmigtir. Ana ve alt
kriterlere iliskin birlestirilmis karar matrisleri Tablo 4, Tablo
5, Tablo 6, Tablo 7, Tablo 8, Tablo 9, Tablo 10’da
verilmistir.

Tablo 4. Ana Kriterlere Ait Birlestirilmig Karar Matrisi

Ka Fi Te
Ka (0.50, 0.50, 0.50)  (0.40, 0.49,0.31) (0.49,0.41,0.31)
Fi (0.49, 0.40,0.31) (0.50, 0.50,0.50)  (0.64, 0.30, 0.30)
Te (0.41,0.49,0.31) (0.30,0.64,0.30) (0.50, 0.50, 0.50)
Ce (0.34,0.58,0.31) (0.36,0.56,0.33)  (0.37,0.53, 0.31)
It (0.41,0.55,0.41) (0.34,0.60,0.32) (0.43,0.41, 0.28)
Ki (0.28,0.48,0.18) (0.35,0.58,0.35) (0.41,0.55,0.41)

Tablo 4. Ana Kriterlere Ait Birlestirilmig Karar Matrisi (devami)

Ce 1l Ki
Ka (0.58,0.34,0.31)  (0.58,0.41,0.41) (0.48,0.28,0.18)
Fi (0.56,0.36,0.33)  (0.60, 0.34,0.32)  (0.58,0.35, 0.35)
Te (0.53,0.37,0.31) (0.45,0.37,0.24) (0.58,0.41, 0.41)
Ce (0.50, 0.50,0.50)  (0.57,0.32,0.28)  (0.40, 0.40, 0.24)
It (0.32,0.57,0.28)  (0.50, 0.50,0.50)  (0.40,0.49, 0.31)
Ki (0.36, 0.56, 0.32 (0.46, 0.40, 0.30)  (0.50, 0.50, 0.50)

Tablo 5. Kalite Ana Kriterinin Alt Kriterlerine Ait Birlestirilmis Karar Matrisi

Ka; Ka: Kas Kay
Ka;  (0.50, 0.50, 0.50) (0.49, 0.40, 0.32) (0.36,0.56,0.33) (0.37,0.61, 0.34)
Ka: (0.40, 0.49, 0.32) (0.50, 0.50, 0.50) (0.36, 0.55,0.30) (0.36,0.61, 0.36)
Kas; (0.54,0.38,0.35) (0.53,0.37,0.32) (0.50, 0.50, 0.50)  (0.34, 0.60, 0.32)
Ka, (0.61,0.37,0.34) (0.61, 0.36, 0.36) (0.60, 0.34,0.32) (0.50, 0.50, 0.50)
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Tablo 6. Fiyat Ana Kriterinin Alt Kriterlerine Ait Birlestirilmig Karar Matrisi

Fii Fiz Fis
Fir (0.50,0.50,0.50) (0.60,0.27, 0.23) (0.36, 0.56, 0.36)
Fi> (0.27,0.60,0.23)  (0.50, 0.50, 0.50) (0.55,0.42,0.42)
Fis  (0.56,0.36,0.36) (0.42, 0.55, 0.42) (0.50, 0.50, 0.50)
Fis  (0.39,0.59,0.39) (0.36,0.61, 0.36) (0.37,0.61, 0.37)
Fis  (0.37,0.58,0.34) (0.43, 0.55, 0.40) (0.33, 0.61, 0.28)

Tablo 6. Fiyat Ana Kriterinin Alt Kriterlerine Ait Birlestirilmis Karar Matrisi (devami)

Fiy Fis
Fir  (0.59,0.39,0.39) (0.58,0.37,0.34)
Fiz (0.61,0.36,0.36) (0.55,0.43, 0.40)
Fi; (0.61,0.37,0.37) (0.61,0.33, 0.28)
Fis (0.50,0.50,0.50) (0.41, 0.46, 0.30)
Fis (0.46,0.51,0.30) (0.50, 0.50, 0.50)

Tablo 7. Teslimat Ana Kriterinin Alt Kriterlerine Ait Birlestirilmis Karar Matrisi

Te: Te:
Te: (0.50,0.50,0.50) (0.55,0.39,0.33)
Te: (0.39,0.55,0.33) (0.50, 0.50, 0.50)

Tablo 8. Cevre Ana Kriterinin Alt Kriterlerine Ait Birlestirilmis Karar Matrisi

Ce;r Ce: Ces Cey
Ce; (0.50, 0.50, 0.50) (0.45,0.53,0.45) (0.30,0.62,0.30) (0.40, 0.49, 0.31)
Ce: (0.53,0.45,0.45) (0.50,0.50,0.50) (0.47,0.44,0.33) (0.53, 0.45,0.41)
Ces (0.62,0.30,0.30) (0.44,0.47,0.33) (0.50, 0.50,0.50) (0.56, 0.39, 0.36)
Cey (0.49,0.40,0.31) (0.45,0.53,0.41) (0.39,0.56,0.36) (0.50, 0.50, 0.50)

Tablo 8. Cevre Ana Kriterinin Alt Kriterlerine Ait Birlestirilmis Karar Matrisi (devami)

Ces Ces Ce; Ces
Ces (0.50, 0.50, 0.50) (0.49,0.41,0.31) (0.43,0.55,0.43) (0.41,0.45,0.26)
Ces (0.41,0.49,0.31) (0.50, 0.50,0.50) (0.35, 0.60,0.35) (0.45, 0.53, 0.45)
Ce; (0.55,0.43,0.43) (0.60,0.35,0.35) (0.50,0.50,0.50) (0.65,0.32,0.32)
Ces (0.45,0.41,0.26) (0.53,0.45,0.45) (0.32,0.65,0.32) (0.50, 0.50, 0.50)

Tablo 9. Tletisim Ana Kriterinin Alt Kriterlerine Ait Birlestirilmis Karar Matrisi

1

1>

i1 (0.50,0.50,0.50) (0.55,0.43,0.33)
il:  (0.43,0.50,0.33) (0.50,0.50, 0.50)

Tablo 10. Kurumsal itibar Ana Kriterinin Alt Kriterlerine Ait Birlestirilmis Karar Matrisi

Ki;

Ki;

Kir  (0.50, 0.50, 0.50) (0.46, 0.34, 0.20)

Ki>

(0.34,0.46, 0.20)  (0.50, 0.50, 0.50)

Birlestirilmis  matrislerin ~ olusturulmasmin  ardindan
kriterlere iliskin kiiresel bulanik agirliklar SWAM operatorii
kullanilarak hesaplanmis olup, skor fonksiyonu ile
durulagtirilmustir. Siitun toplamu siitun degerlerine boliinerek
normalize edilmis ve yerel agirliklar bulunmustur. Bununla

birlikte, ana kriterler i¢in hesaplanan ve Tablo 11°de yer alan
normalize yerel agirliklar ve alt kriterlere ait normalize yerel
agirliklar carpilarak global agirliklar hesaplanmis, Tablo
12°de gosterilmistir.
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Tablo 11. Ana Kiriterlere Ait Agirliklar

Kiiresel Bulanik Berraklastirilmug Normalize Yerel
Agwrliklar Agwrliklar Agwrliklar
Ka (0.55, 0.45, 0.39) 14.45 0.184
Fi (0.61, 0.42, 0.39) 16.23 0.206
Te (0.51, 0.52, 0.39) 13.35 0.170
Ce (0.47, 0.53, 0.37) 12.24 0.156
It (0.44, 0.57, 0.39) 11.26 0.143
Ki (0.44, 0.56, 0.39) 11.12 0.141
Tablo 12. Alt Kriterlere Ait Agirliklar
Kiiresel Bulanik Berraklastirilmug Normalize Yerel Global
Agwrliklar Agwrliklar Agwrliklar Agwrliklar
Kalite Ana Kriterinin Alt Kriterleri
Ka; (0.08, 0.12, 0.06) 2.13 0.193 0.036
Ka: (0.07, 0.13, 0.06) 1.84 0.167 0.031
Kas (0.10, 0.10, 0.06) 2.79 0.254 0.047
Kay (0.15, 0.07, 0.06) 4.25 0.386 0.031
Fiyat Ana Kriterinin Alt Kriterleri
Fi; (0.54, 0.44, 0.38) 14.22 0.225 0.046
Fi> (0.52, 0.47, 0.40) 13.46 0213 0.044
Fi3 (0.55, 0.43, 0.39) 14.36 0.227 0.047
Fiy (0.41, 0.56, 0.39) 10.34 0.164 0.034
Fis (0.42, 0.54, 0.38) 10.82 0.171 0.035
Teslimat Ana Kriterinin Alt Kriterleri
Te: (0.35, 0.30, 0.28) 9.00 0.549 0.093
Te: (0.30, 0.35, 0.28) 7.39 0.451 0.077
Cevre Ana Kriterinin Alt Kriterleri
Ce; (0.58, 0.60, 0.50) 14.84 0.123 0.019
Ce: (0.66, 0.53, 0.51) 16.95 0.140 0.022
Ces (0.66, 0.50, 0.46) 17.24 0.142 0.022
Cey (0.59, 0.58, 0.49) 15.00 0.124 0.019
Ces (0.55, 0.62, 0.49) 13.85 0.114 0.018
Ces (0.52, 0.65, 0.50) 13.13 0.108 0.017
Ce; (0.63, 0.58, 0.49) 16.28 0.134 0.021
Ces (0.54, 0.63, 0.48) 13.81 0.114 0.018
letisim Ana Kriterinin Alt Kriterleri
in (0.33, 0.31, 0.28) 8.37 0.519 0.074
It (0.31, 0.33, 0.28) 7.75 0.481 0.069
Kurumsal Iletisim Ana Kriterinin Alt Kriterleri
Ki; (0.32, 0.28, 0.25) 8.13 0.535 0.076
Ki> (0.28, 0.32, 0.25) 7.07 0.465 0.066

3.1 Kiiresel Bulanik TOPSIS Uygulamasi

Kriterlere ait agirliklarin belirlenmesinin ardindan, SF-
TOPSIS yontemi kullanilarak demir-celik sektoriinde
faaliyet gosteren sirketin 3 tedarikgisi karar vericiler

tarafindan degerlendirilmistir. Karar vericilerden gelen
cevaplara iliskin kiiresel bulanik matrisler Tablo 13, Tablo
14 ve Tablo 15 ile belirtilmistir.
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Tablo 13. Uzman 1-Tedarikgilerin Degerlendirmesinin Kiiresel Bulanik Kiime Karsiliklar

Tedarikgiler Ka: Ka; Kas Kaqy

Ted-1 (0.7, 0.3, 0.3) (0.9,0.1,0.1) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5)

Ted-2 (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.9,0.1,0.1) (0.9,0.1,0.1)

Ted-3 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.7, 0.3, 0.3) (0.9,0.1,0.1)
Fii Fi2 Fi3 Fi4

Ted-1 (0.3, 0.7, 0.3) (0.5, 0.5, 0.5) (0.3, 0.7, 0.3) (0.3,0.7,0.3)

Ted-2 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.7, 0.3, 0.3) (0.5, 0.5, 0.5)

Ted-3 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.3,0.7,0.3)
Fis Tei Tez Cer

Ted-1 (0.5, 0.5, 0.5) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-2 (0.3,0.7,0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.9,0.1,0.1)

Ted-3 (0.3,0.7,0.3) (0.9,0.1,0.1) (0.9,0.1,0.1) (0.5, 0.5, 0.5)
Ce: Ces Cey Ces

Ted-1 (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-2 (0.9,0.1,0.1) (0.9,0.1,0.1) (0.9,0.1,0.1) (0.7, 0.3, 0.3)

Ted-3 (0.9,0.1,0.1) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5)
Ces Cer Ces il

Ted-1 (0.7, 0.3, 0.3) (0.5, 0.5, 0.5) (0.9,0.1,0.1) (0.7, 0.3, 0.3)

Ted-2 (0.9,0.1,0.1) (0.5, 0.5, 0.5) (0.9,0.1,0.1) (0.5, 0.5, 0.5)

Ted-3 (0.7,0.3,0.3) (0.7, 0.3, 0.3) (0.7,0.3,0.3) (0.7, 0.3, 0.3)
i Kii Ki>

Ted-1 (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-2 (0.5, 0.5, 0.5) (0.9,0.1,0.1) (0.9,0.1,0.1)

Ted-3 (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Tablo 14. Uzman 2-Tedarikgilerin Degerlendirmesinin Kiiresel Bulanik Kiime Karsiliklar

Tedarikciler Ka; Ka; Kaj Kay

Ted-1 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5)

Ted-2 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-3 (0.7,0.3,0.3) (0.7,0.3,0.3) (0.7,0.3,0.3) (0.7,0.3,0.3)
Fii Fi2 Fis3 Fi4

Ted-1 (0.5, 0.5, 0.5) 0.3,0.7,0.3) (0.7, 0.3, 0.3) (0.1,0.9,0.1)

Ted-2 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5)

Ted-3 (0.5, 0.5, 0.5) (0.7,0.3,0.3) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5)
Fis Te: Te: Cey

Ted-1 0.3,0.7,0.3) (0.5, 0.5, 0.5) 0.3,0.7,0.3) (0.7, 0.3, 0.3)

Ted-2 (0.7, 0.3, 0.3) (0.5, 0.5, 0.5) 0.3,0.7,0.3) (0.7, 0.3, 0.3)

Ted-3 (0.7,0.3,0.3) (0.9,0.1,0.1) (0.5,0.5,0.5) (0.7, 0.3, 0.3)
Ce2 Ces Cey Ces

Ted-1 (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-2 (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-3 (0.9,0.1,0.1) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)
Ces Ce; Ces il

Ted-1 (0.7, 0.3, 0.3) 0.3,0.7,0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-2 (0.7, 0.3, 0.3) 0.3,0.7,0.3) (0.7, 0.3, 0.3) (0.5, 0.5, 0.5)

Ted-3 (0.7, 0.3, 0.3) (0.3,0.7,0.3) (0.7, 0.3, 0.3) (0.5, 0.5, 0.5)
i1 Ki Ki>

Ted-1 (0.9,0.1,0.1) (0.7, 0.3, 0.3) (0.5, 0.5, 0.5)

Ted-2 (0.9,0.1,0.1) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-3 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.7, 0.3, 0.3)
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Tablo 15. Uzman 3-Tedarikgilerin Degerlendirmesinin Kiiresel Bulanik Kiime Karsiliklari

Tedarikciler Kai Ka; Kas Kay

Ted-1 (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.9,0.1,0.1) (0.9,0.1,0.1)

Ted-2 0.3,0.7,0.3) (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.7, 0.3, 0.3)

Ted-3 (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) 0.3,0.7,0.3)
Fii Fiz Fis3 Fi4

Ted-1 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) 0.3,0.7,0.3) (0.3,0.7,0.3)

Ted-2 (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3) (0.5, 0.5, 0.5)

Ted-3 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)
Fis Te1 Tez Cer

Ted-1 0.3,0.7,0.3) (03,07, 0.3) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-2 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.7, 0.3, 0.3) (0.7, 0.3, 0.3)

Ted-3 0.3,0.7,0.3) (0.7, 0.3, 0.3) (0.9,0.1,0.1) (0.7, 0.3, 0.3)
Cez Ces Ceq Ces

Ted-1 (0.9,0.1,0.1) (0.9,0.1,0.1) (0.9,0.1,0.1) (0.5, 0.5, 0.5)

Ted-2 (0.9,0.1,0.1) (0.9,0.1,0.1) (0.9,0.1,0.1) (0.5, 0.5, 0.5)

Ted-3 (0.9,0.1,0.1) (0.9,0.1,0.1) (0.9,0.1,0.1) (0.5, 0.5, 0.5)
Ces Cer Ces il

Ted-1 (0.9,0.1,0.1) (0.3, 0.7,0.3) (0.9,0.1,0.1) 0.3,0.7,0.3)

Ted-2 (0.9,0.1,0.1) (0.3, 0.7,0.3) (0.9,0.1,0.1) (0.7, 0.3, 0.3)

Ted-3 (0.9,0.1,0.1) (0.5, 0.5, 0.5) (0.9,0.1,0.1) (0.9,0.1,0.1)
i Kii Ki:

Ted-1 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.7, 0.3, 0.3)

Ted-2 (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) (0.7, 0.3, 0.3)

Ted-3 0.3,0.7,0.3) (0.5, 0.5, 0.5) (0.9,0.1,0.1)

Tablo 16. Cevaplara iliskin Olusturulan Karar Matrisi

Uzmanlar tarafindan verilmis olan cevaplara iligkin olusturulan karar matrisi Tablo 16 ile gosterilmistir.

Tedarikgiler Kai Ka; Ka; Kaq
Ted-1 (0.65, 0.38, 0,38)  (0.76, 0.35, 0,35) (0.72,0.42, 0,42) (0.72, 0.42, 0,42)
Ted-2 (0.54, 0.54, 0.38)  (0.56, 0.49, 0.41)  (0.76, 0.35, 0.35) (0.79, 0.25, 0.25)
Ted-3 (0.65, 0.38, 0.38)  (0.65, 0.38, 0.38)  (0.70, 0.30, 0.30) (0.74, 0.48, 0.25)
Fii Fi2 Fis Fi4
Ted-1 (0.45, 0.58, 0,45)  (0.45, 0.58, 0,45) (0.50, 0.62, 0,30) (0.25, 0.79, 0.25)
Ted-2 (0.58, 0.45, 0.45)  (0.58, 0.45, 0.45)  (0.65, 0.38, 0.38) (0.50, 0.50, 0.50)
Ted-3 (0.50, 0.50, 0.50)  (0.58, 0.45, 0.45) (0.58, 0.45, 0.45) (0.54, 0.54, 0.38)
Fis Ter Te: Cer
Ted-1 (0.38, 0.65, 0,38)  (0.54, 0.54, 0,38) (0.62, 0.50, 0,30) (0.70, 0.30, 0,30)
Ted-2 (0.54, 0.54, 0.38)  (0.58, 0.45, 0.45) (0.62, 0.50, 0.30) (0.79, 0.25, 0.25)
Ted-3 (0.50, 0.62, 0.30)  (0.86, 0.19, 0.19)  (0.83,0.31, 0.31) (0.65, 0.38, 0.38)
Cez Ces Cey Ces
Ted-1 (0.79, 0.25, 0,25)  (0.79, 0.25, 0,25) (0.79, 0.25, 0,25) (0.65, 0.38, 0,38)
Ted-2 (0.86, 0.19, 0.19)  (0.86, 0.19, 0.19)  (0.86, 0.19, 0.19)  (0.65, 0.38, 0,38)
Ted-3 (0.90,0.10, 0.10)  (0.76, 0.35, 0.35)  (0.76, 0.35, 0.35)  (0.58, 0.45, 0.45)
Ces Ce; Ces il
Ted-1 (0.79, 0.25, 0,25)  (0.38, 0.65, 0,38) (0.86, 0.19, 0.19) (0.62, 0.50, 0,30)
Ted-2 (0.86, 0.19, 0.19)  (0.38, 0.65, 0,38)  (0.86, 0.19, 0.19)  (0.58, 0.45, 0.45)
Ted-3 (0.79,0.25, 0.25)  (0.54, 0.54, 0.38)  (0.79, 0.25, 0.25) (076, 0.35, 0.35)
i Ki Ki>
Ted-1 (0.76, 0.35, 0,35)  (0.65, 0.38, 0,38)  (0.65, 0.38, 0,38)
Ted-2 (0.72,0.42, 0.42)  (0.76, 0.35, 0.35)  (0.79, 0.25, 0.25)
Ted-3 (0.54, 0.54, 0.38) (0.58, 0.45, 0.45) (0.79, 0.25, 0.25)
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Karar matrisindeki degerleri kriterlere iliskin elde edilen

global agirliklar ve. SWAM operatorii kullanilarak cevaplar

Tablo 17. Agirlikli Birlestirilmis Matris

Tedarikciler Kai Ka; Kas Kay

Ted-1 (0.14, 0.97, 0,10)  (0.16,0.97,0,10)  (0.18, 0.96, 0,14)  (0.23, 0.94, 0,17)

Ted-2 (0.11,0.98, 0.09)  (0.11,0.98, 0.09)  (0.20, 0.95, 0.12)  (0.26, 0.91, 0.11)

Ted-3 (0.14,0.97,0.10)  (0.13,0.97,0.09)  (0.17,0.95, 0.09)  (0.24, 0.95, 0.10)
Fix Fiz Fis3 Fia

Ted-1 (0.10,0.98, 0,11)  (0.10,0.98,0,11)  (0.12,0.98, 0,08)  (0.05, 0.99, 0.07)

Ted-2 (0.14,0.96, 0.13)  (0.13,0.97,0.12)  (0.16,0.96, 0.11)  (0.10, 0.98, 0.12)

Ted-3 (0.11,0.97,0.13)  (0.13,0.97,0.12)  (0.14,0.96,0.13)  (0.11, 0.98, 0.09)
Fis Te1 Te: Cei

Ted-1 (0.07, 0.98, 0,08)  (0.18, 0.94, 0,14)  (0.19, 0.95,0,11)  (0.11, 0.98, 0,06)

Ted-2 (0.11,0.98,0.09)  (0.19,0.93,0.18)  (0.19, 0.95,0,11)  (0.14, 0.97, 0.06)

Ted-3 (0.10, 0.98, 0.07)  (0.34,0.86,0.11)  (0.30,0.91,0.16)  (0.10, 0.98, 0.08)
Cez Ces Ces Ces

Ted-1 (0.15,0.97, 0,06)  (0.15,0.97,0,06)  (0.14, 0.97, 0,06)  (0.10, 0.98, 0,07)

Ted-2 (0.17,0.96, 0.06)  (0.17, 0.96, 0.06)  (0.16, 0.97, 0.05)  (0.10, 0.98, 0,07)

Ted-3 (0.19, 0.95,0.03)  (0.14, 0.98, 0.09)  (0.13, 0.98, 0.08)  (0.09, 0.99, 0.08)
Ces Cer Ces il

Ted-1 (0.13,0.98, 0,06)  (0.06, 0.99, 0,06)  (0.15,0.97,0.05)  (0.19, 0.95, 0,11)

Ted-2 (0.15,0.97,0.05)  (0.06, 0.99, 0,06) (0.15,0.97,0.05)  (0.17, 0.94, 0.16)

Ted-3 (0.13, 0.98 0.06)  (0.09,0.99,0.07)  (0.13,0.98,0.06) (0.25,0.92, 0.15)
il Kii Kiz

Ted-1 (0.24, 0.93, 0,10)  (0.20,0.93,0,14)  (0.19, 0.94, 0,13)

Ted-2 (0.22,0.94, 0.15)  (0.25,0.92,0.15)  (0.25,0.91, 0.11)

Ted-3 (0.15,0.96, 0.15)  (0.18,0.94, 0.16)  (0.25,0.91, 0.11)

Agirlikli Birlestirilmis Matrisin durulagtirma iglemi, Esitlik
5’te belirtilen skor fonksiyonu sayesinde gergeklestirilmistir.
Ardindan negatif ideal ¢6ziim (NIS) ve pozitif ideal ¢oziim
(PIS) noktalart hesaplanmistir.

Tablo 18’de

belirtilen

durulastirilmis matrisler incelendiginde mavi degerler PIS

noktalarini,
tanimlamaktadir. SWAM operatériine bagli skor fonksiyonu
ile durulagtirma islemi ve SF-PIS ile SF-NIS noktalart Tablo

pembe

19°da yer almaktadir.

degerler NIS

Tablo 18. Skor fonksiyonu Kullanilarak Durulastirma

Tedarikciler Ka Kaz Ka; Ka4 Fii Fiz Fi3
Ted-1 0,749 0,749 0,667 -0,667 -0,742 0,749 -0811
Ted-2 0,789 -0,786  -0,682 -0,682 -0,699 | -0,708  -0,706
Ted-3 -0,749 -0,770 -0,720 -0,720 -0,694 -0,708 -0,698
Fi4 Fis Ter Te: Cei Cez Ces
Ted-1 -0,890 -0,817 -0,640 -0,701 -0,832 -0,816 -0,814
Ted-2 -0,742 -0,790 -0,563 -0,701 -0,824 -0,813 -0,811
Ted-3 -0,795 -0,839 -0,506 -0,548 -0,815 -0,818 -0,791
Cey Ces Ces Cer Ces il il
Ted-1 -0,833 -0,831 -0,843 -0,862 -0,837 -0,706 -0,668
Ted-2 -0,831 -0,831 -0,842 -0,862 -0,837 -0,612 -0,617
Ted-3 -0,812 -0,822 -0,843 -0,843 -0,838 -0,586 -0,658
Kii Ki>
Ted-1 -0,615 -0,644
Ted-2 -0,582 -0,629
Ted-3 -0,609 -0,629
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Tablo 19. SF-PIS ve SF-NIS Noktalar1

Kay

(0.24, 0.95, 0.10)
(0.23, 0.94, 0.17)

Fi4

(0.0, 0.98, 0.09)
(0.10, 0.98, 0.12)

Cei

(0.11, 0.98, 0.06)
(0.10, 0.98, 0.08)

Ces

(0.10, 0.98, 0.07)
(0.09, 0.99, 0.08)

il

(0.19, 0.95, 0.11)
(0.25,0.92, 0.15)

Kaj Ka; Kas
SF-PIS (0.11, 0.98,0.09)  (0.11, 0.98, 0.09)  (0.17, 0.95, 0.09)
SF-NIS (0.14, 0.97, 0.10)  (0.16, 0.97, 0.10)  (0.18, 0.96, 0.14)
Fii Fiz Fis
SF-PIS (0.10, 0.98, 0.11)  (0.10,0.98, 0.11)  (0.12, 0.98, 0.08)
SF-NIS (0.11,0.97,0.13)  (0.13,0.97,0.12)  (0.14, 0.96, 0.13)
Fis Te: Te:

SF-PIS (0.10, 0.98, 0.07)  (0.18, 0.94, 0.14)  (0.19, 0.95, 0.11)
SF-NIS (0.11,0.98,0.09)  (0.34,0.86,0.11)  (0.30, 0.91, 0.16)
Ce Ces Cey
SF-PIS (0.19, 0.95, 0.03)  (0.15, 0.97, 0.06)  (0.14, 0.97, 0.06)
SF-NIS (0.17, 0.96, 0.06)  (0.14, 0.98, 0.09)  (0.16, 0.97, 0.05)
Ces Ce; Ces
SF-PIS (0.13, 0.98, 0.06)  (0.06, 0.99, 0.06)  (0.13, 0.98, 0.06)
SF-NIS (0.15, 0.97, 0.05)  (0.09, 0.99, 0.07)  (0.15, 0.97, 0.05)
il Kix Ki;

SF-PIS (0.24, 0.93, 0,10)  (0.20, 0.93, 0.14)  (0.19, 0.94, 0.13)
SF-NIS (0.22,0.94, 0.15)  (0.25,0.92,0.15)  (0.25,0.91, 0.11)

Esitlik 7 kullanilarak SF-PIS mesafesi, Esitlik 8 uygulanarak ~ Bununla birlikte, SF-NIS mesafelerinin maksimumunu

ise SF-NIS mesafesi hesaplanmistir. Hesaplanan SF-PIS
mesafe degerlerinden minimum SF-PIS ile olan en kisa
mesafe (Dpuin(X;, X)) Esitlik 9 kullanilarak elde edilmistir.

tanimlayan SF-NIS ile olan en uzun mesafe (Dua(X;, X7)
Esitlik 10 ile tespit edilmistir.

Tablo 20. SF-PIS ve SF-NIS Uzakliklar1

D(Xi,X*) DXy, X)) D(Xi,X*) D(XiX")

Ted-1 0,020 0,043 0,006 0,020
Ted-2 0,028 0,039 0,014 0,017
Ted-3 0,044 0,023 0,020 0,007

Son asamada demir ¢elik sektoriinde faaliyet gosteren 3
tedarik¢i arasinda siralama gergeklestirmek i¢in Egitlik 11
kullanilarak alternatiflerin goreli yakinliklar1 6l¢iilmektedir.

Yapilan hesaplamalar neticesinde en yiiksek degere sahip
tedarikei segilir.

Tablo 21. Tedarikeilerin Yakinlik Katsayilar1 ve Siralamasi

Yakinlik Oranlar Siralama
Ted-1 0.684 3
Ted-2 0,587 2
Ted-3 0,345 1

Tablo 21°de goriildiigii iizere, kiiresel bulanik TOPSIS
yontemi sonucunda alternatifler Tedarik¢i 3 > Tedarikgi 2 >
Tedarikgi 1 olacak seklinde siralanmustir.

3.2 Kiiresel Bulanik CODAS Uygulamasi
Calismanin devaminda diger ¢ok kriterli karar verme yontem
olarak Kiiresel Bulantk CODAS yontemi uygulanmustir.
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Tablo 13, Tablo 14 ve Tablo 15’te verilen degerlendirme
sonuglar1 baz alinarak, Tablo 16’da olusturulan karar matrisi
ve Tablo 17°de yer alan SWAM operatdrii ile meydana gelen
birlestirilmis matrisi verileri kullanilarak olusturulan
agirlikli matrisler Esitlik 16’da belirtilen skor fonksiyonu
kullanilarak Tablo 22°’de goriildiigii iizere durulastirma
gergeklestirilmistir.
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Tablo 22. Skor Fonksiyonu ile Durulastirma

Tedarikciler Ka; Kaz Kas Kay Fii Fiz Fis
Ted-1 -0,832  -0,830 -0,777  -0,708  -0,841 -0,846  -0,876
Ted-2 -0,867 -0,866 -0,774  -0,683 -0,804  -0,811 -0,798
Ted-3 -0,832  -0,848 -0,792 -0,773 -0,809  -0,811 -0,803
Fi4 Fis Te: Tez Cei1 Cez Ces
Ted-1 0,717 0,047 -0,708 0,776 -0,051 -0,841 0,853
Ted-2 0,675 0,072 -0,683 0,700 0,019 -0,804 0,800
Ted-3 0,684 0,088 -0,773 0,793 0,010 -0,809 0,808
Cey Ces Ces Cer Ces il iL
Ted-1 -0,012  -0,846 0,841 0,003 -0,876 0,907 -0,025
Ted-2 0,005 -0,811 0,783 0,023 -0,798 0,818 -0,013
Ted-3 -0,001 -0,811 0,800 0,010 -0,803 0,820 -0,014
Kii Ki>
Ted-1 -0,936 0,912
Ted-2 -0,843 0,845
Ted-3 -0,872 0,863

Tablo 22°de yer alan degerlere gore Kiiresel Bulanik Negatif ~ minimum puanlara gore belirlenmektedir. SF-NIS degerleri
Ideal Coziime (SF-NIS) karsilik gelen SF sayilari, net Tablo 23’te yer almaktadir.

Tablo 23. Kiiresel Bulanik Negatif ideal Coziim Degerleri (SF-NIS)

Kai Ka; Kas Kay
(0.11,0.98,0.09) (0.11, 0.98, 0.09) (0.17, 0.95, 0.09)  (0.24, 0.95, 0.10)
Fii Fiz Fi3 Fi4
(0.10,0.98, 0.11)  (0.10,0.98,0.11) (0.12, 0.98, 0.08)  (0.10, 0.98, 0.12)
Fis Te1 Tez Cer
(0.07,0.98, 0.08)  (0.34, 0.86, 0.11)  (0.19, 0.95, 0.11) (0.11, 0.98, 0.06)
Ce: Ces Ces Ces
(0.15, 0.97, 0.06)  (0.17, 0.96, 0.06)  (0.14, 0.97, 0.06)  (0.10, 0.98, 0.07)
Ces Cer Ces 1k
(0.15, 0.97, 0.05)  (0.06, 0.99, 0.06) (0.15, 0.97, 0.05) (0.17, 0.94, 0.16)

1Lz Kii Ki>

(0.24,0.93, 0.10)  (0.20, 0.93,0.14)  (0.25,0.91, 0.11)

Agirlikli  Oklid uzaklik degerleri (OUD) Esitlik 19  bulunmus ve Tablo 24’te belirtilmistir.
yardimiyla, kiiresel uzaklik (KU) ise Esitlik 20 yardim ile

Tablo 24. Agirlikh Kiiresel ve Oklid Uzaklik Degerleri
Kiiresel Uzaklik  Oklid Uzakh$

Ted-1 5.892 0.037
Ted-2 6.093 0.033
Ted-3 6.041 0.033
Esitlik 21 kullanilarak Tablo 25’te belirtilen goreli dGnem matrisi elde edilmistir.

Tablo 25. Goreli Onem Degerleri Matrisi

Ted-1 Ted-2 Ted-3
Ted-1 0.000 0.004 0.004
Ted-2 -0.004 0.000 0.000
Ted-3 -0.004 0.000 0.000
Esitlik 23’{in yardimiyla tedarikg¢ilerin skor degerleri hesaplanmis Tablo 26’da gosterilmistir.

Tablo 26. Tedarikg¢ilerin skor degerleri

Skor degerleri Siralama
Ted-1 0.0086 1
Ted-2 -0.0038 2
Ted-3 -0.0048 3
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Tablo 26’da kiiresel bulantk CODAS yontemi kullanilarak
yapilan hesaplamayla alternatiflerin skor degerleri tespit
edilmistir. Elde edilen skor degerleri biiyiikten kiigiige dogru
siralanmaktadir. Uygulamada, kiiresel bulantk CODAS
yontemi kullanilarak yapilan Tedarik¢i siralamasi ise;
Tedarik¢i 1> Tedarik¢i 2 > Tedarik¢i 3 olacak seklinde
gerceklesmistir.

3.2.1 Duyarlilik Analizi

Elde edilen sonuglarin saglamliginin test edilmesi amaciyla
duyarlilik analizi yapilmaktadir., CODAS''n ince ayar
gerektiren en hayati parametresi esik parametresi t'dir [35].
Yukaridaki hesaplamalar 1=0,02 kullanilarak yapilmstir.
Sonuglar  iizerindeki  etkisini  degerlendirmek  igin
alternatiflerin degerlendirme puanlarini ve siralamalarimi
0,01 ile 1,00 arasinda degisen 14 farkli 7 degeri igin
hesaplanmistir. Tablo 27°de degisen degerlerine sahip
siralama sonuglar1 gdsterilmektedir

.Tablo 27. Her Tedarikgi icin Farkli T Degerlerine Sahip Degerlendirme Puanlari

Tedarikgciler 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Ted-1 0.009  0.009 0.009 0.009 0.009 0.009 0.009 0.009
Ted-2 -0.004 -0.004 -0.004 -0.004 -0.004 -0.004 -0.004 -0.004
Ted-3 -0.005  -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005
Tedarikgciler 0.09 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Ted-1 0.009  0.009 0.009 0.009 0.009 0.009 0.009 0.009
Ted-2 -0.004 -0.004 -0.004 -0.004 -0.004 -0.004 -0.004 -0.004
Ted-3 -0.005  -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005
Tedarikciler 0.8 0.9 01

Ted-1 0.009  0.009 0.009

Ted-2 -0.004 -0.004 -0.004

Ted-3 -0.005 -0.005 -0.005

Tablo 27°de goriildiigii gibi tedarikg¢i siralamalari
degisen T degerlerine gore degismemistir. Duyarlilik
analizi sonuglart Sekil 2'de gorsellestirilmistir. Ug
alternatifin tiimiiniin siralamasi sabittir. Sonug olarak,
gergeklestirilen duyarlilik analizi sonuglarinin, 6nerilen
SF-CODAS'In tedarik¢i se¢im problemi igin yiiksek

saglamhigmi gosterdigi sdylenebilir Ug alternatif
Tedarik¢i 1 > Tedarik¢i 2 > Tedarik¢i 3 seklinde
siralanmigtir.  Boylece Tedarikgi 1 demir ¢elik
sektoriinde faaliyet gosteren firma i¢in en iyi tedarikci
olarak degerlendirilmistir.

0.010.020.030.040.050.060.070.080.09 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Tedarikgi 1

Tedarikei 3

Tedarikgi 2

Sekil 2. T Degerlerinin Siralamaya Etkisi

IV.SONUC

Bu ¢alismada, demir-celik sektoriinde faaliyet gosteren celik
sacdan malzeme flreten bir sirket igin tedarikgi seg¢im
problemi ele alinmistir. Buradaki kriter belirleme ve
kriterlerin  degerlendirilmesi asamasinda demir ¢elik
sektoriinde faaliyet gosteren isletmelerde gorev alan 5 kisilik
uzman bir kadronun degerlendirmesinden faydalanilmistir.
Bahis konusu ekipte 2 miihendis ve 3 satin alma personeli yer
almigtir. Literatiirde yer alan bilgiler incelenmis ve demir
celik sektoriinde galisan farklt uzmanlardan alinan bilgiler
1s181nda kriterler belirlenmistir. Belirlenen 6 ana, 23 alt kriter
kriter kapsaminda 3 farkl tedarik¢i degerlendirilmistir. Her
bir kriter uzmanlarin degerlendirmeleri 1s18inda detaylt
incelenmistir.  Belirlenen kriterlerin  agirliklandirilmast
asamasinda Kiiresel Bulanikk AHP yontemi kullanilmistir.
Ardindan tedarik¢ilerden demir-gelik sac temin eden bir
sirketin i yurittigii 3  tedarik¢i  degerlendirilerek

stralanmistir.  Paris Iklim Anlasmasi’nn 2015 yilinda
imzalanmasi neticesinde AB tarafindan olusturulan Avrupa
Yesil Mutabakati imzalanmistir. Bu dogrultuda, Avrupa
Yesil Mutabakati kapsaminda c¢ikarilan Smirda Karbon
Diizenleme Mekanizmasi, AB tarafindan ithal edilen
oncelikli 6 sektor icin (demir-gelik, aliiminyum, giibre,
cimento, elektrik ve hidrojen) karbon emisyonlarinin
hesaplanarak raporlanmasi gerekmektedir. Bu kapsamda
AB’de ithalat¢1 konumunda bulunan firmalarm demir-gelik
iriinii tedarik ettiginde, ihracatgilarin driinlerinin emisyon
miktarlarinin diisiik olmasi 6nem arz etmektedir. Dolayisiyla,
calismada tedarik¢i se¢im kriterlerinde ¢evre ana kriteri
kapsaminda yesil kriterlere de yer verilmistir.

Yapilan ¢aligmada ana kriterler baz alindiginda demir-gelik
sektoriinde tedarik¢i se¢imi asamasinda en 6nemli kriterin
fiyat oldugu goriilmiistiir. Daha sonra sirastyla kalite, teslimat
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gevre ve iletisim kriterlerinin 6nem teskil ettigi, en etkisiz
kriterin ise kurumsal itibar oldugu tespit edilmistir. Hali
hazirda g¢evre kriterine gerekli 6nem verilmedigi goriilmiis
olup, SKDM’nin uygulanmasi ile Tiirkiye ihracatina yaklasik
%16 oraninda katki saglayan demir-gelik sektoriinde gevre
kriterlerine gerekli 6nemin gdsterilmesinin fayda saglayacagi
degerlendirilmigtir. ~ Yapilan  kriter  agirliklandirilmast
sonrasinda bir firma 6zelinde tedarik¢iler SF-TOPSIS ve SF-
CODAS yontemleri kullanilarak kiyaslanmisti. CODAS
yontemi ile gerceklestirilen hesaplama neticesinde
alternatiflerin skor degerleri belirtilmektedir. Buna gore,
kiiresel bulanik TOPSIS yontemi ile tedarikgiler Tedarikgi 3
> Tedarik¢i 2 > Tedarikgi 1 olarak; kiiresel bulanik CODAS
yontemi sonucunda ise alternatifler Tedarik¢i 1> Tedarikgi 2
> Tedarikg¢i 3 olacak seklinde siralanmuistir.

Gelecek cgalismalarda daha farkli ¢ok kriterli karar verme
yontemleri kullanilabilir ve diger yontemlerden elde edilen
sonuglarla bir kiyaslama yapilabilir. Buna ek olarak ilerleyen
caligmalarda daha fazla uzmandan goriis alinarak kriterler
cesitlendirilebilir. Calismamizin sonucu olarak demir-gelik
sektoriinde tedarik¢i secimi yapan karar vericilerin ¢evre ana
kriteri altinda incelemis oldugu yesil kriterleri saglayan
tedarikgiler ile caligmasinin, SKDM’nin getirecek oldugu
mali ylkiimlilliklerden kaginmak bakimindan da Onemli
oldugu degerlendirilmektir.
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Abstract

In this study, nanocrystalline ZnO were synthesized onto glass substrates by using sol-gel method. Structural
characterizations were performed by XRD, SEM and AFM techniques. Potential application of nanocrystal ZnO as
chloroform sensor was investigated. Response of the fabricated thin films of the ZnO nanocrystals towards chloroform
vapor was investigated depending on gas concentration (750-15000 ppm) between the temperatures of 22-150 oC in
nitrogen ambient. Gas flow rates were controlled by using flow controller and flow meters. All the measurement system
was computerized.

XRD results revealed that thin film of the ZnO nanocrystals on the glass substrate was in crystal form and can be
characterized by 036-1451 JCPDS number. Crystallite sizes of the ZnO nanocrystals were determined both by SEM images
and the Scherrer equation. The crystallite sizes were calculated between 27.9 — 50.4 nm using the Scherrer equation. The
sensors showed reversible response towards the chloroform vapor in the measured temperature and gas concentration
range. Response time and sensitivity values of the sensors towards the chloroform vapor were also calculated. The increase
in temperature caused to increase in sensitivity values. The best sensitivity values were obtained at 150 °C.

Keywords: XRD, SEM, AFM, Sensor, Chloroform, Nano.

I. INTRODUCTION

Volatile organic compounds (VOCs) are organic liquids and can be found indoor air due to wood polishes,
paints, adhesives and so on. VOCs vapor are hazardous and can cause long-term health and environmental
problems even at ppm concentration levels. Chloroform (CHCI3) is one of the VOCs and colorless liquid.
Previously, chloroform was used as an inhalation anesthetic in surgeries, but it is not used in this way, nowadays.
It was reported that by the ATSDR (Agency for Toxic Substances and Disease Registry) in a group of 1502
people (exposure less than 22 500 ppm), dose-related bradycardia developed in 8% of the peoples, and cardiac
arrhythmia developed in 1.3% of the peoples [1]. A number of studies, using different sensing materials, were

reported to sense the chloroform vapor previously due to importance of the sensing the chloroform vapor [2, 3,
4].

Some electrical parameters such as resistance and impedance of some metal oxide semiconductors changes when
the materials exposed to gases. ZnO based gas sensors are used frequently in order to detect toxic and harmful
gases because of its physicochemical properties [5, 6]. ZnO is a wide band gap metal oxide material and takes
place between semiconductors and ionic materials [7, 8]. Several techniques have been reported to deposit doped
and undoped ZnO films such as vapor condensation, thermal evaporation, spray pyrolysis, magnetron sputtering,
metal organic chemical vapor deposition, and sol-gel [9, 10, 11, 12, 13].

ZnO based sensors are usually operated at elevated temperatures but it has been studied rarely at low
temperatures below 200 °C and even at room temperature [14]. In this study ZnO nanocrystal structures have
synthesized onto the glass substrate using sol-gel method. Digitated gold electrodes were deposited onto the
nanocrystalline film in thermal evaporation system then the sensor was tested towards chloroform vapor at
different gas concentrations and temperatures. The sensors were found reversible. Sensitivity of the sensors
increased with increasing temperature. The best sensitivity values were obtained at 150 °C.

II. MATERIALS and METHOD

Glass substrates were cleaned using general cleaning procedures in order to synthesize ZnO nanocrystals onto
glass substrates. To do this, the glass substrates were washed with isopropyl alcohol, acetone and DI-water in
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ultrasonic cleaner with 15 minutes periods at 50 °C.
The cleaned glass substrates were then dried by
nitrogen blow and heated at 90 °C for one hour.

Thin films of ZnO were deposited onto the cleaned
glass substrates using sol-gel spin coating route.
Precursor solution was first prepared. To prepare the
precursor solution 10 cc methanol was used as solvent.
Appropriate amount of =zinc acetate dihydrate
(Zn(CH3COO), .2H,0) is slowly added to solvent
while the solvent is mixed by using magnetic stirrer at
700 rpm and left to stir for 5 minutes. After that 0.4 cc
diethanolamine (DEA) (HN(CH>CH,OH), and 0.5 cc
of DI-water water was added drop by drop. The
solution was then left to stir for 3 hours. The solution
was spin coated at 2000 rpm onto the glass substrate
by using spinner MODEL 6700 SERIES followed by
annealing at 125 °C for 15 minutes. The solution was
deposited onto the glass substrate 12 times by using
the procedure explained above. Final annealing was
performed at 600 °C for 2.5 hours.

Chemical sensors are devices that convert a chemical
state into an electrical signal. In order to get electrical
signal corresponding to chemical state, a suitable
transducer is required to detect a gas molecule. ZnO
nanocrystals deposited glass substrates were placed
into thermal evaporation system in order to fabricate
transducer. 20 couples interdigitated gold electrodes
(IDE) were deposited onto the ZnO nanocrystal film
in high vacuum ambient (10° mbar) by using a
shadow mask. Thickness of the gold electrodes was
kept at 2000 A by using film thickness monitor.
Schematic diagram of the IDE was presented in Figure
1.

100 um
1100 pm

<— _Nlu_

Figure 1. Schematic diagram of the transducer

Structural characterizations of the ZnO nanocrystals
were performed by XRD, SEM, and AFM techniques.
XRD measurements were performed by using Bruker
D8 Advance with characteristic wavelength of
1.54059 A. SEM and AFM images were obtained by
using Digital Instruments NanoScope IV, and Philips
XL 30 S, respectively. Crystallite size of the ZnO
nanocrystals were calculated by wusing Scherrer
formula (Equation 1).
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where, L is the crystallite size, K is the dimensionless
shape factor, (0.94), 4 is the wavelength of the x-ray in
nm, £ is the full width half maximum of the peak
(FWHM) in radians, and @ is the Bragg angle in
radians.

The fabricated ZnO nanocrystals-based sensor was
placed in homemade Teflon gas test chamber in order
to determine response of the sensor towards
chloroform vapor. The chamber was placed in a sealed
chemical hood. Chloroform vapor were produced in
washing bottle filled with extra pure grade chloroform
from MERCK. Concentration of the vapor was
calculated using Antoine equation. High purity
nitrogen gas used as carrier gas and total flow rate was
kept at 100 cc/min. Flow rates were controlled by
using the MKS gas flow controller and gas
flowmeters. Gas sensing measurements were
performed depending on gas concentration at different
temperatures between 22 °C - 150 °C. Sensitivity and
response time values of the sensors, which is defined
as the time it takes to reach 90% of the total change in
measured gas concentration, were also calculated.

ITI. RESULTS and DISCUSSION

3.1. Structural Characterization

Structure of the ZnO were studied by XRD, SEM and
AFM techniques. Figure 2 shows XRD pattern of the
ZnO structure deposited onto glass substrates. The
results revealed that the ZnO films were in crystal
form. XRD results are matched with the pattern of
ZnO JCPDS number 036-1451. Crystallite size of the
ZnO nanocrystals were calculated by using Scherrer
formula (Equation 1). The calculations revealed that
the crystallite size varies between 27.9 — 50.4 nm. The
20 degrees given in the XRD pattern were presented in
Table 1.

o . Go

1000 8518

L 53 |8

S 750 |

<]

3 | 2 o o o

2 500 : & R

D ] © © @9

c 2 © N ~ o

§ 250 3 |5 oS¢

< I alht /N | A \

= AWMLl SV Uil on i g et i A
20 30 40 50 60 70

20 (degree)

Figure 2. XRD pattern of the synthesized
nanocrystalline ZnO film.
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Table 1. 20 degrees obtained from XRD pattern of the
synthesized ZnO nanocrystals.

26
values of
the 31.737|34.402|36.235|47.398|56.574|62.827|67.917(69.076
peaks (in
degrees)
Miller
Indices

(100) | (002) | (101) | (102) | (110) | (103) | (112) | (201)

SEM images of the ZnO nanocrystals with (x20000)
and (x50000) magnification which is deposited onto
glass substrate were shown in Figure 3. The image
was obtained by using SEM operated at 15 kV. As can
be seen from the Figure the particles are distributed
homogeneously and the particles have a round shape.
Different crystallite sizes were observed in SEM
images, and their sizes varied between 24.8 — 101.0
nm. This may be because some particles within the
particle may have agglomerated over time. As a result,
it can be seen that the average ZnO nanocrystallite
size calculated from the XRD data with the Scherrer
formula is also supported by the SEM image.
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Figure 3. SEM images of the synthesized
nanocrystalline ZnO film deposited onto glass
substrate. (a) magnification (x20000)

(b) magnification (x50000)

3D AFM images of the ZnO nanocrystal film of 2 pm
x 2 um and 5 pm x 5 pm size were presented in Figure
4. From the AFM images roughness was determined
about 4.30 nm by the AFM software program.

.0 2.0

0

(a)

NS

5.00um

(b)

Figure 4. 3D AFM images of the synthesized
nanocrystalline ZnO film deposited onto glass
substrate
()2 pmx 2 um (b) Sumx 5 pm.

3.2. Gas Sensing Properties

Gas sensing measurements were conducted in
homemade Teflon gas test chamber. Chloroform vapor
and nitrogen gas were used as target gas and carrier
gas, respectively. In order to test the sensor towards
chloroform vapor, the gas sensing measurements were
performed depending on gas concentration (750, 2
250, 3 750, 7 500, and 15 000 ppm) at different
temperatures between 22 °C-150 °C. Chloroform
vapor were produced in washing bottle filled with
extra pure grade chloroform from MERCK. Gas
concentrations were calculated by using Antoine
equation given below (Equation 2).

B @)

Log,/P=4———=
N ()
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where P is the vapor pressure in bar, 7 is the
temperature in Kelvin, A, B, and C are vapor
depended parameters. Response of the sensor were
examined by recording the current values, which is
passing through the sensor, as a function of time
(Current-time (/-¢)) at different gas concentrations and
temperatures. Figure 5a shows the real-time response
of the ZnO based sensor towards chloroform vapor at
room temperature.

By examining the Figure S5a, before the chloroform
vapor (target gas) exposure to sensor, current passing
through the sensor nearly remains same under the flow
of nitrogen gas (carrier gas). There is no remarkable
change in current before the sensor is exposed towards
to chloroform vapor. After the target gas flow turned
on, the current begins to increase and then rate of
increase slows down. In the 300 seconds time interval,
the sensor response does not reach to saturation. After
the target gas flow turned off, the current begins to
decrease and current passing through the sensor
decreases nearly to the initial current value during the
sensor exposed to carrier gas. It was observed that
total time needed to decrease the initial current value
takes greater than 300 seconds. Because of this
behavior it can be concluded that the response of the
sensor were reversible. As it is well known, adsorption
process occur while a sensor exposed to a target gas
molecules. During this process if an electron is
transferred from the target gas to n-type sensing
material of the sensor, the conductivity of the sensing
material is increased (physisorption). The increase in
conductivity cause an increase in current passing
through the sensor [15, 16]. We may conclude that the
increase in current passing thorough the our sensor
arises from the electron transfer from chloroform to
ZnO film due to adsorption process. Another
observation is that the change in current passing
through the sensor is increased with an increase in gas
concentration from 750 ppm to 15000 ppm. We may
conclude that change in current increases with
increasing gas concentration, since the number of
electrons transferred from the target gas to sensing
material is proportional to target gas concentration
[15, 16, 17].

Response of the sensor at elevated temperatures were
presented in Figure 5b (at 100 °C) and Figure 5c (at
150 °C). The sensor showed similar behavior with that
of the response at room temperature. The sensor also
showed reversible behavior at all measured
temperature range and gas concentrations.
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Figure 5. Response of the ZnO nanocrystal film
towards chloroform vapor at (a) 22 °C (room
temperature, RT) (b) 100 °C (c) 150 °C.

Response time values (190) of the sensors was defined
as the time it takes to reach 90% of the total change in
current in the measured gas concentration. Calculated
response time values of the sensors as a function of
chloroform vapor concentrations were presented in
Figure 6. By examining the Figure 6 it can be seen
clearly that, in general, increase in gas concentration
caused to decrease in response time values.
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Figure 6. Response time values of the ZnO
nanocrystal film as a function of gas concentration at
indicated temperatures.

Sensitivity is defined as:

&)

where I, is the current passing through the sensor at
the time the sensor exposed to target gas, Al is the
change in current passing through the sensor
corresponding to gas concentration.

Sensitivity values of the sensors were presented in
Figure 7. The results showed that sensitivity of the
ZnO nanocrystal film increased with increasing
chloroform  vapor concentration.  Additionally,
increment in temperature caused an increase in
sensitivity also.

0,20

Sensitivity (S)

0 5000 10000 15000
Chloroform Vapor Concentration (ppm)

20000

Figure 7. Sensitivity of the ZnO nanocrystal film as a
function of gas concentration at indicated
temperatures.

IV. CONCLUSION

ZnO nanocrystals were fabricated onto glass
substrates. The XRD pattern revealed that the ZnO
films were in crystal form and matched with the
pattern of ZnO JCPDS number 036-1451. The

crystallite sizes of ZnO nanocrystals were determined
by the Scherrer formula, varying between 27.9 — 50.4
nm. Gas sensing measurements showed that the ZnO
based sensors can be used as chloroform vapor sensor
successfully between the chloroform  vapor
concentrations of 750 — 15 000 ppm even at room
temperature. The results were also showed that
sensitivity of the sensors were increased with
increasing temperature from 22 °C to 150 °C. Sensing
mechanism of the sensors can be explained by
electron exchange between the ZnO nanocrystals and
chloroform vapor while the adsorption occurs on the
surface of the ZnO. Since ZnO shows n-type
semiconducting property we can conclude that an
electron is transferred from chloroform to ZnO film
and that causes an increase in dc conductivity of the
ZnO film (physisorption). The best sensitivity values
were obtained at 150 °C.
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Oz
Yenilenemez enerji kaynaklarinin gevreye ve ekolojiye verdigi zararlar, yenilenebilir enerji kaynaklarina olan ilginin artmasina
neden olmaktadir. Fotovoltaik (FV) enerji Uretimi, temiz ve surdirilebilir enerji Gretimi igcin mikemmel enerji
alternatiflerinden biridir. Fotovoltaik paneller tGzerindeki kar, toz, golge, kus pisligi, mekaniksel ve fiziksel ariza gibi etkenler
enerji Uretimindeki verimi azaltmaktadir ve bu ylzden panel bakimi diizenli olarak yapilmaldir. Bakimlar manuel olarak
yapildiginda hatalar olmakta ve uzun zaman almaktadir. Bu nedenle giines paneli kusurlari son zamanlarda gelistirilen gériinta
isleme ve derin 6grenme algoritmalari kullanilarak tespit edilebilmektedir. Bu ¢calismada, derin 6grenme teknigi kullanilarak
glines panelleri lizerinde hasar tespiti siniflandirmasi yapilmistir. Calisma iki asamadan olusmaktadir. ilk asama, 6n isleme
asamasidir ve bu asamada veri seti yetersiz olmasi nedeniyle veri cogaltma teknikleri kullanilarak arttirilmistir. ikinci asama
olan egitim asamasinda ise g¢ogaltilan veri seti 6nerilen derin 6grenme modeliyle egitilmistir. Egitim sonucunda Onerilen
modelin 7 farkl kusurun siniflandiriimasinda %96.56 basari elde ettigi gézlenmistir.
Anahtar Kelimeler: Derin 6grenme, Glines panelleri, Fotovoltaik, Veri cogaltma, Siniflandirma

Abstract

The damage caused by non-renewable energy sources to the environment and ecology causes an increase in interest in
renewable energy sources. Photovoltaic (PV) energy production is one of the well known energy alternatives for clean and
sustainable energy production. Factors such as snow, dust, shadow, bird droppings, mechanical and physical failure on
photovoltaic panels reduce the efficiency in energy production, and therefore panel maintenance should be done regularly.
When maintenance is performed manually, errors occur and it takes a long time. Therefore, solar panel defects can be
detected using recently developed image processing and deep learning algorithms. In this study, a damage detection
classification was carried out on solar panels using the deep learning technique. Our study consists of two stages. The first
stage is the pre-processing stage. At this stage, the data set is increased using data augmentation techniques due to
insufficient data set. In the second stage, the training stage, the replicated data set was trained with the proposed deep
learning model As a result of the training, it was observed that the proposed model achieved %96.56 success in classifying 7
different defects.

Keywords: Deep learning, Solar panels, Photovoltaics, Data augmentation, Classification

I. GIRIS

Yenilenemez enerji kaynaklarmin tiikenmesi ve ¢evreye verdikleri zarar, basta giines enerjisi olmak {iizere
yenilenebilir enerji kaynaklarina olan ilginin artmasina neden olmustur. Uluslararasi Enerji Ajans1 (UEA), 2030
ve 2040 yilina kadar diinyanin elektrik tiretiminde yenilenebilir enerji oraninin sirasiyla %30 ve %50'ye
ulasabilecegini, FV giicliniin ise bu paym %10 ve %20'sini olusturacagini 6ngérmektedir [1]. FV teknolojisi son
yillarda hizli bir sekilde biiylimiistiir. 2008'den 2011'e kadar yalnizca Kanada'da giines FV elektrigi kurulu
kapasitesi yillik yaklagik %150 artig gostererek 2011'de 495 MW'a ulasmistir [2]. FV sistemler genellikle giines
enerjisi iiretimi saglar. FV sistemlerinin ucuz kurulum maliyetleri, giivenli enerji tiretimi, sessiz ¢alismasi ve ¢evre
dostu olmasi gibi faydalar1 da dikkat cekmektedir [3, 4].

Son yillarda FV sistemlerine olan ilginin artmasi FV iireticilerinin sayisinda artisa yol agmistir. Bu nedenle FV
gii¢ Ureten sistemlerin dayanikliligimin {iretici tarafindan garanti edilmesi gerekmektedir. Her ne kadar iiretici 25
yil sonra FV sisteminin ¢ikis giiciiniin %80'ini maksimum gii¢ noktasinda (MGN) garanti etse de FV sisteminin
cikig performansi zamanla kademeli olarak diismektedir [5]. FV sistemlerdeki verim diisiisii bozulmalara ve
cevresel etkenlere baglidir. Tozlanma, karlanma, kus pisligi, golgelenme, mekaniksel ve fiziksel hasarlar gibi
etkenler panellerin performansini ciddi 6l¢iide olumsuz etkilemektedir ve bu yiizden panel bakimlar1 diizenli
olarak yaptirilmalidir. Panel kusurunu insan goziiyle saptamak hatalara neden olabildigi gibi zaman ve maliyet
acisindan da kayiplara yol agmaktadir. Bu sorunlarin giderilebilmesi i¢in giiniimiizde kullanimi giderek artan derin
ogrenme ve goriintii isleme teknolojileri onerilmektedir.
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1.1. ilgili Cahsmalar

Giines panelleri iizerindeki kusurlar1 saptama ve
siniflandirma konusunda ¢aligmalar FV modiillerin
verimliligi i¢in bilylik 6nem tagimaktadir. Son yillarda
FV panel arizalariin anomalilerini siniflandirmak i¢in
cesitli caligmalar yapilmustir.

Korkmaz ve Agikgdz fotovoltaik paneller tizerindeki
anormallikleri tespit edebilmek ve simiflandirmak igin
onerdikleri yontemi transfer 6grenme stratejisine baglh
cok Olgekli bir evrisimli sinir ag1 (ESA) olarak
tasarlamiglardir. Veri kiimesindeki dengesiz smuf
dagilimi sorununu ¢ézmek igin veri bilylitme ve asir1
ornekleme teknigi kullanarak ag performansini
arttirmiglardir. Calismalarinda 11 farkli fotovoltaik
panel kusuru (¢atlama, sicak nokta gibi) kullanarak 11
anormali tiiriinii siniflandirmada %93,51 dogruluk elde
etmislerdir. Elde edilen sonuglarin fotovoltaik
panellerdeki kusurlari bulmak ve smiflandirmak igin
yeterli oldugu gozlenmistir [6].

Espinosa ve arkadaglar1 yaptiklar1 ¢alismalarda FV
kusurlar tespit etmek i¢in anlamsal boliimlendirme ve
goriintiileri siniflandirmak i¢in evrisimli sinir aglarini
kullanan otomatik hata smiflandirma yontemi
onermektedir. Bu c¢alisma kusurlu ve kusursuz
tanimlanan 2 ¢ikis sinifi ve kolayca tespit edilemeyen
ariza, catlak, golge ve toz yok seklinde 4 ¢ikis sinifi i¢in
deneysel sonuclar1 gostermektedir. Onerilen yontemle
2 cikig sinifi i¢in %75 ve 4 sinif i¢in %70 dogruluk
oranina ulagilmustir [7].

Kayci ve arkadaglar1 caligmalarinda, termal kamera
yerlestirilmis dronla elde edilen giines paneli termal
gorlintiilerini  hiicre, modiill ve panel arizalarinin
tespitinde kullanmislardir. Edinilen gortntiiler ile
modiil kusuru, hiicre kusuru ve panel kusuru igeren veri
seti hazirlanmigtir. Veri seti YOLOV3 derin 6grenme
tabanli yapay sinir agiyla egitilmistir. Egitim
sonucunda hiicre arizalar1 %98, modiil arizalar1 %89 ve
panel arizalar1 %77 basartyla saptanmustir [8].

Pierdicca ve arkadaslari c¢alismalarinda, FV hiicresi
bozulmasmi tahmin etmek igin derin evrisimli sinir
aglar1 (DESA) kullanmaya yoénelik yeni bir yontem
Onermislerdir. Bu arastirmada ilk kez termal kizil6tesi
sensore  sahip bir dronedan alinan bilgiler
kullanilmigtir. Bozulma sorununu gostermek ve bu
calismada Onerilen ¢6ziimii kapsamli bir sekilde
degerlendirmek i¢in, toplanan fotovoltaik goriintiiler
veri kiimesi iizerinde deneyler yapilmistir. Egitilen agin
basar1 oran1 %70 olarak bulunmustur [9].

Li ve arkadaslar tarafindan yapilan ¢aligmada, biiyiik
boyutlu fotovoltaik panel alanlarinin denetimi sirasinda
panellerin durumunu gozlemleyebilmek icin derin
O0grenme tabanlt kusur tespiti kullanan bir yontem
olusturulmustur. Olusturulan bu sistemde kullanilan
derin 6grenme teknigi ESA tabanli bir yapidir. Caligma
sonucunda toz, kapsiilleme, delaminasyon, 1zgara hatt
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asinmasi, salyangoz izleri ve sararma hatalar1 tespit
edilmis ve ortalama %97.9 dogruluk orami elde
edilmistir. Onerilen yontemin VGG16 ve geleneksel
yontemlerden daha basarili oldugu gézlenmistir [10].

Wei ve arkadaslar1 tarafindan giines panellerinde sicak
nokta ve yansitict bolge arizalarimin teshis edilebilmesi
icin iki yaklasim Onerilmistir. Sicak noktalarin
algilanmast i¢in Hough ¢izgi doniisiimiinii ve Canny
operatoriinii, reflektdr arizalarinin tespit edilmesinde
ise derin 6grenme yontemini kullanmiglardir. Calisma
sonucunda geleneksel goriintii isleme ve daha hizli
bolge tabanli evrigimli sinir aglari basari oranlari
sirastyla %89,96 ve %95,15 olarak elde edilmistir [11].

Herraiz ve arkadaslar1 c¢aligmalarinda,  giines
panellerindeki kusurlar1 bulmak icin insansiz hava
aracina monte edilen termografik kameradan
yararlanan yeni bir teknik Onermislerdir. Yapilan
calismada sicak noktalarin tespit edilmesinde ve
yeniden  konumlandirilmasinda  kullanilabilecek
panellerin yerinin tespit edilmesi amaciyla yeni bir
yontem sunulmustur. Iki yeni bolge tabanli evrisimli
sinir agmnin birlestirilmesiyle giiglii bir tespit ¢ercevesi
gelistirmislerdir. Otomatik veri toplama ve isleme,
denetim sirasinda  kusurlarin  tespit edilmesini
saglamaktadir. Elde edilen sonuclar, yaklagimin
%091,67 hassasiyetle ve %99,02'den fazla dogrulukla
giines takip cihazlarinin ve goreceli sicak bolgelerinin
otomatik  lokalizasyonu i¢in uygun oldugunu
gostermektedir [12].

Venkatesh ve arkadaslari insansiz hava araglarindan
(IHA) elde edilen hava gériintiilerinin yardimiyla derin
o0grenmeye dayali fotovoltaik modiillerdeki ariza
tespitini sunmaktadir. Veri setlerini VGG16 ile
egitmigler ve vyanik izleri, delaminasyon, renk
bozulmasi, fiziksel hasar, saglam ve salyangoz izi gibi
kusurlart siniflandirmada basarili oldugu gdézlenmistir.
Sonuglar, modelin tiim FV kusurlarini siniflandirmada
%95,40 gibi yiiksek bir smiflandirma dogruluguna
ulastigint gostermektedir [13].

Xie ve arkadaslar1 fotovoltaik kizil6tesi hedef anomali
tespit sistemi dnermektedir. FV panel kusurlarinin THA
tarafindan tespitinin dogrulugunu arttirmak igin Sobel
ve Canny operatorlerini birlestirmiglerdir. Yatay ve
dikey ozellikleri ¢ikarmak icin Sobel operatorii, dikey
ve yatay kenar 6zelliklerini hesaplamak ve doldurmak
icin Canny operatorii kullanilmistir. Eg zamanli olarak
goriintiiniin ayirt edici ozelliklerini 6grenmek igin
algoritmaya derin 6grenme uygulanmigtir. Caligmalar
sonucunda model %90,91 oraninda siniflandirma
basarisi elde etmistir [14].

Diaz ve arkadaslar1 IHA iizerine monte edilmis termal
kamerayla fotovoltaik panelleri i¢in otomatik bir kusur
tespit yontemi 6nermektedir. Giines paneli arizalarinin
tespitinde klasik ve derin 6grenmeye dayali iki yontem
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kullanilmaktadir. Oncelikle, bazi 6n isleme teknikleri
kullanilarak termal goriintiiniin  diisiik  kontrasti
diizeltilir. Daha sonra, kenar algilama, segmentasyon
ve segment siniflandirmas1 uygulanir. Tkinci yontem,
ii¢ farkli 6n isleme iglemine tabi tutulmus goriintiilerle
egitilmis derin 6grenmeye dayanmaktadir. ilk yéntem
sonucu %98,3, ikinci yontem sonucu %98,9 dogruluga
ulasilmistir [15].

Akram ve arkadaslar izole edilmis derin 6grenme ve
model gelistirme-transfer derin 6grenme teknikleriyle
kizilotesi  gorintiilerdeki fotovoltaik ~ modiil
kusurlarmin otomatik olarak tespit edilmesi iizerine
calismiglardir. Veri setleri normal g¢aligan ve arizal
modiillerin  kizilotesi  goriintiilerini  igermektedir.
Baslangigta  transfer 6grenimi icin  fotovoltaik
hiicrelerin elektroliiminesans (EL) goriintiilerinden
olugan bir veri kiimesi olusturmuslar ve ardindan
kizilotesi goriintiilerden olusan bir veri kiimesi
kullanmislardir. ~ Onerilen  yaklasimla  ortalama
%99,23'liikk bir dogruluk elde edilmistir [16].

Kurukuru ve arkadaslart termografi ve makine
O0grenimi tabanli FV modiilii ariza smiflandirmasi
iizerine c¢aligmiglardir. Hasar gormiis panellerden
alman c¢esitli termal goriintiilerin 6zelliklerini, doku
Ozelligi analizinin degistirilmis bir versiyonunu
kullanarak incelemislerdir. Kusur smiflandiricisini
olusturmak i¢in, alman 6zellikler bir yapay sinir ag1
(YSA) smiflandiricist  kullanilarak — egitilmistir.
Olusturulan yontem %93,4 egitim verimliligi ve %91,7
test verimliligi gostermistir [17].

Zaki ve arkadaslar1 derin 6grenme tabanlt FV sistem
icin hata smiflandirma c¢aligmast  yapmuglardir.
Yaptiklar1 ¢calismada, oncelikle FV modelin en uygun
bes 6zelligini ¢ikarmak i¢in bir algoritma 6nermisler ve
bunun MATLAB simiilasyon modeline yardimeci
olacagini diisiinmiislerdir. Ikinci olarak, derin 6grenme
kullanilarak FV sistemlerdeki hatalarin
siiflandirilmasina  yonelik  yeni bir yaklagim
Onermislerdir. Bu yontem, bilgisayardaki performansi
ve siniflandirma dogrulugunu artiran otomatik 6zellik
cikarma dzelligine sahiptir. Son olarak, kullanilan ESA
modelinin teorik ve pratik dogrulamasi igin gesitli
atmosferik kosullara dayali olarak normal ve alt1 ariza
ornegi segmislerdir. Onerilen ESA modeli, egitim ve
test siiregleri igin simiilasyon testlerinde sirasiyla
%98,3 ve %98.,9, deneysel testlerde ise %96,76 ve
%97,41 civarinda ortalama siniflandirma dogrulugu
elde etmistir [18].

Deitsch ve arkadaslari, EL goriintiilerinde arizali
fotovoltaik modiil hiicrelerinin otomatik
siniflandirilmasi adli ¢alismalarinda FV hiicrelerdeki
sorunlar1 tespit edebilmek amaciyla 2 farkli yaklagim
ortaya sunmuglardir. Yaklagimlar, donanim
gereksinimleri nedeniyle farklilik gdstermektedir.
Donanim agisindan verimli olan, Destek Vektor
Makinesi (DVM) kullanilarak  smiflandirilmaya
dayanmaktadir. Daha fazla donanim gerektiren yontem
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ise ESA’y1 kullanmaktadir. Her iki yaklasim da 1968
farkli hiicre iizerinde egitilmistir. ESA basar1t orant
%88,42 ve DVM basar1 oran1 %82,44 tiir [19].

Tang ve arkadaglart EL goriintileri kullanilarak
fotovoltaik modiiliin derin 6grenme tabanli otomatik
kusur tespiti isimli ¢aligmalarinda 2 farkli adimla EL
goriintiilerini derin 6grenmeye dayali kusur tespitini
sunmuslardir. Onerilen calismada ilk adim kisith
sayidaki EL goriintiiyii yiiksek kalitede arttirmak,
ikinci adim ise elde edilen goriintiiler ile otomatik
smiflandirma yapan bir model ortaya koymaktir. EL
goriintii olusturma yontemi, Cekismeli Uretici Ag
(CUA) ozelliklerini  geleneksel —goriintii  isleme
teknolojileriyle birlestirmektedir. EL goriintiilerinden
derin ozelliklerin ¢ikarilmasinda, ESA
kullanilmaktadir. Onerilen model diger c¢oziimlerle
karsilastirildiginda, FV  modiili  denetiminin
dogrulugunu ve verimliligini 6nemli 6l¢giide artirabilir.
Onerilen model %83’liik basar1 oranima sahiptir [20].

Sunulan literatiir taramasindan gortildiigii tizere, giines
panellerindeki hasarlarin tespiti i¢in son donemde

bircok  c¢alisgma  yapilmistir.  Ancak  yapilan
caligmalardaki yaklagimlarin  higbiri ¢ok smifli
hasarlart  kisa bir siirede yiiksek dogrulukta

smiflandiramamaktadir. Giines panelleri iizerindeki
hasarlarin erken tespit ve miidahale edilebilmesi,
veriminin artmasi i¢in olduk¢a Onemlidir. Bu
calismada, gilines panelleri iizerindeki hasarlarin hizl
ve otomatik bir sekilde tespit edilebilmesi i¢in goriintii
isleme ve derin 6grenme tabanl ariza tespit yontemi
onerilmistir. Onerilen yoéntem, 6n isleme ve ESA
tabanlt olusturulan derin Ogrenme mimarisiyle
simiflandirma agamalar1 olmak iizere 2 asamadan
olusmaktadir. Bu ¢alisma kapsaminda farkli iklim
sartlarnda  elde  edilen  goriintiiler,  model
performansinin iyilestirilmesi ve veri setinin yetersiz
olmast nedeniyle veri c¢ogullama teknikleri ile
(yakinlastirma, simetrisini alma, gorintiiyli belirli
acilarla dondiirme, giiriiltii ekleme ve parlaklik
degistirme) arttirilmistir. Onerilen yontem 7 farkli

panel kusurunu yiiksek dogrulukta
smiflandirabilmektedir.
II. MATERYAL VE METOD

2.1. Veri Seti
Bu calisma kapsaminda kullanilan veri seti, agik
erisimli Kaggle [21] web sitesinden elde edilmistir.

2.2.0n isleme

Veri setinde Tablo 1°de goriildiigii lizere toplam 988
adet farkli goriintii vardir. Her gorlintii 0-6 arasi
siniflandiridmistir. Kus Pisligi olan paneller 1, Temiz
olan paneller 2, Tozlu olan paneller 3, Elektriksel
Hasarli paneller 4, Fiziksel Hasarli paneller 5,
Golgelenmis paneller 6, Karli paneller 7 olarak
siniflandirilmagtir.
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Tablo 1 Orijinal veri seti

Sinif Panel Durumu  Goriintii Sayisi

0 Kus Pisligi 200

1 Temiz 202

2 Tozlu 220

3 Elektriksel 98
Hasarl1

4 Fiziksel 66
Hasarli

5 Karli 122

6 Golgelenmis 80

Tablo 1°de goriildiigii tizere veri setinde, 200 adet kus
pisligi, 202 adet temiz, 220 adet tozlu, 98 adet
elektriksel hasarli 66 adet fiziksel hasarli, 122 adet karli
ve 80 adet golgelenmis panel goriintiisii vardir. Bu
calismada kullanilan veri setindeki panel goriintiisii
ornekleri Sekil 1°de gosterilmistir.

Elektriksel Hasarl Karli

Golgelenmis

Sekil 1. Veri setinde bulunan 6rnek panel goriintiileri

Tablo 1’ de goriildiigii {izere veri seti, goriintii sayist
acisindan yetersizdir ve simiflandirma elemanlari
arasindaki sayr dengesizligi dikkat g¢ekmektedir.
Ayrica, .png ve .jpg olarak bulunan goriintiilerin
coziintirliikleri farklilik gostermektedir. Bunun 6niine
geemek icin veri seti c¢oziinlirliikleri 256x256 hale
getirilmis  ve farkli  veri ¢ogaltma metotlari
(6lgeklendirme, dondiirme, yakinlastirma, giirtlti
ekleme) kullanilarak veri setinin her sinifi i¢in yaklagik
1000’er ve toplamda 6097 adet goriintii elde edilmistir.
Cogaltilan veri seti ile modelin asir1 6grenmesinin
Online gecilmistir. Yeni veri setinin goriintii sayisi
Tablo 2°de gosterilmistir.
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Tablo 2 Cogaltilmis veri seti

Sif Panel Durumu  Goriintii Sayisi

0 Kus Pisligi 820

1 Temiz 1040

2 Tozlu 920

3 Elektriksel 850
Hasarli

4 Fiziksel 830
Hasarli

5 Karli 917

6 Golgelenmis 720

2.3.Derin Ogrenme

Derin 6grenme, temeli yapay sinir katmanlarindan
olusan bir agdir. Coklu ndron baglantilar1 birleserek
katmanlar1 olusturur. Derin sinir aglari, katmanlarin iist
iiste istiflenmesiyle olusturulan yapay sinir aglarinin
diger adidir. Burada olusan agm derinligi katman
sayisinin az veya ¢ok olmasiyla belirlenir. Katman
sayist arttitkca ag yapist derinlesmektedir. Benzer
sekilde katman sayisinin azalmasi, ag yapisinin ya
derin olmadigini ya da derinlestigini gosterir [22]. Sekil
2’de ornek bir derin 6grenme modeli verilmistir.

Girig Katmani Gizli Katman 1 Gizli Katman 2 Cila Katmani
Sekil 2. Derin 6grenme adimlari
ESA; giris, evrisim, havuzlama, diizlestirme,

aktivasyon, seyreltme, tam baglant1 ve siniflandirma
katmanlar1 olmak tizere sekiz katmandan olusmaktadir.

Girig katmani, adindan da anlasilacagi gibi ESA'nin en
iist katmanidir. Performans ve maliyet agisindan dogru
girig gorsel boyutunun kullanilmasi gerekir. Gorsel
boyutunun artmasi basar1 oranini arttiracagi gibi islem
sayisini da arttirir, bu durum da performansi olumsuz
etkiler. Ayni sekilde gorsel boyutunun kiigiilmesi
basar1 oranini azaltacagi gibi islem sayisini da azaltir,
bu durum da performans: olumlu etkileyebilmektedir.

Evrigim katman1 ESA'larin temel yap1 tagidir [23]. Bu
katman, donilisim katmani olarak da bilinir ve bu
doniisim  filtrenin  biitin ~ goriintli  iizerinde
dolastirilmasidir [24]. Filtreler 2x2, 3x3, 5x5 gibi farkl
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boyutlarda olabilir. Filtreler, o6nceki katmandaki
goriintiiler lizerinde evrigsim iglemini kullanarak ¢ikti
verilerini iiretir. Bu islem sonucu Ozellik Haritasi
olusur.

N

50412416 2101 2
tl2lafal6]| g [tl1lo] =
2015|2416 021
1j2)3]1]2 5x2+4x0+2x1+
201|842 Ix1+2x1+3x0+

2X0+5x2+2x1=27

Sekil 3. Konvoliisyon islemi uygulanma 6rnegi

Evrisim katmaninda iiretilen her 6zellik haritasi, bir
ESA'ya dogrusal olmama 6zelligi saglamak amaciyla
aktivasyon fonksiyonu kullanir. ReLU (Rectified
Linear Unit) en popiilerleridir [24].

Bir ESA tasariminda, havuzlama katmani evrigim
katmanlar1  arasina  sikistinnlmistir.  Havuzlama
katmaninin temel amaci, agin hesaplamasmi ve
parametre sayisint azaltmak icin diizeltilmis 6zellik
haritalarinin  boyutunu azaltmaktir, bu da egitim
stiresini kisaltir ve asirt uyumu onler.

Havuzlamay1 gergeklestirmek igin siklikla ortalama
veya maksimum havuzlama gibi basit bir yontem
kullanilir. Maksimum havuzlama diger havuzlama
yontemleriyle  karsilastirildiginda, daha  yiiksek
performans ve daha hizli yakinsama gosterdigi
goriilmistiir [25].

Maksimum Havuzlama

6|9
18] 4
[1] a S
/!5/6/9|8|
.5 _8_ 1 C'. Ortalama Havuzlama
I 3 | 4 | 2[8
el 2]

Sekil 4 Maksimum ve ortalama havuzlama 6rnegi

Diizlestirme katmani, 2 veya 3 boyutlu gibi ¢ok boyutlu
formattaki verileri tek boyutlu bir vektére doniistiiriir.
Tamamen bagli katmanlar, bir ESA'da girisin bir
boyutlu bir vektdr olmasini beklediklerinden, bu
yeniden sekillendirme iglemi, evrisim ve havuzlama
katmanlarindan tamamen bagli katmanlara gegiste
gereklidir.

Bir ESA tasariminda, tam baglantili katman genellikle
en sonda bulunur [22]. Tam baglantili katmanda
ndronlar, geleneksel sinir aglarindakine benzer sekilde
gruplandirilir.  Onceki evrisimli veya havuzlama
katmaninin ¢iktisindan elde edilen diizlestirilmis bir
vektor, girdi olarak kullanilir.

Asirt uyumu azaltmak igin derin 6grenmede ve sinir
aglarinda seyreltme katmani adi verilen bir diizenleme
yontemi kullanilir. Bir model, egitim verileri iizerinde
iyi performans gostermeyi 6grendiginde ancak yeni,
denenmemis verilere genelleme yapmakta
zorlandiginda, modelin asir1 uyumlu oldugu anlasilir.
Seyreltme, bu soruna basit ama etkili bir ¢6ziimdiir.
Tamamen baglantili katmanin ardindan bu katman
gelir. Derin 0grenme mimarisinin bu katmaninda
siniflandirma gerceklesir. Bu katmanin ¢ikis degeri
siniflandirilacak  nesne  sayist  kadardir.  Farkli
siniflandiricilar olsa da basarisindan dolayr genellikle
softmax kullanilir [24].

III. SONUCLAR VE TARTISMA

Bu caliymada, gilines paneli kusurlarini yiiksek
dogrulukta siniflandirabilmek i¢in model yapisinda ve
parametrelerinde diizenlemeler yapilarak en iyi sonuca
ulagilmaya calisilmistir. Deneylerde 2 farkli model
yapist kullanilmistir. Model 6zetleri Sekil 5 ve Sekil 6
da verilmistir.

sequentizl {Sequenmtial) {32, 256, 258, 3) =l
conv2d (ConwvzD} (32, 254, 234, 32) 235
max_pocling2d (MaxPoolingzD (32, 127, 127, 32) =l

3

conv2d_1 (Convap) (32, 125, 125, 54)

max_pococling2d_1 (MaxPooling (322, 52, 52, &4) =l
200

conv2d_2 (ConvaD) (32, 6@, 6@, &4) 26928
max_poocling2d_2 (MaxPooling (22, 28, 28, &4) =l

D)
convzd_3 (Convap) (32, 28, 28, &64)

max_poocling2d_3 (MaxPooling
200

(22, 14, 14, &4) 2

convzd_4 (Convap) (32, 1z, 12, &4)

max_poccling2d_& (MaxPooling (22, &, &, B4) =]
200

conw2d_S (ConvaD) (32, 4, 4, &64) 25928
max_poocling2d 5 (MaxPooling (32, 2, 2, 64) e
200

flatten (Flatten) {32, 256) =l
dense {Densea) {22, &4) 15448
dropout (Dropout) {22, &4) =l
dense_1 (Dense} {32, 7) 455

Sekil 5. Denenen ilk model yapisi
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sequential (Sequential) {32, 256, 256, 3) 2
conv2d (ConviD) (32, 284, 254, 31) 236
max_pcoling2d (MaxPooling2D (22, 127, 127, 22) a8

)

conv2d_1 (Convap) (32, 125, 1325, 64) 18496

max_pcoling2d_1 (MaxPooling {322, &2, &2, &4) a8
)

conv2d_2 (ConvaD) (22, 5@, 5@, 128) 73856

max_pcoling2ad 2 (MaxPooling (22, 2@, 38, 123} 8

0}

conv2d_32 (ConvaD) (32, 28, 28, 128) 147584
max_poocling2d_3 (MaxPooling (22, 14, 14, 128) 2

D)

conv2d_4 (ConvaD) (32, 12, 12, 128) 147584
max_pooling2d_4 (MaxPooling (32, &, &6, 128) 2

D)

conv2d_S (ConvaD) {32, %, 4, 258) 295168
max_pocling2d_5 (MaxPooling (32, 2, 2, 25&) 2

D)

flatten (Flatten) {32, 1@24) 2
dense {Dense) {32, 84) E5608
dropout (Dropout) {32, 84) 2
dense_1 (Dense) {32, 7) 455

Sekil 6. Denenen ikinci model yapisi

Sekil 5’ te goriildiigii tizere, ilk modelde 6 konvoliisyon
katmani bulunmaktadir. Bu katmanlardaki filtre
sayilar1 sirastyla 32, 64, 64, 64, 64, 64’tiir. Sekil 6’ da
goriilen ikinci modelde de 6 konvoliisyon katmani
bulunmaktadir ve katmanlardaki filtre sayilari sirastyla
32, 64, 128, 128, 128, 256’ dir. Tablo 3’ te parametre
degisikliklerinin bagar1 orani ve egitim siiresine etkisi
goriilmektedir.

Tablo 3. Parametre degisimlerini ve sonuglari

Model Model Model Model

Parametre
1 2 3 4

Epok 50 50 50 50
sayisl
Kiimeleme 1 1 1 16
sayisl
Seyreltme ) 0.5 Yok Yok
miktar1
Model l.yap1  2.yapi 1.yap1 1.yap1
yapist yapt  2.yapt  lyapt  lyap
Bagan 96.56 9594 9578  91.03
orant
Egitim 57 63 56 51
siiresi dakika dakika dakika dakika

Tablo 3’ te denenen modeller 10’ar kez calistirilip
ortalamalar1 alinmistir. Bunun sonucunda goriildiigii
gibi denenen 4 farkli model arasindan basar1 orani ve
egitim siiresi gibi faktorler géz 6niine alinarak Model 1
sec¢ilmistir.

Tablo 3’ te denenen modeller 10’ar kez calistirilip
ortalamalar1 almmistir. Bunun sonucunda gorildigii
gibi denenen 4 farkli model arasindan basar1 oran1 ve

egitim siiresi gibi faktorler géz oniine alinarak Model 1
secilmigtir.

(0009

HAVUZLAMA
KATMANI

GiRi§ EVRiSiM
ATMANI L/ KATMANI

DUZLE$TIRME
KATMANI

TAM
5 SEYRELTME CIKIS
BAGLANTILI
' KATMAN ' KATMANI 'KATMANI

Sekil 7. Onerilen evrisimli sinir ag1 modeli

Onerilen mimarinin egitimi sirasinda en hizli ve en iyi
yakinsama yaptigindan dolayr Adam optimizasyonu
kullanilarak epok bagina agirliklar siirekli olarak
giincellenmistir. ~ Onerilen  modelde  kullanilan
parametreler Tablo 4’te verilmistir.

Tablo 4. Onerilen model parametreleri

Epok sayis1 50
Kiimeleme(batch) 32
Ogrenme orani 107
Gorsel boyutlari 256x256
Evrigim

Aktivasyon fonksiyonu ReLU
Siniflandirma

Aktivasyon fonksiyonu  Softmax

Kayip fonksiyonu Losses.SparseCategorical

Crossentropy

Seyreltme katsayisi 0.5

Giines paneli kusurlarinin siniflandirilmasina yonelik
yapilan biitiin ¢aligmalar, Intel(R) Core(TM) i5-7200U
CPU @ 2.50GHz 2.71 GHz islemci, 2 GB NVIDIA
GeForce 940 MX ekran kart1 ve 12 GB RAM’e sahip
bilgisayarda Jpyter Notebook kullanilarak
gergeklestirilmigtir. Egitim sonucu epok basina hata
grafigi Sekil 8 de goriilmektedir. Sekil 8’den de
goriildiigii iizere egitim ve dogrulama kayiplari 0’a
yakinsamakta ve bu da modelin asir1 uyuma
diismedigini gostermektedir. Onerilen modelin egitim
siiresi epok basina 68 saniyedir. Egitim toplamda 57
dakikada tamamlanmustir.
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Sekil 8. Egitim ve dogrulama kaybi grafigi

Egitim ve Dogrulama Basarisi
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Sekil 9. Egitim ve dogrulama basaris1 grafigi

Onerilen modelin egitim ve dogrulama basaris1 Sekil 9°
da gosterilmistir. Sekil 9’dan da goriildigii iizere
Onerilen model, veri setini %96,56 gibi yiiksek bir
dogrulukta egitmistir.

3.1.Performans Metrikleri

Onerilen model tarafindan yapilan tahminlerin veri
kiimesindeki gergek smif etiketleriyle ne kadar iyi
eslestiginin belirlenmesi amaciyla geri cagirma,
kesinlik ve  fl-skoru performans  metrikleri
kullanilmistir.

Kesinlik: Tiim ger¢cek olumsuz ornekler arasinda
yanlis pozitif tahminlerin oranidir.

TP
(TP + FP) (1)

Geri Cagirma: Tiim gercek olumlu 6rnekler arasinda
gergek olumlu tahminlerin oranidir.
TP

(TP + FN) (2)

F1-Skoru: iki 6l¢iim arasinda denge saglayan hassaslik
ve hatirlamanin harmonik ortalamasidir.

2 x Geri Cagirma * Kesinlik
(Kesinlik + Geri Cagirma) (3)

Esitlik (1), (2) ve (3) "te TP modelin pozitif bir smifin
bir 6rnegini pozitif olarak dogru bir sekilde tanimladigi
ornekleri gosteren gergek pozitifler; TN modelin
negatif smifin bir drnegini negatif olarak dogru bir
sekilde tanimladigi  Ornekleri  gosteren  gercek
negatifler; FP modelin negatif bir sinif 6rnegini hatali
olarak pozitif olarak yansittigi 6rnekleri gosteren yanlis
pozitifler; FN modelin pozitif bir smif O6rnegini
olumsuz olarak yanlis yorumladigi drnekleri gdsteren
yanlis negatifler anlamina gelmektedir.

Buna gore sirasiyla esitlik (1), (2) ve (3) ile hesaplanan
performans metrik degerleri Tablo 5’te verilmistir.

Tablo 5.Performans metrikleri

- Geri F1
Kesinlik Cagirma  Skoru

Kus Pisligi 0.95 0.96 0.96
Temiz 0.98 0.94 0.96
Tozlu 0.97 0.94 0.95
Elektriksel- 0.96 0.99 0.97
Hasarli

Fiziksel 0.97 0.97 0.97
Hasarli

Karli 1 0.97 0.98
Golgelenmis 0.92 0.97 0.95
Ortalama 0.97 0.97 0.97

Tablo 5° te goriildiigli iizere ortalama kesinlik degeri
0.97, geri ¢agirma degeri 0.97 ve fl-skoru 0.97 olarak
hesaplanmustir.
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Sekil 10. Egitim sonucu olusan karisiklik matrisi

Sekil 10° da modelin karigiklik matrisi goriilmektedir.
Bu matris egitimin dogrulugunun goriilebilmesi
acisindan 6nemlidir. Ornegin, model 100 adet tozlu
panel goriintiisiiniin 87’sini dogru tahmin etmistir. 1
adet goriintii tozlu olmasina ragmen temiz olarak, 7
tanesi kus pisligi olarak, 3 adet goriintii elektriksel
hasarli olarak, 2 adet goriintii ise gdlgelenmis olarak
tahmin edilmistir.

Tablo 6’ da oOnerilen modelin yapilan caligmalarla
karsilastirilmas: gdsterilmistir. Onerilen model, ¢ok
sinifli hasarlar1 kisa bir siirede yiiksek dogrulukta
siniflandirma konusunda diger ¢aligmalarin 6niindedir.

Tablo 6. Onerilen modelin mevcut ¢alismalarla

karsilastirilmast

Sf Basar1  Egitim

Sayisi Orani stiresi
Korkmaz ve
Atk [6] 11 93.5 -
Espinosa ve
Ark. [7] 4 70 -
Pierdica ve
Ark. [9] 2 70 -
Live
Ark. [10] 6 97.9 8 saat

Vankatesh
ve
Arkadaglari
[13]

6 95.4 -

Kurukuru
ve
Arkadaslart
[17]

Onerilen 57
model 7 96.56 Dakika

IV. SONUC
Yenilenemez enerji kaynaklarmin tikenmesi ve
cevreye verdikleri zarar, basta gilines enerjisi olmak
lizere yenilenebilir enerji kaynaklarma olan ilginin
artmasina neden olmustur.  Yenilebilir enerji
kaynaklarinin en yaygini, dogada en ¢ok bulunan
giinestir. Giines panelleri, gilines enerjisini elektrik
enerjisine ¢eviren sistemlerdir. Giines panellerinin
yayginligi giiniimiizde giderek artmaktadir.

Gilines panellerinden iyi performans alabilmek icin
panel bakimi diizenli yapilmalidir. Ancak panel
bakimlar1 maliyet ve zaman gerektirmektedir.

Bu calismada panel kusurlari, “Kus Pisligi, Temiz,
Tozlu, Elektriksel Hasarli, Fiziksel Hasarli, Karli ve
Golgelenmis” seklinde siniflandirilan  veri  seti
kullamilmig  ve  kusurlarin  tespit  edilerek
smiflandirilabilmesi i¢in derin 6grenme tabanli bir ESA
modeli 6nerilmistir. Onerilen modelin kesinlik, geri
cagirma ve f1-skoru degerleri sirastyla %97, %97, %97
olarak Olglilmiistir. Elde edilen sonuglar, panel
kusurlarimin siniflandirilmasi igin onerilen modelin
diger modellere kiyasla ¢ok smifli hasarlar1 kisa bir
siirede yiiksek dogrulukta smiflandirma konusunda
onde oldugunu gostermektedir. Calismada Onerilen
model sayesinde, panel kusurlari kisa siirede yiiksek bir
dogrulukla belirlenebilecek ve panellerden istenilen
verim alinabilecektir.
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Abstract

In recent years, interest in metal-based antibacterial materials has increased due to microorganisms gaining resistance to
antibiotics. Silk sericin obtained from Bombyx mori cocoon has found use in many different areas thanks to its
biocompatibility, hydrophilic character and biodegradability. Zinc oxide nanoparticles (ZnONPs) obtained in various zinc
salts exhibit broad-spectrum antibacterial properties. In this study, to be produce metal based antibacterial materials,
synthesis of silk sericin-coated ZnONPs (SS-ZnONPs) in a green and scalable method was investigated by using silk sericin
protein as both reducing and capping agent to obtain ZnONPs. For producing SS-ZnONPs, 2% silk sericin solution was mixed
with Zn(NO3s); solution and the blend solution was heated at 100 °C for a certain period of time. Observing surface plasmon
resonance (SPR) peak specific at 380 nm in the UV-vis spectrum of SS-ZnONPs represented the formation of ZnONPs. Then,
the chemical, morphological, crystalline, thermal, and antibacterial properties of the synthesized SS-ZnONPs were
examined. Characteristic peak of the Zn-O band was found in fourier transform infrared spectroscopy (FTIR) analysis of SS-
ZnONPs. According to scanning electron microscopy (SEM) analyses, ZnONPs had morphology similar to cubic/hexagonal
shape, showed a uniform structure, and did not represent any agglomerations. In energy dispersive spectroscopy (EDS)
analyses of SS-ZnONPs, peaks belonging to carbon, nitrogen, oxygen, sulphur, and zinc elements were observed. The
formation of Zn peak indicated that the zinc ions were transformed into ZnONPs. In addition, characteristic peaks of zinc
were seen in the X-ray diffractometer (XRD) result of SS-ZnONPs. Thermogravimetric analysis (TGA) showed that the
thermal stability and remaining amount of SS-ZnONPs was higher compared to pure silk sericin powder due to the
formation of ZnONPs. Lastly, agar well diffusion test was carried out with Staphylococcus aureus (ATCC 6538) and
Escherichia coli (ATCC 25922) bacteria and SS-ZnONPs showed antibacterial action against S. aureus. It has been observed
that the obtained SS-ZnONPs can be used as antibacterial agents. However, it was also understood that the ZnONPs
concentration in this study was low for high antibacterial activity.

Keywords: Green synthesis, Silk sericin, Zinc oxide nanoparticles, Antibacterial materials

I. INTRODUCTION

Nanoparticles (NPs) are atomic level particles having 1-100 nm size and they can be produced from a wide
variety of materials. NPs are categorized as metallic NPs (for example; Ag, Zn and Au), metal and non-metal
oxides NPs (for example; ZnO, FeO and AlO); semiconductor NPs (for example; CdS, ZnS and ZnSe) and
carbon NPs [1,2]. Compared to bulk materials, NPs have different advanced features in size, distribution and
morphology [3]. The quantum effect, surface and heterogeneity of NPs play a significant role in the chemical
reactivity, optical, mechanical, electrical and even magnetic features of NPs. Heterogeneity and surface area of
NPs can also affect other properties such as antimicrobial activity [2,3].

In the field of nanotechnology, there have been spectacular developments in recent years, with various advanced
methodologies to synthesize NPs of certain forms and sizes. NPs can be obtained by physical, chemical and
biological and green procedures. Various physical and chemical techniques such as sol-gel synthesis, laser
ablation, hydrothermal and lithography have been developed. However, these methods may have disadvantages
such as requiring special equipment and skilled labour, and may have toxic effects due to the use of harmful
chemicals [4]. Increasing demands for environmentally friendly NPs have increased the interest in obtaining NPs
with green synthesis methods instead of physical and chemical methods [5]. Many metal and metal oxide NPs
have been synthesized by green synthesis methods, by using natural molecules as both stabilizing and reducing
agents [5-7].
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One of the excellent metallic nanomaterials is zinc
NPs (ZnNPs) and ZnONPs. Zinc is a highly active
element and also a powerful reducing agent [8]. Zinc
is one of the most essential microelements in human
beings and is existed in all of tissues, especially
muscle, skin and bone [2,9,10]. ZnONPs are obtained
from zinc salts by various methods such as chemical
or chemical vapor deposition, hydrothermal synthesis
technique, laser vaporization condensation technique,
precipitation and green synthesis technique [13].
ZnONPs have a wide range of usages areas in
different industrial areas [2,11]. With wide band gap
(3.37 eV), ZnO has good transparency at room
temperature and it is used as semiconductor materials
[11,12]. Due to the strong pharmacological properties
of ZnO, ZnONPs has usage areas in health fields as an
anticancer, antimicrobial and antioxidant agent [2,11].
Additionally, ZnONPs are less toxic to the human
body compared to other NPs and Zn ions, which are
the dissolved form of ZnO, are substances found in
normal human physiological system [13].

Silk cocoons are formed two main proteins called
sericin and fibroin [14]. Fibroin is a fibrous protein
that forms the structure of the cocoon and has been
used for years in different application areas [15]. On
the other hand, sericin is a globular water-soluble
protein that keeps the fibroin proteins in the cocoon
together. Sericin has 18 distinct amino acids in its
structure and mostly contains amino acids containing
polar groups [14]. After obtaining fibroin in silk
processing plants, the sericin protein is disposed of
together with the wastewater. However, sericin is a
cheap, readily available, biodegradable and
biocompatible material [5,7]. Many valuable
biological activities of silk sericin have been reported
in the literature and silk sericin has wide applications
areas in tissue engineering [16,17], wound healing
material synthesis [18,19], drug delivery [20,21],
cosmetics [22,23] and food additives [24]. After the
studies showing the usability of sericin in these
important areas, many researchers continue to make
new studies on sericin. Although sericin is mostly
used in the production of wound dressing materials
due to its increase in cell proliferation and
biocompatibility, it is a protein with different uses,
such as a reducing agent in the production of various
NPs [25-28], in the synthesis of packaging materials
[29] and in the production of adsorbent materials [30].

There are a few studies in the literature using sericin
protein for ZnONPs synthesis [8,31]. However, to our
knowledge, there is no study in the literature on the
production of stable ZnONPs using only silk sericin as
reducing and stabilizing material. However, in these
studies, sericin protein was not used alone as a
reducing and coating agent. In the current our study,
stable ZnONPs were obtained by a simple, green
method using only silk sericin solution as reducing
and stabilizing agent and the chemical, morphological,
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thermal and antibacterial properties of the obtained
SS-ZnONPs were investigated.

II. MATERIALS AND METHODS

2.1. Materials

Silk sericin in solid powder form (obtained from
Bombyx mori silkworm, CAS no. 60650-88-6; 60650-
89-7, MA: ca. 138 kDa) was taken from Nembri
Industrie Tessili. All other chemical and the bacterial
cultures mediums were supplied from Merck
(Germany) and Across Bio, respectively.

2.2. Synthesis of SS-ZnONPs

Silk sericin and zinc solutions were prepared for the
obtaining of SS-ZnONPs. To prepare sericin solution,
2 grams of sericin were taken and added to 100 mL of
water. After heating the mixture, pH of sericin mixture
was raised to above 7 with NaOH, ensuring complete
dissolution of sericin [5]. Then, the prepared 10 mM
Zn(NOs), solution (30 mL) was added to the boiling
silk sericin solution (30 mL) in a controlled manner.
When Zn(NOs), were added to the silk sericin
solution, a white-cloud-like solution was formed. The
mixture was heated in a controlled manner for 2 hours
and in continuation, it was stirred for 24 hours at room
temperature. For FTIR, XRD, SEM-EDS analyses,
liquid mixture of SS-ZnONPs was poured into petri
dishes and the mixture was dried in an oven (50 °C, 1
day). Finally, powders of SS-ZnONPs were collected
as solids from petri dishes.

2.3. Characterization of SS-ZnONPs

With a UV-Vis spectrophotometer (Biochrom, UK),
UV-Vis absorption spectra of SS-ZnONPs solution
was measured between 300 and 500 nm wavelength
range. For chemical characterization of SS-ZnONPs,
the FTIR spectra of the silk sericin and SS-ZnONPs
were obtained with a FTIR device (Bruker Vertex 70
V). The morphologies and elemental analysis of the
SS-ZnONPs were investigated with a SEM device and
EDS analysed were obtained on SEM images
(QUANTA 400F Field Emission SEM). After mixing
the SS-ZnONPs homogeneously, with a ZetaSizer
instrument (Malvern Instruments, Malvern, UK), the
zeta size and potential of the SS-ZnONPs were
recorded. The crystal structure of SS-ZnONPs was
examined with a XRD device (Rigaku Ultima-IV
brand) in the 0-80° scanning range. The thermal
properties of SS-ZnONPs and original silk sericin
were determined by TGA (PerkinElmer) between 25-
950 °C with 10 °C/min heating rate.

2.4. Evaluation of Antibacterial Properties of SS-
ZnONPs

Agar well diffusion test procedure was carried out in
solid medium by using E. coli and S. aureus bacteria
according to our previous works [5,7,32]. For the test,
liquid cultures of E. coli and S. aureus bacteria were
prepared and the number of cells in cell suspensions
for bacterial cultures was adjusted to 10%
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microorganisms/mL by measuring optical densities of
the bacterial cultures. 100 pL bacterial samples from
these suspensions were poured to Mueller Hinton agar
plate (prepared in 20 mm petri dish) and the cells were
spread over the entire surface with sterile cotton swab.
After 10 minutes of bacterial plating, wells were
opened in solid media with 7 mm diameter with 1 mL
pipette tip back on each agar surfaces. 100 pL of SS-
ZnONPs samples (sterilized by keeping under UV-
light at 254 nm in a cabinet for 1 hour) were placed to
the opened wells and the petri dishes were incubated
for 24 hours at 37 °C. For the antibacterial test
performed, autoclave sterilized water and gentamicin
antibiotic discs were used as negative and positive
control, respectively. After 24 hours of incubation, it
was checked whether there were inhibition zone areas
around the wells and the resulting inhibition zone
diameters were measured with the help of a ruler.

I1II. RESULTS AND DISCUSSION

3.1. Production of SS-ZnONPs

For production of SS-ZnONPs, solutions of silk
sericin and Zn(NOs), were blended and solution of
sericin-Zn(NOs), was heated at 100 °C after NaOH
addition (Figure 1). As time passed, sericin-Zn(NOs3),
solution colour turned form yellow to cloudy white.
The occurance of color change was proof that silk
sericin converted zinc ions to ZnONPs. Because,
sericin can reduce the zinc ions to ZnONPs due to its
functinal groups found its structure. This color change
observed due to ZnO formation has been reported in
many studies in the literature [33,34].

Silk sericin solution
(2%)

10 mM Zn(NOg),
solution

The mixture was stirred and heated for
2 hours at 100 °C

A4

SS-ZnONPs were obtained by drying

Figure 1: Obtaining SS-ZnONPs with silk sericin
solution
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Afterwards, the absorbances of solutions of silk
sericin, Zn(NO3), SS-ZnONPs were recorded between
300-500 nm and the results were given in Figure 2.
SPR peak specific to ZnONPs around 380 nm was
observed while Zn(NO3), and sericin solution did not
show any SPR peak. There are many studies in the
literature showing that ZnONPs have SPR peaks in the
range of approximately 350-400 nm [35,36]. This
peak formation represent formation of hexagonal
wurtzite ZnO and according to the literature, the result
we obtained was compatible [37,38].

4
1 Zn(NO3)2
e SeriCIN
3 .
SS-ZnONPs

Absorbance
[ ]

0 T T T
300 350 400 450 500

Wavelenght (nm)

Figure 2: UV-Vis analyses of Zn(NO3),, silk sericin,
and SS-ZnONPs sample between 300-500 nm

3.2. Characterization of SS-ZnONPs

For the SS-ZnONPs samples, zeta size and zeta
potential was found as 3164 and -22.4 mV,
respectively (Figure 3 (a) and 3(b)). The =zeta
potentials of the synthesized SS-ZnONPs were found
to be negative. This result shows that the synthesized
SS-ZnONPs were stable and had homodispersed
distribution since the negatively charged ZnONPs
repelled each other in aqueous solution [32,39]. The
fact that NPs had a negative zeta potential is because
of the use of sericin protein as a coating agent.
Because, ZnONPs were synthesized at a pH that was
above the isoelectric point of the sericin (isoelectric
point of silk sericin is 3.7) [5]. When we look at the
zeta size distribution plot of the synthesized NPs, it
was seen that the ZnONPs have different size
distributions.
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Figure 3: Zeta potential (a) and size distribution (b) of
SS-ZnONPs sample

The FTIR analyses of silk sericin and SS- ZnONPs
powders were given in Figure 4. In the FTIR result of
pure silk sericin, amide 1 (at 1634 cm™!), amide 2 (at
1515 cm™) and amide III (at 1236 cm™) peaks were
clearly seen. In addition, the peaks around at 3266,
2927 and 1404 were observed due to the O-H
stretching vibration, C-H groups and symmetrical-
asymmetrical stretching of the methyl group,
respectively [5,7]. It was also observed that all peaks

belonging to sericin protein were present in the FTIR
analysis of NPs. These findings proved that SS-
ZnONPs were coated with sericin. Although there
were peaks related to sericin in the spectrum of SS-
ZnONPs compared to pure sericin, shifts in these
peaks have occurred. These shifts resulted from the
interaction of sericin with ZnO. Mumtaz et al. [40]
synthesized ZnONPs using chitosan and silk fibroin,
and by FTIR analysis, they observed that there were
shifts in the peaks of chitosan and fibroin in the
spectrum of coated ZnONPs. The authors attributed
the reason for these shifts in the peaks to the
interaction of chitosan and fibroin with ZnO. In the
FTIR analysis of SS-ZnONPs, in addition to sericin-
related peaks, a new peak observed at 618 cm™!, which
is the characteristic peak of the Zn-O band [41]. The
formation of this peak proved the formation of
ZnONPs in the presence of sericin as reducing agent.
In addition, peaks associated with carboxylate ions (at
1593 cm™") and amine salt (at 847 cm™") were seen as
the synthesis was performed in alkaline conditions
using the sericin solution. These new peaks found in
the SS-ZnONPs group represented that the amide
bonds of silk sericin were hydrolyzed at alkaline
conditions during the sysnthesis [5]. Moreover, in SS-
ZnONPs FTIR result, a new peak formation observed
at 1119 cm’! indicated the presence of C-O around
ZnONPs [42].
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Figure 4: FTIR spectra of silk sericin and SS-ZnONPs sample
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The SEM illustrations of SS-ZnONPs at different
magnification were shown in Figure 5 (a) and (b). As
seen from the images, the synthesized SS-ZnONPs
have a cubic/hexagonal appearance and did not come
together and form agglomerates. The high stability of
particles with negative surface charge in zeta potential
measurements has also been proven with SEM
analysis. In addition, these images showed that by
using silk sericin as a stabilizing and coating agent,
NPs that were stable and did not form aggregates were
obtained. In the literature, it has been shown that

4pum
METU CENTRAL LAB

x| 3.0 111.0 mm

stable ZnONPs were synthesized in ZnONPs synthesis
studies using various substances as coating agents
[33,34,40]. EDS analysis taken on the SEM pictures of
SS-ZnONPs was given in Figure 5 (c). In the EDS
analyses of SS-ZnONPs, peaks belonging to carbon,
nitrogen, oxygen and sulfur elements as well as zinc
peaks were observed. The existence of Zn peaks
represented the formation ZnO from zinc salt. Due to
the sericin protein, which was found as a coating
agent around the obtained NPs, elemental structures
belonging to the protein were seen in their structure.

ND e—4 11

ND 24
11.0 mm METU CENTRAL LAB

Fa

ZnKb
ZnKa

10.00 12.00

Figure 5: SEM images of SS-ZnONPs sample at different magnifications ((a) x25.000, (b) 50.000
magnification) and EDS analysis of SS-ZnONPs powder (c)

The XRD examination results of pure silk sericin and
SS-ZnONPs were given in Figure 6. According to
XRD result, sericin had contained both crystalline and
amorphous structures. The sharp and wide peak,
between 15-25°, showed the semi-crystalline structure
of silk sericin with crystal and amorphous regions. In
the XRD result of SS-ZnONPs, this broad peak
belonging to the sericin was also found due to coating
of ZnONPs with sericin. In ZnONPs synthesis studies

carried out with different coating agents, characteristic
peaks belonging to the hexagonal structure of the ZnO
formed have been reported in many previous studies
[8,41]. As in these studies, in the XRD analysis of SS-
ZnONPs, characteristic peaks of zinc oxide were
found. The diffraction peaks found at 31.57, 34.032,
36.01, 47.515, 56.63, 62.68 and 67.83 ° associated
with the 100, 002, 101, 102, 110, 103 and 112
hexagonal crystallographic planes of ZnO [42,43].
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Figure 6: XRD spectra of silk sericin and SS-ZnONPs
sample

The thermal degradation properties of pure silk sericin
and SS-ZnONPs were invectigated with TGA analysis
and the results were given in Figure 7. According to
TGA analysis, sericin degraded in 3 steps. In the first
degradation step, sericin has lost moisture found its
structure. In other degradation steps, organic
structures of silk sericin were degraded [25] and the
remaining mass of the silk sericin was found to be
20.276% at the end of 950 °C. Accorinding to TGA
thermograms of SS-ZnONPs, SS-ZnONPs degraded in
4 steps. In the first step, it had lost the moisture in its
structure, but the weight loss was more than the mass
loss of silk sericin. ZnONPs are able to retain water in
their structure and, compared to pure silk sericin,
therefore, the mass loss due to moisture loss in the
first step was increased. In the second and third
degradations steps, the organic sections of silk sericin
found around the ZnONPs degraded. In the 4th step,
residual materials that may be on the surface of SS-
ZnONPs have been degraded [44]. The amount
remaining of SS-ZnONPs was found to be 29.922% at
950 °C. TGA analysis results showed that the amount
of remaining substance in ZnONPs samples increased
at 950 °C in comprasion with pure sericin. The
increament in the amount of remaining residue
compared to the pure sericin was due to the formation
of ZnONPs.
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Figure 7: TGA results of silk sericin and SS-ZnONPs
powder

3.3. Antibacterial Properties of SS-ZnONPs

NPs are seen as substitutes for antibiotics due to their
low toxicity to the human body and broad-spectrum
lethal effects against pathogenic microorganisms
[45,46]. Bacterial cell walls are negatively charged
because of teichoic acid found in gram-positive and
phospholipid found in gram-negative bacteria.
Therefore, it is thought that the ions released from
NPs interact with the negatively charged cell wall and
NPs show antibacterial activity [2,8]. The
antimicrobial effects of NPs can be determined by
growing microorganisms in culture media containing
NPs or by establishing a direct interaction medium by
electrospraying [47,48].

Bacteria are divided into two main groups, gram
positive and gram negative, according to differences
in their cell wall structures. The cell wall differences
of gram-positive and gram-negative bacteria create
differences in the behaviour of bacteria against
antibacterial materials [32]. In our study, in
antibacterial test, we used S. aureus bacteria as gram-
positive bacteria and E. coli bacteria as gram-negative
bacteria, which are frequently used in antibacterial
tests.

There are studies showing that ZnONPs synthesized
with different coating agents have antibacterial
activity on many microorganisms [40,49,50]. In the
present study, antibacterial properties of the produced
SS-ZnONPs was investigated against gram-positive S.
aureus and gram-negative E. coli with performed agar
well-diffusion test. The measured inhibition diameters
for the samples and agar images of test were
represented in Table 1 and Figure 8, respectively. For
E. coli, it was observed that no zones of inhibition
were formed around the wells in which SS-ZnONPs
were added. These results showed that the obtained
NPs did not show any antibacterial effect on E. coli,
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which is in the gram-negative bacteria. In addition, in
experiments with S. aureus, inhibition zones were
found around the wells and this result showed that SS-
ZnONPs have antibacterial activities for S. aureus.
Previous studies have shown that ZnONPs own more
lethal influence on gram-positive bacteria [51,52].

This is an acceptable result, because, in general, gram-
negative bacteria show high resistance to antibacterial
agents compared to gram-positive bacteria, due to the
outer membrane structure found in their cell walls
[32].

Table 1. Measured inhibition zone values for positive, negative control, and SS-ZnONPs sample

Samples Zone of Inhibition for E. coli Zone of Inhibition for S.
(mm) aureus (mm)
Posicitve control (PC, Gentamicin,10 pg) 19.67+0.41 22.67+0.82
Negative control (NC, sterilized water) 0 0
SS-ZnONPs 0 12.42+0.33

i

Figure 8: Agar images of the applied antibacterial test (for E. coli; positive control (a), negative control (b), SS-

ZnONPs sample (c), for. S. aureus positive control (a), negative control (b), SS-ZnONPs sample (c)).

IV. CONCLUSIONS

In the current work, green synthesis method was
applied for producing of SS-ZnONPs. The synthesis
of the obtained SS-ZnONPs was confirmed both by
colour change and UV-Vis analysis. The chemical
feature of the obtained SS-ZnONPs were examined by
FTIR, and the Zn-O peak formed in the FTIR analysis
was shown chemically to form ZnONPs. Looking at
the SEM photographs, it is understood that the
synthesized NPs have a cubic/hexagonal appearance
and did not come together and form agglomerates.
EDS analysis performed on SEM photographs showed
that there were oxygen, carbon, sulphur, and nitrogen
peaks in the structure of NPs, originating from the

coating agent sericin. Moreover, Zn peak was seen in
EDS analysis and this result proved that the elemental
form of Zn was formed. In XRD analysis,
crystallographic peaks belonging to the hexagonal
structure of Zn were observed. With TGA analysis, it
was observed that, compared to the pure sericin, there
was an increase in the amount of remaining mass of
SS-ZnONPs without degradation at the end of 950 °C
due to the formation of Zn-O. Finally, it was
confirmed that the synthesized NPs had an
antibacterial effect on S. aureus, a gram-positive
bacterium.
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Abstract

Activated carbon is widely used in combination with biological treatment systems for the treatment of organic compounds,
which are refractory or toxic in conventional biological treatment systems. In these systems, compounds adsorbed on
activated carbon may desorb within time due to a concentration gradient between adsorbent and the bulk liquid caused by
the biodegradation of substrates in the liquid phase by microorganisms. The desorbed compounds are further biodegraded
by microorganisms. This mechanism is called bioregeneration of activated carbon. Previous studies showed that
bioregeneration percentages could be higher than the concentration gradient-driven desorbability. This was attributed to
exoenzymatic bioregeneration occurring due to the activity of extracellular enzymes secreted by microorganisms in these
systems. These extracellular enzymes can diffuse into the activated carbon pores where they can react with the previously
adsorbed compounds resulting in their desorption from the carbon surface and degradation. However, the effect of
extracellular enzymes on bioregeneration was not conclusively proven in any of the literature studies on bioregeneration
because extracellular enzymes were not directly used for the purpose of bioregeneration. In this study, enzymatic
bioregeneration of activated carbon was investigated by directly using an extracellular enzyme, laccase, which is known from
the literature to catalyze the oxidation reactions of phenolic substances and is commercially available in its pure form.
Therefore phenol, 2-nitrophenol, and bisphenol-A were used as the target compounds. For this purpose, batch adsorption,
abiotic desorption, enzymatic degradation and enzymatic bioregeneration experiments were performed using two different
activated carbon types; thermally and chemically activated ones. The results showed that there was a significant difference
between the total enzymatic bioregeneration efficiencies and abiotic desorption efficiencies for each phenolic compound
depending on the activated carbon type. Thereby, exoenzymatic bioregeneration has been quantitatively shown for the first
time in the literature.

Key Words: activated carbon, phenol, 2-nitrophenol, bisphenol-A, bioregeneration, laccase

Oz

Aktif karbon, geleneksel biyolojik aritma sistemlerinde refrakter veya toksik olan organik bilesiklerin aritiminda biyolojik
aritma sistemleriyle kombinasyon halinde yaygin olarak kullaniimaktadir. Bu sistemlerde, aktif karbon tzerinde adsorbe
edilen bilesikler, mikroorganizmalarin sivi fazindaki substratlari degrede etmesi neticesinde olusan konsantrasyon gradyani
nedeniyle desorbe olabilir ve daha sonrasinda biyolojik olarak pargalanabilir. Bu mekanizmaya aktif karbonun
biyorejenerasyonu denir. Onceki c¢alismalar, biyorejenerasyon yiizdelerinin konsantrasyon gradyani kaynakli
desorplanabilirlikten daha yiiksek olabilecegini gosterdi. Bu durum bu sistemlerde mikroorganizmalar tarafindan salgilanan
hicre digi enzimlerin aktivitesiyle gergeklesen ekzoenzimatik biyorejenerasyona atfedildi. Bu hiicre digi enzimler, aktif karbon
gbzeneklerine girerek, daha 6nce adsorbe edilen bilesiklerle reaksiyona girebilmekte ve bunlarin karbon yiizeyinden
desorpsiyonuna ve degrede olmasina neden olabilmektedir. Ancak literatiirde biyorejenerasyon Uzerine yapilan galismalarin
higbirinde enzimlerin biyorejenerasyon lizerindeki etkisi kesin olarak kanitlanamamistir. Clinki hiicre digi enzimler bu amagla
dogrudan kullanilmamistir. Bu galismada, literatiirde fenolik maddelerin oksidasyon reaksiyonlarini katalize ettigi bilinen
hicre digi bir enzim olan ve ticari olarak saf haliyle temin edilebilen lakkaz enzimi kullanilarak aktif karbonun enzimatik
biyorejenerasyonu arastiriimistir. Hedef bilesikler olarak fenol, 2-nitrofenol ve bisfenol-A kullaniimistir. Bu amagla termal ve
kimyasal olarak active edilmis iki farkh aktif karbon tipi kullanilarak kesikli adsorpsiyon, abiyotik desorpsiyon, enzimatik
biyodegradasyon ve enzimatik biyorejenerasyon deneyleri yapilmistir. Sonuglar, aktif karbon tipine bagli olarak her bir fenolik
bilesik i¢in toplam enzimatik biyorejenerasyon verimleri ile abiyotik desorpsiyon verimleri arasinda 6nemli bir fark oldugunu
gostermistir. Boylece literatiirde ilk kez ekzoenzimatik biyorejenerasyon niceliksel olarak da gosterilmistir.
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Enzymatic Bioregeneration of Activated Carbon by Laccase

I. INTRODUCTION

In the activated carbon process, adsorbed pollutants fill
the activated carbon pores over time and the adsorption
capacity of the activated carbon decreases. For this
reason, activated carbon must be disposed of or
regenerated at the end of the process. However,
regeneration techniques using chemical and thermal
methods are often expensive. Biological regeneration,
or in other words bioregeneration, of activated carbon
is suggested as an alternative method in the literature
[1]. In activated carbon applications combined with
biological processes, the lifetime of activated carbon
increses significantly due to bioregeneration. Biofilm
development on the surface of activated carbon in

biological  activated carbon filters  enables
bioregeneration of the adsorbent and extends its
lifetime, particularly in the treatment of

micropollutants [2]. Therefore, increasing the extent of
bioregeneration in these applications is expected to
decrease the costs related to the following regeneration
techniques [3].

Bioregeneration is defined as the regeneration of the
adsorption capacity of activated carbon as a result of
the biodegradation of previously adsorbed organic
materials [1]. Literature studies showed high
bioregeneration efficiencies for activated carbon
reaching up to 90 % in the biological treatment of
phenolic compounds with a mixed microbial culture of
acclimated activated sludge [4,5,6]. A more recent
study showed about 80 % bioregeneration of phenol
and paranitrophenol-loaded GACs, when phenol-
acclimated biomass was used [7]. On the other hand,
Immobilized pure bacterial culture of Pseudomonas
aeruginosa could achieve 33-66 % bioregeneration of
activated carbon in the treatment of phenolic
compounds [8]. Another study obtained 98 %
bioregeneration of activated carbon loaded with
phenolics by wusing a pure fungus culture of
Scedosporium  apiospermum. This amount of
bioregeneration was reported to be higher than
conventional regeneration methods such as thermal
treatment or solvent extraction [9].

The bioregeneration mechanism includes the
desorption of adsorbed organic substances due to the
concentration gradient between the activated carbon
surface and the bulk liquid, and the following
biological decomposition of these desorbed organic
compounds by microorganisms [3]. The second
hypothesis about bioregeneration is that extracellular
enzymes produced by bacteria diffuse into the
activated carbon pores and form an enzyme-substrate
complex with adsorbed compounds, and as a result, the
adsorption energy of the degraded or hydrolyzed
organic compound decreases and empties the activated
carbon pores to which it is bound to. This enzyme-
substrate complex can be transformed into a degraded
form by the extracellular enzymes or further degraded
by the microorganisms in the bulk liquid [1]. A more
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recent study based on meta-omics analysis also
indicated that bioregeneration was mostly caused by
the enzyme reactions mechanism, i.e., the metabolism-
related enzymes secreted by bacteria degraded the
organic matter adsorbed by activated carbon into small
molecules for further metabolism [10].

However, although the studies in the literature
indicated the occurrence of exoenzymatic
bioregeneration  [4,5,6,11], the exoenzymatic
bioregeneration could not be conclusively proven in
any of these studies because the bioregeneration was
provided with the microbial mixture in the activated
sludge. In order to qualitatively show and
quantitatively calculate the exoenzymatic
bioregeneration, it was recommended to use the
extracellular enzymes directly in bioregeneration
experiments in the absence of microorganisms [3]. In
addition, previous studies have shown that enzymatic
bioregeneration may depend on the chemical properties
of the activated carbon surface [1]. In literature studies,
it was found that thermally activated carbons were
more suitable for chemical adsorption, while
chemically activated carbons led to physical
adsorption. Therefore, it has been argued that
occurrence of exoenzymatic bioregeneration is more
probable in thermally activated carbons, where the
activation energy is higher due to chemical adsorption

[3].

The ability of microorganisms to adapt to
micropollutants more easily when they are attached to
activated carbon and to provide suitable enzymes for
their degradation also increases the biodegradability of
adsorbed xenobiotics, which are difficult to decompose
in conventional biological treatment systems. In
addition, the degradation of such compounds with
purified enzymes has recently gained importance [12].
Although phenolic compounds can be removed to
some extent in conventional activated sludge plants,
advanced chemical oxidation methods are often needed
[13] because they are quite difficult to completely
biodegrade [14]. In this respect, treatment studies with
various phenolic compounds in biological systems
enhanced by the addition of enzymes combined with
physicochemical methods such as adsorption to
activated carbon gain importance.

Laccase enzyme is of increasing interest due to its
ecological importance in biological remediation of
soils and waters, applications in the food and textile
industry, and chemical synthesis reactions [15].
Important laccase-producing microorganisms, such as
white rot fungi, are used for the biological removal of
different pollutants [13]. In literature, there are so many
studies on the biological degradation of phenolic
compounds by laccase-producing microorganisms. For
example, Uhnakova et al. (2009) investigated the
biodegradation of brominated phenols by Trametes
versicolor fungus and the laccase enzyme it produces
[16]. Besides, Zhang et al. (2008) studied the
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degradation of 2,4-dichlorophenol (2,4-DCP), 4-
chlorophenol and 2-chlorophenol with the laccase
enzyme produced by Coriolus versicolor fungus [17].
Studies on the use of purified enzymes for the
degradation of organic substances in wastewater which
are difficult to biodegrade have been increasing in
recent years. There are many studies in the literature on
the use of laccase as an oxidoreductase enzyme for the
removal of phenols, chlorophenols, endocrine
disruptors, hormones, micropollutants, PAHs and
textile dyes [12]. For example, it was determined that
the laccase enzyme (5 U/mL) degrades phenol and
bisphenol-A (BPA) at pH 5 and 35°C by 80% and 60%,
respectively, during 30 minutes of mixing [13].
Another study examined the degradation of bisphenol-
A with the laccase enzyme. In that study, under
optimum conditions (pH: 7, 30°C, initial BPA
concentration: 20 mg/L, laccase concentration >0.12
U/mL) laccase provided over 95% BPA
biotransformation during the 3 hours of contact period
[14].

Studies on the degradation of phenolic compounds
such as bisphenol-A and similar xenobiotics with
enzymes immobilized on activated carbon or
nanoparticles have also started to take place in the
literature [18,19]. However, bioregeneration of
activated carbon was not studied in these studies and it
was not determined quantitatively. Although their
purpose and methods are very different, Nguyen et al.
(2016) showed that micropollutants can be oxidized by
enzymes immobilized on the activated carbon surface
after adsorbing to the activated carbon [19]. In this
study in the literature, it has been shown that electron
transfer between the substrate and oxygen occurs more
easily with the catalyst effect of laccase on the
activated carbon surface compared to free enzymes.

This study aimed to qualitatively and quantitatively
show the occurrence of exoenzymatic bioregeneration
in activated carbon adsorption processes combined
with biological systems. The extent of enzymatic
bioregeneration was not quantified in the literature by
the use of exoenzymes. For this purpose, laccase
enzyme was selected as an example of exoenzyme
owing to its ability to transform phenolic substances.
The present study does suggest the use of purified
enzymes in full-scale-bioregeneration applications due
to their high costs, but tries to understand the
mechanism and extent of enzymatic bioregeneration.
The study mainly investigates the extent of
bioregeneration that could occur due to the presence of
an exoenzyme, considering that various exoenzymes
are naturally present in biological wastewater treatment
systems. In the literature, it has been suggested that the
bioregeneration extent could be increased by
increasing the activity of exoenzymes [3]. The results
of the study are expected to open new perspectives in
the engineered use of enzymes for the purpose of
maximized bioregeneration, particularly in the

162

presence of toxic and inhibitory organic compounds.
For this reason, in this study, besides phenol, which has
inhibitory effects in biological systems and is relatively
easy to biodegrade in high concentrations in classical
biological systems, 2-nitrophenol (2-NP) and
bisphenol-A (BPA), which are difficult to degrade and
also inhibitory, were chosen as the target compounds.
Within the scope of the study, first of all, adsorption
and desorption studies of these compounds were
carried out on thermally and chemically activated
carbons in abiotic environment, and their adsorption
and desorption capacities were calculated. Then,
suitable conditions were determined for bisphenol-A to
be degraded by laccase, and finally, the biological
regeneration potential of both activated carbon types
was determined using laccase as an extracellular
enzyme.

II. MATERIALS AND METHODS
Experimental studies include adsorption studies,
desorption studies, enzymatic biodegradation and
enzymatic bioregeneration studies with phenol, 2-
nitrophenol (2-NP) and bisphenol-A (BPA). Two
different types of activated carbon, which are thermally
and chemically activated (Norit PKDA and Norit
CAgran, respectively) were used in the studies. In order
to determine enzymatic bioregeneration, laccase
enzyme purified from Trametes Versicolor fungus was
used. All studies were carried out in batch systems. The
applied methods and the measured parameters are
explained below.

2.1 Adsorption Experiments

Adsorption studies were carried out in a temperature-
regulated shaker at 150 RPM at 25°C. The adsorption
capacities of activated carbons for the phenolic
compounds (phenol, 2-nitrophenol and bisphenol-A)
were determined by contacting 200 mg/L concentration
of the phenolic compound with 1 g/L dose of granular
activated carbon (GAC) in 100 mL capacity flasks. In
adsorption studies, the pH value of the thermally
activated carbon PKDA increased to around 8-8.5 due
to its basic properties, while the pH value of CAgran
activated with phosphoric acid decreased to about 5.5
due to acidic functional surface groups. Adsorption
studies were also performed with 250 mg/L
KH,PO4+K,HPO, buffer solution to adjust pH between
6.5-7-5. By measuring the concentrations of the target
compound at the beginning and end of the adsorption,
the adsorption capacities were calculated according to
Equation (1).
Qads = (Co-Cr)/M 1
ads - adsorption capacity (mg compound/g GAC)

Cy : Initial concentration (mg/L)

Ct : Final concentration (mg/L)

M : Activated Carbon Dose (g/L)
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2.2 Desorption Experiments

Activated carbons used in desorption studies were
initially saturated with the target phenolic compounds
as in Section 2.1. In 100mL flasks, phenolic compound
at a concentration of 200 mg/L and activated carbon (1
g/L) were contacted to ensure that the activated carbons
were completely saturated with the phenolic
compound. Then, desorption studies were also carried
out at 25°C and 150 RPM in a temperature-regulated
shaker. Desorption of phenolic compounds was
achieved by contacting the previously saturated
activated carbon with distilled water. During the
desorption studies, the pH value was measured
between 6 and 7 for both types of activated carbon.
Desorption studies were also performed in the presence
of 250 mg/L KH,PO4+K,HPO4 buffer solution to
adjust pH around 7. At the end of each desorption step,
the concentration of the phenolic compound was
measured and the amount of desorbed phenolic
compound was calculated from the difference. The
total desorption capacity cannot be determined with a
single desorption step since sorption equilibrium
between the activated carbon surface and bulk liquid
will be quickly reached in a single abiotic desorption
test. Therefore, in order to keep the concentration
gradient high, the desorption tests were repeated by
periodically refreshing the distilled water (every day)
after measuring the concentration of the desorbed
phenolic compound at the end of each desorption step.
These step-wise desorption tests were continued until
the phenolic compound was not desorbed from the
activated carbon any more, or the desorbed amount was
below measurable levels. Total desorption from
activated carbon was calculated according to Equation

@) [11.

Jdes = Z (Ci/M) ?2)
Jaes : desorption capacity (mg phenolic compound/g
GACQ)

Ci : Concentration in the water phase after each
desorption step (mg/L)

M : Activated carbon dose (g/L)

Accordingly, abiotic regeneration efficiencies (Raes) of
each activated carbon type were calculated according
to Equation (3).

Ryes = (qdes / (ads) X 100 (3)

Rues : desorption efficiency (%)

2.3 Enzymatic Biodegradation Experiments

In order to determine the oxidation properties of
phenolic compounds by the purified free laccase
enzyme, different doses of enzymes were contacted
with phenol, 2-nitrophenol or bisphenol-A at a
concentration of 200 mg/L for each compound at 2
different pH (4.7 and 7.2) conditions in a temperature-
regulated shaker at 25°C and 50°C for three days. In
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both biodegradation and bioregeneration studies, pH
was adjusted to about 7.2 with phosphate buffer, or
adjusted to pH value of about 4.7 with sodium acetate
buffer. With enzymatic biodegradation studies, it was
aimed to determine the conditions (enzyme dose, pH
and temperature) where phenol, 2-nitrophenol and
bisphenol-A oxidation activities of laccase enzyme are
high.

The laccase enzyme used in the study is a product with
activity >=0.5 U/mg purified from Trametes versicolor
fungus, obtained from Sigma Aldrich (Product Code:
34829). The reason for using this enzyme was that it is
an extracellular enzyme well known for its ability to
degrade phenolic substances and is commercially
available in its pure form. The activity of the enzyme
was tested by the methods specified in the literature.
Laccase enzyme activity was determined by color
change at 420 nm as a result of contacting the enzyme
with ABTS (2,2'-Azibonis-(3-ethylbenzthiazoline-6-
sulphonate) under certain conditions [13]. In enzymatic
degradation experiments, laccase enzyme was applied
with activities of 0.2, 1 and 5 U/mL in batch tests.

2.4 Enzymatic Bioregeneration Experiments

Bioregeneration studies were carried out with enzymes
under suitable conditions. As in abiotic desorption
tests, the activated carbons to be used were first
saturated with the target phenolic compound.
Enzymatic bioregeneration studies were carried out at
25°C (and 50°C when necessary) at pH 7.2 and pH 4.7
in a temperature regulated shaker at 150 RPM. In these
studies, desorption and oxidation of phenolic
compounds in pre-saturated activated carbon were
provided by contacting them with free enzymes
dissolved in 25 mL distilled water. Thus, enzymatic
bioregeneration was achieved in these flasks. Laccase
enzyme was added to have an activity of 0.2 or 1 U/mL
in the flasks. During the enzymatic bioregeneration
tests, concentrations of the phenolic compound in the
liquid phase were also measured at regular intervals,
and thereby the part that desorbed but could not be
oxidized by the enzymes was also followed. However,
the percent enzymatic bioregeneration was determined
by applying post-adsorption tests to the regenerated
activated carbon at the end of each enzymatic
bioregeneration test. The post-adsorption tests were
carried out under the same conditions as the pre-
adsorption tests and the amount of the adsorption area
that was regenerated at the end of enzymatic
bioregeneration was calculated according to Equation

4.

Renz = (qpostads / Qads)x 100 (4)
Ren : Percentage of enzymatic bioregeneration (%)
Jads : Adsorption capacity of unused GAC (mg
compound/g GAC)

Qpostads Adsorption capacity of enzymatic
bioregenerated GAC (mg compound/g GAC)
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The difference (Ren, — Raes) between the regeneration
capacities due to enzymatic bioregeneration and abiotic
desorption indicates regeneration that is not dependent
on the concentration gradient and is only caused by the
activity of exoenzymes. Thus, it has been possible to
quantitatively determine enzymatic bioregeneration for
different types of activated carbon.

2.5 Analyses

The analyzes of phenolic substances were made by the
direct spectrophotometric method (5530D) of 4-
Aminoantipyrine (4-AAP) defined as a standard
method [20]. Phenol, 2-NP and BPA concentrations
were also measured by HPLC (High-performance
Liquid Chromatography) method for some selected
samples, and the reliability of the method and the
possibility of interference by by-products were
evaluated. In the case of biodegradation and
bioregeneration experiments of 2-NP, the 4-AAP
method measurements were interfered by the formation
of a phenolic product upon oxidation of 2-NP by
laccase. Therefore, only HPLC measurements were
considered for determination of 2-NP concentrations in
biodegradation and bioregeneration experiments.

For HPLC measurements, Dionex Ultimate 3000
HPLC device and C18 column (3um 4.6 X 150 mm
Dionex Bonded Silica Products) were used. For the
measurements, BPA standard solutions and samples
diluted 50 times were prepared in volumes between 0.5
and 1 mL with 10% methanol and put into HPLC
sample tubes. During the measurement, 30% methanol
and 70% distilled water were given to the column as
the carrier phase and during the washing of the column
between samples. Each injection took 25 minutes, with
a flow rate of 0.5 mL/min. During the studies, the
column temperature was kept constant at 30 °C and the
pressure was kept between 100 -130 bar. In the
measurements, the peaks were monitored with the
DAD detector at 280 nm, and the peaks were observed
at 19.1, 20.4 and 19.4 minutes respectively for phenol,
2-NP and bisphenol-A.

III. RESULTS AND DISCUSSIONS

3.1 Adsorption and Desorption of Phenolic
Compounds at Abiotic Conditions

Adsorption capacities were calculated according to
Equation (1) as shown in Table 1 for each phenolic
compound at initial concentrations of about 200 mg/L.

Table 1. Adsorption capacities of GACs for the target
phenolic compounds

As shown in Table 1, phenol and 2-NP adsorption
capacities of thermally activated PKDA were higher
than those of CAgran. However, the difference in 2-NP
adsorption capacities between the two carbon types
was less compared to the case of phenol. For both types
of activated carbon, 2-NP adsorption capacity was
much higher than phenol adsorption capacity. In
addition, it was determined that the adsorption capacity
of both activated carbons decreased somewhat as a
result of balancing the pH with the buffer solution (data
not shown). But the difference was not noteworthy. On
the other hand, for bisphenol-A, it was determined that
CAgran activated carbon adsorbed almost twice as
much BPA than PKDA. The reason for this difference
is that, unlike the other two phenolic compounds, BPA
has a larger molecule because it contains two benzene
rings, and therefore it is more amenable to physical
adsorption on chemically activated CAgran. Physical
adsorption was determined as the dominant adsorption
mechanism for adsorption of phenol and 2-NP on
chemically activated carbons in previous studies [4,6].

Cumulative desorption capacities were calculated
according to Equation (2) as shown in Table 2 for each
phenolic compound. Desorption efficiencies were
calculated according to Equation (3). The desorption
efficiencies obtained by succeeding adsorption-
desorption studies are given in Table 3. These
cumulative desorption efficiencies were obtained in 9
steps for phenol, 30 steps for 2-NP and 74 steps, i.e. 74
days for BPA wuntil reaching a non-measurable
concentration of the phenolic compound in the bulk
liquid.

As can be seen in Tables 2 and 3, the desorption
capacity and efficiency of chemically activated GAC
CAgran were much higher than those of thermally
activated PKDA for each compound. Desorbability of
phenolic compounds were highly dependent on the
activation type of activated carbon. This showed that
the carbon activation type eventually affects the
occurrence of physical and chemical adsorption. For
CAgran, high amounts of physical adsorption of 2-NP
and BPA molecules led to higher desorption
efficiencies, whereas chemisorption of all three
compounds on the thermally activated PKDA led to
much lower desorption capacities for this carbon.

Table 2. Desorption capacities of GACs for the target
phenolic compounds

(ads (Mg/g) phenol 2-NP BPA
PKDA 103.6 176.7 98.9
CAgran 85.8 164.1 193.0

(des (ME/g) phenol 2-NP BPA
PKDA 9.8 13.4 8.9
CAgran 19.2 70.4 89.8
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Table 3. Desorption efficiencies (%) of each phenolic
compound from the two GAC types

phenol 2-NP BPA
PKDA 9.5% 7.6 % 9.0 %
CAgran 224 % 42.9 % 46.6 %

In each case, these desorption efficiencies obtained are
not sufficient for long-term use of activated carbon,
and it is suggested that desorption itself is not an
efficient method for regeneration of activated carbon
under abiotic conditions. These abiotic desorption
efficiencies obtained will be compared with enzymatic
bioregeneration efficiencies in Section 3.3.

3.2 Enzymatic Oxidation of Phenolic Compounds
Firstly, the powdered laccase enzyme was dissolved in
25 mL tubes to have activities of 1 U/mL and 5 U/mL
and contacted with phenol at a concentration of
approximately 200 mg/L at a fixed pH of 7.2. The
change in phenol concentration was observed with
respect to time and the obtained results are given in
Figure 1. As can be seen, the laccase enzyme led to
oxidation of phenol by 93% in less than 24 hours at
both enzyme doses. However, phenol degradation rate
was slightly higher at 5 U/mL enzyme dose. This is an
expected result. In a literature study, it was determined
that laccase enzyme (5 U/mL) degraded phenol at an
efficiency of 80% during 30 minutes of mixing at pH 5
and 35°C [13]. These results are consistent with our
study. In the present study, 15 mg/L phenol remained
nondegradable in both tubes with 1 and 5 U/mL
enzyme doses. This shows that laccase enzyme lost its
activity in less than 24 hours and therefore could not
degrade some of the phenol. For this reason, in the
following enzymatic bioregeneration studies of
phenol-saturated GAC, the duration time of
bioregeneration tests were applied as 24 hours.

250

1U/mL Laccase 5 U/mL Laccase

200
150

100

Phenol concentration (mg/L)

50

0
0 10 20 30 40 50 60 70 80

Time (hours)

Figure 1. Phenol degradation by laccase enzyme at 1
U/mL and 5 U/mL doses at 25°C and pH:7,2.

pH can be an important parameter in enzymatic
reactions [14]. In order to determine the effect of pH
on enzymatic degradation with laccase, phenol
degradation studies were carried out with 1 U/mL

enzyme at 25 °C at 2 different pH values (7.2 and 4.7)
(Figure 2). pH 7.2 was achieved with phosphate buffer
and pH 4.7 with sodium acetate buffer. While the initial
phenol concentration was 224 mg/L at pH 7.2, it
decreased to 25 mg/L after 24 hours resulting in 89%
phenol removal. On the other hand, the initial phenol
concentration of 183 mg/L at pH 4.7 decreased to 8
mg/L during 24 hours resulting in 96% phenol
removal. The efficiency of enzymatic degradation at
pH 4.7 was slightly higher than at pH 7.2. It was also
understood that at pH 4.7, the phenol concentration
decreased with a greater removal rate. While the
phenol concentration was halved in approximately 6
hours at pH 7.2, it was halved within 2 hours at pH 4.7
in an acidic environment. As can be seen, it is not
possible to say that there was a significant difference
between pH 4.7 and 7.2 in terms of degradation
efficiency, but it is clear that the degradation rate for
the laccase enzyme was higher at pH 4.7. This result
was not surprising since the laccase enzyme used in our
study is produced by fungi which usually have higher
enzyme activities at lower pH values compared to
bacteria.

250

25°CpH7.2 M25°CpHA.7 A50°CpH7.2

200
150
100

50

Phenol concentration (mg/L)

0
0 5 10 15 20 25

Time (hours)

Figure 2. Phenol degradation by laccase enzyme at a
dose of 1 U/mL at pH 4.7 and 7.2 at 25 °C and 50 °C.

To determine the effect of temperature on the activity
of the laccase enzyme, enzymatic degradation studies
were also carried out at 50°C. The time-dependent
variation of the degradation of phenol and 2-NP with
1U/mL laccase enzyme at 50°C and at pH of 7.2 are
given in Figure 2. Compared to the phenol removal
profile for 25 °C and 7.2 pH, it is seen that the removal
rate was much higher at 50 °C. While approximately
25 mg/L phenol was degraded after 1 hour at 25 °C and
115 mg/L after 6 hours, approximately 70 mg/L phenol
was degraded after 1 hour at 50 °C, and 150 mg/L
phenol after 6 hours. At the end of 24 hours, phenol
concentration of around 20-25 mg/L remained in the
environment without being oxidized by laccase at both
temperatures.

In order to find out whether phenol removal also
occurred due to mechanisms other than enzymatic
degradation, 200 mg/L phenol was shaken under the
same conditions without adding enzyme and phenol
concentration was followed with respect to time for 4
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days. These experiments were performed both at 25°C
and 50°C at both pH values of 4.7 and 7.2. Phenol
concentration did not decrease by time (data not
shown) showing that phenol was not measurably
removed by any mechanism other than enzymatic
reaction, such as evaporation or adsorption to the glass
surface, etc. Hence, enzymatic degradation was
identified as the only phenol removal mechanism in
these studies. Brown precipitate observed at the end of
the biodegradation experiments indicated that the
polymerized phenols, which were produced as a result
of oxidation process catalyzed by laccase, were
removed from the bulk by precipitation. Phenol, which
is oxidized by the enzyme laccase, turns into phenoxy
radicals. Phenoxy radicals react with each other and
form polymers by covalently bonding via C bonds [1].

2-NP degradation studies were also carried out at 25 °C
atpH 7.2 and pH 4.7, by adding approximately 527 and
348 mg/L 2-NP, respectively and 1 U/mL laccase
enzyme to each flask. Also, 166 mg/L initial 2-NP
concentration was tested with 1 U/mL enzyme at pH
7.2. In the samples of adsorption and desorption
experiments in which only 2-NP and GAC were
present in the medium, 2-NP concentrations had been
successfully measured with the 4-AAP method. But
parallel HPLC measurements showed that 4-AAP
method was interfered by a by-product of 2-NP
oxidation by laccase in the biodegradation
experiments. Therefore, HPLC measurements were
used in biodegradation and bioregeneration
experiments performed with 2-NP.

To monitor the 2-NP removal in degradation
experiments, 2-NP concentrations were measured by
taking samples at certain time intervals within 24 hours
(data not shown). It was found that 1 U/mL laccase
decreased 527 mg/L 2-NP down to 329 mg/L and 166
mg/L 2-NP to 3 mg/L at pH 7.2 within 24 hours. At pH
4.7 conditions, 1U/mL laccase decreased 348 mg/L 2-
NP down to 4 mg/L. Enzymatic degradation
efficiencies reached up to 99 % except in the case of
high initial 2-NP concentration of 527 mg/L at pH 7.2,
where degradation efficiency was only 38 %. The
reason for this was high initial 2-NP concentration and
the fact that activity of the suspended enzyme lasted for
less than 24 hours and therefore was not able to further
oxidize 2-NP. These results showed that 1 U/mL
enzyme dose and a 24-hour contact period were
sufficient for effective oxidation of 2-NP, and they will
be also sufficient for the following bioregeneration
studies. To determine whether 2-NP removal occurs by
evaporation, it was shaken at 25°C, pH 4.7 and without
adding enzyme, and 2-NP concentration was followed
for 5 days. It was also monitored at 50°C and pH 7.2
and pH 4.7 conditions. 2-NP was not removed by any
mechanism other than enzymatic reaction as in the case
of phenol.

In the enzymatic degradation experiments performed
with bisphenol-A, laccase enzyme at a dose of 1 U/mL
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was contacted with bisphenol-A at concentrations of
approximately 10, 50 and 100 mg/L at pH of 7.2 in 25
mL tubes. These tests lasted for 24 hours and the
concentration change was observed. The results
obtained are given in Figure 3 on a logarithmic scale.

H
S
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-9

# Initial BPA 100 mg/L
M Initial BPA 50 mg/L

Initial BPA 10 mg/L

o
1S5)

BPA concentration (mg/L)

15 20 25

Time (Hours)

Figure 3. Degradation of BPA by laccase enzyme (1
U/mL) at pH 7.2 and 25°C conditions.

Laccase enzyme achieved most of the bisphenol-A
oxidation within the first hour, and bisphenol-A
concentration in the water phase stabilized within the
first 5-6 hours. Laccase was able to oxidize bisphenol-
A at a concentration of 100 mg/L by 90% in the first
hour. The removal efficiency reached 95% within 5-6
hours. This enzymatic degradation efficiency was very
similar to the 93% removal that was obtained for
phenol. This showed that laccase was able to degrade
BPA in a manner similar to phenol and at a relatively
high rate, although BPA is known to be much more
difficult to be biodegraded by microorganisms
compared to phenol. In this sense, it is understood that
bisphenol-A degradation with laccase and similar
oxidoreductive exoenzymes will be an effective
method. After the first 5-6 hours, BPA concentrations
remained almost constant. This shows that the activity
of the suspended laccase enzyme did not exceed a few
hours. When the initial BPA concentration was 50 and
100 mg/L, the final BPA concentration decreased to 3
and 4 mg/L, respectively, at the end of the enzymatic
treatment. When the initial concentration was 10 mg/L,
the final concentration ranged between 1-2 mg/L

(Figure 3).

In order to determine the effect of pH, degradation of
BPA was also studied at an initial concentration of 50
mg/L at the pH values kept around 4.7-5 with sodium
acetate buffer, again at 1 U/mL laccase enzyme activity
and at a temperature of 25°C (Figure 4). As can be seen,
decreasing the pH from 7.2 to 4.7 did not cause a
significant difference in the degradation of BPA.
However, under pH 4.7 conditions, the final BPA
concentration decreased to 1 mg/L as it was around 3
mg/L under pH 7.2 conditions. Although this may not
seem like a significant difference at first glance, even
this small difference can be very significant, since
Bisphenol-A is among the primary pollutants and even
very low concentrations may cause endocrine
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disrupting effects in nature. For this reason, applying
low pH (around 5) in enzymatic degradation with
laccase will reduce the effluent values . Also in another
study, higher BPA removal was found at pH 6
compared to neutral conditions [14].
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Figure 4. Degradation of BPA by 1 U/mL laccase
enzyme activity at different pH conditions at 25°C.

The studies have shown that laccase enzyme provides
a very effective BPA removal at an activity dose of 1
U/mL. Exceeding this dose will increase the cost of the
enzyme, but will not provide any significant benefit.
Therefore, it was decided to try a lower enzyme dose
(0.2 U/mL). Figure 5 shows BPA removal with laccase
at 2 different enzyme doses. 95% removal was
observed in the case of 1 U/mL laccase dose, resulting
in final BPA concentration of around 4 mg/L. The
removal efficiency decreased to 70 % at 0.2 U/mL
laccase dose, and the final BPA concentration
remained at a very high level of around 30 mg/L. In
addition, bisphenol-A degradation rate was higher at 1
U/mL enzyme dose. In the first hour, 1 U/mL laccase
degraded approximately 90% of 100 mg/L. BPA, while
laccase at 0.2 U/mL was only able to degrade
approximately 30% of the intial concentration. These
studies have shown that the enzyme activity has a very
important effect on BPA removal, and shoud be
optimized.

In order to see whether the removal of BPA took place
by evaporation, 200 mg/L BPA was shaken at 25 °C
under the same conditions without adding enzyme, and
BPA concentration was followed for 4 days depending
on time. No decrease in BPA concentration was
observed during 4 days (data not shown). Since the
enzymatic bioregeneration studies will also be carried
out at 50 °C, the change in the initial concentration of
120 mg/L BPA was monitored for 3 days in the absence
of enzymes at two different pH conditions (pH 4.7 and
7.2) to see if BPA would be removed by evaporation at
this relatively high temperature (data not shown).
There was again no decrease in BPA concentration at
50 °C. These studies have shown that BPA was not
removed by any mechanism other than enzymatic
reaction, such as evaporation or adsorption to the glass
surface, etc., at conditions of 25 and 50 °C and pH 4.7
and 7.2. For this reason, enzyme activity has been
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identified as the only effective BPA removal
mechanism in our enzymatic degradation studies.
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Figure 5. BPA degradation at pH 7.2 and 25°C by
different laccase enzyme activites (1 U/mL and 0.2
U/mL).

To determine the effect of temperature on the activity
of the laccase enzyme, enzymatic degradation studies
were also carried out at 50°C. The time-dependent
variation of the concentration of BPA at 50°C with
1U/mL laccase enzyme at pH 7.2 and pH 4.7
conditions are given in Figure 6. BPA oxidation took
place in the first 1 hour at 50°C as well as at 25°C.
However, at 25 °C, the BPA removal efficiency was
around 90% and an additional 5% removal occurred in
the next few hours, while at 50 °C this rate reached
around 95% in the first hour and there was no further
degradation in the following hours. This shows that the
degradation of BPA by laccase at 50°C occurred
slightly faster than at 25°C, but the enzyme activity was
lost more quickly. On the other hand, no difference was
observed at pH 7.2 and pH 4.7 conditions in studies
performed at 50°C (Figure 6).
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Figure 6. BPA degradation at pH 7.2 and pH 4.7 and
at 50°C conditions at laccase enzyme activity of 1
U/mL.

A literature study examining the removal of BPA using
crude laccase solution obtained from Trametes
versicolor showed that the degradation yield in 24
hours reached 88.76% [21]. In another study, it was
determined that laccase enzyme (5 U/mL) degraded
bisphenol-A by 60% at pH 5 and 35°C during 30
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minutes of contact [13]. The degradation efficiencies
obtained in all degradation experiments with laccase in
our study were consistent with the values obtained in
the literature [13,14,19].

3.3 Bioregeneration with Laccase Enzyme

In bioregeneration experiments, 1 U/mL laccase
enzyme dose was used since it was found to be
sufficient in enzymatic degradation experiments.
Bioregeneration studies were carried out in two
different solutions such that pH was adjusted to 7.2
with a phosphate buffer or pH was fixed to 4.7 with
sodium acetate buffer. The initial abiotic adsorption
capacities (qadgs) obtained for approximately 200 mg/L
of phenol and the post-adsorption capacities (qpostads)
obtained after enzymatic regeneration as well as the
bioregeneration efficiencies calculated from these
values are shown in Table 4 for phenol as the target
compound.

While the maximum total desorption efficiency was
around 10% in thermally activated PKDA carbon
under abiotic conditions in Section 3.1, this efficiency
was increased to around 40% with laccase enzyme
(Table 4). This has shown that activated carbon
saturated with phenol can be enzymatically regenerated
partially with laccase enzyme, the amount of which is
much higher than the maximum desorption
(regeneration) that could be achieved under abiotic
conditions. In the case of chemically activated CAgran,
the bioregeneration efficiency was much higher. The
desorption capacity of CAgran, which was around 26%
under abiotic conditions at pH 7, increased to 82% with
the laccase enzyme. The very high bioregeneration
efficiency differences between the two types of
activated carbon indicate the importance of the
activated carbon type. Although enzymatic
bioregeneration was also valid for the thermally
activated carbon, the results indicated that it will
provide a more realistic solution for bioregeneration of
chemically activated carbons.

Table 4. Enzymatic bioregeneration efficiencies of
phenol-loaded GACs by laccase (1 U/mL).

GAC pH T (ads Qpostads  Bioregeneration
(°C) (mg/g) (mg/g) efficiency (%)

1g/L 72 25 131.0 51.2 39.1

PKDA

1g/L 72 25 40.2 33.1 82.3

CAgran

1g/L 4.7 25 86.5 38.1 44.0

PKDA

1g/L 4.7 25 39.9 49.1 123.2

CAgran

1g/L 7.2 50 132.0 39.9 30.2

PKDA

1gL 7.2 50 58.0 26.7 46.0

CAgran

At pH 4.7, higher bioregeneration efficiencies were
observed for both activated carbon types compared to
pH 7.2. In the previous section, it was observed that
degradation of phenolic compounds with laccase was
higher at pH 4.7. Therefore, higher bioregeneration
was an expected result. surprisingly, after the contact
of laccase enzyme with CAgran at pH 4.7, the
adsorption capacity exceeded that of unused activated
carbon, and accordingly, the bioregeneration efficiency
was found to be higher than 100%. This was probably
because the enzymes attached to the activated carbon
surface continued their activity for a while and resulted
in further enzymatic degradation during post-
adsorption tests. It has been shown in another study in
the literature that the laccase enzyme immobilized on
the activated carbon surface maintains its activity
longer than the suspended enzyme [19]. In
bioregeneration studies, after 1 day of contact with the
enzyme, the phenol concentration remaining in the
water phase was only between 3 and 5 mg/L in each of
the 4 reactors (data not shown). This indicated that, as
predicted from previous degradation studies, most of
the desorbed phenol was further degraded by
suspended laccase enzymes within 24 hours.

Bioregeneration experiments were also performed with
phenol at 50°C in order to see the effect of high
temperature at pH 7.2. Bioregeneration efficiencies
were obtained as 30.2 % for PKDA and 46.0 % for
CAgran (Table 4). These bioregeneration efficiencies
were lower compared to the values obtained at 25 °C.
At 25 °C, bioregeneration occurred at 39.1 and 82.3 %
efficiencies, respectively for PKDA and CAgran. This
decrease in bioregeneration efficiency was attributed to
the loss of enzymatic activity at higher temperature,
although enzyme activity duration increased with
immobilization on GAC.

In enzymatic bioregeneration experiments with 2-NP
as the target compound, bioregeneration studies were
carried out in a solution containing 1 U/mL laccase
enzyme and 2-NP at a concentration of approximately
140 mg/L at pH adjusted to 7.2 with phosphate buffer.
In the biodegradation studies for phenol, it was
observed that degradation rate was higher at 50 °C, but
the final efficiencies were comparable. Based on this,
the bioregeneration of 2-NP was monitored at 50°C.
The adsorption capacities before and after enzymatic
regeneration and the bioregeneration efficiencies
calculated from these values are given in Table 5.

Table 5. Enzymatic bioregeneration efficiencies of 2-
NP-loaded GACs by laccase (1 U/mL) at 50 °C.

GAC pH (ads Qpostads ~ Bioregeneration
(mg/g) (mg/g) efficiency (%)

1g/L 7.2 135.1 116.4 86.2

PKDA

1g/L 7.2 104.6 69.2 66.2

CAgran
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While the maximum total desorption efficiency was
around 7% in thermally activated PKDA carbon with
high adsorption capacity under abiotic conditions
(Table 3), this efficiency was increased to around 86%
with laccase enzyme (Table 5). This showed that
activated carbon saturated with 2-NP was regenerated
12 times more than the case in abiotic conditions when
laccase enzyme was provided. The regneration
capacity for CAgran, which was around 42% under
abiotic conditions, increased to 66% with laccase
enzyme. When the desorption efficiencies and
bioregeneration efficiencies are compared, it is obvious
that bioregeneration efficiencies are considerably
higher than desorption efficiencies for both GAC types.
These bioregeneration efficiencies for 2-NP were
higher than the 25-30 % efficiencies obtained by a
biomass mixture in a literature study [22]. However, in
another study, 65-90 % bioregeneration efficiencies
were obtained by an activated sludge mixture, which
was previously acclimated to 2-NP [6]. The laccase
enzyme, when it was used in the absence of other
biological agents in the present study, was able to
achieve comparable bioregeneration efficiencies with
an acclimated biomass that was used in the previous
study [6]. This indicates that acclimation may provide
the necessary exoenzymes for the degradation of
xenobiotics adsorbed on activated carbon.

The bioregeneration efficiency differences between the
two activated carbon types showed the importance of
the activated carbon type. It appears that PKDA was
more bioregenerated, although 2-NP was desorbed
much more from CAgran at abiotic conditions.
Considering the higher adsorption capacity and lower
abiotic desorption efficiency of PKDA, it can be
concluded that laccase was very effective in
bioregeneration of PKDA with high 2-NP saturation.
Therefore, in terms of high adsorption and high
bioregeneration efficiency, the use of thermally
activated carbons should be considered to be more
appropriate for 2-NP removal. This finding is totally
opposite to the results obtained with phenol. Since
thermal activation is carried out without oxygen, it
leads to a reactive surface and chemical adsorption
takes place, forming strong irreversible bonds. In
chemical activation, since the activated carbon has a
surface with fully oxidized active sites, its interaction
with oxygen does not affect the surface, and more
physical adsorption takes place and more reversible
weak bonds are formed [1]. In the case of phenol, it
seems that laccase enzyme could not oxidize most of
the chemically adsorbed phenol and could open less
new adsorption sites via enzymatic bioregeneration on
the thermally activated PKDA. But on the other hand,
chemically adsorbed 2-NP could be oxidized to a
higher amount by laccase leading to higher
bioregeneration efficiencies. This is because most of
the phenolics including phenol participate in oxidative
polymerization on the surface of oxygen-sensitive
thermal activated carbons. However, 2-NP does not

participate in oxidative polymerization reactions. It is
known that oxidative coupling reactions of phenolic
compounds other than nitrophenols reduces the
reversibility of adsorption [1].

Bioregeneration experiments were also performed for
bisphenol-A (BPA) at an initial bulk concentration of
200 mg/L in the pre-adsorption process. These
experiments were performed at laccase activity doses
of 0.2 U/mL and 1 U/mL and at pH values of 4.7 and
7.2. The studies were first carried out under 25°C
temperature  conditions. The initial adsorption
capacities and the adsorption capacities obtained by
post-adsorption after enzymatic regeneration and the
bioregeneration efficiencies calculated from these
values are given in Table 6 for the enzyme activity dose
of 0.2 U/mL.

While the maximum total desorption efficiency was
around 45% in chemically activated CAgran carbon
under abiotic conditions in Section 3.1, this efficiency
was increased to around 90% with laccase enzyme
(Table 6). Moreover, while only one day of contact
time was sufficient for enzymatic bioregeneration, the
45% cumulative abiotic desorption took place in 74
steps, i.e. 74 days, as discussed in Section 3.1. The rate
of abiotic desorption, which took place in one day, was
only around 3%. In other words, this has shown that
CAgran activated carbon saturated with BPA was
regenerated by laccase enzyme, at least 2 times the
maximum total desorption (regeneration) that can be
possible only with water under abiotic conditions.

Table 6. Enzymatic bioregeneration efficiencies of
200 mg/L BPA at 25°C with laccase at 0.2 U/mL

activity
GAC pH (ads Qpostads ~ Bioregeneration
(mg/g) (mg/g) efficiency (%)

1 gL 7.2 73.7 156.7 212.5
PKDA

1 gL 7.2 167.2 154.4 92.3
CAgran

1 gL 4.7 89.1 157.3 176.5
PKDA

1 gL 4.7 174.9 156.9 89.7
CAgran
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The bioregeneration efficiencies were much higher
with thermally activated PKDA as in the case of
phenol. In section 3.1, the regeneration capacity for
PKDA, which was around 9% under abiotic conditions,
increased to over 100% with laccase enzyme (Table 6).
Efficiencies above 100% show that the activity of
enzymes attached to activated carbon lasted much
longer and continued to degrade BPA during post-
adsorption. However, in Section 3.2, the enzyme
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activity had lasted for only a few hours in the
degradation experiments without activated carbon.
Enzymes attached to carbon surface should have kept
their activity longer compared to the enzymes, which
were totally suspended in the previous biodegradation
experiments. As a result of this, the calculated
bioregeneration efficiencies were much higher than the
total desorbabilities. It has also been observed in
another study with BPA and laccase, that the activity
of enzymes held on activated carbon is much longer
than those of suspended enzymes [19]. It can be said
that these findings obtained in our study showed that
the amount of enzymatic bioregeneration could be
much more than the sum of abiotic desorption and
enzymatic degradation because of a synergistic effect,
and therefore it was more effective than expected. In
other words, it is understood that, as a treatment
application, enzymatic bioregeneration may have
much more efficient effects than sole enzymatic
degradation of phenolic compounds.

The bioregeneration efficiency differences between the
two activated carbon types also show the importance of
the activated carbon type. Although CAgran activated
carbon gave higher bioregeneration efficiencies in our
study with phenol, the opposite was true in our
experiments performed with BPA. This can be
attributed to the chemical structure of BPA molecule,
which has two benzene rings and much larger
compared to phenol. Bioregeneration studies showed
no noteworthy effect of pH on the enzymatic
bioregeneration of BPA. In bioregeneration studies,
after 1 day of contact with enzyme, BPA concentration
remaining in the water phase was only around 2 mg/L
in each of the 4 reactors. This showed that, as predicted
from previous degradation studies, desorbed BPA was
largely degraded by the suspended laccase enzymes
within 24 hours.

Bioregeneration studies were also repeated at 1 U/mL
laccase activity to see how increasing the enzyme dose
would affect bioregeneration efficiency. As seen in
Table 7, increasing the enzyme dose did not further
increase the bioregeneration efficiency. In section 3.2,
it was shown that enzymatic degradation increased
with increasing enzyme dose from 0.2 to 1 U/mL.
However, this increase was not observed in enzymatic
bioregeneration. In other words, a dose of 0.2 U/mL
enzyme activity was sufficient for enzymatic
bioregeneration. This shows that the enzymes
immobilized on activated carbon remain active for
longer than suspended enzymes and can oxidize more
BPA. Therefore, enzymatic bioregeneration can be
achieved with a much lower enzyme addition
compared to sole enzymatic degradation.

Table 7. Enzymatic bioregeneration efficiencies of
200 mg/L BPA at 25°C with laccase at 1 U/mL

activity.
GAC pH qads Qpostads ~ Bioregeneration
(mg/g) (mg/g) efficiency (%)
1g/L 7.2 92.2 159.1 172.6
PKDA
1g/L 7.2 178.2 168.1 94.3
CAgran
1g/L 4.7 106.7 86.6 81.1
PKDA
1g/L 4.7 174.3 137.1 78.7
Cagran
To  determine the effect of temperature,

bioregeneration studies were also carried out at 50 °C
at pH 7.2 and pH 4.7 with 1 U/mL enzyme activity
doses. In these studies, unlike the previous ones, 100
mg/L BPA was used in pre- and post-adsorption. As
seen in Table 8, bioregeneration efficiencies decreased
at 50 °C compared to 25 °C. The immobilized enzymes
may have lost their activity at 50 °C much faster than
the case at 25 °C. A similar situation was also detected
in the previous studies with phenol. The fact that this
decrease is more pronounced especially in PKDA
indicates the possibility that the activated carbon type
may also affect the enzyme immobilization. It is
suggested that the enzyme immobilization was higher
on PKDA and therefore the decrease in bioregeneration
efficiency at high temperature was higher than that of
Cagran.

Table 8. Enzymatic bioregeneration efficiencies of
100 mg/L BPA at 50°C with laccase at 1 U/mL

activity.
GAC pH (ads (postads  Bioregeneration
(mg/g) (mg/g) efficiency (%)

1g/L 7.2 92.4 65.9 71.3
PKDA

1g/L 7.2 90.0 65.2 72.5
Cagran

1g/L 4.7 97.9 26.0 26.5
PKDA

1g/L 4.7 95.8 70.2 73.3
Cagran
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In addition, as seen in Tables 6-8, PKDA
bioregeneration was found to be much lower at pH 4.7
than the values obtained at pH 7.2 in all cases. This
difference did not exist for CAgran. This can be
attributed to the fact that PKDA, which was activated
thermally by steam, has more basic surface functional
groups, while CAgran, activated by phosphoric acid,
has acidic surface functional groups [1].

IV. CONCLUSIONS

The results obtained in the study showed by which
mechanisms and to what extent extracellular enzymes
were able to bioregenerate activated carbon to fill an
important gap in the scientific literature. With this
study, extracellular enzymatic bioregeneration was
demonstrated quantitatively for the first time in the
literature by directly using purified exoenzymes.
Phenol, 2-nitrophenol and bisphenol-A were degraded
to a large extent with the laccase enzyme. Depending
on the pH, 40-45% of thermally activated PKDA
carbon and 80-100% of chemically activated CAgran
carbon loaded with phenol were bioregenerated at 25
°C between pH 5-7. However, the bioregeneration
efficiencies decreased at 50 °C. In the case of 2-NP,
bioregeneration efficiencies as high as 86 and 66 %
were achieved at 50 °C for PKDA and CAgran,
respectively. At an enzyme activity of 0.2-1 U/mL,
bisphenol-A was greatly degraded by the laccase
enzyme and 80-100% of PKDA and 80-95% of
CAgran could be bioregenerated at 25 °C between pH
5-7. The study showed that both the activation type of
activated carbon and the chemical structure of the
target compound affect the extent of bioregeneration.
In all cases, the bioregeneration efficiencies were much
higher than the abiotic total desorption efficiencies.
This showed that extracellular enzymes such as laccase
take an active role in the bioregeneration of activated
carbon.
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Abstract

Pine processionary moth are known as oligophagous forest pests, usually found in cocoons on Pinus trees. While these moths
are found in the south of Europe and the north of Africa worldwide, in Turkey they are found in the Mediterranean, Aegean,
Black Sea and Marmara regions. Thaumetopoea pityocampa (Den. & Schiff.) and Thaumetopoea wilkinsoni (Tams) species
have been observed in the coastal regions of Turkey. Identification of the species is an important step in the development of
biological control strategies. The starting point of this study is the desire to control the pine processionary moth in Marmara
University Goztepe Campus. However, since both of these species are found in Turkey, especially in the Marmara Region, the
main aim of this study is to determine which species the pine processionary moth in the campus belong to. Morphological
and molecular methods were used. As a result of the study, based on both morphology and molecular data, it was determined
that the species found on the campus was Thaumetopoea wilkinsoni.

Keywords: Marmara University, Molecular Systematics, Morphology, Pine Processionary Moth, Thaumetopoea wilkinsoni

I. INTRODUCTION

The genus Thaumetopoea belongs to the subfamily Thaumetopoeinae (Lepidoptera: Notodontidae) [1]. Pine
processionary moths have four stages are observed in the life cycle of pine processionary insects: Egg, larva, pupa
and adult. After emerging from their pupae, pine processionary moths mate approximately one week later, and
eggs are laid on the leaves of the pine tree a few hours following copulating [2]. While the egg laying process
occurs at the end of summer, the eggs hatch approximately 25 days later, at the beginning of autumn [3]-[5]. While
pine processionary larvae are 1-2 mm long when they hatch, they can reach 3-4 cm in length at the end of the
larval stage [2]. Under normal conditions, the larval stage is the longest phase in the life cycle of the pine
processionary moth. The pine processionary larva molts its skin four times and completes its larval stage in five
stages [5]. When the larvae hatch, they are white and covered with fine hairs. Among larvae at the same stage,
female larvae are larger than male larvae [6].

After spending the winter in the larval stage, pine processionary moths larvae begin to burrow underground in the
morning hours in the spring. Pupae spend the summer months underground. Oval cocoons of chestnut color, 20-
25 mm in length and 8-10 mm in width are formed [2]. Generally, female pupae are 4 mm longer and 1.5-2 mm
thicker than male pupae [5]. The pupal stage, which takes place underground, can last between 1.5 and 7 months

[7].

The adult, which completes its development at the end of the pupal period, emerges from the soil in the afternoon
at the beginning of the summer. Adult pine processionary moths have bipectinate type antennas and a thin pectinate
thorax covered with gray hairs. The forewings are grayish-white, the edges and nerves of the wing are darker, and
there are three black transverse bands on the wings. The hind wings are white with gray corners [2]. Pine
processionary females are univoltine; they produce offspring only once in their lifetime. Females often die within
24 hours of spawning [3]. Just like the female, the male makes a long flight after mating, falls to the ground and
dies when his energy runs out [2], [5].
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The pine processionary moth has adapted to the
Mediterranean climate depending on the amount of
sunlight and the lowest winter temperature, and
accordingly, it plays a very important role in
temperature development and dispersion [2]. The most
suitable temperature for the development of the pine
processionary moth is 20-25°C [8]. Recently, the
excessive planting of pine trees in Southern Europe has
caused the pine processionary moth to spread over large
areas [9]. The increase in average temperature values
due to global warming allows the pine processionary
larva to live at altitudes where it would not normally
survive [4].

The pine processionary moth is found worldwide in the
south of Europe and north of Africa [10]. Although
there are suitable habitats for the survival of the pine
processionary moth throughout the world, their
distribution is limited because the female individuals
that lay eggs have a weak ability to fly [11]. Countries
where pine processionary moth is seen are Germany,
Albania, Austria, Bosnia and Herzegovina, Bulgaria,

Algeria, Denmark, Morocco, Palestine, France,
Croatia, Spain, Israel, Switzerland, Italy, Libya,
Lebanon, Hungary, Macedonia, Egypt, Portugal,

Romania, Syria, Tunisia, Turkey and Greece [12].

In Turkey, the pine processionary moth has spread to
the Mediterranean, Aegean, Marmara and Black Sea
regions. Additionally, two species, T. pityocampa and
T. wilkinsoni, are found in Turkey; It has been reported
that T. pityocampa is distributed in Thrace, Northern
Aegean and Western Marmara, and T. wilkinsoni is
distributed in the Central and Southern Aegean, Eastern
Marmara, Mediterranean and Black Sea [13].

The pine processionary moth is an oligophagous
insects. Pine processionary moth larvae begin to
become harmful when they emerge from their pouches
and begin to consume the leaves around them, and the
damage they cause in the last larval stage can reach
high levels (Devkota and Schmidt, 1990). In a study, it
was observed that young Scots pine trees (Pinus
sylvestris L.) with damaged leaves produced 50% fewer
seeds and grew approximately 50% slower than trees
without damage [4].

It has been determined that the pine processionary moth
also damages Pinus brutia, P. halepensis, P. nigra, P.
pinea, P. radiata, P. strobus, P. sylvestris, Cedrus
atlantica, C. deodara and C. libani trees throughout
Turkey. Although the pine processionary larvae
weaken the host by eating its leaves, short-term
damages can be tolerated by the tree because this
damage occurs during periods when tree development
slows down [2]. Despite this, trees that are constantly
under attack by pine processionary larvae enter the new
vegetation period with fewer leaves, slowing down
their growth rate [14].
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The pine processionary moth not only damages forests
but also causes allergic reactions in humans and most
other homoiterm animals [15]. "Catterpillar dermatitis"
occurs when contact with pine processionary larvae
occurs; local symptoms of redness, swelling, itching
and pain are observed on the skin [16].

When determining the control method, the interaction
of the pine processionary moth with biotic and abiotic
factors should be examined, and the method to be
followed should be prevented from harming these
factors [17]. Fighting against the pine processionary
moth can be achieved by biological, chemical,
mechanical and cultural means [2]. Among the
alternatives, biological control is the most effective
method, while chemical method is the most dangerous,
therefore it has been observed that biological control
methods are mostly preferred. Biological control is
carried out through species-specific competing
populations, the main purpose of which is to reduce the
density of the species being combated and make it less
harmful [18].

When it comes to biological control, all forms of the
pine processionary moth can have enemies. As a result
of an experiment, it was observed that the pine
processionary moth attack was reduced by 19.3% after
the egg parasites were used in biological control [19].
In Europe and Israel, Ooencyrtus pityocampae
(Mercet) (Hymenoptera: Encrytidae) and Baryscapus
servadeii  (Domenichini, 1965) (Hymenoptera:
Eulophidae) have been recorded as primary T.
pityocampa egg parasitoids [2]. In another study, O.
pityocampae and B. servadeii species were identified as
the most common pine processionary parasitoids in
Isparta [20].

The continuous presence of the pupa in the soil and the
formation of pupae heaps as the larvae move together
increases the effectiveness of biological control
through the enemies of the pine processionary moth
pupae (Battisti et al., 2000). In this context, Formica
rufa (Hymenoptera: Formicidae) (Red forest ant) was
used to combat the pine processionary moth and the
results were found to be successful [21].

In addition to biological control, it is aimed to reduce
the population density within the scope of biotechnical
control: Establishing pheromone traps by synthetically
producing secreted pheromones so that adults can find
each other is one of these methods [2].

In this study carried out within the scope of the
TUBITAK 2209/A project, it was aimed to determine
the species of pine processionary moth found in
Marmara  University Goztepe Campus using
morphological and molecular methods. The results
obtained through the study are intended to contribute to
the determination of methods to combat the pine
processionary moth.
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I1. MATERIALS AND METHOD

2.1 Sample Collection from the field

On 02.02.2023, sacs of the pine processionary moth
were observed on P. brutia species in Marmara
University Goztepe Campus (40.987252; 29.053699,
44 m) (Figure 1). Sacs were collected by pruning-shears
from three P. brutia trees distributed in different areas
in this campus and larvae were obtained from the sacs
(Figure 2). Then all sacs were brought to the laboratory.

Figure 1. The pine processionary moth
pouches seen in Marmara University Goztepe Campus

Figure 2. Larvae of the pine processionary
moth collected at Marmara University Goztepe
Campus

2.2 Species ldentification of Specimens According to
Morphological Characteristics

Twelve of the larvae collected from three different trees
were placed in 90% alcohol (in 2 ml sterilized cryo
tubes) and stored at -20°C for molecular species
identification. The larvae in the remaining sacs were
kept in glass aquariums (with soil underneath) at 25°C
and 60% RH humidity conditions and reared under
12:12 hours light:dark photoperiod conditions for
morphological identification. Larvae then moved into
the soil to enter the pupal stage. Pupated larvae were
kept at 25°C, 60% RH humidity and continuous dark
conditions. After about 3 months, adults emerging from
the pupae were collected and necessary dissection
procedures were carried out in the laboratory for
species identification.

Although classical systematic studies in insects are
based on external body morphology, in some cases this
method is not sufficient. For example, it is very difficult
or even impossible to make a morphological species

identification in sibling species. For this reason,
genitalia are an important morphological character used
for species identification.

Morphological diagnoses of species belonging to the
genus Thaumetopoea are usually made according to
canthus structure. Adult specimens were killed with
ethyl acetate species identifications were made
according to the structure of the removed canthus.

2.3 Species ldentification by
Molecular Systematic Methods

DNA isolation was performed from the larvae collected
for molecular species determination. DNA isolation
was performed manually. DNA quality and quantity
were determined with Take3 plate and Cytation3
(Biotek, USA) device. Approximately 810 bp of the
cytochrome oxidase | (COI) gene region in mtDNA
was amplified by PCR from the samples in 90% ethyl
alcohol. Primer pairs given in Table 1 were used to
amplify the gene region to be studied. The prepared
mixtures were loaded into microplate wells and placed
in a thermal cycler. PCR reactions were performed in a
Biorad (USA) brand thermal cycler. Amplicons were
visualized by agarose gel elctrophoresis and purified by
gel recovery kit. The pure amplicon was then
sequenced by outsourced sequencing. The sequences
obtained were compared with GenBank data by
BLAST algorithm and species determinations were
performed.

of Specimens

Table 1. Primers used to amplify the gene region to be

sequenced
Gene  Series Source
Jerry(forward)C1-J-2183
5-
CAACATTTATTTTGATTTTTTG )
G-3’ Simon
COl etal.,
Pat(reverse) TL2N-3014 1994
5-
TCCAATGCACTAATCTGCCAT
ATTA-3’
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The head of the larvae in 90% ethyl alcohol was
dissected and the samples were taken into 1.5 ml sterile
ependorfs.  Sterile glass beads (for sample
disintegration) and 300 pl KCL buffer were added to
the same ependorfs. These samples were then
physically lysed in a MagNa Lyser at 5000 rpm for 1
minute. Then 300 pl of chloroform was added to the
ependorfs and vortexed for 30 seconds. The ependorfs
were then centrifuged at 12000 rpm for 3 minutes at
+4°C. After centrifugation, 200 pl of the supernatants
of the centrifuged samples were taken and transferred
into 1.5 ml sterile ependorfs. Then 120 ul of cold
isopropanol was added to the samples. For 30 seconds,
the samples were mixed by hand movement. The
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samples were then centrifuged at 12000 rpm for 2
minutes at +4°C. The supernatant was gently discarded
and 200 pul of 96% cold ethanol was added to the
samples. Centrifugation was again performed at 12000
rpm for 2 minutes at +4°C. The liquid phase was slowly
poured off and the tubes were allowed to dry upright to
evaporate the ethyl alcohol. Then 100 pl of TE buffer
was added and stored at +4°C until NanoDrop
processing. DNA quality and quantity were determined
on a Take3 plate with Cytation3 (Biotek, USA).

A mitochondrial nuclear gene region (cytochrome
oxidase subunit 1 (COI)) was amplified from the
isolated DNA using the following primers and PCR
protocol. Prepared mixtures (PCR Mix) and samples
were loaded into microplate wells and placed in a
thermal cycler. PCR reactions were performed in a
Biorad (USA) brand thermal cycler.

PCR protocol for the COI gene region [22]: 1 cycle:
94°C 5 min; 35 cycles: 94°C 45s, 45°C 30 s, 72°C 1
min; 1 cycle: 72°C, 2 min

The Cytochrome Oxidase | gene region amplified by
PCR from the samples was run on 2% agarose gel
electrophoresis using non-toxic electrophoresis dye
(Safeview etc.) for each sample and the results of the
PCR were checked according to the amplicon lengths.
The PCR products were then purified using a gel
recovery Kit. The pure amplicons were then sequenced
by the Sanger method by outsourcing.

The raw data obtained by Sanger sequencing were
opened with SnapGene 7.0.2 software and analyzed
based on base quality scores. Regions of 20-30
nucleotides with low quality scores at the beginning of
the sequence were deleted with trim and bases with a
quality score (Phred) above 20 were preferred. The
two-way reads obtained with Sanger were then merged
with NCBI Blast to obtain a consensus sequence. The
NCBI BLASTN algorithm was applied to compare the
consensus sequence with the reference database of COI
gene sequences from various species. The best BLAST
result was used to assign a taxonomic identity based on
the COIl gene sequence. At the same time, the
consensus sequence was also searched in the BOLD
database using the Identification Engine and the
identification report was obtained.

I1l. RESULTS AND DISCUSSION

As a result of species identification made from adult
pine processionary moth taken from three different
trees, it was determined that the pine processionary
moth found on campus were Thaumetopoea wilkinsoni
species. Since it is difficult to identify species from the
larvae of the species belonging to the genus, species
identification was made using adult pine processionary
moth. The canthus structure of male pine processionary
moth was examined (Figure 3). The studies were

compared with the existing literature [23]-[25].
According to the canthus structure, it has been
determined that the pine processionary moth detected

in  Marmara University GoOztepe Campus are
Thaumetopoea wilkinsoni species.
A B

Figure 3. Canthus structure: A. Thaumetopoea
pityocampa [26] B. Thaumetopoea wilkinsoni (drawed
by authors)
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	(6)_ID1443008 oğuz_merve (1)



