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ONSOZ

Bilimsel bilginin hizla gelistigi gliniimlizde, farkh
disiplinlerin kesigim noktalarinda ortaya ¢ikan ¢calismalar hem teorik
bilgiyi hem de pratik uygulamalar1 derinlemesine anlamamiza
olanak saglamaktadir. Elinizdeki bu kitap, kimya, malzeme bilimi ve
cevre alanlarinda yiiriitiilen ¢esitli aragtirmalar1 bir araya getirerek,
giincel Dbilimsel konulara biitlinciil bir bakis sunmayi
amaclamaktadir.

Her boliim, ilgili alandaki kuramsal ¢ergeveyi sunmakla
kalmayip, ayni zamanda giincel literatiir 151831nda gelismeleri ve
gelecege yonelik arastirma egilimlerini de tartismaktadir. Kitapta yer
alan caligmalar, hem temel bilimsel bilgiye katki sunmakta hem de
uygulama potansiyeli tasiyan alanlara 151k tutmaktadir.

Bu kitabin, okuyuculara faydali bilgiler sunmasinin yani sira,
yeni fikirlerin filizlenmesine katki saglamasin1 umuyorum. Bilime
ve arastirmaya goniil veren herkes i¢in yararli bir kaynak olmasi
dilegiyle...

Prof. Dr. FERDA ESER
AMASYA UNIVERSITESI
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BOLUM 1

TAS KOMURU KATRANI BOYARMADDELERI:
TARIHSEL ONEMIi VE MODERN TEKSTIL
UYGULAMALARINDAKI CEVRESEL SORUNLAR

EMINE BAKAN!

GIRIS

Boyarmaddelerin insanlik tarihindeki kullanimi, dogal
kaynaklardan elde edilen pigmentlerle baslamis; ancak 19. ylizyilin
ortalarindan itibaren kimya bilimindeki gelismeler sayesinde
sentetik boyarmaddelere gecis siireci hiz kazanmistir. Bu devrim
niteligindeki doniisiim, ozellikle taskdmiiri katranindan tiiretilen
bilesiklerle miimkiin olmus ve modern kimya endiistrisinin
temellerini atmistir.

Tagkomiirii katran1 boyarmaddelerinin tarihsel gelisimi
incelendiginde, bu bilesiklerin ortaya c¢ikis silirecinin sistematik
bilimsel yontemlerden ¢ok, donemin sinirli organik kimya bilgisiyle
ylriitiilen deneysel ve ¢ogu zaman rastlantisal ¢alismalara dayandigi
goriilmektedir. Ozellikle 17. yiizyilda taskomiirii katran1 gibi
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kompleks organik karigimlarla ilgilenen ilk aragtirmacilar, modern
anlamda kimyasal analiz tekniklerinden yoksun olsalar da dnemli
gozlemler yapmislardir. Bu baglamda, 1648 yilinda tagkdmiirtini
damitarak katran fraksiyonlarini izole eden ilk kimyagerlerden biri
olarak kabul edilen Johan Rudolph Glauber, taskomiirii tirevli
maddelerin  bilimsel incelemesine Onciiliik etmistir. Tekstil
boyamaciliginda yaygin olarak kullanilan Glauber tuzu (sodyum
stilfat) ile taninan Glauber, yalnizca katki maddesi diizeyinde degil,
ayni1 zamanda katranin kimyasal potansiyelinin fark edilmesinde de
oncii bir isimdir (Ismal, 2011).

1856 yilinda William Henry Perkin'in tas komiiri
katranindaki kimyasal yapinin kinin ve anilin ile ayni oldugunu
tespit etmesi, laboratuvar ortaminda ilk sentetik boya mauveine nin
sentezlenmesini saglamistir. Boylecce yalnizca tekstil endiistrisinde
degil; ayn1 zamanda ilag, gida ve kozmetik gibi farkli sektorlerde de
kimyasal iirlinlerin seri iretimini miimkiin kilan bir paradigma
degisimini baglatmistir (Beer, 1958).

Taskomiirti katrani, kok komiirii tiretimi sirasinda elde edilen
kompleks bir yan iirin olup; aromatik hidrokarbonlar, fenoller,
aminler ve heterosiklik bilesikler gibi ¢ok sayida organik maddeyi
bilinyesinde barindirir (Kim vd., 2019). Bu bilesiklerden sentezlenen
boyarmaddeler —©0zellikle anilin tiirevleri, azo bilesikleri,
antrakinon temelli yapilar ve trifenilmetan grubu boyalar— 19. ve
20. yiizyillarda tekstil iirlinlerinin boyanmasinda yaygin olarak
kullanilmistir (Hunger, 2003). Renk skalasinin genisligi, canlilik
diizeyi ve diisiik maliyet gibi avantajlari, bu boyarmaddelerin hizla
yayilmasini saglamistir. Azo, trifenilmetan, antrakinon ve indigoid
grubu boyarmaddeler hem renk yelpazesinin genisligi hem de tekstil
liflerine yiiksek afinite gostermeleri nedeniyle 20. yiizyilin ortalarina
kadar yogun bi¢cimde kullanilmistir (Gregory, 2020).



Sentetik Boya Devrimi (Zaman Cizelgesi)

1856 — Mauveine (Perkin)

1862 — Anilin Kirmizisi

1878 — Azo boyalarinin kesfi

1883 — Antrakinon tiirevleri

1900’ler — Endiistriyel 6l¢ekte liretim

Zamanla tas komiirii katran1 boyarmaddelerinin ¢evresel ve
toksikolojik etkilerine dair bilimsel veriler artmis; bazi taskomiirii
katran1 tlirevlerinin genotoksik, mutajenik ve hatta karsinojenik
etkilere sahip oldugu ortaya konmustur (IARC, 2010; Yilmaz &
Gokmen, 2020). Bu durum, Avrupa Birligi REACH diizenlemesi
basta olmak iizere birgok uluslararasi diizenlemenin devreye
girmesine sebep olmustur. Ayn1 zamanda cevresel siirdiiriilebilirlik
acisindan da bu maddelerin zor bozunabilir yapilar1 alternatif
boyarmadde arayislarini glindeme getirmistir (Kant, 2012; Khandare
& Govindwar, 2015; Wang vd., 2018).

Taskomiiri Katrani Boyarmaddelerinin Cevresel Dongiisii

Kaynaktan ¢ikis — tekstile uygulanis — atik su — aritma
tesisi — cevresel desarj

Giinlimiizde birgok {ilke, taskOmiirii katrani tiirevli
boyarmaddelerin kullanimini ciddi sekilde sinirlamis veya tamamen
yasaklamigtir. Avrupa Birligi’nin REACH yonetmeligi kapsaminda,
22’°den fazla azo boyarmadde dogrudan tekstil ve deri {iriinlerinde
yasaklanmistir (ECHA, 2023). Tiirkiye’de de TS EN ISO 14362-1
standardi kapsaminda boyanmis iiriinlerde yasakli azo boyalarin
analizine iliskin zorunluluklar getirilmistir.

Bu kapsamda bu kitap boliimii, taskomiirii katrani kaynakl
boyarmaddelerin  tarihsel  gelisimini, kimyasal yapilarini,
toksikolojik etkilerini ve ¢evresel risklerini biitiinciil bir yaklasimla
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degerlendirmeyi  amaclamaktadir.  Ayrica  modern  tekstil
endiistrisinde  stirdiiriilebilirlik ekseninde bu boyarmaddelerin
giincel rolii, yerini almakta olan alternatif teknolojiler ve gelecege
yonelik bilimsel yaklasimlar da detayli bigcimde analiz edilecektir.

TASKOMURU KATRANI BOYARMADDELERININ
TARIHCESI

Sentetik boyarmadde endiistrisinin  baglangici, kimya
tarihinde bir doniim noktasi olarak kabul edilir. Bu siirecin
temelinde, tagkomiirii katranindan elde edilen kimyasal bilesikler yer
alir. Taskomiirii katrani, kok komiirii tiretimi sirasinda elde edilen
yogun aromatik bilesikler iceren siyah renkli bir yan iiriindiir ve
modern boya kimyasinin hammaddesi olarak 19. yiizyil ortalarinda
dikkat ¢ekmeye baslamistir (Hunger, 2003; Travis, 1993).

Mauveine’in Kesfi ve Anilin Devrimi

1856 yilinda Ingiliz kimyager William Henry Perkin,
kininden kinin sentezi yapmaya ¢alisirken tesadiifen mauveine adli
ilk sentetik boyarmaddeyi elde etti. Bu olay, organik boyarmadde
endiistrisinin dogusuna zemin hazirlamis, ayni zamanda katran
kokenli bilesiklerin boyar Ozelliklerinin kesfine kap1 aralamistir
(Garfield, 2001). Mauveine, o donemin dogal mor boyarmaddelerine
gore cok daha canli ve dayanikliydi. Ustelik endiistriyel dlcekte
dretimi mimkiindii. Bu 06zellikleri, sentetik boyalarin tekstil
endiistrisinde hizla benimsenmesine neden oldu.

19. Yiizy1l Sonlari: Boya Kimyasinin Sanayilesmesi

Mauveine’in ticari basarisi kisa siirede Avrupa kitasina
yayildi. Almanya, bu alandaki kimyasal bilgi birikimini hizla
iiretime doniistiirdii. BASF, Bayer, Hoechst ve AGFA gibi kimya
sirketleri, tagkdmiirii katranindan anilin, fenol, naftalin gibi tiirevleri
izole ederek azo, trifenilmetan ve antrakinon boyarmadde siniflarini
gelistirdi (Gregory, 2020). 1862°de anilin kirmizis1 (fuksin), 1869°da
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ilk sentetik alizarin (antrakinon grubu), 1878’de ilk azo boyasi
(Bismarck Brown) iiretildi. Bu donem, Almanya'nin “anilin boyasi
krallig1” olarak anilmasina neden olmustur. Kimya endiistrisinin
devlet destekli Ar-Ge anlayisi ve {iniversite-sanayi is birligi
sayesinde, 1900’11 yillara gelindiginde yiizlerce tagkomiirii katrani
tirevli boyarmadde uluslararasi pazarda yer almaya baslamistir
(Hunger, 2003).

20. Yiizy1l Baslarinda Kullanimin Yayginlagsmasi

Sentetik boyarmaddelerin, dogal boyalara gore ¢ok daha
ucuz ve stabil olmasi, kisa siirede kiiresel tekstil pazarinda standart
haline gelmesini sagladi. Yiin, pamuk, ipek ve sentetik liflerin
boyanmasinda farkli gruplardan boyarmaddeler kullanildi. Ozellikle
askeri tekstiller, okul tiniformalar1 ve ev tekstilinde bu boyalar tercih
edildi. Ayrica, bu donemde kozmetik, matbaa, deri ve gida
sektorlerinde de tagkomiirii tiirevli boyarmaddelerin kullanimi artt1
(Shore, 2002).

Toksikolojik Bulgular ve Ilk Simirlamalar

Ancak  20. ylizyilm ortalarma  gelindiginde, bu
boyarmaddelerin bir kisminin toksik ve karsinojenik o6zellikler
tasidigina iliskin bilimsel ¢aligmalar yayimlanmaya baslandi.
Aromatik amin yapilarinin, insan viicudunda biyotransformasyonla
kansere neden olabilecek bilesiklere doniistiigli gosterildi (IARC,
2010). Ozellikle tekstil iscilerinde ve sa¢ boyasi kullanicilarinda
mesane kanseri vakalarindaki artis, boyarmadde kullanimindaki
diizenlemelerin giindeme gelmesine neden oldu.

Giiniimiiz: Yasaklar ve Alternatif Arayislar

Giliniimiizde tagkomiirti katrani tiirevli bircok boyarmadde,
Avrupa Birligi basta olmak iizere bir¢ok iilkede kullanim agisindan
ciddi kisitlamalara tabi tutulmustur. Avrupa BirligZi REACH
mevzuat1 ¢er¢evesinde tekstil ve deri {irtinlerinde kullanimi
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yasaklanan azo boyarmadde sayis1 22’ye ulasmistir (ECHA, 2023).
Tiirkiye’de de bu diizenlemeler TS EN ISO 14362-1 standard: ile
ulusal mevzuata entegre edilmistir (TS EN ISO 14362-1, 2023).

Bununla birlikte, bu boyarmaddelerin tarihsel 6nemi ve
kimya endiistrisinin gelisimindeki merkezi rolii goz ardi edilemez.
Bugiin siirdiiriilebilir alternatifler gelistirilirken, taskomiirii katrani
boyarmaddelerinin kimyasal yapilar1 hala bir¢ok yeni molekiiliin
tasariminda referans niteligi tasimaktadir.

KiMYASAL YAPILAR VE MOLEKULER OZELLIKLER

Tagkomiirii katrant boyarmaddeleri, kokenini aromatik
hidrokarbonlar, aminler, fenoller ve heterosiklik bilesikler gibi
bilesenlerden alan organik boyarmaddelerdir. Bu maddeler, yap1
bakimindan olduk¢a kompleks olmakla birlikte, belirli siniflara
ayrilarak kimyasal olarak kategorize edilebilir. Renk veren
ozellikler, konjugasyon sistemleri, elektron cekici/itici gruplarin
yaptya katilmasi ve azo baglar gibi fonksiyonel gruplar araciligiyla
kazanilir (Zollinger, 2003).

Taskomiiri Katraminin Kimyasal Bilesenleri

Tagkomiirii katrani, yaklasik %70’ten fazlast aromatik
hidrokarbonlar olmak iizere yiizlerce organik bilesen igerir. Baslica
bilesen gruplari:

Naftalin tiirevleri

Fenol ve krezoler

Anilin ve tiirevleri

Heterosiklik bilesikler (piridin, kinolin, karbazol)

Bu bilesenler, uygun reaksiyon kosullarinda nitrolama,
stilfanasyon, diazotasyon gibi klasik organik sentez yontemleri ile
boyarmadde tiretiminde kullanilir (Kim vd., 2019).
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Bashica Boyarmadde Simiflar:

Azo Boyarmaddeleri
Yapilarinda -N=N- azo grubu igerirler.

Genellikle anilin tiirevlerinden diazotasyon reaksiyonuyla
sentezlenir.

Genis bir renk yelpazesi sunar; Ozellikle sari, kirmizi ve
turuncu tonlarda.

Antrakinon Boyarmaddeleri

Antrakinon iskeleti (CisHsO:) {izerine cesitli elektron
cekici/itici gruplarin eklenmesiyle renklilik kazanir.

Mavi ve mor tonlarda mitkemmel 151k haslig1 saglar.

Alizarin gibi dogal boyalarin sentetik esdegeridir.

Trifenilmetan Boyarmaddeleri
Renkli katyonik yapilar igerir.
Parlak mor, mavi ve yesil tonlarda kullanilir.

Tekstil disinda miirekkep, boya ve gosterge maddesi olarak
da kullanilir.

Indigoid ve Oksazin Boyarmaddeleri

Daha 6zel ve nadir yapilar olmakla birlikte, yiiksek renk
hasliklar1 ve kendine 6zgii renkler tiretirler.

Ozellikle denim iiretiminde kullanilan indigo boyasi bu
gruptadir.

Renklenme Mekanizmasi ve Elektronik Gegisler

Boyarmaddelerin renk gostermesi, yapilarindaki konjuge n
bag sistemleri sayesinde goriiniir 151k spektrumundaki bazi dalga

boylarmi absorplamalarina baghdir. Azo, karbonil, hidroksil gibi
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gruplar, bu konjuge sistemin genisligini ve dolayisiyla 15181n hangi
kismin1 absorplayacagini belirler (Zollinger, 2003). Elektron ¢ekici
ve verici gruplarin yapiya katilmasi, bathochromic (kirmiziya
kayma) veya hypsochromic (maviye kayma) etkiler yaratir.

Liflerle Etkilesim ve Baglanma Mekanizmalari

Tagkomiirii katran1 boyarmaddeleri, lif tiirtine gore farkli
baglanma mekanizmalar1 gdsterir:

Pamuk (seliilozik lifler): Direkt ve reaktif boyarmaddeler
hidrojen baglar1 ve van der Waals etkilesimleriyle baglanir.

Yiin ve ipek (protein lifleri): Asidik boyarmaddeler iyonik
baglarla baglanir.

Sentetik lifler (poliester, akrilik): Dispers boyarmaddeler
hidrofobik etkilesimlerle lif i¢ine difiize olur.

Boyarmadde molekiiliiniin  biiytikliigli, polaritesi ve
coziiniirlik parametreleri, lifle etkilesim kabiliyetini dogrudan
etkiler (Shore, 2002).

TEKSTIL ENDUSTRISINDEKI UYGULAMALARI

Tagkomiirii katran1 kaynakli sentetik boyarmaddeler, 19.
yiizyilin ikinci yarisindan itibaren tekstil endiistrisinde dogal
boyarmaddelere alternatif olarak hizla yayginlagsmistir. Renk
yelpazelerinin  genigligi, iretim maliyetlerinin distkligi ve
uygulama kolayliklari, bu boyarmaddelerin 6zellikle endiistriyel
Olcekte tercih edilmesini saglamistir (Tonogai ve ark., 1979).

Lif Tiirlerine Gore Uygulama Alanlar

TagkOmiirii katrani tiirevli boyarmaddeler, hem dogal hem de
sentetik lif tiirlerine uygun c¢esitli boyama siniflarina ayrilarak
kullanilmistir:



Pamuk (seliilozik lifler): Direkt boyarmaddeler (6rnegin,
Congo Red), seliiloz liflerine dogrudan baglanabilir. Reaktif
olmayan ancak genis konjugasyon yapilar1 sayesinde fiziksel
adsorpsiyonla tutunurlar.

Yiin ve ipek (protein lifleri): Asidik boyarmaddeler, amino
gruplar ile iyonik baglar kurarak liflere giiclii bigimde baglanir. Azo
ve trifenilmetan grubu asidik boyalar, bu lifler iizerinde yiiksek renk
canlilig1 saglar.

Polyester ve akrilik (sentetik lifler): Dispers boyarmaddeler,
diistik molekiil agirliklar1 ve hidrofobik ozellikleri sayesinde bu
liflere 151 ve basing altinda difiize olur. Ozellikle antrakinon tiirevleri
bu liflerle iyi uyum saglar.

Boyama Yontemleri ve Uygulama Teknikleri

Direkt boyama: Su igerisinde ¢oziinmiis boyarmadde
dogrudan lifle temas ettirilir; pamuklu tekstillerde yaygindir.

Asidik boyama: Asidik pH altinda yiiriitilen bu yontem
ozellikle yiin ve ipek i¢in uygundur. Azo grubu igeren boyalar
siklikla kullanilir.

Dispers boyama: Suya disiik ¢Oziiniirlige sahip
boyarmaddeler yiiksek sicaklikta 1if icerisine niifuz ettirilir.

Polyester kumasglar icin ideal yontemdir.

Performans Ozellikleri

Tagkomiirii katrani tiirevli boyarmaddelerin performans
diizeyleri, hem kimyasal yapiya hem de lif tipiyle olan etkilesime
baglidir. Tablo 1°de performans 6zellikleri verilmistir.



Tablo 1. Taskomiirii katram boyarmaddelerin performans
ozellikleri

IPerformans Ozelligi ||Ag:1klama

Isik, yikama, siirtiinme ve ter gibi etkenlere
Renk hasligi kars1 dayaniklilik; antrakinon ve azo boyalar
genellikle yiiksek haslik gosterir.

Genis konjugasyon sistemleri nedeniyle canli

Renk yogunlugu ve doygun renkler elde edilebilir.

Ozellikle diisiik molekiiler agirlikli boyalar
Coziiniirlik ve migrasyon yiiksek mobilite gosterebilir; bu da liften
ayrilma riskini artirir.

Tablo 2. Lif Tipine Gore Uygun Boyarmadde Gruplari

|Lif Tipi ||Uygun Boyarmadde Grubu ||Uygulama Yontemi |
|Pamuk ||Direkt, reaktif ||Pad-batch, exhaust |
|Yiin ||Asidik ||Acid dyeing |
|ipek ||Asidik ||Dip-dyeing |
|P01yester ||Dispers ||High temperature HT |
|Akrilik ||Katyonik, dispers ||Pressure dyeing |
Uygulama Alanlan

Tagkomiirii  katran1  boyarmaddeleri, sadece giyim
tiriinlerinde degil ayn1 zamanda teknik tekstillerde de 6nemli bir rol
oynamustir:

Giyim ve moda tekstilleri: Renk c¢esitliligi sayesinde tigort,
elbise, dis giyim iiriinlerinde genis kullanim alani buldu.

Askeri tekstiller: Kamuflaj kumaglarinda kullanilan koyu
yesil, kahverengi, siyah tonlar siklikla azo/antrakinon boyalarla elde
edilmistir.

Ev tekstilleri: Perde, dosemelik kumas, hali gibi iiriinlerde
yiiksek renk hasligi tercih edilmistir.
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Sanayi tekstilleri: Taskomiirii boyalar, filtre bezleri, teknik
ortiiler gibi iiriinlerde uygulandi.

TOKSIKOLOJIK ETKIiLER VE INSAN SAGLIGI
UZERINDEKI RISKLER

Tagkomiirii katrani tlirevli boyarmaddeler, aromatik yapilari
ve kimyasal stabiliteleri nedeniyle tekstil endiistrisinde yaygin
bicimde kullanilmistir. Ancak bu yapisal 6zellikler ayn1 zamanda
insan saglig1 acisindan potansiyel toksisite risklerini de beraberinde
getirmistir. Ozellikle baz1 azo boyarmaddeleri ve aromatik amin
tirevleri, genotoksik, mutajenik ve karsinojenik etki gosterme
potansiyelleri nedeniyle dikkatle incelenmektedir (IARC, 2010;
Yilmaz & Goékmen, 2020).

Aromatik Aminler ve Karsinojenite Riski

Bir¢ok taskomiirii katrami tlirevli boya, yapisinda anilin,
benzidin, toluidin, naftilamin gibi aromatik aminleri dogrudan veya
dolayli bigimde barindirir. Azo boyarmaddeler, 6zellikle anaerobik
metabolik kosullarda (6rnegin insan karacigeri, cilt mikroflorasi) azo
baglarinin (-N=N-) indirgenmesiyle aromatik aminlere doniisebilir.
Bu  aminlerin  bazilari  mesane  kanseriyle = dogrudan
iliskilendirilmistir (IARC, 2010). Ornegin Benzidin tiirevli boyalar
(Direct Black 38, Direct Blue 6) yiiksek diizeyde karsinojeniktir ve
bircok iilkede yasaklanmustir.

Uluslararasi Toksikoloji Simiflandirmalar:

IARC (International Agency for Research on Cancer) (IARC,
2010): Azo boyarmaddeler arasinda bazilar1 Grup 1 (insan icin
kanitlanmis karsinojen) smifina alinmistir. Benzidin, 2-naftilamin,
4-aminobifenil gibi bilesikler bu gruptadir.

ECHA —REACH Ek XVII (ECHA, 2023): AB'de, tiiketiciyle
temas eden tekstil ve deri uriinlerinde kullanilmak tzere 22 azo
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boyarmadde yasaklanmistir. Yasakli aminler arasinda o-anisidin, 4-
kloroanilin, 2,4-toluenediamin gibi yapilar yer alir.

EPA — TSCA (ABD) (EPA, 2023): Azo boyarmaddeler ve
bilesenleri, high concern kimyasallar listesinde izlenmektedir. Bazi
boyarmaddelere yonelik Significant New Use Rules (SNUR)
yayinlanmistir.

Maruziyet Yollar: ve Risk Gruplar

Is yeri maruziyeti: Tekstil iscileri, 6zellikle boyama, kesim ve
iitlileme birimlerinde aerosol, toz veya cilt temasi yoluyla maruz
kalabilirler. Bu gruplarda deri iritasyonlari, kontakt dermatit ve
solunum yolu semptomlari bildirilmistir.

Kullanic1 maruziyeti: Boyanmis tekstil {irtinlerinin uzun siireli cilt
temast (0rnegin i¢ giyim, cocuk kiyafetleri), 6zellikle viicut sicakligi
ve ter ile temas halinde boyarmaddenin liften ayrilmasi ve deri
yoluyla emilimi ile sonuglanabilir.

Kozmetik ve sa¢ boyalar:: Taskomiirii tiirevli bazi bilesikler, sa¢
boyalarinda da ge¢miste yaygin olarak kullanilmis ve mesane
kanseri ile iligkilendirilmistir (Bolt & Golka, 2012).

Bilimsel Bulgular ve Vaka Calismalari

Yilmaz & Gokmen (2020): Azo boyarmaddelerin
toksikolojik etkilerini degerlendirmis; bazi boyalarin DNA hasari,
oksidatif stres ve enzim inhibisyonu yaptig1 belirlenmistir.

Kant (2012): Tekstil boyalarinin atik sularla c¢evreye
yayilmasinin ekotoksik etkilerini vurgular; bu etkiler insan sagligina
dolayl1 yollardan (su, gida zinciri) ulasabilir.

Toksikolojik riskler yalnizca kullanilan boya miktariyla
degil, aym1 zamanda boya maddesinin molekiiler yapisi, lifle
baglanma giicli, ¢cevresel kosullar (pH, sicaklik, enzimatik faaliyet)

--12--



gibi  faktorlerle dogrudan iligkilidir. Bu nedenle risk
degerlendirmelerinde ¢ok boyutlu bir yaklagim gereklidir.

CEVRESEL ETKILER

Tagkomiirti katran1 kokenli boyarmaddeler, kimyasal
stabilite, yliksek molekiil agirligi ve genis konjuge m-sistemleri gibi
yapisal Ozellikleri nedeniyle c¢evresel agidan “kalici organik
kirleticiler” (Persistent Organic Pollutants - POPs) kategorisine
yakin davranislar sergileyebilirler. Ozellikle azo ve antrakinon grubu
boyarmaddeler, atik sular araciligiyla su ve toprak ekosistemlerine
taginmakta, ¢evre saglig1 agisindan ciddi tehditler olusturmaktadir
(Wang vd., 2018; Kant, 2012).

Atik Su Kirliligi ve Renklenme Sorunu

Boyarmaddelerin ¢evreye en yogun salinimi tekstil
fabrikalariin boyama islemi sonrasi ortaya c¢ikan atik sulari
aracih@iyla gerceklesir. Bu sular genellikle; yiiksek renk
yogunluguna sahip, zayif biyobozunurluk gosteren,toksite igerigi
yiiksek karakterdedir.

Bircok boyarmadde, konvansiyonel atitk su aritma
sistemlerinde pargalanmadan kalir ve dogal su kaynaklarinda renkli,
toksik kalintilar olusturur (Khandare & Govindwar, 2015).

Biyobozunabilirlik ve Kalicihik Sorunlar:

Boyarmaddelerin kimyasal yapisi cevresel
bozunabilirliklerini dogrudan etkiler [Tablo 3].
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Tablo 3. Boyarmaddelerin Bozunma Stire¢leri

Boyarmadde Grubu ||B0zunma Durumu ||Cevrese1 Kalicihik
Az0 boyalar grz(iil;l)(tlf sartlarda parcalanabilir (amin Orta-yiiksek
Antrakinon boyalar Yuksek stabilite (aromatik halka Viiksek

sistemi)
|Trifenilmetan ||Yﬁksek renk yogunlugu, bozunmasi zor ||Y1'iksek

Ozellikle antrakinon ve trifenilmetan grubu boyarmaddeler,
UV, ozon, biyolojik aritim gibi yontemlere kars1 direng gosterir.

Ekotoksisite: Su Canhlarina ve Mikroorganizmalara Etkileri

Arastirmalar, tagkomiirii katran1 boyarmaddelerinin birgok
tatli su organizmasi iizerinde toksik, mutajenik ve genotoksik etkiler
olusturdugunu gostermektedir. Ozellikle; Alg gelisimini baskilama,
baliklarin solunga¢ ve karaciger dokusunda yapisal hasar, su
mikroflorasi lizerinde enzimatik inhibisyon gézlenmistir (Yilmaz &
Gokmen, 2020; Wang vd., 2018).

Ayrica bu maddelerin ¢evrede uzun siire kalmasi,
biyomagnifikasyon riski yaratmakta; yani besin zinciri araciligryla
birikerek insanlara kadar ulasabilmektedir.

Toprak ve Tarim Uzerindeki Dolayh Etkiler

Arntilmadan salinan tekstil atik sular1 zamanla tarimsal
alanlara tasmabilir. Bu durum; Toprak mikrobiyal dengesini
bozabilir, agir metal ve toksik kalintilarla toprak verimliligini
diistirebilir, tarim {riinlerinde kontaminasyon riski dogurabilir
(Kant, 2012).

Cevre Dostu Aritma Yontemleri ve Mevcut Sorunlar

Cevresel etkileri azaltmak icin c¢esitli  teknikler
gelistirilmektedir [Tablo 4].
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Tablo 4. Boyarmaddenin ¢evresel etkilerinin azaltilmasi i¢in

yontemler
|Y6ntem ||Ag:1klama ||Avantaj / Smirlama |
|Ozon oksidasyonu ||Ozon gazi ile yapisal y1k1m||Yﬁksek maliyet |

|Geli$mi$ fotooksidasyon ||UV + H20: kombinasyonu ||Ba21 boyalara etkisiz |

Enzim veya bakteri temelli || Yavas siireg, selektivite

Mikrobiyal aritim yikim sorunlari

|Membran filtrasyon ||Nanoﬁltrasyon, ters 0zmoz ||Enerji ihtiyaci yliksek |

Tiim bu yontemler, farkli kosullarda sinirli basari
saglamaktadir ve genellikle ¢ok bilesenli boyarmadde karigimlarina
kars1 yetersiz kalmaktadir (Khandare & Govindwar, 2015).

Tagkomiirii katrant boyarmaddelerinin c¢evresel etkileri,
yalnizca fiziksel renk kirliliginden ibaret degildir. Bu maddeler
ekosistem sagligi, halk sagligi1 ve tarim sistemi iizerinde ¢ok boyutlu
ve kalici tehditler olusturmaktadir. Bu nedenle siirdiiriilebilir tekstil
iretiminde bu bilesiklerin kullaniminin sinirlandirilmasi, alternatif
yesil ¢oziimlerin onceliklendirilmesi gereklidir.

DUZENLEME VE YASAKLAMALAR

Tagkomiirii katran1 kokenli sentetik boyarmaddeler, 6zellikle
20. yiizyilin ortalarindan itibaren toksikolojik verilerin artmasiyla
birlikte cesitli yasal diizenlemelere, sinirlamalara ve yasaklamalara
tabi tutulmustur. Bu boyarmaddelerin 6zellikle azo grubu tasiyan
tirleri, saglik ve cevre agisindan yiiksek risk tasidiklar1 gerekcesiyle
pek ¢ok iilkenin kimyasal giivenlik mevzuatinda yer almaktadir
(ECHA, 2023; EPA, 2023).

Avrupa Birligi (AB) — REACH Yonetmeligi ve Ek XVII

AB'nin kimyasal maddelerin {iretim ve kullanimim
diizenleyen REACH (Registration, Evaluation, Authorisation and
Restriction of Chemicals) yonetmeligi kapsaminda, Ek XVII
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listesinde yer alan bir¢ok boyarmadde, tekstil ve deri iirlinlerinde
kullanim agisindan yasaklanmistir.

Kisitlama kapsami: Tiiketiciyle dogrudan temas eden tekstil,
deri, hali, giysi gibi liriinlerde 30 ppm’nin lizerinde 22 adet aromatik

amin olusturabilecek azo boyarmaddenin kullanimi yasaktir.

Siklikla yasaklanan bilesikler: Benzidin, 4-aminobifenil, 2-
naftilamin, o-anisidin gibi yapilar.

Test standardi: TS EN ISO 14362-1/ 14362-3 test yontemleri
kullanilarak tekstil tirlinlerinde bu boyalarin analizi zorunludur.

Amerika Birlesik Devletleri — TSCA ve FDA Diizenlemeleri

ABD’de boyarmaddelerin yonetimi, Toxic Substances
Control Act (TSCA) kapsaminda EPA tarafindan yiiriitiiliir. TSCA
kapsaminda:

SNUR (Significant New Use Rules): Belirli boyarmaddeler
icin yeni kullanim bildirim zorunlulugu getirilmistir.

FDA: Gida ile temas eden ambalajlarda ve kozmetikte
kullanilan bazi katran tiirevli boyalar tamamen yasaklanmistir (FDA,
2023).

Sa¢ boyalari: Katran kdkenli maddelerin kullanimina dair
uyar1 etiketlemesi zorunludur (6rnegin “This product contains
ingredients known to the State of California to cause cancer”).

Tiirkiye — Kimyasallarin Envanteri ve Kontrolii Yonetmeligi

Tiirkiye, REACH sistemine biiyiik 6l¢iide uyum saglamis
durumdadir.

Cevre, Sehircilik ve Iklim Degisikligi Bakanlig: tarafindan
yiriitiilen Kimyasallarin Envanteri ve Kontrolii Yonetmeligi
kapsaminda azo boyarmaddelere iliskin REACH esaslar1 gegerlidir.
Tekstil tirtinlerinde, TS EN ISO 14362-1 standardi ile yasakli amin
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olusturan azo boyarmaddelerin test edilmesi yasal bir zorunluluktur.
Ayrica belirli boyarmaddeler “zararli kimyasal” statiisiinde
siiflandirilarak KKS (Kimyasal Kayit Sistemi) iizerinden kayit
altina alinir.

Uluslararasi Sertifikasyon ve Etiketleme Sistemleri

Diizenlemelerin yani sira tekstil {irlinlerinin insan sagligina
zarar vermeyecegini belgeleyen cesitli sertifikasyon sistemleri
gelistirilmistir:

OEKO-TEX® Standard 100: Tekstil {riinlerinin azo
boyarmadde ve agir metal icerigi acisindan giivenli oldugunu

belgeleyen uluslararast sistem. Belirli aminleri olusturabilecek
boyarmaddelerin kullanimi yasaktir (OEKO-TEX®, 2023).

GOTS (Global Organic Textile Standard): Organik
tekstillerde toksik kimyasallarin kullanilmamasimi sart kosar
(Standard, G. O. T., 2010).

Diizenleyici kurumlar, bilimsel toksikoloji verilerine
dayanarak tagkomiirii katram1 kokenli bircok boyarmaddeyi
yasaklamig veya ciddi bi¢imde smirlamistir. Gliniimiizde,
stirdiiriilebilir  tiretim  hedefleri dogrultusunda sadece yasal
zorunluluklar degil; ayn1 zamanda goniillii sertifikasyon sistemleri
ve kurumsal ¢evre politikalari da bu boyarmaddelerin kullanimini
azaltma yoniinde gii¢lii bir etki olusturmaktadir.

SURDURULEBILIRLIK PERSPEKTIiFi VE GELECEK
ONERILER

Tagkomiirii katran1 kokenli sentetik boyarmaddeler, tarihsel
olarak tekstil endiistrisinde devrimsel nitelikte bir doniisiim
saglamig; renk yelpazesi, ekonomik {iiretim kapasitesi ve teknik
performans agisindan genis bir uygulama alan1 bulmustur. Ancak bu
boyarmaddelerin toksikolojik, ¢evresel ve kalicilik odakli etkileri,
glinlimiiziin  siirdiirtilebilirlik anlayisiyla ©onemli bir c¢atisma
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icindedir. Bu nedenle bu tiir sentetik boyalarin giiniimiizdeki rolii
yalnizca kimyasal performans acisindan degil; ayni zamanda
cevresel etki, insan sagligt ve etik {iretim baglaminda yeniden
degerlendirilmelidir.

Siirdiiriilebilir Tekstil Uretimi Baglaminda Degerlendirme

Suirdiiriilebilirlik;  yalnizeca dogal kaynak kullanimini
azaltmak degil, ayn1 zamanda toksik kimyasallarin kullanimini
sinirlandirmak, atik yonetimini iyilestirmek ve insan sagligini
Onceleyen iiretim siirecleri gelistirmek anlamina gelir.

Tagkomiirii katrani tiirevli boyarmaddeler bu acidan
degerlendirildiginde; stirdiirtilebilir hammaddelere
dayanmamaktadir, yiiksek toksik potansiyel tasimaktadir, zor
bozunabilirligi nedeniyle cevrede uzun siire kalicidir, atik su
yonetimini karmasiklastirmaktadir. Dolayisiyla bu boyarmaddelerin
glinlimiiz stirdiriilebilir tekstil hedefleriyle uyumsuz oldugu agikga
ortadadir.

Alternatif Boyarmadde Arayislan

Dogal Boyarmaddeler: Bitki, mantar, bocek ve mikroorganizmalar
kaynakli pigmentler. Genellikle biyo¢dziiniir ve toksik olmayan
yapidadirlar.

Dezavantajlari: Renk hashigr disiikligli, smirli renk
yelpazesi, standardizasyon sorunlari.

Biyoteknolojik Boyarmaddeler : Mikrobiyal pigmentler (6rnegin
Monascus, Streptomyces, Fusarium tiirlerinden elde edilen renkler).
Fermente iiretimle diisiik enerji tiiketimi saglarlar. Gelismekte olan
bir alan olup teknik optimizasyona ihtiya¢ vardir.

Yesil Kimya Tabanh Sentetik Boyalar: Aromatik amin igermeyen,
diisiik toksisiteli, su bazli sentetik sistemler. Sirdiiriilebilir liflerle
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(TENCEL™, organik pamuk, geri doniistiiriilmiis polyester) uyumlu
iiretim senaryolar1 olusturabilirler.

Sertifikasyon ve Tiiketici Bilinci

Stirdiiriilebilir iiretimin yalnizca teknik degil; ayn1 zamanda
etik ve seffaf bir yaklagim gerektirdigi kabul edilmektedir. Bu
baglamda ; OEKO-TEX®, GOTS, bluesign® gibi sistemler yalnizca
iiretim agsamasini degil, hammaddeden nihai iiriine kadar tiim siireci
denetler. Tiketici diizeyinde artan biling, markalar1 ¢evre dostu
etiketlemeye ve alternatif boyarmadde kullanimina tegvik
etmektedir.

SONUC

Tagkomiirii katran1 kokenli boyarmaddeler, modern kimya ve
tekstil endiistrisinin gelisiminde belirleyici bir rol oynamis; 19.
ylizyildan itibaren sentetik boya teknolojisinin temellerini atmistir.
Bu boyarmaddeler, gerek ekonomik gerekse teknik performans
acisindan uzun yillar boyunca tekstil iiretiminin vazgecilmez
unsurlari arasinda yer almistir. Ancak zaman i¢inde bu maddelerin
toksikolojik etkileri, ¢evresel kaliciligr ve insan sagligina yonelik
olas1 zararlar1 daha net bicimde anlasilmis; boylece bircok iilke ve
uluslararas1 kurulus tarafindan ciddi bicimde diizenlemeye tabi
tutulmustur.

Bu ¢alismada, tagkomiirii katran1 boyarmaddelerinin tarihsel
gelisimi, kimyasal yapilari, tekstil endiistrisindeki uygulamalari,
toksikolojik etkileri ve g¢evresel riskleri detayli bir sekilde
incelenmistir. Ayrica mevcut yasal diizenlemeler degerlendirilmis ve
stirdiiriilebilirlik perspektifi cercevesinde alternatif arayislara yer
verilmigtir. Elde edilen bulgular 1s1§inda su temel cikarimlar
yapilabilir:
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Tarihsel miraslart giiglii olsa da, taskomiiri katrani
boyarmaddeleri giiniimiiz ¢evre ve insan sagligi standartlarryla
ortiismemektedir.

Azo ve aromatik amin tiirevli boyarmaddeler, hem insan
saglig1r hem de sucul ekosistemler agisindan yiiksek risk tasiyan
yapilar arasinda yer almaktadir.

Diizenlemeler, bu boyarmaddelerin tekstil ve deri
irlinlerinde kullanimini siirlandirmig; ancak gelismekte olan
iilkelerde denetim eksiklikleri uygulamada farklilik yaratmaktadir.

Siurdiiriilebilir  alternatifler,  dogal  boyarmaddeler,
biyoteknolojik pigmentler ve diisiik toksisiteli yeni sentetik sistemler
aracilifiyla gelistirilmeye baslanmistir.

Gelecek caligmalar, dongilisel ekonomi ilkelerine dayali
boyama sistemleri, toksikolojik riski diisiik pigmentler ve doga dostu
proses gelistirme lizerine yogunlagmalidir.

Sonug olarak, tagkomiirii katran1 boyarmaddeleri, kimya ve
tekstil endiistrilerinin evriminde Onemli bir donemi temsil
etmektedir. Ancak stirdiirtilebilirlik odakli bir gelecek vizyonu
dogrultusunda bu tiir maddelerin yerini daha ¢evre dostu, biyolojik
uyumlu ve sorumlu iiretim anlayisim1 benimseyen alternatiflere
birakmasi kaginilmazdir. Bu gecis siireci yalnizca bilimsel degil;
ayn1 zamanda etik, yasal ve toplumsal boyutlariyla da yonetilmesi
gereken ¢ok katmanli bir doniistimdiir.
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BOLUM 2

SYNTHESIS, CHEMICAL PROPERTIES
AND BIOLOGICAL EFFECTS OF
THE BENZIMIDAZOLE DERIVATIVES:
REVIEW OF LITERATURE
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INTRODUCTION

The benzimidazole nucleus is an important heterocyclic aromatic
organic ring since several of its derivatives have pharmacological
properties and have many applications in pharmaceutical chemistry.
This compound is bicyclic in nature which consists of the fusion of
benzene and imidazole. Many benzimidazole derivatives have
different pharmacological properties such as anthelmentic,
antiulcer, cardiotonic, antihypertensive. So, they are using
antitumor,  antifungal, antiparasitic, analgesics, antiviral,
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antihistamine, as well as use in cardiovascular disease, neurology,
endocrinology and ophthalmology. Heterocyclic compounds
possess a cyclic structure with two or more different kinds of atoms
in the ring. These type of compounds are very widely distributed in
nature. They are essential to life which are playing a vital role in
the metabolism of all living cells e.g. the essential amino acids,
proline, histidine, DNA, the vitamins and coenzymes etc. There are
a vast number of pharmacologically active heterocyclic
compounds, many of which are in regular clinical use. The
heterocyclic compounds are used as a synthetic and naturally in
medicines and also in pesticides, agrochemicals, polymers etc. The
last decades have seen growing interest in the preparation of novel
heterocyclic molecules from useful biological activities as well as
many other areas. The benzimidazole is important of the wide
variety of heterocyclic systems known till date which is in nitrogen
heterocyclic species. (Sheehan & ark., 1999; Rida & ark., 2003;
Benkli & ark., 2004; Burli & ark., 2005; Hashimoto & ark., 2005;
Kazimerczuk, Andrzejewska & Klimesova, 2005; Khalafi & ark.,
2005; Mariana & Mercedes, 2005; Sukalovic & ark., 2005; Bhatt &
ark., 2023). The benzimidazole nucleus is an important heterocyclic
ring since several of its derivatives have pharmacological
properties and have been marketed as commercial products. Most
significantly, the benzimidazole ring system has been found to be
an integral part of Vitamin-B12. Many benzimidazole derivatives
have already been reported which different pharmacological
properties such as anthelmentic (Habib & ark., 1997), antiulcer
(Howden, 1991; McTavish & ark., 1991; Massoomi, Savage &
Destache, 1993), cardiotonic (Porai, 1947), antihypertensive (Li &
Widdop, 1995). The literature precedence revealed that the
substitutions at 1, 2 and 5 positions of the benzimidazole moiety is
crucial for the compounds to exhibit wide range of
pharmacological activities.

Synthesis of Benzimidazole Derivatives

Detailed reviews covering the synthesis and chemistry of
benzimidazole and its derivates have been published. Generally,
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benzimidazole derivates can be synthesized from a variety of
starting materials and a few of them are listed below in detail.

Acylated o-Nitroarylamine derivatives (Hoebrecker Method)

The first synthesis of benzimidazole, one of the most investigated
scaffolds by synthetic chemists, was carried out by Hoebrecker in
1872 by the reduction of 2-nitro-4-methyl acetanilide to synthesize
2,5 (or 2,6) dimethyl benzimidazole derivative, Figure 1
(Hobrecker, 1872; Wright, 1951).

Figure 1
I
N H

o
__ Sn/HCL
NH

/d% Sy

The 2,4,5,6,7-pentamethyl benzimidazole was synthesized as a
result of the treatment of 1,2-dinitro-3,4,5,6-tetramethyl benzene
with acetic acid under the same reducing conditions, Figure 2
(Smith & Harris, 1935; Smith & Moyle, 1936).

Figure 2

_SnCL/HCL
CH3COOH

o=z
%
\

Phillips Method

The heating of o-phenylenediamine and carboxylic acids with
dilute HCI resulted in the synthesis of 2-substituted benzimidazole
derivatives, Figure 3 (Phillips, 1942).

--26--



Figure 3

NH, K
@i + HCl
RCOOH ————— /HR
NH,. N

2-Alkyl  benzimidazoles @ were  also  synthesized by
o-phenylenediamine and carboxylated acids. The
bis-benzimidazoles = were  synthesized by  heating the
o-phenylenediamine and dicarboxylic acid in dilute HCI medium,
Figure 4 (Pool, Harwood & Ralston, 1937).

Figure 4

©iNH2 H H

HCl
~+ HOOC-(CH,),-COOH C[ />7(CH2)”_<\ :@
NH, N N

With the reaction of the phenylenediamine with carboxylic acids,
2-alkyl or aryl benzimidazole derivative compounds were

synthesized in high yield in the presence of polyphosphoric acid,
Figure 5 (Hein, 1957).

Figure 5

NH, N
+ polyphosphoric acid
HOOC-R(AT —_— > R
(40 heat /
NH, N

2-substituted benzimidazole derivatives were obtained by ring
closure reaction by the treatment of 1,2-diaminobenzene with
anthranyl or p-amino benzoic acid in the presence of
polyphosphoric acid, Figure 6 (Chhonker & ark., 2009).
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Figure 6
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polyphosphonc acid
OH he at
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NH, heat
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Benzimidazoles from different reactants were synthesized from the
reaction of o- phenylene- diamine and its derivatives with esters,
orthoesters, anhydrides, acid chlorides, nitriles, amides, thioamides
and imidates (iminoethers), Figure 7 (Grimmet, 1997).

Figure 7

"
NH, N

+ RCOOR' ———— > />—R
NH, N

1,2-Diaminobenzene and carboxamides are 2-substituted-1H-
benzimidazoles by reaction of ring closure and bisbenzimidazoles
by using dicarboxylic diamides, Figure 8 (Townsend & Wise,
1990a).

Figure 8

H
NH, N

+ RCONH,—————> />—R
NH N

NH, + RCONHy———— C[ />—
©i , T HNOC-(CH,),-CONH, ——————> C[ />_ (CHy) _<\ :@

Also; thiabendazole and parbendazole having antihelmintic
properties were obtained by the above mentioned method, Figure 9

(Townsend & Wise, 1990b).
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Figure 9
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Benzimidazole derivatives were obtained from the ring closure
reaction of 1,2-diamino benzene with anhydrides, Figure 10
(Preston, 1974).

Figurel0
©: ! R)J\OJJ\R C[N%R
The ring closure reaction of the acid chlorides with

o-phenylenediamine derivatives can be synthesized by the
benzimidazole derivatives, Figure 11 (Kumar & Joshi, 2007).

Figure 11

L
(I%

Benzimidazole derivatives were obtained by interaction with
nitrites, Figure 12 (Kahveci & ark., 2014).

Figure 12
/
O aN
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Benzimidazole derivatives were synthesized by ring closure
reaction with amides and thioamides, Figure 13 (Kahveci & ark.,
2013).

Figure 13

Synthesis of Benzoimidazole Derivative of o-Phenylenediamine
and Derivatives with Cyanogen Bromide and Ring Closure

After alkaline treatment of o-phenylenediamines with
cyanogenbromide in aqueous medium, the
2-aminobenzimidazoles were synthesized as a result of ring closure
reaction in a yield ranging from 54-84%, Figure 14 (Lin & ark.,
2006a).

Figure 14

Synthesis of Benzoimidazole Derivatives by Reaction of
o-Phenylenediamine and Derivatives with Aldehydes or
Ketones

Aldehydes react with o-phenylenediamine and derivatives under
oxidizing conditions. In the presence of cerium ammonium nitrate,
1,2-diaminobenzene was treated with various aldehydes to
synthesize benzimidazole derivatives, Figure 15 (Lin & ark.,
2006b).
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Figure 15

H
NH, [0} N
M cerium ammonium nitrate R
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N
NH.

2

The reaction of o-phenylenediamine and aldehydes in sodium
bisulfite salts in N, N-Dimethylformamide was synthesized by 2-
arylbenzimidazole derivative compounds, Figure 16 (Pathak &
ark., 2010).

Figure 16

R (R: H, Cl, F, NO2, OCH3, CN)

C( © N N-Dimethylformamide ©: : : :

CHOH

\s—o Na*

It has been found that it gives good results for the synthesis of the
compounds containing the heterocycle group at the aldehyde 2
position (Saleh & ark., 2010). Ketones give the corresponding
benzimidazole and hydrocarbon by a similar reaction, Figure 17
(Merck, 1996).

Figure 17

/R
CE + . CE%R‘ —+ R,-OH
o

Synthesis of Benzimidazole Derivatives by Microwave Method

O:O

Derivatives of o-phenylenediamines were synthesized by
microwave method (Osborne, 1969; Rogers & Clayton, 1972).
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Benzimidazole reactions were carried out under solution-free
conditions with alternative microwave method for the rapid
synthesis of pharmacologically important benzimidazoles using an
environmentally friendly catalytic amount of VO(acac); as catalysts
including metal acetylacetonates and organic reactions, Figure 18
(El Kihel &ark., 1999; Chandrakala & ark., 2010).

Figure 18

OO ﬁ%@

c NHz NH.CI
4 Teon
/\CH3
cl NH,

Chemical Properties of Benzimidazole

The benzimidazole ring has a highly stable structure. For example,
1H-benzimidazole is not affected by treatment with HCI or alkalis
when heated to 270 °C with sulfuric acid under pressure.
Benzimidazole structure of benzene ring can only be oxidized
under severe conditions, Figure 19.

Figure 19

: : :H/> MO, HOOC&N?

HOOC

The imidazole ring in benzimidazole is also very resistant to
reduction. Even the benzene ring has some resistance to reduction.
While benzimidazoles are not reduced by Ni and hydrogen,
2-methyl-2-ethyl and 1,2-dimethylbenzimidazole are converted to
their corresponding tetrahydro derivatives when hydrogenated on
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platinum oxide in glacial acetic acid. 2-phenylbenzimidazole gives
2-cyclohexyl-4,5,6,7-tetrahydro ~ benzimidazole under these
conditions. The chemical activity of the benzimidazole consists of
the salt formation of the nitrogens, acylation and alkylation
reactions, and the electrophilic substitution reaction of the benzene
ring.

Alkylation at the 1-position is fairly rapid when methyl sulfate and
alkyl iodide are used. The excess of alkylating reagents is the
formation of quaternary salts of benzimidazole. The 1-substituted
benzimidazoles often have a low melting point due to insufficient
formation of the supported molecules. N-formyl-N,N-dibenzoyl-
1,2-diaminobenzene is formed by reacting benzimidazole with
benzoyl chloride in the presence of Na,COs;. The resulting
compound is reacted with NaOH to give the
1,2-dibenzoylaminobenzene compound.

By substitution in benzene ring; nitriding of benzimidazole with
concentrated nitric and sulfuric acids produces
5(6)-nitrobenzimidazole, which is a benzimidazole derivative. The
position of the nitro group was determined by obtaining the same
nitrobenzimidazole from formic acid and
4-nitro-o-phenylenediamine, Figure 20 (Chandrakala & ark., 2010).

Figure 20
NH, N
L v — O
O,N NH, O,N N

The 2-methylbenzimidazole is reacted with bromine in glacial
acetic acid to form 4(7)-brom-2-methylbenzimidazole, Figure 21
(Alamgir, Black & Kumar, 2007).
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Figure 21

S R -

Biological Effects and Uses of Benzimidazole and Derivatives

The new antimicrobial compounds, one of the striking structures is
the benzimidazole ring-bearing compounds. Benzimidazole
derivative compounds are used as the active ingredient of the drug
due to its many effects such as antiulcerative, antihelmintic,
antihistaminic, anti-inflammatory and antioxidant (Velik, 2004).
Benzimidazole rings may also be purine antimetabolite since they
are isosters of the basic structures of DNA bases. Therefore, it is
thought that benzimidazole derivative compounds can interact
more easily with biopolymers in living systems. In addition,
vitamin B, (cyanocobalamin) in the structure of the benzimidazole
ring is recognized by living organisms. Again in the literature,
astemizole, mebendazole, enviroxime, carbendazim and
benzimidazole derivative compounds such as benomyl also inhibit
bacterial growth (Zomorodi & Houston, 1995; Atabay, Dulger &
Gucin, 2003). Benzimidazole derivative compounds from positions
1, 2, 4, 5 and 6 are known to have a wide range of biological
activity (Lance & ark., 1994). Examples of substituted
benzimidazole derivative compounds, particularly from 2,4 and 5
(6) positions, are telmisartan, which is currently used as a drug for
its antihypertensive activity. Benzimidazole and its derivatives have
been extensively studied by transition metal ions. Because such
complexes are antitumor, antineoplastic, fungicidal, they show
insecticidal, antiviral, antimalarial and other pharmaceutical
activities. In these studies, the complexes of Schiff base metal
complexes synthesized with dioxygen bonds have recently attracted

attention recently. Donor-acceptor effects of amino grams both
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catalysts, as well as photochromatic effects and benzimidazole in
the biological systems because of the importance has increased. N-
heterocyclic compounds especially mono, di and mononuclear or
polynuclear structures formed by transition metal complexes with
polydentate ligand properties (Loewe & Urbanietz, 1974).
Antidepressive, analgesic, antihistaminic, tranculantan, antifungal,
neuroleptic, antimicrobial, anticancer, antiarrhythmic and many
other effects of these compounds have been found in the studies.
Some researchers have determined that the benzimidazole
compounds have antihypoxic effect and the body increases the rate
of oxygen in case of acute oxygen deficiency (Roderick, 1972).
These compounds with benzimidaol derivatives were classified by
the World Health Organization as an ATC group (Garcia & Heras,
1981; Popova, 2004). 1,2-bis(2-benzimidazyl)-1,2-ethanediol is a
bisbenzimidazole derivative which has shown antiviral character
against the antifungal and palio virus (Goker & Terbizli, 1996).
Thiabendazole, a thiazole ring substituted benzimidazole derivative
from the 2-position, was synthesized and started to be used in the
treatment of anthelmintic. Later, the wuse of Albendazol,
Fenbendazole, Mebendazol, Oksfenbendazole, Ttriclabendazole
compounds became widespread. Benzimidazoles, which are the
active ingredient of the drug, are generally derivatives containing
substituents at the 2-, 5-, 6- positions. For antiviral purposes,
2-(a-hydroxybenzyl) benzimidazoles and bisbenzimidazoles have
been found to be effective (Goker & ark., 1998). A series of
synthesized benzimidazole derivative compounds showed
antitumor activity, and these compounds were found to show
remarkable efficacy in phase I as an anti-cancer active agent in the
treatment of breast cancer (Goker & ark., 2001; Biirli & ark.,
2004). These compounds, known as pibenzimol, are fluorescent
dyes used to mark DNA in Hoechst dyes fluorescence microscopy
and flow cytometry. These dyes are used to stain mitochondria as

they mark DNA. Bisbenzimidazole derivative compounds have
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been reported to act against rhinovirus, which causes flu and cold
(Goker & ark., 2001). Benzimidazole derivatives are also used in
commercial drugs as psychopharmacological agents. 5-fluoro-2-(5'-
nitro-2'-furyl) benzimidazole and antimicrobial and antifungal
activities of the corresponding benzoxazole compounds; The
benzimidazole derivative was found to be superior and as a result,
the -NH- group in the imidazole ring was found to play an
important role in biological activity for these class compounds.
Like all nitrogenous heterocycle compounds due to the electron
density on nitrogen, benzimidazoles are corrosion inhibitors with
strong adsorption properties (Biirli & ark., 2004). As a result of the
studies carried out on benzimidazolecarboxamide derivatives,
antimicrobial effective derivatives have been reached. It has been
reported that derivatives carrying benzimidazole and pyrrole ring
systems via carboxamide bridges have a significant antibacterial
effect against gram-positive bacteria (Osborne, 1969).
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BOLUM 3

SYNTHESIS AND APPLICATION OF TITANIUM-
BASED METAL-ORGANIC FRAMEWORK IN
PHOTOCATALYTIC DEGRADATION OF SOME
ORGANIC DYES

PELIN SOZEN AKTAS!
KADER OKTEM?

INTRODUCTION

Metal organic frameworks (MOFs) are materials that have
experienced significant development during the last thirty years
since their introduction by Yaghi and co-workers in 1995 (Yaghi et
al., 1995). This progress is due to their large surface area,
customizable pore sizes, and varied functionality groups. MOF
materials present considerable potential for many applications,
including catalysis (J. Li et al., 2023), pollutant removal (Drout et
al.,2019; Su et al., 2025), medication delivery, biomedical field (Sun
et al., 2020), gas storage, adsorption, and separation (Vellingiri et al.,
2017).
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MOFs have gained attention in photocatalysis due to their
high surface area, adjustable structure, and dense active sites. They
have been extensively investigated in the removal of organic
pollutants caused by their structural and fascinating features (J. Li et
al., 2023; Yao et al., 2018). Industrial activities in textiles, paper, and
leather have generated significant amounts of wastewater containing
various organic dyes, which often lead to serious environmental
issues and might threaten human health (L. Li et al., 2020).
Photodegradation of organic dyes presents a promising solution to
this environmental issue. Among the various photocatalysts used for
this purpose, highly porous metal-organic frameworks (MOFs)
exhibit diverse structures and offer adjustable functionalities, such
as the elimination of organic dyes through photodegradation. In
contrast to other MOFs, Ti-based MOFs have potential applications
in this subject and area. Gao and co-workers reported NTU-9, Ti-
MOF, which demonstrated p-type semiconductor behavior and
displayed excellent photocatalytic activity in degrading MB and
rhodamine B dyes (Gao et al., 2014). A porphyrinic Ti-MOF and
NH>-MIL-125 were employed as catalysts to degrade Rh B under
various light sources. In the visible region, the photocatalytic
degradation efficacy of porphyrinic Ti-MOF outperforms that of
NH2-MIL-125 MOFs. (X. Guo et al., 2021). In another study, MIL-
125 and NH>-MIL-125 were prepared using the solvothermal
method and showed effective degradation of MB when exposed to
visible light (Mahmoodi et al., 2024). Studies on removing organic
pollutants by Ti-MOFs containing terephthalic acid and amino
groups are ongoing. The MIP-207 structure, which contains trimesic
acid, is stable in water and has high porosity, making it a good
candidate for catalysis studies. Serre and colleagues used pre-
prepared titanium-oxygen clusters to self-assemble trimesic acid,
resulting in the controlled synthesis of MIP-207, which remained
stable in water for over three days (Wang et al., 2020).



In this study, the MIP-207 Ti-MOF structure was synthesized
using the method described in the literature and utilized as a catalyst
to remove dyes (MB and MO) from an aqueous solution.
Furthermore, the structures of the prepared MIP-207 were
characterized by XRD, TGA, FT-IR, and BET surface area analysis
before catalytic activity was assessed. M1 and M2 were evaluated as
photocatalysts for decolorizing methylene blue (MB) and methyl
orange (MO)exposed to UV light irradiation; the M1 structure
demonstrated higher photocatalytic activity for both dyes. It was
found that the M1 structure synthesized using the solvothermal
method exhibited more significant activity in removing both MB and
MO under UV light, attributed to its surface area and more uniform
structure.

METHOD

All reagents used were of analytical grade and were
employed without any further modification or purification.
Titanium(I'V) isopropoxide (97%, Sigma-Aldrich), trimesic acid
(95%, Sigma Aldrich), acetic acid (glacial, Merck), acetic anhydride
(96%, Merck), DMF (99.8%, Merck), acetone (Isolab), methanol
(Isolab), and MB(methylene blue) (BDH), and MO(methyl orange)
(Carlo Erba) were used as received. MIP-207 was synthesized with
a minor modification following the methodology described in the
literature (Wang et al., 2020).

Synthesis of Ti-based MOF, MIP-207 (M1) in the Teflon-coated
PTFE inner chamber (Method 1)

Ti(IV) 1sopropoxide (0.306 mL, 1 mmol) was added to trimesic acid
(0.328 g, 1.5 mmol) in 2.5 mL of acetic acid and 2.5 mL of acetic
anhydride solution. The solution, transferred to the Teflon-coated
PTFE inner chamber cell, was heated in a vacuum oven at 120 °C
for 48 hours in the reactor system and then cooled to r.t. The white

precipitate was filtered out from the solution and rinsed with
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acetone. The obtained powder (0.4823 g) was dried at 100 °C in a
vacuum oven. The diagrammatic illustration of the synthesis is given
in Figure 1.

Synthesis of Ti-based MOF, MIP-207(M2) by reflux (Method 2)

Ti(IV) isopropoxide (1 mL, 3.27 mmol) was added to a
solution of trimesic acid (1.05 g, 4.75 mmol) in 12.5 mL of acetic
acid and 12.5 mL of acetic anhydride in a 100 mL Schlenk flask and
refluxed at 120 °C for 24 hours. The mixture was then cooled to r.t.
The white precipitate was filtered from the solution and then rinsed
with acetone. The resulting powder (1.2567 g) was dried at 100 °C
in a vacuum oven.
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Figure 1. Synthesis route for MIP-207
Characterization and Photocatalytic Activity

XRD patterns of the MIP-207 powders were measured by a
PANalytical Empyrean diffractometer with Cu Ka (A= 1.5406A) X-
ray radiation (40 mA, 45 kV). The FT-IR spectra of the samples were
measured at r.t. by a Perkin Elmer FT-IR system (Spectrum BX).
Thermogravimetric analysis was performed on a TA Instruments
SDT 650 simultaneous thermal analyzer. The Match! Version 3
Crystal Impact program was used for phase-identification (Putz &
Brandenburg). The XRD patterns of the obtained compounds were
analyzed with the Rietveld refinement program FULLPROF
(Rodriguez-Carvajal, 1993). BET measurements were performed
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with a Micromeritics Gemini VII 2390t instrument. The MIP-207
powders were also characterized by an SEM equipped with an EDS
(Zeiss Gemini 500). We tested photocatalytic activity using an
experimental setup featuring an OUSIDE E27 lamp at a power of 15
W (395-400 nm UV-A). We utilized a Perkin Elmer UV-VIS Lambda
365 spectrophotometer to measure the UV-Visible absorption
spectrum of the samples.

RESULTS and DISCUSSION

Characterization of Ti-MOYF structures

The synthesized Ti-MOFs were characterized with several
methods as indicated below. XRD was conducted to examine the
crystal structure of M1 and M2 MIP-207 samples. The XRD patterns
for M1 and M2, generated by two distinct methods, are depicted in
Figure 2. Figure 3 presents the Rietveld refinement of M1 and M2,
demonstrating consistency with the data reported by Wang and
colleagues (Wang et al., 2020). XRD patterns of M1 and M2 show
peaks at 5.16 °, 10.30 °, 11.40°, 15.44°, 16.22°, 18.64°, 21.42°,
23.23° values. All findings are consistent with the reported results
data. This referenced data pattern was utilized for the Rietveld
refinement implemented in Match! Software. The results suggest
that M1 and M2 are in the tetragonal space group P 4/n b m (#125).
Refinement, lattice, and structural parameters are given in Table 1.
The refined structure of M1 is given in Figure 2 (b). The results
indicated that the Rietveld analysis and the XRD of the prepared
MIP-207 correlated with those documented in the literature data
(Wang et al., 2020).
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Figure 2. XRD patterns of MIP-207 powders with different
methods (a), Refined structure of M1(b)
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Table 1. Rietveld refinement, lattice and crystallite size, surface

characteristic parameters for MIP-207 samples

MIP-207 sample

M1

M2

Formula

T, A, data range, step

298 K, 1.54060A, 4.036°-50.015°,0.013

size
Space group, crystal Tetragonal P 4/n b m (#125)
system
Unit cell parameters a=24.1899 (3) A, ¢=7.8106 a=24.2762 (2) A, ¢=7.8606
(3) A, a=90° (3) A, 0=90°
Volume (A%) 4570.43 4632.58
Density (g/cm?) 1.421 1.403

Ryp, Rup, Rexp, X2

19.2,19.6, 8.80,4.97

49.4,48.1, 19.29, 6.23

Average crystallite size
(nm)

26.01

29.16
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Figure 3. Rietveld refinement of M1 and M2 (1. observed, 2.
calculated, 3. difference, 4. Bragg positions)

M1 M2

Il M

For further characterization, the IR spectra of trimesic acid,
M1, and M2 are shown in Figures 4 and 5, respectively. The infrared
spectra of trimesic acid and Ti-MOFs exhibit significant differences
from one another. Trimesic acid exhibits characteristic C=0O and C-
O stretching vibrations at 1721 cm™, and 1405-1327 cm™. The
spectral bands detected at 1276-1107 cm' and 916 cm! are attributed
to the in- and out- planes stretching vibrations of the C-H groups of
benzene. Additionally, C-C (benzene ring) stretching vibrations are
observed at 1455 cm™!. (Mahalakshmi et al., 2014). . The spectra of
M1 and M2 contain bands at 1708 cm™ (C=0) and 1448, 1376 cm™
(C-0), that have moved to lower frequencies in comparison to acid.
M1 and M2 exhibit a wide band at 3563 cm™, suggesting the
presence of adsorbed water. Using anhydride and carboxylic acid in
the synthesis reaction can form structures containing MOFs-
(COOH) that can be removed by heating. The peaks observed at
2628 cm™! and 2550 cm™! can be attributed to H- bonded carboxylic
acid groups. An analogous situation has been observed for some
MOF structures (Hadjiivanov et al., 2021)The FTIR spectrum of the
MOFs displays distinct O-Ti-O bands in the range of 400 to 800 cm
!, Peaks observed at 507.5 and 446.9 cm™ correspond to these
stretching vibrations (George et al., 2017; H. Guo et al., 2015).



Figure 4. FTIR spectrum of trimesic acid
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Figure 5. FTIR spectra of MIP-207 samples
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TGA methodology was used for MOFs to understand thermal
decomposition steps of components correlated to temperature.
Figure 6 shows TGA plots of M1 and M2 between 25 °C and 1000
°C. M1 and M2 consisted of three main steps, where both lost app.
5 % by weight of adsorbed water at 100 °C. Between 200 °C and 300
°C, the weight lost is by app. 15%, corresponding to the removal of
solvent molecules adsorbed on the surface of M1 and M2(Lazaro,
2020) . It has been observed that while some fragments are detached
at temperatures ranging from 300 °C to 550 °C, the structure
maintains stability between 600 °C and 800 °C, and it commences
decomposition at temperatures exceeding this range.

The experimentally measured BET surface areas for M1 and
M2 were 439.57 m?/g and 430.45 m?/g, respectively, both of which
are lower than the data that have been reported (Wang et al., 2020).
Surface characteristic parameters, total pore volume, and pore size
data are also presented in Table 2.
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Figure 6. TGA plots of MIP-207 samples
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Table 2. Surface characteristic parameters for MIP-207 samples

BET Surface Total pore volume Vr, Pore size[nm]
area Sppr[m’g'] [cm’g!]
M1 439.5746 0.2945 25.48
M2 430.4597 0.1810 9.36

Figure 7 illustrates the morphology of M1 (a, b, ¢) and M2
(d, e, f) samples. The SEM images of M1, shown in Figure 7 (a-c),
display a distribution of neatly arranged flower-like forms featuring
multiple layers. In Figure 7 (d-f), the M2 structure appears
distributed as irregularly shaped rod clusters. Both structures were
observed to contain pores. In the M1 and M2 structures synthesized
using two different methods, it was determined that the M1 synthesis
route achieved a larger surface area and more uniform material. This
influenced the photocatalytic activity of the structure, with M1
demonstrating greater activity.
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Figure 7. SEM images of samples M1 (a: 5.00 KX, b: 10.00 KX, c:
20.00 KX) and M2 (d: 10.00 KX, e: 20.00 KX, f: 50.00 KX
magnification)

Photocatalytic Degradation of Organic Dyes

We evaluated the photocatalytic activity of the synthesized
MIP-207 structures during the photodegradation of MB and MO
when exposed to UV light. The degradation reaction of methylene
blue with MIP-207 (M1) catalyst was carried out for 330 min. 10 mg
of MIP-207 (M1) catalyst was added to 100 mL of 10 ppm methylene
blue solution. After stirring for 5 min, it remained in the dark for 30
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minutes, for absorption/desorption balance and 3 mL was taken and
centrifugated at 30x100 rpm for 1 min and absorbance was measured
(0 min.). It was stirred at 300 rpm under UV light for a total of 330
min, and 3 mL was taken in 30-minute periods and centrifuged at
30x100 rpm for 1 min, and the absorbance of the solution was
measured. Similar procedures were repeated for methyl orange at the
same stoichiometric ratio. The degradation efficiency of dyes is
calculated by the formula % =(Co-C)/Co x 100, where Co is the
starting concentration (mg/L) and C represents the concentration
(mg/L) at a specific time. The characteristic maximum absorbance
of methylene blue is seen at 663 nm. UV-vis spectra taken at certain
time intervals during the photodegradation of methylene blue under
M1 and M2 catalysts are given in Figure 8. While approximately
82% of methylene blue was degraded at the end of 330 minutes
under M1 catalyst (as seen in Figure 9), it was observed that
approximately 40% was decolorized at the end of 120 minutes in the
presence of M2.

Figure 8. UV-VIS spectra of MB over time with M1 and M2
catalyst
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The maximum absorbance of methyl orange occurs at 465
nm. The UV-vis spectra collected at specific time intervals during
photodegradation with catalysts M1 and M2 are presented in Figure
10. After 120 minutes, about 40% of methyl orange was degraded
with M1, while with M2, the degradation was 22%.

Figure 10. Time-varying UV-VIS spectra of MO with M1 and M2
catalysts
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CONCLUSION

In the present work, two methods were used to prepare M1
and M2 photocatalysts. The M1 structure synthesized by the
solvothermal method showed higher activity in removing both MB
and MO under UV light because of its larger surface area and more
uniformity. SEM analysis showed that both structures were porous;
the M1 structure was more regular. Similarly, BET results showed
that the M1 surface area, total pore volume, and pore size were
larger, measured as 439.57 m?*g, 0.2945 cm?’/g, and 25.48 nm,
respectively. The synthesis of the MIP-207 structure by the
solvothermal method was also practical on photocatalytic activity.
The M2 structure removed 82% of the MB dye in 330 minutes.
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