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ONSOz

Tekstil boyarmadde atik sularinin renk giderimin de ozonlama etkili bir yéntemdir.
Ancak KOI (kimyasal oksijen ihtiyacl)) ve TOK (toplam organik karbon) degerlerinin
duslrilmesinde tek basina ozonlama vyeterli olmamaktadir. Ozonlama etkinliginin
artinlmasinda aktif karbonun (AK) katalizér olarak kullanimi son yillarda énem kazanan bir
konudur. Cunkiu AK, ozondan daha kuvvetli oksitleme potansiyeline sahip olan hidroksil
radikallerinin olusumunu artirmaktadir.

Tarimsal atiklar zeytin  c¢ekirdedi ve kayisi  ¢ekirdegi ticari  olarak
degerlendiriiememektedir. Bu calismanin amaci zeytin g¢ekirdegi ve kayisi c¢ekirdeginin
fiziksel ve kimyasal aktivasyonla aktif karbona donusturulerek, elde edilen bu AK drneklerinin
katalitik ozonlamada etkinli§ini arastirmaktir. Nano boyutlara inildiginde malzemenin
kimyasal ve fiziksel Ozellikleri degismektedir. Ylizey alani ve pargacik boyutu organik
molekdllerin tutunmasinda ve ozonlama reaksiyonu sirasinda katalizér olarak kullanilan AK
nin yluzeyinde aktif hidroksil radikalerinin olusumunun artmasinda 6énemli rol oynamaktadir.
Bu nedenle bu calismada farkh aktivasyon islemleri denenerek (ZnCl,, H;PO, ve KOH ile
aktivasyon vb.) nano boyutlarda en uygun malzemenin Uretimi planlanmistir. Uretilen bu
malzemelerin katalitik ozonlamadaki performanslari, RR195 boyar maddesinin renk giderilme
yuzdesi ve mineralizasyonuna bagl olarak degerlendiriimektedir.

Elde edilen sonucglara gore, hazirlanan AK ornekleri ile ticari AK o6rnekleri
karsilastirilmak suretiyle hazirlanan AK &rneklerinin ekonomik olarak ticarilestiriimesinin
muamkuin olup olmadigi arastiriimistir. Béylece hem tekstil atik sularinin aritilmasinda katalitik
ozonlamanin etkinligi, hem de atik olarak degerlendiriiemeyen ham maddelerin kullanim
potansiyelleri arastiriimistir. Zeytin cekirdegi ve kayisi g¢ekirdedinden elde edilen AK ile
yapilan calismalar adsorpsiyon &zellikleri ile mevcuttur. Tekstil atik sularinin katalitik
ozonlanmasinda zeytin ve kayisi ¢ekirdeginden elde edilen AK Orneklerinin katalizor olarak
kullanimi orijinal bir calisma olarak yayinlanma potansiyeli ile literatirdeki bu konudaki
eksiklikleri tamamlamasinin yaninda, tarimsal atik olan zeytin ve kayisi ¢ekirdeginin yiksek
kaliteli aktif karbon Uretiminde degerlendiriimesi ile Ulke ekonomisine 6nemli bir getiri
saglanacaktir. Zira Turkiye aktif karbon ihtiyacini ithal ederek karsilamakta ve 1 kg. aktif
karbon igin yaklasik 1$ édemektedir ve bu miktarda énemli bir déviz kaybi demektir. Ustelik
kontrolsiiz bir sekilde cevreye birakilan veya yakit olarak kullanilan zeytin ve kayisi
cekirdeklerinin aktif karbon Uretiminde kullaniimasi durumunda cevre agisindan da ek bir
getirisi olacaktir.

Ulkemiz ekonomisine ve ¢evre sorunlarinin ¢ézimine katkida bulunmak amacina
yonelik olarak gerceklestirilen bu calisma, 109Y145 nolu proje cergevesinde TUBITAK hizli

destek programi tarafindan desteklenmistir.
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OZET

Bu calismanin amaci; Turkiye'deki zeytin ve kayisi igleme tesislerinin atigi olan islenmemis
cekirdeklerinden, ticari reaktif azo boyarmaddesinin (Reaktif Red 195-RR195) Kkatalitik
ozonlama ydntemiyle gideriimesinde etkin bir katalizor gelistirmektir. Zeytin c¢ekirdekleri
Adana yerli zeytin isleme tesisleri, kayisi ¢ekirdekleri ise Malatya kayisi isleme tesislerinden
temin edilmistir. Bu ¢alismada ham c¢ekirdekler, ZnCl,, H;PO, ve KOH gibi kimyasallarla
muamele edilmis ve daha sonra karbonizasyon islemine tabi tutulmustur. Elde edilen
materyaller, RR195 boyarmaddesinin sulu ¢ozeltide katalitik ozonlanmasinda kullaniimistir.
KOH ile kimyasal aktivasyona tabi tutulan zeytin ¢ekirdeklerinde (TAK1) mikrogdzenekililik,
kayisi ¢ekirdeklerinde (TAK4) mezo gdzeneklilik artisi ile iyi kalite aktif karbon drnekleri elde
edilmistir. Bu ¢alismanin bir diger amaci, zeytin ve kayisi ¢ekirdeginden hazirlanan aktif
karbon 6rneklerinin (TAK1 ve TAK4), RR195’in ozonlanmasinda katalitik performanslarini,
ticari olan granile karbon (GAK) ve toz aktif karbon (TAK) érnekleri ile karsilastirmaktir.
Reaksiyon pH’l, boyarmadde derigimi ve katalizér miktarinin optimizasyon caligmalari; 532
nm’deki absorbans degerleri (renklilik), 220 nm (gifte bag) ve 280 nm’deki (aromatiklik)
absorbans degerleri ve TOK parametreleri ile belirlenmistir. Tim 6érneklerin ylzey alanlari ve
gOzenek karakterizasyonu 77 °K’ de N, adsorpsiyonu ile BET yontemine gore Micromeritics
Tristar 3000 model yluzey analizOr ve porozimetre cihazinda yapiimistir. En yuksek BET
yiizey alani, 2,29 nm partikiil boyutuna sahip olan TAK1 érneginde 1275 m?g olarak
bulunmustur. 2 dakikalik katalitik ozonlama sonrasinda TAK1 ve TAK4’Un renk giderme
etkinlikleri GAK ve TAK ile kiyaslandiginda, TAK1 ve TAK4 (sirasiyla, %90,4 ve %91,3),
GAK ve TAK’a gore (sirasiyla %84,6 ve %81,2) daha iyi performans gdstermislerdir. Elde
edilen sonuglar; daha fazla yiuzey alanina ve gdzeneklilige sahip TAK1 ve TAK4 aktif

karbonlarinin Turkiye'de uretilip degerlendirilmesi acisindan 6nem tasimaktadir.

Anahtar kelimeler: Katalitik ozonlama, aktif karbon, reaktif azo boyarmadde, reaktif kirmizi

195, kayisi ¢ekirdegdi, zeytin ¢ekirdegi



ABSTRACT

The aim of this work to develop an efficient catalyst based on raw olive and apricot stone,
which are wastes in olive and apricot plants in Turkey for the removal of a commercial
reactive azo dye (Reactive Red 195-RR195) by catalytic ozonation process. The olive and
apricot stones were obtained from an olive oil producing plant (Adana) and apricot plant
(Malatya), respectively. In this study, the preparation of activated carbon was carried out by
impregnation of olive and apricot stones with ZnCl,, H;PO, and KOH solution and then
carbonization. The resulting materials were used to remove a reactive dye (RR195) from
agueous solutions by catalytic ozonation. Chemical activation with KOH of olive stone
(TAK1) and apricot stone (TAK4) were proved to be effective in producing good quality
activated carbons, while micro and mesoporosity are enhanced, respectively. The other
objective of this study is to compare the performances of catalytic ozonation processes of
two activated carbon prepared from olive stone (TAK1l) and apricot stone (TAK4) with
commercial ones (granular activated carbon-GAK and powder activated carbon-TAK) in
degradation of reactive azo dye (Reactive Red 195). Optimization of the reaction pH and
amount of catalyst was made in accordance with the absorbance values of treated aqueous
dye solutions (absorbances at 532 nm), the absorbance of double bonds and aromatics
(absorbances at 220 and 280 nm, respectively) and the TOC removal. Pore properties of the
activated carbon such as BET surface area, pore volume, pore size distribution, and pore
diameter were characterized by N, adsorption using Tristar 3000(Micrometrics, USA) surface
analyser. The highest BET surface area carbon (1275 m?/g) was obtained from TAK1 with a
particle size of 2.29 nm. After 2 min catalytic ozonation, decolorization performances of TAK1
and TAK4 (90.4% and 91.3%, respectively) were better than that of GAK and PAK (84.6%
and 81.2%, respectively). Experimental results showed that production of porous activated

carbons with their high surface areas from olive and apricot stones are feasible in Turkey.

Key words: Catalytic ozonation; activated carbon; reactive azo dye; Reactive Red

195; apricot stone; olive stone



BOLUM 1. GIRIS VE AMAC

Atik su artiminda geleneksel biyolojik ve kimyasal aritim teknolojileri kullaniimaktadir. Bu
teknolojilerde temizlenmis suyun kalitesinin arttinlmasinda adsorban kullanimi uzun
zamandan beri bilinmekle birlikte kirlilik dozunun ve kirletici sayisinin ¢ok hizli artmasina
bagll olarak yeni aritim teknolojilerine ve daha gugcli ve tekrarlanabilir kullanimi olan
adsorbanlara ihtiyag artmistir. Adsorban olarak ucuz ve gevresel atiklardan elde edilen aktif
karbonun kullanimi énemli bir yere sahiptir. Aktif karbon, karbon icerikli her turld (kati veya
sivi) organik materyalin fiziksel veya kimyasal aktivasyon yodntemlerine gore islenmesi
sonucu elde edilmektedir. Metodun ve islemin farkhliina gore aktif karbon kalitesi de
degismektedir. Uretim proseslerine gére genelde mikro ve mezo gézenede sahip 250-4000
m?/g yiizey alanina sahip aktif karbon elde edilmektedir. Aktif karbon metod ve kullanim
alanina bagl olarak toz, granl, pellet olarak Uretilmekte ve kullaniimaktadir.

Ozon yliksek oksidasyon potansiyeline sahip olmasi nedeniyle birgok organik
bilesigin parcalanmasina olanak saglar. Bu bilesikler icinde boyar maddeler énemli bir yere
sahiptir Son yillarda kirlilik gideriminde ozonla birlikte aktif karbon kullanimi olduk¢a dnemli
bir aritim prosesi olarak 6ne g¢ikmaktadir (GUL, 2010). Bu kombinasyonda aktif karbon,
ozonun toksik bilesiklere pargalayabilirligini ylUksek oksidatif ylzeyleri sayesinde
arttirmaktadir. Boylece prosesin aritim verimi artmaktadir.

Aktif karbonun ozon reaksiyonuna etkisi hidroksil radikalinin Uretimini artirmasi
seklindedir (GUL, 2007). Ozonun sulu ortamda bozunmasi sonucu olugan hidroksil
radikalinin ozonun kendisinden daha reaktif oldugu bilinmektedir.

Aktif karbon uretiminde kullanilacak ham materyaller, aktif karbon kullaniimasi
amagclanan alana, prosesin yapisina, adsorplanmasi istenen maddenin 0zelliklerine ve
maliyete gore secilmektedir. Endustride kullanilan aktif karbonlarin Uretiminde tercih edilen

ham maddeler ve bunlarin ylizde kullanimi Tablo 1 ‘de verilmektedir.

Tablo 1. Ticari Aktif Karbon Uretiminde Kullanilan Ham Maddeler

Hammadde % Kullanimi
Odun 35

Komdar 28

Linyit 14
Hindistan cevizi kabugu 10

Turba 10

Digerleri 3




Odun, findik kabugu, kdmdr gibi ¢esitli ham materyallerden uretilen aktif karbonlar gézenekli
bir yapiya sahiptirler. Bu ham materyaller, kimyasal veya fiziksel aktivasyon islemine tabi
tutulduktan sonra uretilen aktif karbonlarin mikro gézenek yapilarinda oldukga énemli bir artig
meydana gelirken, olduk¢ca yuksek yuzey alanlarn elde edilebilmektedir. Fiziksel
adsorpsiyonda oOrnekler 400-1000°C arasinda karbonize edilirken, kimyasal aktivasyon
isleminde ZnCl,, H;PO, ve KOH gibi kimyasallarla emdirme yapilmaktadir. Kimyasal
aktivasyonda sicaklik kullanilan emdiriciye gére 500-800°C arasinda degismektedir. Gerek
aktivasyon yontemi gerekse kimyasal aktivasyonda kullanilan emdirici aktif karbonun ylizey
alani yaninda tim 6zelliklerini dnemli oranda etkilemektedir. Ozellikle kimyasal aktivasyonda
nano boyutlarda parcacik ve gézenek boyutu azalirken ylzey alani artmaktadir. Bunun da
katalitik etkiyi artiracadi dustnulmektedir.

Aktif karbonla adsorpsiyon su aritim uygulamalarinda ¢ok verimli bir proses olmasina
karsin gerek adsorbantlarin Uretimi gerekse isletme maliyetinin ylksek olusu alternatif
uygulamalarin arayisini glindeme getirmistir. Tarimsal yan drlnler kolay, ucuz ve bol
miktarda bulunabilen aktif karbon hammaddeleridir. Yapilan c¢alismalar, tarimsal yan
drtnlerin karbonizasyonu ve aktivasyonu ile elde edilen aktif karbonun adsorpsiyon
kapasitesinin baslangic ham maddesine ve aktivasyon metoduna baglh olarak
degisebilecedini, ancak elde edilen deneysel karbonlarin adsorpsiyon kapasitesinin, ticari
amagcla satilan aktif karbonlar ile yarisabilir dizeylerde oldugu bulunmustur (MARTINEZ.,
2006; ONAL, 2006).

Zeytin ve kayisi cgekirdekleri, Uretiminin bolca yapildigi Akdeniz Ulkelerinde Urlnin
islenmesinden sonra geriye kalan atik maddelerdir. Turkiye zeytinyadi Uretiminde dinyanin
ileri gelen ulkelerinden biridir. Ulkemizin zeytinyadi dretimi yilhik 100.0000-250.000 ton
arasindadir ve onemli miktarda zeytin cekirdegi atik olarak c¢evreye birakiimaktadir
(UGURLU, 2007). Malatya bélgesi basta olmak (izere, yilda yaklasik 120.000 ton kayisi
Uretimi s6z konusudur. Bu bdlgedeki kuru kayisi Ureticiligine bagh olarak yilda 40.000 tona
¢ikan kayisi ¢ekirdegi ve bunun aktif karbon olarak potansiyeli bulunmaktadir (SENTORUN-
SHALABY, 2006).

Zeytin ve kayisi gekirdeginin karbonizasyon iglemine tabi tutulduktan sonra, sulu
¢cOzeltideki ¢ok sayida Kirleticinin giderilmesinde sorbent olarak basariyla kullanildigr gok
saylida mevcuttur (GALIATSATOU, 2002; CIMINO, 2005; MARTINEZ; 2006; KULA, 2008).
Aktif karbonlarin adsorbsiyon kapasitelerinin yaninda, yuzey kimyasal ozellikleri ve sahip
olduklar ylksek yluzey alanlari ile katalitik aktivite 6zelikleri de bulunmaktadir (FARIA, 2005).
Kimyasal olarak modifiye zeytin cekirdeginin safranin boyarmaddesinde sorbent olarak
kullanimi ve ZnCl, ile kimyasal olarak aktive edilmis kayisi ¢ekirdeginin, ¢ boyarmaddenin
giderilmesinde kullanimi ile ilgili galismalar mevcuttur (AZiZ, 2009; AKMIL-BASAR, 2006).
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Bu proje kapsaminda gercgeklestirilen calismada, Adana bolgesindeki zeytin ve
Malatya bdlgesindeki kayisi ¢ekirdekleri aktif karbon Uretiminde hammadde kaynagi olarak
secilmis ve model reaktif boyarmaddenin (RR195), katalitik ozonla pargalanmasinda ucuz ve
basit ydontemle hazirlanabilen bu AK’larin katalitik performanslari arastiriimistir. Bu ¢calismada
zeytin ve kayisi gekirdeginden hazirlanan aktif karbonlar, kimyasal aktivasyon iglemiyle
ZnCl,, H3PO, ve KOH gibi kimyasallarla muamele edilmis ve karbonizasyona tabi
tutulmustur. Elde edilen AK 6rneklerinin katalitik performanslari, ticari tretilmis granile ve toz
AK o6rnekleriyle karsilastiriimistir. KOH ile aktive edilmis zeytin ve kayisi ¢ekirdeklerinden
elde edilen AK’larin, boyarmaddenin (RR195) katalitk ozonlama yontemiyle

parcalanmasinda katalizér olarak uygun bir madde oldugu saptanmistir (GUL, 2011).

BOLUM 2: GENEL BILGILER

2.1. Boyarmaddeler

Boyarmadde genel anlamda bir cisme kalici olarak renk veren organik yapidaki
maddedir. Boyarmaddeler dogal olarak bitkilerden, hayvanlardan, birgok madenin
karisimlarindan veya sentetik yollardan elde edilebilmektedir ve bu boyarmaddeler basta
tekstil, kagit, plastik, gida, kozmetik, deri ve fotografcilik gibi bircok alanda kullaniimaktadir.

Boyarmadde yapisindaki renk veren gruplara kromofor denilmekte ve kromofor
gruplarinin hepsi azot, nitro, nitroso ve karbonil grubu gibi cift bag icermektedirler.
Boyarmadde icersinde yer alan ve kromofor iceren aromatik halkali bilesiklere kromojen
denir. Genellikle bunlarin renkleri soluk oldugundan oksokrom denilen elektron verici
hidroksil, amin, karboksil, sllfo gibi birinci dereceden yer degistiricilerin ve antioksokrom
denilen karbonil, nitrozo gibi ikinci dereceden yer degistiricilerin baglanmasiyla hem renk
koyulasir hem de renkli bilesik liflere karsi afinite kazanarak boyarmadde niteligi kazanir. Bu
nedenle bir maddenin boyarmadde 6zelligi tagimasi i¢in yapisinda kromofor ve oksokrom
gruplarini barindirmasi gerekmektedir. Bu gruplar boyarmaddenin boyanacak materyal ile

kimyasal olarak reaksiyona girerek materyalin renklendiriimesini saglamaktadir.

2.1.1. Reaktif Boyarmaddeler ve Genel Ozellikleri

Boyanacak elyaf yapisindaki fonksiyonel gruplar ile gercek kovalent bag olusturabilen
reaktif gruplari iceren boyarmaddelerdir. Gercek kovalent bag nedeniyle elyaf (zerine
kuvvetle tutunurlar ve neredeyse tim boyama islemlerine uygundur. Reaktif grup molekulin
renkli kismina baglidir. Butln reaktif boyarmaddelerde ortak olan 6zellik hepsinin kromofor

grup tasiyan renkli grup yaninda boyamadan sorumlu olan reaktif grup, birde molekile
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¢Ozunlrlik saglayan grup icermesidir (CLARKE, 1982). Kromoforu tasiyan gruplar
cogunlukla azo, antrakinon ve ftalosiyanin turevleridir.

Reaktif boyarmaddeler uygun kosullar altinda lif ile kimyasal reaksiyona girerek,
kovalent bag 0Ozelligine sahip tek boyarmadde sinifidir. Bu boyarmaddeler yiksek olgide
suda ¢ozunebilmektedir. Karakteristikleri kligik ve basit molekul yapilarina sahip olmalaridir.
Kuglk partikul 6zelligi sayesinde life hizli bir sekilde nifuz etmektedirler. Cok parlak renklere
sahip reaktif boyarmaddeler basit yapilarinin sonucu olarak spektrumlarinda ¢ok dar ve

ylksek pikler gosterirler. En ¢cok mavi, kirmizi, oranj ve sari renklerin eldesi igin kullanilirlar.

2.1.2. Boyarmaddelerin Cevreye Etkileri

Sentetik boyarmaddeler ve pigmentler boya, baski ve tekstil endustrilerinde yodun bir sekilde
kullanilmaktadir. Yilda ortalama 7x10° tonun Uizerinde yaklasik 10.000 farkl boya Uretilmekte
ve bu boyalarin % 10’u endustriyel aritma tesisi ¢ikis sulari ile sulu ortamlara verilmektedir.
En c¢ok su kullanan endustriyel sektérler arasinda yer alan tekstil atik sulari miktar ve bilesim
yonunden cok degisken olup, kompleks bir yapiya sahiptirler. Tekstil endistrisi atik sulari
yilksek derisimde boyar madde, BOI, KOI, TOK ve AKM ihtiva eden atik sulardir. Bu yiiksek
oranda KOI ve renk verici maddeler atik suyu estetik olarak kétllestirerek, normal hayat igin
gerekli olan ¢6zinmus oksijen miktarini azaltmakta ve atik suyun aritimini guglestirmektedir
(BANDARA, 1999; DAI, 1996; SO, 2002; STYLIDI, 2003; HU, 2003).

Atik suya bakildiginda saptanabilen ilk kontaminant renktir ve su yataklarina
verilmeden Once uzaklastiriimasi gerekmektedir. Atik sudan nehirlere gegen rengin gin
1Is1gini filtrelemesi ve besin zincirinde kirilmalara neden olmasi muhtemel riskler arasindadir.
Ayrica bu atiklar akut solunum yetmezligi gibi bircok saglik probleminin olusmasini da
saglamaktadirlar.

Tekstil endustrisi Uretiminde kullanilan boyalar biyolojik aritmaya direngli toksik ve
refrakte maddeler olup, bircogu oldukg¢a karisik polimer yapilara sahiptir (CHUN, 1999).
Tekstil atik sularindaki azo boyalari pargalanmaya ugramasina ragmen olusan ara Urlnler
(aromatik aminler) ekosistemi ciddi bir sekilde tehdit edebilmektedir. Tekstil liflerinin
boyanmasinda kullanilan bu boyarmadde gruplarindan bazilari indirgenerek parcalanip
alerjik ve karsinojenik etkilere yol acabileceklerinden bazi azo boyarmaddeleri saglik

acisindan tehlike yaratmaktadir.

2.2. 0zon
Ozon uygulamalari 70’li yillarin basinda basglamistir. Ozonlama ile dikkate deger
boyutlarda renk giderimi saglanabilmektedir. Ozonlama sonucu elde edilen renk giderimi

boyanin cinsine gére farkliik gostermektedir. Strickland ve Perkins tarafindan yapilan
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calismada 30 dakikalik bir zaman suresince ozonlanan azoik, dispers/siilfir ve reaktif boya
iceren atik sularda basarili bir renk giderimi saglanirken, Vat (kiip) boyarmaddesi igeren atik
su i¢in ayni basariyr gdsterememis ve renk giderimi %50 ile sinirli kalmistir (STRICKLAND,
1995; KILICER, 2006; WU, 2001). Boya banyosu ¢ikis sularinin ozonlandiktan sonra tekrar
kullanilabilmesi tesis igin kimyasal madde ve su tasarrufu saglamakta, atik su aritma tesisinin
yukl azalmaktadir. Yiksek kararsizligina bagl olarak oldukga iyi bir yiukseltgen olan ozon
ayni zamanda tekstil yas proseslerinden kaynaklanan atik sularda bulunan yilzey aktif
maddeler ve tasiyicilar gibi diger kirleticilerin gideriimesine de yardimci olmaktadir. Ozonla
oksidasyon, klorlu hidrokarbonlarin, fenollerin, pestisitlerin ve aromatik hidrokarbonlarin
parcalanmasinda da oldukga etkilidir.

Boya iceren atik sulara uygulanan dozaj, toplam renge baghdir ve giderilecek KOI bir
kalinti ya da ¢amur olusumuna veya toksik ara urlnlerin olusumuna neden olmaz. Boya
iceren atik sularin ozonlanmasinda hiz sinirlayici basamak, ozonun gaz fazindan atik suya
olan kutle transferidir. Azo boyarmadde igeren atik sularin ozonlama yontemiyle aritildigi bir
calismada ozon transfer hizinin, baslangi¢ boya konsantrasyonuna, uygulanan ozon
dozajlarina ve sicakliga badli olarak arttigi belirtiimistir (WANG, 2003). Calismanin
sonucunda ozonlamanin kimyasal oksijen ihtiyacini %27 ila %87 oraninda dusurebildigi ve
atik suyun biyolojik parcalanabilirligini 11 ila 66 kez arttirabildigi vurgulanmistir. Diger 6nemli
bir avantaj ise ozonun gaz durumunda uygulanabilir olmasi ve dolayisiyla diger bazi
yontemlerin aksine atik ¢amur olusmamasidir. Boyalardaki kromofor gruplari genellikle
konjuge cift bagh organik bilesiklerdir. Bu baglar kirilarak daha kigik molekdiller olusturabilir
ve renkte azalmaya neden olabilirler. Bu kig¢lk molekiller atik suyun kanserojenik ya da
toksik ozelliklerini arttirabilmektedir. Bu durumun 6nlenmesinde ozonlama ilave bir aritim
metodu olarak da uygulanabilmektedir. Yari émrinin kisa olusu (tipik olarak 20 dakika)
ozonlamanin en buylk dezavantajidir. Alkali sartlarda ozonun bozunmasi hiz kazandigi igin
atik suyun pH'I dikkatle izlenmelidir. Ozonlama yonteminin diger bir dezavantaji kisa yari

omrune bagh olarak ozonlamanin surekli olmasi gerekliligi ve yuksek maliyettir.

2.2. 1. Ozonlama Yoluyla Renk Gideriminde Etkili Faktorler
2.2.1.1. pH’In Etkisi
Ozonun kirleticiler ile reaksiyonu pH’a bagimhidir. Direkt ve indirekt olmak Uzere iki tip
reaksiyon olusabilmektedir (ALATON, 2002; HSU., 2001).
o Direkt Reaksiyon (Molekiler ozon): pH 2 ve altinda olusur (denklem 1). Dusuk
pH’larda ozon belirli fonksiyonel gruplara sahip bilesiklerle elektrofilik, nikleofilik ya

da dipolar katilma gibi segici reaksiyonlar verir.
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O3 + M — Moysit (1)

e 2. indirekt Reaksiyon (Serbest radikal olusumu): pH 7 ve lizerinde olusur
(denklem 2 ve denklem 3). Yiiksek pH’larda ozon daha hizli bozunur ve baskin olarak

hidroksil radikali olusturur.

03 + Hgo — HO + 02 (2)
HO + M — Mggsit (3)

Denklem 3’'de M kirletici bilesenler ve Mt yukseltgenen bilesenlerdir.

Genel olarak nétral pH’larda ozonun ¢ozunurliglu disuk oldugundan reaksiyon hizi
da dlsUktar, dusik pH’larda molekiller ozon reaksiyon verirken yiksek pH’larda olusan
radikaller reaksiyon verir.

Hidroksil radikallerinin oksidasyon potansiyeli molekiler ozona gére daha yiksek
oldugundan indirekt reaksiyonlarda oksidasyon daha hizhdir.

Ozonlama ile pH arasindaki diger iliski ise ozonlama slresince pH’da olusan
degisimlerdir. Neamtu ve arkadaslarinin dispers boyama atik suyu ile yaptigi ¢alismada;
baslangi¢ta pH 6,7 olan banyo pH’inin 30 dakikalik ozonlama sonunda pH 3,76’ya dustugu,
Zhang ve arkadaslarinin reaktif boyarmaddelerle yaptiklari ¢alismada ise, 30 dakikalik
ozonlama sonunda banyo pH’inin, pH 10’dan pH 3,96’ya dustugu rapor edilmistir (NEAMTU,
2004; ZHANG, 2004). Bu sonuglar ozonlamanin etkisi ile boyarmaddelerin asidik karakterli
dislk molekiler agirlikli polar yapilara pargalandigini gdstermektedir (GUL, 2007).

2.2.1.2. Ozon Dozunun Etkisi

Oksidasyon reaksiyonlarini molekiler ozon ya da ozonun reaksiyonlariyla olusan
radikal turleri verdiginden ozon dozu ya da ozonlama suresi arttikga ozonlama etkinliginin
artacagi aciktir (CIARDELLI, 2001; WU, 2001; KOCH, 2002; SEVIMLI, 2002; KONSOWA,
2003; OGUZ, 2005).

2.3. Aktif Karbon
BlylUk kristal ve amorf yapida olan aktif karbon, oldukga genis i¢c gbzenek yapisi ile
karbonlu adsorbanlari tanimlamak icin kullanilan genel bir terimdir. Aktif karbon, poroz

madde olarak bilinir ve genis spesifik ylizey alanina sahiptir. Bu ylzden, sivi ve gaz fazda
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bulunan tehlikeli bilesenlerin ortamdan uzaklastirimasinda ve yok edilmesinde sik¢a
kullanilimaktadir (TANTEKIN, 2006).

Aktif karbonlar, kdmur ve selllozik maddeler gibi c¢esitli materyallerden hazirlanir.
Aktif karbonlarin hazirlanmasi igin tarimsal UrUnlerden cesitli ¢aligmalar yapiimistir. Bu
tarimsal drunler arzu edilen kullanim icin oldukg¢a ucuzdur. Ayrica bu tarimsal UrGnlerden
elde edilen aktif karbonlarin ylzey alanlarinin yliksek olmasi aktif karbonlarin Uretilmesinde
ham materyal olarak segilmesinde oldukga etkili bir faktér olmustur (PALA, 2006; UGURLU,
2007).

Aktif karbonlar yuksek ylzey alani ve yeterli gdzenek dagilimina sahip olduklarindan
bircok uygulamada adsorban olarak sik¢a kullaniimaktadir. Aktif karbonlarin adsorplama
kapasitesini kimyasal yapisi da etkiler, Aktif karbonlar iki tip safsizlik igermektedirler.
Bunlardan ilki aktif karbona kimyasal olarak baglanmis olan elementlerdir. Baslangic
maddelerinden tireyen ve tamamlanmamis karbonizasyon sonucu olarak aktif karbonun
yapisinda kalan veya aktivasyon esnasinda ylizeye kimyasal olarak bagdlanan oksijen ve
hidrojen bu safsizliklardandir. ikincisi ise Griiniin organik kismi olmayan, inorganik bilesenler
iceren kul kismidir. Aktif karbonun tanecik boyutlarinin dagilimi énemlidir. Adsorplama
kapasitesi tanecik boyutu ile ters orantilidir. Yani klglk tanecikler daha hizli adsorplama
kapasitesine sahiptir.

The International Union of Pure and Applied Chernistry (IUPAC) adsorbanlar igin
g6zenek blyUkliguni yaricaplarina goére tge ayirmistir (GREGG, 1982). Bunlar;

e Makro gbzenekler (r>50 nm)
e Mezo gbzenekler (2 <r <50 nm)
e Mikro gbzenekler (r<2nm)
a) Super- mikro gbzenekler (1 <r<2nm)
b) Ultra- mikro gozenekler (r<0.5nm)

2.3.1. Aktif Karbon Uretiminde Kullanilan Ham Maddeler

Aktif karbon duretiminde kullanilacak ham materyaller, aktif karbon kullaniimasi
amaglanan alana, prosesin yapisina, adsorplanmasi istenen maddenin &zelliklerine ve
maliyete gore secilmektedir.

Aktif karbon Uretiminde kullanilan degisik ham maddeler Tablo 2.1’ de verilmektedir
KOSEOGLU, 2005)..
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Tablo 2.1. Aktif Karbon Uretiminde Kullanilan Ham Maddeler

Misir kogani ve misir sapl icki imalathanesi atig
Hindistan cevizi kabugu Kosele atigi
Pirin¢g kabugu Deniz yosunu
Findik kabugu Seker kamisi
Cigit kabugu Karbonhidrat
Meyve 6zl atigi Kauguk atigi
Testere talasi Misir sekeri
Kahve cekirdegi Petrol

Meyve cekirdegi Turba

Lignin Tahil

Komdar Linyit

Odun Kemik

Balik Kan

Grafit Melas

2.3.2. Aktivasyon Prosesi

Odun, findikkabugu, kémir gibi gesitli ham materyallerden Uretilen aktif karbonlar
g6zenekli bir yapiya sahiptirler. Bu ham materyaller, kimyasal veya fiziksel aktivasyon
islemine tabi tutulduktan sonra Uretilen aktif karbonlarin mikro gézenek yapilarinda oldukca

onemli bir artis meydana gelmektedir.

2.3.2.1. Fiziksel Aktivasyon
Fiziksel aktivasyon isleminde, karbon icerikli ham maddelerin ylzey alanlarinin
arttirlmasi ve gézeneklerin gelisimi icin 700-1100°C sicaklik araliginda su buhari, hava veya

karbondioksit verilerek gergeklestirilir.

2.3.2.2. Kimyasal Aktivasyon

Kimyasal aktivasyon isleminde, karbon icerikli ham maddeler fosforik asit, ¢inko
klortr, sulfurik asit, potasyum hidroksit, sodyum hidroksit, karbonatlar gibi kimyasallarla
emdirme yapildiktan sonra aktivasyon igslemine tabi tutulur. Kimyasal aktivasyon igin sicaklik
araligi 400-900°C’ dir. Bu kimyasallardan en ¢ok kullanilanlari ¢inko klorir ve fosforik asittir.
Son zamanlarda potasyum hidroksit ve sodyum hidroksit, yiksek ytizey alanina sahip aktif
karbonlarin hazirlanmasinda emdirici olarak kullaniimistir. Yiksek ylzey alanina sahip aktif
karbonlar gaz depolamada kullaniimaya elveriglidirler. Uretilen aktif karbonlarin

gOzeneklerinin gelisimi asagida siralanan kosullar nedeniyle birbirlerinden farklidir. Bunlar;
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e Ham materyalin yapisi,

e Karbon icerisindeki inorganik safsizliklar,
e Gazlastirma sicakhgi,

o Gazlastirma sdresi,

e Gaz akis hizi,

e Karbonun partikil blydkliagd’ dar.

2.3.3. Aktif Karbon Turleri

Fiziksel veya kimyasal aktivasyonla uygun hammaddelerden Uretilen aktif karbonlar
uc¢ tirde hazirlanir. Bunlar toz, granller ve pellettir. Toz aktif karbonlar, atik sularin
temizlenmesi isleminde sikg¢a kullanilirlar. Toz aktif karbonlar muamele edilmesi istenen su
icerisine yeteri miktarda katilarak istenmeyen kotl koku, tat ve rengin gideriimesini saglar.
Granller ve pellet halindeki aktif karbonlar ise gazlarin saflastiriimasinda kullanilir. Ayrica,

granuler haldeki aktif karbonlar atik sularin temizlenmesi isleminde de sik¢a kullaniimaktadir.

2.3.4. Aktif Karbonun Kullanim Alanlari

Aktif karbonlarin tarihin akisi igerisinde kullanim alanlari genigleme géstermistir. Son
yillarda sanayide aktif karbonlar en yaygin olarak renk giderme basamaginda
kullaniimaktadirlar. Birgok endustri Grdnlerini renklendirmek amaciyla, boya ve pigmentlerden
yararlanilir. Atik sular igerisinde bulunan boyalarin blytk bdlimu toksik olmamakla beraber,
sularda istenmeyen bir goruntiye neden olurlar. Ozellikle tekstil atiklarinda bu rengin
giderilmesi cevresel problemlerin en aza indirilmesi icin 6nem arz etmektedir. Renkli atik
sular su kaynaklarina ulastiklarinda, gunes 1siginin suda yasayan bitkiler UGzerindeki
fotosentetik aktivite etkisinin, azalmasina neden olurlar. Bu durum ortamda anaerobik
sartlarin gelisimine neden olacadindan, aerobik deniz canlilarinin birgogunun élimine neden
olur. Aritma faaliyetlerinde fizikokimyasal ve biyolojik yontemlerden yararlaniimakla beraber
bu faaliyetlerin uygulamasinda bir takim zorluklar mevcuttur. Bu nedenle atik sularda,
¢cOzeltide asili duran kati parcaciklarin, kokularin, organik maddelerin ve yaglarin
uzaklastiriimasinda sivi faz adsorpsiyonunun etkili oldugu bulunmustur.

Gulnumuzde yaygin sekilde kullanilan aktif karbonlarin kullanim alanlari, genel olarak
iki baglik altinda siniflandirilabilir. Bunlar;

1) Sivi faz uygulamalari,

2) Gaz faz uygulamalari.

Aktif karbonun Kkalitesinin belirlenmesinde renk adsorpsiyon 6zelligi 6nemli bir

parametredir. Bu parametrenin Olgtilmesi icin de metilen mavisi adsorpsiyonundan
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yararlanilir. Aktif karbon ne kadar yuksek hacimde metilen mavisi adsorplarsa, o kadar
kaliteli bir aktif karbondur.

Uretilen aktif karbonlarin karakterizasyonunda incelenen bir diger parametre ise iyot
sayisidir. Bir adsorbanin iyot sayisi; 1 gram adsorbanin adsorplayabildigi mg cinsinden

iyodun agirligidir. Aktif karbonun bazi énemli kullanim alanlari Tablo 2.2’ de verilmektedir:

Tablo 2.2. Aktif Karbonun Bazi Onemli Kullanim Alanlari

Sivi Faz Gaz Faz

Endustriyel sularin islenmesi Cozlcu geri kazanimi
icme sularinin islenmesi Gaz maskesi

Yeralti sularinin igslenmesi Kumas

Renk giderimi Klima

Kimyasal ve farmakolojik saflastirma Hava saflastirma
Metallerin geri kazanimi (Altin)

BOLUM 3. GEREC VE YONTEM
3.1. Reaktif Boyarmaddenin Yapisi ve Ozellikleri

Vinilstlfon reaktif grup ve monoklortriazin iceren suda ¢dzinen bifonksiyonel azo
boyarmaddesi Reaktif Kirmizi 195 (RR 195) ile ¢alisildi. RR 195 boyarmaddesinin kimyasal
yapisi Sekil 3.1. ‘de verilmektedir.

cl

A

NN
SO;Na OH HN—EN//'I—H_Q

\ / N=N

Na0,S S0;Na

$0,C,H,080;Na

Na0,S

Sekil 3.1. RR 195 boyarmaddesinin kimyasal yapisi
Calismada kullanilan Reaktif Kirmizi 195 (RR 195) boyarmaddesinin hakkinda genel
bilgiler Tablo 3.1. ‘de verilmektedir.
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Tablo 3.1. Reaktif Kirmizi 195 boyarmaddesi hakkinda genel bilgiler

Sinifi Reakiif
Kimyasal Sinifi Monoazo
Ticari ve Genel Adi Synozol Red HF-6BN 150%

C.l. Reactive Red 195

Molekul Formuli C31H19C|N7Na501956

Molekiil Agirligi (g.mol™) | 1136,3

Amax ( M) 532

3.2. Kullanilan cihaz, ara¢ ve geregler

Ozon jenaratérii: TOG C2B (8g/s) (Glasgow, iskogya)

UV-VIS Spektrofotometre: (Shimadzu UV-2101 PC)

FTIR Spektrofotometre: Perkin EImer RX | FTIR spektrometre

Toplam Organik Karbon Analizdru (TOK): Tekmar-Dohrmann Apollo 9000
Yuzey analizorii ve porozimetre: Micromeretics Tristar 3000 model ylizey analizoru
Taramali Elektron Mikroskopu (SEM): JEOL-JSM 5500 Model
Diferansiyel Termal Analiz (DTA): Shimadzu DTA-50 sistemi
Termogravimetrik Analiz (TGA): Shimadzu TGA-50 sistemi

pH metre (HI 8314)

Santrifiij Cihazi (NF 800/800 R)

Membran Filtre 0,20-um membrane NC 20filtre.

3.3. YONTEM
3.3.1. Enstrimental Yontemler
3.3.1.1. UV/Vis Spektrometrik Analizler

Calisilan reaktif boyarmaddenin absorbans taramasi yapilarak maksimum
absorbansin gozlendigi dalga boyu;532 nm’deki absorbans (renk), 220 nm’deki absorbans
(cift bag karakterizasyonu) ve 292 nm’deki absorbans (aromatikligin karakterizasyonu)

olcimleri yapildi.
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3.3.1.2. FT-IR Spektrometrik Analizleri

RR195 o&rneklerinin baslangic ve katalitik ozonlama sonrasi, Fourier transform
infrared (FTIR) absorbans spektrumlari 4400-450 cm™ dalga boyu araliginda, 4 cm™
resolution degeriyle, Perkin Elmer RX | FTIR spektrometre ile bellirlendi. Ornekler suyunu
uzaklastirmak amaciyla dondurarak kurutma (freeze-drying) islemine tabi tutulduktan sonra

KBr pelletleri hazirlanarak (6rnek/KBr agirlik orani 1/100 olacak sekilde) spektrumlari alindi.

3.3.1.3. TOK Analizleri

TOK analizleri i¢in baslangic boya c¢oOzeltisi ve katalitik ozonlama sonrasi alinan
ornekler 6nce aktif karbonlarin uzaklagtirlmasi igin santrifijlendi daha sonra 0,20-pm
membrane NC 20 filtreden (Schleicher & Schuell) siiziildii. Ornekler icin elde edilen alan
degerleri, analizérde standartlarla ©6nceden kaydedilmis kalibrasyon verileri ile
karsilastirlhmak suretiyle, 6rnek igindeki karbon derisimi ppm cinsinden hesaplandi.

Sonuglar, baslangi¢ degerine gore % TOK giderimi olarak verildi.

3.3.1.4. Yluizey Analizleri ve Porozimetre Olgumleri

Zeytin ve kayisi gekirdeginden KOH ile muamele edilmis aktif karbon érnekleri (TAK1
ve TAK4), ticari granule aktif karbon (GAK) ve toz aktif karbon (TAK) drneklerinin ylzey alani
ve ylzey karakterizasyonu 77 K'de N, adsorpsiyonu ile BET yontemine gbre Micrometrics
Tristar 3000 model yiizey analizér ve porozimetre cihazinda; Malatya Universitesi
Mihendislik Fakultesi, Kimya Mihendisligi Béliminde yapildi. RR195’in katalitik ozonlama
ile gideriminde en iyi sonuclar, KOH ile muamele edilmis aktif karbon 6rnekleri (TAK1 ve
TAK4) icin elde edildigi igin, ZnCl, ve H3;PO, ile muamele edilmis TAK2, TAK3, TAK5 ve
TAKG ornekleri icin bu analizler yapilmadi. TAK1 ve TAK4GUn ticari olanlar ile
karsilastirmalari yapildigi igin, GAK ve TAK d&rneklerinin de BET ydntemine gdre yiizey

analizleri ve porozimetre dl¢gimleri yapildi.

3.3.1.5. SEM Analizleri

SEM (Scanning electron microscopy) karbonlu malzemelerin morfolojisini net bir
sekilde gdsteren bir tekniktir Bu teknikle, aktif karbonun 3 boyutlu goérintisit alinabilmektedir.
Bu ¢alismada JEOL-JSM 5500 Model SEM gérunta cihazi kullanilmistir. Calisma potansiyeli
10 kV olarak uygulandi. Zeytin ve kayisi ¢gekirdeginden KOH ile muamele edilmis aktif karbon
ornekleri (TAK1 ve TAK4) ticari granlle aktif karbon (GAK) ve toz aktif karbon (TAK)
orneklerinin  SEM analizleri de Malatya Universitesi Mihendislik Fakiiltesi, Kimya

Muhendisligi Bolumunde yapildi.
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3.3.1.6. Termal Analizler

Zeytin ve kayisi cekirdeginden elde edilen aktif karbon &rneklerinin termal
karakteristikleri Shimadzu TG/DTA 50 model TG/DTA cihazi ile elde edilmistir. 10 mg aktif
karbon 6rnegi, 10°C /dk sicaklik artig orani ve 10 ml/dk N, akis hizi ile 800°C sicakhiga kadar

azot gazi ile 1sitildi. Orneklerin Termal Analizleri inénii Universiteside yapildi.

3.3.2. Kimyasal Ydontemler
Kimyasal ydntem olarak tek basina ozon ve katalitik ozon yéntemleri kullanildi:

o 03, O3/GAK (ticari grandl aktif karbon), O3/TAK (Ticari toz aktif karbon),

o 0O3/TAK1 (Zeytin ¢gekirdeginden elde edilen KOH ile muamele edilmis TAK), O3/TAK2
(Zeytin ¢gekirdeginden elde edilen H3PO, ile muamele edilmis TAK), O3/TAK3 (Zeytin
cekirdeginden elde edilen ZnCl, ile muamele edilmis TAK),

o 0O3/TAK4 (Kayisi ¢ekirdeginden elde edilen KOH ile muamele edilmis TAK), O3/TAKS
(Kayisi cekirdeginden elde edilen H;PO, ile muamele edilmis TAK), O3/TAK6 (Kayisi

cekirdeginden elde edilen ZnCl, ile muamele edilmis TAK).
3.3.2.1. Ozon

Reaktif boyarmaddelerin ozonlanmasi asagida sekli goérilen dizenekte ¢aligildi.

gaz cikast

]

olesijen tarnbo

ozon jenaratdri

O O

Sekil 3.2. Ozonlama sisteminin sematik gosterimi

Ozonlama reaksiyonlari 1 L’lik cam reaktérden 8g/s ozon gazi gegirilerek
gerceklestirildi. Ozon jeneratért ve diger deneysel dizenekler arasindaki baglantilar teflon
borular kullanilarak gercgeklestirildi. Oksidasyon reaktoriinden kullaniimadan ¢ikan ozonun
absorblanmasi i¢in bu reaktord takip eden, iginde % 2’lik Kl (potasyum iyodur) ¢ozeltisi

bulunan 2 adet seri bagli, 250 ml hacmindeki gaz yikama siseleri kullanildi.

21



100 mg/L boyarmadde ¢ozeltisi hazirlandi. Optimum ¢ézelti pH galismasi igin pH 3, 7
ve 11 de denemeler yapildi. Ozonlama suresi (30 dk) boyunca belirli araliklarla (5, 10, 20, 30
dk) érnekler alindi ve analizleri (UV/Vis, TOK, SEM vd.) yapildi.

3.3.2.2. Os/Katalizor

Direkt ozon yonteminin kullanilacagi sisteme AK eklendi. Optimum pargalanma ve
renk gidermenin belirlenebilmesi icin farkli miktarlarda AK (0,5;1;1,5;3 ve 5 g/L miktarlarda)
denendi. Daha sonraki analizler icin o6rnekler 6nce santrifijlenerek daha sonra 0,20-pm

membrane NC 20 filtreden (Schleicher & Schuell) stzuldi.

3.3.3. Aktif Karbon Uretimi
Aktivasyon iglemi Malatya inénii Universitesi Kimya Mihendisligi Bélimi'nde 6 cm ig
capinda Protherm marka otomatik ayarli quartz borulu silindirik bir firin icerisinde yapildi.

Dizenek Sekil 3.3’ de gorilmektedir.

Quartz Kiivet Quartz Silindirik Boru
1]
@) -
| .
Ug Zonly, Silindirik Finn
Yogunlastine

Sekil 3.3. Aktif Karbon Uretiminde Kullanilan Diizenek

Ogitilmis ham cekirdekler, Niive FN500 tipi etiivde kurutulup, analiz yapilmadan

dnce ise Niive EVOI 8 tipi vakum etiiviinde tekrar kurutma islemine tabi tutuldu.

3.3.3.1 Zeytin ve Kayisi Cekirdeklerinin Hazirlanmasi

Zeytin gekirdekleri 10 °C’ de 24 saat kurutuldu. Kurutulmus gekirdekler havan ve elek
kullanilarak ¢ekirdeklerin boyutunun 4 mm’ den daha kugik olmasi saglandi. Uygun boyuta
getirilen (1,25 mm) c¢ekirdekler agzi kapali kaplarda hava almayacak sekilde muhafaza edildi.
Cukurova Universitesi'nde yetistirilen Adana Yerli cinsi zeytin agacindan yaklasik 1 kg zeytin
toplandi. Zeytinin etli kismi bigak yardimiyla temizlendi. Temizlenen zeytin ilk dnce musluk
suyuyla sonra da saf suyla iyice yikandi. Yikanan zeytin etiivde 110 °C de 24 saat siireyle

kurutuldu. Kurutulan zeytinler havanla kirilarak i¢ ¢cekirdegi de atiimak suretiyle yalnizca odun
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kismi kiigik parcgalara ayrildi. Kig¢lk parcgalara ayrilan zeytin gekirdekleri 1 mm c¢apindaki
elekten gegcirilerek gapi kiigiltiildi. Kiiglik pargalara ayrilan zeytin etiivde 110 °C de 24 saat
sureyle kurutuldu. Kurutulan zeytin pargalarindaki kalan yagi uzaklastirmak igin hekzan
yardimiyla 1 ay slreyle Soxhelet cihazinda ayirma islemine tabi tutuldu. Yagi uzaklastirilan
zeytin pargaciklari aktif karbon haline getiriimesi igin indni Universitesi'ne génderildi.

Malatya kuru kayisi hazirlama tesislerinden atik olarak getirilen cekirdekler 6nce
laboratuarda oda kosullarinda 2 hafta kurutuldu daha sonra 100°C’de etiivde sabit agirhga
ulasincaya kadar bekletildi. Kurutulan c¢ekirdekler havanla kirilarak i¢ cekirdegi de atilmak
suretiyle yalnizca odun kismi kiglk parcalara ayrildi. Kiguk pargalara ayrilan kayisi
cekirdekleri 1 mm capindaki elekten gegcirilerek capi kugultildi. Ogutilen cekirdekler

kimyasal aktivasyon islemi uygulanincaya kadar plastik saklama kaplarinda muhafaza edildi.

3.3.3.2. Aktif Karbonlarin Hazirlanmasi

Emdiricisiz aktivasyon; c¢ekirdekler kuartz kuvet icerisine koyularak silindirik firrnda
100 mL/dk N, atmosferi altinda 10°C/dk 1sitma hizinda 500- 800 °C sicakliklarda 1 saat sire
ile aktiflestirildi. Firin igerisinde inert atmosferde oda sicakligina kadar sogutuldu. Ornekler
saf su ile noétral oluncaya kadar yikandiktan sonra 105°C’ de 24 saat kurutularak, agat
havanda iyice 6gutulerek analizler i¢in saklandi.

Cinko Klorir kullanilarak aktivasyon; cekirdekler ZnCl, ile emdirme orani 1:1
olacak sekilde karistirilarak ve 105°C’ de 24 saat etlivde kurutulduktan sonra kuartz kivet
icerisinde silindirik firnda 100 mL/dak N, atmosferi altinda 10°C/dk isitma hizinda 500°C
sicaklikda 1 saat slre ile aktiflestirildi. Firindan alinan ornekler ilk énce bir miktar 0,5 N HCI
ile daha sonra saf su ile yikandi. Orneklerde kloriir iyonlari kalmayincaya kadar yikama
islemi devam ettirildi. Klorlr iyonlarinin kalip kalmadigi AgNO; testi yapilarak bulundu.
Yikama igleminin ardindan aktif karbon 105°C’ de 24 saat kurutularak, agat havanda iyice
ogutilerek ve analizler igin saklandi.

Fosforik Asit kullanilarak aktivasyon; emdiricilhammadde orani agirlikga 0,50:1
(agirhkca %25'lik ¢ozelti’50 g hammadde) olacak sekilde karigimlar hazirlandi ve 24 saat
surekli olarak karistirildiktan sonra, énce sicak, daha sonra soguk saf su ile pH = 6-6,5
oluncaya kadar yikandi. Yikama isleminden sonra numuneler gece boyunca 130°C'de etlivde
kurutuldu, sonra kuartz klvet icerisinde silindirik firnda 100 mL/dak N, atmosferi altinda
10°C/dk isitma hizinda 500 °C sicaklikda 1 saat slre ile aktiflestirildi. Saf su ile yikanan
orneklerde fosfat kalmayincaya kadar (kursun nitrat testi yapilarak) yikandi. Kurutuldu ve
oégatalda.

Potasyum hidroksit kullanilarak aktivasyon; Bu c¢alismalarda da 1-1,60 mm boyut

araliginda cekirdekler kullanildi. Bazik ¢ozeltilerle yapilan islemlerde, emdirici (KOH)/ham
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madde orani agirlikca 4:1 agirlik¢a olarak sabit tutuldu. Hazirlanmis olan karigsim
kurutulduktan sonra kuartz kivet igerisinde silindirik firrnda 100 mL/dak N, atmosferi altinda

10°C/dk 1sitma hizinda 800 °C sicaklikda 1 saat sure ile aktiflestirildi. 0.5 N HCl ilave edilerek

AgNO; ile klorir tepkimesi vermeyinceye kadar saf su ile yikandi. Kurutulan drnekler
ogutulerek saklandi.

KOH ile en uygun oran ¢ogunlukla 4 olarak literatiirde kullanilmaktadir. Bu oranda en

yuksek yuzey alani iyi gézenek dagilimi elde edilmektedir (STAVROPOULOS, 2005).

BOLUM 4. BULGULAR VE TARTISMA
4.1. RR 195’in UV-VIS Spektrumu

RR 195’in kendi baslangic pH’inda (pH: 6,66), 200 - 800 nm araliginda UV-VIS
spektrumu alindi (Sekil 4.1).
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Sekil 4.1. RR 195’in UV-Vis spektrumu (Cg poyarmadde: 100 mg/L)

RR 195’in 220 nm deki absorbansi boyarmaddenin yapisinda bulunan cift baglarin
yapmis oldugu absorbans, 292 nm’deki absorbans boyarmaddenin yapisinda bulunan
aromatik halkanin yapmis oldugu absorbans ve 532 nm’deki absorbans boyarmaddenin

kromofor gruplarinin etkisiyle olusan rengine ait absorbans olarak degerlendirildi.
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4.2. Aktif Karbon Orneklerinin Karakterizasyonu
Elde edilen aktif karbonlarin Yiizey Analizleri ve Porozimetre Olglimleri, TriStar 3000
Kullanilan aktif karbonlarin

Surface analyser Micromeritics sisteminde yapilmigtir.

karakteristik 6zellikleri asagidaki Tablo 4.1°de verilmektedir.

Tablo 4.1. BET analiz sonuglarina gore calisilan aktif karbon érneklerinin karakteristikleri

Ornek Sger Swmikro Swmezo V1op V nmikro Vvezo Dy
(m*g) | (m*g) | (m*g) (ecm’fg) | (cmg) | (cm’/g) | (nm)
GAK 841 757 83,92 0,43 0,39 0,046 2,07
TAK 852 570 281 0,53 0,29 0,235 2,49
TAK1 1275 185 1091 0,64 0,094 0,636 2,29
TAK4 7245 675,7 48,8 0,37 0,35 0.02 2,10

Ticari aktif karbon drnekleri ile galismamizda kullandigimiz zeytin ve kayisi gekirdeginin KOH
aktivasyonu ile hazirlanan karbon orneklerinin yuzey analiz sonuglari kiyaslandiginda, TAK1
ve TAK4 o6rneklerinin daha iyi sonuglara sahip oldugu ve ylzey alani agisindan en yuksek
degerin TAK1 6rneginde oldugu goériilmektedir (1275 m?%g). TAK1 ve TAK4 drneklerinin bu
kadar ylksek ylizey alanlarina sahip olmasi kimyasal olarak degisiklige ugramis ylzey
karakteristiklerine bagli olarak agiklanabilir. Aktif karbon 6érneklerinin gézenekliligi baslangic
hammaddesine baglidir (YEGANEH, 2006). Tablo 4.1’den gézenek hacim analizlerine gore;
TAK4’Gn %90’ indan TAK1

mikrogdzeneklilik hacmi %13’lerde iken, mesopore hacmi %87’lere ¢cikmigtir.

fazlasi mikrogdzeneklilik icermektedir. orneginde ise

KOH ile aktivasyonda 700°C'nin Uzerine c¢ikildiginda; karbon CO veya CO.'e
oksitlenirken K,CO3; yan Urand ve gdzeneklilik olusur. Bu arada KOH, metalik potasyuma
indirgenir. Olusan metalik potasyum, karbonun yapisi icine girerek grafit tabakalarinin
parcalanmasina ve materyalin toz haline gelmesine neden olur (MORENO-CASTILLA, 2001,
STAVROPOULOQOS, 2005).

Zeytin gekirdeginin KOH aktivasyonu ile hazirlanan aktif karbon &érnedinin (TAK1)
Diferansiyel Termal Analiz (DTA) ve Termogravimetrik Analiz (TGA) analiz sonugclari

sicakhgin bir fonksiyonu olarak Sekil 4.2 ‘de verilmektedir:
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Sekil 4.2. TAK1 6rneginin DTA (Ust) ve TGA (alt) spektrumlari

Kayisi ¢ekirdeginin KOH aktivasyonu ile hazirlanan aktif karbon &érneginin (TAK4)

Diferansiyel Termal Analiz (DTA) ve Termogravimetrik Analiz (TGA) analiz sonuglari ise,

Sekil 4.3 ‘de verilmektedir:
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Sekil 4.3. TAK4 6rneginin DTA (Ust) ve TGA (alt) spektrumlari

KOH kullanilarak aktive edilen TAK1 ve TAK4 kodlu drneklerin DTA/TGA spektrumlari
incelendiginde yaklagik 380°C'de baslayan ve 790°C'de sona eren %82-%83’luk kuitle
kaybinin s6z konusu oldugu gérilmektedir. 200°C’e kadar olan kitle kayiplari érneklerin
icerindeki nemin uzaklagsmasina bagl olarak agiklanabilir. 380°C-790°C arasindaki kutle
kaybi ise cekirdeklerin yapisinda bulunan ugucu organik bilesiklerden kaynaklanmaktadir.
Aktif karbon Uretiminde geriye kalan %18’lik kutlenin ise yaradigi anlasiimaktadir.

KOH ile muamele edilmis zeytin ve kayisi gekirdeginden elde edilen aktif karbonlarin
SEM goruntuleri sekil Sekil 4.4’ de verilmektedir. Sekil 4.4.a ve b”’de TAK1 ve TAK4’Uin farkl
boyut ve sekillerdeki gézenek yapilari gorilmektedir. Goérlntl ayni zamanda yiksek yuzey

alanina sahip gekirdeklerin dis ylzeyindeki bosluklari da ifade etmektedir.
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Sekil 4.4. Calisilan aktif karbon 6rneklerinin SEM goruntuleri: a)TAK1, b)TAK4,
C)TAK, d)GAK

Sekil 4.4.c’'den gorildugu gibi, ticari TAK 6rnegdinin ylzeyi dizensiz bosluklardan ve
bazi catlaklardan olusmaktadir. Sekil 4.4.d’deki GAK icin SEM gdrintisinde ise heterojen

dagiimis gbézeneklerden meydana gelmis bir yapi s6z konusudur.

4.3. Ozonlamada Optimum Boyarmadde Baslangi¢ pH’inin Saptanmasi

Ozonlama performansini etkileyen 6nemli parametrelerden birisi ortam pH’dir.
Optimum ozonlama kosullarini belirlemek igin dnce farkl tg¢ baslangig pH'inda (pH: 3, 7, 11)
calisilarak, pargalanma ve renk giderimi Uzerine pH’in etkisi arastirildi. Boyar maddenin 220
nm’deki c¢ift bag, 292 nm’deki aromatiklik ve 532 nm’deki maksimum renk giderimi icin
absorbans dlgiimleri yapildi (Sekil 4.5). ilk 10 dak icinde diger baslangic pH’ lariyla (pH:3, 7)
karsilastirildiginda, pH 11°’de 220 nm ‘de % 79, 292 nm’de % 97 ve 532 nm’de % 99 giderim
verimi elde edildi. Ayni durum 30 dakikallk ozonlama stresince gértlmustir. Dolayisiyla

ozonlama i¢in optimum pH 11 olarak belirlendi.
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Sekil 4.5. RR195 boyarmaddesinin farkli baglangi¢ pH’larinda ozonlanmasinda
UV-Vis absorbans dlgumleri: (a) ¢ift bag, (b) aromatiklik ve (c) renk giderimi

(CO(OB): 8 g 03/5, CO (boyar madde): 100 mg/l—)
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Bu sonucun dogruluguna kesin goziyle bakmak igin ozonlama ydntemi uygulanan
farkli pH’ lardaki 6rneklerin TOK analizleri alindi. Elde edilen TOK sonuglari da ozonlama
yonteminde en iyi mineralizasyon gideriminin pH 11’ de oldugunu gdstermistir. Sekil 4.6’ da
farkli baglangic pH larinda RR195 boyarmaddesinin ozonlanmasi sonucu elde edilen

mineralizasyon derecesi, % TOK giderimi seklinde verilmektedir.

80 R

60 w/ o — i
40 |
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% TOK Giderim

Sekil 4.6. RR195 boyarmaddesinin farkli baglangi¢ pH’larinda ozonlanmasinda
%TOK sonugclari (Co (03): 8 9 O3/s, Co poyar madde): 100 mg/L)

Ortam pH’nin artmasi, oksitleme potansiyeli ozondan daha fazla olan hidroksil radikalerinin

olusumunu asagidaki reaksiyona gore artirmaktadir (MA, 2004).

30; +OH — 20H* + 40,

Bu nedenle Sekil 4.5 ve 4.6'dan da gorlldigu gibi ortam pHnin artisi, RR195
boyarmaddesinin pargalanmasinda olumlu bir etki yapmistir. Ayrica reaktif azo

boyarmaddesi (RR195), pH 11’de hidroliz olmaktadir bu nedenle de ¢ézelti pH’nin 11 olmasi

parcalanmayi daha da kolaylastirmaktadir

4.4. Ozonlamada Optimum Boyarmadde Derigsiminin Saptanmasi

RR 195in deneysel olarak en iyi TOK gideriminin oldugu pHda (pH:11), farkli
derisimlerde (20, 40, 60, 80, 100 mg/L) boyarmadde ¢ozeltileri hazirlandi. TOK sonuglarina
gore; en fazla TOK dusltst 100 mg/L boyarmadde derisiminde goéruldi (Sekil 4.7).
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Sekil 4.7. RR195 boyarmaddesinin farkli baglangi¢ derisimlerinde ozonlanan
érneklerin %TOK sonuglari (Cg 03): 8 9 O3/SCo poyar madde): 100 mg/L, pH 11,)

Teorik olarak ortamdaki boyarmadde derisimi arttikga, TOK gideriminin azalmasi beklenir.
Ancak tekrarlanan deneylerde en fazla TOK dustsunin,100 mg/L boyarmadde derisiminde
gorulmesi; Malleviallle’nin ileri surdugu goruse gore, dusik boyarmadde derisiminde ozonla
oksidasyon sonucu olusan dusuk molekuler agirlikl parcalanma drinlerinin  oksidatif
polimerizasyonuna, dolayisiyla TOK analizi sirasindaki oksidasyona daha direncli olmasina
ve daha dusuk TOK giderimine neden olmaktadir. Oysa 100 mg/L boyarmadde derisimine
cikildikga ozonla oksidatif parcalanma daha az oldudu igin, ortamda ana molekulin
parcalanmasi sonucu mevcut olan organik karbon yuku, en fazla TOK dusisinin bu
derisimde ortaya gikmasina neden olmaktadir (MALLEVIALLLE, 1979).

4.5. Optimum Aktif Karbon Miktarinin Saptanmasi

RR195'in optimum kosullarda; pH:11’de, 100 mg/L olarak belirlenen c¢ozeltileri ile,
zeytin ve kayisi cekirdeginden hazirlanan ve KOH ile muamele edilen aktif karbon
orneklerinden (TAK1 ve TAK4), 0,5;1;1,5;3 ve 5 g miktarlarda/L boyarmadde ¢b6zeltisi olacak

sekilde reaktdre ilave edilerek denemeler gergeklestirildi. Sonuclar Sekil 4.8'de verilmektedir:
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Sekil 4.8. Ozon/Katalizér yonteminde katalizor miktarinin, RR195’in
renk giderimine etkisi (pH:11, Cg poyarmadde:100 mg/L, ozonlama stiresi:2 dk).

UV/Vis oOlgiimleri sonuglarina gore zeytin ¢ekirdeginden hazirlanip, KOH ile muamele sonucu
elde edilen optimum aktif karbon miktari (TAK1); 1 g/L olarak; kayisi c¢ekirdeginden
hazirlanip, KOH ile muamele sonucu elde edilen en uygun aktif karbon miktari (TAK4); 3 g/L
olarak belirlendi.

Katalizér olarak kullanilan Aktif karbon miktarlari daha énce yapilmis olan, katalitik
ozonlama c¢alismalari referans alinarak, 0,5-5 g/L araliinda secilmistir (LEGUBE ve
LEITNER, 1999; LIN ve LAI, 1999; OH ve ark., 2004; MA ve ark., 2005; GUL ve ark., 2007).
Bu calismalarda daha ylksek dozlarda galisiimig, ancak bizim galismamizda elde edilen
deneysel sonuclara goére TAK icin 1 g/L, TAK4 icin 3 g/L en uygun dozlar olarak

belirlenmisgtir.

4.6. O3/AK yonteminde, farkli aktivasyon iglemleriyle elde edilen aktif karbonlarin
etkinliginin arastirilmasi

Katalitik ozonlama igleminde zeytin ¢ekirdegi icin elde edilen sonuglar; 220 nm, 292
nm ve 532 nm'deki UV/Vis absorbans o6lcimlerine gére, % giderme olarak Sekil 4.9'da

verilmektedir:
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Sekil 4.9. RR 195 boyarmaddesinin zeytin ¢ekirdedinden hazirlanmis

farkli katalizorlerle ozonlanmasinda, % giderim performanslarinin karsilastiriimasi

Boyarmaddenin 220 nm’deki cift bag, 292 nm’deki aromatiklik ve 532 nm’deki
maksimum renk giderimi i¢in en etkili yontem, O3/TAK1 olarak belirlendi. Bunun nedeni
TAK?Tin sahip oldugu ylksek yizey alanidir. Bu durum BET analiz sonuglarindan acgikga
gorulmektedir (Tablo 4.1). Benzer bir ¢galismada, KOH ve H3;PO,4 kullanilarak elde edilen aktif
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karbonlardan, KOH aktivasyonu ile elde edilen 6rneklerin daha fazla ylzey alani, mezo ve
makro gozeneklilige sahip oldugu sonucu ¢ikmistir (MORENO-CASTILLA; 2001).

Katalizorun yuzey alani artikga, etkilesim yuzeyleri dolayisiyla katalizor olarak etkinligi
artmaktadir. ilk 5 dak iginde renk giderimi %100, doymamislik giderimi %76,88 ve aromatik
yapilarin giderimi %94’lere ulagmaktadir. Sire uzadikga TAK?'in % giderme veriminin daha
fazla artmadigi hatta azaldig1 gortilmektedir. Bunun nedeninin ozonlamanin etkisiyle aktif
karbon vyapisinin yilzeyinde oksitlenmelere baglh olarak ortaya c¢ikabilecek yapisal
degisiklikler oldugu dusunulmektedir. Karbon yapisi temel olarak hidrofilik degildir. Ancak
oksitlenme sonucunda yilizey polaritesinin arttigi ve boyanin polar 6zellikteki pargalanma
drtnlerini yizeyinde tuttugu, dolayisiyla katalizér etkinliginin azaldigi disunulmektedir. KOH
emdirilerek aktive edilen TAK1 ¢ok ince partikller yapiya sahiptir. Zeytin ¢ekirdeginden elde
edilen aktif karbonun alan bakimindan % 85 mezo g6zeneklerce zengindir. Ayni drnek hacim
acisindan da benzerlik gostermektedir. Hem alan bakimindan hem de hacim agisindan
yuksek mezo gbézeneklere sahip olan TAK1, digerlerine gore daha kisa slirede ve daha hizl
adsorblama kapasitesine sahip oldugu igin 10 dk dan itibaren ¢ozeltide gergeklesen ozon
reaksiyonunun etkinligi azalmaktadir.

Kayisi ¢ekirdeginden, ZnCl,, H;PO, ve KOH gibi kimyasal maddelerle elde edilen
aktif karbonlar icin sonuclar; 220 nm, 292 nm ve 532 nm’'deki UV/Vis absorbans 6l¢ctimlerine

gore % giderim olarak sekil 4.10’da verilmektedir.
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BTAK4
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220nm 292 nm 532nm

Dalga Boyu

Sekil 4.10. RR 195 boyarmaddesinin katalitik ozonlanmasinda, kayisi ¢ekirdeginden
hazirlanan (TAK4), (TAKS5) ve (TAKG6) katalizérleri mevcudiyetinde, % giderim
performanslarinin karsilagtiriimasi (pH 11, Cy (03): 8 g O3/S, Co (poyar madde): 100
mg/L)
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Kayisi g¢ekirdeginden potasyum hidroksit, fosforik asit ve ¢inko klortr gibi kimyasal
maddelerle yapilan katalitik ozonlamada elde edilen sonuglara gére, TAK4, TAKS ve TAK6

kiyaslandiginda en iyi performansin TAK 4 ile elde edildigi gérilmektedir.

4.7. RR195 boyarmaddesinin GAK, TAK, TAK1l ve TAK4 ile katalitik ozonlanma
verimlerinin karsilastiriimasi

Katalitik ozonlamada en uygun katalizéri belirlemek amaciyla ticari iki 6rnek (GAK ve TAK)
ile KOH aktivasyonu ile elde edilen iki 6rnek (TAK1 ve TAK4), UV/Vis absorbans dlgim

degerlerine gore, Sekil 4.11°de kiyaslanmaktadir:
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Sekil 4.11. RR195 boyarmaddesinin GAK, TAK, TAK1 ve TAK4

ile katalitik ozonlanma verimlerinin yukaridan asagiya sirasiyla,

220nm, 292 nm ve 532 nm absorbans dl¢iimlerine gére karsilastiriimasi

Elde edilen sonugclara gére, optimum en iyi giderme verimi 220 ve 292 nm de 2dk ozonlama
stresi sonunda TAK1 ile elde edilmisti. TAK1 ile GAK, TAK ve TAK4 degerleri
kiyaslandiginda; 220 nm’de sirasiyla %36, %5,6 ve %17,4; 292 nm’de %16, %11,3 ve %7,8
farkhlik ortaya ¢cikmistir. Bu degerler kayda deger bir farklilik olarak distintlmektedir. 532 nm
de optimum en iyi sonu¢ TAK4 ile saglanmistir. TAK4 ile GAK, TAK ve TAK1 degerleri
kiyaslandiginda sirasiyla %7,3, %11,1 ve %0,97 farkhlik gorulmektedir. Ancak TAK4 ile
TAK1 arasindaki fark anlamli bir fark olarak goérilmemekte, dolayisiyla incelenen her (g
parametre agisindan TAK1 (1g/L) kullanilarak yapilan 2 dakikalik katalitik ozonlama, tek
basina ozonlamaya gbre deneysel hata olarak kabul edilemeyecek dizeylerde giderme
verimi (220 nm, 292 nm ve 532 nm deki verimler sirasiyla %55,5, %77,1 ve %90,4)
saglamaktadir. Doért fakh aktif karbonla gergeklestirilen deneyler, boyanin yapisinda bulunan
N=N kromofor grubunun ortamdaki hidroksil radikalleri ile aromatik yapiya kiyasla daha fazla
giderildigini, bu da boya ¢ozeltisinin renginin 2 dakikalik bir sirede %84,6-%91,3 oranlarinda
azaldigini gostermektedir. Katalitik ozonlamanin aromatik gruplarin pargalanmasi Uzerine
etkisi %64,8-%77,1 oraninda iken, cift baglar tzerine etkisi %35,5-%55,5 arasinda olmustur.

Boyarmaddenin ozonlanmasi sonucu mineralizasyon derecesini belirlemek igin 2 ve
5. dk lardaki ozonlanmis ¢ozeltilerin TOK analizleri yapildi. Aktif karbon ornekleri icin elde

edilen sonuglar Tablo 4.2. ‘de verilmektedir.

Tablo 4.2. Ozonlanmig 6rneklerin % TOK giderimi

Ozonlama Ornek

Sdresi TAK1 TAK4 TAK GAK

2 dk %53,48 | %48,89 | %38,31 | %46,76
5 dk %59,87 | %57,05 | %60,54 | %58,10
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2 dk ozonlanma sonucunda TOK sonuglarindan da goéruldigu gibi en fazla pargalanma TAK1
kullanilarak yapilan katalitik ozonlamada elde edildi. Ancak sure 5 dk’ ya ¢iktiginda TAK1 ile
elde edilen mineralizasyon derecesi TAK’a gore % 1 oraninda daha disuk goérinmektedir.
Bu sonug TAK1 ve TAK ile yapilan ozonlama etkinliklerinin mineralizasyon agisindan farkli
olmadigini géstermektedir. Oysaki TAK1, GAK a kiyasla % 2 oraninda daha fazla etkin
gorinmektedir. Bu da hem yizey alaninin hem de gdzeneklilik oraninin TAK1 de daha
yuksek olmasina bagli olarak agiklanabilir. Ozonlama suresi arttikga mineralizasyon orani da
artmaktadir. Ozonlama suresi 2 dk dan 5 dk ya cikarildiginda TAK?1’le minerilazasyon
derecesi % 6 oraninda artmaktadir. Katalitik ozonlama 5 dk gibi kisa bir stre icinde % 60 lara
varan pargalanmayi gerceklestirmektedir. Geriye kalan % 40 TOK giderimi i¢in ise ozonlama
suresinin daha fazla arttirimasi gerekmektedir.

TAK1 ve TAK4’le pH 11°de yapilan katalitik ozonlamadaki etkinin, sadece bazik
ortamda baskin olan hidroksi radikallerinden mi kaynaklandigini, aktif karbonun ekstra
etkisinin olup olmadigini anlamak amaciyla pH 7’de ozonlama ve Kkatalitik ozonlama

deneyleri yapiimistir. Elde edilen sonuglar Sekil 4.12’de verilmektedir.
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Sekil 4.12. pH 7’de RR195 in ozon ve katalitik ozonlanmasi

Noétral pH da yapillan ozonlamada molekller ozon etkisi s6z konusudur. Hidroksil
radikallerinin etkisi azdir. 2 dakika ozonlama suresince, TAK1 ve TAK4 ile yapilan katalitik
ozonlamanin etkisi 220 nm’de sirasiyla %15,7 ve %13 olmustur. 292 ve 532 nm deki
degerler ise anlamli bir fark olmadigini géstermektedir. pH 11 deki TAK1 ve TAK4 ile yapilan
katalitik ozonlamanin etkisi ise 220 nm’de sirasiyla %55,51 ve %45,87 olarak belirlendi.
Bazik ortamda olusan hidroksi radikallerinin oksidatif etkisi agikga gorilmektedir. Ancak bu
pH da yapilan katalitik ozonlamanin RR195 boyarmaddesinin renk, cift bag ve yapidaki
aromatik gruplarin gideriminde ekstra bir katkisi bulunmaktadir. Bunu ispatlamak amaciyla

yapilan TAK4 ile yapilan deney sonucu Sekil 4.13’de verilmektedir

38



80
70 -
60 -
50 -
40 -

30
20 - B ozon + tak4 (tba)

W ozon (tha)

% Giderim

10

0] 2 5 10 20 30

Ozonlama siiresi {dk)

100 -
90
80 -
70
60 -
50
40 - M ozon (tha)
30 -
20
10 -

% Giderim

M ozon + takd (tha)

0] 2 5 10 20 30

Ozonlama siiresi (dk)

120 4

100 -

80 -

% Giderim
[=)}
o

M ozon (tha)

40 -
W ozon + tak4 (tha)

20 -

Ozonlama siiresi (dk)

Sekil 4.13. TBA'nin katalitik ozonlamaya etkisi

TBA (t-butanol)in hidroksi radikaline karsi reaktivitesi oldukga fazladir (k:6x10% M*s™). Bu
nedenle 1mM TBA ortama eklendiginde ortamdaki hidroksi radikalleri tutulacaginin ve

etkinliginin disecegdi beklenmektedir. TBA eklenerek yapilan ozonlama ve katalitik ozonlama
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U¢ parametre agisindan degerlendirildiginde; iki yontem arasinda 220 nm ve 292 nm de
anlamli, 532 nm’de de ise hafif bir fark gorilmektedir. Sonuglar, TAK4’Un bazik ortamda
ozonlama etkisi yaninda hidroksil radikallerinin olusumunda ekstra bir etkisi oldugunu

gbstermektedir.

4.8. RR 195 Azo Boyarmaddesinin FT-IR Spektrumlari ile Yapi Tayini

RR 195 boyarmaddesinin, en iyi performansin elde edildigi, pH 11’ deki O3/TAK1 yontemi
uygulanarak elde edilen orneklerindeki parcalanma Urdnlerini saptamak icin FT-IR
spektrumlari alindi. Sekil 4.14'de RR 195 boyarmaddesinin baslangi¢c FT-IR spektrumu
verilmektedir.

100,0,

3977,19

17;9.06
%T

1038,30

3445,54

0,0

4400,0 4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 450,0
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Sekil 4.14. RR 195 boyarmaddesinin FT-IR spektrumu

Elde edilen bu spektrumda RR 195in 4000-600 cm™ arasinda olusan piklerin hangi
fonksiyonel gruba ait oldugu IR korelasyon tablolari yardimiyla saptandi. RR 195
boyarmaddesinin ait spektrumda baslica piklere gére olasi fonksiyonel gruplar Tablo 4.2’ de
verilmektedir.

Tablo degerlendirildiginde elde edilen piklerin boyarmadde yapisina tamimiyle
uygunluk sagladigi gorilmistir. RR 195’ deki aromatik gruplarin varigi 1759 cm™ de
bulunan pike bakilarak anlasilmaktadir. 1549 cm™ deki pikin —~N=N- esneme titresimlerine
karsilik geldigi gorilmektedir. Aromatik C=C bagi 1455’ da yer almaktadir. Boyarmaddenin

silfiir bilesiklerini icerdigi ise 1038 cm™ deki pikten anlasilmaktadir. Buna ilave olarak 765
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cm™ de gériilen pikler yapida aromatik benzen gruplarini, 617 cm™ deki pik ise yapidaki

kloru géstermektedir.

Tablo 4.3. RR 195 i¢in Infrared korelasyon tablosu

BOLGE OLASI FONKSIYONEL GRUPLAR
(cm™)
3445 Alkol ve Fenoller
(O-H esneme titresimleri, serbest OH)
1759 Aromatik ya da a, B karbonil bilesikleri
(C=C, C=N)
1621 Aminler (N-H egilme titregimleri)
1591 Doymamig azotlu bilesikler
(Azo bilesikleri,)
1549 -N=N- esneme titresimleri (Aromatik)
1455 C=C doymamis bag esnemeleri (Aromatik)
1393 O-H egilme ve C-O esneme titresimleri
1214 C-N titresimleri (Aromatik)
1038 Sulfar bilesikleri (C=S esneme titresimleri, S=O Esneme
titresimleri, Sulfitler, Sulfonik asitler, silfoksitler)
985 C-H egilme titresimleri (Alken)
765 C-H egilme titresimleri
(Aromatik substitiisyon)
617 Klor bilesigi (C-CI)

Optimum sartlarda 2. dakikada alinan boyarmadde numunelerinin FT-IR spektrumlari,
boyarmaddenin baslangi¢c spektrumu ile karsilastirildi. O3/TAK1 yontemiyle 2. dakikaya ait
FT-IR spektrumu Sekil 4.15.’de verilmektedir:.
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Sekil 4.15. O;3/TAK1 ydntemiyle 2.dk. muamele sonrasi RR 195'in FTIR spektrumu

766 cm™de karakteristik bir bag olan vinil siilfonat grubu gériinmektedir. 766 cm™'de -C=CH,
badi acik¢a gorilmektedir (Sekil 4.14). Bu bag O3/TAK1 yonteminde 2. dk dan sonra da
goriinmektedir. 3446 cm™ OH bag gerilmesi Sekil 4.15. ‘de fenolik grubu igin ayirt edilmistir.
Bu bag hidroksil radikalinin fenolik yapisina bagh olarak 3452 cm™ ‘de zayiflamis ve
kaymistir. RR 195 ‘deki aromatik gruplarin varligi 1759 cm™ ‘de bulunan pike bakilarak
anlasilmaktadir. Bu pik O3/TAK1 ile 2 dk. ozonlama sonrasinda zayiflamis ve 1736 cm™ ‘e
kaymistir. 1549 cm™ ‘de -N=N- bagi, Os/TAK1 ile 2 dk. ozonlama sonucunda da
gorilmektedir. 1038 cm™ ‘de gériinen slfirr icerikleri ve 617 cm™ ‘de gériinen yapidaki klor
O3/TAK1 ile 2 dk. ozonlama sonucunda zayiflamis ve daha uzun dalga boylarina kaymigtir.
Azo kromofor ve vinil sulfon gruplarini igeren boyalar kompleks konjuge molekdllerdir.
Boylece FTIR spektrumunda her bir karakteristik frekansi tanimlamak zordur. O3;/TAK1
yontemiyle kisa sureli ozonlama, kromofor gruplarin azalmasinave dolayisiyla renk
giderimine sebep olmaktadir. Aromatik gruplar ortamda hala vardir, fakat pik yogunluklari

azalmaktadir.
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BOLUM 5. SONUGLAR VE ONERILER

Proje kapsaminda gergeklestirilen ¢calismalardan elde edilen sonuglar asagida 6zetlenmigtir:

1. Reaktif Red 195 (RR195) azo boyarmaddesinin katalitik ozonlanmasinda optimum calisma
kosullarini belirlemek amaciyla Gg¢ farkh pH da (3,7,11) calisildi. Optimum pargalanma
heterojen katalitik ozonlama yontemi i¢cin pH 11olarak belirlendi.

2. RR 195’in ozonlanmasinda, optimum pH’ da (pH:11), farkli konsantrasyonlarda (20, 40,
60, 80, 100 mg/L) boyar madde c¢ozeltileri hazirlandi. TOK sonuglarina gére 100 mg/L
optimum boyar madde konsantrasyonu olarak belirlendi.

3. Optimum parcalanma ve renk gidermenin belirlenebilmesi igin farkli miktarlarda AK
(0,5;1;1,5;3 ve 5 g/L miktarlarda) denendi. Bunun igin daha dnce ozonla belirlenmis olan
optimum pargalanma kosullari (pH:11, Cg poyarmadade: 100 mg/L) g6z 6niine alinarak denemeler
gergeklestirildi. UV/Vis élciimleri sonuglarina gére zeytin ¢ekirdeginden hazirlanip, KOH ile
muamele sonucu elde edilen optimum aktif karbon miktari (TAK1); 1 g/L olarak; kayisi
cekirdeginden hazirlanip, KOH ile muamele sonucu elde edilen optimum aktif karbon miktari
(TAK4); 3 g/L olarak belirlendi.

4. Ug aktivasyon reaktifi (KOH, H3PO,4,ZnCl, ) ile en iyi katalitik performans agisindan
arastinldi. Bu aktif karbon 6rneklerinin katalitik performanslari ticari olanlarla kargilastiridi.
Zeytin ve kayisi ¢ekirdeginden KOH ile muamele edilen aktif karbonun en iyi katalitik 6zellige
sahip oldugu belirlendi.

5. Boyar maddenin 220 nm’deki ¢ift bag, 292 nm’deki aromatiklik ve 532 nm’deki maksimum
renk giderimi icin en etkili yontem; O3/TAK1 heterojen katalitik yontem olarak belirlendi.
Bunun nedeni TAK1'in sahip oldugu yliksek yluzey alanidir.

6. Katalizérin ylzey alani artikga, etkilesim ylzeyleri dolayisiyla katalizér olarak etkinligi
artmaktadir. ilk 5 dak iginde renk giderimi %100, doymamislik giderimi %76,88 ve aromatik
yapilarin giderimi ise %94’lere ulagsmaktadir. Sure uzadikca TAK?'in % giderme veriminin
daha fazla artmadigi hatta azaldi§i gértlmektedir. Bunun nedeninin ozonlamanin etkisiyle
aktif karbon yapisinin ylzeyinde oksitlenmelere bagli olarak ortaya cikabilecek yapisal
degisiklikler oldugu dusunulmektedir. Karbon yapisi temel olarak hidrofilik degildir. Ancak
oksitlenme sonucunda ylzey polaritesinin arttigi ve boyanin polar dzellikteki pargalanma
drtnlerini ylizeyinde tuttugu, dolayisiyla katalizér etkinliginin azaldigi distntlmektedir. KOH
emdirilerek aktive edilen TAK1 ¢ok ince partikller yapiya sahiptir. Zeytin ¢ekirdeginden elde
edilen aktif karbonun alan bakimindan % 85 mezo gézeneklerce zengindir. Ayni drnek hacim
acisindan da benzerlik gostermektedir. Hem alan bakimindan hem de hacim agisindan

yuksek mezo gbzeneklere sahip olan TAK1, digerlerine gore daha kisa surede ve daha hizl
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adsorblama kapasitesine sahip oldugu igin 10 dk dan itibaren ¢ozeltide gergceklesen ozon
reaksiyonun etkinligi azalmaktadir.

TUBITAK'In destegi ile gergeklestirilen bu projenin, Tirkiye'de yetistirilen zeytin ve
kayisi gekirdeklerinin AK Uretimi seklinde degerlendiriimesi konusunda énemli bir referans
olacagi gorusundeyiz. Bu sonuglar i1siginda, KOH ile zeytin ve kayisi ¢ekirdeginin kimyasal
aktivasyonu sonucu elde edilen AK'larin, tekstil atik sularinin ozonla aritilmasinda katalizor
olarak kullanim alani bulmasini ve bdylesi bol ve ucuz olan bu tir malzemelerin tGretimine bir
an evvel baslanabilmesi igin bu ¢alismanin bir baslangi¢ olmasini imit ediyoruz. Atik sularin
aritiminda kullaniilmasi durumunda katalizér otomatik beslemeyle atik ¢amuruna eklenir,
uygun temas suresi sonunda filtrasyonla toz aktif karbonlar uzaklastirilir (MARSH ve
RODRIGUEZ-REINOSO, 2006). Sonuglarin, ticari AK’lara goére daha iyi ¢ikmasi
planladigimiz, ancak galisma periyodunca gergeklestiremedigimiz patent ¢calismasina érnek
teskil etmedir. Bir katalizérin kullanilabilirliginde, adsorpsiyon c¢alismalarinin da yapilmasi
gereklidir. Dolayisiyla bu tlr calismanin, daha kapsamli ve daha uzun sireli bir baska

projeyle tamamlanmasi disundlmektedir.
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Bu proje kapsaminda Adana ve Malatya yoresinde yetigsen yerli zeytin ve kayisi ¢ekirdeginden
fiziksel ve kimyasal aktivasyonla hazirlanmis aktif karbon (AK) &rneklerinin, Reaktif Red 195
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kimyasal aktivasyon reaktifi (KOH, H3;PO, ve ZnCl,) denendi. Optimize g¢alisma kosullarinda
RR195’in renk giderimi ve parcalanmasi, boyarmaddenin UV-VIS absorbans spektrumundaki
belirlenmis olan 532 nm, 220 nm ve 280 nm dalga boylarindaki absorbans délgimleri ve TOK
analizleri kullanilarak belirlendi. Hazirlanmig AK Ornekleri, yilzey alani ve partikil boyutu
acisindan BET ytizey alani dlgtiimleri (N,) ile, morfolojik 6zellikleri de SEM analizleri ile karakterize
edildi. KOH ile muamele edilmis zeytin ve kayisi gekirdeklerinin katalitik etkinliklerinin ticari olan

AK orneklerine gore daha fazla oldugu goruldi.
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Abstract

The first part of this paper presents generalities on molecular ozone reactivity. The second part focuses on catalytic ozonation
with the objective to evaluate the efficiency of such an AOT versus ozonation alone. The literature data relative to catalytic
ozonation concerns either the activation of ozone with metals in solution, or the heterogeneous behavior of solid catalysts.
Numerous metals (Fe, Mn, Ni, Co, Zn, Ag, Cr) under various forms (salt of reduced metal, solid oxide, deposited metal
on support) were reported to enhance the efficiency of ozone towards the removal (or the conversion) of different organic
compounds in agueous solution. Some years ago, heterogeneous catalytic ozonation has begun to be studied in our group.
This paper presents a short synthesis of the main results obtained, illustrated by three different experimental procedures which
can be used to test catalytic ozonation. Finally, some hypothesis on reaction mechanisms and prospects are examined. ©1999
Elsevier Science B.V. All rights reserved.

Keywords:Ozone; Catalyst; Aqueous solution; Organics oxidation; Water treatment

1. Introduction As far as the main chemical properties of ozone
are concerned, numerous data have been already
Except for some European countries where ozone published. Many books present complete synthesis
is already currently used for drinking water treatment, of literature on this subject [1-4]. It is now widely
interest in the use of ozone has been steadily increasingassumed that ozone reacts in aqueous solution on
over the last several years for drinking water treatment various organic and inorganic compounds, either
in all countries in the world. Since the early nineties, by a direct reaction of molecular ozone or through
new regulations on chlorine disinfection and chlorina- a radical type reaction involving the hydroxyl rad-
tion by-products are expected to further increase the ical induced by the ozone decomposition in wa-
drinking water industry’s interest in this technology. ter (Fig. 1). Ozone decomposition proceeds with
However, the recently discovered problem of bromate, chain reactions including initiation steps, propaga-
as ozonation by-products in drinking water treatment, tion steps and chain breakdown. The fundamental
could finally decrease the predicted development of role played by the hydroxide ions in initiating the
ozone in this field. ozone decomposition process in water is well known.
In fact a wide variety of compounds are able to
initiate (i.e. hydrogen peroxide, humics, reduced
* Corresponding author. metals, formate), to promote (i.e. primary and sec-
E-mail addressbernard.legube@esip.univ-poitiers.fr (B. Legube) ondary alcohols, humics, ozone itself) or to inhibit

0920-5861/99/$ — see front matter ©1999 Elsevier Science B.V. All rights reserved.
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03 stripped a) Fe2* + 03 —— Fe3* + O3

Oy + Hf == HO; — OH + O,

Fe2+ + OH ——» Fe3* + OH-

or R® 5 (balance : 2 Fe2+ + O3 + 2H* —— 2Fe3* + 0, +H0)

03 add. +M . )
) ()3 e Moiia  Dlr€Ct-03 Reaction

*Si N Radical- Type Reaction
R® b) Fe2* + 03 — (FeO)2+ + O,

(Fe0)2+ +Fe2++2H*+* —— 2Fe3* + H)O

Fig. 1. The two type reactions of ozone in aqueous solution [1-4,8]. (balance : 2Fe2+ + O3 + 2H+* —» 2Fe3* + 0O +Hy0)

M: compounds reactive with £and OH yielding, respectively,

Moxid and the radical R Si: scavenger for OHradicals yielding Fig. 2. Two pathways for oxidation of Fe(ll) in Fe(lll) by ozone.
the by-productd. (a) from Hart [6]; (b) from Nowell and Hoiga [7].

(i.e. tertiary alcohols, carbonate) the radical chain which are present in natural waters can be quickly ox-
reaction. idized by ozone into insoluble oxides easily removed
As for treatment of industrial wastewater, many by filtration. As for Fe(Il) oxidation by ozone, a first
researches were led to further improve the efficiency mechanism has been proposed by Hart [6]. As shown
of ozonation for various applications. Ozone in al- in the Fig. 2, it consists of an electron transfer from
kaline solution (@+OH™), photolysis of ozone the reduced metal to ozone, forming Fe(lll) and the
(O3/UV), perozone (@+H»0y), catalytic ozonation  radical ion @, then the OH radical. In the presence
are the principal existing (or future) AOTs known as of an excess of Fe(ll), the OH radical can oxidize a
the most promising processes for industrial effluents second Fe(ll) finally leading to a stoichiometric ratio

depollution. of 0.5 mol of ozone per mol of ferrous iron.

The first part of this article presents generalities  More recently, Nowell and Hoigné [7] maintain that
about molecular ozone reactivity in order to give some the hydroxyl radical is not an intermediate in the re-
background to the reader unspecialized in the field of action of Fe(ll) with ozone and assume a mechanism
ozone, and some bases for the final discussion aboutinvolving an oxygen-transfer from ozone to ferrous
mechanism hypotheses. The second part focuses oriron (Fig. 2).
catalytic ozonation. Its objective is to evaluate the effi-  As far as we know, no study was published on the
ciency of a such AOT versus ozonation alone, with the mechanism of reaction of ozone with other reduced
help of a literature review including our own works. transition metals such as copper or cobalt, nor with
In the conclusion, some hypotheses on reaction mech-noble metal such as ruthenium.
anisms and prospects are examined.

2.2. Reaction of molecular ozone and OH radicals
with organics
2. Summarized background on ozone and OM
radical reactivities Rate constants for the reaction of ozone with
non-dissociating organic compounds (aliphatics, al-
2.1. Reaction of molecular ozone with reduced metals cohols, olefins, chlorosubstituted ethylens, substituted
benzenes, polyaromatics, carbohydrates, etc.) and
Second-order rate constants for the reaction of dissociating organic chemicals (amines, aminoacids,
molecular ozone with a great number of inorganics carboxylic acids, phenols, etc.) are reported in litera-
(more than 50) are reported in the literature, mainly by ture [8,9]. The second-order rate constants are in the
Hoigné and Bader [5]. Some of them are very reactive range from 102 to 1°® M~1s™1 and increase with
whatever the pH (such as sulfite, sulfide, nitrite ions) pH as does the degree of deprotonation of the organ-
be, some others exhibit a low rate constant in acidic ics (some examples are given in Table 1). All results
medium and a significant increase of their reactivity support the electrophilic nature and the selectivity of
as pH increases (like hypochlorous acid, hypobro- reactions of molecular ozone, either by 1-3 dipolar
mous acid, ammonia). Iron (II) and manganese (Il) cycloaddition or by electrophilic substitution.
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Table 1 Mn (II) + O3 + 2 H* —— Mn (IV) + O + H0
Ozonation rate constants [8,9] and OH rate constants [10] for Mn (IV) + Mn(II) —— 2 Mn (II)
some organic compounds Mn (1) + n AO% —» Mn (II) (AO2- ),
Solute k03 (Y -1 S—l) kOH' (M—l S—l) Mn (II) (AOZ ), — Mn (II) + AO* + (n-1) AO2-
AO"+03+H* —— 2CO2+ 0+ OH’
Benzene 220.4° 7.8x 10° OH + AOY — » .
Nitrobenzene 0.09:0.02 3.9% 10°
Toluene 14+ 32 3.0x10° Fig. 3. Scheme of Mn(ll)-catalysed ozonation of oxalic acid in
m-xylene 94+ 207 7.5x 10° aqueous solution, from [16].
Formic acid 557 1.3x 108
Formate ion 10@-2¢P 3.2x 1¢°
Oxalic acid 4x1072)2 1.4x 10° dation of organics. Literature data relative to catalytic
Oxalate ion k4x 1”2)2 7.7 10? ozonation can be classified according to (i) activation
22::;:%?1 igiigsib é'gi 187 of ozone by metals in solution and (ii) heterogeneous
Succinic acid €3x10°2)a 31x 108 catalytic ozonation in the presence of metal oxides or
Succinate ion ((F1)x1072)b 3.1x 108 metals on supports.
Salicylic acid <500 2.2x 100
Salicylate ion ((8:3) x 10%)b 1.6x 100

3.1. Activation of ozone by metals in solution
aAcidic pH, in the presence of Otscavenger.

b|n the presence of OHscavenger. .
P 9 Hewes and Davinson [12] have shown that the pres-

ence of Fe(Il), Mn(ll), Ni(ll) or Co(ll) sulfate during

Ozonation alone has been shown to achieve a very 0zonation of wastewaters induces an increase of TOC
limited mineralization of organic compounds concern- removal as compared to ozonation alone.
ing micropollutants removal in drinking water treat-  Zinc or copper sulfate, silver nitrate and chromium
ment or removal of refractory COD in industrial efflu-  trioxide were shown by Abdo et al. [13] to catalyse
ents. Consequently, various advanced oxidation pro- the bleaching of dye effluents during ozonation.
cesses or AOPs (such ag/8,0,, UV/O3, UV/H20,, More recent investigations were conducted by Gra-
Fenton and UV/Fenton reagents, photocatalytic oxi- Cia et al. [14,15] who showed that in the presence of
dation with TiG, WAO and WPO processes, electron Mn and Ag, ozonation of humic substances in water
beam, catalytic ozonation) have been investigated asallows animportant reduction in the content of organic
potential methods for degrading organic compounds. matter as compared to ozonation alone.

A common objective of the AOPs is to produce a  Andreozzi et al. [16] found that Mn(ll) accelerates
large amount of radicals (especially ®Ho oxidize the oxidation of oxalic acid under acidic conditions.
the organic matter. Indeed, hydroxyl radical is a less Consistent with the previous statement from Nowell
selective and more powerful oxidant than molecular and Hoigné [7] that no production of OH radicals can
ozone, as shown by some rate constants given in thebe directly derived from the transition metals ozona-
Table 1, withdrawn to the review of Buxton et al. [10]. tion, the authors proposed that Mn(ll)-catalysed ox-
The three main mechanisms involved are: H abstrac- idation was proceeding through complexing between
tion, OH addition or substitution and electron transfer. 0xalic acid and Mn(lll), forming an intermediate prod-
Abstraction of hydrogen atom is often the first step uct which might be easier oxidized by ozone (Fig. 3).
of the oxidative pathway of aliphatic acids by OH

radicals [11]. 3.2. Heterogeneous catalytic ozonation

Al-Hayek et al. [17] have shown that ozonation of
3. Catalytic ozonation as an advanced oxidation phenol in the presence of the catalyst Fe(llI}®4
technology: a brief literature review leads to a significant increase of the TOC removal as
compared to ozonation alone. The authors suggested
Recently, alternative ozonation processes catalysedeither a formation of free radicals or an increase of
by transition metals have been investigated for degra- nucleophilic sites of adsorbed molecules.
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Bhat and Gurol [18] studied the ozonation of

B. Legube, N.K.V. Leitner/Catalysis Today 53 (1999) 61-72

waters from metal finishing facilities, and fundamen-

chlorobenzene in the presence of goethite and found tal research.

that catalytic ozonation was more effective than
ozonation alone.
Naydenov and Mehandjiev [19], and Thompson

4.1. Organics removal for drinking water treatment

et al. [20] observed a mineralization of benzene and using transition metals as catalysts, in batch reactor

1,4-dioxane, respectively, in aqueous solution, ob-

tained by ozonation in the presence of MnO
Ma and Graham [21] have shown that Maformed

[27]

At the beginning of our works, the objective was to

in situ by ozonation of atrazine in the presence of small evaluate the efficiency of catalytic ozonation to remove
amounts of Mn(ll) leads to a much greater degree of organics for drinking water treatment.

atrazine oxidation compared to ozone alone. The au-

The fresh catalytic materials (supplied by a water

thors assigned these results to the generation of highly company) were composed of copper impregnated on

oxidative intermediate species.

Andreozzi et al. [22] reported a significant improve-
ment of oxalic acid ozonation at acidic pH, induced
by the presence of MnO

Pines et al. [23] stated that the combination
Os/metal-TiQ; was particularly interesting for the
oxidation of hydrophilic (biodegradable) compounds.
However, the efficiency was found to be weak for
hydrophobic compounds.

Volk et al. [24] studying fulvic acid oxidation by £)
0O3/H202 and G/TiO» found that catalytic ozonation
induced a smaller BDOC formation than the other two

three different supports: alumina (3084, 10 wt.%
Cu), anatase (61%g, 5 wt.% Cu) and attapulgite
(59mP/g, 5 wt.% Cu). Solutions of organic com-
pounds (2.5-3mg/l as total organic carbon or TOC)
were prepared in deionized water (milli-Q milli-RO
water) containing sodium carbonate and calcium chlo-
ride to simulate natural water (alkalinity =250 mg/l as
CaCQ, ionic strength=1.% 1072M, pH=7.2). The
batch reactor was a 60 ml flask stopped with a tight
septum containing 6 g of either support or catalyst and
46 ml of the test solution. Ozonation was carried out
with a rapid injection of a small volume of ozonated

processes and deduced that carboxylic acids (ozona-water (containing 50 mg ©per liter) through sep-

tion by-products) could be oxidized preferably by cat-
alytic ozonation.

tum with a syringe. After 10 min-stirring, ozone in
gas phase and solution and total organic carbon were

Finally, numerous experiments were carried out determined as described previously [27].

at the University of Poitiers in collaboration with

In order to quantify the catalytic effect as compared

a French water Company [25-27]. Some of these with ozonation alone, an ozone dose of 2.2 to 2.5mg

results are presented below.

4. Some selected results demonstrating the
efficiency of catalytic ozonation

O3/mg of TOC was applied. Moreover, the adsorption
of organic compounds on the catalyst was roughly
evaluated. Each experiment was performed six to eight
times at room temperature in the dark. The Fig. 4
presents the results obtained from solutions of aquatic
humic substances (previously extracted from a natural

Various experimental procedures have been ap- water) and salicylic acid (as model compound).

plied to evaluate the efficiency of solid catalysts

They show that ozonation performed without cat-

in the presence of dissolved ozone in water. These alyst (in the conditions summarized above) leads
methods consist of batch or semi-continuous tests, to a low TOC removal (12-15%). Moreover, humic
on the one hand, and in filtration experiments for the substances and salicylic acid are adsorbed on the alu-
continuous tests, on the other. The results presentedmina and anatase based-catalysts and catalytic ozona-
below illustrate these three experimental procedures tion does not always improve significantly the TOC

using different solid catalysts either provided by

removal (especially in the case of humic substances).

companies or prepared by ourselves. The objectives However, considering the attapulgite-based catalyst,

consisted in: applied research for drinking water

adsorption of initial organic compounds appears neg-

treatment, applied research for recycling of rinse ligible and catalytic ozonation (Clay-Me, Fig. 4) was
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Fig. 4. Bar diagrams showing efficiency of catalytic ozona-
tion (cata/ozone) as compared to adsorption on catalyst
(cata/adsorption) and ozonation alone (ozone) in term of TOC
removed for humic substances (up) and salicylic acid (down),
in batch reactor. Organic compounds=2.5-3mg C/I (in recon-
stituted natural water, 250 mg/l as Cag;@H=7.2). Ozonation:
2.2-2.5mg @/mg TOC. Catalysts: copper on three different sup-
ports

found to improve the TOC removal as compared to
ozonation alone.

4.2. Organics removal for recycling of rinse waters
from metal finishing facilities, using transition metals
as catalysts, in batch and continuous-flow reactors

Surface treating and metal facilities involve a va-
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purities (gluconate ionp-toluene-sulfonic acid, tri-
ethanolamine, etc.) in rinse water in order to reuse
this water. Two different experimental procedures have
been applied to test the efficiency of catalysts sup-
plied by a manufacturer participating in the global
project (project co-financed by the European Commis-
sion under the Brite-Euram). Different types of cata-
lysts have been used, transition metals impregnated on
zirconia-alumina support, on the one hand, and cogel
type catalyst with same components, on the other. So-
lutions of organics were prepared in unbuffered deion-
ized water (milli-Q milli-RO water). Analytical meth-
ods for organic compounds, organic and inorganic car-
bon and ozone were presented previously [28].

Batch test experimerirstly, a batch test procedure
was used to quickly evaluate the efficiency of cat-
alytic ozonation towards selected molecules and TOC
removal (Fig. 5).

Ozonation experiments were performed by adding
(under stirring) 58 ml of a stock solution of dissolved
ozone in deionized water (at a concentration between
14 and 22 mg/l of ozone) to 1 ml of a concentrated so-
lution of the organic compound. Analyses were then
performed after a given contact tim&t(on Fig. 5). As
for adsorption test, 3 g of (each) selected catalyst were
added to the ozonated solution where residual dis-
solved ozone was previously quenched with 8#3
after aAt period of time. The mixture was stirred again
during a second period of time\{') before sampling
for analyses. As for the catalytic ozonation test, 1 ml
of concentrated solution of organic compound was di-
luted with 58 ml of the same ozone stock solution in
the presence of 3 g of catalysts, and stirred during the
same period of timeAt) as during ozonation alone.
Note that, contrary to the first series of experiments
(presented above), this new batch procedure allows to
compare catalytic ozonation and ozonation alone with
adsorption of ozonated solution (that is to say adsorp-
tion of initial compound plus ozonated by-products).

The effect of the contact time valua\{) has been
studied with p-toluene sulfonic acid (TOLS). Data
are presented in the Table 2, in mg/l of organic car-
bon in order to make easy the comparison between

riety of process baths for cleaning operations. These TOLS and the TOC remaining in solution. These data
process baths containing complexing agents and sur-show: (i) in spite of a large change in the concen-
factants are followed in downstream by several rinse tration of TOLS, ozonation of TOLS was found to

stages containing pure water. The objective of cat- lead to a weak TOC abatement, (ii) TOLS was not re-

alytic ozonation here is to try to remove organic im-

ally adsorbed on the catalyst but the formed ozonation
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58 mL-Stock solution of dissolved ozone @
[0;]=18+4mgL!

+

1 mL of a concentrated solution of the organic molecule
TOC =472 mgC L]

TOCo = 8 mgCL!
[03)0 = 18 +4 mg L]

Addition of 3 g of catalyst
At
Ozone quenching
At — At
Addition of 3 g of catalyst
Ozone quenching * At Ozone quenching

CATALYTIC
OZONATION TEST ADSORPTION TEST OZONATION TEST

ANALYSIS |

Fig. 5. Experimental procedure for catalytic ozonation batch tests At') with p-toluene sulfonic acid.

Table 2

Catalytic ozonation efficiency compared with ozonation plus adsorption and ozonation algnlieene sulfonic acid in batch conditions
(presented in Fig. 6). TOLS 100M (in deionized water, pH- 4). Catalyst: metal transition on zirconia-alumina as support

Catalytic ozonation Ozonation plus adsorption Ozonation alone

Contact TOC TOLS Ozone TOC TOLS TOC TOLS Ozone
time (min) (mg C/l) (mg C/l) (mg/l) (mg C/l) (mg C/l) (mg C/l) (mg C/l) (mgll)
0 7.9 8.1 160 8.1 8.2 8.0 8.1 18

5 5.9 3.8 101 - - 7.3 7.0 12
10 5.6 31 8L 7.2 5.7 7.3 5.7 g
20 4.0 2.9 Y 6.2 4.0 7.1 4.5 4
30 3.1 1.9 15 5.5 35 7.0 3.7 p]

by-products were significantly adsorbed (3.3mg/l of  Continuous flow experimenin the same study, a
remaining TOC are due to ozonation by-products af- continuous flow reactor (presented in Fig. 6) was used
ter 30 min of ozonation, 40% can be adsorbed by the in order to get a carbon mass balance. Aqueous solu-
catalyst under the experimental conditions), (iii) cat- tion of organic compound (5mg/l as C) in deionised
alytic ozonation yielded an improvement towards both water was ozonated in the ‘bubble’ column in the
TOLS and TOC removal (TOC removal by catalytic following conditions: solution input and output flow
ozonation almost twice as that by ozonation plus ad- rate =1.91/h, contact time =10min, ozone gas flow
sorption), (iv) the ozone consumption was found to be rate =950 mg/h, temperature 20240 As for cat-
significantly improved by the catalyst. Other experi- alytic ozonation experiment, to avoid technical diffi-
ments with TOLS and other organics were performed culties linked to a three phases system, 5 g of catalysts
in order to compare various catalysts. The results have (selected above) were located in a recirculating flow
been presented elsewhere [28]. circuit (351/h) and therefore in contact only with the
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Fig. 6. Scheme of the laboratory-scale pilot used for the catalytic ozonatiprtadfiene sulfonic acid, under continuous flow conditions.

Table 3

Oxidation ofpp-toluene sulfonic acid by ozonation and catalytic ozonation, in a continuous flow reactor (presented in Fig. 7) TQW3 =59
(in deionized water, pH =4). Catalyst: metal transition on zirconia-alumina as support

Temperature°C) Catalyst Carbon balance
% TOC remaining % |€ produced % C adsorbed on catalyst

20 Without 88.2 1B -

20 With 83.1 6 93

30 Without 84.3 1% -

30 With? 69.1 260 49

40 Without 67.9 32 -

40 With 44.5 416 139

2|C: inorganic carbon in solution plus off-gas.
b Average of two experiments.

solution containing dissolved ozone and, of course, different temperatures (20, 30 and°@) after 3-5h
organics. Solution samples were taken at the output of of running in the continuous flow reactor. These data
the ‘bubble’ column for analyses of dissolved ozone, show: (i) whatever the temperature be, some amounts
aqueous carbon dioxide, pH, TOC and organics. Ex- of carbon (organic or inorganic) remain adsorbed on
cept for the determination of ozone in off-gas, the gas catalyst, (i) at 20C, it is impossible to conclude
outlet was connected to the washing-flask containing about the efficiency of catalytic ozonation versus
a solution of NaOH (1g/l) to trap the carbon diox- ozonation, (iii) at more elevated temperature a sig-
ide arising from mineralization of organics. As for nificant improvement of TOLS conversion into @O
ozonation experiment, the procedure was the same,was found and allowed to demonstrate the catalytic
inert glass balls replaced catalyst. effect. Other experiments were performed, more espe-
The Table 3 presents some results obtained with cially on identification and evolution of some organic
TOLS (initial concentration=5@M or 5mg C/I) at by-products, namely pyruvic, acetic and formic acid.
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1250 mg Oy/h

250 mL [SA],=0.5-2mM
W e =50-300mg

pH=34

Fig. 7. Scheme of the semi-continuous reactor used for the catalytic

ozonation of succinic acid.
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100
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Pyruvic and formic acids were found to be less present Fig. 8. Efficiency of catalytic ozonation as compared to ozonation

during catalytic ozonation as compared to ozona-
tion alone, while acetic acid was highly produced by
catalytic ozonation.

4.3. Succinic acid removal: a fundamental approach
(still in progress), using noble metals as catalysts, in
semi-continuous reactor

In order to get a better control and knowledge
of the catalyst preparation and activity, we decided
more recently to evaluate the capability of catalytic
ozonation from catalysts prepared by ourselves.
The molecule chosen for this study was succinic
acid which is a refractory compound towards ozone
alone (Table 1). Experiments were carried out in a
semi-continuous flow reactor (Fig. 7) where ozone
gas (prepared from pure oxygen) was bubbling con-
tinuously into a 250 ml-aqueous solution of succinic
acid (0.5-2mM) prepared in unbuffered deionised
water (milli-Q-milli-RO water) at pH 3.4. Each set
of experiments consisted in: (i) catalytic ozonation,
with 1250mg Q/h in the presence of 50-300 mg
of catalyst, (ii) ozonation alone, with 1250 mg;/@
in the absence of catalyst, (iii) adsorption of suc-
cinic acid on the catalyst, under oxygen bubbling
in the presence of 50-300mg of catalyst. All cat-
alysts were made of ruthenium and cerium oxide
(50pum, 40 or 200rA/g, calcinated then reduced at
350°C). Ruthenium was added (2% weight) either
by impregnation (Ru(Ng)sCl3) or by acid (RuGd)
or basic (Ru(NH)gCl3) exchange. The catalysts ob-
tained were then either oxidized in an air flow or
reduced in a hydrogen flow, both at 380 Aque-
ous samples were withdrawn at different ozonation
times for organics and dissolved ozone analysis
[29].

alone and ‘adsorption’ on the catalyst in absence of ozone (with
100mM Qs introduced corresponding to 60 min of contact time
for abscissa). 8= 1 mM, 200 mg of catalyst, pH=3.4, two sets of
experiments. Catalyst: Ru on Ce00 n?/g), preparation mode:
acid exchange.

The Fig. 8 presents the preliminary experiments,
carried out twice, with a reduced catalyst prepared by
acid exchange on 200%y — CeQ. Results show that
(i) ozonation was found to have no effect on succinic
acid conversion (as expected), (ii) adsorption of suc-
cinic acid on the catalyst (in the presence of an oxygen
flow) was found to be not very important (an apparent
equilibrium was reached after 30 min), (iii) after the
adsorption phase, the catalytic ozonation was found to
be really effective for a large amount of ozone applied.

Other tests with three different catalysts (prepared
from 40 nf/g — CeQ ) have shown that the reduced
impregnated catalysts were preferred to reduced acid
or basic-exchanged catalysts. Finally, the influence of
the final treatment of the catalyst by calcination or re-
duction (after ruthenium deposit) was examined. Re-
sults presented on the Fig. 9 demonstrate that reduction
of catalysts under hydrogen flow (at 3% induces
a significant improvement of the global conversion of
succinic acid.

5. Discussion

The whole literature relative to catalytic ozonation
is focused on the activation of ozone by numerous
metals (Fe, Mn, Ni, Co, Zn, Ag, Cr) in solution or
by heterogeneous catalyts with metals under various
forms (salt of reduced metal, solid oxide, deposited
metal on support). It was concluded that these metals
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100 2 REDUCED Finally, since the catalysts used in these studies
_ 80 © CALCINATED AD were supplied by companies and then subjgct to a
o / minimum of confidentiality, some further experiments
g 60 A were recently carried out with a catalyst prepared by
£ / ourselves (from ruthenium and cerium oxide) on suc-
:i’ 40 A" 5O cinic acid (which is not reactive towards molecular

A//o/ ozone) in pure aqueous solution, with large applied

20 AAA,_,AE/O ozone doses. Of course, these experimental conditions
Lo o0~ are not realistic (catalyst is expensive, succinic acid
o & : : , is not currently found in water and wastewater to be
0.0 15.0 30.0 45.0 60.0 treated), but they allowed us to highlight a large pos-
Ozone introduced ( mmol) itive effect of the presence of catalyst during ozona-

Fi. 9. Elimination of inic acid by catalvii don: i tion with only low participating effects of adsorp-
1g. 9. Imination Of succinic acl Yy Calalytic ozonation: In- . . .
fluence of the catalyst treatmentAS 1 mM, 200 mg ofcatalyst, tion and homerneous ozonation. Moreover, it was

pH=3.4. Catalysts: Ru on CeQ40n?/g), preparation mode: im- ~ SNOWN that the catalysts prepared by the impregna-
pregnation then reduction or calcination at 360 tion mode achieve a higher global conversion of suc-
cinic acid than the exchanged catalysts, and that a
reduction treatment improves the activity of the im-
are able to enhance the efficiency of ozone for the pregnated catalysts as compared with the calcination
removal (or the conversion) of different organic com- treatment.
pounds in aqueous solution. However, to our knowl-  As for mechanisms occuring in catalytic ozona-
edge, not many satisfactory hypothesis of mechanismtion, we can propose two main possibilities. In the
have been given in these works. first one, the catalyst would behave only as adsorbant
Some years ago, heterogeneous catalytic ozonation(Me-OH, Fig. 10a); ozone and hydroxyl radical would
has begun to be studied in our laboratory. This paper be the oxidant species. Firstly, initial organic acid (AH,
presents a short synthesis of the main results obtained,Fig. 10a, i.e. salicylic acid or succinic acid) would
illustrated by three different experimental procedures be quickly adsorbed on the support of catalyst. It is
which can be used to test catalytic ozonation. known that some oxides, especially alumina [30], are
Using batch test procedures, it was demonstrated able to form surface chelate rings with bidentate lig-
that catalysts (prepared by impregnation or by the co- ands (such as salicylic and oxalic acids). Consequently
gel technique) with given transition metals on various a strong negative charge would appear into the six or
oxides (alumina, anatase, zirconia, clay), can really five-membered chelate ring at the surface, and ozone
improve ozonation efficiency and oxidize some polar (or hydroxyl radical) would then oxidize the surface
compounds such as salicylic acid, tripeptide, aguatic complex to give oxidation by-products either desorbed
fulvic acid andp-toluene sulfonic acid. However, ad- in solution (P and R: primary and final by-products
sorption of such organics on oxides is often too strong in solution, respectively, Fig. 10a) or still adsorbed
to demonstrate clearly the real action of the catalysts at the surface of catalyst (P and R: adsorbed primary
(except for clay) and, hence, it was difficult in these and final by-products, respectively, Fig. 10a). The fi-
experimental conditions, to determine the mass bal- nal adsorbed by-product (R, Fig. 10a) would desorb
ance between the remaining organic carbon in solu- and thereafter be oxidized in homogeneous solution by
tion and on solid and the carbon dioxide produced by ozone or hydroxyl radical. In this hypothesis the real
oxidation. role of the deposit metal (copper, ruthenium, etc.) is
Using a continuous reactor designed to evaluate the not clear and support alone should be responsible for
formed carbon dioxide, it was shown that a small the improvement of ozonation. Although the presence
amount of catalyst located in the reactor can increase of supports only were found to enhance ozonation in
the mineralization of organics as compared to ozone some cases (especially with alumina), this mechanism
alone. This effect was found to increase with the tem- is probably not important with low adsorbing supports
perature increase (between 20 and@p such as clay and cerium dioxide.
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Fig. 10. Scheme illustrating the two main possibilities of catalytic ozonation pathway up) adsorption on catalyst and oxidation by ozone
or OH radical of adsorbed organic down) OH or other radical species generation by reaction of ozone with reduced metal of catalyst, and
oxidation of organic by oxidized metal and/or in homogeneous solution.

In the second mechanism, the catalyst would re- then easily desorbed from catalyst and subsequently
act with both ozone and adsorbed organics, that is oxidized by OH or Q either in bulk solution, or more
to say would behave as a true catalyst. Starting to probably, into the thickness of electric double layer.
the reduced catalyst (Mg, Fig. 10b), ozone would  In some cases, adsorption and diffusion of organics at
oxidize metal. Note that this first step could be de- the surface of the catalyst would be the limiting step,
ciding, because it was shown here that a reduction as shown by some of our results with ruthenium-based
pretreatment applied to the ruthenium-based catalyst catalysts [29] and new results still in progress. In other
before use, leads to a more operative material than acases, such as catalysts made with copper and clay,
calcination pretreatment. The reaction of ozone on re- elevated concentrations of OH produced by the reac-
duced metal could lead to OH radical in accordance tion of ozone with copper, at the solid—liquid interface,
with the reaction of ozone with Fe(ll) as proposed could be mainly responsible for the improvement of
in literature [6]. Organic acids (AH, Fig. 10b) would ozonation induced by the presence of catalysts.
be adsorbed on oxidized catalyst and then oxidized
by an electron-transfer reaction to give again reduced . Conclusion
catalyst (MesgA®, Fig. 10b), similarly to the scheme
proposed for the Mn(ll)-catalysed ozonation of oxalic In spite of the increasing number of data demon-
acid [16]. The organic radical species Avould be strating the efficiency of catalytic ozonation, a better
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knowledge in various fields is still needed as far are [9] J. Hoigné, H. Bader, Rate constants of reactions of ozone with
concerned: organic and inorganic compounds in water II: dissociating
organic compounds, Wat. Res. 17 (1983) 185.
The fundamental aspects (mechanisms of reaction [10] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross,
of ozone with reduced metals, identification and Critical review of rate constants for reactions of hydrated
quantification of oxidation by-products in solution electrons, hydrogen atoms and hydroxyl radicals in aqueous

solution, J. Phys. Chem. Ref. Data 17 (1988) 513.
and at the surface of CatalySt' StUdy of the effect of [11] N. Karpel Vel Leitner, M. Doré, Hydroxyl radical induced

some reaction parameters such as pH, temperature,  decomposition of aliphatics acids in oxygenated and
presence of radical scavenger), deoxygenated aqueous solutions, J. Photochem. & Photobiol.
Or more practical aspects (study of the life-time of A Chemistry 99 (1996) 137.

catalyst, engineering design and economic study). [12] C.G. Hewes, R.R. Davinson, Renovation of waste water by
ozonation, Water AIChE Symposium Series 69 (1972) 71.

[13] M.S.E. Abdo, H. Shaban, M.S.H. Bader, Decolorization by
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Abstract The purpose of this study was to investigate the catalytic role of granular activated carbon (GAC),
and metal (Mn or Fe) doped-GAC, on the transformation of ozone into more reactive secondary radicals,
such as hydroxyl radicals (*OH), for the treatment of wastewater. The GAC doped with Mn showed the
highest catalytic performance in terms of ozone decomposition into OH radicals. Likewise, activated carbon
alone accelerated the ozone decomposition, resulting in the formation of *OH radicals. In the presence of
promoters, the ozone depletion rate was enhanced further by the Mn-GAC catalyst system, even under
aqueous acidic pH conditions.

Keywords GAC; metal doped-GAC catalyst; “OH; ozone

Introduction

Catalyzed ozonation is an innovative advanced oxidation process (AOP) (Glaze et al.,
1987) for the degradation of the hazardous pollutants present in water and wastewater.
Several studies on metal-catalyzed ozonation have received considerable attention with
respect to the enhanced removal of refractory pollutants (Ma and Sui, 2002). It has also
been reported that activated carbon might catalyze the transformation of ozone into
hydroxyl radical ("OH) (Jans and Hoigné, 1998). The decomposition of ozone in water gen-
erally depends on radical-type chain reactions of several radicals, such as superoxide radi-
cal (*0,"), ozonide radical (*O;7) and "OH. These experiments were performed to
determine the catalytic role, if any, of activated carbon (AC), and metal (Mn or Fe) doped-
granular activated carbon (GAC), in the decomposition of ozone and its conversion to *OH,
in aqueous solution. The catalytic property of the novel heterogeneous catalyst was tested
under various matrix conditions, by variation of the pH and the concentration ratios of the
promoter and initiator. To calculate the stoichiometric yield of *OH production per decom-
posed ozone, p-chlorobenzoic acid (pCBA) was used as a probe.

Methods

Coal-based cylindrical pellet AC (SAC Co., Korea), rinsed several times with pure water
and baked at 100 = 5°C for an hour before use, was used as the catalyst in this study. The
physical characteristics of the AC were bulk density = 0.43—0.48 g/cm?, mesh = 8 x 30, spe-
cific surface area = 950 m?/g, total pore volume = 0.5 cm?/g and average pore diameter = 18
A. Experiments were carried out in three types of reactors. Firstly, a semi-batch reactor (1
L) with a diffuser, able to sparge the gaseous ozone, was used to measure the ozone build-
up trends both in the presence and absence of catalysts. The removal efficiency of sewage
effluent by several processes, such as GAC alone, ozone alone and ozone/GAC combined
processes, was also evaluated. The sewage effluent was collected from a sewage treatment
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plant in Won-ju city. Secondly, experiments were conducted in a 250 mL batch reactor to
assess the ozone decay trends in pure and pCBA spiking waters. In this set-up, ozone was
injected until the desired target dissolved ozone concentration was reached, and the cata-
lysts and pCBA were then added into the reactor. Finally, a 250 mL cylindrical column
semi-batch reactor was used to test the application of the ozone/catalyst processes for the
treatment of wastewater. A live-stock wastewater, collected from the effluent water of a
pigpen wastewater treatment plant, was used as the test water. In this set-up, the ozone was
diffused through a glass filter, for the production of fine bubbles. In all experiments, sam-
ples were collected at appropriate time intervals, using a syringe dispenser, for analysis of
the water quality, which was based on parameters, such as the TOC, COD, UV
absorbance at 254 nm (UV,s,), pPCBA and residual ozone. The pCBA was measured by
reverse-phase HPLC (Gilson, France), using 60:40 methanol: 5 mM H,PO, buffer solution
as eluent, at a flow rate of 1 mL/min, with UV detection at 234 nm. Samples from the ozone
analysis were directly dispensed into vessels containing indigo solution, with a UV
absorbance at 600 nm, for de-colorization (Hoigné and Bader, 1981).

Results and discussion

Ozone decomposition and catalytic effect of activated carbon

Figure 1(a) illustrates several ozone accumulation patterns obtained in the presence, and
absence, of GAC, performed under three aqueous pH conditions (3.4, 4.3 and 7). For the
three different pH conditions, the ozone build-up rate in the presence of GAC pellets was
found to be slower than that in the GAC-free water; thus proving the AC decomposition of
ozone. The net difference in the saturated residual ozone concentration, for a fixed ozone
dose of 12 mg/L-min, between the two cases ([O3]1% 5o ¢ free — [O3]1* o) Obtained at the test-
ed pHrange (pH = 2.5 ~ 9.5) are plotted in Figure 1(b). For the case at pH > 4.3, less ozone
was decomposed by the AC. This was understandable, as the bulk phase, base-catalyzed,
ozone decomposition route would be dominant over the heterogeneous AC surface decom-
position under higher pH conditions. Curiously, however, the maximum ozone decomposi-
tion was achieved at pH 4.3. A much smaller amount of ozone decomposition occurred at
pH < 4.3, even though the ozone saturation level at these low pHs was almost the same as
that at pH 4.3.

To determine any change in the oxidative conditions on the addition of the catalysts, the
COD,, TOC and UV 5, removal efficiencies from sewage effluent water were compared for
the three processes: ozone alone, GAC alone and ozone/GAC. The sewage effluent contained
130-150 mg/L of alkalinity as CaCO,;, [CODg] 5 = 28-30 mg/L, [TOC], =
8-10 mg/L and (UV,s,), = 0.10-0.12 cm~!. As shown in Figure 2, the 0zone/GAC process
gave the best removal performance, with the exception of the UV 5. This proved the indirect
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Figure 2 Treatment of sewage effluent by ozone/GAC, ozone dose = 525 mg/L, [GAC] =5 g/L, [COD¢ ],
=28-30 mg/L, [TOC], =8-10 mg/L and (UV,g5,),=0.10-0.12 cm™!

formation of oxidative radicals with the ozone/GAC system, as the portions of the COD and
TOC removed through the ozone/GAC system were slightly and significantly greater, respec-
tively, than the sum of the portions removed by the ozone or GAC when used alone.

The enhancement of ‘'OH formation by metal doped-GAC

Ferrous and manganous ions can be rapidly oxidized by ozone in the aqueous phase (Rice et
al., 1980). This study aimed to investigate any further enhancement with the use of metal
doped-GAC compared to untreated GAC. Figure 3(a) compares the ozone decomposition
rates for the ozone alone, GAC, Fe-doped GAC (Fe-GAC) and Mn-doped GAC (Mn-GAC)
systems. The Mn-GAC gave the highest reactivity in terms of ozone destruction. Assuming
some portion of the decreased ozone was transformed to *OH radicals, the R, values (the
*OH to ozone concentration ratio) for comparing the OH® production yields of the catalysts
tested at a given ozone dose (Elovitz and von Gunten, 1999) can be calculated. For this cal-
culation, pCBA was used as the “OH-probe; it has a very low reactivity with O (kg3 pCBAS
0.15M™'s™), but reacts readily with "OH (kqyy. ,cpa =5 * 10°M™'s™). As shown in Figure
3(a), the Mn-GAC catalyst gave the highest *OH production yield, followed by those of the
GAC alone and Fe-GAC. The order of the R, value was consistent with the order of the
ozone decomposition rates shown in Figure 3(b). There were also several other interesting
findings, as follows: 1) this pCBA study has shown that the activated carbon alone can
accelerate the rate of ozone transformation into *OH; and 2) the Mn-GAC surface had a
tremendous impact on the *OH production. However, the radical formation mechanisms
associated with the doped metal species, or the GAC media itself, remain to be clearly
investigated. These should be further explored through a systematic set-up employing sev-
eral technologies for radical monitoring.
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Effect of promoter on the ozone decomposition rate for various catalyst systems

The presence of a promoter in the aqueous phase might have a significant impact on the
ozone decomposition and radical production rates (Stachelin and Hoigne, 1985). Figure
4(a) compares the ozone decomposition rates for the selected catalysts, by varying the con-
centration ratio of methanol and acetate, which act as the promoter and inhibitor, respec-
tively, under neutral pH conditions. The ozone decay rate increased in the presence of the
catalysts, and even further by increasing the P/l (methanol/acetate) ratio. Figure 4(b) com-
pares the catalytic effects of the GAC and metal doped-GAC under acidic conditions (pH =
2), where the route for the ozone decomposition that was initiated by OH™ could be exclud-
ed. With the catalyst-free cases, both the ozone decomposition rates, with and without
methanol, were negligibly low due to the acidic pH conditions. Furthermore, the addition of
the promoter did not affect the ozone decomposition rate due to the lower *OH concentra-
tion. With the metal-doped catalytic systems, the presence of the promoter was found to
accelerate the ozone decomposition rate, which is indirect evidence of “OH production in
those systems. However, no enhanced ozone decomposition rate was observed with the
GAC system under an acidic pH compared to a neutral pH. At this point, it may be inferred
that the radical-type chain mechanism may be different for the metal doped-GAC and GAC
alone cases, which should be the subject of further studies.

The application of ozone/catalyst process for wastewater treatment

Figure 5 compares the treatment efficiency of the livestock wastewater for the selected
processes: O;, O5/GAC and O,/Mn-GAC, etc. The livestock wastewater contained
250~270 mg/L of alkalinity as CaCO;, [TOC] = 139~145 mg/L and [COD,] = 526~550
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mg/L. The results show that the O;/Mn-GAC system performed best for COD and TOC
reduction, followed by the 03/GAC, 03/Fe—GAC, O3 and adsorption systems. This trend
was consistent with previous observations on the enhanced catalytic effect of GAC and
metal-doped GAC systems.

Conclusions
It was found that the GAC alone could initiate radical-type chain reactions that enhance the
rate of ozone decomposition to produce more OH radicals in the presence of promoters.

The Mn doped-GAC catalyst showed the highest catalytic performance for ozone
decomposition and OH radical production. The doped Mn was found to act as an efficient
initiator for ozone decomposition and OH radical formation.

The ozone/catalyst process can be reasonably applied to the treatment of wastewater and
sewage water, and is anticipated to be a promising advanced oxidation process.

Studies to elucidate the mechanisms of the enhanced metal-doped GAC and GAC catal-
yses should be undertaken in the future.
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