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ABSTRACT

CATALYTIC OZONATION OF INDUSTRIAL TEXTILE
WASTEWATERS IN A THREE PHASE FLUIDIZED BED
REACTOR

Polat, Didem
M.Sc. Department of Chemical Engineering

Supervisor: Prof. Dr. Tiilay Ozbelge

December 2010, 197 pages

Textile wastewaters are highly colored and non-biodegradable having variable
compositions of colored dyes, surfactants and toxic chemicals. Recently, ozonation is
considered as an effective method that can be used in the treatment of industrial
wastewaters; catalytic ozonation being one of the advanced oxidation processes
(AOPs), is applied in order to reduce the ozone consumption and to increase the
chemical oxygen demand (COD) and total organic carbon (TOC) removals.

In this study, catalytic ozonation of industrial textile wastewater (ITWW) obtained
from AKSA A.S. (Yalova, Istanbul) textile plant has been examined in a three phase
fluidized bed reactor at different conditions. The effects of inlet chemical oxygen
demand concentration (CODy,), pH, different catalyst types [perflorooctyl alumina
(PFOA) and alumina] and catalyst dosage on ozonation process were determined.
Moreover, the changes in the organic removal efficiencies with gas to liquid flow
rate ratio were investigated. The dispersion coefficients (D.) and volumetric ozone-
water mass transfer coefficients (k.a) were estimated at various gas and liquid flow
rates in order to observe the effect of liquid mixing in the reactor on ozonation

process. It was observed that increasing both gas and liquid flow rates by keeping



their ratio constant provided higher organic removal efficiencies due to the higher
mixing in the liquid phase.

The dyes present in ITWW sample were known to be Basic Blue 41 (BB 41), Basic
Red 18.1 (BR 18.1) and Basic Yellow 28 (BY 28). The “absorbance vs.
concentration” calibration correlations were developed to estimate the amounts of
these colored dyes in the ITWW sample. This provided the opportunity to examine

the degradation of each dye in this wastewater separately.

While PFOA catalyst was found to increase the removal efficiency of BY 28 at an
acidic pH of 4, alumina yielded highest color removals for BB 41 and BR 18.1 at a
pH of 12. The highest TOC and COD reductions being 24.4% and 29.5%,
respectively, were achieved in the catalytic ozonation of the ITWW using alumina as
the catalyst at a pH of 12 and at a gas to liquid flow rate ratio of 1.36 (Qg = 340 L/h,
QL = 250 L/h). At the same conditions, also the highest overall color removal in
terms of Pt-Co color unit, namely 86.49%, were obtained due to the lower BY 28
concentration in the WW sample than those of the BB 41 and BR 18.1.

In addition, the oxidation of BB 41, BR 18.1 and BY 28 dyes were investigated in a
semi-batch reactor by sole and catalytic ozonations with alumina and PFOA catalyst
particles. The sole and catalytic ozonation reactions followed a pseudo-first order
kinetics with respect to dye concentration. The highest TOC and COD removals
being 58.3% and 62.9%, respectively, were obtained at pH of 10 for BB 41 and
55.2% and 58.8%, respectively, for BR 18.1 with alumina catalyst. On the other
hand, for BY 28 PFOA catalyst yielded highest TOC and COD reductions being
61.3% and 66.9%, respectively, at pH of 4.

Keywords: Catalytic ozonation, industrial textile wastewater, Perfluorooctyl alumina
(PFOA), alumina
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BOYA ICEREN ENDUSTRIYEL ATIK SULARIN AKISKAN
YATAKLI BIR REAKTORDE KATALITIK OZONLAMA ILE
ARITILMASI

Polat, Didem
Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Tiilay Ozbelge

Aralik 2010, 197 sayfa

Cesitli miktarlarda boyar madde, yiizey aktif madde ve zararli kimyasallar igeren
yogun renkli tekstil atik sularinin giderimi biyolojik yontemlerle saglanamamaktadir.
Son donemlerde, ozonlama tekstil atik sularinin aritiminda etkileyici bir metot olarak
goriiliirken, ileri oksidasyon tekniklerinden (IOP) birisi olan katalitik ozonlama,
sudaki organik Kkirleticilerin, daha az ozon tiiketimiyle daha yiiksek verimlerde

giderimlerini saglamak amaciyla uygulanmaktadir.

Bu ¢alismada, AKSA A.S. (Yalova, Istanbul)’den temin edilen endiistriyel tekstil
attk suyunun (ITWW) katalitik ozonlanmasi ii¢ fazli akiskan yatakli bir reaktor
kullanilarak farkli ¢alisma kosullarinda arastirilmistir. Reaktor girisindeki kimyasal
oksijen ihtiyact konsantrasyonunun (CODj,), pH’nin, farkli katalizor tiplerinin
[perflorooktil aliimina (PFOA) ve aliimina] ve katalizor miktarlarinin ozonlama
prosesi iizerindeki etkileri tayin edilmistir. Bununla beraber, gaz ve sivi akis
hizlarinin atik su biinyesindeki organiklerin giderim verimleri iizerindeki etkileri
arastirllmistir. Reaktordeki sivi-faz kargasasinin (tiirbulans) ozonlama iizerindeki
etkilerini inceleyebilmek amaciyla farkli gaz ve sivi hizlarindaki dagilim katsayilari
(Dp) ve hacimsel ozon-su kiitle transfer katsayilart (k.a) hesaplanmistir. Gaz akis

hizinin sivi akis hizina oranmi sabit tutularak, gaz ve sivi akis hizlarmin birlikte
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arttirilmasiyla sivi-faz kargasasindaki seviyenin yiikselmesi nedeniyle organik

giderim verimlerinin yiikseldigi gézlemlenmistir.

Atik su Orneginin igerisinde Bazik Mavi 41 (BB 41), Bazik Kirmiz1 18.1 (BR 18.1)
be Bazik Sar1 28 (BY 28) boyar maddelerinin oldugu bilinmektedir. Bu boyalarin
attk su igerisindeki miktarlarin1 tayin etmek amaciyla bazi “absorbans —
konsantrasyon” kalibrasyon bagmtilar1 (korelasyonlar1) gelistirilmis ve bu
korelasyonlar atik su igerisinde boyalarin ayri ayr1 giderimlerinin incelenmeleri

firsatin1 sunmustur.

BY 28 i¢in boya giderim verimleri asidik ortam olan pH 4’te PFOA katalizorii
kullanildiginda artarken, BB 41 ve BR 18.1 i¢in en yliksek renk giderimleri pH nin
12 oldugu ortamda aliimina kullanimi ile ger¢eklesmistir. Atik su igin sirastyla en
yiiksek TOK ve KOI giderimleri olan % 24.4 ve % 29.5, ITWW’nin Kkatalitik
ozonlanmasi esnasinda aliimina katalizorii kullanilarak gaz akis hizinin sivi akis
hizina oraninin 1.36 (Qg = 340 L/h, Q. = 250 L/h) ve pH’nin 12 oldugu kosullarda
elde edilmistir. Pt-Co renk birimi cinsinden en yiiksek genel renk giderimi olan %
86.5’in yine ayn1 kosullarda elde edilmesi atik su igerisindeki BY 28 miktarinin BB

41 ve BR 18.1 miktarlarinin toplamindan daha az olmasindan kaynaklanmaistir.

Bunlara ek olarak; BB 41, BR 18.1 ve BY 28 boyar maddelerinin aritimlar: yalniz
ozonlama ve alimina veya PFOA esliginde katalitik ozonlama ile yari-kesikli bir
reaktorde incelenmistir. Yalmiz ve Kkatalitik ozonlama prosesleri boya
konsantrasyonuna gore yaklasik (pseudo) birinci derece reaksiyon kinetigi izlemistir.
BB 41 i¢in sirastyla en yiiksek TOK ve KOI giderimleri olan % 58.3 ve % 62.9 bazik
bir pH olan 10’da aliimina katalizorti kullanilarak elde edilmistir. Ayn1 sekilde BR
18.1 igin yine aliimina katalizorii pH’nin 10 oldugu durumda en yiiksek TOK ve KOI
giderimlerinin (% 55.21 ve % 58.84) elde edilmesini saglamistir. BY 28 igin ise
sirastyla en yiiksek TOK ve KOI giderimleri olan % 61.4 ve % 66.9, PFOA

katalizorii kullanilarak ve pH’ nin 4 oldugu durumda elde edilmistir.

Anahtar Kelimeler: Katalitik ozonlama, endiistriyel tekstil atik sular1, perflorooktil

alimina (PFOA), aliimina

vii



To my family...

viii



ACKNOWLEDGEMENTS

I would like to extend my sincerest thanks to my supervisor Prof. Dr. Tiilay A.
Ozbelge for her continual advices, helpful discussions and corrections, major support
as a supervisor and sincere behaviors as a person like a mother. I also want to thank
to Prof. Dr. Onder Ozbelge for his helpful suggestions.

| am very grateful to my lab mate A. Irem Balci for her sincere support, valuable
contributions that she has made, all the decisions we made together in our lives,
being with me and so many things I cannot count since the very start of my life.

I would like to thank to my lab mate, Saltuk Pirgalioglu for his support, continual
patience, being there when something went wrong in the laboratory and the whole
things that he showed or taught me throughout the study. And also I want to thank

my newest lab mate Aysegiil Sezdi for her greatest support and deepest friendship.

I wish to express my thanks to all my friends for being there whenever | ask; Ceren
Aydm, S. Seda Yilmaz, Eda Oral, Gamzenur Ozsin, Nur Sena Yiizbasi, Merve
Basdemir, Bijen Kadaifci, Efe and Asli Boran, Hasan Zerze for the lunch, tea or
coffee times we made together and all graduate students in the department | spent

time throughout my study.

I also would like to thank Kerime Giiney for her help and suggestions during my

study and also to the staff in our department for their contributions during my work.

I also wish to express my sincere thanks to my team leader Songiil Bayraktar for her
support and understanding especially through the end of the study and my team

mates Ceren Bayoren and Hasret Giirsoy for their support and friendship.

Finally, I also wish to send my special thanks to my family for their great support
and encouragement and to my brother for his technical help in using my computer.

iX



TABLE OF CONTENTS

A B ST RA T ..ttt e e e e e e e e rreearaaean v
OZ ottt vi
ACKNOWLEDGEMENTS ..ottt iX
TABLE OF CONTENTS ...ttt nnae e nnne e X
LIST OF TABLES ... oottt e e Xiii
LIST OF FIGURES ...ttt XVi
LIST OF SYMBOLS ...ttt sttt ane e XXi
CHAPTER
1 INTRODUCTION ..ottt e e e nae e rne e e 1
2 LITERATURE SURVEY ....ocoiiiiiiieieice e 4
2.1 Textile WASIEWALETS ........cceerieieieiiesie ettt 4
2.1.1 Oxidation with Ozone in Textile Wastewater Treatment .............. 6
2.2 OZONE... coeieiiieee ettt nae e e 7
2.2.1  OZONALION PrOCESS.....vveveiiieitieieeeesieesie e e sie e steenee e sreeneeenes 8
2.2.2 Mass Transfer of Ozone into Liquid Phase..........cccccceevvevveiieenen. 12
2.2.1.1 Mass Transfer in the Presence of Chemical Reactions..... 14
2.3 Advanced Oxidation Processes (AOPS).......ccovriiiriniinieiene s 16
2.3.1  Catalytic OZONALION. ........coeiiieieeieieie e 17
2.3.1.1 Homogeneous Catalytic Ozonation..............cccceeceeveiveennnne 17
2.3.1.2 Heterogeneous Catalytic Ozonation............cccceeeeveiieennnne 19
2.3.1.2.1 Metal Oxides and Metals or Metal Oxides on
SUPPOIES ..o 19
2.3.1.2.2 Ozonation with Non-polar Alumina Bonded
PRASES ... 21
3 EXPERIMENTAL. ... .ottt e e nnee e 24
R T0 A . T 4 - 24
3.1.1 Industrial Textile WasteWater ...........ccccooeiienininiiniiee e 24



3.2 EXPerimental SEt-UP ....ccoovoiiieiieeiie e s 27

3.2.1  Semi-batCh reactor ..........ccoovveiie i 27
3.2.2 Three Phase Fluidized bed reactor ...........ccovvvivieinne i 28
3.3 Preparation and Characterization of the Catalysts...........ccccccevevviverieennn. 31
3.4 Semi-batch EXPEriMENTS ......ccoiiiiiiiiieeeec s 32
3.5 Experiments Conducted in Fluidized Bed Reactor ..........cccccoovvvvviniinenne. 33
3.5.1 Wastewater Ozonation EXPeriments.........ccccecvevveveereereesieesnennnns 34
3.6 Analytical Methods .........cccoviieiiiiie e e 35
RESULTS AND DISCUSSION ....oooiiiiiiee e 39
4.1 Ozonation Reaction KINELICS ........ccceiiiiriieiiiieseeie e 39

4.2 Effect of Operating Parameters on Ozonation of Wastewater in

Fluidized Bed Reactor (FBR) .........ccoiiieiieeiie e 40
4.2.1 Effect of Inlet COD (CODip) «voovvveeriierieeiesieeniesee e sieesee e sieeneens 40
4.2.2 EFTeCt OF PH ..o 48

4.3 Catalytic Ozonation Experiments in FBR with Alumina or PFOA ......... 55
4.3.1 Catalyst CharaCterization ............cccccevviveiieeieeie e 56

4.3.1.1 Surface Characterization EXperiments ..........c.ccccoevvevnens 56
4.3.1.2 Density ANAIYSIS ...cocoeiiiiiriiriirisieeiee e 57
4.3.1.3 FT-IR Spectroscopic Studies ........cccccevvevievveieiieseenns 57
4.3.1.4 ESCA (XPS) ANalYSiS ...ccccvverieiiiieiienesieese e 62
4.3.2 Effect of pH on Catalytic Ozonation ...........c.cceoeveieienencnennnn. 63
4.3.3 Higher pH Effect on Catalytic Ozonation ...........c.ccceevevvrieernannns 70
4.3.4 Effect of Catalyst DOSAQE .......ccceeveirieiiiiieiieseee e 75
4.3.5 Effect of Qs/Q. on Catalytic Ozonation ...........ccccceevvevieieeinennnns 82

4.4  Reactor HydrodynamiCs .........ccccceiieiieiieiieie e 90
4.4.1 Minimum Fluidization Velocity in the Column ... 90
4.4.2 Determination of Hold-up Values for Gas, Liquid and Solid

PRASES ... ot e 91

4.5 Experiments Conducted in Semi-Batch Reactor ............cccccvveviiieinevinnnn, 94

4.5.1 Single Synthetic Dye Solution EXperiments ...........c.ccocceeveiivennne 94

4.5.1.1 Ozonation EXPeriments ........c.ccocvvrieeieienenene s 94

4.5.1.2 Catalytic Ozonation EXperiments .........cccccccevvveviveiiveennn. 98

4.5.1.3 Kinetics of Non-Catalytic and Catalytic Ozonation ....... 102

5 CONCLUSIONS ... nre e snne e 107



6 RECOMMENDATIONS ..o 110
REFERENGCES. ... ..ottt et e e e na e e e taeeannes 112
APPENDICES

A CALIBRATION CURVES OF BB 41, BR 18.1 AND BY 28 DYES ............ 118

B ANALYTICAL METHODS ... 120

B.1 KI Method fOr OZONE ......ccooiiiiiiiiee e 120
B.2 Indigo Method for Dissolved O3 Concentration in the Liquid Phase ..... 123
B.3 The Calculation of Concentrations of BB 41, BR 18.1 and BY 28

Dyes IN WW SOIULION ..o 125
B.4 Calculation of Dye, TOC removals, O3 Consumption and O3

ConSUMPLION RALE ......ocvieiicie e 127

C AKSA WASTEWATER OZONATION EXPERIMENTS DATA........cccevu.. 130

D SEMI-BATCH EXPERIMENTS DATA ..o 176

E ACCURACY OF TOC AND COD RESULTS ..o 185

F REPEATIBILITY OF THE EXPERIMENTS ....cccoviiiiiiieecese e 196

Xii



LIST OF TABLES

TABLES

Table 3.1: Properties of AKSA textile wastewater Samples ...........ccccooeveieiencncnennnnn 24
Table 3.2: The characteristic properties of dyes found in AKSA wastewater ................ 26
Table 3.3: The surface area and pore size of alumina and PFOA catalysts .................... 31
Table 3.4: The bulk and true densities of alumina and PFOA catalysts ............cc.ccoeuee. 32
Table 3.5: The semi-batch experimental parameters ... 33
Table 3.6: The fluidized bed experimental parameters ...........cccvvviiinieieiencnesenen 35

Table 4.1: The dye removals for different COD;,, pH = free (4), Cosc,in = 0.9 +0.1
MMOI/L gas, CAtaAlYSt: NONE .....c.ooiiieieiee e 44

Table 4.2: The COD and TOC removals with ozone consumption for different
COD;y, pH =free (4), Cozc,in= 0.9 £0.1 mmol/L gas, catalyst: NnONe ...........cc.ceevrvrnnnne. 45

Table 4.3: The observed reaction rate constants in terms of dye concentrations, Qg =
340 L/h, Q=250 L/h, pH = free (4), Cosc,in= 0.9 £0.1 mmol/L gas, catalyst: none ...... 48

Table 4.4: The dye removals for different pH and COD;p, Cosg,in = 0.9 £0.1 mmol/L
gas, Qe =340 L/h, Q=250 L/h, catalyst: NONE .........cccccveveiiiiiiece e 52

Table 4.5: The TOC and COD removals with ozone consumptions for different pH
and CODyy, Cozcin = 0.9 £0.1 mmol/L gas, Qg = 340 L/h, Q. =250 L/h, catalyst: none
e e e EeeEeeeeeeeetetesteeteeteeEeeeeneetetebeaEeeEe Rt eEeeReeR £ oAb e EebeeEe e Rt Rt eR e e Rt e ne e be et ebenEeereaneans 53
Table 4.6: The observed reaction rate constants in terms of dye concentrations for
different COD;, and pH values, Qs = 340 L/h, Q. =250 L/h, Co3cin = 0.9 £0.1
MMOI/L gas, CatalySt: NONE .....ccviiiee e e 55

Table 4.7: The surface areas obtained by BET method and the pore diameters of the
CALAIYSE PAITICIES .....veeeieeiie et e et e nae e e nns 56

Table 4.8: The bulk and true densities measured for alumina and PFOA particles ........ 57

Xiii



Table 4.9: Elemental percentages of the fresh PFOA catalyst particles before and
after DOMDArdMENT ... s 63

Table 4.10: Elemental percentages of the PFOA catalyst particles used for one, three
and five times before and after bombardment ... 63

Table 4.11: The dye removals for different pH, COD;, and catalyst type Cos g,n = 0.9
+0.1 mmol/L gas, Qg = 340 L/h, Q =250 L/h, mc = 300 g, for Al,O3 He= 17 cm, for
PFOA HE=18.3CmM, Hs =5 CM ..ot 69

Table 4.12: The TOC, COD removals with ozone consumption for different pH,
CODi, and catalyst type Coszc,in = 0.9 £0.1 mmol/L gas, Qg = 340 L/h, Q. =250 L/h,
Meat = 300 g, for Al,O3 He =17 cm, for PFOA He=18.3cm, Hs=5Ccm ....cceovivvinennes 70

Table 4.13: The dye removals for different pH, and catalyst type, COD;, = 300 mg/L
(Cainge a1 = 150.9 mg/L, Cyinpr1s.1 = 26.4 mg/L, Cqinpy2s = 26.2 mg/L, Cqyjin = 1570
Pt-Co), Cosg.in=0.9 £0.1 mmol/L gas, Qg =340 L/h, Q. =250 L/h, mc

=300 g, for Al,O3 He =17 cm, for PFOA He=18.3cm, Hs=5CmM ....cccoevveiveieie. 72

Table 4.14: The TOC, COD and color removals with ozone consumptions for
different pH, and catalyst type, COD;, = 300 mg/L (Cginpgs 41 = 150.9 mg/L, Cyq,insr
181 = 26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L, Cd,in = 1570 Pt-CO), CO3,G,in = 0.9 0.1
mmol/L gas, Qg = 340 L/h, Q. =250 L/h, m¢y = 300 g, for Al,O3 He = 17 cm, for
PFOA HE=18.3CmM, Hs =5 CM.......oei it 73

Table 4.15: The effect of catalyst dosage on dye removals (in terms dye
concentrations for each dye in WW solution) for different pH and COD;,, Qg = 340
L/h, Q=250 L/h, Co3.6in=0.9 £0.1 MMOI/L ZaS ....ccceerurrirrriririiririsieienie e 80

Table 4.16: The effect of catalyst dosage on TOC, COD removals with ozone
consumption for different pH and COD;,, Qg = 340 L/h, Q. =250 L/h, Cosg,in =0.9
0.1 MMOI/L ZAS .ot 81

Table 4.17: The dye, TOC and COD removals with dispersion coefficients and k a
values (dye removals are in terms of Pt-Co Color unit), T = 22°C, COD;, = 300
mg/L, Cozgin = 0.9 £0.1 mmol/L gas, m¢ = 100 g, for alumina Heg = 15 c¢cm, for
PFOA HE=16.4 CM, Hs = 3 CIM ooiiiciieeee e 85

Table 4.18: The Yate’s algorithm analysis for the effect of Qg and Q. on k.a, COD;,
= 300 mg/L, Cd,in,BB s =150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY 25 = 26.2 mg/L,
pH =4, Co3,6,in=0.9 £0.1 mmol/L gas, catalySt: NONE .........c.ccoveriiriiniiiinie e 87

Table 4.19: The Yate’s algorithm analysis for the effect of Qg and Q. on percent dye
removals (in terms of Pt-Co), COD;, = 300 mg/L, Cginps 41 = 150.9 mg/L, Cqinpr 181
= 26.4 mg/L, Cqinpy 28 = 26.2 mg/L, pH =4, Co36,in=0.9 £0.1 mmol/L gas, catalyst:
0] 0T OO PTRUPRTOP 87

Xiv



Table 4.20: The TOC, COD removals with ozone consumption for different Qg and
QL CODin = 300 mg/L, Cgings 41 = 150.9 mg/L, Cyinpr 181 = 26.4 mg/L, Cyinpy 28 =
26.2 mg/L, pH = 4, mgy = 300 g, for alumina Hg = 17 cm, for PFOA Heg = 18.3 cm,
Hs=5¢cm Cp36,in=0.9 £0.1 MMOI/L AS ....eevviiiiiiiiieiiiiiiie e

Table 4.21: The dye removals with D, and k,a for different Qg and Q. (dye removals
are in terms of Pt-Co Color unit), CODj, = 300 mg/L, Cqinps 41 = 150.9 mg/L, Cqinpgr
181 = 26.4 mg/L, Cqingy 28 = 26.2 mg/L, pH = 4, my = 300 g, for alumina Hg = 17
cm, for PFOA He=18.3 cm, Hs=5cm Co36in=0.9 0.1 mmol/L gas ........c.c.cevvrrvrnee.

Table 4.22: Minimum fluidization velocities at the studied gas velocities; catalyst:
P|:OA7 mcat: 150 g, dcat: 30 mm ...................................................................................

Table 4.23: Minimum fluidization velocities at the studied gas velocities; catalyst:
alumina, Mea = 150 g, eat = 3.0 MM oo

Table 4.24: The calculated gas, liquid and solid-phase hold-up values under different
operating conditions, catalyst: alumina, Mcat =300 0 .oovevvvviviiiieeie e

Table 4.25: The calculated gas, liquid and solid-phase hold-up values under different
operating conditions, catalyst: PFOA, Mcat =300 0 .ovevveiiecieiiceee e

Table 4.26: Moles of ozone required to oxidize one mole of dye for each dye, Cqin =
250 mg/L (for each dye), Qg = 150 L/h, pH = 4, Coszg,in = 0.9 £0.1 mmol/L gas,
CALAIYSE: NMONE ... ettt e e sae e re et e e re e reens

Table 4.27: Dye removal percentages for BB 41, BY 28 and BR 18.1 for different pH
values and catalyst types, Cqin = 300 mg/L (for each dye), stirrer rate = 300 rpm, Qg
=150 L/h, Cozc,in = 0.9 £0.1 mmol/L gas, reaction time =30 MiN ........cccceevvervrnrnnnn

Table 4.28: TOC and COD removal percentages for BB 41, BY 28 and BR 18.1 for
different pH values and catalyst types, Cqin = 300 mg/L (for each dye), stirrer rate =
300 rpm, Qg = 150 L/h, Cosg,in = 0.9 £0.1 mmol/L gas, reaction time = 90 min ..........

Table 4.29: The pseudo-first order kinetic rate constants for BB 41, BY 28 and BR

18.1 for sole and catalytic ozonation, Cqi, = 300 mg/L (for each dye), stirrer rate =
300 rpm, Qg = 150 L/h, Co3,G,in=0.9 £0.1 MmOI/L gaS ......ceevvrrerrrerrieieer e

XV



LIST OF FIGURES

FIGURES

Figure 2.1: Four canonical forms of 0zone molecule ..o 7
Figure 2.2: Mass transfer between phases. Pos is the partial pressure of ozone, Pogs;i
(Pos™) is the partial pressure of ozone at gas-liquid interface, Cos and Cosi (Cos*) are
ozone concentrations in bulk liquid and at gas-liquid interface respectively .................. 12

Figure 2.3 The proposed mechanism of ozonation in the presence of non-polar

alumina bonded phase (Kasprzyk et al., 2003) ........ccccooveiiiiiiiieie e 22
Figure 3.1: Semi-batch experimental SEt-UP ........cccooerereiiniiireree e 27
Figure 3.2: The configuration of porous fritted diSCS ...........ccocrveriiriiniiiine s 29
Figure 3.3: The schematic diagram of liquid distributor ............ccccooviiiiiiinii, 30
Figure 3.4: The schematic of the overall fluidized bed reactor system ..........c.cccceevvvnnens 30
Figure 3.5: The wavelength spectra of BB 41, BR 18.1 and BY 28 ........ccoceiiiiiinnnnns 37

Figure 3.6: The calibration curves for three dyes in their own solutions and in their
MIXEUFE SOIULIONS ..ottt et et e e e e ste e nesnaesreeneeas 37

Figure 4.1: The effect of inlet COD value on blue dye degradation in WW solution,
Qg =170 L/h, Q. =150 L/h, pH = free (4), Cosc,n = 0.9 £0.1 mmol/L gas, catalyst:
none, dye concentration is shown by line, and ozone concentration in liquid phase by
(o[0T I T T e TSRO U TSP 41

Figure 4.2: The effect of inlet COD value on red dye degradation in WW solution, Qg
= 170 L/h, Q. =150 L/h, pH = free (4), Cosg.,in = 0.9 £0.1 mmol/L gas, catalyst:
none, dye concentration is shown by line, and ozone concentration in liquid phase by
OO TINE (=-7-) oottt b b 42

Figure 4.3: The effect of inlet COD value on yellow dye degradation in WW solution,
Qg = 170 L/h, Q. =150 L/h, pH = free (4), Cosz,n = 0.9 £0.1 mmol/L gas, catalyst:
none, dye concentration is shown by line, and ozone concentration in liquid phase by
(0 [0 =To N [T To T e P TRPR 42

XVi



Figure 4.4: The effect of inlet COD value on TOC, COD removals and ozone
consumption, (a) Qg = 170 L/h, Q. =150 L/h, (b) Qg = 340 L/h, Q. =250 L/h, pH =
free (4), Cozc.in = 0.9 £0.1 mmol/L gas, catalyst: NONE ...........cccevveveiiienieircie e 43

Figure 4.5: The effect of inlet COD value on dye degradation including all dyes in the
WW in terms of Pt-Co color unit, Qg = 340 L/h, Q. =250 L/h, pH = free (4), Cosc.in
=0.9 £0.1 mmol/L gas, catalyst: none, dye concentration is shown by line, and ozone
concentration in liquid phase by dotted liNe (-==-) .eovviiiiriiiii e 44

Figure 4.6: The kinetic analysis of the WW ozonation reaction for different COD;j,
concentrations in terms of dye concentrations (mg/L) in WW solution, Qg = 340 L/h,
QL =250 L/h, pH = free (4), Cosc,in= 0.9 £0.1 mmol/L gas, catalyst: none, (a) BB 41,
(0) BR 18.1aNnd (C) BY 28 ...ttt 47

Figure 4.7: The effect of pH on dye removals (in terms of Pt-Co Color unit) and
ozone concentration, Qg = 340 L/h, Q. =250 L/h, Coszg,n =0.9 £0.1 mmol/L gas,
catalyst: none, (a) COD;, = 180 mg/L; (b) CODj, = 300 mg/L. In figures dye
concentration is shown by line and ozone concentration in liquid phase by dotted line
(577 ) ettt R Rt et E e Rt et E R et Rt et et et be et e n e ne et e 49

Figure 4.8: The effect of pH on dye removals (in terms dye concentrations for each
dye in WW solution) and ozone concentration, Qg = 340 L/h, Q.=250 L/h, Cosg,in
=0.9 0.1 mmol/L gas, catalyst: none, CODj, = 300 mg/L, Cgings 41 = 150.9 mg/L,
Cu,ingr 181 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L (a) BB 41, (b) BR 18.1, (c) BY 28. In
figures dye concentration is shown by line and ozone concentration in liquid phase
DY dOTEEA TINE (=77=) . et 51

Figure 4.9: The effect of pH on TOC, COD removals and ozone consumption, Qg =
340 L/h, Q=250 L/h, Co3,,in=0.9 £0.1 mmol/L gas, catalyst: none, (a) COD;, = 180
M@/L, (b) CODin =300 MQ/L ...eeiiiiieieiee e 53

Figure 4.10: The kinetic analysis of the WW ozonation reaction in terms of dye
concentrations (mg/L) in WW solution, Qg = 340 L/h, Q. =250 L/h, Cosgin = 0.9
+0.1 mmol/L gas, catalyst: none, CODj, = 300 mg/L, Cqinps 41 = 150.9 mg/L, Cyinsr

181 =26.4 mg/L, Cqinpy2s =26.2 mg/L, (a) pH =free (4), (D) pH=10 ..cceevrvrvrrrnnne. 54
Figure 4.11: FT-IR Spectrum Of AIUMING .......cccooiiiiiiiieieeeseeeeee e 59
Figure 4.12: FT-IR Spectrum Of PFO ACIH .......ccoviiiiiiiieiie e 59
Figure 4.13: FT-IR Spectrum of PFOA Catalyst .........ccccoooeiiiiiiiiiiiiiecee e 60
Figure 4.14: FT-IR Spectrum of PFOA catalyst used for one time ...........ccoceevvvninnnnnns 60
Figure 4.15: FT-IR Spectrum of PFOA catalyst used for three times ...........c.ccocvvvvnnnns 61
Figure 4.16: FT-IR Spectrum of PFOA catalyst used for five times ..........cccoceevinnnnnns 61

Figure 4.17: The effect of catalyst addition on blue dye (BB 41) removal (in terms
dye concentrations for each dye in WW solution) and ozone concentration, Qg = 340

Xvii



L/h, QL:250 L/h, COS,G,in =0.9 £0.1 mmol/L gas, CODi, = 300 mg/L, Cd,in,BB 4 =
150.9 mg/L, Cqingr1s1 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L, mey = 300 g, (a) pH =4,
(b) pH = 10, In figures dye concentration is shown by line and ozone concentration
in liquid phase DY dOtted 1INE (-===) .eoeieeieie e

Figure 4.18: The effect of catalyst addition on red dye (BR 18.1) removal (in terms
dye concentrations for each dye in WW solution) and ozone concentration, Qg = 340
L/h, Q.=250 L/h, Cosc,in =0.9 £0.1 mmol/L gas, COD;, = 300 mg/L, Cdings 41 =
150.9 mg/L, Cqingr1s1 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L, mey = 300 g, (a) pH =4,
(b) pH = 10, In figures dye concentration is shown by line and ozone concentration
in liquid phase by dotted 1INE (=-==) ..oviiiiieiece e e

Figure 4.19: The effect of catalyst addition on yellow dye (BY 28) removal (in terms
dye concentrations for each dye in WW solution) and ozone concentration, Qg = 340
L/h, QL:25O L/h, COS,G,in =0.9 £0.1 mmol/L gas, COD;, = 300 mg/L, Cd,in,BB 4 =
150.9 mg/L, Cqingr1s1 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L, mes = 300 g, (2) pH =4,
(b) pH = 10, In figures dye concentration is shown by line and ozone concentration
in liquid phase DY dOtted 1NE (-===) .ooeeieieiee e

Figure 4.20: The effect of Alumina and PFOA catalysts on TOC and COD removals
with ozone consumption. Qs=340 L/h, Q =250 L/h, Co3,in=0.9 £0.1 mmol/L gas,
catalyst: Al,O3 and PFOA, m¢,=300 g, COD;,=300 mg/L, (a) pH = 4; (b) pH = 10,
for Al,O3 HE=17 cm, for PFOA HE=18.3¢cmM, Hs=5CM occvvvviieiiiiee e

Figure 4.21: The effect of pH on overall color removals (in terms of Pt-Co unit) and
ozone concentration, Qg = 340 L/h, Q. =250 L/h, Coszg,n =0.9 £0.1 mmol/L gas,
catalyst: (a) none, (b) Alumina, (c) PFOA, CODj, = 300 mg/L (Cg,, = 1570 Pt-Co),
mea: = 300 g. In figures dye concentration is shown by line and ozone concentration
in liquid phase by dotted 1INE (=-==) ..ceiiiiieieee e e

Figure 4.22: The effect of pH on TOC, COD removals and ozone consumption, Qg =
340 L/h, Q =250 L/h, Co36in=0.9 £0.1 mmol/L gas, catalyst: (a) none, (b) Alumina,
(C) PFOA, COD;, = 300 mg/L (Cd,in,BB 41 = 150.9 mg/L, Cd,in,BR 181 — 26.4 mg/L,
Cu,ingy 28 = 26.2 mg/L, Cqin = 1570 Pt-C0), Mcat =300 Q vvovvvveeerireienieeie e esee e

Figure 4.23: The effect of catalyst dosage on dye removals (in terms dye
concentrations for each dye in WW solution) and ozone concentration, Qg = 340 L/h,
QL=250 L/h, Cozc,in=0.9 £0.1 mmol/L gas, catalyst: Alumina, pH = 4, COD;, = 300
mg/L (Cd,in,BB s = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY g = 26.2 mg/L), (a)
BB 41, (b) BR 18.1, (c) BY 28. In figures dye concentration is shown by line and
ozone concentration in liquid phase by dotted 1ine (-=-=) ..o

Figure 4.24: The effect of catalyst dosage on dye removals (in terms dye
concentrations for each dye in WW solution) and ozone concentration, Qg = 340 L/h,
QL=250 L/h, Co36in =0.9 £0.1 mmol/L gas, catalyst: PFOA, pH = 4, COD;, = 300
mg/L (Cd,in,BB 41 = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L), (8.)
BB 41, (b) BR 18.1, (c) BY 28. In figures dye concentration is shown by line and
ozone concentration in liquid phase by dotted line (-==-) ...ccoeviviiiiii e,

Xviii



Figure 4.25: The effect of catalyst dosage on TOC, COD removals with ozone
consumption, Qg = 340 L/h, Q =250 L/h, Cozg,in =0.9 £0.1 mmol/L gas, catalyst:
Alumina, pH =4, CODijn =300 MQ/L ..ooieeiiiieceecie et

Figure 4.26: The effect of catalyst dosage on TOC, COD removals with ozone
consumption, Qg = 340 L/h, Q =250 L/h, Cozg,in =0.9 £0.1 mmol/L gas, catalyst:
PFOA, pH =4, CODip = 300 MG/L .voveiiiieiieieieetee et

Figure 4.27: The effect of Qg/Q. ratio on TOC and COD removals with ozone
consumption (dye removals are in terms of Pt-Co Color unit), T = 22°C, COD;, =
300 mg/L, Cd,in,BB s = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY og = 26.2 mg/L,
Coscin = 0.9 £0.1 mmol/L gas, pH = 4, catalyst: none. In figures percent removals
are shown by line and ozone consumption by dotted line (----) .....cccoceviiiiiiieneiieieee,

Figure 4.28: The effect of Qg/Q. ratio on dye removals (in terms dye concentrations
for each dye in WW solution) with D, and k_a values, T = 22°C, COD;, = 300 mg/L,
Cd,in,BB 41 = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L, CO3,G,in =09
+0.1 mmol/L gas, pH = 4, catalyst: none. In figures percent removals are shown by
line and Dy and kpa by dotted 1iNe (=-=-) .oveiiiiiiiiiiceeee e

Figure 4.29: The effect of Qg/Q. ratio on TOC and COD removals with ozone
consumption (dye removals are in terms of Pt-Co Color unit), T = 22°C, CODj, =
300 mg/L, Cd,in,BB 41 = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L,
Cosgin = 0.9 £0.1 mmol/L gas, pH = 4, catalyst: alumina. In figures percent
removals are shown by line and ozone consumption by dotted line (----) ......cccccevevvrennene

Figure 4.30: The effect of Qg/Q. ratio on dye removals (in terms dye concentrations
for each dye in WW solution) with D, and k_a values, T = 22°C, COD;, = 300 mg/L,
Caiings 41 = 150.9 mg/L, Cyjingr1s1 = 26.4 mg/L, Cqinpy 26 = 26.2 mg/L, Cozcin = 0.9
+0.1 mmol/L gas, pH = 4, catalyst: alumina. In figures percent removals are shown
by line and Dy and kia by dotted liNe (===-) ..veeiveiieiiece e

Figure 4.31: C4/Cy; for different Qg and Q. on blue dye (BB 41) removals (in terms
dye concentrations in WW solution) and ozone concentration in liquid phase, Qc/QL
= 1 Cozc,n =0.9 £0.1 mmol/L gas, catalyst: none, pH = 4, COD;, = 300 mg/L,
Cua,ingear = 150.9 mg/L, Cyinpr1s1 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L. In figures dye
concentration is shown by line and ozone concentration in liquid phase by dotted line

Figure 4.32: C4/Cy; for different Qg and Q. on red dye (BR 18.1) removals (in terms
dye concentrations in WW solution) and ozone concentration in liquid phase, Qs/QL
= 1 Cosg,n =0.9 £0.1 mmol/L gas, catalyst: none, pH = 4, COD;, = 300 mg/L,
Cua,ingear = 150.9 mg/L, Cqinpris1 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L. In figures dye
concentration is shown by line and ozone concentration in liquid phase by dotted line

Figure 4.33: Cy/Cy; for different Qg and Q. on yellow dye (BY 28) removals (in
terms dye concentrations in WW solution) and ozone concentration in liquid phase,
Qc/QL =1 Co36,in=0.9 £0.1 mmol/L gas, catalyst: none, pH = 4, COD;, = 300 mg/L,
Cua,inge 41 = 150.9 mg/L, Cqyinsr1s1 = 26.4 mg/L, Cqinpy2s = 26.2 mg/L. In figures dye

XiX



concentration is shown by line and ozone concentration in liquid phase by dotted line
G SRS 89

Figure 4.34: Dye removals with ozonation for BB 41, BY 28 and BR 18.1, Cyi, =
300 mg/L (for each dye), stirrer rate = 300 rpm, Qg = 150 L/h, Co3gin = 0.9 0.1
mmol/L gas, catalyst: none, () pH =4, (D) pPH =10 ..cooiiieiiee e 96

Figure 4.35: COD and TOC removals after 90 min. ozonation for BB 41, BY 28 and
BR 18.1, Cq4i, = 300 mg/L (for each dye), stirrer rate = 300 rpm, Qg = 150 L/h,
Coscin=0.9 £0.1 mmol/L gas, catalyst: none, (a) pH =4, (b) pH=10 ...ccc0ervrrvrrens 98

Figure 4.36: COD and TOC removals after 90 min. ozonation for BB 41, Cq;, = 300
mg/L, stirrer rate = 300 rpm, Qg = 150 L/h, Co36.in = 0.9 £0.1 mmol/L gas, pH =10 ..100

Figure 4.37: COD and TOC removals after 90 min. ozonation for BY 28, C4in = 300
mg/L, stirrer rate = 300 rpm, Qg = 150 L/h, Co36in = 0.9 £0.1 mmol/L gas, pH =4 ....101

Figure 4.38: COD and TOC removals after 90 min. ozonation for BR 18.1, Cyj, =
300 mgl/L, stirrer rate = 300 rpm, Qg = 150 L/h, Cozg,in = 0.9 0.1 mmol/L gas, pH =
SRR TPPRPTPRI 101

Figure 4.39: The pseudo-first order kinetic analysis, Cqi, = 300 mg/L (for each dye),
stirrer rate = 300 rpm, Qg = 150 L/h, Co36,n = 0.9 £0.1 mmol/L gas, catalyst: none;
(@) PH =4, (D) PH = 10 it 103

Figure 4.40: The pseudo-first order kinetic analysis, Cqi, = 300 mg/L (for each dye),
stirrer rate = 300 rpm, Qg = 150 L/h, Cozgin = 0.9 £0.1 mmol/L gas, catalyst: PFOA,
(@) PH =4, (D) PH = 10 it 104

Figure 4.41: The pseudo-first order kinetic analysis, Cqi, = 300 mg/L (for each dye),

stirrer rate = 300 rpm, Qg = 150 L/h, Cozcin = 0.9 £0.1 mmol/L gas, catalyst:
alumina; (a) pH =4, (D) PH = 10 oo 105

XX



LIST OF SYMBOLS

a gas-liquid interfacial area for gas bubbles, m?/m? reactor
A crossectional area of the fluidized bed reactor, m?
Ager surface area of the catalyst as BET, m?/g

Applos  applied O3 dose, mmol/L liq

b stoichiometric coefficient

BB 41 Basic Blue 41

BR 18.1 Basic Red 18.1

BY 28 Basic Yellow 28

BOD biological oxygen demand, mg/L

Cs concentration of reactant B, mM
Cq the concentration of dye in the liquid phase, mg/L
Cuii initial dye concentration, mg/L

Caipssr  Initial BB 41 concentration, mg/L

Caipris1 Inlet BR 18.1 concentration, mg/L

Cuipyes Inlet BY 28 concentration, mg/L

Cuiin inlet dye concentration, mg/L

Caingear  inlet BB 41 concentration, mg/L

Cua,npris1 inlet BR 18.1 concentration, mg/L

Cuinpy2s Inlet BY 28 concentration, mg/L

Cosc gas phase ozone concentration, mmol/L gas
Cosc.in inlet gas phase ozone concentration, mmol/L gas

Coscout Outlet gas phase ozone concentration, mmol/L gas

Cos the concentration of Oz in the liquid phase, mM
Cos* equilibrium concentration of dissolved ozone, mmol/L liqg
Cosii concentration of ozone at the gas-liquid interface, mmol/L liq

COD chemical oxygen demand, mg/L
CODiy inlet COD, mg/L

XXi



CODgut
Con’
Consps
Oeat
dpore
Da

Ds

DL

Dos

outlet COD, mg/L

the concentration of hydroxyl ions, mmol/L

O3 consumption in the fluidized bed reactor, mmol/L liq

catalyst particle size, mm

catalyst pore diameter, °A

diffusivity of reactant A, m?/s

diffusivity of reactant B, m%/s

axial dispersion coefficient for liquid phase, m/s

ozone dosage, mmol/h

enhancement factor

instantaneous enhancement factor

height of the aerated liquid in the column, m

original liquid height before the gas flow, m

Henry’s Law constant for ozone, atm

expanded bed height, cm

static bed bed height, cm

decomposition rate constant of ozone in water, s™

mass transfer coefficient in the liquid film m® liquid/ m? surface.s
volumetric mass transfer coefficient in liquid film, s™

enhanced volumetric mass transfer coefficient in liquid film, s™
film coefficient around the catalyst particle, m® reactor/(m? catalyst.s)
rate constant between dye and ozone in the bulk liquid, (mM)™ (s)*
pseudo first order rate constant in the bulk liquid, s

catalyst dosage, ¢

Hatta number

the order of hydroxyl radical concentration in ozone decomp. reaction
pressure of reactant Os in the gas bulk, Pa or kPa

partial pressure of reactant O3 at gas-liquid interface, Pa or kPa
equilibrium pressure of reactant O3 at gas-liquid interface, Pa or kPa
perfluorooctyl alumina

point of zero charge

O3 consumption rate, %

volumetric flow rate of gas, L/h

volumetric flow rate of liquid, L/h

xXxii



Re Reynolds number, u, .d_.,.0.../ 14

t time, s or min

T temperature, °C or K
TOC total organic carbon, mg/L
TOCi, inlet TOC, mg/L

TOCout  outlet TOC, mg/L

TSS total suspended solids, mg/L

Ug superficial gas velocity, m/s

uL superficial liquid velocity, m/s

UL min minimum fluidization velocity, m/s
z column or reactor height, m

Greek Letters

& gas hold-up

a liquid hold-up

& solid hold-up

Amax maximum wavelength, nm

Peat catalyst density, g catalyst/m® catalyst

o liquid density, kg/m®

m liquid viscosity, kg/(m.s)

D water density, kg/m®

T relative residence time of the liquid in the fluidized bed reactor, min
Uw water viscosity, kg/(m.s)

XXiii



CHAPTER 1

INTRODUCTION

The textile industry being one of the very important and developing industries in
Turkey, is the source of large amounts of colored and toxic wastewaters; because of
its need to large volumes of water is used in different production steps. After dying
process, dyes which could not be fixed onto the cloth are released to wastewater
streams and cause high color intensity. It is indicated in literature that about the half
of reactive dyes, 8 to 20% of dispersed dyes and 1% of pigments remain unfixed in
the solution and are sent to the treatment processes (Hassan et al., 2006; Pirgalioglu,
2008).

The treatment of wastewaters from the textile industry becomes an important
problem, since they contain different dye types and harmful compounds reducing the
rate of self-purification processes in the environment and causing carcinogenic
effects on human health. One of the reasons for the treatment of textile wastewater
being a problem is that the conventional treatment methods [chemical-physical
methods (chemical precipitation and flocculation) and biological methods] are not
sufficient because of the stability of textile wastes to light and biological degradation
(Zhao et al., 2006). This is the reason why alternative methods are among recent
studies such as chemical oxidation including ozonation, advanced oxidation
processes, chlorination besides membrane and adsorption processes (Likou et al.,
1997; Ciardelli, 2001).

The use of ozone as a chemical oxidant is one of the promising and recently used
methods for the color removal of the industrial textile wastewaters. During ozonation
of a wastewater, ozone firstly attacks unsaturated bonds of chromophores providing

the rapid removal of color (Soares et al., 2006). Ozone can degrade the complex



organic molecules to smaller ones such as organic acids, aldehydes and ketones. This
provides color removal; however, sole ozonation is not enough for the removal of
by-products completely. The difficulty of removing recalcitrant by-products, low
ozone solubility and stability in water and high cost of ozone production bring the
need for advanced oxidation processes (AOPs). Thus, higher total organic carbon
(TOC), biological oxygen demand (BOD) and chemical oxygen demand (COD)
reductions are possible due to the mineralization of by-products to water and CO..
Some important AOPs can be listed as the use of ozone together with some
chemicals or combination with UV radiation and some chemicals [O3/H,0,
H,0,/Fe* (Fenton’s reagent), Os/UV, H,0,/UV, 0O3/H,0,/UV] and catalytic
ozonation (Acar and Ozbelge, 2006). One of the main purposes of the AOPs is the
generation of hydroxyl radicals (HO®) which are more powerful and active than
ozone. In this case, ozone can decompose into these species which provide higher

oxidation potential for organic pollutants and their by-products.

Although generation of powerful oxidants seems to be the solution to the removal of
by-products from wastewater, the non-selective hydroxyl radicals can be scavenged
by the other species that can be present in wastewaters and this may decrease the
selectivity of the oxidation reaction against the target organic pollutants (Soares et
al., 2006; Acar and Ozbelge, 2006). This disadvantage necessitates new studies on
ozonation systems to enhance the ozone solubility and stability in the reaction media.
Catalytic ozonation using metals and metal oxides as catalysts is known as one of the
AOP methods which is based on 0zone decomposition and radical formation. On the
other hand, solid-liquid ozonation systems carried out in the presence of non-polar
heterogeneous catalysts, such as perfluorinated alumina bonded phases, involve the
liquid-liquid extraction of organic substances from the aqueous phase into the
organic phase and subsequent oxidation by molecular ozone dissolved also in this
organic phase (non-polar perfluorinated hydrocarbon solvent saturated with ozone)
(Kasprzyk-Hordern et al., 2005; Erol and Ozbelge, 2007; Kasprzyk-Hordern et al.,
2003). Ozone solubility is known to be ten times higher in fluorinated hydrocarbon
solvents than that in water. Perfluorooctyl alumina (PFOA) prepared using
perfluorooctanoic (PFO) acid was reported to increase the stability of ozone in

perfluorinated solvent (Kasprzyk-Hordern et al., 2004). Accordingly, molecular



ozone and organics dissolve in non-polar perfluorinated alkyl chains on the alumina

surface and react with each other.

The degree of color removal and the increase in biodegradability (BOD to COD
ratio) are related to the applied ozone dosage and chemical composition of the
wastewater. Sole ozonation and catalytic ozonation reactions are also pH dependent.
At acidic pH, while ozone reacts directly with organic and/or inorganic pollutants,
the radicals resulting from the decomposition of ozone at basic pH are the main
oxidants. In other words, at basic pH indirect oxidation by radicals occurs (Chu et al.,
1999). It is known that there are many variable compounds which act as an oxidation
initiator (e.g., hydrogen peroxide or some metallic ions), a promoter (alcohol) or a
scavenger (COs?, HCO3) in these oxidation reactions (Erol and Ozbelge, 2009).
Therefore, their occurrences and amounts may be important on the removal rates of

target organics.

In this study, an investigation for the oxidation of an industrial textile wastewater by
catalytic ozonation was aimed by using alumina (a metal oxide) and PFOA catalysts.
The ozonation experiments were conducted in a three phase fluidized bed reactor in
order to see the efficiency of a continuous system thought to be more applicable to
industry. In addition, the effect of different operating parameters (gas and liquid
flowrates, solution pH and catalyst dosage) on dye decolorization and by-product
mineralization in terms of dye, COD and TOC removals besides the kinetics of

ozonation reaction were also examined.



CHAPTER 2

LITERATURE SURVEY

2.1 Textile Wastewaters

Textile wastewaters are considered as one of the most important pollutants because
of their large varieties of organic and inorganic contents and high color intensities.
Textile industry basically includes the production of fabrics from fibers such as
cotton, wool and synthetics (nylon, polyester, acrylics) with a number of processes
(Cooper, 1978). The annual world production of textiles is about 30 million tons,
requiring 7x10° tons of different dyes per year (Zhao et al., 2006; Talarposhti et al.,
2001). As a result, near large amounts of water, dyes and different chemicals are
used in these processes causing polluted wastewaters to emerge (Yong et al., 2005).
Wastewaters from textile industry are mainly discharged from two process steps
being preparation and dyeing processes. Almost all of wastewater discharged from
preparation processes has variable constituents depending on the type of products.
The constituents of dyeing process wastewater consist of dyes, salts and surfactants
(Srisukphun, 2006). The source of dye content of wastewater is obviously the
residual dyes that are not fixed on the fibers during dyeing processes. It is known that
about 30% of dyes applied remain in the solution unattached to the textiles
(Vandevivere et al., 1998; Yong et al., 2005) depending on the fiber, depth of shade
and dye type. Reactive dyes, for instance occur at high concentrations in waste
streams due to their low fixation to cellulosic fibers.

Dyes used in textile dying processes have a great variety of different chemical
structures, primarily based on aromatic and heterocyclic groups such as aromatic
amine (CgHs-NH2) which is a suspected carcinogen, phenyl (CgHs-CH,) and
naphthyle (NO,-OH) (Talarposhti et al., 2001). These dyes are mainly classified as



acid, basic, direct, disperse and reactive dyes due to their properties. Acid dyes are
typically applied to acrylics, wool, nylon and nylon/cotton blends. These are usually
used to dye nitrogenous fibers or fabrics in organic and inorganic acid solutions; a
chemical reaction between the fiber and dye yields an insoluble color molecule on
the fiber (Kulkarni et al., 1985). The two most commercially used acid dyes are azo
and anthraquinone dyes. Direct dyes are mostly used in dying process of cotton and
other cellulosic fibers. These dyes are applied to the fabrics in an aqueous solution of
ionic salts or electrolytes; because in this case, dye attaches to the fiber by
electrostatic forces. Disperse dyes, on the other hand, are more colloidal and have
very low solubility. They are applied mostly to the polyester, nylon, acetate and
triacetate fibers from a dye bath as dispersions by direct colloidal absorptions
(Kulkarni et al., 1985). Reactive dyes have a chromophore type structure that
provides a direct reaction with fiber substrates. Covalent bonds formed as a result of
this reaction become responsible for the attaching of dye molecules to the fibers,
mostly cotton or cellulosic based. Moreover, basic dyes also known as cationic dyes
are used in acrylic, nylon and wool dying. They have positively charged colored part
and can easily bond to the carboxyl or sulfonic groups on a fiber due to the formation
of salt links with these anionic groups in the fiber.

The complex chemical structure of organic pigments in dyes prevents the breakdown
of dye molecules and they can remain during the lifetime of fabrics. The structure
also provides resistance to sunlight, water, soap etc. and thus, dye house effluent
treatment becomes difficult. Near dye content, high ‘chemical oxygen demand’
(COD), ‘total organic carbon’ (TOC) and ‘biological oxygen demand’ (BOD) of
textile wastewaters due to its contents make them problematic for the environment.
In addition, very low BOD/COD ratio of dye house effluents makes the treatment of
them a problem because conventional treatment methods are not efficient enough.
Conventional treatment methods involves a primary treatment which separates the
suspended solids, oils and fats followed by a biological treatment commonly
activated sludge (Soares et al., 2006); but the non-biodegradability of textile
wastewaters leads the researchers to technologies that are more efficient. In industry,
membrane filtration processes, activated carbon adsorption, ion exchange resins,
chemical coagulation, electrochemical methods and oxidation with Fenton’s reagent

or ozone have already been applied in the removal of colored effluents (Soares et al.,
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2006; Erol, 2008). Even though by chemical coagulation and carbon adsorption a dye
removal of about 90% of some types of dyes is possible, the production of large
amounts of solid waste and the operational costs for sludge disposal make these
processes not much useable (Zhao et al., 2006). Oxidation with ozone as Chu et. al.
(1999) indicated might be an affordable and easy-operated control technology in the
removal of colored dyestuffs and other pollutants from textile wastewaters.

2.1.1 Oxidation with Ozone in Textile Wastewater Treatment

Ozonation for color degradation might be a promising process providing advantages
such as leaving no chemical sludge after the process, having ability to degrade both
color and organic pollutant in one step and having less danger because no stock of
any chemical (like hydrogen peroxide) is essential and residual ozone can decompose
easily to oxygen in water (Chu et al., 1999). As reported in literature, ozone can
provide a color removal of above 90% depending on process conditions with a
moderate TOC and COD reductions because of the resistance of by-products such as
carboxylic acids or aldehydes to further oxidation by ozone (Slokar et al., 1998).
There have been many studies done on ozonation of colored solutions in order to

investigate if the process is viable or not.

Soares and her colleagues (2006) have done a study on ozonation of textile effluents
and found out between 76 and 100% color removal efficiencies for different ozone
doses. As a result, they indicated that ozonation is effective for decolorization of an
acid dye; but slightly effective on TOC removal since they obtained not more than
20% removals for TOC. Hsu et. al. (2001) have studied the decolorisation of mixed
dye solutions in a gas-induced reactor and obtained between 90.15% and 97.87%
color removals depending on the dye concentrations; however, they could not
achieve more than 33% COD removals. Moreover, a study made by Wu et. al. (2000)
showed that a 100% of color removal can be achieved in 35 min with an applied
ozone dose of 26.1 mg/L.min and an initial dye concentration of 0.5 g/L. Also they
have found out that ozonation can increase the biodegradability of the wastewater 11
to 66 times by increasing BOD/COD ratio. Kos and Perkowski (2003) wanted to

show the efficiency rates of different treatment processes on different types of dye



house effluents. They obtained between 92% and 100% of color removal by

ozonation.

As it can be observed from the literature while oxidation processes with ozone only
can yield higher decolorisation, it becomes inefficient for further organic removals.
This disadvantage of ozonation leads researchers to investigate the ozonation process

more deeply and design new methods combined with ozonation.

2.2 Ozone

Ozone (O3) whose structure is triatomic form of oxygen is an unstable gas having a
very characteristic odor. Ozone is formed in the earth’s stratosphere
photochemically, but exists in ground levels only in low concentrations. Although
ozone is a blue colored gas at normal temperatures and pressures; because of its low
concentrations in its applications the observation of this blue color of ozone is
impossible (Rice et al., 1982). Ozone gas is produced by electrical discharge method
in ozone generators. Oxygen molecules (O;) with two oxygen atoms are
disconnected to form oxygen atoms (O) and then these formed atoms combined with
oxygen molecules to generate ozone molecules (O3). Ozone gas is sparingly soluble
in water. It decomposes back to oxygen, from which it is formed, rapidly in aqueous
solution containing impurities, but more slowly in pure water or in the gaseous phase
(Rice et al., 1982).

Depending on many investigations as described in literature; ozone molecule has a
structure of a resonance hybrid of the four canonical forms which are represented in
Figure 2.1.

i
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Figure 2.1 Four canonical forms of ozone molecule



In the industry, ozonation has many different and wide application areas. Its
oxidative properties and advantages provide ozone to be used in very different and
interesting fields and give ozone the opportunity to leave the other methods behind in
their application areas. It passes chlorination for instance in the field of disinfection
due to its advantages such as killing bacteria and viruses more effectively. Some
other applications of ozonation processes can be listed as drinking water purification,
air purification, wastewater treatment, odor removal, sterilization, removal of

pesticides, color removal, food industry and aquaculture (Hsing et al., 2006).

2.2.1 Ozonation Process

Ozone has an electrical potential of E° = 2.07 Volts which gives ozone the ability of
being a strong oxidizing agent (Soares et al., 2006). According to Eriksson
(Erikkson, 2005), ozone reacts electrophilically due to its hybrid structure provided

by the equally shared electrons between three oxygen atoms.

At ordinary temperatures and pressures ozone is in gas state, and thus, in order to
give reactions in aqueous phase the mass transfer of ozone into liquid is needed.
After ozone transferred into solution, it reacts with the organic pollutants by both
directly as molecular ozone or indirectly taking role in the formation of oxidative
radicals by its decomposition (Hoigné et al., 1976; Staehelin et al., 1985; Carriere et
al., 1993). Direct or indirect ozonation reactions occur depending on pH. At acidic
pH, decomposition rate of ozone is very slow and negligible; thus, molecular ozone
reacts directly with organics or inorganics and oxidizes them according to the

reactions given below (Yurteri et al., 1988):

O3 + Organics —» By-products + H,0 + CO;, (2.1)
O3 + Organics —» HO® + By-products + H,O + CO, (2.2)

If ozone is used to oxidize the dye molecules in the solution, ozone firstly attacks the
chromophore group of the dye and breaks the chromophore structure (Lopez-Lopez
et al., 2007; Soares et al., 2007). According to the studies in literature, molecular
ozone reacts with organics such as amines, phenols and aromatic compounds easily;

but on the other hand, the reaction of carboxylic acids, aldehydes and alcohols with
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ozone occur more slowly (Hoigné et al., 1983). Obviously, it can be concluded that

the direct ozone reactions are selective and depends on the target compound.

Ozone decomposition starts to occur when pH exceeds 7 by the reaction of hydroxyl
ions (OH") with O3z. The decomposition of ozone provides the formation of hydroxyl
radicals and enhances the hydroxyl radical reactions with organics (Park et al., 2004).
Oyama et al. (2000) and Chu et al. (1999) have mentioned that while at acidic pH,
molecular ozone reacts with organics, at pH values above 7 the high rate of ozone
decomposition causes the indirect reactions between hydroxyl radicals and organics
to occur. The higher electrical potential (2.08 V) of hydroxyl radicals gave them a
higher oxidation capability than that of ozone. This provides non-selective reactions
to occur in the reaction media (Buxton et al., 1988). Hoigne et al. (Staehelin et al.,

1985) proposed the possible decomposition reaction of ozone as follows:

O3+ OH —» HO*, + 0% (2.3)

Starting with the self-decomposition reaction of ozone, indirect oxidation reactions
enhanced with HO® proceed to occur mostly in alkaline medium. After ozone

decomposition, the following reactions in aqueous phase occur:

‘0% +0; —> 0% +0, (2.4)
‘03 +H" —» HO'; —» HO" + O, (2.5)
Oz + HO* —» HO", + O (2.6)
Organics + (HO®, '0*,, '0O%;) — By-products + CO, + H,0 (2.7)

As a result, it can easily be seen that, in the ozonation process both direct and
indirect oxidation by ozone and hydroxyl radicals are important for the dye, TOC
and COD removals. The pH of the solution becomes an important parameter for the
ozonation reactions, since it affects the mechanism and pathway of the reactions by
causing direct or radical oxidation of the organics. Moreover, according to many
studies, the structure of the target pollutant has an important effect on which reaction
yields higher reaction rates (Beltran et al., 2002); in other words, while molecular

ozone prefers to react with aromatic type structures, radicals are less selective and



attack both to dye molecules and by-products of dye oxidation reactions such as
carboxylic acids or aldehydes achieving higher TOC and COD removals besides dye
removals (Wang et al., 2003).

Obviously, since the effect of pH on the ozonation process should not be ignored,
many studies investigating the pH effect have been made. Depending on these
studies, it can be concluded that although COD and TOC removals increase with
increasing pH (Alaton et al., 2002), dye decolorisation rates do not have a certain
trend with pH. Moussavi and Mahmoudi (2009) obtained a dye removal of 91% at an
acidic pH of 2 and 85% at pH 6 in the ozonation of an azo dye. At pH near 10, the
removal reached to 97% due to the decomposition of ozone and formation of non-
selective hydroxyl radicals. On the other hand, Arslan et al. (2001) obtained higher
color removals by ozonation of a dispersed dye solution at acidic pH and concluded
that the oxidation of the target compound by ozonation must depend on its structure
and solubility at different pHs. Moreover, Konsowa (2003) have investigated the
decolorisation time of a reactive dye and obtained a 32% decrease when increase the
pH from 2 to 12. Similarly, Koyuncu et al. (1996) investigated the ozonation of
several dyes at pH = 2 and pH = 9; and they observed an increase in the removals at
basic pH of 9.

The uncertainty in the dye decolorization rates with pH leads the fact that the rate of
decolorisation mainly depends on the type of dye to be ozonated. While for some
dyes, molecular ozone attacks the dye molecule faster, others need more powerful
oxidants namely hydroxyl radicals and this emerges dependency of effective
ozonation on pH. According to Chu and Ma (1999) increasing pH enhances the
removals of azo dyes; but on the other hand, acidic pH provides higher removals of
anthraquinone dyes. Kornmiiller et al. (2001) examined the ozonation process of a
reactive dye and observed that below a certain pH (7.8) there appears no significant
oxidation of dye; at this pH both molecular ozone and radicals take their roles in the
oxidation mechanism, and pHs higher than 7.8 mostly radicals become responsible

for the oxidation.

Besides dye removals, COD and TOC removals indicating generally the removals of

ozonation by-product are also affected by solution pH. Carbajo et al. (2007) have
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observed higher COD removals at pH = 11 than these at pH = 3 in the ozonation of
phenolic wastewaters. Similarly, Soares et al (2006) stated that increasing pH from 5
to 9 enhanced TOC degradation rates and yielded a 5% increase in TOC removals.
Sarayu et al. (2007) examined a commercial azo dye ozonation and found out that
when pH of the solution was 5, ozonation provided a 20% COD removal; it increased
to 80% when pH was increased to a basic pH of 10. Moreover, Balcioglu et al.
(2001) reported an increase in COD removal from 65% to 85% when the pH changed
from an acidic pH of 2 to a basic pH of 10.

In addition to pH, the chemicals included to the wastewater during the steps of textile
preparation processes form a significant effect on the ozonation process. Inorganics
or organics found in wastewater act as initiators or scavengers in the formation of
radicals or oxidation of the organics. While inorganics such as metal ions act as
initiators for the radicals, carbonate or phosphate ions released from buffer solutions
used in dying processes are scavenging agents for the radicals (Erol and Ozbelge,
2009). Soares et al. (2006) observed the effect of phosphate buffer on decolorisation
efficiency as a decrease with increasing pH from 5 to 9. Besides buffer ions, ions
come from salts are also effective on ozonation chemistry. Sodium chloride (NaCl)
and sodium sulphate (Na,SO,) are very commonly used as exhausting and retarding
agents in the textile industry (Muthukumar et al., 2004). Muthukumar and
Selvakumar (2004) reported in their study that longer decolorisation time a necessary
in the presence of NaCl and Na,SO,. They also indicated that NaCl salt solution
enhanced the decomposition of ozone in both acidic and alkaline media. In contrast,
Na,SO, consumes radicals at basic pH only and has no effect on the ozonation when
the solution pH is low. Moreover, Erol and Ozbelge (2009) investigated the effect of
carbonate (COs™) ions on the ozonation efficiency of Acid Red-151 and found out
that at acidic pH adding CO3? ions at high concentrations (500 mg/L) to solution
increased the pH of the solution and enhanced the decomposition rate of ozone in the
solution. Similarly, according to Arslan and Balcioglu (2001) adding bicarbonate
(HCO3) and CO3 to the solution created high alkalinity and provided the cleaving
of aromatic groups of dye molecules.
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2.2.2 Mass Transfer of Ozone into Liquid Phase

It has been confirmed that the rate limiting step for the ozonation reactions is the
mass transfer of ozone from the gas phase to the wastewater (Wu et al., 2000).
Therefore, mass transfer of ozone from gas phase to the liquid phase is one of the
main concerns of the ozonation processes. Mass transfer or the absorption of a gas
from gaseous phase to liquid phase can be explained by Lewis and Whitman’s two
film theory which is demonstrated in Figure 2.3. According to this theory, there are
two resistances in series that gas must penetrate through to reach the liquid phase.
These resistances are liquid film and the gas film (Levenspiel, 1972). The driving
force for ozone mass transfer to the liquid film is the difference between the
concentration of the dissolved ozone and the equilibrium ozone concentration at the

gas-liquid interface.

Gas
(Bulk phase)l Film

*\\E‘ Liquid
Pos ; Film

Liquid
, L 4 (Bulk phase)
" Cos
' Cos
Interface

Figure 2.2: Mass transfer between phases. Pos is the partial pressure of ozone, Pos;i
(Pos*) is the partial pressure of ozone at gas-liquid interface, Coz and Cozi (Cos*) are
ozone concentrations in bulk liquid and at gas-liquid interface, respectively.

Depending on the assumption of equilibrium at the interface, the relationship
between the partial pressure of ozone and its concentration can be defined by

Henry’s Law;

Pos™ =HxCq* (2.8)

H: Henry’s Law constant
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Henry’s Law constant for ozone-water system can be obtained from literature as
(Farines et al., 2003);

— 2428) 2.9)

H =3.84x10" x[oH " [** exp(T

[OH] is the hydroxide ion concentration in terms of mol/L (reflecting the effect of
pH on the dissolution and amount of ozone in the liquid phase) and T is the

temperature of water in Kelvin.

The concentration change of ozone in bulk liquid is proportional to the concentration
driving force and the proportionality constant is the volumetric mass transfer
coefficient of ozone. Also, since the solubility of ozone in water is very low, the
resistances to mass transfer of ozone in gas phase and interface are negligible. Thus
the concentration change of ozone in bulk liquid in a semi-batch reactor can be

expressed as:

dC "
Tos = kLa(Coa _Co3) (2.10)

The concentration change of ozone in the liquid is also affected by the ozone

decomposition rate. Thus, the decomposition rate should also be considered.

dCo,
dt

*

= kLa(CO3 _Cos) — kg Co4 (2.11)

The ‘ky’ value is the self-decomposition rate constant for ozone; m is the
decomposition reaction rate order. The k. value is the mass transfer coefficient in the

2

liquid film (m* liquid/ m? surface.s) and the value ‘a’ is m’ surface area/ m?

contactor. k.a usually taken as one term in terms of m® liquid/ m® contactor.s or 1/s.

The volumetric mass transfer coefficient (k.a) which indicates the amount gas
transferred from gaseous phase into aqueous phase depends significantly on some

factors that can be grouped in two: physicochemical and hydrodynamic effects
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(Levenspiel, 1972). ‘k,a’ depends on turbulent mixing, bubble diameter and bubble
rise velocity hydrodynamically. Turbulent mixing in the contactor increases the
contact between the two phases by decreasing bubble diameters. Bubbles with
smaller diameters provide high interfacial area and enhance the mass transfer.
Bubble rise velocity in the water also affects the mass transfer. While gas cannot find
enough time to transfer to liquid when bubbles rise quickly, slowly rising bubbles
provide time and more gas can diffuse to liquid before the bubbles reach to the
surface. Physicochemical factors, on the other hand, are temperature, pressure and
wastewater characteristics such as having different chemicals in its content
(Levenspiel, 1972).

2.2.2.1 Mass Transfer in the Presence of Chemical Reactions

It has been reported that the formation of chemical reactions with the solute gas and
liquid may enhance the mass transfer from gas phase into aqueous phase (Dankwerts,
1970). In wastewater treatment by ozonation process, ozone reacts with organic
pollutants in water and many competition reactions involving ozone decomposition,
molecular ozone and radical oxidation reactions take place in the reaction media.
Depending on the kinetic models that Zhou and Smith (2000) proposed, it can be
stated that for slower reactions (only ozone decomposition) occurring in the liquid
bulk, mass transfer of ozone into liquid phase increases to a certain extent. However,
as the rate of the reactions increases, ozone mass transfer increases very much; since
the dissolved ozone starts to be consumed rapidly due to both of oxidation reactions
and ozone decomposition reactions. As a result, k,a values increases in the presence
of chemical reactions. This enhancement of k a is described by an ‘enhancement
factor’ (E) being the ratio of actual rate of mass transfer in the presence of chemical
reactions to the physical absorption of ozone without any chemical reaction and can
be defined as follows (Levenspiel, 1972; Wu et al., 2000; Dankwerts, 1970):

_(ka)

E
k.a

(2.12)

where (k_a)e : volumetric mass transfer coefficient with a chemical reaction

k.a: physical absorption volumetric mass transfer coefficient
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The two parameters needed to find the enhancement factor are named as the
‘instantaneous enhancement factor’ (E;), and ‘Hatta Modulus’ (My?) that is the
maximum possible conversion in the film compared with the maximum transport
through the film (Levenspiel, 1972):

E =1+ DCq (2.13)
' 7 bD,C, '
D,kC
M,? = |2 —2 (2.14)
Al

where Dg: Diffusivity of reactant B (reactant in the liquid phase, dye or organic
compound in the ozonation process.)

Csg: Concentration of reactant B

Ha: Henry’s law constant

b: stoichiometric coefficient

Da: Diffusivity of reactant A (reactant that transfer from the gas phase, ozone
in ozonation reactions.)

k: reaction rate constant

Cai: concentration of reactant A at the interface (since gas film resistance is
neglected in ozonation reactions, concentration of ozone in the gas feed can be used.)

k.a: mass transfer coefficient of reactant A through the liquid film

Van Krevelens et al. (1972) developed a good approximate expression for the

enhancement factor in terms of E; and ‘Hatta Number’ (My) as follows:

e= M. 255 jann v 22 E (2.15)
V" OE -1 "E -1 '

The reaction medium for such kind of gas-liquid reactions may be the liquid film or
the bulk of the liquid depending on the rates of the reactions. Fast reactions occur in
the liquid film since they start to occur with mass transfer of the gas phase to the

liquid film because of their high rates. In the intermediate case, reactions take place
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both in liquid film and in the bulk of the liquid. On the other hand, very slow
reactions occur in liquid bulk. The evaluation of where the reaction occurs is possible
after the calculation of My. If My > 2, reaction occurs in the film and mass transfer
rate become the rate determining step. On the other hand, if My < 0.2, reaction takes
place in the bulk of the liquid giving the role of rate determination to the chemical
reaction. If My is in between 0.2 and 2, reaction both occurs in the film and in the
liquid bulk.

2.3 Advanced Oxidation Processes (AOPS)

Ozone in water treatment technology gains interest and becomes subject to many
studies due to its high oxidation capacity. The uses of ozone in removing color, taste
and other organics are its most widely used applications. Although ozone usage has
advantages, the disadvantages cause the need for the improvement of ozonation
process. Due to the high cost of ozone production, limited oxidation capacity of
ozone for some organics such as inactivated aromatics (low TOC and COD
removals) and relatively low solubility and stability of ozone in water, the new
methods of advanced oxidation namely advanced oxidation processes (AOPS) are
needed. These processes can be listed as the use of ozone together with some
chemicals or combination with UV radiation and some chemicals [O3/H,0,
H,0,/Fe* (Fenton’s reagent), O3/UV, H,0,/UV, 0O3/H,0,/UV] and catalytic
ozonation. One of the main purposes of the AOPs is the generation of hydroxyl
radicals (HO®) which are more powerful and active than ozone. In this case, ozone
can decompose into these species which provide higher oxidation potential for
organic pollutants and their by-products. The main AOPs based on the formation of
radicals can be grouped in four as follows (Kasprzyk-Hordern et al., 2003):

e Homogeneous systems without irradiation: Os/H,0,, O3/OH", H,0,/Fe?*

(Fenton’ s reagent),

e Homogeneous systems with irradiation: O3z/UV, H,0,/UV, O3/H,0,/UV,

photo Fenton, electron beam, ultrasound, vacuum-UvV
e Heterogeneous systems with irradiation: TiO,/O,/UV

e Heterogeneous systems without irradiation: electro-Fenton.
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Advanced oxidation processes have been used in removing different types of
organics including textile effluents and synthetic dyed solutions in many studies.
Fazzini and Young (1994) investigated the removal efficiencies of refractory
organics by Os, UV, O3/UV processes. In comparison of them, an improvement was
observed in the organic removal when O3/UV is used instead of O3 only. Similarly,
Gomez et al. (2000) obtained total mineralization of anilin and 4-cholorophenol by
O3/UV system.

Besides the addition of UV light into the ozonation system, addition of H,0O, to the
system can increase the ozone decomposition rate. Acar and Ozbelge (2006)
investigated the effect of H,O, addition on ozonation process by changing the
[H20,]/[O3] concentration ratio and concluded that there appeared an increase in
ozone decomposition rate at pHs between 2.5-10. Espulas et al. (2008) compared the
efficiencies of different AOPs involving Os, Os/H,0,, UV, UV/O3z; UV/H,0,,
03/UV/H,0,, Fe**/H,0, and photocatalysis on phenol degradation. They found out
that O3/H,0O, process yielded the best removal efficiencies at neutral pH.

2.3.1 Catalytic Ozonation

Catalytic ozonation being one of the AOPs can be examined in two headings.
Homogeneous catalytic ozonation is based on the catalytic activity of metal ions in
the solution. Heterogeneous catalytic ozonation, on the other hand, is performed
using metal oxides or metals/metal oxides on supports (Kasprzyk-Hordern et al.,
2003).

2.3.1.1 Homogeneous Catalytic Ozonation

The ions of transition metals have a catalytic activity on ozonation when added to the
reaction media by affecting the rates of oxidation reactions. Mostly used metals for
this purpose can be listed as Fe, Ni, Co, Ag, Zn, Mn, Cu, Cd, Cr. Using transition
metal ions as catalysts improves ozone decomposition and thus radical formation.
The ions found in the solution act as initiators for the ozone decomposition reactions

by helping the formation of O," and accelerating the formation of HO® (Kasprzyk-
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Hordern et al., 2003). Besides catalyzing ozone degradation and hydroxyl radicals’
formation, metal ions may also form complexes with organic molecules such as
carboxylic acids. According to Pines and Reckhow (2002) in the ozonation process
with Co(Il) ion with oxalic acid, firstly a complex ion namely Co(ll)-oxalate is

generated and then it is oxidized to give Co(lll)-oxalate.

Piera et al. (2003) investigated the removal of 2,4-dichlorophenoxyacetic acid at an
acidic pH of 3 under the application of Fe?*/O; and Fe®*/UV system and observed
complete mineralization of 2,4-dichlorophenoxyacetic acid in the system of
Os/Fe**/UV. This system was also found out to be effective in the degradation of
aniline and 2,4-chlorophenol in water. Oxidation of humic substances by ozone was
investigated by both sole ozonation and using different metal sulphates (Gracia et al.,
1996). Humic substances being the target organics in the reaction medium were
easily oxidized by ozone and formed oxidation by-products which could not be go
under further oxidized by ozone due to its selectivity towards inactivated aromatic
organics. This is because Gracia and his colleagues (1996) could not reach above
33% of TOC removals applying ozonation alone. On the other hand, they obtained
62% and 61% TOC removals by using Mn(ll) and Ag(l), respectively due to the
generation of non-selective radicals due to ozone decomposition reactions. Similarly,
Legube and Leitner (1999) found out addition of Fe, Mn, Ni and Co sulphate to the
ozonation process provideed an increase in TOC removals compared to sole
ozonation. Solution pH may be considered as an effective parameter on catalytic
ozonation enhancing the formation of radicals. Talapad et al. (2008) examined the
catalytic activity of Cu(NO3) catalyst on the ozonation of Congo Red at different pHs
observing higher activity of the catalyst at neutral and alkaline pH and no activity at
acidic pH. Andreozzi et al. (2000) performed experiments in order to investigate the
ozonation of glyoxalic acid in the presence of Mn*" ions by using MnSO, solution
and found out that at an acidic pH of 2, the removal of glyoxalic acid from the water
was improved compared to that in sole ozonation. Also, they reported that the
existence of Mn?* ions in the solution changed the mechanism of oxidation reactions

and enhanced the further oxidation of the organics to CO, and water.
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2.3.1.2 Heterogeneous Catalytic Ozonation

2.3.1.2.1 Metal Oxides and Metals or Metal Oxides on Supports

Metal oxides (e.g. Al,O3, MnO,, TiO,) and metals or metal oxides on metal oxide
supports (such as Cu-Al,Os3, Fe,O3/Al,03) are the catalysts used efficiently in
heterogeneous catalytic ozonation. Generally, these catalysts cause ozone to
decompose to hydroxyl radicals and by this way, they provide a catalytic activity.
The effective catalytic activity of these catalysts used in ozonation processes changes
depending on the catalyst type and its surface properties, solution pH that affects the
surface active sites on catalyst and ozone decomposition reactions occuring in liquid
phase. Surface properties of metal oxide catalysts which can be grouped in two
(physical and chemical) become important in understanding the mechanism of
catalytic ozonation processes of different organics. Physical properties of the catalyst
surface are surface area, pore volume, porosity, pore size distribution and mechanical
strength. Chemical properties, on the other hand, are chemical stability and the
existence of active surface sites which take an important role in the occurrence of

catalytic reactions (Kasprzyk-Hordern et al., 2003).

Different mechanisms of catalytic ozonation may occur according to the catalyst.
Although some catalysts provide the ozone dissolution on the catalyst surface in
molecular form and reaction takes place on the surface, for some others the general
idea for the mechanism is the transfer of electrons from supported metal to ozone
molecules with the production of O3~ and ‘OH generation and their further reaction
with organic compounds (Xin et al, 2006). The possible mechanisms that are
observed in the experiments for the catalytic ozonation in heterogeneous system are
three types. First one occurs by chemisorption of the ozone to the catalyst surface.
Then, active species are formed from ozone and are released to solution where they
give reaction with the organic molecule that is not chemisorbed. In the second type,
the organic molecule is chemisorbed on the catalyst surface and gives reaction with
gaseous or aqueous ozone on the catalyst surface. The ozone in gas phase is adsorbed
on the catalyst through one of its terminal atomic oxygen (Kasprzyk-Hordern et al.,
2003). In some cases, ozone does not remain in molecular form and turns into atomic

or diatomic oxygen species and these are adsorbed on catalyst by production of
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surface bound oxygen atoms. Ozone adsorption on the catalyst surface can take place
in four forms; physical adsorption, the formation of weak hydrogen bonds with
surface OH groups, molecular adsorption with coordinative bonding to weak Lewis
acid sites and dissociative adsorption on interaction with strong Lewis sites, resulting
in the formation of atomic oxygen atoms, which are intermediates in the catalytic
reactions of ozone decomposition (Kasprzyk-Hordern et al., 2003). The third
possible mechanism starts with the chemisorption of both organic molecule and
ozone, and then the ozonation reactions take place on the surface of the catalyst.
Depending on this information, it can be said that certain catalysts show different
properties at certain conditions and for certain organic compounds (Kasprzyk-
Hordern et al., 2003).

In addition, the acidity or basicity of the reaction medium is an important parameter
that influences the heterogeneous catalytic ozonation. The pH of point zero charge
(pHzec), is the pH at which the net surface charge is zero. This pHzpc value
determines the surface charge of a metal oxide particle at a certain pH, and thus its
adsorption capability of whether anions or cations to be absorbed. To be adsorbed
can be adsorbed on the surface at pHs below pHzpc, the adsorption of cations occur
at a pH value higher than pHzpc (Erol and Ozbelge, 2007).

Alumina (Al,O3) was reported to have high catalytic activity on the ozonation of 2-
chlorophenol by Ni and Chen (2001). They obtained an increase of 83.7% TOC
removal using alumina catalyst with ozonation when compared with that of sole
ozonation in an acidic medium and an improvement of 17% in TOC degradation at
alkaline pH, obviously because the oxidation efficiency is already higher. Similarly,
Trapido et al. (2005) indicated the efficiency of alumina catalyst in the ozonation of
m-dinitrobenzene among several metal oxide catalysts (such as MnO,, Fe;O3) in
terms of COD removals. Erol and Ozbelge (2007) stated in their study on catalytic
ozonation of aqueous dye solutions that at an alkaline pH of 13, alumina catalyst
enhanced the ozone decomposition reactions yielding highest COD degradation.
Moreover, Beltran et al. (2000) investigated the catalytic efficiency of TiO, catalyst
on ozonation of oxalic acid and observed a significant improvement in case of

Ti0,/03 system when compared to ozonation alone.
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Hassan and his colleagues (2002) examined the effect of Ferral catalyst which is a
combination of Al,O3 and Fe,O3 on ozonation for different dyes at different pHs and
using different initial dye concentrations. They found that dye and COD removals
using the catalyst increases at pH = 3, and also an increase in the catalyst amount
improves the removal efficiencies. They indicate that while the COD reduction is
about 7% in the sole ozonation process, it increases to 76% by using 488 mg/L Ferral

catalyst.

Xin et al. (2006) investigated the catalytic efficiency of six different types of
catalysts which were supported on Al,Os. The catalysts they used in their study were
Cu/Al,O3, Ni/Al,O3, Co/Al,O3, Mn/Al,Os3, Al/AI,O3; and Fe/Al,Os. At the end of
their study, they have compared the catalytic efficiencies of these catalysts on
oxidation where ozone was used as the oxidizing agent. Their results indicated that
the TOC removal efficiencies obtained by means of Cu/Al,O3, Ni/Al,03, Co/Al,O3
and Mn/Al,O3 catalytic ozonation were greater than the corresponding ones obtained
by the application of ozonation alone. Cu/Al,O3 showed the removal efficiency
among the tested catalysts, Al/Al,O3; showed the same removal efficiency and
Fe/Al,O; showed negative effect on the catalytic ozonation. Similarly, Qu et al.
(2004) made a study on the Cu/Al,O;3 catalyzed ozonation for degrading alachlor, an
endocrine disruptor, in water. They stated that Cu/Al,O3 had very effective catalytic
activity in the ozonation process. The use of Cu/Al,O3 as an oxidation catalyst could
have increased the TOC removal rates from 20 to 60%. Moreover, it was claimed
that the by-product production was prevented by the use of Cu/Al,O3 catalyst. The
amount of free ‘OH radicals increased with the application of the catalyst and the
main pathway for the ozonation process could be considered as the indirect reaction
of ‘OH radicals and the alachlor (Qu et al., 2004).

2.3.1.2.2 Ozonation with Non-polar Alumina Bonded Phases

The non-selectivity of radicals during the oxidation reactions necessitates new
studies on ozonation systems to enhance the selective molecular ozone solubility and
stability in the reaction media. Perfluorinated hydrocarbons have already been
reported as ozone stabilizers and found to be effective in terms of organic removals

from water. There are two methods for the improvement in the organic matter
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removals by using perfluorinated hydrocarbons being two phase ozonation with these
hydrocarbons and catalytic ozonation with perfluorinated alumina bonded phases
(Kasprzyk-Hordern et al., 2003). By the high absorption capacity of alumina
especially toward perfluorinated surfactants, a monomolecular layer of non-polar
perfluorinated alkyl chains can be formed on the surface of the alumina. This layer
can act as an active layer that has the capability of extracting both molecular ozone
and organic molecules from the aqueous phase (Kasprzyk-Hordern et al., 2003). This
provides a reaction meduim for molecular ozone and organics, and thus the target
organics can be oxidized by selective ozone molecules instead of radicals in this
organic phase (non-polar perfluorinated hydrocarbon solvent saturated with ozone)
on alumina (Kasprzyk-Hordern et al., 2005). It is known that ozone solubility
becomes to be ten times higher in fluorinated hydrocarbon solvents than that in

water.

The catalytic activity of perfluorinated catalysts, mainly perfluorooctyl alumina
(PFOA) catalyst, was reported to be due to its hydrophobicity and the length of
perfluorinated alkyl chains on the surface of the catalyst. In Figure 2.3, the proposed
mechanism of ozonation in the presence of non-polar alumina bonded phase can be
seen and understood easily. According to Kasprzyk-Hordern et al. (2003) after the
extraction of molecular ozone and organic molecules to non-polar phase, oxidation
occurs on the catalyst surface, and then the hydrophilic by-products are desorbed

from the surface providing the regeneration of the surface.

H20,CO02 RH .
RCOOH e,
RCHO, etc.

Figure 2.3: The proposed mechanism of ozonation in the presence of non-polar
alumina bonded phase (Kasprzyk et al., 2003)
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In order to form the organic phase on alumina mostly Perfluorooctanoic and
perfuorooctadecanoic acids are used to produce PFOA catalysts (Kasprzyk-Hordern
et al., 2003). In literature, ozonation with PFOA catalyst system was mostly seen in
the studies of Kasprzyk-Hordern et al. (2004). They used PFOA as a catalyst in
oxidation of aromatics like benzene, toluene; ethers like methyl tert-butyl; humic
acids (HA) and natural organic matter (NOM) (Kasprzyk-Hordern et al., 2004). They
reported an increase of 12.1% in the removal efficiency of methyl tert-butyl ether by
ozonation with PFOA compared to that in sole ozonation (Kasprzyk-Hordern et al.,
2004). Moreover, in one of their studies, they observed between 24% to 43% higher
degradation rates of aromatics when using PFOA catalyst instead of ozonation alone
(Kasprzyk-Hordern et al., 2003). Also, PFOA/O3 system provided higher removal
rates of Natural Organic Matter (NOM) resulting from the high attraction between
NOM and PFOA (Kasprzyk-Hordern et al., 2004).

The stability of ozone was provided by the impregnation of perfluorooctanoic acid
on alumina in the reaction medium (organic phase). Kasprzyk-Hordern et al. (2003)
showed that at acidic pH, ozonation with PFOA catalyst provided high efficiencies in
the removal of organics and no ozone decomposition was observed when PFOA
catalysts exist in the system. They concluded that as a result of the occurrence of
molecular ozone because of its high stability in the perfluorinated layer, direct
ozonation mechanism took place during oxidation of the organic pollutants with
PFOA/QO3 system. In addition to these, the use of PFOA catalyst during ozonation
provided equal or higher removal efficiencies of the organic pollutants at the lower
ozone dosages compared to those in the non-catalyzed ozonation. On the other hand,
it was observed that high ozone dosages caused the PFOA sites to be blocked with
by-products of ozonation. High O3 dosages were determined to cause the occurrence
of oxidation reactions in the bulk of the liquid producing some compounds such as

carboxylic acids which had high affinity towards PFOA surface.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

3.1.1 Industrial Textile Wastewater

The industrial textile wastewater was provided from AKSA Acrylic Plant which was
established in Yalova-istanbul/Turkey. AKSA now possesses the world’s largest
acrylic fiber production capacity. The WW is highly colored which provides the
opportunity to observe the color removal more easily. The characterization
experiments for the properties of the WW were done. The results of these

experiments are given in Table 3.1.

Table 3.1: Properties of AKSA textile wastewater samples

Property AKSA Textile Wastewater
COD (mg O,/L) 8750+10
TOC (mg C/L) 2869+10

TSS (mg/L) 3645
Color (Pt-Co) 39300
pH 4
Metal Analysis

Cu (mg/L) 0.4

Ni (mg/L) 0.5

Zr (mg/L) -

Cr (mg/L) 1.0

Fe (mg/L) -

Pb (mg/L) -

As it can be seen, the TOC, COD and color values are very high. Moreover metal
analysis was done on the sample by atomic absorption spectroscopy (AAS) and it
was observed that WW contained different metals in small concentrations.
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Depending on the information obtained from AKSA Acrylic Plant, the WW sample
contained three different dyes which are blue, red and yellow in color. The
preparation compositions of individual dye solutions were provided by private
communication with Dr. Ilhan Kosan; but their concentrations in the textile
wastewater remained as unknowns, which could not be given. The provided

information for each dye can be seen below (Kosan, 2009-2010):

Blue dye: CI Basic Blue 41 (BB 41), % 40-50
Acetic Acid, % 25-35
Yellow dye: Cl Basic Yellow 28 (BY 28), % 35-45
Acetic Acid, % 20-30
Red dye: Cl Basic Red 18.1 (BR 18.1), % 35-45
Acetic Acid, % 20-24
Caprolactam, % 3-7

The amount of acetic acid in the sample explained its low pH value. Moreover, in
order to determine if there was any buffer in the medium, NaOH was added to the
sample and it was observed that pH was changing easily explaining the absence of

any buffer in the solution.

For the calibration of absorbance-concentration of dye mixtures and simulation of
WW, dyes in WW (BB 41, BY 28 and BR 18.1) were obtained in powder form from
AKSA Acrylic Plant. Dyes are all in basic class with characteristic properties shown
in Table 3.2 (Kosan, 2009-2010).

The calibration of the three dyes by the relationship between concentration and
absorbance at their maximum wavelengths were done for each dye separately and for
their mixtures. The calibration curves for the dyes and their mixtures can be seen in

Appendix A.

Other chemicals were used in determining the ozone concentration in the liquid and
gas phases, adjusting pH, preparing PFOA catalyst. The water used in the reactions
was distilled water and supplied from TKA water distillation unit. Alumina supplied

from Damla Kimya (Ankara, Turkey) in the form of y-alumina was used in the
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preparation of PFOA catalyst as the support and also used as the catalyst. Alumina

particles were obtained at different particle sizes, and then they were sieved to get

uniform sizes. In the experiments, particles of 3 to 4 mm were used as the catalyst

and support for the PFOA catalyst.

Table 3.2: The characteristic properties of dyes found in AKSA wastewater

Parameter Characteristic Property
C.l. Name Basic Blue 41

Chemical Formula CooH26N4O6So

Class Basic

Molecular Weight 482.57 g/mole

Amax 617 nm

CH;O-_~.__S A /Csz
I . c-N=N— )N CH,80,

4 C,H,OH
CH,
Molecular Structure
C.l1. Name Basic Yellow 28
Chemical Formula CyoH14N30-CH30,4S
Class Basic
Molecular Weight 433.57 g/mole
Amax 437 nm
O E— TT('I ik

N ;,C_ CH=M-M @*O{'H~.

Molecular Structure ‘i‘ i |

CHy
CH;
CH;50,

C.l. Name
Chemical Formula
Class

Molecular Weight

Xmax

Molecular Structure

Basic Red 18.1
C19H25C|N502
Basic

390.94 g/mole
529 nm
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3.2 Experimental Set-up

In this study, the experiments were carried out in two types of reactors. They are a
semi-batch reactor for the determination of catalyst activity on ozonation and kinetics
of non-diluted real wastewater and a fluidized bed reactor for the continuous

ozonation experiments.

3.2.1 Semi-Batch Reactor

Catalytic ozonation and ozonation experiments of non-diluted wastewater were
conducted in a 1 L rounded bottom glass reactor (Figure 3.1). On the top of the
reactor there are input ports for adding catalyst, for inserting a pH meter for feeding
ozone gas and output ports for sampling. The reactor also has a mechanical stirrer for

providing perfect mixing in the liquid phase during the reaction.

pH

Ozone indicator Sgrrer
Ozone : Sampling port
(Generator

£ L
\.__\_______.-/
Reactor
i) l o Water Bath
Ozone
Valve
Oxvgen
KI Solution

Figure 3.1: Semi-batch experimental set-up

Inlet Ozone was generated by an Ozomax OZO 2 VTTL ozone generator from pure
oxygen and 0zone-oxygen gas mixture comes to a three-way-valve. This valve helps
ozone to be sent to a 2% KI washing bottle and then to the reactor. The gas flow rate

of the inlet gas to the valve (ozone and oxygen gas mixture) from the generator was
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measured by a flow meter on the generator. In order to determine the ozone
concentration in this inlet gas, gas mixture was first fed to the KI washing bottle for
two minutes; thus ozone concentration in it was obtained by K1 method. Then the gas
was sent to the reactor by changing the direction of flow via a three-way-valve.
Ozone reached to the bottom of the reactor by a stainless steel tube and released to
the liquid just under the mechanical stirrer at such a mixing rate that small gas
bubbles to form in order to increase the mass transfer of ozone into liquid phase. The
experiments were done at constant temperature of 25°C obtained by a water bath in
which the reactor was placed. During the experiments, liquid phase stayed in the
reactor and the gas was continuously fed to the reactor, and the oxidation of organics
in the wastewater occurred by continuously increasing the amount of ozone in the

reactor.

3.2.2 Three Phase Fluidized Bed Reactor

The fluidized bed reactor system is a three phase reactor, where (ozone + O,) gas
mixture and industrial wastewater co-currently and continuously flow upward and
fluidize the catalyst particles of PFOA or alumina used. Fluidized bed reactor is a
cylindrical plexiglass column with an inner diameter of 0.08 m and an effective
height of 1 m and total height of 1.5 m. All of other connections and tubes are
stainless steel or teflon in order to prevent the undesirable effects of ozone. Ozone is
produced from pure oxygen by Ozomax OZO 2 VTLL ozone generator and is fed to
the column from the bottom. The flow rate of the inlet gas is regulated and monitored
by a flow meter on the generator. As in the semi-batch system, the inlet gas is sent to
the Kl bottles first to determine the ozone concentration in 0zone-oxygen gas
mixture and then to the column with the help of a three-way-valve. Unreacted ozone
gas from the reactor is again sent to Kl traps to determine ozone concentration in the
outlet gas.

The inlet gas to the reactor is passed through a gas distributor which is composed of
three glass discs (Figure 3.2). These discs are placed 9 cm above the liquid intake
and equal distance from each other and column wall. The discs of 3 cm are porous
fritted with a pore diameter of 40-50 um. The inlet gas flow is separated to three
parts before it enters the reactor and these three branches of flow are sent to the three

discs which can be regulated by three valves. The distributor has an overall height of
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4 c¢cm in the column with its tubes and the discs. These discs and their places provide
uniform distribution of the gas phase through the column.

Figure 3.2: The configuration of porous fritted discs

The liquid phase is pumped from a storage tank of 65 L by a Baldor type centrifugal
pump with a power of 5 hp at a pumping rate of 1725 rpm. A by-pass valve is placed
after the pump in order to adjust the liquid flow rate. The flow rate of the liquid
phase is regulated by a flow meter placed in front of the column and with the help of
the by-pass valve. Liquid phase then reaches to the column and passes through a
liquid distributor which is designed especially for its uniform distribution into the
reactor. The liquid distributor which can be seen in Figure 3.3 is a triangular pitch
type perforated stainless steel plate having distributed holes with 1 mm in diameter.
It is placed 3.5 cm above the liquid intake to the reactor and has a thickness of 0.8

mm.

For the catalytic ozonation experiments, a stainless steel sieve is used to hold on the
catalyst particles. The sieve has holes of 0.5 mm diameters and is placed 2 cm above
the gas distributor.

Along the height of the column, six sampling ports are placed; three of which are on
the right hand side and the other three are on the left hand side of the column. Two
ports are on the opposite sides at equal heights. First two of them are 20 cm above
gas distributors, second two are 50 cm above and the last ones are 80 cm above the

gas entrance to the reactor.
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Figure 3.3: The schematic diagram of liquid distributor

The liquid stream leaves the reactor from an outlet at 100 cm above the liquid
entrance and is sent to a 50 L storage tank. The rest 50 cm height of the column
called ‘disengaging section’ is for only gas flow and prevents the overflow of liquid
phase to the gas traps after the column. The unreacted ozone gas passes through this
section and comes to the KI washing bottles. The schematic diagram of the overall

system can be seen in Figure 3.4.

14

Figure 3.4: The schematic of the overall fluidized bed reactor system: 1-Dry air
tube, 2-Ozone generator, 3-Gas flow-meter, 4-Ozone inlet, 5-Liquid inlet, 6-Liquid
reservoir, 7-Centrifugal pump, 8-Liquid distributor, 9-Gas distributor, 10-PFOA
catalyst, 11-Manometer taps, 12-Ozone outlet, 13-Liquid outlet, 14-KI traps, 15-
Liquid outlet tank
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3.3 Preparation and Characterization of the Catalysts

For the catalytic ozonation experiments, alumina particles supplied from Damla
Kimya (Ankara, Turkey) were used as a catalyst and also as a support for PFO acid.
The appropriately sized alumina particles between 3.0 and 4.0 mm were selected
after the screen analysis of these particles was carried out. Alumina particles were
calcined at 600°C in order to be sure the alumina particles were active y-alumina
particles. The PFOA catalyst was prepared by the impregnation of PFO acid (Aldrich
Chemical Company, Milwaukee, USA) on the alumina particles. The catalyst was
prepared by reacting 10 g of calcined alumina with 100 mL of 0.15 M PFO acid
aqueous solution in a flask at 60°C for 4 h in a shaker according to the procedure
described in the literature (Wieserman, 1991; Kasprzyk-Hordern et al., 2004). For the
preparation of 0.15 M PFO acid solution, 6.48 g of PFO acid monohydrate (96%
purity) was dissolved in 100 mL of deionized water. After the reaction, the mixture
was cooled to room temperature. Then, 100 mL of 0.1 M sodium bicarbonate
solution was prepared. After half an hour, catalyst was filtered under vacuum by
washing with sodium bicarbonate solution and 200 mL of pure water in order to
remove the unreacted PFO acid molecules from the surface of the particles. Finally,

the catalyst was dried at 60°C in an incubator for about 2 h.

The surface characterization analyse of alumina and PFOA catalyst samples were
made in order to find out the catalyst surface area and pore size distribution in the
Central Laboratory of METU. Brunauer Emmett Teller (BET) method which
involves the physical adsorption of nitrogen on the solid surface was used to
determine the surface area of the catalysts. Average pore size, on the other hand, was
determined by using the nitrogen adsorption/desorption method. The data obtained
are given in Table 3.3. It can be seen that pore size decreases after the impregnation

of PFO acid onto alumina with again a decrease in surface area.

Table 3.3: The surface area and pore size of alumina and PFOA catalysts

Type of Catalyst Ager (M*/9) doore (A°)
Alumina 289.8 38.20
PFOA 157.0 37.77
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The density measurements of both types of the catalysts were also done. The bulk
and true densities of alumina and PFOA catalyst particles were measured again in the
Central Laboratory of METU. While for the determination of bulk density a mercury
porosimeter was used, helium pycnometer method was applied to the particles for the

measurement of true density and the results obtained are shown in Table 3.4.

Table 3.4: The bulk and true densities of alumina and PFOA catalysts

Type of Catalyst Bulk Density (g/cm®) True Density (g/cm®)
Alumina 1.0679 2.9624
PFOA 1.4226 2.7760

Moreover, for the characterization of alumina and PFOA catalysts, the fresh and
several times used particles after ozonation process were analyzed by FT-IR
Spectroscopy and XPS in the Central Lab of METU.

3.4 Semi-Batch Experiments

Ozonation and catalytic ozonation experiments of synthetic dye solutions prepared
with BB 41, BY 28 and BR 18.1 were conducted in semi-batch reactor system in
order to examine the degradation of the dyes in WW, separately. The total
decolorisation of each dye was observed at different time intervals of the ozonation
reactions due to the different structures of the dyes and their pH dependent ozonation
mechanism. Data obtained from these experiments were analyzed and used in
determining also the ozonation Kkinetics of wastewater in terms of color, TOC and
COD removals.

In an experimental run, 1 L of synthetic dye solution was put into the reactor and
ozone gas from the generator was continuously fed to the reactor for one and a half
hours. During ozonation experiment, the samples were taken from the reactor more
frequently at the beginning of the reaction (two to five minutes) then, at longer time
intervals (fifteen to thirty minutes). At each time interval, two samples were
withdrawn: One sample was taken into 50 mL erlenmeyer containing 1 mL of 0.025
M sodium thiosulfate (Na,S;03) solution to quench the residual O3 in the sample.
This sample was analyzed for COD, TOC, dye concentrations and Pt-Co color unit.
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The other sample was added into a 100-mL volumetric flask in which Indigo reagent
was placed to determine the dissolved O3 concentration in the sample was measured
by the Indigo method (Rand, 1992; Bader and Hoigne, 1981). The ozone
concentration in the inlet gas stream was determined by the KI method (Appendix
B). Thus, the ozone consumption throughout the experiment can be calculated for
each run. For the catalytic ozonation experiments, the desired amount of catalyst was

weighed and added to the reactor just before the run started.

These experiments were conducted for two types of catalysts at pH of 4 and 10. The
pH of the solution was monitored during the reaction by using a WTW 330i pH
meter set. On the other hand, the gas flow rate, stirrer rate, temperature and ozone
dosage were kept constant. The experimental parameters can be seen in Table 3.5

below.

Table 3.5: The semi-batch experimental parameters

Parameter Value

Cd,i,BB 41 (mg/L) 300

Cd,i,BY 28 (mg/L) 300

Ca,igr1s.1 (MQ/L) 300

pH 4,10

Catalyst type Alumina, PFOA

Qg (L/h) 150 L/h

Dye type BB 41, BY 28, BR 18.1
Meat (9) 5

Co03,G,in 0.9+0.1 mmol/L gas

3.5 Experiments Conducted in a Fluidized Bed Reactor

Fluidized bed reactor system is a continuous system as described above. Ozonation
and catalytic ozonation of textile wastewater were carried out in this system. The
water used in the preparation of liquid phase is deionized water. Ozone gas was
generated by Ozomax OZO 2 VTLL ozone generator as in semi-batch experiments
from pure oxygen. The liquid phase was prepared at desired concentrations in a 65 L
storage tank and pumped to the reactor. The ozone concentration in the inlet gas
stream throughout the experiments was kept constant and adjusted by a dose

adjusting button on the generator.
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3.5.1 Wastewater Ozonation Experiments

The continuous ozonation experiments in the fluidized bed reactor were conducted
by providing the gas and liquid streams to flow co-currently upward to fluidize the
catalyst particles of PFOA or alumina used. The produced ozone gas was fed to the
reactor from the bottom of the column. Wastewater solutions having different inlet
COD values were prepared by diluting the stock solution of industrial textile
wastewater in necessary amounts in a 65 L storage tank. For experiments conducted
at different pHs, the basic medium (pH=10) was prepared by adding necessary
amounts of 0.1 M NaOH solution, since the pH of the original wastewater is about 4;

for the experiments at acidic medium, the pH was not adjusted.

The experiment was started by introducing ozone gas mixture to the system. The gas
flow rate and the ozone dosage were regulated by the flow meters before they were
sent to the reactor. The ozone concentration in the inlet gas was determined by
sending the inlet gas into a washing bottle containing 200 mL of KI (2%) solution.
Then, the gas flow was started into the column. After a while, the liquid was sent to
the column by operating the pump and its flow rate was regulated. The outlet liquid
stream from the top of the reactor was discharged to a second storage tank, and the
outlet gas stream was sent to a train of washing bottles containing KI solutions,
where excess ozone gas was trapped. Thus, the ozone concentration in the outlet gas
stream was also determined by KI titration method. During each run, samples were
withdrawn from the sampling ports at different column heights and at different time
intervals until the steady state was reached. The steady state was reached in about 7.5
min after the beginning of the run, and the complete run was continued almost 20
min. At each sampling point, samples were withdrawn for the analyse of COD, TOC
and dye concentrations and for the dissolved O3 concentration in the sample. The
samples taken for organic concentrations were put into 50 mL erlenmeyers each
containing 1 mL of 0.025 M sodium thiosulfate (Na,S,03) solution to quench the
residual O3 in the samples. The other samples were added into 100-mL volumetric
flasks in each of which Indigo reagent was placed in order to use Indigo method for

determining the dissolved O3 concentration.
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The wastewater ozonation experiments in the fluidized bed reactor were conducted at
different inlet COD concentrations and different gas and liquid flow rates in order to

investigate the effects of these parameters.

Moreover catalytic ozonation experiments were done by adding desired amount of
catalysts (PFOA or alumina) were placed in the reactor and following the same
procedure; but this time the received samples from the reactor were kept waiting for
a while in order to provide the settling of tiny particles (forming because of catalyst)
in the samples in order to obtain more accurate results in the analyses. The catalyst
type (PFOA or alumina) and dosage were the experimental parameters in the
catalytic ozonation experiments. In addition, the effect of pH on catalytic ozonation
was examined conducting the experiments at different pHs (acidic or basic). The

range of the parameters can be seen in Table 3.6.

Table 3.6: The fluidized bed experimental parameters

Parameter Value

COD;in (mg/L) 60, 120, 180, 300

pH 4,10, 12

Catalyst type Alumina, PFOA

Qg (L/h) 150, 170, 200, 227, 250, 283, 340
QL (L/h) 70, 100, 150, 200, 250

Dye type AKSA industrial wastewater

Mcat (Q) 0, 150, 300, 400

Co3.G.in 0.9+£0.1 mmol/L gas

3.6 Analytical Methods

During this study, several analytical methods were used in the analyses of the
samples obtained both from the semi-batch and the fluidized bed reactor. The
analyses of TOC, COD, dye concentrations and dissolved ozone concentrations were

done for each sample in order to examine the ozonation process.

The samples from the wastewater ozonation experiments were analyzed for color in
terms of Pt-Co by a Hach DR-2010 type portable spectrophotometer. On the other

hand, determining the concentration of each dye in the wastewater samples was
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difficult by measuring their absorbances directly at their maximum wavelengths
(Amax) because of the interaction of their wavelength spectra. Thus, in order to
determine the dye removals of each dye in the sample and also to estimate the
amount of colored dyes in the textile wastewater sample. “Absorbance vs.
concentration” calibration correlations were developed. For this purpose, firstly
wavelength spectra of the prepared synthetic dye solutions of each dye were
examined and compared and a certain wavelength was chosen for each dye at which
insignificant interference among the dyes occurred, when they were mixed in the
solution. These chosen wavelengths are 380 nm for BY 28, 500 nm for BR 18.1 and
617 nm for BB 41. When the wavelength scans are again compared (Figure 3.5), it
can be seen that at the chosen wavelength of BB 41 (617 nm), BR 18.1 and BY 28 do
not give any absorbance, as BB 41 and BR 18.1 have no absorbance at 380 nm.
Therefore, the amounts of BB 41 and BY 28 in the mixture can easily be determined
by measuring the absorbance of the mixture and using single dye “absorbance vs.
concentration” calibration curves (obtained at their chosen wavelengths) of BB 41
and BY 28. The uniformity of the single dye solution calibration curves of BB 41
and BY 28 with the ones obtained for the three dye mixture (Figure 3.6), could reveal
the validity of dye concentrations found in the mixture. Since both of BB 41 and BY
28 have absorbances at 500 nm (chosen for BR 18.1), using calibration curve
obtained for single BR 18.1 solution gives wrong results. Therefore, a new
calibration curve was modified for BR 18.1 by subtracting the absorbances of BB 41
and BY 28 at 500 nm from the absorbance of the mixture of three dyes. As seen in
Figure 3.6, this developed curve and single dye calibration curve for BR 18.1 are
very close to each other proving that the new curve gives valid results for the

concentration of BR 18.1 in the mixture.

The interaction between the wavelength spectra of the dyes brings the idea if the
ozonation by-products have absorbances at the chosen wavelengths. Therefore, some
of the organic acids (acetic acid, oxalic acid, formic acid and glyoxalic acid) that
could be the main by-products of the ozonation process were supplied and checked if
they have absorbance at chosen wavelengths. It was observed that most of the
organic acids have their maximum wavelength near 210 nm and have no absorbance

at chosen wavelengths for dye concentration determination.
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Figure 3.5: The wavelength spectra of BB 41, BR 18.1 and BY 28
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Figure 3.6: The calibration curves for three dyes in their own solutions and in their
mixture solutions

By using these calibrations and the Hitachi U-3010 type UV-vis spectrophotometer,
the amount of each dye in the inlet WW sample obtained from AKSA Acrylic Plant
was found as 4175 mg/L, 727 mg/L and 732 mg/L for BB 41, BY 28 and BR 18.1,
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respectively. Also the concentrations of each dye in the samples can be found out
yielding the removal rates of each dye in the mixture during ozonation.

COD values of the samples were measured by adding 2 mL of each sample into a
glass vial containing 3 mL of the COD solution prepared by dissolving 6 g K,Cr,Oy,
6 g Ag.SO,4 and 3.6 g HgSO, in 500 mL of 95-98% concentrated H,SO, and
digesting this mixture in a WTW Cr-3000 type thermo-reactor for 2 h at 150°C
according to the standard methods (Rand, 1992). After each sample was cooled, its
COD was determined directly by a Hach DR-2010 type spectrophotometer.
Schimadzu Vcpy type TOC analyzer was used in determining TOC concentrations.

High colored samples were diluted in order to protect the equipment.

The ozone concentrations in the inlet and outlet gas streams were determined by the
KI method (Rand, 1992), explained in Appendix B. Indigo method (Rand, 1992) was
used to measure the residual O3z concentration in the liquid phase using the Hitachi

spectrophotometer.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Ozonation Reaction Kinetics

The rate of dye ozonation reactions was shown to follow a second order reaction
being first order both with respect to the dye and ozone concentrations (Zhao et al.,
2006). Since the ozone concentration was assumed to be constant due to the excess
ozone in the solution, the reaction rate appears to follow a pseudo first order.
Ozonation rate expression was written by taking the ozone concentration term as

constant and including it in the reaction rate constant expression as follows:

dc,

dr

9 _ e, 4.2)

T

=kxCq,, xC, (4.1)

where Cq: dye concentration at any height
7. relative residence time
kq1: overall reaction kinetic constant

k'=kxC, : pseudo first order kinetic constant

Assuming the reaction rate as pseudo first order with respect to dye concentration (as

reported in literature) and integrating Eqn. (4.2), Egn. (4.3) can be obtained:

In( C, j: Kz (4.3)
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where Cyqn: inlet dye concentration

This way, ‘In (Cy/Cqin) VS. 7 plots can be drawn to obtain the observed reaction rate
constant (k).

On the other hand, in the case of semi-batch reactor since the samples were taken

with respect to time, time (t) could be used instead of relative residence time.

4.2 Effect of Operating Parameters on Ozonation of Wastewater in
Fluidized Bed Reactor (FBR)

4.2.1 Effect of Inlet COD (COD;p)

In literature, many studies showed that initial organic concentration has an important
effect on ozonation in terms of organic removal and also in terms of ozonation
reaction kinetics (Soares et al., 2006). The initial concentration of organic pollutant
was chosen as a parameter; because high amounts of organics necessitate high
amounts of ozone to be degraded into by-products, and thus affects the efficiency of
ozonation process. The sources of organic pollutants in a textile wastewater (WW)
are dyeing agents (dyes, surfactants, organic acids, etc.) used in the dyeing and
finishing steps of the textile preparation process. Since there are mixtures of dyes and
many other organics in WW solutions, in order to examine the effect of initial
organic loading on ozonation, solutions of different inlet COD values were prepared
by diluting the stock solution supplied directly from AKSA Acrylic Plant (Yalova,
Istanbul).

The non-catalytic ozonation experiments of WW solutions with different inlet COD
values were performed. The dye concentrations of three dyes in WW were estimated
by the developed concentration-absorbance calibration method, and also ozone
concentrations in liquid phase along the column were measured at steady state. Dye
concentrations were decreased with the distance along the column for three of the
dyes (BB 41, BY 28, BR 18.1) (Figures 4.1, 4.2 and 4.3).

WW solution and ozone started to give reaction at the bottom of the reactor, since the

gas and liquid streams both entered the reactor from the bottom. Dye concentration
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decreased along the column, because ozone and dye molecules further reacted with
each other since they traveled together to the top of the reactor. Ozone concentrations
on the other hand, showed an increase through the column, since the higher amounts
of ozone can be absorbed in the solution when gas and liquid phases remain longer in

contact with each other.
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Figure 4.1: The effect of inlet COD value on blue dye degradation in WW solution,
Qg = 170 L/h, Q. =150 L/h, pH = free (4), Cosc,n = 0.9 £0.1 mmol/L gas, catalyst:
none, dye concentration is shown by line, and ozone concentration in liquid phase by
dotted line (----).

The effect of inlet COD (COD;,) value was also examined on the dye, TOC, COD
removals and ozone consumption. It seemed that the increase in the COD;, caused
smaller percent removals and higher ozone consumptions as can be seen in Figures
4.4(a) and 4.4(b) with Table 4.1. While COD;y, is equal to 60 mg/L the percent dye
removals were close to 100 % for red and yellow dyes and 45.3% for blue dye;
increasing COD;, to 300 mg/L decreased the removals of BB 41 to 12.6% , BY 28 to
92.7% and BR 18.1 to 63.3%. Different operating conditions vyields different
removals obviously; but the decreasing trend of removals by the increase in inlet
COD did not change (Figure 4.5). The smaller COD removal percentages mean that

ozone firstly attacks aromatic structures (giving the dye its color) and degrades the
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dye into its by-products (Table 4.2). Then, the mineralization of the by-products

takes place and further COD removals are obtained after de-colorization.
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Figure 4.2: The effect of inlet COD value on red dye degradation in WW solution,
Qg =170 L/h, Q. =150 L/h, pH = free (4), Cos,n = 0.9 £0.1 mmol/L gas, catalyst:
none, dye concentration is shown by line, and ozone concentration in liquid phase by
dotted line (----)
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Figure 4.3: The effect of inlet COD value on yellow dye degradation in WW
solution, Qg = 170 L/h, Q. =150 L/h, pH = free (4), Cosg,in = 0.9 £0.1 mmol/L gas,
catalyst: none, dye concentration is shown by line, and ozone concentration in liquid
phase by dotted line (----)
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Figure 4.4: The effect of inlet COD value on overall TOC, COD removals and
ozone consumption, (a) Qg = 170 L/h, Q. =150 L/h, (b) Qg = 340 L/h, Q. =250 L/h,
pH = free (4), Cosc,in= 0.9 £0.1 mmol/L gas, catalyst: none
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Figure 4.5: The effect of inlet COD value on dye degradation including all dyes in
the WW in terms of Pt-Co color unit, Qs = 340 L/h, Q. =250 L/h, pH = free (4),
Coscin = 0.9 £0.1 mmol/L gas, catalyst: none, dye concentration is shown by line,
and ozone concentration in liquid phase by dotted line (----)

The decrease in the dye and COD removals at the highest inlet COD value can be
explained by both the increase of by-product concentration in solution and the lower
apparent reaction rate constants. The WW with a higher inlet COD (or with a higher
dye concentration) required longer decolorization time (for the degradation of the

dye molecules) thus leaving less time for the oxidation of by-products.

Table 4.1: The dye removals for different COD;,, pH = free (4), Cozcin = 0.9 £0.1
mmol/L gas, catalyst: none.

Qg QL CODi, |BB 41 Removal BR 18.1 BY 28 Removal
(L/h) | (L/M) | (mg/L) (%) Removal (%) (%)
60 45.35 93.46 98.00
120 37.57 87.46 95.47
170 150 180 29.57 84.16 94.82
300 12.57 63.27 92.75
60 50.37 97.28 100.00
120 43.27 93.20 99.91
340 250 180 35.70 88.81 99.82
300 16.55 71.89 98.37
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Moreover, the increase of the oxidation by-products of dyes enhances ozone
consumption. Then, the available ozone will start to be consumed both for oxidation
of intermediates and also for the continuing degradation of the original dye. In order
to achieve higher degradation efficiencies at high inlet COD values, increasing gas
flow rate providing higher dissolved ozone concentration to the reactor or lowering
liquid flow rate providing longer gas-liquid contact time for decolorization and
degradation of by-products would be useful. Also to increase the oxidation capacity
of the system, increasing solution pH for the generation of HO® radicals at a higher

concentrations would be beneficial.

Table 4.2: The COD and TOC removals with ozone consumption for different
CODip, pH =free (4), Coz,c,in= 0.9 £0.1 mmol/L gas, catalyst: none.

Qg QL CODi, | COD Removal | TOC Removal | Consosz (mmol/L

(L/h) | (L/h) | (mg/L) (%) (%) lig.)
60 23.53 15.30 0.726
120 21.09 13.57 0.831

170 150 180 19.90 9.39 0.864
300 15.81 7.29 0.921
60 27.53 23.19 0.893
120 19.36 16.37 0.945

4 2

340 50 180 16.49 12.45 1.273

300 10.75 6.86 1.803

In addition to percent organic removals from WW solution; the decolorization
kinetics of the dyes in the WW were analyzed and the pseudo first order behavior
with respect to dye concentration was observed. The pseudo first order reaction rate
constants (k) of the dyes in WW were estimated (Figures 4.6(a), 4.6(b) and 4.6(c))
and shown in Table 4.3. These estimated rate constants are the apparent ones which
included the product of the dissolved ozone concentration with the intrinsic rate
constant. The apparent rate constants were observed to decrease logarithmically with
an increase in inlet COD concentration as it was stated in literature (Wu et al., 2008).
Obviously, the changes in %’ with the inlet COD concentration at constant
temperature further verified that the estimated £’ values are apparent ones; but not

real, because the real rate constants are temperature dependent only.
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The decrease in the reaction rate constants with increasing inlet COD concentrations
may be declared by the formation of oxidation by-products in higher amounts with
the increase in COD;,. These by-products consumed more ozone and thus, dissolved
ozone concentration in water was lower with higher COD;,. Consequently, the
apparent rate constants for higher inlet COD concentrations decrease. Also the
difference in the reaction rates were explained by the help of two film theory in some
studies; because the reaction between the dye and ozone molecules occurs more
rapidly in the liquid film during ozonation of the dye solutions having lower inlet dye
concentrations (Low inlet COD value means low inlet dye concentration.). In other
words, ozonation is controlled by chemical degradation reactions instead of mass
transfer of ozone. On the other hand, the ozonation reaction of dye solutions having
higher inlet COD values occurs both within the liquid film and also in the bulk liquid
(Choi and Wiesman, 2004); because the same amount of ozone starts not to be
enough for the degradation of all color at the boundary although the reaction
becomes faster due to the inlet organic concentration and ozone mass transfer
controlled. But, the increase in inlet organics causes a resistance for ozone to
dissolve good enough and since the reaction is mass transfer controlled, the rate
constants obtained for high COD;, were lower (Choi and Wiesman, 2004)
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Figure 4.6: The kinetic analysis of the WW ozonation reaction for different COD;,
concentrations in terms of dye concentrations (mg/L) in WW solution, Qg = 340 L/h,
QL =250 L/h, pH = free (4), Coscin= 0.9 £0.1 mmol/L gas, catalyst: none, (a) BB 41,
(b) BR 18.1 and (c) BY 28.
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Table 4.3: The observed reaction rate constants in terms of dye concentrations, Qg =
340 L/h, Q=250 L/h, pH = free (4), Cosc.in= 0.9 £0.1 mmol/L gas, catalyst: none

Dye CODi, (Mmg/L) | Cqin (Mg/L) k' (min™) R?
60 30.18 0.144 0.99

120 60.36 0.113 0.99

BB 41 180 90.54 0.076 0.91
300 150.9 0.038 0.99

60 5.29 0.674 0.96

120 10.58 0.523 0.98

BR18.1 180 15.87 0.413 0.97
300 26.4 0.273 0.98

60 5.26 2.029 0.98

120 10.51 1.514 0.99

BY 28 180 15.76 1.326 0.98
300 26.2 0.849 0.98

4.2.2 Effect of pH

Many studies in the literature have revealed that pH of the dye solution is an
important parameter in the ozonation of WWSs (Soares et al., 2006). Therefore,
ozonation experiments at different pH values were conducted in order to observe the
effects of acidic and basic pH values on the ozonation reactions. In Figures 4.7(a)
and 4.7(b), it can be easily seen that at high pH the color removals were higher for
both inlet COD values of 180 mg/L and 300 mg/L.

It is believed that during ozonation, the oxidation of WW occurs by two ways. Ozone
molecules can oxidize the dyehouse effluent directly or at the same time indirectly by
hydroxyl radicals having higher oxidation potential, which result from the
decomposition of ozone. In acidic media, due to the scarcity of hydroxyl ions, the
decomposition of ozone does not occur significantly and ozone molecules take role
in the oxidation of organics directly (direct ozonation mechanism). Conversely, in
basic media ozone decomposes with the help of hydroxyl ions and generated

hydroxyl radicals will oxidize organics indirectly (Chu and Chi, 1999).
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Figure 4.7: The effect of pH on dye removals (in terms of Pt-Co Color unit) and
ozone concentration, Qg = 340 L/h, Q. =250 L/h, Coszg,n =0.9 £0.1 mmol/L gas,
catalyst: none, (a) COD;, = 180 mg/L; (b) COD;, = 300 mg/L. In figures dye
concentration is shown by line and ozone concentration in liquid phase by dotted line

().

Since molecular ozone is selective for the destruction of aromatic chromophore

groups present in some kinds of dyes, the decolorization of these dyes is favored at
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low pH values (Soares et al., 2006). This means that the decolorization mechanism is
dependent on the structure and type of dyes. Depending on the dye type or structure,
more selective molecular ozone or radicals may yield better dye removals. As it was
stated, Figures 4.8(a), 4.8(b) and 4.8(c) showed the dye removals of each dye in the
WW solution. Blue, red and yellow dyes (BB 41, BR 18.1 and BY 28) were observed
to be degraded better at different pHs. While percent removals of blue and red dyes
were higher at pH of 10, yellow dye removal was higher when solution pH is equal
to 4 (Table 4.4). This observation may reveal that the direct oxidation of BY 28 by
ozone molecules prevails against the indirect oxidation by hydroxyl radicals formed
due to the decomposition of ozone at basic medium. According to many studies,
molecular ozone prefers to react with aromatic type structures (Beltran et al., 2002).
The aromatic structures found in BY 28 may attract the ozone molecules and cause
them to attack the yellow dye first instead of red and blue dyes. The azo and
sulphonic groups found in red and blue dyes make them more resistive to ozone
oxidation and emerges the necessity of non-selective and more powerful oxidants,
mainly hydroxyl radicals. This indicates the dominance of indirect oxidation for blue

and red dye degradations against the direct oxidation by ozone molecule itself.

: T —
JSos - K -~ - 30 @ ‘
35 / /’ = —&—10

0.4 - ,’ 4 *m
K - 20 © -=¥e=4
034 [t )
0.2 1] ,/ -—t=-10
Sy - 10
0.1 -,
¥
O i T T T T O
0 0.2 0.4 0.6 0.8 1

z(m)

(@)

50



s
E  ——s
*3 —a— 10
O k-4
-=&=- 10
z(m)
(b)
1 - 60
A
0.9 - e
08 - R
. "‘ ,,
0.7 - *”‘ /’,
) ’___——‘_ ______ -+« - 40 _
0.6 - . S
E‘ /{ ’ ” é 4
Q 05 - Y3 ’ F 30 m
> L S —a—10
04 1 l’ 4 *m
! - 200 -4
034 [t/
02 | ) ,l -=&=- 10
. ’I’, 10
0.1 -
v
0 i T T T T 0
0 0.2 0.4 0.6 0.8 1
z(m)
(c)

Figure 4.8: The effect of pH on dye removals (in terms dye concentrations for each
dye in WW solution) and ozone concentrations, Qg = 340 L/h, Q. =250 L/h, Cosg,in
=0.9 £0.1 mmol/L gas, catalyst: none, COD;, = 300 mg/L, Cqings 41 = 150.9 mg/L,
Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY g = 26.2 mg/L (a) BB 41, (b) BR 18.1, (C) BY 28. In
figures dye concentration is shown by line and ozone concentration in liquid phase

by dotted line (----).
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Table 4.4: The dye removals for different values of pH and CODj,, Cozgin = 0.9
+0.1 mmol/L gas, Qg = 340 L/h, Q_.=250 L/h, catalyst: none.

CODin H BB 41 Removal | BR 18.1 Removal BY 28
(mg/L) P (%) (%) Removal (%)

180 4 35.70 88.81 99.82

10 42.63 98.85 91.05

200 4 16.55 71.88 98.37

10 23.09 91.44 74.35

On the other hand, it is known that molecular ozone is insufficient in the oxidation of

by-products, and thus the COD and TOC removals are lower. At high pH values,

further mineralization occurs by the hydroxyl radicals being less selective than

molecular ozone yielding higher TOC and COD removals in the runs conducted at
basic conditions (Figures 4.9(a) and 4.9(b), Table 4.5).
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Figure 4.9: The effect of pH on TOC, COD removals and 0zone consumption, Qg =
340 L/h, Q=250 L/h, Co3,in=0.9 £0.1 mmol/L gas, catalyst: none, (a) COD;, = 180
mg/L, (b) COD;, = 300 mg/L.

Table 4.5: The TOC and COD removals with ozone consumptions for different
values of pH and CODyy,, Co3g,in = 0.9 £0.1 mmol/L gas, Qg = 340 L/h, Q. =250 L/h,
catalyst: none.

CODj, oH TOC Removal COD Removal Consops
(mg/L) (%) (%) (mmol/L lig.)
180 4 12.45 16.49 1.273
10 14.35 12.28 1.469
300 4 6.86 10.75 1.803
10 10.97 12.54 2.038

The pseudo first order kinetic constants (apparent rate constants) for each dye were
found in terms of each dye removal in the WW solution at different pHs by assuming
that the ozone concentration was constant in aqueous phase (Figures 4.10(a) and
4.10(b)). Blue and red dye removal rates were found to be higher at basic solutions
where generation of hydroxyl radicals was enhanced; on the other hand, at pH of 4,
yellow dye removal rates were observed to be higher. As seen in Table 4.6, pseudo
first order reaction rates showed an increasing trend with the increasing solution pH

indicating the effect of radical reactions on ozonation kinetics for red and the blue
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dyes. However, the reaction rates were found to be increased in the runs conducted

with acidic dye solutions where molecular ozone was dominant for the yellow dye.
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Figure 4.10: The kinetic analysis of the WW ozonation reaction in terms of dye
concentrations (mg/L) in WW solution, Qg = 340 L/h, Q. =250 L/h, COD;, = 300
mg/L, Cqings a1 = 150.9 mg/L, Cqingr1s1 = 26.4 mg/L, Cqingy 28 = 26.2 mg/L, Cozciin
= 0.9 £0.1 mmol/L gas, catalyst: none (a) pH = free (4), (b) pH = 10.
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Table 4.6: The observed reaction rate constants in terms of dye concentrations for
different COD;, and pH values, Qs = 340 L/h, Q. =250 L/h, Coz,in = 0.9 £0.1
mmol/L gas, catalyst: none

Dye CODin (mg/L) | Cgin (Mg/L) pH k' (min™) R?
BB 41 90.54 0.076 0.90
BR 18.1 180 15.87 4 0.413 0.97
BY 28 15.76 1.326 0.98
BB 41 90.54 0.106 0.97
BR 18.1 180 15.87 10 0.895 0.99
BY 28 15.76 0.515 0.99
BB 41 150.9 0.038 0.99
BR 18.1 300 26.4 4 0.272 0.98
BY 28 26.2 0.849 0.98
BB 41 150.9 0.056 0.99
BR 18.1 300 26.4 10 0.492 0.98
BY 28 26.2 0.301 0.99

4.3 Catalytic Ozonation Experiments in FBR with Alumina or
PFOA

The application of ozonation to larger scale systems becomes difficult because of the
high operating costs. Moreover, it is known that sole ozonation is not very effective
in oxidizing by-products of the recalcitrant organics and thus for high COD and TOC
reductions. Therefore, catalytic ozonation being one of the advanced oxidation
processes can be seen as a solution according to many researchers. In this study,
firstly the catalysts were prepared and characterized then catalytic ozonation
experiments were conducted by two types of catalysts (alumina and PFOA) and the
results were compared with the ones obtained from sole ozonation experiments. In
addition to these, catalytic ozonation experiments were done at different pH values
and the effect of pH on catalyst efficiency was investigated. Catalyst dosage was also

considered as an experimental parameter and its effect on ozonation was examined.
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4.3.1 Catalyst Characterization

The alumina and PFOA particles used as the catalysts, were characterized after the
preparation of the fresh catalysts. Moreover, characterization experiments were done
after they were used once, three and five times in the ozonation experiments in order

to determine whether any changes occurred in their physical and chemical properties.

4.3.1.1 Surface Characterization Experiments

The surface characterization and BET surface area analyses of the catalyst particles
were done by ‘Quantachrome Corporation, Autosorb-1-C/MS’ in METU Central
Laboratory. Alumina, fresh PFOA and PFOA used once, three and five times in the
experiments were analyzed in terms of their surface properties by BET method. The

results obtained are shown in Table 4.7.

Table 4.7: The surface areas obtained by the BET method and the pore diameters of
the catalyst particles

Catalyst Aget (M?g) d, (A°)
Alumina 289.8 38.20
PFOA 157.0 37.77
PFOA (1 time) 154.7 37.86
PFOA (3 times) 150.9 38.03
PFOA (5 times) 129.7 37.90

BET surface area results show that surface area of alumina particles the surface area
is significantly greater than that of PFOA particles. PFOA catalyst is prepared by the
impregnation of the PFO acid on to y-alumina particles as it is explained before. It is
obvious that during impregnation, PFO acid covers the particle surface and filled the
pores on alumina particles decreases the surface area. This can also be seen from the
pore diameter results. As it can be seen, after the synthesis of PFOA catalyst the pore
diameter decreases from 38.20 A° to 37.77 A°. Instead of fresh PFOA and alumina
particles, in the case of used PFOA particles, while surface areas for the once and
three times used catalysts particles in the ozonation experiments are close to each
other; the surface area of the particles used for five times is observed to be lower
probably due to the adsorption of the dye molecules on to the catalyst particles,
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filling the pores and thus causing the BET surface area to decrease. Since using the
PFOA particles for five times in the ozonation experiments causes significant
differences, catalyst particles are decided to be used three times at most in order to

make use of them more efficiently.

4.3.1.2 Density Analysis

The densities of the alumina and PFOA particles whose sizes are in the range

between 2.4 mm and 3.3 mm were obtained and shown in Table 4.8.

The true densities of the particles are observed to be higher than the bulk densities as
seen in Table 4.8. Since in the case of bulk density measurements, air in the pores of
the particles is included; but, on the other hand, true density means the skeleton
density of the material the particle composed of, it is expected to obtain lower bulk
densities than the true densities. Moreover, the impregnation of PFO acid on to
alumina causes the bulk density of the PFOA particles to increase. This may be due
to the pores filled up with PFO acid during the impregnation step. When PFO acid
fills the pores, it takes the place of air and thus increases the density. On the other
hand, since the density of PFO acid (1.8 g/cm?) is lower than the alumina density, the

true density of the PFOA particles decreases.

Table 4.8: The bulk and true densities measured for alumina and PFOA particles

Catalyst Bulk Density (g/cm®) True Density (g/cm®)
Alumina 1.0679 2.9624
PFOA 1.4226 2.7760

4.3.1.3 FT-IR Spectroscopic Studies

FT-IR studies were conducted in order to characterize the catalyst particles. These
studies were performed on alumina, PFO acid and PFOA samples. Moreover, the
PFOA particles used in the ozonation experiments more than once were also
examined by the FT-IR studies in order to find out if any changes occurred and using

the catalyst more than once if it was still efficient or not. The FT-IR spectrum of the
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particles was obtained by using “Bruker IFS 66/S, FRA 106/S, HYPERION 2000,
RAMANSCOPE” in METU Central Laboratory and choosing the spectrum range as
MIR (400 cm™ - 7000 cm™) for the spectroscopy. Figures 4.11 to 4.16 show the

spectra of these particles obtained from FT-IR studies.

In Figure 4.11, the spectrum of alumina can be seen. The band at 3315 cm™ may be
because of the presence of moisture in the sample. The intense band at 466 cm™, on

the other hand, indicates Al-O stretching vibrations.

The FT-IR spectrum of PFO acid is shown in Figure 4.12; as it can be seen there
appear sharp bands at 1132 cm™, 1144 cm™, 1196 cm™ and 1297 cm™ indicating C-F
stretching vibrations. The existence of O-H stretching vibrations can be understood
from the band at 3536 cm™, and the band at 1692 cm™ presents the appearance of
C=0 stretching vibrations. Moreover, the bands occuring between 1500-700 cm™ are

responsible for C-C stretching vibrations.

The spectrum of PFOA can be seen in Figure 4.13. The sharp band at 1662 cm™
corresponds to C=0 stretching vibrations as in the case of PFO acid. This band may
indicate the adsorption of PFO acid arising from —COOH group reactions with —-OH
groups present on the alumina surface as it has been stated in the study of Kasprzyk
et al (2003). The bands at 1132 cm™, 1144 cm™, 1196 cm™ and 1297 cm™ observed
in the spectra of PFO acid are also present in the spectra of PFOA catalyst
confirming an interaction of PFO acid with the alumina surface. In addition it is
observed that the band at 3536 cm™ showing O-H stretching band in the spectra of
PFO acid has shifted to 3323 cm™ in the case of PFOA.

In Figures 4.14, 4.15 and 4.16, the spectra of PFOA particles used once and more
than once in the ozonation experiments can easily been examined. It was observed
from the figures that no changes occur on the surface of alumina. Also it is found out
that ozone gas does not deactivate the PFOA phase by oxidizing C-F bonds of PFO

acid which is adsorbed on alumina surface.
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4.3.1.4 ESCA (XPS) Analysis

The chemical elemental composition on the surface of PFOA catalyst particles were
determined by XPS analysis in METU Central Laboratory. Electron Spectroscopy for
Chemical Analysis (ESCA), which is also called as XPS, is a surface analysis
method which gives information about the chemical composition on the surfaces of
solid materials. This method provides the emission of photoelectrons by using an X-
ray beam to excite the solid samples. The spectra obtained from ESCA analysis can
give information about the chemical environment and oxidation states of the
elements. Atoms associated with different chemical environments produce peaks
with slightly different binding energies which are called chemical shifts. Distinct
chemical states which are close in energy can be separated from each other by using
peak fitting programs which can give the composition of each state in percent

amounts.

Also catalyst particle samples are further bombarded with 5000 eV for 2 min, in
order to obtain information about the elemental composition below the surface
instead of only the surface of the particles. For this purpose, an argon ion gun which
lets depth profiling of the sample surface is used with the combination of the ESCA
spectrometer. These analyses were conducted with ‘SPECS’ type electron

spectroscopy in METU Central Laboratory.

Table 4.9 and 4.10 show the results obtained from ESCA analyses. As it can be seen,
the fluorine amounts are lower for all of the particles exposed to bombardment stage.
This can be due to the fact that instead of going further into the catalyst, PFO acid
which is the main source of fluorine adsorbs on to the alumina. It is understood that
the percent of elemental fluorine does not change significantly for the fresh PFOA
and PFOA particles used once or three times verifying the results obtained from FT-
IR studies. But, in the case of PFOA particles used for five times, the fluorine
amounts are observed to decrease proving the leaching of the organic acid (PFO
acid) into the water during the ozonation experiments. These results also verify that
using of the catalyst three times at most provides an efficient catalytic ozonation
process, and also is not harmful to the environment, because leaching of organics in

to the water does not occur.
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Moreover, smaller amounts of sulfur and nitrogen atoms are observed on the surface
of the catalyst particles used once or more than once due to the adsorption of the dye

molecules on the catalyst surface.

Table 4.9: Elemental compositions of the fresh PFOA catalyst particles before and
after bombardment

Element Before Bombardment After Bombardment
Atom % Atom %

C 14.1 159
© 40 454
F 31 189
Al 14.9 198
N 0 0

S 0 0

Table 4.10: Elemental percentages of the PFOA catalyst particles used for one,
three and five times before and after bombardment

PFOA (one time) PFOA (three times) PFOA (five times)
Element Bombardment Bombardment Bombardment
Before After Before After Before After
Atom % | Atom % Atom % Atom % | Atom % | Atom %
C 13.8 13.6 12.6 11 15 19.7
@) 40 44.3 42.4 46.8 44.9 48.7
F 31.6 21.5 28.6 20.2 21.6 9.5
Al 145 20.3 16.4 21.9 18.4 22.2
N 0.1 0.3 0.1 0.2 0 0
S 0 0 0 0 0.1 0

4.3.2 Effect of pH on Catalytic Ozonation

The effect of pH on catalytic ozonation process becomes important because of its
effect on the possible radical reactions occurring during ozonation. In Figures 4.17,
4.18 and 4.19, it is observed that both of the catalysts have a positive effect on the
color removals. Alumina catalyst provides high removals in basic media because of
its catalytic activity on the decomposition reactions of ozone into hydroxyl radicals

with hydroxyl ions being available at higher pH values (Thomas et al., 1997).
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Figure 4.17: The effect of catalyst addition on blue dye (BB 41) removal (in terms
dye concentrations for each dye in WW solution) and ozone concentration, Qg = 340
L/h, Q=250 L/h, COB,G,in =0.9 £0.1 mmol/L gas, COD;, = 300 mg/L, Cd,in,BB 4 =
150.9 mg/L, Cqingr1s1 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L, m¢, = 300 g, (2) pH = 4,
(b) pH = 10, In figures dye concentration is shown by line and ozone concentration

in liquid phase by dotted line (----).
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Figure 4.18: The effect of catalyst addition on red dye (BR 18.1) removal (in terms
dye concentrations for each dye in WW solution) and ozone concentration, Qg = 340
L/h, Q=250 L/h, Co3g.in =0.9 £0.1 mmol/L gas, COD;, = 300 mg/L, Cqinps 41 =
150.9 mg/L, Cd,in,BR 181 =26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L, Meat = 300 g, (a) pH =4,
(b) pH = 10, In figures dye concentration is shown by line and ozone concentration
in liquid phase by dotted line (----).
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Figure 4.19: The effect of catalyst addition on yellow dye (BY 28) removal (in terms
dye concentrations for each dye in WW solution) and ozone concentration, Qg = 340
L/h, Q.=250 L/h, Cosc,in =0.9 £0.1 mmol/L gas, COD;, = 300 mg/L, Cdings 41 =
150.9 mg/L, Cqingr1s1 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L, m¢, = 300 g, (2) pH = 4,
(b) pH = 10, In figures dye concentration is shown by line and ozone concentration
in liquid phase by dotted line (----).




Moreover, in the catalytic ozonation, the effect of adsorption of dye molecules on
catalyst surface should not be ignored. The adsorption capability of the catalyst
depends on its type, properties, groups on its surface and solution pH (Erol and
Ozbelge, 2008). The pH of point zero charge (pHpzc) at which the net surface charge
Is zero determines the surface charge of Alumina particles at a known pH. At acidic
pH where the pH is less than the pHpzc value, surface of alumina is positive and
therefore anions could easily be adsorbed on its surface. Conversely, at basic pH (pH
> pHzpc), the surface is negative and let cations to be adsorbed (Kasprzyk-Hordern et
al., 2003). A basic dye such as the dyes found in AKSA ITWW, is positively charged
in the solution and is adsorbed on the surface of alumina at basic pH. Easily adsorbed
dye molecules on the surface can be degraded by remaining ozone and radicals on
the surface of the catalyst as well as in the liquid phase. On the other hand, in the
case of PFOA catalyst, instead of surface acidity or basicity, the hydrophobic
character becomes important for the adsorption due to the formation of
perfluorinated alkyl chains on the surface. Organic molecules which are hydrophobic
in character could easily be adsorbed on the surface of PFOA catalyst. Depending on
the results, it is found out that PFOA reveals higher removals in acidic medium
(Figures 4.17(a), 4.18(a) and 4.19(a)). As it is discussed above, at low pH values,
molecular ozone oxidizes the organic pollutants by direct ozonation mechanism.
Therefore, at low pHs it is important to keep molecular ozone and to increase its
solubility in the reaction medium to get higher efficiencies. In the alkyl phase
(reaction medium where both ozone and organic pollutants diffuse and give reaction)
on surface of PFOA catalyst, the solubility of ozone is about ten times higher than its
value in water (Kasprzyk-Hordern et al., 2004). This may also reveal the dependency
of PFOA catalytic activity on the length of perfluorinated alkyl chains on the surface
of the catalyst (Kasprzyk-Hordern et al., 2003). Moreover, at acidic pHs, due to the
low hydroxyl ion concentrations, the decomposition rate of ozone into hydroxyl
radicals (OH®) is very low. Therefore, it becomes reasonable to obtain high removals

in acidic medium by PFOA catalyst.

Figures 4.20(a) and 4.20(b) showed that for the studied pHs, the COD and TOC
removals increased with the addition of each type of catalyst. As it can be seen in
Table 4.12, while low pH enhances the activity of PFOA, alumina provides higher

COD removal percentage at high pH. Moreover while at high pH, alumina increases
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the TOC removal from 6.86 % to 15.68 %; alumina can also cause an increase of
7.38 % (from 6.8 % to 13.46 %) in the COD removal at high pH.
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Figure 4.20: The effect of Alumina and PFOA catalysts on TOC and COD removals
with ozone consumptions. Qg=340 L/h, Q. =250 L/h, Co36,in=0.9 £0.1 mmol/L gas,
catalyst: Al,O3 and PFOA, m=300 g, COD;,=300 mg/L, (a) pH = 4; (b) pH = 10,
for Al,O3 He = 17 cm, for PFOA Heg=18.3 cm, Hs=5 cm.



The high efficiency of PFOA catalyst on COD removals may be due to the
adsorption of by-products on PFOA catalyst. Because of the adsorption of the dye
molecules on alumina, dye molecules and ozonation by-products would compete
among themselves for the surface active sites. For the alumina catalyst, adsorption of
dye is more dominant than the by-products causing lower COD removals. PFOA
catalyst, on the other hand, preferred the adsorption of ozonation by-products due to

its non-polar nature (Erol and Ozbelge, 2008).

Table 4.11: The dye removals for different pH, COD;, and catalyst type Coszg.in =
0.9 £0.1 mmol/L gas, Qg = 340 L/h, Q =250 L/h, m¢,; = 300 g, for Al,O3 He =17 cm,
for PFOA He=18.3cm, Hs=5cm.

Catalyst oH CODin BB 41 BR 18.1 BY 28
(mg/L) | Removal (%) | Removal (%) | Removal (%0)
4 180 35.70 88.81 99.82
sole 10 42.63 98.85 91.05
4 300 16.55 71.88 98.37
10 23.09 91.44 74.35
4 180 49.91 98.98 98.99
Alumina 10 59.07 99.87 98.88
4 300 30.71 86.02 99.98
10 42.39 98.86 86.92
4 180 51.47 99.11 99.9
PFOA 10 53.09 99.56 95.64
4 300 35.09 89.91 99.98
10 38.01 96.59 83.45

Moreover, catalytic ozonation can be accepted as a more efficient oxidation process
economically since using catalysts during ozonation decreases the ozone
consumption. In Figure 4.20 and Table 4.12 it can be easily seen that PFOA catalyst
decreases the amount of ozone consumptions compared to those in the sole ozonation
for the required treatment efficiency by increasing the utilization ratio. In other
words, the catalyst provides an efficient usage of ozone by organics in the solution
by increasing the stability of ozone in the alkyl phase.
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Table 4.12: The TOC, COD removals with ozone consumptions for different pH,
COD;, and catalyst type Coszg,in = 0.9 £0.1 mmol/L gas, Qg = 340 L/h, Q. =250 L/h,
Meat = 300 g, for Al,O3 He = 17 cm, for PFOA Hg=18.3 cm, Hs=5 cm.

Catalvst H COD;, | TOC Removal | COD Removal Consos
y P (mg/L) (%) (%) (mmol/L liq.)

4 180 12.45 16.49 1.273

sole 10 14.35 12.28 1.469

4 300 6.86 10.75 1.803

10 10.97 12.54 2.038

4 180 20.57 25.83 0.904

Alumina 10 26.55 30.71 1.264

4 300 13.47 19.08 1.487

10 18.09 25.9 1.803

4 180 22.98 27.9 0.726

PEOA 10 23.19 28.09 0.901

4 300 15.69 20.92 1.102

10 17.02 22.56 1.205

4.3.3 Higher pH Effect on Catalytic Ozonation

The experimental results found showed that increasing pH from pH of 4 to pH of 10
provided higher dye (in terms of Pt-Co unit), TOC and COD removals in the
ozonation of wastewater. This gave the idea if increasing pH further yields can
increase the removals further or not. In order to find out the optimum parameters for
the ozonation of wastewater taken from AKSA Acrylic Plant, it makes sense to
investigate the ozonation reaction at pH of 12 by using both alumina and PFOA

particles.

Figures 4.21(a), 4.21(b) and 4.21(c) showed the results obtained for pH of 12 with
pHs 4 and 10. The overall color removals (in terms of Pt-Co unit) seemed to follow
an increasing trend with increasing pH. On the other hand, when the dyes in the WW
solution investigated separately blue and red dyes were observed to degrade higher at
high pH of 12; but yellow dye were examined to show higher removal at pH of 4
(Table 4.13). The different effects of hydroxyl radicals and molecular ozone on
different types of dyes cause these changes in the degradation of dye molecules, as
expected. The use of different catalyst particles, alumina and PFOA, enhances the

ozonation reaction both at alkaline and acidic pH; but again the overall color
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removals showed their maximum at alkaline pH of 12 with alumina particles.
Moreover, the highest TOC and COD removals were obtained again at pH of 12 with
alumina particles (Figures 4.22(a), 4.22(b) and 4.22(c) and Table 4.14).
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Figure 4.21: The effect of pH on overall color removals (in terms of Pt-Co unit) and
ozone concentration, Qg = 340 L/h, Q. =250 L/h, Cozgin =0.9 +0.1 mmol/L gas,
catalyst: (a) none, (b) Alumina, (c) PFOA, COD;j, = 300 mg/L (Cq4in = 1570 Pt-Co),
met = 300 g. In figures dye concentration is shown by line and ozone concentration
in liquid phase by dotted line (----).

Table 4.13: The dye removals for different pH, and catalyst type, COD;, = 300 mg/L
(Cd,in,BB s =150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY 2g = 26.2 mg/L, Cd,in = 1570
Pt-Co), Cosgc,in = 0.9 £0.1 mmol/L gas, Qg = 340 L/h, Q. =250 L/h, m¢,; = 300 g, for
Al;0O3 Hg =17 cm, for PFOA Hg=18.3 cm, Hs=5 cm.

Catalyst| pH | BB 41 Removal (%) | BR 18.1 Removal (%) | BY 28 Removal (%)
4 16.55 71.88 98.37
Sole 10 23.09 91.44 74.35
12 30.19 97.38 70.23
4 30.71 86.02 99.98
Alumina| 10 42.40 98.86 86.92
12 48.49 99.00 82.39
4 35.09 89.91 99.99
PFOA | 10 38.02 96.59 83.45
12 43.49 98.15 74.28

The low concentration of yellow dye in WW solution and the higher overall color,
TOC and COD removals at higher pH (pH = 12) makes the pH parameter of 12 more
preferable for the ozonation of WW taken from AKSA. Moreover, the addition of

alumina particles into the reaction medium yields most efficient organic removals at
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pH of 12. As alumina particles were known to enhance the ozone decomposition

reactions; it can be concluded that for the ozonation of WW taken from AKSA the

role of hydroxyl radicals is more important than the molecular ozone.

Table 4.14: The TOC, COD and color removals with ozone consumptions for
different pH, and catalyst type, COD;, = 300 mg/L (Cginpgs 41 = 150.9 mg/L, Cyqinsr

181 = 26.4 mg/L, Cd,in|BY 28 = 26.2 mg/L, Cd,in = 1570 Pt-CO),

Coscin = 0.9 £0.1

mmol/L gas, Qg = 340 L/h, Q. =250 L/h, m¢; = 300 g, for Al,O3 Heg = 17 cm, for
PFOA He=18.3cm, Hs=5cm.

Catalvst H TOC Removal | COD Removal | Color Removal Consos
ysti b (%) (%) (%) (mmol/L lig.)
4 6.86 10.75 64.75 1.803
Sole 10 10.97 12.54 70.05 2.038
12 13.58 17.30 76.03 2.427
4 13.47 19.08 71.30 1.487
Alumina| 10 18.10 25.90 80.67 1.804
12 24.38 29.48 86.49 2.153
4 15.69 20.92 75.28 1.102
PFOA 10 17.02 22.56 76.90 1.205
12 20.49 25.38 81.37 1.875
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Figure 4.22: The effect of pH on TOC, COD removals and ozone consumption, Qg
= 340 L/h, Q=250 L/h, Cosg,in =0.9 £0.1 mmol/L gas, catalyst: (a) none, (b)
Alumina, (C) PFOA, COD;, = 300 mg/L (Cd,in,BB s = 150.9 mg/L, Cd,in,BR 181 = 26.4
mg/L, Cd,in,BY 28 =26.2 mg/L, Cd,in = 1570 Pt-CO), Meat = 300 g.

74



4.3.4 Effect of Catalyst Dosage

In order to investigate if the catalyst loading to reactor has an effect on ozonation, the
catalysts at different dosages were added to the reaction media. Experiments were
performed by using 150 g, 300 g and 400 g of alumina and PFOA catalysts and the
results were shown in terms of dye, TOC and COD removals with ozone

consumptions in Figures 4.23 and 4.24 and in Table 4.15.
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Figure 4.23: The effect of catalyst dosage on dye removals (in terms dye
concentrations for each dye in WW solution) and ozone concentration, Qg = 340 L/h,
QL=250 L/h, Coz6,in=0.9 £0.1 mmol/L gas, catalyst: Alumina, pH = 4, COD;, = 300
mg/L, (Cd,in,BB s = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L), (a)
BB 41, (b) BR 18.1, (c) BY 28. In figures dye concentration is shown by line and
ozone concentration in liquid phase by dotted line (----).
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Figure 4.24: The effect of catalyst dosage on dye removals (in terms dye
concentrations for each dye in WW solution) and ozone concentration, Qg = 340 L/h,
QL=250 L/h, Co36in =0.9 £0.1 mmol/L gas, catalyst: PFOA, pH = 4, COD;, = 300
mg/L, (Cd,in,BB 21 = 150.9 mg/L, Cd,in,BR 181 — 26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L), (a)
BB 41, (b) BR 18.1, (c) BY 28. In figures dye concentration is shown by line and
0zone concentration in liquid phase by dotted line (----).
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Figure 4.25: The effect of catalyst dosage on TOC, COD removals with ozone
consumptions, Qg = 340 L/h, Q=250 L/h, Cozc,in =0.9 0.1 mmol/L gas, catalyst:
Alumina, pH = 4, CODj, = 300 mg/L.
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Figure 4.26: The effect of catalyst dosage on TOC, COD removals with ozone
consumptions, Qg = 340 L/h, Q =250 L/h, Coszc,in =0.9 0.1 mmol/L gas, catalyst:
PFOA, pH =4, CODj, = 300 mg/L.

As it can be seen from the Figures 4.25 and 4.26, increasing the catalyst loading to

300 g had an important influence on the degradation efficiencies of all of the dyes
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and also on TOC and COD removals. Since the active sites on the surfaces of both of
the catalysts have a great importance on the ozonation reactions, increasing the
catalyst dosage yields higher degradation because of the increased number of the
active sites and surface area by adding high dosages of catalysts to the reaction

medium.

Adding 300 g of PFOA showed increments from 16.4% to 27.9% in COD removals
at g pH of 4 when the inlet COD concentrations are 180 mg/L and 300 mg/L,
respectively. On the other hand, alumina provided higher increments of 13% (17.2%
to0 30.2%) and 13.4% (12.5% to 25.9%) at a pH of 10 for the 180 mg/L and 300 mg/L

inlet COD concentrations.

Dissolved ozone concentrations in the liquid phase were observed to decrease when
the catalyst loading to the reactor was increased (Figures 4.23 and 4.24). As it was
stated before, alumina catalyst was responsible for the radical formation reactions
emerging from the decomposition of ozone in the medium. Thus, it is expected that
increasing the amount of catalyst provides more active alumina sites that enhance the
ozone decomposition reactions. Moreover, as in the case of alumina catalyzed
experiments, PFOA also caused lower ozone concentration in the liquid. Since PFOA
increases the solubility of ozone on the alkyl phase on itself, enhances the molecular
ozone reactions with the organics in the medium and causes more ozone to be

consumed in the reactions emerging the lower amounts of ozone in the solution.

Ozone consumptions for each of the experiments conducted in order to see the effect
of catalyst dosage were calculated for the gas phase per liter of liquid. As Figures
4.25 and 4.26 with Table 4.16 showed that the consumed amounts of ozone gas was
lowered by increasing the catalyst dosage for both of the catalysts.

The WW solution to be ozonated required less ozone for the degradation of dye
molecules and even for the TOC removal in the presence of catalysts. Low WW
treatment efficiency with a high amount of ozone gas consumption means ozone
mass transfer from the gas phase to the liquid phase is very low; as a result, most of
the ozone gas cannot pass to the liquid phase to be used in the oxidation reactions

and is wasted from the gas phase. However, using a catalyst enhances ozone mass
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transfer to the liquid phase due to the better mixing in the reactor, enhances ozone

decomposition reactions and thus formation of radicals having higher oxidative

potentials and provides a faster reaction on the active sites of the catalyst surface.

Table 4.15: The effect of catalyst dosage on dye removals (in terms dye
concentrations for each dye in WW solution) for different pH and COD;,, Qg = 340
L/h, Q.=250 L/h, Co3,6,in=0.9 £0.1 mmol/L gas.

COD; BB 41 BR 18.1 BY 28
Catalyst | Meat () | PH (mg/lln) Re(r(r)l/(c)) )V al Removal (%) | Removal (%0)
4 180 35.70 88.81 99.82
sole i 10 42.63 98.85 91.05
4 300 16.55 71.88 98.37
10 23.09 91.44 74.35
4 180 38.02 90.17 99.79
Alumina 10 50.86 99.25 95.90
4 300 19.10 74.09 98.57
150 10 34.10 95.08 80.95
4 180 43.01 97.82 99.83
PFOA 10 46.08 99.13 92.81
4 300 23.59 84.85 98.97
10 31.09 93.71 79.03
4 180 49.91 98.98 98.99
Alumina 10 59.07 99.87 98.88
4 300 30.71 86.02 99.98
300 10 42.39 98.86 86.92
4 180 51.47 99.11 99.90
PFOA 10 53.09 99.56 95.64
4 300 35.09 89.91 99.98
10 38.01 96.59 83.45
4 180 44.18 98.68 99.99
Alumina 10 55.69 99.27 91.89
4 300 26.38 80.53 99.87
400 10 37.93 97.26 83.29
4 180 45.92 98.92 99.99
PEOA 10 47.80 99.08 93.72
4 300 30.97 88.36 99.89
10 34.98 95.60 80.47
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Table 4.16: The effect of catalyst dosage on TOC, COD removals with ozone
consumptions for different pH and CODy,, Qg = 340 L/h, Q. =250 L/h, Co3,n =0.9
+0.1 mmol/L gas.

Toc
CODij, COD Consps

Catalyst | mea (9) | PH | (o) Re(r;‘/g)"a' Removal (%) | (mmol/L lig.)
T 12.45 16.49 1273
e [ 14.35 12.28 1.469
T 6.86 10.75 1.803
10 10.97 1254 2,038
T 14.50 18.06 1.106
Alumin 10 20.93 24.08 1.264
T 8.09 12.84 1.604
5 |10 14.02 20.81 1.804
T 17.13 19.96 0.887
SFOA 10 18.86 20.39 1115
T 9.89 13.12 1.286
10 12.10 14.56 1502
T 2057 2583 0.904
Aluming 10 26,55 30.71 1.264
T 13.47 19.08 1.487
0o |10 18.09 25.90 1.803
T 22.98 27.90 0.726
SFOA 10 23.19 28.09 0.901
T 15.69 20.92 1.102
10 17.02 2256 1.205
T 18.16 2211 0.762
Aluming 10 23.49 27.03 1.104
T 11.44 16.50 1.308
0o |10 15.36 22.90 1.684
T 20.08 24.50 0.614
SFOA 10 20.86 2596 0.735
T 12.46 18.02 0.935
10 14.02 19.98 1.094

On the other hand, increasing the catalyst dosage further to 400 g causes a decrease
in the dye removals decrease to 37.93%, 97.26% and 83.29% for blue, red and
yellow dyes, respectively at pH of 10 for alumina and to 34.98%, 95.6% and 80.47%
for PFOA catalysts. Also, the TOC and COD percent removals are lower when

compared with the previous ones as expected, because of the lower dye removals.
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Although high treatment efficiencies were expected due to the increasing catalyst
dosage further by increasing the surface active sites, observations on the
hydrodynamic behavior of the phases in the reactor may explain these lower organic
removals. When 400 g of catalyst was put in the reactor, gas bubbles formed
channels through the catalyst particles and cannot separate and spread the catalyst
particles homogeneously. As a result, gas bubbles in larger sizes form in the reactor
causing decreases in mass transfer of ozone into the liquid phase due to the smaller
interfacial area between the gas and liquid phases. Adding as high as 400 g of
catalyst to the reactor affects the fluidization behavior of catalyst particles; then the
gas and liquid flow rates used may not be enough to fluidize the catalyst particles.
Increasing the gas or liquid flow rate with this amount of catalyst dosage might yield

higher treatment efficiencies again due to creating more turbulence in the reactor.

4.3.5 Effect of Qs/QL on Catalytic Ozonation

Operating conditions of the three phase fluidized bed reactor, namely gas and liquid
flow rates could be important parameters for both non-catalytic and catalytic
ozonation reactions. In order to examine the effects of these parameters, different
ratios of gas to liquid flow rates (Qs/QL) were obtained with different gas and liquid
flow rates and ozonation experiments were conducted under these conditions. In
Figures 4.27 and 4.28 with Table 4.17, the treatment efficiencies can be seen in terms
of dye, TOC and COD removals at different values of Qa/Q,.

Figures 4.27 and 4.28 show that with increasing Qg/Q_ ratio, the percent organic
removals increases. In these figures dispersion coefficients (D.) and mass transfer
coefficients (k.a) which were estimated by the correlations obtained for this
experimental set-up in the previous study of Erol and Ozbelge (Erol and Ozbelge,
2009) were also shown. As it can be seen, high Qg/Q_ ratio was obtained by
increasing the Qg to 283 L/h and decreasing the Q. to 70 L/h. Since an increase in
the gas flow rate, keeping ozone dosage (Cosc,in) in the gas constant, increases the
applied ozone amount to the system per liter of liquid. Therefore, it is expected to

obtain higher removals at high gas flow rates.
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Figure 4.27: The effect of Qg/Q. ratio on TOC and COD removals with ozone
consumptions (dye removals are in terms of Pt-Co Color unit), T = 22°C, COD;, =
300 mg/L, Cd,in,BB 41 = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY og = 26.2 mg/L,
Coscin = 0.9 £0.1 mmol/L gas, pH = 4, catalyst: none. In figures percent removals
are shown by line and ozone consumption by dotted line (----).
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Figure 4.28: The effect of Qs/Q. ratio on dye removals (in terms dye concentrations
for each dye in WW solution) with D, and k_a values, T = 22°C, COD;, = 300 mg/L,
Cd,in,BB 41 = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L, COS,G,in =0.9
+0.1 mmol/L gas, pH = 4, catalyst: none. In figures percent removals are shown by
line and D and k a by dotted line (----).

83



100 - - 6
90 -
80 - [ 3
70 - |, 2
—
X 60 - >
I g —e—Dye
3 50 - - 3 €
£ =~ —a—T0C
()
x 40 - S
L2 O —at— COD
30 - e
=== 03 cons
2 -
0 -1
10 -
0 T T T T 0
0 1 2 3 4 5
Q./Q,

Figure 4.29: The effect of Qg/QL ratio on TOC and COD removals with ozone
consumptions (dye removals are in terms of Pt-Co Color unit), T = 22°C, COD;, =
300 mg/L, Cd,in,BB 41 = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L,
Cosgin = 0.9 0.1 mmol/LL gas, pH = 4, catalyst: alumina. In figures percent
removals are shown by line and ozone consumption by dotted line (----).
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Figure 4.30: The effect of Qs/Q. ratio on dye removals (in terms dye concentrations
for each dye in WW solution) with D, and k a values, T = 22°C, COD;, = 300 mg/L,
Cd,in,BB 41 = 150.9 mg/L, Cd,in,BR 181 = 26.4 mg/L, Cd,in,BY 28 = 26.2 mg/L, CO3,G,in =09
+0.1 mmol/L gas, pH = 4, catalyst: alumina. In figures percent removals are shown
by line and D and k_a by dotted line (----).
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Moreover, increasing the gas flow rate causes more turbulence and mixing in the
reactor yielding better contact among the phases; thus efficiency of the system
increases. On the other hand, decreasing the liquid flow rate yielded higher dye, TOC
and COD removals, because when liquid flow rate decreases, contact time of gas and
liquid phases increases and ozone finds more time to degrade the organics in the
WW solution.

Apart from Qg/Qy ratio, considering gas and liquid flow rates separately; as it can be
seen in Table 4.17 for the same gas flow rate of 170 L/h the dye removals of 41.41%,
66.7% and 73.91% (in terms of Pt-Co color unit) were achieved for 150 L/h, 100 L/h
and 70 L/h liquid flow rates, respectively. Moreover, for a constant Q. value of 70
L/h, the dye removals of 73.91%, 90.93% and 96.36% (again in terms of Pt-Co color
unit) were obtained when Qg is equal to 170 L/h, 227 L/h and 283 L/h, respectively.

Table 4.17: The dye, TOC and COD removals with dispersion coefficients and k.a
values (dye removals are in terms of Pt-Co color unit), T = 22°C, COD;, = 300 mg/L,
Co3,G,in = 0.9 £0.1 mmol/L gas, m¢y = 150 g, for alumina He = 15 cm, for PFOA He =
16.4 cm, Hg= 3 cm.

Dye | TOC | CcOD | Dx10° |k ax10°

Catalyst | Qo/QU (8?1) (S/F) Rem % | Rem 9% | Rem % s | (s
1.13 | 170 | 150 | 4141 | 729 | 1581 3.12 6.7

151 | 227 | 150 | 49.8 | 10.31 | 17.97 | 454 9.5

Sole 227 | 170 | 100 | 66.7 | 1547 | 20.89 1.98 5.1
242 | 170 | 70 | 7391 | 2158 | 2331 1.29 3.8

324 | 227 | 70 | 90.93 | 2341 | 26.81 1.96 5.7

404 | 283 | 70 | 96.36 | 27.72 | 36.49 2.87 7.4

1.13 | 170 | 150 | 55.27 | 12.48 | 16.29 3.97 10.3

151 | 227 | 150 | 63.36 | 17.48 | 19.33 5.15 13.6

. 227 | 170 | 100 | 7234 | 19.28 | 2444 | 281 8.7

Alumina

242 | 170 | 70 | 78.38 | 2447 | 259 2.06 7.1

324 | 227 | 70 | 9498 | 2537 | 27.99 2.73 9.3

404 | 283 | 70 | 98.96 | 28.93 | 38.83 3.69 115

1.13 | 170 | 150 | 58.38 | 15.82 | 20.47 3.97 10.6

151 | 227 | 150 | 67.09 | 2047 | 22.48 5.15 12.9

proA | 227 | 170 | 100 | 7457 | 2137 | 28.37 2.81 9.2
242 | 170 | 70 | 8135 | 26,56 | 28.45 2.06 6.7

324 | 227 | 70 | 96.47 | 2762 | 3024 | 273 8.8

404 | 283 | 70 | 99.06 | 30.25 | 40.05 3.69 10.9
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In addition to these, the D, and k a estimations provided an idea about the degree of
mixing and turbulence in the reactor. As seen in Figures 4.28 and 4.30 with Table
4.17, both D and k a reached a maximum when the Qg/Q. ratio was equal to 1.51,
then they decreased and started to increase again after the Qg/QL ratio of 2.42. This
brought the idea that not only the gas to liquid flow rate ratio wass important, but the
gas and liquid flow rates separately are also important parameters on dispersion and
mass transfer coefficients. When the values are examined, it can easily be seen that
D, and k_a values increase when both the gas and liquid flow rates are increased due
to the high turbulence formation in the reactor. Moreover, addition of solid catalyst

particles to the reactor causes an increase in turbulence.

However, as seen again in Figures 4.28 and 4.30, although increases in D, and k.a
values meant higher turbulence and higher mass transfer efficiency, respectively, in
the column, the operating conditions where these coefficients were maximum could
not provide the best treatment efficiencies. This can be because of the high flow rate
of liquid phase when the Qg/Q. ratio was equal to 1.51. WW solution could flow
very fast that ozone gas could not find time to react with organics and oxidize them
even though high mixing provided the enhancement of ozone mass transfer. Thus, in
order to fully examine the effects of dispersion and mass transfer coefficients on the
treatment efficiency, the dye, TOC and COD degradations were investigated after

increasing both the gas and liquid flow rates keeping the Qg/Q ratio constant.

Keeping Qg/Q. ratio equal to 1, WW ozonation experiments were performed for Qg
and Q. values of 150 L/h, 200 L/h and 250 L/h. Figures 4.31, 4.32 and 4.33 show the
results obtained from these experiments. It was found out that increasing gas and
liquid flow rates in the same ratio, increased the degradation rates of all dyes, TOC
and COD. Although increasing liquid flow rate decreased the contact time between
the gas and liquid phases, increments observed in D_ and k a values showed better
mixing in the reactor enhancing the ozone mass transfer and yielding higher percent
removals. This showed that the mass transfer coefficient of ozone into liquid phase
was mainly affected by the gas flow rate and the liquid flow rate had a minor effect
on mass transfer. In other words, the change in the gas flow rate had greater
influence on performance of the system than the change in liquid flow rate in terms

of ozone mass transfer. Analyzing the results obtained by using Yate’s algorithm
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(Box et al., 1978) should explain the higher effect of gas flow rate on the system
performance (Tables 4.18 and 4.19). On the other hand, increase in the gas flow rate
meant as stated before; more ozone was applied to the column and more ozone

oxidized more dye and by-products yielding again higher removals.

Table 4.18: The Yate’s algorithm analysis for the effect of Qg and Q. on ki a, COD;,
=300 mg/L, Cqiinge 41 = 150.9 mg/L, Cqgingr1s1 = 26.4 mg/L, Cqinpy 28 = 26.2 mgl/L,
pH =4, Cos6,in=0.9 +0.1 mmol/L gas, catalyst: none.

Exp. |Qc (L/h) | QL (L/h) [keax10% (s)| 1 2 |divisor | effect |variable
1 150 150 6.3 15.4 30 4 7.5 | average
2 250 150 9.1 146 | 6.6 2 3.3 Qg
3 150 250 5.4 28 | -08 2 -0.4 QL
4 250 250 9.2 3.8 1 2 0.5 | Qe-QL

Table 4.19: The Yate’s algorithm analysis for the effect of Qg and Q. on percent dye
removals (in terms of Pt-Co), COD;, = 300 mg/L, Cginps 41 = 150.9 mg/L, Cqinsr 181
= 26.4 mg/L, Cqinpy 28 = 26.2 mg/L, pH =4, Co36,in=0.9 £0.1 mmol/L gas, catalyst:
none.

Exp. | Qg (L/h) | QL (L/h) | Dye Rem (%) | 1 2 | divisor | effect | variable
1 150 150 38.2 95.54 | 184.6 4 46.15 | average
2 250 150 57.34 89.06 | 29.78 2 14.89 Qe
3 150 250 39.21 19.14 | -6.48 2 -3.24 QL
4 250 250 49.85 10.64 | -8.5 2 -4.25 | Qc-QL

Addition of catalyst particles to the reaction medium was observed to increase the
degradation efficiencies due to their catalytic activity and also their contributions to
the mixing in the column (Tables 4.20 and 4.21).

Ozone consumptions obtained in the reactions were higher when the gas and liquid
flow rates are high due to the more efficient use of ozone in the oxidation reactions.
Thus, increasing the gas and liquid flow rates by keeping the Qg/Q. ratio constant
and equal to 1 provided the efficient use of ozone gas by enhancing mass transfer and
prevented the escape of ozone in the waste gas. But still ozone consumptions were
lower in the catalytic ozonation experiments compared to those in sole ozonation

although the percent removals are higher in the former.

87




—— QG=QL=150 L/h
—&— QG=QL=200 L/h
—&— QG=QL=250 L/h
==¥%= QG=QL=150 L/h
=== QG=QL=200 L/h
--&-- QG=QL=250L/h

0,*103 (mM)

z(m)

Figure 4.31: Cy4/Cy;n for different Qg and Q. on blue dye (BB 41) removals (in terms
dye concentrations in WW solution) and ozone concentration in liquid phase, Qc/QL
= 1 Cozc,n =0.9 £0.1 mmol/L gas, catalyst: none, pH = 4, COD;, = 300 mg/L,
Cua,ingear = 150.9 mg/L, Cyinpris1 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L. In figures dye
concentration is shown by line and ozone concentration in liquid phase by dotted line
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Figure 4.32: Cy/Cyq;, for different Qg and Q. on red dye (BR 18.1) removals (in
terms dye concentrations in WW solution) and ozone concentration in liquid phase,
Qc/QL =1 Coz,in=0.9 £0.1 mmol/L gas, catalyst: none, pH = 4, COD;, = 300 mg/L,
Cd,in,BB41 =150.9 mg/L, Cd,in,BR 181 =26.4 mg/L, Cd,in,BY g = 26.2 mg/L In figures dye
concentration is shown by line and ozone concentration in liquid phase by dotted line
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Figure 4.33: Cy4/Cqy;n for different Qg and Q. on yellow dye (BY 28) removals (in
terms dye concentrations in WW solution) and ozone concentration in liquid phase,
Qc/QL =1 Co36,in=0.9 £0.1 mmol/L gas, catalyst: none, pH = 4, COD;, = 300 mg/L,
Cudinge41 = 150.9 mg/L, Cqginpr1s1 = 26.4 mg/L, Cqinpy 28 = 26.2 mg/L. In figures dye
concentration is shown by line and ozone concentration in liquid phase by dotted line
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Table 4.20: The TOC, COD removals with ozone consumption for different Qg and
Qv, CODi, = 300 mg/L, Cqiinge 41 = 150.9 mg/L, Cqyjingr 181 = 26.4 mg/L, Cyinpy 28 =
26.2 mg/L, pH = 4, mcy = 300 g, for alumina Hg = 17 cm, for PFOA Hg = 18.3 cm,
Hs=5cm Cp36,in=0.9 £0.1 mmol/L gas.

Catalyst | Qs (L/h) | Qu (L/h) TOC(I?/i;noval COD(I;\;;)moval - rgglr}sLofiq.)
150 150 5.15 12.45 0.846
Sole 200 200 7.92 16.47 1.198
250 250 9.17 18.36 1.963
150 150 7.13 13.98 0.692
PFOA 200 200 9.34 18.65 0.838
250 250 11.25 21.53 1.238
150 150 6.63 13.02 0.762
Alumina | 200 200 8.45 17.63 0.968
250 250 10.56 19.04 1.732
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Table 4.21: The dye removals with D. and k.a for different Qg and Q_ (dye
removals are in terms of Pt-Co Color unit), CODj, = 300 mg/L, Cqinss 41 = 150.9
mg/L, Cqinpr 181 = 26.4 mg/L, Cqingy 28 = 26.2 mg/L, pH = 4, m¢ = 300 g, for
alumina Hg = 17 cm, for PFOA Hg = 18.3 cm, Hs =5 cm Coz,in =0.9 £0.1 mmol/L
gas.

Catalyst | Qs (L/h) | Q. (L/h) | PYe Ef;)r;‘o"a' DLx10° (m?s) | Kk ax10? (s
150 150 38.2 315 6.3
Sole | 200 200 456 48 8.6
250 250 29.85 6.87 9.2
150 150 43.45 201 11.0
PFOA | 200 200 2952 5.72 132
250 250 52.98 8.03 14.8
150 150 4046 2.01 112
Alumina | 200 200 4756 5.72 12.9
250 250 51.12 8.03 141

4.4 Reactor Hydrodynamics

Catalyst particles forming the solid phase in the three phase reactor are fluidized with
liquid and gas phases flowing co-currently from the bottom to the top of the reactor.
Due to the change in hydrodynamic properties of the reactor at different operating
conditions, the performance of the reactor was obviously expected to be affected.
Therefore, in order to determine the minimum fluidization velocity (upmin) and the
hold-up values of gas, liquid and solid phases, the hydrodynamic characteristics of

the three phase reactor were investigated.
4.4.1 Minimum Fluidization Velocity in the Column

The minimum fluidization velocity is the value of superficial water velocity at which
the particles begin to fluidize at a constant superficial air velocity. The up min values
at different gas flow rates were determined in the column filled with catalyst
particles. Alumina and PFOA particles have different densities causing the minimum
fluidization velocities to differ from each other. Therefore, the u_min values at
different Qg values were determined for both catalyst types separately. The obtained

results can be seen in Tables 4.22 and 4.23.
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Table 4.22: Minimum fluidization velocities at the studied gas velocities; catalyst:
P|:OA7 mcat: 150 g, dcat: 30 mm

U X 10%(m/s) Qo (L/) | uimin X 10°(M/S) | Qumin (L/N) He (cm)
9.40 170 5.81 105 13.5
12.55 227 5.53 100 17.2
15.65 283 5.25 90 18.0
18.80 340 4,97 85 18.7

As the gas velocity increased, the upmin values were observed to be decreased,
because higher gas velocities enabled the fluidization of particles giving additional
force to fluidize them. Comparison of the values obtained for PFOA and alumina
catalyst particles showed that for a given gas velocity (ug), minimum fluidization
velocity was increased in the case of alumina compared to those for PFOA and

higher liquid flow rates were needed to fluidize alumina.

Table 4.23: Minimum fluidization velocities at the studied gas velocities; catalyst:
alumina, mea = 150 g, deat = 3.0 mm.

Us X 10%(m/s) | Qg (L/M) [ ULmin X 20%(M/S) | Qupmin (L/N) He (cm)
9.40 170 6.08 100 12.0
12.55 227 5.80 105 15.2
15.65 283 5.25 95 17.0
18.80 340 4,98 90 17.5

4.4.2 Determination of Hold-up Values for Gas, Liquid and Solid Phases

In the column, the gas hold-up was evaluated with the height measurement from
Equations (4.4) and (4.5).

Ah(l—g;) = Ah, (4.4)
h

=1-2 4.5

o n (4.5)
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where, h is the height of the aerated liquid in the column and hy is the original liquid
height before the gas flow. For the gas-liquid system, the total of gas and liquid hold-

up values is equal to one, as shown in Eqn. (4.6).

&g te =1 (4.6)

Similarly the hold-up values were found for the three phase system according to
Equation (4.7). Now, the solid hold-up (loading) was found from the relationship
given in Equation (4.8) between the catalyst loading amount (mcy), catalyst density

(ocat), reactor cross-sectional area (A) and expanded bed height (Hg).

g +& +& =1 (4.7)
m t
° Pear-AHE (48)

For the gas hold-up measurement, the reactor was filled with the distilled water in the
absence of gas flow. Then, the liquid flow was stopped and the static (original) liquid
height was measured. Afterwards, the gas was sent to the reactor at a constant flow
rate; the aerated liquid height due to the gas flow was determined. For the reactor
filled with the catalyst particles, the same procedure was applied; however in that
case, 300 g of the particles were fed to the reactor and then, the liquid heights before
and after the gas flow were measured. The solid hold-up was found from Equation

(4.7) by measuring the expanded bed height during the experiment.

The gas, liquid and solid phase hold-up values were obtained for different values of
gas and liquid flow rates. Table 4.24 and 4.25 presents the hold-up values for the

gas-liquid-solid three phase system.

At a constant liquid flow rate, the gas hold-up increased with the increase of gas flow
rate. It was observed that the bubble velocity and the number of bubbles per unit
reactor volume increased with the increase of Qg resulting in higher &g. Increasing
Q. decreased ec. Addition of catalyst particles to the medium decreased the gas and
liquid hold-up values as expected. That was due to the increase of turbulence with
the higher amount of solids in the reactor. The increase of turbulence in the column

probably caused the increase of interaction between gas, liquid and solid phases
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leading improvements in the performance of the reactor. In the three phase system,
increasing Qg positively affected the gas hold-up.

Table 4.24: The calculated gas, liquid and solid-phase hold-up values under different
operating conditions, catalyst: alumina, mc,; =300 g

Qs (L/h) Q. (L/h) & a &

150 150 0.020 0.932 0.048

70 0.051 0.901 0.048
170 100 0.039 0.913 0.048

150 0.027 0.915 0.048
200 200 0.043 0.909 0.048
207 70 0.062 0.890 0.048

150 0.058 0.894 0.048
250 250 0.071 0.881 0.048
283 70 0.080 0.872 0.048
340 250 0.086 0.866 0.048

Table 4.25: The calculated gas, liquid and solid-phase hold-up values under different
operating conditions, catalyst: PFOA, mc; = 300 g

Qg (L/h) Q. (L/h) & a &

150 150 0.026 0.938 0.036

70 0.060 0.904 0.036
170 100 0.043 0.921 0.036

150 0.028 0.936 0.036
200 200 0.049 0.915 0.036
997 70 0.067 0.897 0.036

150 0.063 0.901 0.036
250 250 0.077 0.887 0.036
283 70 0.079 0.885 0.036
340 250 0.092 0.872 0.036

It was observed that the flow in the studied two or three phase reactor fitted to the
“homogeneous bubbling regime” and at all the studied gas and liquid flow rates, the
gas phase uniformly flowed through the liquid phase with homogeneous bubbles.
The distribution of particles in the column was uniform while gas and liquid were
flowing. At high gas and liquid velocities, a small amount of particles was carried to
the top of the column (1 m), but most of them distributed homogeneously in the

fluidized bed section.

93



The increase of gas flow rate at constant liquid flow rate increased the expansion of
the bed and similarly increasing liquid flow rate keeping the gas flow rate constant
also provided higher bed expansions. At the constant liquid flow rate of 150 L/h, the
expanded bed height (Hg) was 13.0 and 14.6 cm for Qs=170 L/h; whereas at a flow
rate of Qg=227 L/h, 22.0 and 23.6 cm of He were observed for alumina and PFOA,
respectively. The increase in the bed expansions provided by the higher liquid and
gas flow rates would be expected to increase the reactor performance because
particles can be carried to the higher sections in the reactor and become more
effective throughout the reactor. Moreover, the distance among the particles
increases and this can give a chance to gas and liquid phases for a better interaction
with each other, and also with the solid phase leading a higher performance for the

reactor.

4.5 Experiments Conducted in Semi-Batch Reactor

4.5.1 Single Synthetic Dye Solution Experiments

The ozonation of BB 41, BR 18.1 and BY 28 separately was examined in a semi-
batch reactor in the presence and absence each of alumina and PFOA particles. The
dye, COD and TOC removals were determined at the end of 90 min ozonation of the
dye solutions. In addition, the kinetics of ozonation and catalytic ozonation processes
were investigated. The stirrer rate was regulated to 300 rpm in the semi-batch

experiments.

4.5.1.1 Ozonation Experiments

Experiments of the ozonation of the prepared single dye solutions were conducted
without using catalyst particles at different pH values of 4 (acidic medium) and 10
(basic medium). As it was stated in the literature (Chu and Chi, 1999), at the acidic
pH the direct oxidation of the organics in dye solutions with molecular ozone
prevails because of the low concentration of HO", one of most important initiators of

radical reactions. At an alkaline pH, ozone decomposition reactions occur because of

94



high HO™ concentration and thus, indirect oxidation by radicals predominate over

direct oxidation reactions.

After 30 min ozonation of each of the three different dye solutions, more than 85%
of dye removals were obtained at both the acidic and alkaline pHs as shown in
Figures 4.34(a) and 4.34(b). The dye removals and the initial rates of ozonation
reactions showed differences at different pHs for different dye solutions. While for
BY 28 the initial reaction rate was higher at acidic pH of 4, for BB 41 and BR 18.1
rates were found to be higher at alkaline pH of 10. This showed that molecular ozone
took role in the oxidation of yellow dye with direct oxidation reactions; but it could
not be powerful enough for the oxidation of blue and red dyes. For the oxidation of
blue and red dyes, it was realized that radicals, non-selective and more powerful
oxidants, were responsible. The aromatic structures found in the yellow dye might
attract ozone molecules more strongly, and thus ozone might oxidize these aromatic
chromophore groups first yielding higher dye removals at the lower pH values for
this dye. On the other hand, the oxidation power of molecular ozone might not be
sufficiently high for the red and blue dyes containing azo and sulphonic groups in
their structures. However, increasing the pH of the solution yielded the higher color
removals of the latter two dyes due to the formation of more powerful hydroxyl

radicals.

Moreover, when the dye removals of BB 41 and BR 18.1 were compared it was
observed that at the same operating conditions percent removals of BR 18.1 were
lower than those of BB 41. This may be attributed to the presence of the more azo
bonds in the molecular structure of BR 18.1. Also, an auxochrome (-Cl) found in the
structure could improve the substantivity of BR 18.1 and could cause a more difficult
dye degradation than BB 41. On the other hand, it was found out that while in order
to oxidize one mole of BB 41 7.20 moles of ozone was required, 5.22 moles of ozone
was necessary to oxidize one mole of BR 18.1 (Table 4.26). The high molecular
weight of BB 41 may explain the difference in the amounts of ozone required for the
oxidation of these two dyes (My, gg 41 = 482.57 g/mole, My, gr 181 = 390.94 g/mole,
Mw By 28 = 433.57 g/mole).
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Figure 4.34: Dye removals with ozonation for BB 41, BY 28 and BR 18.1, Cy; =
300 mg/L (for each dye), stirrer rate = 300 rpm, Qg = 150 L/h, Cozgin = 0.9 0.1
mmol/L gas, catalyst: none, (a) pH =4, (b) pH =10
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Table 4.26: Moles of ozone required to oxidize one mole of dye for each dye, Cq;, =
250 mg/L (for each dye), Qg = 150 L/h, pH = 4, Coszg,in = 0.9 £0.1 mmol/L gas,

catalyst: none

Dye

Moles of ozone required to oxidize one mole of

dye

Basic Blue 41 7.20

Basis Yellow 18 6.11
Basic Red 18.1 5.22

Figures 4.35(a) and 4.35(b) showed the effects of acidic and alkaline pHs on the
COD removals. For BR 18.1 and BB 41, higher COD removals of 47.4% and 55.6%
were achieved at alkaline pH of 10, respectively. For BY 28 o the other hand,
increasing pH from 4 to 10 decreased the COD removal from 55.9% to 29.4%. The

COD removals normally indicated the removals of the oxidation by-products.
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Figure 4.35: COD and TOC removals after 90 min ozonation for BB 41, BY 28 and
BR 18.1, Cy4; = 300 mg/L (for each dye), stirrer rate = 300 rpm, Qg = 150 L/h,
Co3G.in= 0.9 £0.1 mmol/L gas, catalyst: none, (a) pH =4, (b) pH =10

Actually, it was stated in the literature that the by-product removals were higher at
the high pHs; but it was also known that by-product removals started to occur after
the degradation of choromophoric structures in the dyes giving their colors. Since for
BY 28, dye removals were very low at the pH of 10, by-product formation occurred
very slowly causing the lower COD reductions. Thus, starting the ozonation process
at a low pH and above 90% dye removal was obtained increasing the pH to 10 or
higher, most probably could yield COD removals higher than 55.9% for BY 28.

4.5.1.2 Catalytic Ozonation Experiments

Alumina and PFOA particles were used as catalysts in the catalytic ozonation
experiments with BB 41, BY 28 and BR 18.1. The results were compared and most
efficient conditions for each dye were obtained in terms of dye, TOC and COD
removals. Catalytic ozonation of each dye showed different efficiencies depending

on solution pH and catalyst type (Table 4.27).
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Table 4.27: Dye removal percentages for BB 41, BY 28 and BR 18.1 for different
pH values and catalyst types, Cq; = 300 mg/L (for each dye), stirrer rate = 300 rpm,
Qe =150 L/h, Cozg,in = 0.9 £0.1 mmol/L gas, reaction time = 30 min.

Ozonation H Dye Removal %

Process P BB 41 BY 28 BR 18.1

Sole 4 98.74 99.29 96.05

10 99.46 84.46 97.13

. . 4 98.91 99.79 98.25

With Alumina 10 99.97 96.31 99.61

. 4 99.53 99.84 99.12

With PFOA 10 99.95 94.43 99.23

Similar to the results of sole ozonation experiment, yellow dye showed higher dye
and COD removals in the acidic medium in the presence of each of the catalysts,
PFOA vyielding higher efficiency than that of the alumina catalyst. As it was
discussed earlier, PFOA catalyst keeps the ozone in molecular form helping the
direct oxidation reactions to occur and since it is known that molecular ozone is
responsible for the oxidation of yellow dye, obtaining higher removal efficiencies for
yellow dye with PFOA catalyst is an expected result. On the other hand, alumina
catalyst provided higher dye removals in a shorter period of time for BB 41 and BR
18.1. It was found out that hydroxyl radicals were dominant in the oxidation of these
dyes. According to several studies (Thomas et al., 1997; Ni and Chen, 2001), the
active sites on the alumina particles took charge in the decomposition of ozone into
hydroxyl radicals with the help of hydroxyl ions found at basic medium. Thus, again
it was reasonable to observe higher degradation at the basic pH of 10 with alumina
particles.

In the catalytic ozonation, the effect of adsorption on to the catalyst particles could
be important and should be considered in the examination and discussion of the
obtained results. In the case of alumina particles, the adsorption capability of the
catalyst depends on the acidity or basicity of the sites on alumina and of the dye
molecule. In basic medium, the surface of alumina is negative because pH is higher
than the pHpzc of alumina. This provides cations to be adsorbed on the surface. A
basic dye, on the other hand, is cationic at alkaline pHs. Thus, the basic red and blue
dyes can easily be adsorbed onto alumina with hydroxyl radicals at basic conditions.

This could also help the easy oxidation of red and blue dyes with alumina particles.
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Yellow dye is also a basic dye and can be adsorbed onto the surface; but the scarcity

of the molecular ozone at high pH could prevent high level of dye degradation.

As seen in Figures 4.36, 4.37 and 4.38, the addition of each type of catalysts
improved the COD and TOC removals at both acidic pH of 4 and alkaline pH of 10.
Table 4.28 shows that while low pH enhances the activity of PFOA, alumina
provides a higher COD removal at the high pH of 10.
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Figure 4.36: COD and TOC removals after 90 min ozonation for BB 41, C4; = 300
mg/L, stirrer rate = 300 rpm, Qg = 150 L/h, Co36in = 0.9 £0.1 mmol/L gas, pH =10

The high efficiency of PFOA catalyst on COD removals might be due to the
adsorption of by-products on PFOA catalyst. Because of the adsorption of the dye
molecules on alumina, dye molecules and ozonation by-products might compete
among themselves for the surface active sites. For the alumina catalyst, adsorption of
the dyes was probably more dominant than those of the by-products causing lower
COD removals. PFOA catalyst, on the other hand, preferred the adsorption of
ozonation by-products on itself due to its non-polar nature (Erol and Ozbelge, 2008).

100



65 -

60 -

55 -

50 -
mTOC

% Removal

45 - Ocob

40 -

35 A

30 T T 1
Sole Alumina PFOA

Catalyst

Figure 4.37: COD and TOC removals after 90 min ozonation for BY 28, C4; = 300
mg/L, stirrer rate = 300 rpm, Qg = 150 L/h, Cozg,in = 0.9 £0.1 mmol/L gas, pH =4
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Figure 4.38: COD and TOC removals after 90 min ozonation for BR 18.1, C4; =300
mg/L, stirrer rate = 300 rpm, Qg = 150 L/h, Cozc,in = 0.9 0.1 mmol/L gas, pH = 10
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Table 4.28: TOC and COD removal percentages for BB 41, BY 28 and BR 18.1 for
different pH values and catalyst types, Cq; = 300 mg/L (for each dye), stirrer rate =
300 rpm, Qg = 150 L/h, Co36,in = 0.9 £0.1 mmol/L gas, reaction time = 90 min.

. BB 41 Removal | BY 28 Removal | BR 18.1 Removal
Ozonation pH % % %

Process TOC | cCOD | TOC | coD | TOC | coD

Sole 4 25.98 | 31.85 50.24 | 55.89 13.56 19.37

10 50.91 | 55.63 21.27 | 29.37 44.60 47.38

With Alumina 4 28.49 | 33.96 55.83 | 58.29 19.48 23.96

10 58.30 | 62.93 35.48 | 40.83 55.21 58.84

. 4 35.30 | 39.20 61.38 | 66.93 27.49 36.18

With PFOA 10 5493 | 59.29 26.47 | 30.19 48.20 54.20

4.5.1.3 Kinetics of Non-Catalytic and Catalytic Ozonations

The ozonation reaction kinetics were examined for three of the dyes separately at pH
of 4 and 10. At the equilibrium concentration of ozone in the aqueous phase, In
(C4/Cyq;) versus time data showed a linear trend indicating a pseudo-first order
reaction for each of the dyes at the acidic and alkaline media (Figures 4.39(a) and
4.39(b)).

6 -
y =0.1695x
5 7 .
y =0.1377x
2 _
4 R? = 0.9927
g
o3 y = 0.1087x *BB41
£ R?=0.9921 EBR 18.1
2 A BY 28
1
0 T T 1
0 10 20 30 40
Time (min)
(@)

102




6 - y=0.171x

R? = 0.9961
5 -
4 -
G _
Al y = 0.1205x
o3 R? = 0.9885 #BB41
= WBR 18.1
2 1 ABY 28

y =0.0663x

R?=0.9592
0 T 1
0 10 20 30 40
Time (min)
(b)

Figure 4.39: The pseudo-first order kinetic analysis, Cq; = 300 mg/L (for each dye),
stirrer rate = 300 rpm, Qg = 150 L/h, Co3gin = 0.9 £0.1 mmol/L gas, catalyst: none;
(a) pH =4, (b) pH = 10

The pseudo-first order reaction rate constants in other words apparent rate constants
were determined and shown in Table 4.29 for each dye at different pHs. The kinetic
rate constants were observed to increase by increasing the pH from 4 to 10 for the
red and blue dyes denoting the effect of radicals on the kinetics.

In addition to sole ozonation, catalytic ozonation kinetic data were also analyzed in
terms kinetic analysis. Similar to sole ozonation, the change of the natural logarithm
of C4/Cq,; with time was observed to be linear showing that catalytic ozonation also
followed a pseudo-first order reaction; but as seen in Table 4.23, pseudo-first order
rate constants show differences when catalyst particles are added. The change in
these constants is observed to depend on the pH and dye type. Adding PFOA
increased the rate constant of the yellow dye at acidic pH showing the effect of
molecular ozone on yellow dye degradation (Figures 4.40(a) and 4.40(b)). Alumina,
on the other hand, caused a higher increase in the rate constants of the red and blue
dyes and also a slight increase in rate constant of the yellow dye at a high pH of 10
indicating the effect of adsorption of basic dye on to the surface (Figures 4.41(a) and
4.41(b)). This also indicates the effect of hydroxyl ions on the decomposition of

ozone by radical formation.
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Figure 4.40: The pseudo-first order kinetic analysis, Cq; = 300 mg/L (for each dye),
stirrer rate = 300 rpm, Qg = 150 L/h, Cozg,in = 0.9 £0.1 mmol/L gas, catalyst: PFOA,;
() pH =4, (b) pH = 10
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Figure 4.41: The pseudo-first order kinetic analysis, Cq; = 300 mg/L (for each dye),
stirrer rate = 300 rpm, Qg = 150 L/h, Coszg,in = 0.9 £0.1 mmol/L gas, catalyst:
alumina; (a) pH =4, (b) pH =10
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Table 4.29: The pseudo-first order kinetic rate (apparent) constants for BB 41, BY
28 and BR 18.1 for sole and catalytic ozonation, Cq4; = 300 mg/L (for each dye),
stirrer rate = 300 rpm, Qg = 150 L/h, Cozg,in = 0.9 £0.1 mmol/L gas

Dye pH Process k' (min™)
Sole 0.138
4 Alumina/O3 0.152
PFOA/O; 0.188
BB 41 Sole 0.171
10 Alumina/O3 0.282
PFOA/O; 0.249
Sole 0.169
4 Alumina/O3 0.196
PFOA/O3 0.215
BY 28 Sole 0.066
10 Alumina/O3 0.117
PFOA/O3 0.091
Sole 0.109
4 Alumina/O; 0.127
PFOA/O; 0.151
BR18.1 Sole 0.120
10 Alumina/O3 0.183
PFOA/O; 0.166
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CHAPTER 5

CONCLUSIONS

In this study, catalytic ozonation of the real WW from AKSA A.S. was examined at
different operating conditions with or without alumina and perfluorooctyl alumina
(PFOA) particles in a fluidized bed reactor. Moreover, the dyes included in this WW
solution (BB 41, BR 18.1 and BY 28) were obtained separately and synthetic
solutions of these dyes were also ozonated in a semi-batch reactor in the presence
and absence of alumina and PFOA catalyst particles in order to examine the dyes
separately. The effect of operating conditions like gas and liquid flow rates, COD;j,,
pH of WW solution, catalyst type and dosage on dye, COD and TOC removals and

0zone consumption were investigated.

Experiments conducted in semi-batch reactor introduced the following conclusions:

e The ozonation of Basic Blue 41 (BB41), Basic Red 18.1 (BR 18.1) and Basic
Yellow 28 (BY 28) synthetic dye solutions were performed and above 85% of
color removals were achieved after 30 min. ozonation time for all of dye
solutions. Addition of alumina or PFOA particles into the reaction medium was
observed to increase the removal efficiencies.

e The dye removals show differences at different pHs for different dye solutions.
While for BY 28 the dye removal was higher at acidic pH of 4, for BB 41 and
BR 18.1 removals were found to be higher at alkaline pH of 10.

e Alumina catalyst enhances the ozone decomposition reactions and thus helps
radical formation yielding higher TOC and COD removals for both of BB 41
and BR 18.1 at pH of 10. On the other hand, for BY 28 PFOA catalyst was
found to be more efficient at pH of 4 in terms of TOC and COD removals.

¢ Kinetic analysis of both non-catalytic and catalytic ozonation processes showed
that ozonation reaction followed pseudo-first order reaction kinetics with respect

to dye concentration. The pseudo-first order reaction rate constants were
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determined for each dye. While increasing pH from 4 to 10 provides an increase
in the rate constants of BB 41 and BR 18.1 indicating the effect of radicals on
the Kinetics, at a low pH of 4 the rate constant of BY 28 was found to be higher
denoting the role of molecular ozone on BY 28 dye degradation. Moreover,
catalyst addition to the reaction medium generally was observed to increase the
rate constants obtained for all of the dyes.

e Molecular ozone was found to be more important for the degradation of BY 28
occurred by direct oxidation reactions; while on the other hand, hydroxyl
radicals took charge in the degradation of both BB 41 and BR 18.1 formed due
to the indirect oxidation reactions depending on the structures and types of the

dyes.

Conclusions obtained from the results of the experiments conducted in fluidized bed
reactor can be listed as follows:

e A new “absorbance vs. concentration” calibration method was developed in
order to determine the concentration of each dye in the mixture. By using this
method, the color removals for each dye in the mixture can be obtained and
examined separately. By using these calibrations, the amount of each dye in the
WW sample obtained from AKSA Acrylic Plant was found as 4175 mg/L, 727
mg/L and 732 mg/L for BB 41, BY 28 and BR 18.1, respectively.

e The effect of inlet COD concentration (COD;) of the wastewater solution was
investigated and increasing COD;, was found to decrease the color removals of
each dye in WW solution also the TOC and COD removals. Moreover, 0zone
consumption increased with CODj,. At Qg = 340 L/h, Q. = 250 L/h, ozonation
without catalyst yielded 50.37% dye removal of BB 41, 97.28% of BR 18.1 and
100% of BY 28 for the lowest COD;, of 60 mg/L while at same conditions for
COD;j, is equal to 300 mg/L, dye removals of 16.55%, 71.89% and 98.37%were
achieved for BB 41, BR 18.1 and BY 28, respectively.

o After the kinetic analysis of the dye decolorization in the WW, the pseudo first
order behavior with respect to dye concentration was observed and the pseudo
first order reaction rate constants (k) of the dyes in WW were estimated. These
rate constants were observed to decrease logarithmically with an increase in
COD;, indicating that the estimated constants are apparent; but not intrinsic

reaction rate constants.
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Removals of BB 41 and BR 18.1 were observed to increase at a higher pH of 12;
but the removal of BY 28 was higher at an acidic pH of 4. At Qs = 340 L/h, Q.
= 250 L/h, sole ozonation provided 98.37% removal for BY 28 at pH of 4,
30.19% and 97.38% removals for BB 41 and BR 18.1, respectively.

Dye, TOC and COD removals were found to be higher at basic pH when using
alumina catalyst due to the higher decomposition rate of ozone with alumina and
higher adsorption of WW on alumina catalyst. On the other hand, at acidic pH
PFOA catalyst yields higher removals due to the high stability of molecular
ozone in the alkyl phase on the catalyst.

Indirect oxidation reactions were determined to take charge in the oxidation of
BB 41 and BR 18.1 and direct oxidation reactions in the oxidation of BY 28
indicating the effect of radicals and molecular ozone on the degradation of blue,
red and yellow dyes.

The low concentration of yellow dye in WW solution and the higher overall
color, TOC and COD removals at higher pH (pH = 12) makes the pH parameter
of 12 more preferable for the ozonation of WW taken from AKSA. Moreover,
the addition of alumina particles into the reaction medium yields most efficient
organic removals at pH of 12.

The experiments done in order to investigate the effect of catalyst dosage
showed that increasing the catalyst amount to 300 g increased the dye, TOC and
COD removal efficiencies; but increasing the catalyst amount further to 400 g
caused decreases in the removal efficiencies due to the formation gas bubbles in
larger sizes and thus smaller interfacial area between the gas and liquid phases.
Increasing Qg/Qy ratio from 1.13 to 4.04 provided the percent organic removals
to increase almost two times.

Dispersion coefficients (D.) and mass transfer coefficients (k_.a) were estimated
by the correlations obtained in the previous study done by Erol and Ozbelge,
(2009) and these coefficients reached a maximum when the Qg/Q. ratio is equal
to 1.51 bringing the idea that not only Qg/Q. ratio is important; but the Qg and
Q. separately are also important parameters on D, and k, a.

Keeping Qc/Q ratio constant and increasing the gas and liquid flow rates
yielded higher organic removals due to the increase in D_ and k.a values and

thus turbulence in the reactor.
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CHAPTER 6

RECOMMENDATIONS

The main aim of this study was to investigate the catalytic ozonation of an industrial
textile wastewater supplied from AKSA A.S. in the presence of alumina and PFOA
catalysts and to determine the most efficient operating parameters of the treatment
process of wastewater ozonation in terms of higher dye removal, higher TOC and
COD removals and lower ozone consumption. The following studies can be

recommended as the further examinations on this subject:

In order to optimize the operating parameters, in the future the experiments at pH of
7 could be performed. This can provide to investigate the effect of hydroxyl radicals

on the ozonation reactions further.

In the analysis of reaction Kkinetics, the rate constants found in this study are apparent
ones including the ozone and hydroxyl radical concentrations, the intrinsic rate
constants could be found out using scavengers in the reaction medium to determine
radical concentration. Thus, the effect of temperature can be investigated on the

intrinsic rate constant of the ozonation reactions.

Ozonation side products could be investigated in order to fully determine and
understand the mechanism of the ozonation process. HPLC analysis could be done
near TOC and COD analysis in order to find out which organic acids, aldehydes or

ketones as the by-products.

Although the lower Q. values were found out to increase the dye, TOC and COD
removals, in case of catalytic operations, the degree of fluidization and mixing were

also determined to be important; thus in order to reach higher liquid velocities for
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lower Q. values, reactors with smaller inside diameter could be designed and used

for wastewater ozonation processes.

It was found out that ozone behaves selective and yields higher removals in color
removals; but on the other hand, sole ozonation was not efficient enough for TOC
and COD removals. Since ozone firstly attacked to the chromophore groups and
resulted color to disappear and then by-products were degraded; designing a reactor
that has two segments would be useful. The segment at which gas and liquid flows
enters the reactor could be the two phase region where dye can be ozonated easily
and the segment above this first segment could be three phase including catalyst

particles and thus providing the degradation of by-products after dye removal.
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APPENDIX A

CALIBRATION CURVES OF BB 41, BR 18.1 AND BY 28 DYES
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Figure A.1. The concentration versus absorbance values for BB 41 at pH = 4, 10 and
12 at 617 nm.
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Figure A.2. The concentration versus absorbance values for BR 18.1 at pH = 4, 10
and 12 at 529 nm.
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Figure A.3. The concentration versus absorbance values for BY 28 at pH = 4, 10 and
12 at 437 nm.
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APPENDIX B

ANALYTICAL METHODS

B.1 KI Method for Ozone

The determination of 0zone concentration in the gas phase

KI method can be used for the determination of ozone in air by adsorption of ozone
in iodide solution. Ozone liberates iodine from 2% potassium iodide (KI) solution.
After immediate acidification, the liberated iodine (Rxn. B1) is titrated with standard
0.1 M sodium thiosulfate (Na,S,03) using starch indicator.

2Kl + O3 + H,0 — |, + 2KOH + O, (B.1)

| o+ 25,057 — 21+ S4047 (B.2)

Calculation Procedure

Let’s take the molarity of Na,S,03 as M. The volume of thiosulfate solution spent for

the determination of ozone is

AV = Vinio-Vihio blank (B.3)

where Viiointet 1S the titrant spent for the sample and Viniopiank 1S the titrant for the
blank.

The amount of S,0372 as mole:
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1L
1000mL

10° mole (B.4)

= (Vihio-Vihioplank) X M x

Ns205> = Minio [Mole/L] x (Vihio-Vinioptank) [ML] x

Since 1 mole of ozone spends 2 moles of S;05 in the reaction, the amount of ozone

in the sample is,

LY

No, 6 = o " Winio _Vthio,blank)x Minio x10~° mole ozone (B.5)

The ozone dose is calculated for t (min) of ozonation:

_Nosc _ /2)%xMiio —Vinioptand X Minio x107° y 60 min

t t(min) 1h (8.6)

Do,

D03 =0.03 x (Vthio'Vthio,bIank) x Mihio mole O3/h (B.?)

Equation (B.7) is multiplied by 10° to convert the unit of D,, from mole Os/h to

mmol Os/h.

_ 30x (Vinio —Vinio) XM

D, = thic mmol Os/h B.8
O t(min) 3 (B:8)

Inlet ozone concentration (mmol Os/L gas) in the gas can be calculated from ozone

dose and volumetric gas flow rate:

Dy, (mmol Os/h)

Qu(L gas/h) (B9)

Cosc =

Ozone concentration in the inlet gas can be calculated by determining the inlet ozone

dose with Equation (B.8).
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Do, ..(mmol Os/h)

C in = B.10
06 Qs (L gas/h) ( )

Ozone concentration in the outlet gas can be calculated by determining the outlet
ozone dose with Equation (B.8).

Do, o« (MMol Os/h)

C = B.11
03,G,out QG(L gas/h) ( )

Sample Calculation

For the ozonation experiment in the fluidized bed reactor at pH = 4, COD, = 300
mg/L, Qg = 227 L/h, Q.= 70 L/h, no catalyst, ozone concentrations in the inlet gas

and outlet gas were calculated:

Inlet gas;

Minio = 0.3 M

Vinio = 74.1 mL
Vihio plank = 0.1 mL

t=2min

30 0 —Vini M, —
Doy = 22 Ve t( thI-O]b)lank)>< = = 30X(74'12 0.1)x03 _ 306 mmol 04/
min

Ozone concentration in the inlet gas:

Dos.n(Mmol Os/1) 306 mmol/h
Q.(L gas/h) 227 L gas/h

Cosgin = = 1.348 mmol O/ L gas
Outlet gas;

Mthio =03 M

Vihio = 107.1 mL

Vihio plank = 0.1 mL
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t =20 min

30 =V M. -
D03 — X (Vthlo thlo,blank) X thio = 30 X (1071 Ol) X 03 - 4815 mmOI 03/h

t(min) 20

Ozone concentration in the outlet gas:

Doy (MMol O3/0) 48 15 mmol/h

C = = =0.212 mmol O3/ L gas
OGO T QL (L gas/h) 227 L gas/h y-9

B.2 Indigo Method for Dissolved O; Concentration in the Liquid
Phase

Method for dissolved ozone measurements based on the decolorization of
indigotrisulfonate at acidic conditions. This method was found by H.Bader and
J.Hoigné (1981) with their work “Determination of Ozone in Water by the Indigo
Method”. They stated that it can be assumed that one mole of ozone undergoes
reaction with one mole of sulfonated indigo. They also determined a constant
sensitivity factor which reflects the change in absorbance with the amount of ozone
added as AA =20 000 cm™(mol.L™)™. They stated that the factor given does not vary
with ozone concentration, small changes in temperature of reaction or with the
chemical composition of the water unless pH is below 4. In this work dissolved
ozone amount was measured by using the sensitivity factor given by Bader et al.

(1981). UV absorbance measurements were conducted at wavelength of 600 nm.

Reagent Preparation
Stock Solution (1 L)

500 mL water + 1mL dose Phosphoric acid + 770 mg potassium indigo phosphate +

fill to mark

Indigo Reagent I (1 L)

20 mL stock + 10 g NaH,PO,4 + 7 mL conc phosphoric acid + dilute to mark
Indigo Reagent Il (1 L)

100 mL stock + 10 g NaH,PO, + 7 mL conc phosphoric acid + dilute to mark

Application
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10 mL Reagent 11 + 10 mL sample —100 mL and read absorbance at 600 nm against
the blank
Use formula to calculate the oxygen amount:
100 x 4A

mg Os/lL =—— B.12

9% f xbxV ( )
AA = absorbance difference between the blank and the sample f = 0.42 (factor
depends on the sensitivity factor in order to obtain a result in terms of mg/L).
b = pathway length of the cell (1)
V = sample volume (90 mL) (found value must be corrected by a correction factor

according to the dilution (10 mL of sample added))

Sample Calculation

In most of the cases that ozone was measured, it was measured in WW solutions
which have maximum absorptions at 617 nm which resulted interference in
measurements. That interference problem was handled by taking the difference
between the absorbance of the dye solution at that particular height which sample
was taken in indigo solution and the absorbance of the sample taken in indigo

solution. A sample calculation is given below:

For the ozonation experiment in the fluidized bed reactor at pH = 4, COD, = 300
mg/L, Qe =227 L/h, Q.= 70 L/h, no catalyst, the sample taken at z = 0.5 m when the
reactor is at steady state.

Vindigo sample = 19 mL

Vsample = 19 — 10 = 9 mL since there is 10 mL of indigo solution.

Keeping in mind the dilution of the indigo samples before the measurement, this
absorbance value must also be multiplied by the dilution factor:

Indigo-Sample Abs. = 0.149 (measured for indigo solution)

Sample Abs. =0.35

. . Vsample 9
Dilution = = =0.09 (B.13)
V,, (100 mL) 100

Abs. = 0.35x0.09 = 0.0315
True absorbance of the indigo solution was found by subtracting the correction value
calculated from the absorbance measured for the indigo sample.
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True Abs. =0.149 — 0.0315 = 0.1175

100 x 4A

mg Os/L =
g%s f xbxV
AA = Blank Abs. — True Abs. =0.233 -0.1175=0.1155

mg Os/L :M: 3.055 mg/L = 63.657 x10=°mM O3
0.42x1x9

B.3 The Calculation of Concentrations of BB 41, BR 18.1 and BY 28
Dyes in WW Solution

As it was discussed in Section 3.6, in order to determine the dye removals of each
dye in the sample and also to estimate the amount of colored dyes in the textile
wastewater sample, “absorbance vs. concentration” calibration correlations were
developed. The calibration curves for BB 41 and BY 28 at their chosen wavelengths
of 617 nm and 380 nm and also at 500 nm were shown in Figures B.1 and B.2.

y =97.02x

= 14.478x
50 - R?=0.9911 y
R2=09961 A

=

S~

-4}

£
E A617nm
o

© €500 nm

A gg4y (cm)

Figure B.1. The concentration versus absorbance values for BB 41 at pH =4, 10 and
12 at 617 nm and 500 nm.
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Figure B.2. The concentration versus absorbance values for BY 28 at pH = 4, 10 and
12 at 380 nm and 500 nm.

The absorbances of samples were measured at 380 nm and 617 nm for BB 41 and
BY 28. Then by using their calibration curves at 500 nm their absorbances were
found out at 500 nm and subtracted the absorbance of WW sample in order to find
out only the absorbance of BR 18.1. Then by using the calibration curve for BR 18.1

at 500 nm (Figure B.3), its concentration can be found out.
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Figure B.3. The concentration versus absorbance values for BR 18.1 at pH = 4, 10
and 12 at 500 nm
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Sample Calculation

For the ozonation experiment in the fluidized bed reactor at pH = 4, COD, = 300
mg/L, Qg = 340 L/h, Q.= 250 L/h, no catalyst, the dye concentrations for the sample
taken from the reactor at z = 0.5 m:

Asample (at 617 nm) = 0.957 (with 10 times dilution)

Vsample = 34 mL including 1 mL NayS,05

Vww,sample = 34 —1 =33 mL

Thus the true absorbance becomes:

0.957x10x34
Aue (@t 617 nm) = === 9.86

Cepa1 = 9.86x14.478 = 137.45 mg/L

0.563x 34
Aue (at 380 nm) = === 0.580

Cgy2s = 0.580x45.91=3.26 mg/L

137.45
Ags a1 (at 500 nm) :W =1.416

62.781
Agr 151 (2t 500 nm) =2.616  (1.416 +0.0519) = 1.4181

Agy 25 (at 500 nm) = =0.0519

Cgri1s1 = 1.481x13.254=12.28 mg/L

B.4 Calculation of Dye, TOC removals, O; Consumption and Oj

Consumption Rate

The dye and TOC removals as the percentage are calculated from Equations (B.14)
and (B.15).

C,.—C
Dye removal (%) = —"—P:4 100 (B.14)

D.,in

TOC,,-TOC,,,
TOC

TOC removal (%) = %100 (B.15)

in
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Then, the consumption of ozone and consumption rate (%) are calculated from the
inlet and outlet gaseous ozone concentrations found in Section B.1. Also the applied

ozone is calculated from inlet gaseous O3 concentration.

Cons,,_ (mmol/L liq) =(Cq_ e, —COS,GM)X% (B.16)
L
C.. -C
Rconsyo3 _ ( 0;3,G,in 03,G.0ut)xloo (Bl?)
CO3,G,in
C )
Applied O, (mmol/L |iq)=%><QG (B.18)
L

Sample calculation

For the ozonation experiment in the fluidized bed reactor with pH = 4, Cq, = 1580
Pt-Co color unit, Qg = 227 L/h, Q_= 70 L/h, no catalyst, the values were calculated
fort=20min,z=1.0 m:

Cuq,in = 1570 Pt-Co unit

Cu,out = 138 Pt-Co unit

TOCj, = 83.13 mg/L

TOCqut = 70.02 mg/L

Cos,in = 1.348 mmol O3/ L gas
Co3.60ut = 0.212 mmol O3/ L gas

Dye removal (%) = M><1oo _ 1570 138 100 =91.21%
Y )T, = 1570 B
TOC removal (%) = TOC, TOGC,, x100 = wxmo =15.8%
Y~ 7oC, T 8313 TE
227
Cons,, = (COS,G’in Cos,e,out)xg—(s: (1.348 0.212)x%:4.069 mmol/ L lig
L
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Co.n C
_ ( 0,,G.in 03,G.out)x100 _ (1.348 0.212)

R = x100 = 84.27%
cons,0, Co3,G,in 1348 0

Co,cin XQc  1.348x227
Q 10

Applied O, = =4.37 mmol/L lig
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APPENDIX C

AKSA WASTEWATER OZONATION EXPERIMENTS DATA

Experiment:
Conditions: pH=4, Q=170 L/h, Q. =150 L/h, t=20 min, COD ;=60 mg/L, Cqinpga1 =
30.18 mg/L, Cd,in,BRl&l = 5.26 mg/L, Cd,in,BY28 = 5.29 mg/L, Cd,in = 315 Pt-Co,

Co3cin = 0.9 £0.1 mmol/L gas TOC;,=20.73 mg/L, no catalyst.

Table C.1: Dye concentration change at steady state

Z (m) Abs3£§gnm Astqgnm Absﬁl_znm Capesr | Cdpvzs | Caprisi
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)
0 0.219 0.794 2.165 30.18 5.25 5.29
0.2 0.158 0.530 1.934 26.97 1.87 2.94
0.5 0.120 0.384 1.699 23.68 0.82 1.69
0.8 0.087 0.267 1.375 19.17 0.24 0.87
1 0.067 0.198 1.183 16.49 0.11 0.35

Table C.2: Dissolved O3 concentration in liquid change at steady state

z (m) Vsample (mL) ADbS|ng (cm'l) Cog,L x 10° (mmol/L)

0 0
0.2 10 0.341 42.5
0.5 14 0.287 64.9
0.8 12 0.240 65.2
1 11 0.214 67.4

Table C.3: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 20.73 58

0.2 20.01 54

0.5 19.23 51

0.8 18.59 47

1 17.55 44
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Experiment:

Conditions: pH=4, Qg=170 L/h, Q =150 L/h, t=20 min, COD ;=120 mg/L, Cqinpsa1
= 60.3 mg/L, Cgingris1s = 10.51 mg/L, Cqingy2s = 10.58mg/L, Cqyin = 628 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=43.03 mg/L, no catalyst.

Table C.4: Dye concentration change at steady state

z (m) Ab33§(1)nm AbsSanm AbSel_an Capesr | Capvzs | Caprisi

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.438 1.588 4.330 60.36 10.51 10.58
0.2 0.351 1.189 4.007 55.85 450 7.18
0.5 0.271 0.875 3.660 51.02 2.15 418
0.8 0.212 0.656 3.181 44.33 0.68 2.49
1 0.814 2.849 2.703 37.68 0.48 32.51

Table C.5: Dissolved O3 concentration in liquid change at steady state

z (m) Vsample (ML) Absig (cm™) | Co, . % 10° (mmol/L)

0 0
0.2 15 0.738 31.8
0.5 13 0.590 45.3
0.8 18 0.620 51.2
1 12 0.399 65.3

Table C.6: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 43.03 118

0.2 42.14 112

0.5 40.28 106

0.8 38.76 101

1 37.19 93
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Experiment:

Conditions: pH=4, Qg=170 L/h, Q =150 L/h, t=20 min, COD ;=180 mg/L, Cginpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,inpgves = 15.87 mg/L, Cqyin = 942 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=60.49 mg/L, no catalyst.

Table C.7: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.657 2.382 6.495 90.54 15.76 15.87
0.2 0.552 1.892 6.340 88.38 8.47 11.21
0.5 0.456 1.494 5.821 81.15 4,01 7.87
0.8 0.360 1.122 5.225 72.84 1.11 4.69
1 0.282 0.860 4,575 63.77 0.82 2.51

Table C.8: Dissolved O3 concentration in liquid change at steady state

z (m) Vsample (ML) Absig (cm™) | Co, . % 10° (mmol/L)

0 0
0.2 18 1.291 22.9
0.5 13 0.874 44.0
0.8 14 0.826 49.2
1 19 0.891 55.3

Table C.9: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 60.49 176

0.2 58.67 167

0.5 57.82 158

0.8 55.99 150

1 54.8 141
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Experiment:

Conditions: pH=4, Qs=170 L/h, Q =150 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=94.01 mg/L, no catalyst.

Table C.10: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.094 3.965 10.825 150.9 26.20 26.402
0.2 0.970 3.391 10.734 149.64 18.17 20.66
0.5 0.827 2.730 10.201 142.19 7.79 15.10
0.8 0.723 2.280 9.929 138.41 2.61 10.75
1 0.677 2.122 9.465 131.94 1.90 9.69

Table C.11: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 17 1.990 19.7
0.5 15 1.630 43.9
0.8 18 1.850 46.8
1 13 1.337 48.2

Table C.12: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 94.01 310

0.2 92.38 208

0.5 90.24 285

0.8 88.59 273

1 87.15 261
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Experiment:

Conditions: pH=4, Q=340 L/h, Q=250 L/h, t=20 min, COD ;=60 mg/L, Cqinpga1 =
30.18 mg/L, Cginpris1 = 5.26 mg/L, Cqingy2s = 5.29 mg/L, Cqin = 315 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=21.42 mg/L, no catalyst.

Table C.13: Dye concentration change at steady state

Z (m) AbS380nm AbSs500nm ADbS6170m Cua,BBa1 Cagvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)
0 0.220 0.796 2.166 30.20 5.23 5.32
0.2 0.141 0.453 1.796 25.04 0.58 2.46
0.5 0.106 0.325 1.593 22.20 0.10 1.25
0.8 0.074 0.221 1.240 17.29 0.002 0.57
1 0.057 0.165 1.075 14.99 0.000 0.14

Table C.14: Dissolved Oz concentration in liquid change at steady state

Z (m) Vsample (ml—) AbSmd (cm'l) CO3,L X 103 (mmoI/L)

0 0
0.2 12 0.296 63.2
0.5 13 0.208 88.4
0.8 9 0.166 98.3
1 11 0.109 109.4

Table C.15: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 21.42 63

0.2 20.37 59

05 19.03 55

0.8 17.84 50

1 16.46 46
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=120 mg/L, Cqinpsa1
= 60.3 mg/L, Cgingris1s = 10.51 mg/L, Cqingy2s = 10.58mg/L, Cqyin = 628 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=42.89 mg/L, no catalyst.

Table C.16: Dye concentration change at steady state

z (m) AbS350nm ADbSs500nm ADbSg170m Ca,BBa1 Capy2s | Cdprisi
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)
0 0.441 1.600 4.382 61.09 10.70 10.60
0.2 0.317 1.025 3.870 53.94 1.56 5.88
0.5 0.247 0.766 3.482 48.54 0.37 3.45
0.8 0.177 0.533 2.855 39.79 0.02 1.63
1 0.140 0.412 2.486 34.65 0.009 0.72

Table C.17: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 16 0.671 56.3
0.5 13 0.484 77.1
0.8 18 0.422 89.4
1 13 0.279 105.8

Table C.18: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 42.89 124

0.2 40.38 119

0.5 38.69 113

0.8 37.21 107

1 35.89 100

135




Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ingves = 15.87 mg/L, Cqyin = 942 Pt-Co,
Co3cin= 0.9 £0.1 mmol/L gas TOC;,=61.18 mg/L, no catalyst.

Table C.19: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.656 2.377 6.499 90.59 15.83 15.79
0.2 0.522 1.717 6.219 86.69 4.04 10.06
0.5 0.435 1.373 5.777 80.52 1.10 6.96
0.8 0.332 1.009 5.063 70.58 0.06 3.72
1 0.247 0.734 4,178 58.24 0.03 1.77

Table C.20: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 11 0.819 44.2
0.5 11 0.708 72.5
0.8 11 0.602 84.9
1 10 0.463 93.3

Table C.21: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 61.18 188
0.2 60.20 181
0.5 58.20 174
0.8 55.76 163
1 53.56 157
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co3cin= 0.9 £0.1 mmol/L gas TOC;,=93.76 mg/L, no catalyst.

Table C.22: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.094 3.959 10.857 151.34 25.97 26.31
0.2 0.909 3.014 10.465 145.88 7.60 18.41
0.5 0.760 2.422 9.986 139.19 3.19 12.41
0.8 0.665 2.071 9.332 130.09 1.15 9.43
1 0.609 1.867 9.060 126.29 0.43 7.39

Table C.23: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 18 1.994 33.8
0.5 10 1.147 42.2
0.8 11 1.151 49.1
1 14 1.343 56.2

Table C.24: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 93.76 307

0.2 92.25 299

0.5 90.87 289

0.8 89.28 281

1 87.33 274
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ingves = 15.87 mg/L, Cqyin = 945 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=52.50 mg/L, no catalyst.

Table C.25: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.640 2.320 6.450 89.91 15.68 15.15
0.2 0.406 1.379 5.679 79.17 7.86 5.81
0.5 0.308 0.984 5.210 72.63 4.09 2.25
0.8 0.233 0.709 4.426 61.70 2.19 0.51
1 0.189 0.567 3.700 51.58 1.40 0.17

Table C.26: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 15 0.959 41.5
0.5 13 0.742 64.3
0.8 12 0.570 80.3
1 14 0.516 83.4

Table C.27: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 52.50 191

0.2 50.67 180

0.5 48.51 173

0.8 46.55 161

1 44.97 158
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqinpa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=93.23 mg/L, no catalyst.

Table C.28: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.084 3.938 10.689 149.0 26.52 26.24
0.2 0.826 2.900 9.929 138.41 18.19 15.69
0.5 0.630 2.127 9.320 129.92 12.56 7.79
0.8 0.524 1.693 8.564 119.38 7.71 451
1 0.459 1.459 8.220 114.58 6.80 2.25

Table C.29: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 17 1.849 20.9
0.5 18 1.774 37.6
0.8 11 1.086 40.2
1 15 1.316 49.4

Table C.30: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 93.23 287

0.2 90.58 279

0.5 87.85 266

0.8 84.92 258

1 83.01 251
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Experiment:

Conditions: pH=12, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqin g1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1580 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=92.36 mg/L, no catalyst.

Table C.31: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.085 3.936 10.755 149.93 26.29 26.13
0.2 0.725 2.578 9.544 133.04 19.96 11.78
0.5 0.561 1.920 8.980 125.19 14.43 5.30
0.8 0.450 1.462 8.062 112.38 8.87 2.16
1 0.391 1.255 7.508 104.66 7.83 0.68

Table C.32: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 13 1.439 13.4
0.5 12 1.260 21.0
0.8 11 1.059 27.3
1 12 1.051 345

Table C.33: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 92.36 297

0.2 88.29 287

0.5 85.46 274

0.8 82.34 266

1 79.82 255
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ngves = 15.87 mg/L, Cqyin = 940 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=59.83 mg/L, catalyst: alumina, m¢,; = 300 g.

Table C.34: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.639 2.322 6.417 89.45 16.04 15.17
0.2 0.403 1.300 5.145 71.72 2.23 6.96
0.5 0.285 0.868 4.375 60.98 0.29 3.12
0.8 0.201 0.593 3.540 49.34 0.02 1.12
1 0.165 0.476 3.233 45.07 0.002 0.15

Table C.35: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 14 0.845 38.3
0.5 15 0.730 52.7
0.8 17 0.600 68.5
1 18 0.524 80.1

Table C.36: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 59.83 183
0.2 56.23 169
0.5 53.24 158
0.8 50.21 147
1 47.52 136
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ngves = 15.87 mg/L, Cqyin = 940 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=62.10 mg/L, catalyst: alumina, m¢,; = 300 g.

Table C.37: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.646 2.336 6.468 90.17 15.24 15.42
0.2 0.285 0.931 4.604 64.17 4.69 2.58
0.5 0.208 0.630 3.870 53.96 1.50 0.66
0.8 0.153 0.456 2.970 41.40 0.95 0.18
1 0.133 0.385 2.648 36.91 0.17 0.02

Table C.38: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 18 0.953 29.9
0.5 13 0.642 36.0
0.8 18 0.605 44.7
1 12 0.412 57.3

Table C.39: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 62.1 175
0.2 57.23 162
0.5 53.26 148
0.8 49.45 134
1 45.61 121
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=92.35 mg/L, catalyst: alumina, m¢,; = 300 g.

Table C.40: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.094 3.962 10.830 150.97 26.03 26.39
0.2 0.804 2.621 9.591 133.71 4.67 15.48
0.5 0.639 1.995 8.597 119.85 0.66 9.93
0.8 0.516 1.562 8.104 112.96 0.14 5.24
1 0.454 1.357 7.504 104.61 0.004 3.69

Table C.41: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 1.234 24.4
0.5 12 1.192 30.0
0.8 11 1.036 39.9
1 11 0.948 49.7

Table C.42: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 92.35 301

0.2 88.49 290

0.5 85.34 272

0.8 81.23 253

1 77.86 238

143




Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqinpa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=93.45 mg/L, catalyst: alumina, m¢,; = 300 g.

Table C.43: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.072 3.877 10.847 151.21 25.83 25.28
0.2 0.621 2.117 8.627 120.27 12.44 9.00
0.5 0.491 1.586 7.912 110.29 6.85 451
0.8 0.383 1.185 7.032 98.02 4.20 1.43
1 0.320 0.973 6.248 87.10 3.38 0.29

Table C.44: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 12 1.235 13.8
0.5 13 1.205 21.4
0.8 13 1.075 27.6
1 15 1.064 35.1

Table C.45: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 93.45 273
0.2 89.17 257
0.5 85.67 241
0.8 81.23 226
1 77.55 211
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Experiment:
Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cqinpris1 = 15.76 mg/L, Cqingy2s = 15.87 mg/L, Cqyin = 943 Pt-Co,

Co36in = 0.9 £0.1 mmol/L gas TOC;,=60.92 mg/L, catalyst: PFOA, mc; = 300 g.

Table C.46: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.647 2.361 6.543 91.21 16.83 15.28
0.2 0.370 1.174 5.050 70.40 1.58 5.61
0.5 0.258 0.781 4.093 57.05 0.15 2.53
0.8 0.195 0.571 3.521 49.09 0.02 0.86
1 0.162 0.466 3.175 44.26 0.00 0.14

Table C.47: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 19 1.031 42.1
0.5 9 0.500 55.9
0.8 12 0.479 73.1
1 11 0.389 87.0

Table C.48: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 60.92 183

0.2 57.72 165

0.5 54.19 154

0.8 50.54 143

1 46.91 132
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,inpgves = 15.87 mg/L, Cqyin = 944 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=61.04 mg/L, catalyst: PFOA, mc; = 300 g.

Table C.49: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.656 2.372 6.496 90.55 15.28 15.84
0.2 0.325 1.071 4.866 67.84 5.05 3.86
0.5 0.238 0.733 4.239 59.09 1.98 1.23
0.8 0.170 0.510 3.237 45,12 1.13 0.36
1 0.154 0.454 3.047 42.47 0.67 0.07

Table C.50: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 13 0.764 38.8
0.5 13 0.667 44.6
0.8 15 0.546 57.0
1 12 0.426 71.4

Table C.51: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 61.04 176

0.2 56.73 163

0.5 52.01 151

0.8 49.56 139

1 46.88 127
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=91.24 mg/L, catalyst: PFOA, mc; = 300 g.

Table C.52: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.085 3.937 10.826 150.91 26.43 25.98
0.2 0.749 2.404 9.154 127.61 2.58 13.88
0.5 0.572 1.759 8.318 115.95 0.26 7.42
0.8 0.461 1.380 7.607 106.04 0.12 3.78
1 0.407 1.207 7.027 97.95 0.003 2.62

Table C.53: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 12 1.267 26.8
0.5 11 1.072 34.2
0.8 12 1.035 45.6
1 14 1.066 53.5

Table C.54: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 91.24 291

0.2 87.71 274

0.5 84.22 261

0.8 80.78 245

1 77.26 230
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqinpa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=92.86 mg/L, catalyst: PFOA, mc; = 300 g.

Table C.55: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)
0 1.090 3.941 10.836 151.05 25.69 26.17
0.2 0.703 2.427 8.934 124.55 13.85 12.23
0.5 0.539 1.771 8.195 114.23 8.23 6.13
0.8 0.422 1.328 7.470 104.14 5.39 2.24
1 0.356 1.100 6.716 93.63 4.25 0.89

Table C.56: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 15 1.519 17.8
0.5 11 1.071 28.6
0.8 10 0.914 32.8
1 10 0.824 40.1

Table C.57: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 92.86 305

0.2 88.37 286

0.5 85.64 269

0.8 82.13 252

1 77.05 236
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Experiment:
Conditions: pH=12, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqin g1
= 150.9 mg/L, Cd,in,BRlB.l =264 mg/L, Cd,in,Bst = 26.2 mg/L, Cd,in = 1570 Pt-Co,

Co36in = 0.9 £0.1 mmol/L gas TOC;,=91.24 mg/L, catalyst: alumina, m¢,; = 300 g.

Table C.58: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)
0 1.104 3.998 10.849 151.23 25.98 26.8
0.2 0.579 2.016 8.328 116.09 14.90 7.71
0.5 0.452 1.514 7.460 103.99 10.17 3.72
0.8 0.339 1.086 6.344 88.43 6.23 1.00
1 0.286 0.896 5.588 77.90 458 0.27

Table C.59: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 10 1.049 8.4
0.5 11 1.023 13.8
0.8 12 0.947 19.5
1 11 0.796 23.4

Table C.60: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 91.24 307

0.2 86.04 281

0.5 79.92 263

0.8 74.52 239

1 68.99 217
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Experiment:

Conditions: pH=12, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqin g1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=90.91 mg/L, catalyst: PFOA, mc = 300 g.

Table C.61: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.086 3.938 10.777 150.23 26.24 26.13
0.2 0.631 2.237 8.604 119.94 17.68 9.54
0.5 0.496 1.692 7.851 109.44 12.21 4.90
0.8 0.382 1.250 6.997 97.54 8.36 1.48
1 0.316 1.019 6.090 84.89 6.75 0.49

Table C.62: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 1.156 10.4
0.5 10 0.987 15.3
0.8 12 1.019 22.3
1 13 0.947 29.5

Table C.63: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 90.91 304

0.2 86.39 285

0.5 81.86 266

0.8 77.02 246

1 72.29 227
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ingves = 15.87 mg/L, Cqyin = 945 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=62.95 mg/L, catalyst: alumina, mg,; = 150 g.

Table C.64: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.642 2.311 6.545 91.24 14.92 15.01
0.2 0.467 1.520 5.696 79.41 2.96 8.68
0.5 0.395 1.241 5.196 72.43 0.55 6.44
0.8 0.285 0.863 4.475 62.38 0.05 2.91
1 0.234 0.695 4.057 56.55 0.03 1.48

Table C.65: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 10 0.722 40.1
0.5 11 0.674 58.9
0.8 19 0.795 75.1
1 13 0.530 88.1

Table C.66: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 62.95 183
0.2 60.45 173
0.5 58.21 165
0.8 56.04 158
1 53.82 150
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Experiment:
Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cqinpris1 = 15.76 mg/L, Cqingy2s = 15.87 mg/L, Cqyin = 945 Pt-Co,

Co36in = 0.9 £0.1 mmol/L gas TOC;,=63.07 mg/L, catalyst: alumina, m¢,; = 150 g.

Table C.67: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.655 2.366 6.471 90.21 15.27 15.81
0.2 0.360 1.216 5.108 71.21 6.76 4,96
0.5 0.236 0.743 4.221 58.84 3.08 1.16
0.8 0.188 0.568 3.500 48.79 1.19 0.60
1 0.162 0.476 3.180 443 0.63 0.12

Table C.68: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 0.721 335
0.5 10 0.570 42.1
0.8 13 0.541 56.1
1 11 0.436 66.3

Table C.69: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 63.07 179

0.2 59.02 168

0.5 55.92 158

0.8 52.36 147

1 49.87 136
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=91.23 mg/L, catalyst: alumina, mg,; = 150 g.

Table C.70: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBl_znm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.083 3.932 10.854 151.31 26.81 25.78
0.2 0.873 2.886 10.183 141.96 7.17 17.35
0.5 0.717 2.269 9.435 131.50 2.05 11.68
0.8 0.604 1.868 8.606 119.91 0.67 8.23
1 0.580 1.772 8.781 122.41 0.39 6.68

Table C.71: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 12 1.387 28.1
0.5 13 1.375 325
0.8 15 1.391 44.1
1 17 1.544 53.1

Table C.72: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 91.23 303
0.2 89.45 293
0.5 87.13 284
0.8 85.52 273
1 83.84 264
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqinpa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=92.04 mg/L, catalyst: alumina, m¢,; = 150 g.

Table C.73: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.084 3.926 10.819 150.81 26.14 25.92
0.2 0.745 2.595 9.148 127.53 15.43 13.72
0.5 0.558 1.858 8.471 118.08 10.12 6.36
0.8 0.444 1.413 7.784 108.50 6.41 2.55
1 0.384 1.200 7.129 99.39 4,98 1.28

Table C.74: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 11 1.204 16.1
0.5 10 1.031 24.4
0.8 11 1.016 33.0
1 12 0.989 41.3

Table C.75: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 92.04 294
0.2 89.23 278
0.5 85.78 263
0.8 82.45 248
1 79.14 233
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Experiment:

Conditions: pH=4, Q=340 L/h, Q =250 L/h, t=20 min, COD ;=180 mg/L, Cginpsa1
= 90.54 mg/L, Cqinpris1 = 15.76 mg/L, Cqinpy2s = 15.87 mg/L, Cqin = 945 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=62.12 mg/L, catalyst: PFOA, mc; = 150 g.

Table C.76: Dye concentration change at steady state

Z (m) AbS380nm ADbSs500nm ADbSg170m Cagar | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)
0 0.661 2.400 6.538 91.14 16.12 15.96
0.2 0.458 1.492 5.494 76.58 2.69 8.74
0.5 0.343 1.059 4.987 69.52 0.45 4.44
0.8 0.232 0.689 3.949 55.04 0.03 1.61
1 0.194 0.562 3.726 51.94 0.03 0.35

Table C.77: Dissolved Oz concentration in liquid change at steady state

Z (m) Vsample (ml—) AbSmd (cm'l) CO3,L X 103 (mmoI/L)

0 0
0.2 10 0.694 43.7
0.5 12 0.677 64.0
0.8 10 0.471 77.9
1 12 0.475 84.9

Table C.78: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 62.12 184

0.2 59.51 177

0.5 56.84 165

0.8 54.13 156

1 51.48 147
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ingves = 15.87 mg/L, Cqyin = 945 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=62.23 mg/L, catalyst: PFOA, mc; = 150 g.

Table C.79: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.644 2.337 6.474 90.25 15.88 15.29
0.2 0.388 1.324 5.192 72.37 7.45 6.09
0.5 0.273 0.873 4.492 62.62 3.55 2.26
0.8 0.200 0.610 3.709 51.71 1.76 0.65
1 0.178 0.530 3.491 48.67 1.14 0.13

Table C.80: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 0.717 39.1
0.5 12 0.648 51.2
0.8 13 0.535 68.8
1 11 0.452 74.6

Table C.81: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 61.23 177

0.2 58.14 168

0.5 55.63 160

0.8 52.35 150

1 49.68 141
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=91.23 mg/L, catalyst: PFOA, mc: = 150 g.

Table C.82: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.103 3.996 10.839 151.09 26.08 26.81
0.2 0.847 2.781 9.774 136.24 5.50 17.08
0.5 0.680 2.130 9.107 126.94 1.04 10.68
0.8 0.558 1.714 8.258 115.12 0.54 6.88
1 0.500 1.501 8.282 115.45 0.27 4.06

Table C.83: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 12 1.331 30.9
0.5 13 1.318 37.7
0.8 11 1.037 46.9
1 14 1.235 55.6

Table C.84: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 91.23 298
0.2 88.83 288
0.5 86.67 279
0.8 84.43 268
1 82.21 259
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqinpa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=90.45 mg/L, catalyst: PFOA, mc: = 150 g.

Table C.85: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.091 3.943 10.826 150.92 25.67 26.23
0.2 0.779 2.723 9.450 131.73 16.56 14.60
0.5 0.607 2.026 8.977 125.14 10.67 7.51
0.8 0.482 1.560 7.905 110.20 7.18 410
1 0.409 1.280 7.460 103.99 5.27 1.65

Table C.86: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 1.232 18.0
0.5 12 1.237 30.1
0.8 11 1.018 38.1
1 11 0.949 47.0

Table C.87: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 90.45 301

0.2 88.41 290

0.5 85.02 279

0.8 82.34 268

1 79.51 257
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ingves = 15.87 mg/L, Cqyin = 945 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=61.34 mg/L, catalyst: alumina, m¢,; = 400 g.

Table C.88: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.645 2.348 6.531 91.04 16.57 15.19
0.2 0.438 1.422 5.392 75.17 2.61 8.02
0.5 0.342 1.070 4.635 64.60 0.46 5.26
0.8 0.242 0.729 3.905 54.43 0.03 2.21
1 0.187 0.539 3.645 50.81 0.002 0.20

Table C.89: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 10 0.711 305
0.5 16 0.822 47.2
0.8 13 0.577 62.3
1 12 0.493 73.2

Table C.90: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 61.34 186
0.2 58.87 177
0.5 56.03 166
0.8 53.42 156
1 50.2 145
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ngyes = 15.87 mg/L, Cqyin = 939 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=62.03 mg/L, catalyst: alumina, mc,; = 400 g.

Table C.91: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.645 2.338 6.504 90.67 15.83 15.26
0.2 0.330 1.113 4,944 68.92 6.79 3.90
0.5 0.215 0.676 3.966 55.29 3.03 0.76
0.8 0.172 0.526 3.313 46.1 1.77 0.28
1 0.147 0.443 2.882 40.17 1.28 0.11

Table C.92: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 11 0.720 25.8
0.5 12 0.631 32.1
0.8 14 0.586 39.2
1 15 0.520 48.1

Table C.93: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 62.03 178
0.2 58.53 167
0.5 54.61 155
0.8 51.05 143
1 47.46 130
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=93.61 mg/L, catalyst: alumina, mc,; = 400 g.

Table C.94: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.084 3.933 10.780 150.28 26.45 26.01
0.2 0.837 2.752 9.915 138.21 6.34 16.25
0.5 0.670 2.104 8.872 123.67 1.02 10.77
0.8 0.557 1.704 8.253 115.05 0.18 6.83
1 0.504 1.523 7.937 110.64 0.03 5.06

Table C.95: Dissolved Oz concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 10 1.200 12.3
0.5 13 1.328 22.4
0.8 11 1.076 29.4
1 11 1.026 36.3

Table C.96: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 93.61 315

0.2 90.72 301

0.5 88.11 289

0.8 85.53 276

1 82.9 263
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Experiment:
Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqinpa1
= 150.9 mg/L, Cd,in,BRlB.l =264 mg/L, Cd,in,Bst = 26.2 mg/L, Cd,in = 1570 Pt-Co,

Co36in = 0.9 £0.1 mmol/L gas TOC;,=89.35 mg/L, catalyst: alumina, m¢,; = 400 g.

Table C.97: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.091 3.948 10.850 151.25 25.92 26.19
0.2 0.703 2.432 8.859 123.49 14.05 12.39
0.5 0.521 1.713 8.092 112.80 8.43 5.50
0.8 0.417 1.307 7.501 104.56 5.25 1.92
1 0.353 1.091 6.734 93.87 4,33 0.71

Table C.98: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 1.190 8.0
0.5 12 1.165 16.2
0.8 11 1.006 23.5
1 13 1.026 315

Table C.99: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 89.35 294

0.2 83.67 275

0.5 82.45 260

0.8 79.02 244

1 75.62 227
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Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ngves = 15.87 mg/L, Cqyin = 940 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=62.34 mg/L, catalyst: PFOA, mc: = 400 g.

Table C.100: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 0.642 2.328 6.547 91.26 15.91 15.03
0.2 0.412 1.322 5.298 73.85 1.95 7.02
0.5 0.289 0.883 4412 61.50 0.27 3.24
0.8 0.208 0.612 3.685 51.36 0.02 1.09
1 0.181 0.521 3.540 49.34 0.002 0.16

Table C.101: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 10 0.688 37.2
0.5 11 0.602 52.3
0.8 12 0.508 69.3
1 15 0.518 81.3

Table C.102: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 62.34 179

0.2 58.71 168

0.5 55.72 158

0.8 52.89 146

1 49.82 135
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cginpsa1
= 90.54 mg/L, Cqinpris1 = 15.76 mg/L, Cqinsy2s = 15.87 mg/L, Cqin = 940 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=61.85 mg/L, catalyst: PFOA, m; = 400 g.

Table C.103: Dye concentration change at steady state

Z (m) AbS380nm ADbSs500nm ADbSg170m Cagar | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)
0 0.653 2.359 6.496 90.56 15.23 15.68
0.2 0.354 1.175 5.128 71.47 5.50 4.64
0.5 0.236 0.734 4.140 57.71 2.32 1.35
0.8 0.180 0.543 3.398 47.36 1.29 0.45
1 0.163 0.485 3.196 44 55 0.95 0.14

Table C.104: Dissolved O3 concentration in liquid change at steady state

Z (m) Vsample (ml—) AbSmd (cm'l) CO3,L X 103 (mmoI/L)

0 0
0.2 10 0.679 33.2
0.5 11 0.599 40.2
0.8 13 0.546 49.1
1 13 0.504 55.2

Table C.105: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 61.85 175

0.2 57.69 164

0.5 54.87 153

0.8 51.28 141

1 48.94 129
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Experiment:

Conditions: pH=4, Q=340 L/h, Q =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpris1 = 26.4 mg/L, Cqinpyes = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;;=92.34 mg/L, catalyst: PFOA, m; = 400 g.

Table C.106: Dye concentration change at steady state

Z (m) AbS380nm ADbSs500nm ADbSg170m Cagar | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)
0 1.090 3.961 10.771 150.15 26.73 26.35
0.2 0.794 2.587 9.577 133.50 4.88 15.02
0.5 0.620 1.926 8.619 120.14 0.54 9.00
0.8 0.509 1.540 7.962 110.98 0.12 5.22
1 0.437 1.300 7.435 103.64 0.02 3.06

Table C.107: Dissolved O3 concentration in liquid change at steady state

Z (m) Vsample (ml—) AbSmd (cm'l) CO3,L X 103 (mmoI/L)

0 0
0.2 10 1.143 23.6
0.5 11 1.118 28.4
0.8 13 1.170 37.4
1 15 1.209 46.2

Table C.108: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 92.34 290

0.2 89.12 277

05 86.78 264

0.8 83.45 251

1 80.83 238
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cqinpa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=91.34 mg/L, catalyst: PFOA, mc; = 400 g.

Table C.109: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.077 3.900 10.780 150.28 26.01 25.67
0.2 0.741 2.577 9.122 127.16 15.13 13.58
0.5 0.569 1.899 8.308 115.81 9.66 7.30
0.8 0.452 1.450 71.722 107.63 6.81 3.07
1 0.375 1.173 7.010 97.71 5.08 1.13

Table C.110: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 1.207 13.3
0.5 12 1.178 21.4
0.8 13 1.160 29.4
1 14 1.112 36.2

Table C.111: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 91.34 295

0.2 88.34 281

0.5 85.57 266

0.8 82.03 251

1 78.54 236
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Experiment:

Conditions: pH=4, Qs=150 L/h, Q_ =150 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=92.13 mg/L, no catalyst.

Table C.112: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.084 3.925 10.772 150.16 25.88 26.04
0.2 1.012 3.566 10.647 148.42 19.41 22.89
0.5 0.931 3.196 10.548 147.03 14.22 19.27
0.8 0.853 2.825 10.451 145.68 8.50 15.74
1 0.777 2.511 10.299 143.56 571 12.46

Table C.113: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 12 1.473 155
0.5 17 1.904 35.6
0.8 11 1.284 44.4
1 10 1.164 48.9

Table C.114: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 92.13 302

0.2 90.98 202

0.5 89.81 284

0.8 88.47 273

1 87.39 264
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Experiment:

Conditions: pH=4, Q=200 L/h, Q_ =200 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1580 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=91.26 mg/L, no catalyst.

Table C.115: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.068 3.869 10.839 151.09 26.08 25.13
0.2 0.962 3.348 10.551 147.07 16.78 20.74
0.5 0.879 2.986 10.299 143.57 12.42 17.34
0.8 0.794 2.593 10.257 142.98 6.89 13.38
1 0.719 2.289 9.993 139.30 4.30 10.40

Table C.116: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 1.364 13.3
0.5 12 1.389 33.2
0.8 19 2.027 40.4
1 16 1.685 455

Table C.117: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 91.26 285

0.2 89.15 272

0.5 87.41 261

0.8 85.78 250

1 84.03 238
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Experiment:

Conditions: pH=4, Q=250 L/h, Q_ =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpaa1
= 150.9 mg/L, Cqginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1580 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=93.04 mg/L, no catalyst.

Table C.118: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBl_znm Capsr | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.078 3.906 10.751 149.87 | 25.930 25.80
0.2 0.932 3.210 10.362 144.43 14.62 19.70
0.5 0.820 2.738 10.079 140.49 9.76 15.01
0.8 0.752 2.423 9.959 138.83 5.14 12.07
1 0.671 2.115 9.651 134.53 3.30 8.94

Table C.119: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 1.350 10.4
0.5 13 1.477 25.4
0.8 12 1.340 36.4
1 11 1.202 41.9

Table C.120: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 93.04 293

0.2 90.98 278

0.5 88.86 265

0.8 86.72 252

1 84.51 239
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Experiment:

Conditions: pH=4, Qs=150 L/h, Q_ =150 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1580 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=90.14 mg/L, catalyst: alumina, m¢,; = 300 g.

Table C.121: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.085 3.940 10.836 151.06 26.75 25.94
0.2 0.984 3.429 10.615 147.97 17.02 21.64
0.5 0.883 2.982 10.514 146.56 11.72 17.02
0.8 0.830 2.727 10.417 145.20 7.39 14.74
1 0.772 2.494 10.302 143.61 5.74 12.22

Table C.122: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 10 1.276 9.1
0.5 10 1.231 26.4
0.8 12 1.403 33.2
1 10 1.182 40.2

Table C.123: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 90.14 308
0.2 88.78 295
0.5 87.19 287
0.8 85.62 279
1 84.16 268
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Experiment:

Conditions: pH=4, Q=200 L/h, Q_ =200 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1580 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=91.28 mg/L, catalyst: alumina, m¢,; = 300 g.

Table C.124: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.087 3.950 10.777 150.23 26.84 26.16
0.2 0.940 3.245 10.413 145.16 14.92 20.02
0.5 0.859 2.872 10.225 142.53 9.50 16.58
0.8 0.760 2.463 9.997 139.35 5.86 12.36
1 0.713 2.265 9.851 137.32 3.69 10.48

Table C.125: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 11 1.361 7.9
0.5 13 1.500 23.7
0.8 11 1.270 28.5
1 11 1.238 35.4

Table C.126: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 91.28 301
0.2 89.05 289
0.5 87.29 275
0.8 85.68 261
1 83.56 248
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Experiment:

Conditions: pH=4, Q=250 L/h, Q_ =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1580 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=92.36 mg/L, catalyst: alumina, m¢,; = 300 g.

Table C.127: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.092 3.952 10.834 151.02 25.93 26.28
0.2 0.911 3.118 10.358 144.39 13.38 18.76
0.5 0.792 2.607 9.972 139.01 7.40 13.99
0.8 0.711 2.267 9.789 136.45 4.05 10.55
1 0.656 2.058 9.560 133.26 2.97 8.43

Table C.128: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)
0 0
0.2 10 1.257 6.0
0.5 10 1.189 20.5
0.8 11 1.253 25.4
1 15 1.572 31.4

Table C.129: TOC and COD change at steady state

z (m) TOC (mg/L) COD (mg/L)
0 92.36 295
0.2 90.13 280
0.5 87.59 266
0.8 85.02 253
1 82.61 239
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Experiment:

Conditions: pH=4, Qs=150 L/h, Q_ =150 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=90.95 mg/L, catalyst: PFOA, mc = 300 g.

Table C.130: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist
(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.088 3.950 10.854 151.31 26.71 26.05
0.2 0.965 3.373 10.621 148.05 17.78 20.72
0.5 0.892 3.029 10.458 145.78 12.48 17.59
0.8 0.814 2.669 10.391 144.84 7.38 14.02
1 0.761 2.451 10.213 142.36 5.30 11.92

Table C.131: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 10 1.269 12.9
0.5 12 1.412 314
0.8 13 1.478 40.2
1 16 1.724 44.2

Table C.132: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 90.95 319

0.2 89.34 308

0.5 87.52 297

0.8 86.07 285

1 84.46 274
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Experiment:

Conditions: pH=4, Q=200 L/h, Q_ =200 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;;=91.23 mg/L, catalyst: PFOA, mc; = 300 g.

Table C.133: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.073 3.871 10.778 150.25 25.12 25.48
0.2 0.935 3.222 10.420 145.25 14.75 19.75
0.5 0.834 2.790 10.106 140.88 9.70 15.67
0.8 0.750 2.414 9.998 139.37 4,98 11.90
1 0.695 2.191 9.709 135.34 2.94 9.93

Table C.134: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 13 1.560 10.5
0.5 14 1.570 27.8
0.8 12 1.351 33.9
1 17 1.750 39.0

Table C.135: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 91.23 305

0.2 89.07 290

0.5 86.62 278

0.8 84.59 262

1 82.71 248
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Experiment:

Conditions: pH=4, Q=250 L/h, Q_ =250 L/h, t=20 min, COD ;=300 mg/L, Cqinpsa1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co36in = 0.9 £0.1 mmol/L gas TOC;,=92.46 mg/L, catalyst: PFOA, mc; = 300 g.

Table C.136: Dye concentration change at steady state

z (m) AbSSEE(l)nm AbsSanm AbsBllnm Capsr | Capvzs | Caprist

(cm™) (cm™) (cm™) (mg/L) | (mg/L) | (mg/L)

0 1.083 3.936 10.759 149.98 26.73 26.04
0.2 0.894 3.061 10.185 141.97 13.26 18.37
0.5 0.776 2.564 9.957 138.79 8.45 13.23
0.8 0.699 2.219 9.732 135.66 3.70 10.09
1 0.639 1.997 9.399 131.02 2.61 8.02

Table C.137: Dissolved O3 concentration in liquid change at steady state

z (m) Vsampte (ML) Abs;ng (cm™) Co, x 10° (mmol/L)

0 0
0.2 11 1.334 8.9
0.5 13 1.466 23.4
0.8 12 1.330 29.2
1 12 1.269 37.9

Table C.138: TOC and COD change at steady state
z (m) TOC (mg/L) COD (mg/L)

0 92.46 317

0.2 89.82 302

0.5 87.17 284

0.8 84.51 266

1 82.06 249

175




APPENDIX D

SEMI-BATCH EXPERIMENTS DATA

Table D.1: C4 at different time. Conditions: Dye: BB 41, C4;=300 mg/L, stirrer
rate=300 rpm, Q=150 L/h, pH=4, Cozcin = 0.9 £0.1 mmol/L gas, TOC;, = 149.12
mg/L, TOCqy = 110.38 mg/L , COD;,= 295 mg/L, COD,y = 201 mg/L, catalyst: none

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 18.560 302.6 10
1 17.860 291.2 10
3 13.720 223.7 10
5 9.920 161.7 10
8 6.343 103.4 10

10 4.890 79.7 10
15 2.771 45.2 1
20 1.692 27.6 1
30 1.064 17.3 1
45 0.606 9.9 1
60 0.234 3.8 1
90 0.127 2.1 1

Table D.2: Cq4 at different time. Conditions: Dye: BB 41, C4;=300 mg/L, stirrer
rate=300 rpm, Q=150 L/h, pH=10, Co3c,in = 0.9 £0.1 mmol/L gas, TOC;, = 153.56
mg/L, TOCqy = 75.38 mg/L , CODjp,= 300 mg/L, COD,,;=133 mg/L, catalyst: none

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 18.660 304.2 10
1 17.020 277.5 10
3 11.980 195.3 10
5 8.100 132.0 10
8 4.880 79.6 10

10 3.670 59.8 10
15 1.188 19.4 1
20 0.573 9.3 1
30 0.101 1.6 1
45 0.017 0.3 1
60 0.008 0.1 1
90 0.000 0.0 1
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Table D.3: C4 at different time. Conditions: Dye: BB 41, C4;=300 mg/L, stirrer
rate=300 rpm, Q=150 L/h, pH=10, Cosgin = 0.9 £0.1 mmol/L gas, TOCj, = 153
mg/L, TOCoy = 68.96 mg/L, CODj,= 299 mg/L, CODy,= 121 mg/L, catalyst: PFOA,

mcat = 5 g.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 18.220 297.0 10
1 13.020 212.2 10
3 10.540 171.8 10
5 4.560 74.3 10
8 3.060 49.9 10

10 1.850 30.2 1
15 1.007 16.4 1
20 0.253 4.1 1
30 0.075 1.2 1
45 0.010 0.2 1
60 0.000 0.0 1
90 0.000 0.0 1

Table D.4: Cq4 at different time. Conditions: Dye: BB 41, C4;=300 mg/L, stirrer
rate=300 rpm, Qs=150 L/h, pH=4, Cosc.in = 0.9 £0.1 mmol/L gas, TOC;, = 155.43
mg/L, TOCo: = 11.14 mg/L, COD;,= 289 mg/L, CODq= 191 mg/L, catalyst:

alumina, mer=5g.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 18.140 295.7 10
1 16.420 267.7 10
3 11.460 186.8 10
5 7.960 129.8 10
8 6.020 98.1 10

10 3.700 60.3 10
15 1.813 29.6 1
20 0.652 10.6 1
30 0.398 6.5 1
45 0.198 3.2 1
60 0.072 1.2 1
90 0.028 0.5 1
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Table D.5: C4 at different time. Conditions: Dye: BB 41, C4;=300 mg/L, stirrer
rate=300 rpm, Q=150 L/h, pH=4 Cosg,n = 0.9 0.1 mmol/L gas, TOCj, = 159.5
mg/L, TOCy,t = 103.19 mg/L, CODj,= 297 mg/L, CODy,= 181 mg/L, catalyst:

PFOA, mcat = 5 g.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 18.570 302.7 10
1 14.675 239.2 10
3 9.657 157.4 10
5 6.590 107.4 10
8 4.872 79.4 10

10 3.000 48.9 1
15 1.394 22.7 1
20 0.581 9.5 1
30 0.392 6.4 1
45 0.152 2.5 1
60 0.068 1.1 1
90 0.015 0.2 1

Table D.6: Cq4 at different time. Conditions: Dye: BB 41, C4;=300 mg/L, stirrer
rate=300 rpm, Qg=150 L/h, pH=10, Co36in = 0.9 £0.1 mmol/L gas, TOC;, = 148.71
mg/L, TOCy: = 62.01 mg/L, CODj,= 290 mg/L, CODy= 107 mg/L, catalyst:

alumina, mer=5g.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 18.550 302.4 10
1 13.555 220.9 10
3 5.670 924 10
5 2.445 39.8 1
8 1.920 31.3 1

10 0.870 14.2 1
15 0.370 6.0 1
20 0.180 2.9 1
30 0.054 0.9 1
45 0.018 0.2 1
60 0.004 0.1 1
90 0.002 0.0 1
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Table D.7: Cq at different time. Conditions: Dye: BR 18.1, C4;=300 mg/L, stirrer
rate=300 rpm, Q=150 L/h, pH=4 Cosg,in = 0.9 £0.1 mmol/L gas, TOCj, = 174.3
mg/L, TOCqy = 150.67 mg/L, COD;j,= 298 mg/L, COD,= 240 mg/L, catalyst: none.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 26.480 302.9 10
1 21.670 247.9 10
3 17.430 199.4 10
5 13.550 154.9 10
8 10.000 114.4 10

10 8.980 102.7 10
15 5.654 64.7 10
20 2.344 26.8 1
30 1.045 11.9 1
45 0.289 3.3 1
60 0.053 0.6 1
90 0.001 0.0 1

Table D.8: Cq at different time. Conditions: Dye: BR 18.1, C4;=300 mg/L, stirrer
rate=300 rpm, Qs=150 L/h, pH=10, Co3c,in = 0.9 0.1 mmol/L gas, TOC;, = 178.26
mg/L, TOCqy = 98.75 mg/L, CODj,= 310 mg/L, CODu= 163 mg/L, catalyst: none.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 26.660 304.9 10
1 21.550 246.5 10
3 16.450 188.2 10
5 12.240 140.00 10
8 9.100 104.09 10

10 7.670 87.7 10
15 4.765 54.5 10
20 1.734 19.8 1
30 0.765 8.7 1
45 0.234 2.7 1
60 0.032 0.4 1
90 0.000 0.002 1
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Table D.9: Cq at different time. Conditions: Dye: BR 18.1, C4;=300 mg/L, stirrer
rate=300 rpm, Q=150 L/h, pH=10 Co3,n = 0.9 £0.1 mmol/L gas, TOC;, = 173.98
mg/L, TOCoy = 72.92 mg/L, COD;,= 289 mg/L, CODy= 119 mg/L, catalyst:

alumina, mexr=5g.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 25.450 291.1 10
1 15.340 175.5 10
3 12.780 146.2 10
5 10.430 119.3 10
8 8.420 96.3 10

10 4.040 46.2 10
15 2.452 28.0 1
20 0.987 11.3 1
30 0.566 6.5 1
45 0.098 1.1 1
60 0.007 0.1 1
90 0.001 0.0 1

Table D.10: Cy at different time. Conditions: Dye: BR 18.1, C4;=300 mg/L, stirrer
rate=300 rpm, Qg=150 L/h, pH=4, Co3z,n = 0.9 £0.1 mmol/L gas, TOC;, = 176.23
mg/L, TOCo: = 141.9 mg/L, COD;,= 306 mg/L, CODy= 233 mg/L, catalyst:

alumina, mer=5g.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 25.480 291.4 10
1 22.090 252.7 10
3 18.340 209.8 10
5 12.510 143.1 10
8 11.760 134.5 10

10 8.860 101.3 10
15 6.080 69.5 10
20 3.109 35.6 1
30 1.933 22.1 1
45 0.725 8.3 1
60 0.445 5.1 1
90 0.037 0.4 1
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Table D.11: Cg4 at different time. Conditions: Dye: BR 18.1, C4;=300 mg/L, stirrer
rate=300 rpm, Qg=150 L/h, pH=4 Co3gin = 0.9 £0.1 mmol/L gas, TOC;, = 170
mg/L, TOC,: = 123.27 mg/L, CODj,= 291 mg/L, COD,,= 186 mg/L, catalyst:
PFOA, met =50.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 26.180 299.4 10
1 21.610 247.2 10
3 17.880 204.5 10
5 15.150 173.3 10
8 8.720 99.7 10

10 6.150 70.3 10
15 3.620 41.4 1
20 2.531 28.9 1
30 1.181 13.5 1
45 0.453 5.2 1
60 0.230 2.6 1
90 0.033 0.4 1

Table D.12: Cy at different time. Conditions: Dye: BR 18.1, C4;=300 mg/L, stirrer
rate=300 rpm, Q=150 L/h, pH=10, Co3g,n = 0.9 £0.1 mmol/L gas, TOC;j, = 179.03
mg/L, TOCoy = 92.74 mg/L, CODj,= 294 mg/L, COD,,= 135 mg/L, catalyst: PFOA,
Meat = 5 0.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 26.630 434.1 10
1 17.470 284.8 10
3 12.430 202.6 10
5 9.530 155.3 10
8 7.392 120.5 10

10 5.050 82.3 10
15 3.022 49.3 1
20 1.121 18.3 1
30 1.011 16.5 1
45 0.330 5.4 1
60 0.205 3.3 1
90 0.013 0.2 1
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Table D.13: Cq at different time. Conditions: Dye: BY 28, C4;=300 mg/L, stirrer
rate=300 rpm, Qg=150 L/h, pH=4 Co3,in = 0.9 £0.1 mmol/L gas, TOC;, = 167.12
mg/L, TOCy: = 83.16 mg/L, COD;,= 296 mg/L, CODq= 131 mg/L, catalyst:

catalyst: none.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 21.266 306.2 10
1 15.870 228.5 10
3 10.960 157.8 10
5 7.250 104.4 10
8 4.900 70.6 1

10 2.940 42.3 1
15 1.310 18.9 1
20 0.742 10.7 1
30 0.150 2.2 1
45 0.066 0.9 1
60 0.023 0.3 1
90 0.001 0.0 1

Table D.14: Cy4 at different time. Conditions: Dye: BY 28, C4;=300 mg/L, stirrer
rate=300 rpm, Qg=150 L/h, pH=10, Co3c,in = 0.9 0.1 mmol/L gas, TOC;, = 162.34
mg/L, TOCqy = 127.81 mg/L, CODj,= 279 mg/L, COD,= 197 mg/L, catalyst: none.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 21.120 304.1 10
1 19.650 282.9 10
3 17.880 257.5 10
5 13.432 193.4 10
8 10.280 148.0 10

10 8.620 124.1 10
15 6.607 95.1 10
20 4.750 68.4 1
30 3.282 47.3 1
45 2.082 29.9 1
60 1.034 14.9 1
90 0.143 2.1 1
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Table D.15: Cq at different time. Conditions: Dye: BY 28, C4;=300 mg/L, stirrer
rate=300 rpm, Q=150 L/h, pH=10 Co3gin = 0.9 £0.1 mmol/L gas, TOC;j, = 166.90
mg/L, TOC,,: = 107.69 mg/L, CODj,= 301 mg/L, CODy,= 178 mg/L, catalyst:

alumina, mey = 5 g.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 20.720 298.4 10
1 16.310 234.9 10
3 14.030 202.0 10
5 10.032 144.5 10
8 6.350 914 10

10 4.650 66.9 1
15 3.630 52.3 1
20 2.710 39.0 1
30 1.840 26.5 1
45 0.765 11.0 1
60 0.503 7.2 1
90 0.353 5.1 1

Table D.16: Cy4 at different time. Conditions: Dye: BY 28, C4;=300 mg/L, stirrer
rate=300 rpm, Qg=150 L/h, pH=4, Coscin = 0.9 £0.1 mmol/L gas, TOCj, = 162.98
mg/L, TOCoy = 62.94 mg/L, COD;j,= 306 mg/L, COD,,= 101 mg/L, catalyst: PFOA,

mcat = 5 g.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 21.740 313.1 10
1 13.100 188.6 10
3 9.021 129.9 10
5 5.825 83.9 10
8 3.723 53.6 1

10 2.076 29.8 1
15 1.153 16.6 1
20 0.453 6.5 1
30 0.280 4.0 1
45 0.101 1.5 1
60 0.035 0.5 1
90 0.030 0.4 1

183




Table D.17: Cq at different time. Conditions: Dye: BY 28, C4;=300 mg/L, stirrer
rate=300 rpm, Qg=150 L/h, pH=4 Co3,n = 0.9 £0.1 mmol/L gas, TOC;, = 164.52
mg/L, TOCo = 72.67 mg/L, COD;,= 288 mg/L, CODq= 120 mg/L, catalyst:

alumina, mey = 5 g.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 21.430 308.6 10
1 13.950 200.9 10
3 10.032 144.5 10
5 6.892 99.2 10
8 4.654 67.0 1

10 3.012 43.4 1
15 1.011 14.6 1
20 0.353 5.1 1
30 0.203 2.9 1
45 0.045 0.6 1
60 0.083 1.2 1
90 0.021 0.3 1

Table D.16: Cy4 at different time. Conditions: Dye: BY 28, C4;=300 mg/L, stirrer
rate=300 rpm, Q=150 L/h, pH=10, Co3c,in = 0.9 £0.1 mmol/L gas, TOC;j, = 165.40
mg/L, TOCy,: = 121.63 mg/L, CODj,= 295 mg/L, CODy,= 206 mg/L, catalyst:

PFOA, m¢t =5 4.

Time (min) | Abs. (cm™) Cq (mg/L) Dilution Factor (times)
0 21.550 310.3 10
1 18.530 266.8 10
3 15.520 223.5 10
5 11.930 171.8 10
8 9.620 138.5 10
10 8.260 118.9 10
15 6.561 94.5 10
20 4.452 64.1 1
30 3.042 43.8 1
45 2.475 35.6 1
60 1.200 17.3 1
90 0.150 2.2 1
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APPENDIX E

ACCURACY OF TOC AND COD RESULTS

In order to be sure if the TOC and COD results are accurate enough, the TOC and
COD values of the samples taken from the reactor were measured three times. The
standard deviation and the percent error of the values were calculated using
equations (E.1) and (E.2) and then the closeness of the data to each other was
determined because it is known that the more close the data to each other the more
consistent they are.

Su =y 206 ¥ ED)

N: numbers in the set of data

S
Error % = —- (E.2)

X

The results obtained from some of the experiments were shown below:

Experiment:

Conditions: pH=4, Qs=170 L/h, Q=150 L/h, t=20 min, COD ;=60 mg/L, Cgnpsa1 =
30.18 mg/L, Cginpris1 = 5.26 mg/L, Cqinsy2s = 5.29 mg/L, Cqin = 315 Pt-Co,
Cos,in = 0.9 £0.1 mmol/L gas TOC;,=20.73 mg/L, no catalyst.

Table E.1: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC; TOC3 TOCmean SN % error
0 21.19 20.54 20.46 20.73 0.33 1.58
0.2 19.98 20.34 19.71 20.01 0.26 1.29
0.5 19.02 19.13 19.54 19.23 0.22 1.16
0.8 18.23 18.65 18.89 18.59 0.27 1.47
1 17.63 17.72 17.3 17.55 0.18 1.03
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Table E.2: COD data, standard deviation of COD data and percent error

z (m) COD, COD, COD; CODmean SN % error
0 57 60 57 58 1.41 2.44
0.2 53 53 56 54 1.41 2.62
0.5 53 50 50 51 1.41 2.77
0.8 46 48 47 47 0.82 1.74
1 43 45 44 44 0.82 1.86
Experiment:

Conditions: pH=4, Qs=170 L/h, Q =150 L/h, t=20 min, COD ;=120 mg/L, Cqinpsa1
= 60.3 mg/L, Cd,in,BRlS.l = 10.51 mg/L, Cd,in,BY28 = 1058mg/L, Cd,in = 628 Pt-Co,
Co3,,in = 0.9 £0.1 mmol/L gas TOC;,=43.03 mg/L, no catalyst.

Table E.3: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC, TOC; TOCean SN % error
0 42.87 43.15 43.07 43.03 0.12 0.27
0.2 42.01 41.92 42.49 42.14 0.25 0.59
0.5 40.13 40.19 40.52 40.28 0.17 0.43
0.8 38.64 38.89 38.75 38.76 0.10 0.26
1 36.97 37.02 37.58 37.19 0.28 0.74
Table E.4: COD data, standard deviation of COD data and percent error
z (m) COD, COD;, CODs3 CODmean SN % error
0 117 118 119 118 0.82 0.69
0.2 110 114 112 112 1.63 1.46
0.5 105 108 105 106 1.41 1.33
0.8 100 99 104 101 2.16 2.14
1 90 94 95 93 2.16 2.32
Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cg,ngris1 = 15.76 mg/L, Cg,npv2s = 15.87 mg/L, Cqyin = 942 Pt-Co,
Co36in= 0.9 £0.1 mmol/L gas TOC;,=61.18 mg/L, no catalyst.
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Table E.5: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOCGC, TOC3 TOCean SN % error
0 61.18 60.74 61.61 61.18 0.35 0.58
0.2 60.04 60.24 60.32 60.20 0.12 0.19
0.5 58.17 57.93 58.51 58.20 0.24 0.41
0.8 55.04 55.93 56.31 55.76 0.53 0.95
1 53.45 53.87 53.36 53.56 0.22 0.42
Table E.6: COD data, standard deviation of COD data and percent error
z (m) CODq COD;, CODs CODmean SN % error
0 189 184 191 188 2.94 1.57
0.2 178 183 182 181 2.16 1.19
0.5 172 175 175 174 1.41 0.81
0.8 161 167 161 163 2.83 1.74
1 155 158 158 157 1.41 0.90
Experiment:

Conditions: pH:4, QG:340 L/h, QL:ZSO L/h, t=20 min, COD,in:?)OO mg/L, Cd,in,BB41
= 150.9 mg/L, Cd,in,BRlB.l =264 mg/L, Cd,in,BY28 = 26.2 mg/L, Cd,in = 1570 Pt-Co,
Cos,,in = 0.9 £0.1 mmol/L gas TOC;,=93.76 mg/L, no catalyst.

Table E.7: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOCGC, TOC3 TOCean SN % error
0 93.46 93.92 93.90 93.76 0.21 0.23
0.2 91.98 92.31 92.47 92.25 0.20 0.22
0.5 90.87 91.21 90.53 90.87 0.28 0.31
0.8 88.89 89.18 89.77 89.28 0.37 0.41
1 86.92 87.63 87.43 87.33 0.30 0.34

Table E.8 COD data, standard deviation of COD data and percent error

z (m) COD; COD;, COD; CODmean SN % error
0 300 310 311 307 4.97 1.62
0.2 298 294 305 299 4.55 1.52
0.5 290 291 286 289 2.16 0.75
0.8 280 276 287 281 4.55 1.62
1 271 273 278 274 2.94 1.07
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cginpgris1 = 15.76 mg/L, Cg,ingves = 15.87 mg/L, Cqyin = 945 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=52.50 mg/L, no catalyst.

Table E.9: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOCGC, TOC3 TOCean SN % error
0 53.01 52.03 52.46 52.50 0.40 0.76
0.2 50.01 51.03 50.96 50.67 0.47 0.92
0.5 48.32 48.45 48.76 48.51 0.18 0.38
0.8 45.23 47.13 47.30 46.55 0.94 2.02
1 44.28 45.38 45.24 44.97 0.49 1.09
Table E.10 COD data, standard deviation of COD data and percent error
z (m) COD, COD;, CODs CODean SN % error
0 188 193 192 191 2.16 1.13
0.2 181 184 175 180 3.74 2.08
0.5 170 176 173 173 2.45 1.42
0.8 160 164 159 161 2.16 1.34
1 155 163 156 158 3.56 2.25
Experiment:

Conditions: pH=10, Qs=340 L/h, Q_=250 L/h, t=20 min, COD ;x=300 mg/L, Ca,inssa1
= 150.9 mg/L, Cd,in,BRlS.l =264 mg/L, Cd,in,BY28 = 26.2 mg/L, Cd,in = 1570 Pt-Co,
Cos,in = 0.9 £0.1 mmol/L gas TOC;,=93.23 mg/L, no catalyst.

Table E.11: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC, TOC; TOCean SN % error
0 93.02 94.05 92.62 93.23 0.60 0.65
0.2 90.34 90.89 90.52 90.58 0.23 0.25
0.5 87.81 88.27 87.48 87.85 0.32 0.37
0.8 85.23 84.36 85.18 84.92 0.40 0.47
1 84.01 83.12 81.89 83.01 0.87 1.05
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Table E.12: COD data, standard deviation of COD data and percent error

z (m) COD, COD, COD; CODmean SN % error
0 284 284 293 287 4.24 1.48
0.2 278 279 280 279 0.82 0.29
0.5 260 269 269 266 4.24 1.59
0.8 255 256 263 258 3.56 1.38
1 250 252 251 251 0.82 0.33
Experiment:

Conditions: pH=4, Q=340 L/h, Q_ =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cqinpris1 = 15.76 mg/L, Cqinpy2s = 15.87 mg/L, Cqyin = 940 Pt-Co,
Co3,G,in = 0.9 £0.1 mmol/L gas TOC;,=59.83 mg/L, catalyst: alumina, mcy; = 300 g.

Table E.13: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC; TOC3 TOCmean SN % error
0 60.23 59.73 59.53 59.83 0.29 0.49
0.2 55.86 56.39 56.44 56.23 0.26 0.47
0.5 53.12 53.87 52.73 53.24 0.47 0.89
0.8 50.03 50.59 50.01 50.21 0.27 0.54
1 47.91 46.98 47.67 47.52 0.39 0.83
Table E.14: COD data, standard deviation of COD data and percent error
z (m) COD;q COD;, CODs CODnean SN % error
0 180 179 190 180 4.97 2.71
0.2 167 165 175 167 4.32 2.56
0.5 154 160 160 154 2.83 1.79
0.8 145 147 149 145 1.63 1.11
1 131 139 138 131 3.56 2.62
Experiment:

Conditions: pH=10, Q=340 L/h, Q=250 L/h, t=20 min, COD ;=180 mg/L, Cqinpaa1
= 90.54 mg/L, Cd,in,BRlB.l = 15.76 mg/L, Cd,in,BY28 = 15.87 mg/L, Cd,in = 940 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=62.10 mg/L, catalyst: alumina, m¢,; = 300 g.
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Table E.15: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOCGC, TOC3 TOCean SN % error
0 62.09 63.02 61.19 62.1 0.75 1.20
0.2 55.13 56.78 59.78 57.23 1.92 3.36
0.5 53.19 53.55 53.04 53.26 0.21 0.40
0.8 49.23 49.98 49.14 49.45 0.38 0.76
1 45,12 45.99 45.72 45.61 0.36 0.80
Table E.16: COD data, standard deviation of COD data and percent error
z (m) CODq COD;, COD3 CODmean SN % error
0 180 176 169 175 4.55 2.60
0.2 160 164 162 162 1.63 1.01
0.5 145 151 148 148 2.45 1.66
0.8 130 136 136 134 2.83 2.11
1 120 121 122 121 0.82 0.67
Experiment:

Conditions: pH:4, QG:340 L/h, QL:ZSO L/h, t=20 min, COD,in:?)OO mg/L, Cd,in,BB41
= 150.9 mg/L, Cd,in,BRlS.l = 26.4 mg/L, Cd’inygyzg = 26.2 mg/L, Cd,in = 1570 Pt-Co,
Cos,G,n = 0.9 £0.1 mmol/L gas TOC;,=92.35 mg/L, catalyst: alumina, mcy = 300 g.

Table E.17: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOCGC, TOC3 TOCean SN % error
0 92.45 93.12 91.48 92.35 0.67 0.73
0.2 88.03 88.91 88.53 88.49 0.36 0.41
0.5 84.56 85.92 85.54 85.34 0.57 0.67
0.8 81.03 81.90 80.76 81.23 0.49 0.60
1 77.92 78.02 77.64 77.86 0.16 0.21

Table E.18: COD data, standard deviation of COD data and percent error

z (m) COD, COD; CODs3 CODmean SN % error
0 300 299 304 301 2.16 0.72
0.2 291 295 284 290 4.55 1.57
0.5 270 272 274 272 1.63 0.60
0.8 253 249 257 253 3.27 1.29
1 236 235 243 238 3.56 1.50
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Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, CqinpBa1
= 150.9 mg/L, Cqinpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=93.45 mg/L, catalyst: alumina, m¢,; = 300 g.

Table E.19: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC; TOC3 TOCmean SN % error
0 93.66 93.99 92.70 93.45 0.55 0.59
0.2 89.01 89.26 89.24 89.17 0.11 0.13
0.5 85.46 85.92 85.63 85.67 0.19 0.22
0.8 81.98 80.13 81.58 81.23 0.79 0.98
1 77.50 77.92 77.23 77.55 0.28 0.37
Table E.20: COD data, standard deviation of COD data and percent error
z (m) COD;y COD;, CODs CODnean SN % error
0 278 271 270 273 3.56 1.30
0.2 261 258 252 257 3.74 1.46
0.5 240 241 242 241 0.82 0.34
0.8 220 225 233 226 5.35 2.37
1 210 215 208 211 2.94 1.40
Experiment:

Conditions: pH=4, Qs=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cg,inppa1
= 90.54 mg/L, Cqinpris1 = 15.76 mg/L, Cginsv2s = 15.87 mg/L, Cqyin = 943 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=60.92 mg/L, catalyst: PFOA, mc: = 300 g.

Table E.21: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC, TOC; TOCean SN % error
0 60.23 59.73 62.80 60.92 1.34 2.21
0.2 56.86 56.39 59.91 57.72 1.56 2.70
0.5 53.12 53.87 55.58 54.19 1.03 1.90
0.8 50.03 50.59 51.00 50.54 0.40 0.79
1 47.91 46.98 45.84 46.91 0.85 1.80
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Table E.22: COD data, standard deviation of COD data and percent error

z (m) CODq COD; COD; CODean SN % error
0 180 179 190 183 4.97 2.71
0.2 167 162 166 165 2.16 1.31
0.5 150 160 152 154 4.32 2.81
0.8 145 146 138 143 3.56 2.49
1 130 137 129 132 3.56 2.70
Experiment:

Conditions: pH=10, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;=180 mg/L, Cqinpsa1
= 90.54 mg/L, Cqinpris1 = 15.76 mg/L, Cqinpy2s = 15.87 mg/L, Cqyin = 944 Pt-Co,
Co3,,in = 0.9 £0.1 mmol/L gas TOC;,=61.04 mg/L, catalyst: PFOA, m¢; = 300 g.

Table E.23: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC, TOC; TOCean SN % error
0 61.23 60.85 61.04 61.04 0.16 0.25
0.2 56.72 56.01 57.46 56.73 0.59 1.04
0.5 52.16 51.98 51.89 52.01 0.11 0.22
0.8 49.92 48.91 49.85 49.56 0.46 0.93
1 46.91 46.24 47.49 46.88 0.51 1.09
Table E.24: COD data, standard deviation of COD data and percent error
z (m) COD, COD, COD; CODmean SN % error
0 179 172 177 176 2.94 1.67
0.2 160 165 164 163 2.16 1.33
0.5 153 155 145 151 4.32 2.86
0.8 141 135 141 139 2.83 2.03
1 125 126 130 127 2.16 1.70
Experiment:

Conditions: pH=4, QG:340 L/h, QL=250 L/h, t=20 min, COD,in:3OO mg/L, Cd,in,BB41
= 150.9 mg/L, Cd,in,BR18.l = 26.4 mg/L, Cd,in,BY28 = 26.2 mg/L, Cd,in = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;;=91.24 mg/L, catalyst: PFOA, m; = 300 g.
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Table E.25: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC, TOC; TOCmean SN % error
0 91.43 90.67 91.62 91.24 0.41 0.45
0.2 87.76 88.02 87.35 87.71 0.28 0.31
0.5 83.98 83.67 85.01 84.22 0.57 0.68
0.8 81.16 80.91 80.27 80.78 0.37 0.46
1 77.83 76.92 77.03 77.26 0.41 0.52
Table E.26: COD data, standard deviation of COD data and percent error
z (m) COD, COD;, CODs CODmean SN % error
0 292 300 281 291 7.79 2.68
0.2 270 278 274 274 3.27 1.19
0.5 261 269 253 261 6.53 2.50
0.8 241 246 248 245 2.94 1.20
1 233 231 226 230 2.94 1.28
Experiment:

Conditions: pH=10, Qz=340 L/h, Q. =250 L/h, t=20 min, COD ;=300 mg/L, Cg,inppa1
= 150.9 mg/L, Cd,in,BRlB.l =264 mg/L, Cd,in,BY28 = 26.2 mg/L, Cd,in = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=92.86 mg/L, catalyst: PFOA, mc; = 300 g.

Table E.27: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC, TOC; TOCean SN % error
0 92.31 93.04 93.23 92.86 0.40 0.43
0.2 88.92 87.76 88.43 88.37 0.48 0.54
0.5 85.83 85.12 85.97 85.64 0.37 0.43
0.8 82.02 81.83 82.54 82.13 0.30 0.37
1 77.18 76.71 77.26 77.05 0.24 0.31

Table E.28: COD data, standard deviation of COD data and percent error

z (m) COD, COD;, CODs3 CODean SN % error
0 296 302 317 305 8.83 2.90
0.2 280 283 295 286 6.48 2.27
0.5 272 266 269 269 2.45 0.91
0.8 251 258 247 252 4.55 1.80
1 231 242 235 236 4.55 1.93
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Experiment:

Conditions: pH=12, Q=340 L/h, Q=250 L/h, t=20 min, COD ;;=300 mg/L, Cqin g1
= 150.9 mg/L, Cginpriss = 26.4 mg/L, Cqingv2s = 26.2 mg/L, Cqin = 1580 Pt-Co,
Co3cin= 0.9 £0.1 mmol/L gas TOC;,=92.36 mg/L, no catalyst.

Table E.29: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOCGC, TOC3 TOCean SN % error
0 91.87 92.34 92.87 92.36 0.41 0.44
0.2 88.21 87.94 88.72 88.29 0.32 0.37
0.5 85.67 85.88 84.83 85.46 0.45 0.53
0.8 82.21 82.56 82.25 82.34 0.16 0.19
1 80.03 79.45 79.98 79.82 0.26 0.33
Table E.30: COD data, standard deviation of COD data and percent error
z (m) COD, COD, COD; CODmean SN % error
0 298 292 301 297 3.74 1.26
0.2 285 286 290 287 2.16 0.75
0.5 270 273 279 274 3.74 1.37
0.8 260 268 270 266 4.32 1.62
1 251 253 261 255 4.32 1.69
Experiment:

Conditions: pH=12, Qs=340 L/h, Q. =250 L/h, t=20 min, COD ;=300 mg/L, Cg,inppa1
= 150.9 mg/L, Cd,in,BRlS.l = 26.4 mg/L, Cd,in,BYZB = 26.2 mg/L, Cd,in = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=91.24 mg/L, catalyst: alumina, m¢,; = 300 g.

Table E.31: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOCGC, TOC3 TOCean SN % error
0 90.87 90.94 91.91 91.24 0.47 0.52
0.2 86.73 85.02 86.37 86.04 0.74 0.86
0.5 79.01 78.91 81.84 79.92 1.36 1.70
0.8 73.89 75.56 74.11 74.52 0.74 0.99
1 69.24 68.62 69.11 68.99 0.27 0.39
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Table E.32: COD data, standard deviation of COD data and percent error

z (m) COD; COD;, CODs CODmean SN % error
0 297 306 318 307 8.60 2.80
0.2 280 279 284 281 2.16 0.77
0.5 261 269 259 263 4.32 1.64
0.8 238 235 244 239 3.74 1.57
1 210 216 225 217 6.16 2.84
Experiment:

Conditions: pH=12, Q=340 L/h, Q. =250 L/h, t=20 min, COD ;;=300 mg/L, Cginpsa1
= 150.9 mg/L, Cd,in,BRlB.l =264 mg/L, Cd,in,Bng = 26.2 mg/L, Cd,in = 1570 Pt-Co,
Co3cin = 0.9 £0.1 mmol/L gas TOC;,=90.91 mg/L, catalyst: PFOA, mc: = 300 g.

Table E.33: TOC data, standard deviation of TOC data and percent error

z (m) TOC, TOC, TOC; TOCnean SN % error
0 90.12 91.24 91.37 90.91 0.56 0.62
0.2 86.71 85.19 87.27 86.39 0.88 1.02
0.5 82.35 81.17 82.06 81.86 0.50 0.61
0.8 77.65 69.56 83.85 77.02 5.85 7.60
1 71.92 72.85 72.10 72.29 0.40 0.56

Table E.34: COD data, standard deviation of COD data and percent error

z (m) COD, COD;, CODs3 CODmean SN % error
0 300 309 303 304 3.74 1.23
0.2 280 283 292 285 5.10 1.79
0.5 267 261 270 266 3.74 1.41
0.8 250 241 247 246 3.74 1.52
1 226 220 235 227 6.16 2.72

According to the standard deviation and percent error results of some of the chosen
experiments, it was found out that the experimental error was not higher from 3 %
and the set of data were close enough to each other to be consistent. The experiments
chosen were both sole and catalytic ozonation experiments in order to be sure that
the catalyst were effective and the reduction in TOC and COD values were due to the

catalyst and not because of experimental error.
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APPENDIX F

REPEATIBILITY OF THE EXPERIMENTS

The results obtained from the experiments conducted were investigated if they are
producible or not by repeating the experiments at the same conditions with and
without catalyst particles. Tables F.1 and F.2 showed the results of repeated
experiments conducted on different days in terms of overall color (in terms of Pt-Co

unit), TOC and COD removals and ozone consumptions.

Table F.1: The color, COD and TOC removals with ozone consumption for
reproducibility of WW ozonation experiments, COD;, = 180 mg/L (Cqi, = 850 Pt-
Co), Qg = 170 L/h, Q. =150 L/h, pH = free (4), Cosin = 0.9 £0.1 mmol/L gas,
catalyst: none.

Experiment | TOC Removal | COD Removal Color Consps
Date (%) (%) Removal (%) |(mmol/L liq.)
15.02.2009 9.39 19.90 83.61 0.864
27.07.2009 10.01 19.34 82.48 0.855
11.10.2010 9.73 18.87 83.03 0.859

Table F.2: The color, COD and TOC removals with ozone consumption for
reproducibility of WW ozonation experiments, COD;, = 300 mg/L (Cq,, = 1580 Pt-
Co), Qg =340 L/h, Q. =250 L/h, pH = 10, Cos,n = 0.9 £0.1 mmol/L gas, catalyst:

none.

Experiment | TOC Removal | COD Removal Color Consos
Date (%) (%) Removal (%) | (mmol/L liq.)
05.06.2010 10.97 12.54 70.05 2.038
22.08.2010 10.81 13.09 69.88 2.021
28.11.2010 11.03 12.32 69.43 2.027

Some of the catalytic ozonation experiments were also repeated for the reliability of

the experimental results. In the case of catalytic ozonation experiments, the effect of
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catalysts used more than one time becomes important and thus, the stability of the
catalysts was investigated. Depending on the catalyst characterization results,
catalyst particles were decided to be used three times at most because of the
differences occurred on the surfaces of the particles. Table F.3 showed the results of
the experiments conducted at same operating conditions using the catalyst particles
more than one time. PFOA was chosen as the catalyst; since it was prepared by the
impregnation of PFO acid onto alumina and thus, PFOA particles tend to decompose
more easily than alumina particles. Color, TOC and COD removals were observed to
be below 5% indicating that the efficiency of the reused catalyst did not decrease
very much during the experimental runs. However, the catalyst particles were not

used more than three times in order to protect the reliability.

Table F.3: The color, COD and TOC removals with ozone consumption for
reproducibility of WW ozonation experiments, COD;, = 300 mg/L (Cg,, = 1580 Pt-
Co), Qs =170 L/h, Q. =150 L/h, pH =4, Cozin = 0.9 £0.1 mmol/L gas, Mcy = 150 g.

Experiment ToC coD Color Cons
pDate Catalyst | Removal | Removal | Removal (mmol /Lofi )
(%) (%) (%) g
05.04.2009 | TFOA 7.29 15.81 41.41 0.921
(fresh)
07.04.2009 | , FFOA 7.21 14.53 41.34 0.934
(used once)
08.04.2009 | , TFOA 6.97 14.06 40.12 0.918
(used twice)
10.04.2009 | DFOA (used | o oy 12.98 38.26 0.897
three times)
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