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Abstract

Textile industry effluent contains different types of dyes which are chemically stable and
non-biodegradable in nature. The effluent must be treated before discharging into the
aqueous ecosystem as the untreated effluent may pose serious threat to aquatic life and
constitute a potential human health hazard. Various conventional methods comprising of
adsorption, coagulation, flocculation, membrane filtration and biological treatments are
not fully capable for the treatment of textile industry effluent. Ozone based advanced
oxidation processes (AOPs) are becoming more attractive for effluent treatment as ozone
is an effective oxidant which can selectively oxidize unsaturated double bonds and
aromatic structures of the organic compounds present in the effluent. Additionally, ozone
gets decomposed into hydroxyl radicals having higher oxidation potential than ozone and

can degrade all the kinds of refractory organic pollutants.

In the present study, catalytic ozonation using monometallic (Cu/SBA - 15 (Santa
Barbara Amorphous -15) and Ru/SBA-15) and bimetallic (Ru-Cu/SBA-15) catalysts was
employed to degrade organic pollutants from synthetic and textile industry effluent.
Mesoporous material SBA-15 was used as a catalyst support due to its unique properties
like large surface area, uniform pore structure, thick pore walls and high thermal stability.
All the catalysts were prepared using incipient wetness impregnation method and
characterized using BET, SEM, TEM and EDX techniques. The results of catalytic

ozonation were interpreted in terms of colour, COD and TOC removal efficiencies.

The degradation of reactive orange 4 (RO4) azo dye in aqueous solution was
studied using oxidation with hydrogen peroxide and hydrogen peroxide in presence of UV
light. A colour removal efficiency of 17.5 % and 21.1 % and COD removal efficiency of

10.1 % and 14.5 % were obtained using H2O2 and UV/H20; respectively. The degradation

iv



of RO4 azo dye in aqueous solution was further studied using ozone based AOPs such as
03, 03/UV, 03/H202, 03/UV/H20, and catalytic ozonation using 2 % Cu/SBA-15
catalyst. The colour removal efficiency of 100 % was achieved for all ozone based AOPs
after 21 min. The maximum COD removal efficiency of 49 % was obtained after 60 min
of catalytic ozonation.

The catalytic ozonation experiments using 2 % Cu/SBA-15 catalyst were
performed for the degradation of RO4 azo dye solution. The effect of the parameters such
as initial solution pH, metal loading in the catalyst and ozone dose on the efficiency of the
catalytic ozonation was studied. A colour removal efficiency of 100 % was achieved after
21 min of ozonation. The maximum TOC and COD removal efficiencies of 86 % and
52.5 % were obtained after 60 min of catalytic ozonation, respectively, at optimum

conditions of initial solution pH 9, metal loading of 2 wt. % and ozone dose of 5 g/m°.

The degradation pathway for the catalytic ozonation reaction was studied by
adding radical scavenger t-butanol into the reaction. It was found that the colour removal
of RO4 azo dye solution was governed by direct ozone molecular mechanism whereas

TOC removal occurred by hydroxyl radical mechanism.

The catalytic ozonation reaction followed pseudo first-order kinetics with respect
to RO4 azo dye concentration in the aqueous solution. The reusability of the 2 % Cu/SBA-
15 catalyst was studied and no significant reduction in colour and TOC removal
efficiencies was noticed after five runs of experiments suggesting negligible loss in
activity of Cu/SBA-15 catalyst. The leaching test confirmed the stability of the catalyst as
the concentration of leached copper in the aqueous solution was found to be within the

discharge limits prescribed by statutory authorities.



Efforts were made to obtain higher COD removal efficiency for RO4 azo dye
solution by performing catalytic ozonation using noble metal ruthenium (Ru/SBA-15) and
bimetallic ruthenium-copper (Ru-Cu/SBA-15) catalysts. The maximum COD removal
efficiency of 61.1 % and 70.4 % were obtained after 60 min of ozonation for monometallic
Ru/SBA-15 and bimetallic Ru-Cu/SBA-15 catalysts, respectively, at optimum conditions

of initial solution pH 9 and ozone dose of 5 g/m>.

The bimetallic catalyst Ru-Cu/SBA-15 was used for the treatment of textile
industry effluent collected from a nearby dyeing industry. The effluent was characterized
for various parameters such as COD, salinity, total dissolved solids and alkalinity in terms
of bicarbonate and carbonate ions. A COD removal efficiency of 30.2 % was obtained
after 5 h of catalytic ozonation. The low COD removal efficiency may be due to the
presence of bicarbonate ions in the effluent which act as radical scavengers, thereby,
reducing the availability of hydroxyl radicals generated during catalytic ozonation
reaction. The bicarbonate ion concentration was reduced by lowering the effluent pH by
acidification and stripping off the carbon dioxide formed during acidification. The
catalytic ozonation experiment using Ru-Cu/SBA-15 bimetallic catalyst at the effluent pH
7.5 (after removal of bicarbonate ions and addition of sodium hydroxide to increase the

pH) resulted in COD removal efficiency of 90 % after 4 h of ozonation.

It can be concluded from the present study that the catalytic ozonation has the
potential to be employed for the degradation of organic pollutants present in the textile

industry effluent.
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I 39T YT Toteh oif T fareh R & 3R Jepfd # IR araf3dsae 8 & faffies yehr
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o iR @Rt der 3 3R e A Ag T2y & foT @aRT 7 776+ X Gohd &
Ul SoTST [haT ST ATV | [Affiest aRuRes ARgar, SiATae, flocculation, el fEdesT
3R e 3TER & A cliehl a€T 39T TdTg o Sellol & Tolv O e & HaTH w161 ¢ |
3G MR 3eeTd 3TFHI0T UfehAT3T (AOPs) YaTg & SelTat & folT 31T 3718 3mhsa
Bl ST T¢ & 3HTSileT & & & Teh Tl IrAIST ¢ Sl YholaT ol Soel a5 3R vare &
#Hig wefae QAR & GATER T T 3HFEROT X Hehdl & | /T &Y, 3l
3YSiTeT ST TofelT H 3HTeIeh AT IOT GHTTA Blot BTS5IToreel huT H faefed g1 Sirar g 3R
g |IEY Sifdeh Teehi & Hafl FehR A el & Tehdl & | TN I, S Ozonation
T 39ANT &Y monometallic (Cu / THAIT -15 3R 3R / THAIT -15) 3R gfaenfcas A
(3MRY-Cu / THAT -15) 3R FHAfEH 3R a7 37T Jarg A Sifdsh Ye¥eht = kel &
o foaifara fonar arar am) MesoporousW(’W-lS agaaga%sr,aﬁmm,xné’r
€T H oieT B1oAT SR 3N 3T Ul TEUTAT 1 ATE 379=1 371ST UM & HRUT Teh 3o
& AT & TG H STAATS ThAT AT AT| FHT 3c0RP IRTHS AHT T8I [T T 3GIET
T dIR fHaT 3R 9, SEM, TEM 3R EDX daeiies &l 39dier [3Qwdr &Y 3o
Ozonation & IRUTHAT 3T, TI3NET & AT 3R 13T gt &7 a1 H saredr fT 15| T
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ST 31T TS I1T| g 91T I1AT T RO4 azo STS HHTHTE & LT T gTet Tl 3Tailel
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3R FrEfae AT & A # ST AT & T # AT ATIGST & forw faLvdr oY1 30.2%
$r T Ar3Er & SCIo:I &&TdT 3c93& Ozonation & 5 Eréé?aTa‘;rerrgé off| ey AT3NST &1
geTol G&TCT JaTg # SISehieieie 3MIal i SYREATT ST shgeuedl AR & &7 # & g,
TSTw, Y HH I GISSITFT A HUT T STASEAT 3¢9 Ozonation AT ThAT & GRTT SceaT
glet o SRUT &1 TehlT ¢ | TSHIGIAC 3T THIEAAT IFeHI0T GART TdTg GIUT i Tl
3R 31FCIEUT h GRTeT IS HTdel STEHTFATSS §G eI el GART he 8l AT AT| 3R
Ozonation aTg 9T 7.5 (SIS AC ITIAT 3R TSI gISsIFASS UIvT Y 561 o [T
& 3elldl & &To & §16) H 3RY-Cu / THAIT -15 gfaeimicdsh 3c9¥eh I 3TN JA1ET
Ozonation & 4 ¢ & dTe 90% T HIINST Y §eTeT G&TAT H §S| T€ TcTATT TETTA & fob
3¢ Ozonation HHTTAT aF 3INT Jarg H Hlslg SAfdeh Ygueni &1 BRiae & fow
T fFar Sier § & I8 sy [@erer ST gehar 2




Table of Contents

CortIfICALE. ..ottt I
ACKNOWIEAZEMENTS. ...\t II
ADSITACT. ..t v
Table 0f CONENLS. .. ...t e, VII
] A G S D XI
List Of Tables. ..o nee e XIv
F N o] o) (T4 T 110 1 1 XV
NOMENCIALUTE. ...t XVI
CHAPTER 1: INTRODUCTION....cctittiiiiiiiiiniieiieiiiitietieciecneiatiececnceacnsn 1
LT Back@round .........o.ooeiiii 1
1.2 Advanced oXidation PrOCESSES. .. ouuuennreentt ettt ettt et eeteaiteeaeeaineanneeanans 3
1.3 Mesoporous MaterialS. .........eiiuiiiniiiitt it et e e 8
1.4  Statement of problem and ObJeCtiVes. ..........ovuiiiiiiiiiiiiiiii 9
CHAPTER 2: LITERATURE REVIEW.....cccciiiiiiiiiiiiiiiiiiiiiiiiiiininiieinenenan 11
2.1 Catalytic 0ZONALION. ... .ottt e 12

2.1.1  Homogeneous catalytic 0ZONation............couvivuineieininniniiennennen. 12

2.1.2  Heterogeneous catalytiC 0Zonation..............coevuieiiininiiniinenninnnnn. 13
2.2 Mesoporous materials for catalytic 0zonation..............c.oooevviiiiiiiininnn.. 15

2.2 SB AL S 15

222 MOM-AAL . 27

2.2.3  Other mesoporous materialS.............cooveiiiiiiiiiiiiiiiieieea 28

2.3 Catalytic ozonation for the treatment of industrial effluent.............................. 30

2.4 Operating parameters for catalytic 0zonation................ccovevviiiiiieinineennnnn.. 40

vii



241 Initial solution pH. ..o 47

242 OZONE OSC. ...ttt 48
2.4.3 Initial pollutant concentration..............ooeeieiiniiieiiiiieieenieaeennnns. 49
244 Catalyst dOSAZE ..o.venriitiet e 49
2.4.5 Presence of radical sSCaVenger............coovviiiiiiiiiiiii i 50
B T O 1S A 1 F:1 ) 3 50
2.6 GapS N LEETALUIE ...ttt e et e e eae s 52
CHAPTER 3: EXPERIMENTAL WORK.....cccctiiiiiiiiiiiiiiiiiiiiiiineininecnene 54
3.1 Materials and reagents........c.ovtiitiint i 54
3.2 Preparation of the catalyst support and catalysts................cooeviiiiiiiiinnn. 55
3.2.1 Catalyst support SBA-15.....oiiii i 55
3.2.2  Monometallic and bimetallic catalysts supported on SBA-15............. 56
3.3 Characterization of catalyst support and catalysts.................ccceeviiiiiniinn..n. 56
3.3.1  BETsurface area............cooooiiiiiiiiiiii i 57
3.3.2  Scanning electron microscopy (SEM).........c.cooviiiiiiiiiiiiiiiiinnn.. 57
3.3.3  Transmission electron microscopy (TEM).............coooiiiiiiiiiini. 57
3.3.4  Energy dispersive X-ray spectroscopy (EDX).........c.cooiiiiiiiiii. 58
3.3.5 pHpzcof the catalysts........ooueiiiiiiii e 58
3.4  Catalytic ozonation experimental Set-Up...........c.viiriiiiiiiiiiiiiiieiieenenns 58
3.5  Analytical procedures. ... ...ooviiiiiiiii e 60
3.6  Characterization of textile industry effluent......................ooiin 62
3.7 Reusability of the catalyst..........ccoiiiiiiiiii e 62
3.8 LeaChing test. ..o ettt e 62

viii



CHAPTER 4: RESULTS AND DISCUSSION....ccetitiiiiiiiiiiiiiiiiiiiieineincienanes 63

Part A: Catalytic ozonation of aqueous solution containing reactive orange 4

4.1

4.2

(RO4) azo dye using Cu/SBA-15 catalyst

Treatment of RO4 azo dye aqueous solution using advanced oxidation

PLOCESSES . v vt enttette et e ettt et e ettt et et e et e e e et et 63
Catalytic ozonation of RO4 azo dye using Cu/SBA-15 catalyst................... 67
4.2.1  Catalyst characterization..............ooeviiiiiiiiiiiii i, 68
4.2.2 Treatment of aqueous solution containing RO4 azo dye by

423

4.2.4

4.2.5

4.2.6

4.2.7

4.2.8

oxygenation, ozonation and catalytic ozonation...........ccccceevveveveee. 71
Optimization of catalytic ozonation parameters........................... 73
4.2.3.1 Effect of copper loading on colour and TOC removal
efficiencies. ......ooeieii i e, 13
4.2.3.2 Effect of initial solution pH on colour and TOC removal
effICIENCIES. ..o e, 75
4.2.3.3 Effect of ozone dose on colour and TOC removal
effICIENCIES. ...t 78
Degradation pathway for catalytic ozonation of RO4 azo dye in
AQUEOUS SOIULION. .. utt ittt et eae e 80

Reaction KINEtICS. ..ooveetee e 81

Reusability of the catalyst.............cooiiiiiiiii e, 84
Leaching test........vveiii e 86
Cost estimation for catalytic ozonation.................cocevvvvennenn.... 86
4.2.8.1 Electric energy cost for ozone generation........................ 86
4.2.8.2 Catalyst preparation COSt........o.vvvrreeireiieeeineeneenneannns 88



Part B: Ozonation of aqueous solution containing reactive orange 4 (RO4) azo dye

using monometallic (Ru/SBA-15) and bimetallic (Ru-Cu/SBA-15) catalysts

4.3 Ozonation of RO4 azo dye aqueous solution using monometallic and
bimetallic catalystS........oouiiiri i 89
4.3.1 Catalyst Characterization............oouveieiieinieiieeieeiieeaineeieaannns 89

4.3.2 Catalytic ozonation using Ru/SBA-15 and Ru-Cu/SBA-15 catalysts
for degradation of RO4 azo dye in aqueous solution..................... 93

4.3.3  Optimization of parameters for catalytic ozonation using Ru/SBA-15
and Ru-Cu/SBA-15 catalysts........cccooeviiiiiiiiiiiiiiin 93

4.3.3.1 Effect of initial solution pH on colour and COD removal
CffICIENCIES. ...t 93

4332 Effect of ozone dose on colour and COD removal

effICIeNCIES. ..o e, 95
4.3.3.3 Degradation pathway for catalytic ozonation reaction......... 97
4.3.3.4 Reusability of the catalysts............ccoooeviiiiiiiiiiiinn 99

4.4 Catalytic ozonation of textile industry effluent using Ru-Cu/SBA-15

bimetallic catalyst..........oooiiiiii i 99
CHAPTER 5: CONCLUSIONS...uttttiiiitiitiiieiiiiitintietiectietiecsecscssssscnscnne 108
CHAPTER 6: SCOPE FOR FUTURE WORK......cccccctiiiiiiiiiiiiiiiiiieiieieiannnn 112
) 23 D1 38 08 24 000\ O D T 113
APPENDIX ..uiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitiitietietieitietiecieentescsscscnssscnscnsnne 136
3 0.1 D 7 N e 138



List of Figures

Figure Figure Title
No.
2.1 Distribution of materials used in mesoporous form in catalytic ozonation.......
2.2 Catalytic ozonation studies for the treatment of industrial effluent................
3.1 Experimental set-up for catalytic 0Zonation..............c.oeoeviiniiiiniiininiennens
3.2 Calibration curve of RO4 azo dye solution................ccoiiiiiiiiiiiiiennn. ..
4.1 Colour and COD removal efficiencies obtained using different AOPs
(Co: 100 mg/l, V: 10 1, O3 dose: 5 g/m?, catalyst: 2 % Cu/SBA-15, catalyst
dose: 0.2 g/, UV irradiation: 254 M) .......c.ooviiiiiieiiiiiniiiiei e,
4.2 Scanning electron microscopy (SEM) micrographs: (a) SBA-15 (b)
2 00 CU/SB AL S e
4.3 Transmission electron microscopy (TEM) images: (a) SBA-15 (b)
2 00 CU/SB AL S
4.4 Nitrogen adsorption-desorption isotherms of SBA-15...................cooieii.
4.5 EDX spectrum for 2% Cu/SBA-15 catalyst.........c.ccooviiiiiiiiiiiiiiiiinn.
4.6 Colour and TOC removal efficiencies by oxygenation, ozonation and catalytic
ozonation. (Co: 100 mg/l, V: 10 1, O3 dose: 5 g/m’, initial solution pH: 5.7,
catalyst dose: 0.2 @/1) ...,
4.7 Effect of copper loading on (a) colour and (b) TOC removal efficiencies.
(Co: 100 mg/1, V: 10 1, O3 dose: 5 g/m>, initial solution pH: 5.7, catalyst dose:
0.2 /)
4.8 Effect of initial solution pH on (a) colour and (b) TOC removal efficiencies
(Co:100 mg/1, V: 10 1, O3 dose: 5 g/m>, catalyst dose: 0.2 g/1) ....................
4.9 Effect of ozone dose on (a) colour and (b) TOC removal efficiencies
(Co:100 mg/1, V: 10 1, initial solution pH: 9, catalyst dose: 0.2 g/l)................
4.10 COD removal efficiency at optimum conditions (Co: 100 mg/l, V: 10 1, initial

solution pH: 9, catalyst dose: 0.2 g/1)........ooeiiiiiiiii e,

Xi

Page
No.

27

47

59

61

66

68

68

69

70

72

74

77

79

80



4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

Effect of radical scavenger t-butanol on (a) colour and (b) TOC removal
efficiencies (Co: 100 mg/l, V: 10 1, O3 dose: 5 g/m?, initial solution pH: 9,
catalyst dose: 0.2 @/1).. ..o,

Degradation kinetics for RO4 azo dye (Co: 100 mg/l, V: 10 1, O3 dose: 5 g/m?,
initial solution pH: 9, catalyst dose: 0.2 @/1)........ccovviiiiiiiiiiiiiiiienee.

Variation of K with (a) initial solution pH and (b) O3 dose. (Co: 100 mg/l,
V: 101, catalyst dose: 0.2 @/1)...oouiiniineii i

Reusability studies of Cu/SBA-15 catalyst for (a) colour and (b) TOC removal
efficiencies (Co: 100 mg/l, V: 10 1, O3 dose: 5 g/m?, initial solution pH: 9,
catalyst dose: 0.2 g/1) ..o

Scanning electron microscopy (SEM) micrographs: (a) 0.25 % Ru/SBA-15 (b)
0.15 % Ru-1.85 % Cu/SBA-15 ..o

Transmission electron microscopy micropgraphs: (a) 0.25 % Ru/SBA-15 (b)
0.15% Ru-1.85 % Cu/SBA-15 ..o,

EDX spectrum for (a) 0.25 % Ru/SBA-15 (b) 0.15 % Ru-1.85 % Cu/SBA-15

CALAL YOS ettt e

Colour and COD removal efficiencies in ozonation and catalytic ozonation.

(Co: 100 mg/l, V: 10 1, O3 dose: 5 g/m’, initial solution pH: 5.7, catalyst dose:

Effect of initial solution pH on (a) colour and (b) COD removal efficiencies.

(Co: 100 mg/l, V: 10 1, O3 dose: 5 g/m>, catalyst dose: 0.2 g/1)......................

Effect of ozone dose on (a) colour and (b) COD removal efficiencies.

(Co: 100 mg/1, V: 10 1, initial solution pH: 9, catalyst dose: 0.2 g/) .............

Effect of radical scavenger t-butanol on (a) colour and (b) COD removal
efficiencies. (Co: 100 mg/l, V: 10 1, O3 dose: 5 g/m?, initial solution pH: 9,
catalyst dose: 0.2 @/1).. ..o,

Reusability studies for (a) colour and (b) COD removal efficiencies.

(Co: 100 mg/l, V: 10 1, O3 dose: 5 g/m?, initial solution pH: 9, catalyst dose:

Xii

82

84

85

87

89

90

92

94

96

98



4.23

4.24

4.25

4.26

COD removal efficiency of textile industry effluent using catalytic ozonation.

(V: 101, O3 dose: 5 g/m?>, catalyst dose: 0.2 g/1) .....ovviiniiniiniiiiiiaiainnn, 103

Change in bicarbonate ion concentration during catalytic ozonation of textile

industry effluent. (V: 10 1, O3 dose: 5 g/m?, catalyst dose: 0.2 g/1) ............... 103

COD removal efficiency at different effluent pH after removing bicarbonate

ions (V: 10 1, O3 dose: 5 g/m?, catalyst dose: 0.2 g/1) .......ocvvviiniiniininnnnn.. 105

Change in pH during catalytic ozonation of textile industry effluent (V: 10 1,
03 dose: 5 g/m?, catalyst dose: 0.2 @/1)........oueiuiiiiiiiiiie e 106

xiii



List of Tables

Catalytic ozonation studies using different types of catalyst supports..............

STUAIES . - e,

Catalytic ozonation studies for the treatment of industrial effluent.................

Chemical structure and physical properties of RO4 azo dye........................

Colour and COD removal efficiencies by advanced oxidation processes.........

Surface area, pore diameter and pore volume of SBA-15 and Cu/SBA-15.......

Textural characteristics for SBA-15, Ru/SBA-15 and Ru-Cu/SBA-15............

EDX quantification results for monometallic and bimetallic catalysts............

Colour and COD removal efficiencies for ozonation using different catalysts...

Table Table Title

No.

2.1

2.2 Mesoporous materials for catalytic ozonation
23

3.1

4.1

4.2

4.3 EDX results for 2% Cu/SBA-15................
4.4 Cost for 2% Cu/SBA-15 catalyst preparation.
4.5

4.6

4.7

4.8 Characteristics if textile industry effluent......
4.9 Bicarbonate and carbonate ion concentrations

Xiv

Page
No.

17
31
41
55
67
70
70
88
91
92

97



ABBREVIATIONS

AOP Advanced oxidation process

BET Brunauer-Emmett-Teller

BJH Barret, Joiner and Halenda

BOD Biochemical oxygen demand (mg/1)
COD Chemical oxygen demand (mg/l)
CRE Colour removal efficiency (%)

CWAO Catalytic wet air oxidation

EDX Electron dispersive X-ray spectroscopy

NTU Nephelometric turbidity unit

pHpzc pH at point of zero charge

P123 Poly (ethylene glycol)-block-Poly (propylene glycol)-block- Poly (ethylene
glycol)

RO4 Reactive orange 4

SBA-15 Santa Barbara Amorphous-15

SEM Scanning electron microscopy
TDS Total dissolved solids (mg/1)
TEM Transmission electron microscopy
TEOS Tetraethyl orthosilicate

TOC Total organic carbon (mg/1)

uv Ultraviolet

WAO Wet air oxidation

XV



NOMENCLATURE

Co Initial RO4 azo dye concentration (mg/1)

C Final (after treatment time ‘t”) RO4 azo dye concentration (mg/1)
(COD); Initial COD of effluent (mg/1)

(COD); Final (after treatment time ‘t’) COD of effluent (mg/1)

EE/O Electric energy consumed for pollutant removal (kW h m™ order™)
K Apparent rate constant (min™)

pKa Dissociation constant

R Correlation coefficient

t Treatment time

(TOC); Initial TOC of effluent (mg/1)

(TOC); Final (after treatment time ‘t’) TOC of effluent (mg/1)

VvV volume of effluent in the reactor (1)

XVi



	Santosh P Ghuge.pdf



