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ABSTRACT

In this thesis, we report the development and apptin of conducting polypyrrole films as a
potential green technology for electrochemicalttrent of the model azo dye, Acid Red 1.
Synthetic dyes, for example azo dyes, are extelysivieed as colouring agents in various
industries including textile, paper, printing, aptdarmaceutical industries. As a result,
discharge of dye-containing industrial effluentsoirthe aquatic ecosystems will generate
undesirable colours in the water, reducing sunlighd oxygen penetration, and resisting
photochemical and biological attack. In some casesr degradation products can also be
toxic, carcinogenic or even mutagenic. In additibre majority of these dyes are chemically
stable and resistant to microbiological attack tifeen exhibits a low degradation efficiency
due to their complex structure. Therefore, disghaof dye-containing effluent in the

hydrosphere without proper treatment is a majoirenmental concern.

Several treatment methods for azo dyes have hithesn reported. However, there are severe
limitations associated with these methods. Notafligny treatment methods often produce
toxic by-products and hazardous residues duringatipa. Therefore, there is a need for
developing alternative treatments that are effectimd environmentally friendly in removing
dyes from textile effluents. Electropolymerisedidacting polypyrrole films have been chosen
to avoid such a problem in this study. The synthed polypyrrole usually involves
electrochemical oxidation of its monomer, pyrrdteyield a polymeric chain with a positive
backbone. In order to neutralise this charge,umt®y anion, for example that of Acid Red 1,
is entrapped in the backbone structure. Many stuldave shown that this entrapment process
is electrochemically reversible, enabling polypjerto act as an anion exchanger, depending
upon the mobility of the entrapped counter anidhis has then been exploited as the basis for
developing an eco-friendly treatment for dye intitexeffluents. The azo dye, Acid Red 1, was

used as a model dye in this study.

This thesis will begin with Chapter 1 presentingreef introduction of different dyes, risks
associated with dye effluents and their degradairaducts in the environment, conventional
dye effluent treatment techniques and limitatiomkis section will also cover the fundamental

chemistry of such conducting polymers as polyaaiand polypyrrole and justification for their




applications to dye removal from dye containinduefiits. The scope of this study will also be
outlined in Chapter 1.

Chapter 2 will provide details of experimental teicjues used in this research. Here, we will
describe the synthesis and characterisation tegbsigf polypyrrole films, and method for the
evaluation of Acid Red 1 entrapment-liberation olypyrrole films. This chapter will also

describe the methods used for experimental dalgsasia

In Chapter 3, we report the optimised synthesisupaters of polypyrrole-Acid Red 1 films
and characterisation of polypyrrole films. Polymje films were synthesised by anodically
polymerising pyrrole in the presence of Acid Redsla supporting electrolyte. These Acid
Red l-entrapped polypyrrole films were characterisg electrochemistry, scanning electron
microscopy, Fourier transform infrared spectroscapg X-ray diffraction analysis. Based on
a two-level factorial design, we have identifieé golution pH, the Acid Red 1 concentration
and the polymerisation duration as the significarperimental parameters affecting the
entrapment efficiency. The entrapment process puaitentially aid in decolourising an Acid
Red 1-containing solution. Similarly, in a cathogdrocess, electrons are supplied to neutralise
the polypyrrole backbone, liberating Acid Red Ditite solution. This allows the recovery of

Acid Red 1 for recycling purposes.

In Chapter 4, we focus on the kinetic models, isotts and thermodynamics of the
electrochemical entrapment of Acid Red 1, at cotidggolypyrrole films. The Acid Red 1
entrapment kinetic data were found to follow a pesecond order model involving an intra-
particle diffusion. However, the equilibrium datatained for Acid Red 1 entrapment in
polypyrrole film failed to obey any common adsooptimodels such as the Langmuir and
Freundlich isotherms. Therefore, enhanced quamtitylye may then be achievable by
entrapment, making it a more effective and effitieechnique than those involving only
adsorption. Similarly, dye leakage from polypyerdilm surface to a sample matrix will be
easily prevented. Thermodynamically, a negatiemddrd Gibbs free energy of entrapment
range between -1.46+0.78 and -2.94+0.24 kJ'nadlthe corresponding temperature range of
298 K — 318 K, and a standard enthalpy change 68206 kJ motindicate a spontaneous and
endothermic entrapment process. Also, a positit@py change (73.6+8.2 J mid 1) reveals

increased randomness of the interface and antgfohiAcid Red 1 towards polypyrrole films.




A low activation energy (7.67+0.80 kJ rplconfirms a physical process for Acid Red 1
entrapment in polypyrrole films.

Unfortunately, problems were uncounted when theesawlypyrrole films were used in
repeated entrapment-liberation process of Acid Rdde to their poor stability during cycling.
This is because of swelling and shrinkage of palygg films that take place during the
entrapment-liberation process of Acid Red 1. Thads to mechanical degradation of the
polypyrrole films and weakening of their electrocheal performance. To minimise this
effect, polypyrrole-reduced graphene oxide compoBiins were considered. Accordingly,
Chapter 5 is devoted to synthesis, characterisaimhevaluation of Acid Red 1 entrapment
and liberation at mechanically stable polypyrradiuced graphene oxide composite films.
Initially, we anodically synthesised polypyrroleaghene oxide films byin situ
electropolymerisation of pyrrole and graphene oxitliext, a reduction potential was applied
to obtain a polypyrrole-reduced graphene oxide ffham a polypyrrole-graphene oxide
composite film. The synthesised composite flmsenben characterised by Fourier transform
infrared spectroscopy, X-ray photoelectron spectipg, surface analysis, thermogravimetric
analysis and scanning electron microscopy. Brun&remett and Teller surface area analysis
showed a 7.4-fold increase in surface area of gppalole-reduced-graphene oxide film
compared to that of a polypyrrole film. Also, maaital testing results revealed that the tensile
strength of polypyrrole-reduced graphene oxidedilwas enhanced by 12.7 folds compared to
that of polypyrrole films. We evaluated the entregmt-liberation efficiency of Acid Red 1
entrapped polypyrrole composite films and estimae®b % entrapment of Acid Red 1 in
polypyrrole-reduced graphene oxide films, which significantly higher than 58% in
polypyrrole films. Similarly, a 73% liberation eéffency at polypyrrole-reduced graphene
oxide composite films was found to be higher th&%63at polypyrrole films. Finally, a
preliminary study of Acid Red 1 entrapment in pglyple-reduced graphene oxide films in
the presence of Indigo Carmine was also investiljabeevaluate the selectivity towards
Acid Red 1 of polypyrrole-reduced graphene oxitla.fiwe observed that electropolymerised
polypyrrole-reduced graphene oxide film showed Bene memory effect for selective
entrapment of Acid Red 1.

Finally, in Chapter 6, some concluding remarks bea tlevelopment and applicability of

polypyrrole and polypyrrole-reduced graphene oxaenposite films to electrochemical




entrapment and liberation of Acid Red 1 will be gmeted. To this end, limitations of this
treatment will also discussed. Further, severggeations will be proposed as feasible future

work for this project.




ACKNOWLEDGEMENTS

Firstly, | wish to express my sincere gratitudenpsupervisor, Dr Danny Wong, who has been
a tremendous mentor for me. | would like to thardu yfor his enthusiastic supervision,
encouragement and help during my research andldariag me to grow as a research scientist.
His advice on both research as well as on my cér@ez been priceless. | would also like to
thank my associate supervisor, Dr Christopher M¢Rarehis valuable guidance and help
throughout the years. Special mention goes to etligyf members of the Electroanalytical
Chemistry Research Group, Thomas Somerville, Shaj&iraj and Benjamin Pendelton for
their help in the early days and throughout my adetdre. | wouldike to thank the chemistry
laboratory technicians and administrative stafftfogir kind help during my studyl would
especially like to thank Nicole Vella (Microscopynit), Dr Nicholas Tse (Department of
Engineering) and Russell Field (Department of Eovinent and Geography) for their kind

help during my research.

To all colleagues who assisted with this projectuding WendyLoa-Kum-Cheung, Nirmal
Chaudhary, Ketan Ahire, Kaviiagini and ShalinTirunagari, thank you for being there when
I needed an alternative perspective, or equipnma@ss, and for availing your time as and when

required.

To the most important people in my life, my loviwgfe, Zakia Sultana, and my parents, who
made the biggest sacrifices. This research cauidiae completed with your support foremost.
You have endured the most but were always therenfar No measure of success can repay

the toll it took on all of us.

| gratefully acknowledge the assistance of a sehbip from IMQRES during this work.
Finally, I would like to thank my friends and famifor their unconditional support and

encouragement.

This thesis is dedicated my beloved parents, thdymost intelligent person | ever know.




DECLARATION

| hereby declared that this thesis represents mywerk and efforts in its entirety, and has

not been submitted for a higher degree or otheratisay other university, or institution.

Hoq e

02 November, 2015

Md Mominul Haque Date

Vi



LIST OF PUBLICATIONS

Refereed journal articles

1. M. M. Haque, W. T. Smith and D. K. Y. Wong, “Conducting Polyple Films as a
Potential Tool for Electrochemical Treatment of ABRyes in Textile Wastewaters”,
Journal of Hazardous Materials, Vol. 283, pp. 188;2015(I mpact Factor 5.123)

2. M. M. Haque and D. K. Y. Wong, “Kinetic Model and Thermodynan$tudy of Acid
Red 1 Entrapment at Electropolymerised Polypyriéilens”, Journal of Colloid and
Interface Science (Accepted)mpact Factor 3.583)

3. M. M. Haque and D. K. Y. Wong, “Evaluation of Acid Red 1 Renab¥erformance by
Electrochemically Synthesised Polypyrrole-ReducedpBene Oxide Composite Film”,
(Under preparation for ACS Nano).

Conference presentations

1. M. M. Haque and Danny K. Y. Wong, “Characteristics of a DyefBpped Polypyrrole
Film Prepared in the Presence of a Different DYy€MSE 2015: XIII International
Conference on Materials Science and Engineerind,52@p. 1161, Paris, France
(2015, January 23-24).

2. M. M. Haque and Danny K. Y. Wong, “Entrapment Behaviour of dd&ked 1 in The
Presence of Indigo Carmine at Electropolymerisdgiorole Films”, 224 Annual RACI
Research and Development Conference, 2014, pp.3&0elaide, Australia
(2014, December 13-15).

3. M. M. Haque and Danny K. Y. Wong, “Entrapment-liberation Beioav of Two Azo
Dyes at Conducting Polypyrrole Films", RACI Natib@ongress 2014, pp. 95, Adelaide,
Australia, (2014, December 7-12).

4. M.M.Haqueand Danny K. Y. Wong, “Electrochemical Charact&ssof Acid Red 1 at.
A polypyrrole film”, 21 Annual RACI Research and Development Conferend,20
pp. 84, Canberra, Australia (2013, December 11-13).

vii



5. M. M. Haque, W. T. Smith and Danny K. Y. Wong, “Characterieatiof Acid Red 1-
Entrapped Polypyrrole Films”, ISE Satellite StudBegional Symposium, “The Future of
Australian and New Zealand Electrochemistry” and Xustralia and New Zealand
Electrochemistry Symposium 2013, pp.43, Melboufsstralia (2013, November 25-26).

6. M.M.Haque, W. T. Smith and Danny K. Y. Wong, “Electrochentitaeatment of Acid
Red 1 using Conducting Polypyrrole”, What's NewLaboratory Technology 2013, pp.
14, Sydney, Australia (2013, July 16-17).

viii



TABLE OF CONTENT

FA =S I Y 3 SRR [
ACKNOWLEDGEMENTS ...ttt ettt e e s e e e e e st ea e e s e snneeeeeaeeans V...
D] O I N 1 ] Vi
LIST OF PUBLICATIONS ..o ee e e et e e e e e e e e e e e aaan s L Vi
CHAPTER 1

GENERAL INTRODUCTION . ...uiiiiiie ettt e s esmee s e e e e et e e e et e e aataneeeesneeenes 1
1.1 BACKGIOUNG ... .. e e e e e e e e e e ee e e e e e eeeeeesseeennnnns 1
1.2 DY S et e e 3
1.3 (O 1T 0 115 1V 0 0 Y/ 3
1.4 Classification Of AYES........ccoiiiii e as 4
1.4.1  AppPlication-DASEd AYES............. ettt e e e e e et vennnneeeeeeena s 5
3 I o o 0 ) PR RRRPPP 6
O I - 1 o V= 6
1.4.1.3 REACHVE AYES ....cciiiiiieeeiiiiiiicemmmmmcss e e e e e e e e e e e e ettt aaa e e s s eeeaeessaaeaeaeaeaeeeeeennsnnnnes 6
O S I 1 €= Tod o |2 RSRRPPP 6
1.4.1.5 DISPEISE TYES ...uuiiiiiii ettt ettt ettt ettt s s seeeea s e e e e e e e e e e e e eeeeeeeannnee 7
O I Y = | o |- 3 7
O U U g )= 7
1.4.1.8 SOIVENT AYES...coiiiiiiiiiiiiiie e sttt a e s s e e e e aaaaaaaeeeeeeaaaaeeeeeesssssnnnnns 8
e T |V o (0 F= T g 0 YT PSPPSR 8
1.4.2 Chemical structure-based AYEeS .......cccceiieiiiiiieiiiiiiiiiie e e eeee e 8
O I N1 1 o 0 Y= 8
1.4.2.2 CaArOTENOIA ...ceveiiitiiiiiaie e eeeeee e e e e e e e et e e et e e tb bbb a e s s e e e e aaaaaaeeeeeeeeeeaeeeeeanssnsnnnnns 9
1.4.2.3 DiIiphenyIMethane ..............uuuuut e e et e e e e e e e e e e eees 9
O A € 1411 1= = PP PPPUPPPPPPRP 10
L1.4.2.5 ACHING oottt et e e e e e e ettt e e e e e e e e as 10
1.4.2.6 QUINOPNLNAIONE YES ....coiiiiiiiiii e e e e e e e e e eeeeeaaeees 11
1.4.2.7 Indamine and indophenol dyes ...... . eeeeeiiiiii e 11




1.4.2.8 SUIUI AYES ... et ee e e e e e e e e e e e e et b bee e as 12

1.4.2.9 ANtNraqUINONE GYES ......uuiiii ittt e e e e et e et bennnnseeebaaa e e as 12
0 I O N [T [T o (o 0 Y7 13
1.4.2.11 PhthaloCyaning AYES ......cccoii it e e e e e e e e 13
15 AZO TYES .t e e e e e e e e e e e e e e e e e e eeaaaarraaaaa 14
1.5.1 Azo dyes and their effects on environmentlandan health............................... 4.1
1.5.1.1 MUtageniC €ffECl ......cccc e e 15
1.5.1.2 Effect of MetabolitesS.........ooo i iieeeee e 15
1.6 Dye containing WaStEWALET ..............cemmmmeerniiiae e e e e e e e e e e eeeereeene s 16
1.7 Wastewater treatMent PrOCESSES .......cccemmeeiiieiii et e e e 17
1.7.1  Physico-chemical treatment Methods .....ccccii i 18
R AV £ 0] 0] o S 18
1.7.1.2 Membrane filtration ..........oooi e 20
1.7.1.3 REVEISE OSIMOSIS ...uuiiiieeeeeee s s+ e e e et e aeeeeeesssasssnaaaaaaaaaaaaaaaaaasaaeaseeseeeeessmsnnns 20
O O A |11 = [0 ] TP PPPPP 20
A T (o =t (d 1 = o =S 20
1.7.1.6 Coagulation or flOCCUIAtION ...« 21
R A A [ = o [ =1 1o ) o [ SRR 21
1.7.2  Chemical oxidation Methods ...........coo oo 21
O R @ V{0 =1 1 o] [P PPPPPPUPPPPPTRP 22
1.7.2.2 Sodium hypochloride (NaOCI) ... 22
1.7.2.3 Advanced oXidatiOn PrOCESS .......ccceeiieeiiieee ettt era e e e 23
1.7.3  Biological trealMentS.........ccooiiiieee e e e e e e e e e e e e ee e e e e e e e eeeananeens 24
1.7.3.1 Decolourisation by White-rot fuNgi...cccce...euvuuereeiiiiiiiiieeeeeee e 24
1.7.3.2 Other microbial CURUIES .........oooiiiiiei e 25
1.7.3.3 Adsorption by living / dead microbial biogsa...............ccuuvviiiiiiiinie e 26
1.7.4  Electrochemical teChNIQUES .........cooiiiiiiiiiiiiiie s 27
1.7.4.1 Electrocoagulation Methods .........cccooeeiiiiiiiiiiiiii e, 28
1.7.4.2 Electrochemical reduction Methods. ..ccccecviviiiiiiiiiiiii e 28
1.7.4.3 Electrochemical oxidation Methods. ... 29
1.7.4.4 Indirect oxidation Method...........cooiiiii i 30
1.7.4.5 Photoassisted MethOUS ...........uueemmmieeeieeei et 31
1.8 Conducting polymers as alternative materialsMastewater treatment................... 36




1.9 Electropolymerised polypyrrole as an ion exgesimembrane for the entrapment-

liberation Of ACIA REA L .....ooiiiiiiiiiiiiee e aeeeeeeeeeeeeeees 41
1.10 Scope and aims Of the PrOJECT........ e eeerrernniiiiieeeeeeeeeeeeeeeeeeeereennnneerarnnn—.s 43
1.11 RETEIENCES ... et e e e e e bbb e e e e e e e e ee s 44
CHAPTER 2
EXPERIMENTAL oottt ettt e e e e e e st e e e e e e e nnb e e e ennnnneeeeens 65
2.1 INEFOAUCTION ..ttt e e e e e bbb e e ee e e 65
2.2 REAGENTS ... e e e e e e e e 65
2.3 FaY o]0 1= L= L U PP PUPPPTTUPPPTPPPPIN 66
2.4 Preparation of graphite oxide and grapheneeaxid..................oiiiiiiieniieeees oo 66
2.5 Electropolymerisation @XPErimENLS ... o eeeeereeerrrmmmmmmiinieeeeeeeeeeersreeeeeeeeeeen 67
2.5.1 Electrochemical synthesis of polypyrrole-ARed 1 films..........cccevvveiiiiinnnnnn. 67.
2.5.2  Electrochemical synthesis of polypyrrole-r@shigraphene oxide composite films 67
2.6 Optimisation experiments of synthesis of potypke-Acid Red 1films................... 68
2.7 Entrapment and liberation eXPeriMments ..ouceeee.eeeeeiiiiee e e e e 68
2.8 Entrapment kinetics, isotherm and thermodynamic.............ccccoeeviiiiiiiiiiinnnnn Qa9
2.9 CharaCteriSAtiON .......ooiiieiiiiiii ittt e e e e e e e e e e e e ee e e e e e eeeeeeeanennes 70
2.9.1  XRD @NAIYSIS ..eeeeeieeitiiiiiiiiei s e s mmmmm e e e e e e ettt a e e e e e e e aaaaaaaaaaaaaaaraa——————_ 70
e I e I | = TP 1 £ £ 71
2.9.3  XPS @NAIYSIS .ottt ettt e ————— s 71
2.9.4  SEM o —————— e raaaa 71
128 TR T 1 PSPPSR 71
2.9.6 BET surface area analySiS........... o eeerrunnniniaieeeeeeeereeeeeeernnrnsmnnnnnernnnnnnn 71
2.9.7  MeChANICAl PrOPEITIES .. .uuuuue e s e e e e e e e et ettt e s e e e e e e eeeaaaaaaeeaeeeeaeeeeees 72
2.9.8  ElECLICAl PrOPEITY ..ceeveiiiiiiiie s sttt e e e e eeaa e e e e e e e e e e e eeeeeeennnes 74
2.10 Data @NAIYSIS ..cceeiiiiiiiiiiiiee e s ettt e e e e e e e e e e e e e e e eeeearraaaaaa 75
2.11 RETEIENCES ..ottt e e e e e bbbt r e e e e e e aeeas 75

Xi



CHAPTER 3
DEVELOPMENT AND CHARACTERISATION OF CONDUCTING POLYPRROLE
FILMSASA POTENTIAL TOOL FOR ELECTROCHEMICAL TREATMENT OF

AZO DYESIN TEXTILEWASTEWATERS. ....oiii ittt s 77
3.1 1o To [3]ox 1 o] o R PP T RS U PPPPPRPTRR 77
3.2 EXPEIMENTAL......coiieiieeiee e e r e e e e e e e e e e e e eeaaee 80
3.3 RESUILS aNd AISCUSSION ......uuiiiiiiiiieeeeeeme et e e e e e e e e e e e e s et ee e e e e s s s nanes 80
3.3.1 Characterisation of electropolymerised potgge films ... 80
3.3.1.1 Electrochemical characterisation of polypha-Acid Red 1 films ........................ 0.8
3.3.1.2 Conductivity of polypyrrole-Acid Red 1 filin.........cccooiiiiiiiiiiiiiii e 82
3.3.1.3 Scanning electron microscopic study of pyisole-Acid Red 1 films .................... 82
3.3.1.4 FTIR of polypyrrole-Acid Red 1 filMS .. eeeerreeriiiiiiiieeieeeeeeeeeeeeeeeevvvveeenneeeeeeens 83
3.3.1.5 XRD analysis of polypyrrole-Acid Red 1 fBm............ccoooiiiiiiiiiiiiiiii v 84
3.3.2  POlYPYITOlE YIEld .....cooeieeieee e 85
3.3.3  Optimisation of Acid Red 1 entrapment par@meel.............uuvvvereiiiiiieeeeeeeeees o 36
3.3.4 Entrapment of Acid Red 1 in polypyrrole films............ccoovviiiiiiiiiiees 90
3.3.4.1 Effect of solution pH on Acid Red 1 entragmmin polypyrrole films ...................... 90

3.3.4.2 Effect of initial Acid Red 1 concentratiand polymerisation time on entrapment..90
3.3.5 Liberation of Acid Red 1 from polypyrrolemfib ...........ccooeeeiiiieeeiiiiiieeeeeeeeee s o 92
3.3.6  Evaluation of Acid Red 1 entrapment-libenatsficiency in polypyrrole film with

different entrapment-liberation Cycles ... 93

3.4 (©0] o Tod 1§17 [0] o SRR 95
3.5 RETEIENCES ...t e e e e e bbb 96
CHAPTER 4

KINETIC MODEL AND THERMODYNAMIC STUDIESOFACID RED 1
ENTRAPMENT IN ELECTROPOLYMERISED POLYPYRROLE FILM ................. 102
4.1 INEFOAUCTION .ttt e e e e e bbb aeee e 102
4.2 EXPEIMENTAL.......coeeeiieiiiii e e r e e e e e e e e e e e e e e e e e e e e e e e e eeaaaaaae 104
4.3 ReSUItS and AISCUSSION ..ot 105

4.3.1 Entrapment of Acid Red 1 in polypyrrole filas a function of Acid Red 1
concentration and polymerisation tIME...... .o« eeeeeeeeeeeeeeeriiiiiirneee e e e eeeeeeens 105
4.3.2  ENtrapment KINETICS .......uuuueiiii i e e e e 108

Xii



4.3.3 ISOTNEIM STUAIES ..o et ettt e e et e e e e meemn e e e e e e e e e enaens 118

4.3.4  ThermodynamiC PAramMELEIS ............ ommeeeerrrrnnnnnaaaaaaaaaaeeaaaeereeeeesmmnnnneesssnne 122
4.4 [©0] T3 1§17 0] o I 124
4.5 ] (=] (=] o= 125
CHAPTERS

EVALUATION OF ACID RED 1 ENTRAPMENT-LIBERATION PERFORMANCE
BY ELECTROCHEMICALLY SYNTHESISED POLYPYRROLE-GRAPHENE
OXIDE AND POLYPYRROLE-REDUCED GRAPHENE OXIDE COMPOSITE

e I Y PP 131
5.1 T goTo [¥]ox 1 o] o HPU PSSR PPPTTPRTRPPRR 131
5.2 EXPEIMENTAL.......coeeeiiiiiiiie et e e e e e e e e e e e e e e e e e e e e e e 134
5.3 RESUILS aNd AISCUSSION ......uuiiiiiiiiieeeeeee e et e e e e e e e e e e e e e e e e st re e e e e e s s 135
5.3.1  CharacCteriSAtION .........cooeeeiee e oo e e ettt s s e e e e e e e e e e e e e aaeeeeeaaeeeeeeesesennnnns 135
5.3.1.1 CyCliC VOIRBMMELIY ...ovieiiiiii et 135
5.3.1.2 FTIR @N@IYSIS ittt e e e e e e e e e e e e e e e e e e e eeeeeneeannnnns 137
5.3.1.3 XRD @NAIYSIS ...ceeeeeeeiiiiiiiiiiiseeeeenaiissas e e e e e e e e aeeaeeeeeeaeaatana e e e aaaeaaaes 139
5.3.1.4 XPS @NAIYSIS ..ceeevviuiiniiiee s s e e e eeaateeeeeesataaaaa s e e e e aaeaaaaaaaaaaaaaaaeereara——————_ 140
5.3.1.5 SEM GNAIYSIS ...coviiiiiiiiiiiei e 144
TG 20 0L T I 2 NP 145
5.3.1.7 BET Surface area analySIS......... e« iriaiieeeeeeeeieeeieeesininnsns s 147
5.3.1.8 Mechanical properties of polypyrrole comfBBIMS .........ccccoeeviiiiiiiiiiiiiiiee 148
5.3.1.9 Electrical properties of polypyrrole comip®&ims ...........oovveiiiiiiiiniiniiiiies . 149
5.3.2 Evaluation of Acid Red 1 entrapment in polyple and composite films ............. 150
5.3.3 Liberation of Acid Red 1 from polypyrrole acdmposite films .............c..cceeeee. 151
5.3.4 A preliminary study of Acid Red 1 entrapmenpolypyrrole-reduced graphene
oxide films in the presence of Indigo Carmin@..............ccoovviriiiiiiiiiiiiiiienneenne 153
54 (©0] o Tod [0 1] [0] o PP 157
5.5 RETEIENCES ..o e e e e e bbb 157
CHAPTER 6
(00 1)\ I 0 1 ] N P 164
6.1 (0] 1ol [8To [0 To I (=101 =14 164

Xiii



6.2. Limitations

6.3 FULUIE QIrECHIONS .. e e e 166
AP P E N D X e e s 167
011 aT=] 0 4 IR (0 o [1ST T T R P RTT 167

Xiv



CHAPTER 1

GENERAL INTRODUCTION

11 Background

A dye or dyestuff is a coloured compound that carapplied on a substrate. Dyes can be
obtained from natural sources or can be synthedises laboratory. Synthetic dyes are
extensively used as colouring agents over theféastdecades in various industries including
textile, leather tanning, pulp and paper, painttprg, cosmetics, pharmaceuticals, plastic and
food industries. Dyes are also used as inks, ginapbic dyes, as indicators, biomedical
applications, biological strainer, body arts, gasgletc. All these have led to the discharge of
dye-containing industrial effluents into the saideaquatic ecosystems. Their presence in the

hydrosphere is of a major environmental concerntdumth their visibility even at very low

concentrations (<1 mg']l.) [1, 2], giving undesirable colours to the wategucing sunlight
and oxygen penetration, and resisting photochenaadl biological attack. In the worst
scenario, their degradation products can be taxacginogenic or even mutagenic [3, 4].
Synthetic dyes usually have a complex aromatic outde structure that possibly comes from
coaltar-based hydrocarbons such as benzene, ngtghanthracene, toluene and xylene,

making them more stable and more difficult to bigrdele [5].

Over 100,000 commercially available dyes exist arute than 700,000 tonnes are produced
annually [1, 6]. It is predicted that 1-2% of dyasproduction and 1-10% in use (during the
colouration process) are subsequently lost [7]e tain reason for dye loss during use is the
incomplete exhaustion of dyes onto the substraté®r some dyes, this figure can be
approximately 10-20% due to low fixation [8]. Tlexact data on the quantity of dyes
discharged in the environment are not availableweVer, it is estimated that 2% of dyes that

are produced are discharged directly as aqueoluseffl, 6].

Due to large-scale production, extensive applicatibeir good solubility, and such appealing
properties as the ability to make a wide rangeribidnt shades, synthetic dyes are common



water pollutants present in trace quantities irugtdal wastewater. Nevertheless, they are
known to cause considerable environmental polluaod contribute to serious health-risk

factors [9].

Coloured wastewater is a consequence of batch ggeseboth in the dye manufacturing
industries and in the dye-consuming industries. nWimdustries, such as dyestuffs, textile,
paper and plastics, use dyes in order to colour pgneducts, consume substantial volumes of
water and chemicals for wet-processing of theidpots. In the dyeing of textile materials,
water is used firstly in the form of steam to hibattreatment baths, and secondly to enable the
transfer of dyes to the fibres. At the end ofdlyeing process, the various treatment baths are
drained out, including the first dye bath, whicls leavery high salt concentration §0 g %),

is heavily coloured and contains a substantial ifaetganic substances [10]. As a result, they
generate a considerable amount of coloured wastewhiring the dyeing and finishing
processes. Cotton, which is the most widely uge® in the world, is also the substrate that
requires a huge quantity of water in its dying gssc The dyeing and rinsing of 1 kg of cotton
with reactive dyes demands from 70 to 150 L wdidd to 0.8 kg NaCl and anywhere from 30
to 60 g dyestuff [10]. The wastewater produceddyging generally contains [10, 11]
(i) hydrolysed dyes not fixed on the substrate resenting 2B0% of the dyes applied
(on average 2 g'1) (this residual amount is responsible for the soition of the effluents and
cannot be recycled); (ii) dyeing auxiliaries or amgc substances that are used for desiring,
scouring, bleaching, dyeing, printing, and finighimhich are non-recyclable and responsible
for the high biochemical oxygen demand / chemiggben demand of the effluents; (iii) textile
fibres, and (iv) 60-100 gt electrolyte, essentially NaCl and 2803, which is responsible for
the very high saline content of the wastewater.addition, these effluents exhibit a pH of
10-11 and a high temperature (50-70 °C). The raiaofvcolours from wastewaters is often
more important than the removal of the soluble gd&ss organic substances. Methods for the
removal of organic substances from most effluerddairly well established. Dyes, however,
are more difficult to treat because their synthetigin are mainly complex aromatic molecular
structures, often synthesised to resist fadingipogure to sweat, soap, water, light or oxidising
agents [12, 13]. This renders them more stabldessdamenable to biodegradation [5].

Access to freshwater is globally becoming moreaaitevery day. Without proper treatment,

dye-containing effluents discharged into the hydhese will contribute a significant source of
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water pollution. Many of these dyes are also t@d even carcinogenic and pose a serious
hazard to aquatic living organisms [14]. Therefas®ingent rules are imposed in many
countries for controlling the discharge of industréffluents. Due to increasingly stringent
restrictions on the dye content of industrial edfits, it is necessary to remove dyes from
wastewater before it is discharged. However, westier containing dyes is very difficult to
treat, as the dyes are complex organic molecutssstant to aerobic digestion, and are stable
to light, heat and oxidising agents [15]. To miigenthe risk of dye containing effluents on
environment, there is a real need for proper treatnbefore being discharged into the

hydrosphere.

12 Dyes

The first synthetic dye, Mauveine, was discovergdhe Englishman, William Henry Perkin
by chance in 1856. Since then, the dyestuff ingusts matured [16]. With few exceptions,
all synthetic dyes are aromatic organic compoundssubstrate is the material to which a
colourant is applied by one of the various procesdgedyeing, printing, surface coating, etc.
Generally, the substrate can be textile fibresympefs, foodstuffs, oils, leather, or many other
similar materials [17]. Not all coloured compourds dyestuffs because a coloured compound
may not have a suitable application on a substr&t®. example, a chemical such as copper
sulfate, which is coloured, finds no applicationasy substrate. If it is applied on a substrate,
it will not have retaining power on the substratel &or this reason, copper sulfate cannot be
termed as a dye. On the other hand, Acid Rediypieal synthetic organic coloured compound,
can retain its colour on cotton when it is appliedhis natural fibre under suitable conditions
[17].

13 Chemistry of dyes

Synthetic dyes are aromatic compounds produced Heynical syntheses. Accordingly,
aromatic rings in dyes contain delocated electemtsalso different functional groups. Their
colour is due to the chromogene-chromophore streg¢acceptor of electrons), and the dyeing
capacity is due to the auxochrome groups (donetexftrons). The chromogene is constituted
from an aromatic structure normally based on rmigsenzene, naphthaline or anthracene, with
which chromophores bind. Chromophores contain oabnjugated bonds with delocated
electrons. These unsaturated chromophore growgisalig are responsible for the respective

colours (“chroma” means colour and “phore” meare®g. The chromophore configurations
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are represented by the azo group (-N=N-), ethytgoep (=C=C=), methine group (-CH=),
carbonyl group (=C=0), carbon-nitrogen (=C=NH; -Q¥¥ carbon-sulfur (=C=S;
=CS-S-G), nitro (-NO&) and nitroso (-N=0O) groups. The auxochrome (“&urmeans
augment) groups are ionisable groups that confaraalye binding capacity on the substrates
[17]. An auxochrome is a functional group of atcattsiched to a chromophore that provides
electrons to the chromophore groups, modifies tigyaof the chromophore to absorb light,
and alters the wavelength or intensity of the gttsom. The usual auxochrome groups areNH
(amino), -COOH (carboxyl), -S4B (sulfonate) and -OH (hydroxyl) [18, 19]. Some
chromophore and auxocrome groups are presenteabie T.1.

Table 1.1 Names of chromophore and auxochrome grotigyes

Chromophore group Name Auxogroup Name
-N=N- Azo -NH; Amino
-N=N*"-O Azoxy -NHCHs Methyl amino
-N=N-NH Azoamino -N(CH)2 Dimethyl amino
-N=0, =N-OH Nitroso -SGH Sulfonic acid
>C=0 Carbonyl -OH Hydroxy
>C=C< Ethenyl -COOH Carboxylic acid
>C=S Thio -Cl Chloro
-NO2 Nitro -CHs Methyl
>C=NH, >C=N- Azomethine -OCHl Methoxy

-CN Cyano

-COCH Acetyl

-CONR Amido
14 Classification of dyes

Hungeret al [16] described that the textile dyes are maitdgsified in two different ways, (1)
based on the application characteristics (sucltids laasic, direct, disperse, mordant, reactive,
sulfur dye, vat dyetc), and (2) based on the chemical structure (suclities azo, carotenoid,
diphenylmethane, xanthene, acridine, quinolineamithe, sulfur, anthraquinone, indigoid,

phthalocyaninegtc). The classification of dyes is outlined in Figur.1.
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Considering only the general structure, textilesdgee also classified as anionic, nonionic and
cationic dyes. The major anionic dyes are thectligcid and reactive dyes [1], and the most
problematic ones are the brightly coloured, watdnlde reactive and acid dyes because they
cannot be removed through conventional treatmestiesys. The major nonionic dyes are
disperse dyes that do not ionise in the agueousogmuent, and the major cationic dyes are the
azo basic, anthraquinone disperse and reactive elges

[ Dye classification ]
[ Based on application ] [ Based on structure ]
Acid
Basic | Diphenylmethane }¢———
Reactive
Direct
Disperse [ Indamine and indophenol ]4_—

<

at

|

Sulfur

Sulfur [ Anthraquinone J€———

Solvent 4_

Mordant [ Pthalocyanine
Azo

i

[

Figure 1.1 Classification of dyes

141 Application-based dyes

The classification of dyes by usage or applicaisotihe most important system adopted by the
Colour Index (Cl) [20]. Some of the common catég®are detailed below.
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1.4.1.1 Acid dyes

Acid dyes are water soluble anionic dyes and apéiexpon protein fibres, nylon, cotton, wool,
silk, and modified acrylics. Moreover, they arediso dye paper, leather, inkjet printing, food,
and cosmetics. Acid dyes produce bright colouas llave excellent fastness, or the ability of
the dye to stay on the fabric and not rub off ateféao dry cleaning, but not necessarily to
washing or light and perspiration [16]. Common$gd acid dyes are the families of Acid Red,
Acid Blue, Acid Orange, Acid Violet, and Acid Yello

1.4.1.2 Basic dyes

Basic dyes are cationic and water soluble. Theyyce bright colours that have excellent
fastness to light, laundering, perspiration, armtking on synthetic fibres, but poor fastness to
washing and light on natural fibres. They are galheused for papers, acrylic, modified

acrylic, polyacrylonitrile, modified nylons, mod#t polyesters, cellulosic, and protein fibres.
In addition, they are often applied to silk, woahd tannin—-mordant cotton when brightness
shade is more necessary than fastness to lighivasling [16]. Examples of basic dyes are

the Basic Blue, Basic Brown, Basic Green, Basic,Bedic Violet, and Basic Yellow families.

1.4.1.3 Reactive dyes

Reactive dyes form a covalent chemical bond withefiby an ether or ester linkage under
suitable conditions. Majority of reactive dyes t@n azo bonds that includes metallised azo,
triphendioxazine, phthalocyanine, formazan, andiraguinone. The molecular structures of
these dyes are much simpler than direct dyes. a&lseyproduce brighter shades with excellent
fastness in all areas, but are difficult to matohdes [21]. Reactive dyes are primarily used
for dyeing and printing of cotton fibres, but odoaslly on protein fibres and nylon as well.
Most widely used reactive dyes are the ReactivelBlReactive Red, Reactive orange, and
Reactive Yellow families.

1.4.1.4 Direct dyes

Direct dyes are anionic and soluble in aqueoudisolst They have a high affinity to cellulose
fibres and have excellent fastness to perspirawhdrycleaning, but poor fastness to washing
and varied light fastness. Most direct dyes afggzo compounds, along with some stilbenes,
phthalocyanines, and oxazines. To improve wasimdas, frequently chelations with metal

(such as copper and chromium) salts are appli¢detalyestuff [16]. Commonly used direct
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dyes in textile industries include the Direct R&dkect Yellow, Direct Orange, and Direct

Green families.

1.4.1.5 Disperse dyes

Disperse dyes are substantially water insolublaamn dyes, applied to hydrophobic fibres
from microfine aqueous dispersion [16]. Dispergesdare predominantly used for acetate,
acrylic, modacrylic, nylon, polyester, polyamid@lypropylene and olefin fibres. The wash
fastness with disperse dyes varies with the filjpesy on acetate, excellent on polyester. The
degree of fastness to light range from fair to gdmdt there is some gas fading on acetate.
However, fastness to perspiration, crocking, angcatiganing is excellent [16]. Chemical
structures of dyes are mainly consisted of azo amithraquinonoid groups, having low
molecular weight and containing groups which aitbrming stable aqueous dispersions. The
Disperse Yellow, Disperse Red, and Disperse Oréargdies are some of the common disperse

dye.

1.4.1.6 Vatdyes

Vat dyes are water insoluble and can be appliedlsn#o cellulose fibre by converting them
to their leuco compounds. The latter was carriatlliy reduction and solubilisation with
sodium hydrosulfite and sodium hydroxide solutihjch is called a “vatting process” [16].
The main structural groups of vat dyes are anthname and indigoid. Vat dyes have excellent
fastness in all areas as well, especially to chéoand bleach, however, if not properly applied,
they may crock (release colour when rubbed) [1§, RBost widely used vat dyes are the Vat
Black, Vat Blue, Vat Orange, Vat Red, Vat Yellowridies.

1.4.1.7 Sulfur dyes

Sulfur dyes are water insoluble and are appliedatton in the form of sodium salts by the

reduction process using sodium sulfide as the iadumgent under alkaline conditions. The

low cost and good wash fastness properties of dyeeke these dyes economic attractive [16].
Sulfur dyes are used on cellulosic fibres as wefiorm dull shades such as navy, black, and
brown. They have excellent fastness in most atmstsare weak when exposed to chlorine.
Some sulfur dyes that are most commonly used if¢erdustries are the Sulpfur Black, Sulfur

Blue, Sulfur Green, Sulfur Yellow, and Sulfur Reudrilies.
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1.4.1.8 Solvent dyes

Solvent dyes are water insoluble, but organic sdhsoluble, dyes having deficient polar
solubility groups for example, sulfonic acid, caxpkic acid or quaternary ammonium [16].
They are used for colouring plastics, gasoline, @hd waxes. Solvent dyes that are regularly
used in textile industries are the Solvent Yell@s)vent Red, Solvent Blue, Solvent Orange,
Solvent Green, and Solvent Violet families.

1.4.1.9 Mordant dyes

Mordant dyes have dyeing properties with good d¢yalithe presence of certain groups in the
dye molecule. These groups are capable of holdietl residuals by formation of covalent
and coordinate bonds involving a chelate compodldl [ The salts of aluminium, chromium,
copper, cobalt, nickel, iron, and tin are used asdant as their metallic salts [16]. Most
commonly used mordant dyes are the Mordant YellMordant Orange, Mordant Red,
Mordant Brown, Mordant Green, and Mordant Black ifas.

1.4.2 Chemical structure-based dyes

Following categories are based on their chemicatsires.

1.4.2.1 Nitro dyes

As the name indicates, nitro dyes contain one aemdro (-NQ) groups. The N-O and N=0O
bonds of the nitro group are equivalent becausesafinance, and they are conjugated with the
resonating C-C and C=C bonds of the aromatic rlhthe compound is a phenol, the aromatic
compound exists in equilibrium with a quinonoiddd®]. Examples include Picric Acid
(C1 10305) and naphthol yellow S (Cl 10316). Stuwes of several examples of nitro dyes are

shown in scheme 1.

OH O_ M+
O,N NO, "M 058 I I NO,
NO, NO,

Scheme 1.1 structure of Picric acid and NaphthibbweS
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1.4.2.2 Carotenoid

Carotenoids are notable colourants for having monatic rings, but contain isoprene units
(shown in Scheme 1.2) in their molecular strucf@®j. More than 300 carotenoids occur in
plants, and a few are synthesised industriallyctdouring foodstuffs. The simplest member
of the series is lycopene, named for its presemcgdopersicor{tomato). Structure of lycopene
is presented in Scheme 1.3.

CH,

)\/CH?
H,C

Scheme 1.2 An isoprene unit (2-methyl-1,3-butadiene

N N NG P W N

Scheme 1.3 Lycopene

This formula shows the carotenoid structure conmmigight isoprene units arranged so that
there is a long conjugated chain in the middle pathe molecule. In other carotenoids, the
ends of the chains are folded into rings, which rbayalicyclic or quinonoid, and may bear
such substituents as =0, -OH and -OCQCH

1.4.2.3 Diphenylmethane

Diarylmethane is a small group of cationic dyeshwite general structure shown in Scheme
1.4. Auramine O, CI 41000, is the only diaryimetdaommonly used as a biological stain
[24].

NH2 NH2

\
S
-
+
NR;

RoN NR2 R2oN

Scheme 1.4 Diarylmethanef£Rany of H, CH etc)
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1.4.2.4 Xanthene

The chromophore in xanthene contains the planaftetske of the oxygen-containing

heterocyclic compound xanthene [24] as shown ire®&hl.5.

@) X

Z

C

R
Scheme 1.5.Xanthene

In the general structure shown in Scheme 1.5, R Ineag hydrogen atom or an aliphatic or
aromatic group, and X is nitrogen in the aminoxan#s or oxygen in the hydroxyxanthenes.
The formula of an aminoxanthene dye is usually shewth a positively charged nitrogen
attached to the-quinoid ring, though resonance allows an altemeasiructure with a positive
charge associated with the xanthene oxygen. Xaatdges used for biological staining are
yellow or red, and many are also fluorescent. Tlheeeblue and violet xanthenes that are used
as textile dyes. The pyronines and rhodamines eaxmples of aminoxanthene dyes;

fluorescein and the eosins are well known hydroryixenes.

1.4.2.5 Acridine

The structure of acridine (Scheme 16) resembldsofheanthene, except that the heteroatom

is nitrogen instead of oxygen [25].

R

R IL X
/

Scheme 1.6 Acridine
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R is usually hydrogen, but may be an alkyl or grgup. X is either nitrogen or oxygen. The
acridines are strongly fluorescent yellow catiodies. Acridine orange, Cl 46005, and

acriflavine, C1 46000, are examples of dyes belogdo this class.

1.4.2.6 Quinophthalone dyes

Quinophthalone dyes, also known as quinoline dizgase a quinoline joined to a phthalic
anhydride [16]. An example of this type of dyeCikLillie 1977 (Scheme 1.7).

Scheme 1.7l Lillie 1977

1.4.2.7 Indamine and indophenol dyes

An indamine (-N=) group forms a bridge between smetic ring and a quinonoid ring. In
indamine dyes, nitrogen atoms terminate the comgapehain in both ring systems, whereas in
an indophenol dye, the chain is terminated by phehgdroxyl or a quinonoid carbonyl group
at one end [16]. These dyes are less importabioksgical stains [23], but some are used as
analytical reagents. Coloured compounds with indarand indophenol structures are the end
products of some histochemical reactions. Exangblendamine and indophenol dye is

Ong@iN (CHs3),

Scheme 1.8 Indophenol Blue

Indophenol Blue.
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1.4.2.8 Sulfur dyes

Sulfur dyes are most commonly used dyes manufatforecotton in terms of volume. They
are cheap, generally have good wash-fastness, @ncasy to apply. Sulfur dyes are
predominantly black, brown, and dark blue. Redusudyes are unknown, although a pink or
lighter scarlet colour is available [16]. The msportant sulfur dye is Sulfur Black 1 and its

structure given in Scheme 1.9 [16, 26].

S

(0] S \R

P
AN G
S N
|\ AN °
R//

S O

Scheme 1.9 Sulfur Black 1

1.4.2.9 Anthraquinone dyes

Anthraquinone dyes are built around the anthraqersiructure shown in Scheme 1.10. They
can be many substitutions, including junctions wither fused ring systems. This is by far the
largest group of carbonyl dyes including hundrefdsoonpounds that are applied to textiles in

many ways [23]. From an industrial standpoint,rigest notable is the anthraquinone vat dyes

for cotton.

o)

Scheme 1.10 Anthraquinone
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1.4.2.10 Indigoid dyes

Similar to the anthraquinone dyes, benzodifuranane, polycyclic aromatic carbonyl dyes,
the indigoid dyes also contain carbonyl groupseylére also vat dyes. Indigoid dyes represent
one of the oldest known classes of dyes. For el@rBB'-dibromoindigo (structure shown in
Scheme 1.11) is Tyrian Purple, the dye was madedarby the Romans [23]. Tyrian Purple
was so expensive that only the very wealthy wete tbafford garments dyed with it [23].

Scheme 1.11 6,6'-dibromoindigo

1.4.2.11 Phthalocyanine dyes

Phthalocyanine is an intensely blue-green-colo@anatic macrocyclic compound that is
widely used in dyeing. Phthalocyanines form cawation complexes with most elements of
the periodic table. These complexes are also setgncoloured and are used as dyes or
pigments [16]. The structure of copper phthaloayariPhthalocyanine Blue BN) is given in
Scheme 1.12.

Scheme 1.12 Copper phthalocyanine
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15 Azo dyes

Azo dyes are diazotised amines coupled to an aoripdenol, with one or more azo bonds
(~N=N-). They are synthetic compounds and accéammore than 50% of all the dyes
produced annually, showing the largest spectruntadburs [16, 27-29]. Nearly all the
dyestuffs used by the textile industry are azo gged they are also widely used in the printing,
food, papermaking and cosmetic industries [30, 2j.estimate was made in the 1980’s, that
some 280,000 tonnes of textile dyes were annualghdrged into industrial effluents
worldwide [32, 33]. As the azo dyes represent 803 by weight of the dyestuffs used in
textile industries [34], they are the most commaug of synthetic colorants released into the
environment [33, 35]. The azo dyes show good filxation properties as compared to other
synthetic dyes, showing up to 85% fixation, buteréiveless this explains why so much dye is
released into the environment. An example of a@msds Acid Red 1, the structure of which
is shown in Scheme 1.13). Due to its large scatelyction, extensive application, good
solubility, and bright colours, it can frequently tound in the industrial wastewater. Moreover,
azo dyes are the most problematic synthetic dyas ¢hnnot be removed effectively by

conventional dye effluent treatment methods.

ONa
Q—S—=0
N
NF
o
H/ 0
HN S
O/ ONa
g CH,

Scheme 1.13 Acid Red 1

151 Azodyesand ther effects on environment and human health

In addition to the effects caused by exposure tharninated water and food, workers who deal
with these dyes can be exposed to them in theszeméwork, and can suffer dermal absorption.

Similarly, if dye-containing effluents enter intoet water supply, possibly by contamination of
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the ground water, the general population may besegbto the dyes via the oral route and food
chain. The latter point could be of great impoc&im places where the existent waste treatment
systems are inefficient or where there is poowustay regulation concerning industrial waste
disposal [36].

1.5.1.1 Mutagenic effect

Various azo dyes have been shown to produce pesiaiic results in different organisms from
bacteria to human. Tsubey al.[37] analysed the mutagenic, cytotoxic and genoteiects

of the azo dye CI Disperse Blue 291, and the reslibwed that this azo dye caused dose-
dependent effects, inducing the formation of mia@ei, DNA fragmentation and increasing
the apoptotic index in human hepatoma cells. Aewarof azo dyes has shown mutagenic
responses ibalmonellaand mammalian assay systems, and it is apparanthigir potencies
depend on the nature and position of the aromatgsy and the amino nitrogen atom. For
instance, 2-methoxy-4-aminoazobenzene is an exlyemeak mutagen, whereas under similar
conditions, 3-methoxy-4-aminoazobenzene is a pdiepatocarcinogen in rats and a strong

mutagen irEscherichia colandSalmonella typhimuriuri{88-40].

Chung and Cerneglia [41] published a review of s#vazo dyes that were evaluated by the
Salmonella/ microsome assay. According to the authors, @riba evaluated azo dyes, all
nitro group containing azo dyes showed mutagertigigc The Acid Alizarin Yellow R and
Acid Alizarin GG showed this effect in the absenEenetabolic activation [42]. The dyes, CI
Basic Red 18 and Orasol Navy 2RB, which also caethinitro groups, were shown to be
mutagenic both in the presence and absence of olietalstivation [43, 44]. The review also
showed the results obtained in tBalmonella /microsomal test of azo dyes containing
benzeneamines, and found that Chrysodin was mutagenthe presence of a rat-liver
preparation [41].

1.5.1.2 Effect of metabolites

The mutagenic, carcinogenic and toxic effects ofd#es can be a result of direct action by the
compound itself, or the formation of free radicaigl aryl amine derivatives generated during
the reductive biotransformation of the azo bond 8%, or even caused by the metabolites
produced after oxidation via cytochrome P450 [4&isley and Porscher carried out the earliest

studies on the metabolism of azo compounds in mdsimd 911. They found that sulfanilic
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acid in the urine of dogs fed with Orange | dematet, for the first time, that azo compounds
could be metabolised by reductive cleavage of #oegaoup [47].

After an azo dye is orally ingested, it can be oeduto free aromatic amines by anaerobic
intestinal microflora and possibly by a mammaliao aeductase in the intestinal wall or the
liver [40, 47]. Such biotransformations can octua wide variety of mammalian species,
including bothRhesusmonkeys and humans [48]. Some of these aromatices are
carcinogenic and can accumulate in food chainsr dxample, biphenylamines, such as
benzidine and 4- biphenylamine, are present irtiv'onment and constitute a threat to human
health and to the ecosystems in general [49,Sifoanilines are another examples of aromatic
amines that are commonly generated during the gradation of azo dyes under anaerobic
conditions, formed by reductive cleavage of the &mmds (—N=N-) by the action of
microorganisms present in the wastewaters [4, 2], 5Depending on the individual
compounds, many aromatic amine metabolites arddemesl to be non-biodegradable or only
very slowly degradable [53], showing a wide ran§éoaic effects on aquatic life and higher
organisms [51, 52, 54].

According to legislations passed by the Europeami@onity on 17th July 1994, the
application of azo dyes in textiles is restrictedtliose colorants which cannot, under any
circumstances, be converted to any of the followaragucts: 4-aminodiphenyl; 4-amino-2’,3-
dimethylazobenzene  (oaminoazo-toluene);  4-aminoghtdrer  (4,4’oxydianiline);
4-aminophenylthioether  (4,4’-thiodianiline); benrnid; bis-(4-aminophenyl)-methane
(4,4’-diaminodiphenylme-thane); 4-chloroaniling-ghloroaniline); 4-chloro-2-methylaniline
(4-chloro-o-toluidine); 2,4-diaminotoluene (2,4ttehediamine); 3,3’-Dichlorobenzidine
dihydrochloride; 3,3’-dimethoxybenzidine o-(lianisidine); 3,3'dimethylbenzidine
(o-toluidine); 3,3’-dimethyl- 4,4’-diamino-diphenyl @thane; 2-methoxy-5-methylaniline
(p-kresidine); 4-methoxy-1,3-phenylenediamine sulfateydrate (2,4-diaminoanisole);
4,4-methylene-bis  (2-chloroaniline); 2-methyl-Sroaniline  (2-amino-4-nitrotoluene);

2-naphthylamineg- toluidine; 2,4,5-trimethylaniline [55].

16 Dye containing wastewater

Dye discharged wastewater by some industries umdeontrolled and unsuitable condition

causes significant environmental problems. Theoma@mce of the environmental pollution
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control and treatment is undoubtedly the key factadhe human future. If a textile industry
discharges the wastewater into the local environméhout proper treatment, it will have a

serious impact on natural water bodies and laridgrsurrounding area.

The textile dyeing wastewater has a large amountarfiplex components with high
concentrations of organic, inorganic, high-colourethpounds, which has a cumulative effect,
and higher possibilities for entering into the faddhin. Owing to their high biological oxygen
demand / chemical oxygen demand, their colouratind their salt load, the wastewater
resulting from dyeing fibres with reactive azo dyes seriously polluted and dark in colour,
which increases the turbidity of water body. Asiatr organisms need light to develop, any
deficit in this respect caused by coloured watad$eto an imbalance of the ecosystem [3, 4].
Moreover, the water of rivers that is used for kirig water must not be coloured, as otherwise
the treatment costs will be increased. The govenisof different countries have enacted
strict rules controlling the discharge of wastewatéo the water system. In order to minimise
the pollution, manufacturers and government officare seeking for solutions to reduce the
problem in an efficient way. Thus, studies concegnthe feasibility of treating dyeing

wastewater are very important.

17 Wastewater treatment processes

In the past several decades, many techniques lredeveloped to seek an economical and
efficient way for treating the textile dye wastewratincluding physico-chemical, chemical,
biological, combined treatment processes. Nongheftechniques is generally regarded
acceptable because all of them offer both advaastage limitations, which are summarised in
Table 1.2 on page 33. Because of the high cosshmige disposal problems, many of these
conventional methods for treating dye containingteaater have not been widely applied at
large scale in textile and paper industries.

There is no single process capable of adequatenteas mainly due to the complex nature of
the effluents [56, 57]. In practice, a combinatmindifferent processes is often applied to
achieve the desired water quality in the most ecocal way. A literature survey by Crini [58]

showed that research has been and continuing tcobéucted in the areas of combined
adsorption—biological treatments in order to imgrdkie biodegradation of dyestuffs and to

minimise the sludge production.
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171  Physico-chemical treatment methods

Numerous studies were devoted to remove dyes fextilg effluent, and have mainly
concentrated on the development of an efficient ewst-effective removal process. These
include physico-chemical methods such as adsorgdiltration, specific coagulation, chemical
flocculation,etc Dyes can also be removed from an industrial eveaster by other physico-
chemical treatment technologies such as preciprtaion exchange, and membrane processes
(Kurniawan et al, 2006). Some of these methods are simple, dbsttige, however,
limitations including high cost, low efficiencydaur-intensive operation, lack of selectivity of
the process and production of huge toxic solidggutthat required additional treatment before
disposal have been encountered [59, 60].

1.7.1.1 Adsorption

Adsorption produces high quality product water kbgabing the cationic, mordant and acid
dyes from the textile wastewater. Adsorption teghes have gained favour recently due to
their efficiency in the removal of pollutants tlaae too stable for conventional methods. This
process is also economically feasible [61]. Degogation by adsorption is a result of two

mechanisms, surface adsorption and ion exchande 464 is influenced by many physio-

chemical factors, such as dye / sorbent interactsmrbent surface area, particle size,
temperature, pH, and contact time [63]. In additio activated carbon, a number of low-cost
adsorbent materials, for example, peat, fly ashpdmchips, bentonite clay and fly ash have

been investigated for colour removal [64].

Activated carbon. Activated carbon is the most commonly used metbiodye removal by
adsorption [65] and is very effective for adsorboagionic, mordant, and acid dyes and, to a
slightly lesser extent, dispersed, direct, vat, aeactive dyes [66, 67]. Performance is
dependent on the type of carbon used and the d¢hastics of the wastewater. Due to its
powdered nature, activated carbon has a largecguai@@a, and hence has a good capacity for
adsorption. Removal rates can be further improvgdubing massive doses, although
regeneration or re-use results in a steep reduictiperformance, and efficiency of dye removal
becomes unpredictable and dependent on massive oibsg&bon. Activated carbon, similar to
many other dye-removal treatments, is well suited dne particular waste system and
ineffective in another. Activated carbon is expesas The carbon also has to be reactivated

otherwise disposal of the concentrates has to bsidered. Reactivation results in 10-15%

CHAPTER 1 1-18



loss of the sorbent. Moreover the granular acatarbon can only maintain its adsorption
capacity for a short time after the available apBon sites are exhausted with adsorbed
pollutants [68].

Peat. The cellular structure of peat makes it an idealia as an adsorbent. It has also the
ability to adsorb transition metals and polar org@ompounds from dye-containing effluents.
Peat may be considered as a viable adsorbent mraggisuch as Ireland and United Kingdom,
where it is widely available. Unlike activated lsan, (peat requires no activation) and is also

cost effective [69].

Wood chips. Wood chips show a good adsorption capacity for ages, but, due to their

hardness, it is not as good as other availableeststy70] and longer contact times are required
[69]. Dye adsorbed wood chips are conventionalisnbto generate power, although there is
potential of use for solid-state fermentation, vhga biomolecule manufacturing process used
in the food, pharmaceutical, cosmetic, fuel andilexndustries occurring in the absence or

near absence of free water.

Fly ash and coal Fly ash usually refers to ash produced during catidm of coal. A high fly
ash concentration increases the adsorption rategesfdue to larger surface area available for
adsorption. This combination may be substitutecgttivated carbon, with a 1:1 mass ratio of
fly ash : coal [71].

Silica gel Silica gel is an effective material for removibgsic dyes, although side reactions,

such as air binding and air fouling with particelatatter, prevents it being used commercially.

Other materials The use of such substrates as natural clay,cmys, and rice husks for dye
removal is advantageous mainly due to their widemgpravailability and cost-effectiveness.
They are economically attractive for dye removainpared to activated carbon, with many
comparing well in certain situations [70]. As thewaterials are non-expensive, regeneration
is not necessary and the potential exists for digaided materials to be used as substrates in

solid state fermentation for protein enrichment.
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1.7.1.2 Membrane filtration

Membrane filtration has the ability to clarify, amntrate and, most importantly, to separate
dye continuously from effluents [72, 73]. It hasveral special features unrivalled by other

methods, for example, resistance to temperatureaduerse chemical environment, and

microbial attack. However, the concentrated resickmained after separation poses disposal
problems, and high capital cost, the possibilityclmigging, and membrane replacement are
some of its disadvantages. This method is suifablater recycling within a textile dye plant

if the effluent contains low concentration of dybst it is unable to reduce the dissolved solid

content, which makes water re-use a difficult task.

1.7.1.3 Reverse osmosis

Reverse osmosis membranes have a retention rae leést 90% for most types of ionic
compounds and produce a high quality of permeddecolourisation and elimination of

chemical auxiliaries in dye house wastewater cagaraed out in a single step by reverse
osmosis. Reverse osmosis permits the removal afiakral salts, hydrolysed reactive dyes,
and chemical auxiliaries. Notably, the higher tdomcentration of dissolved salt, the more
important the osmotic pressure becomes, theretbeegreater the energy required for the
separation process [74].

1.7.1.4 Filtration

Filtration methods such as microfiltration, nartodition and ultrafiltration have been used for
water recycling and chemical recovery. In texti@ustry, these filtration methods can be used
for both filtering and recycling.of not only pigmemich wastewaters, but bleaching
wastewaters. The specific temperature and chemdcaposition of the wastewater determine
the type and porosity of the filter to be appli@d][ The major disadvantages of the filtration
processes are the high investment costs and #nahtwe a limited lifetime before membrane
fouling occurs and the cost of periodic replacemeuast thus be included in any analysis of
their economic. Moreover, the potential membrangifig produces secondary waste streams

which require further treatment [1, 58].

1.7.1.5 lon exchange

lon exchange was another effective treatment methbldwever, due to its high sludge

producing properties and ineffective to diversifydges, it became economically unfeasible
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hence not accepted widely [76]. Moreover, ion exgde has not been widely used for the
treatment of dye-containing effluents, mainly doettie opinion that ion exchangers cannot
accommodate a wide range of dyes [62]. Wastewsipassed over the ion exchange resin
until the available exchange sites are saturaBedh cationic and anionic dyes can be removed
from dye-containing effluent this way. Advantagéshis method include no loss of adsorbent
on regeneration, reclamation of solvent after us# the removal of soluble dyes. A major

disadvantage is cost, organic solvents are expenand the ion exchange method is not very

effective for disperse dyes [72].

1.7.1.6 Coagulation or flocculation

Coagulation or flocculation is an economically ibss method of dye removal. During
coagulation or flocculation, the coagulant chensicedutralise the electrical charges of the dye
molecules in the water, allowing the particles ¢me close together and form large clumps.
The coagulants, for example, ferrous sulfate amndcfehloride, allow excellent removal of
direct dyes from wastewaters. Unfortunately, pesults with acid dyes, coupled with the high
cost of the ferrous sulfate and ferric chloride amethat it is not a widely used method. The
optimum coagulant concentration is dependent orstidwec charge of the dye in solution and
difficulty in removing the sludge formed as part thie coagulation is a problem [72].

Production of large amounts of sludge occurs, argdrésults in high disposal costs [77].

1.7.1.7 Irradiation

Sufficient quantities of dissolved oxygen are regdifor organic substances to be broken down
effectively by radiation. The dissolved oxygeramsumed very rapidly and so a constant and
adequate supply is required. This has an effecost Dye-containing effluent may be treated

in a dual-tube bubbling reactor. This method shibtmat some dyes and phenolic molecules
can be oxidised effectively at a laboratory scalky ¢78].

1.7.2 Chemical oxidation methods

Conventional oxidation methods by oxidising agesntsh as ozone @) hydrogen peroxide
(H202) and chlorite (CIQ have been used. These chemical techniques @ efpensive,
and although the dyes are removed, accumulatioarafentrated sludge gives rise to a disposal
problem. There is also the possibility that a selemy pollution problem will arise because of

excessive chemical use. Modification in the chantomposition of a compound or a group
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of compounds (for example, dyes) takes place inptiesence of these oxidising agents, by
which the dye molecule becomes susceptible to ¢lgeadlation [79].

1.7.2.1 Ozonation

The use of ozone was first pioneered in the eé@®0%, and it is a very good oxidising agent
due to its high instability (oxidation potential0Z. V) compared to other oxidising agent
chlorine (1.36 V), and ¥D- (1.78 V) [80]. Oxidation by ozone is capable @&gcading
chlorinated hydrocarbons, phenols, pesticides aadhaic hydrocarbons [80]. The dosage
applied to the dye-containing effluent is dependenthe total colour and residual chemical
oxygen demand (which is a measure of the capatityater to consume oxygen during the
decomposition of organic matter and the oxidatibimorganic chemicals such as ammonia
and nitrite) to be removed with no residue or skuflgymation [81], and no toxic metabolites
[77]. Ozonation leaves the effluent with no colaad low chemical oxygen demand suitable
for discharge into environmental waterways. Thisthmod shows a preference for double-
bonded dye molecules [62]. Ozonation was fourzkteffective in treating azo dye-containing
wastewater due to its high reactivity with many dyes (by breaking azo -N=N- bond) [82].
One major advantage is that ozone can be appligd gaseous state and therefore does not
increase the reaction volume and sludge, and prayigood colour removal efficiencies.
However, it has limitation towards disperse dyed #iose insoluble in water, low chemical
oxygen demand removal, short half-life, typicalppeoximately 20 min, therefore continuous
ozonation is required, as well as the high cosizmine [76, 83]. The half-life can be further
shortened if dyes are present, with stability beaffgcted by the presence of salts, pH, and
temperature. Moreover in alkaline conditions, ezalecomposition is accelerated, and so

careful monitoring of the effluent pH is requireg®].

1.7.2.2 Sodium hypochloride (NaOCI)

This method involves attacking the amino grouphs tye molecule by the Chroup. It

initiates and accelerates azo-bond cleavage. mbthod is unsuitable for disperse dyes. An
increase in decolouration is observed with an emedan Cl concentration. The use of Cl for
dye removal is becoming less frequent due to tlyatinee effects it has when released into
waterways [62] and the release of by-produetg,,aromatic amines which are carcinogenic,

or otherwise toxic molecules [3].
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1.7.2.3 Advanced oxidation process

Recently, other emerging techniques, known as ashchaxidation processes, which are based
on the generation of very powerful oxidising agest€h as hydroxyl radicals, have been
successfully applied to pollutant degradation. haitgh these methods are efficient for the
treatment of water contaminated with pollutantgyttare very costly and commercially

unattractive. The high electrical energy demargithe consumption of chemical reagents are

common problems.

The use of the Fenton’s reagent (a solution of dxyeln peroxide and ferrous iron catalyst) for
the treatment of textile wastewater is one of tlestused advanced oxidation processes [84].
The high removal efficiencies of Fenton’s reagendue to the formation of strong hydroxyl
radical (OH) in the presence of hydrogen peroxide, which ideddin an acid solution
(pH 2-3) containing Féions. The oxidation of F&to FE* leads to the formation of ferric
hydro complexes, which then simultaneously actsa aoagulant and oxidant [85]. The
OH'/H20 has a very strong oxidation potential of +2.78 it leaves a yellowish colour in
the treated wastewater. This method was regarsledlatively cheap and it also represents
high chemical oxygen demand removal and decoldisis&fficiencies for both soluble and
insoluble dyes. However, high sludge generatiom tduthe flocculation of reagents and dye

molecules still limit the application of this prase[1].

Photocatalysis (HD2/UV) is another effective advanced oxidation tedbgg mainly because
of achievable high colour removal (up to 95 %)shalge formation and high chemical oxygen
demand removal in a short retention time [86]. sTinethod degrades dye molecules to CO
and HO [87, 88] by UV treatment in the presence oDkl Degradation is caused by the
production of high concentrations of hydroxyl rad&c UV light is used to activate chemicals,
such as KOz, into two hydroxyl radicals (OHi that initiate the chemical oxidation of organic
material. The rate of dye removal is influencedhsy intensity of the UV radiation, pH, dye
structure and the dye bath composition [62]. They be set-up in a batch or continuous
column unit. Depending on initial materials and #xtent of the decolourisation treatment,
additional by-products, such as halides, metatsganic acids, organic aldehydes and organic
acids may be produced [87]. There are severalrddgas of photochemical treatment of dye-
containing effluent including no sludge generationl greatly reduced foul-odours. However,

it was found to be less effective for disperse, dges and highly coloured wastewater.
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Formation of by products and inefficient use of Wyht can increase the cost of the process
[87].

1.7.3 Biological treatments

Biological treatments are often the most econonattalnative compared to other physical and
chemical processes. Itis a clean-up approachsamthe front line and priority research area
in environmental sciences. Biodegradation mettsod$ as fungal decolourisation, microbial
degradation, adsorption by (living or dead) micablbiomass and bioremediation systems are
commonly applied to the treatment of industriallefhts because many microorganisms, for
example bacteria, yeasts, algae and fungi are tablaccumulate and degrade different
pollutants [2, 89]. However, their application adten restricted because of technical
constraints. Biological treatment requires a ldayel area and is constrained by sensitivity
toward diurnal variation as well as toxicity of seiwhemicals, and less flexibility in design and
operation [90]. Biological treatment is incapabfeachieving satisfactory colour elimination
with current conventional biodegradation proce44¢s Moreover, although many organic
molecules are degraded, many others are also rtegatcto biodegradation due to their
complex chemical structure and synthetic organigir[63]. In particular, due to their
xenobiotic nature, azo dyes are not totally degid@e89]. Another major limitation of this
process is slow dye degradation rate [2, 89]. iAkbical treatment is insufficient to remove
colour and to accomplish with current regulatiotie application of specific treatments is

required.

1.7.3.1 Decolourisation by white-rot fungi

White-rot fungi are organisms that are able to dégrignin, the structural polymer found in
woody plants [91]. The most widely studied whit¢-fungus, in regards to xenobiotic
degradation, i®hanerochaete chrysosporiunThis fungus is capable of degrading dioxins,
polychlorinated biphenyls and other chloro-organj2®, 93]. Daviset al. [94] showed the
potential of using?. sordidato treat creosote contaminated soil. Kiddyal.[95] has shown
thatP. chrysosporiunexhibited the ability to decolourise artificiaktde effluent by up to 99%
within 7 days.

White-rot fungi are able to degrade dyes using 1&gy such as lignin peroxidases, manganese

dependent peroxidases [96]. Other enzymes usethifpurpose include 40.-producing
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enzymes, such as, glucose-l-oxidase and glucoseddse, along with laccase, and a
phenoloxidase enzyme [95, 97-99]. These are the smzymes used for the lignin degradation
[91, 93]. Azo dyes, the largest class of commdycmoduced dyes, are not readily degraded
by micro-organisms but these can be degradd®l lsfarysosporiunil00]. Other fungi such as
Hirschioporus larincinus, Inonotus hispidus, Pheeliemellosa and Coriolus versicolbave
also been shown to decolourise dye-containing efil{2, 95].

Although white rot fungi are shown to non-speciliigdegrade a wide variety of poly aromatic
compounds including azo dyes, the lignolytic oxwmatenzyme production in liquid

fermentations is known to be inconsistent [1]. sTieimainly due to the unfamiliar environment
of liquid fermentations for wood degrading fungheT ability to utilise these fungi in their
natural environment means that they are more likelype more effective in solid state

fermentation [101].

1.7.3.2 Other microbial cultures

Mixed bacterial cultures from a wide variety of iats have also been shown to decolourise
the diazo-linked chromophore of dye molecules irdas [102]. Nigam and Marchant [103],
and Nigamet al. [21] demonstrated that a mixture of dyes was dero@ded by anaerobic
bacteria in 24-30 h using free growing cells otha form of biofilms on various support
materials. Ogawa and Yatome [104] demonstrated ube of bacteria for azo dye
biodegradation. Unfortunately, these microbialtsys exhibit the drawback of requiring a
fermentation process, and are therefore unablege with large volumes of textile effluents.

The ability of bacteria to metabolise azo dyes lbeen investigated by a number of research
groups [104-106]. Under anaerobic conditions, sashanoxic sediments, many bacteria
gratuitously reduce azo dyes reportedly by thevigtiof unspecific, soluble, cytoplasmic

reductases known as azo reductases. These enayeneported to result in the production of
colourless aromatic amines, which may be toxic,agenmic, and possibly carcinogenic to

animals.

Increasingly, there is evidence suggesting thaitiaddl processes may also be involved in azo
dye reduction. Many bacteria were reported to ceda variety of sulfonated and non-
sulfonated azo dyes under anaerobic conditionsowitlspecificity of any significance. In

addition, many highly charged and high moleculzedisulfonated and polymeric azo dyes are
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unlikely to pass the cell membrane. Both piecesvafence point to the existence of a reducing
activity, which is not dependent on the intracetuhvailability of the azo dye [105]. This
hypothesis was supported by the work reported bgkkee al. [105], in which they isolated a
strain of Sphingomonascapable of using redox mediators generated dulfireg aerobic
metabolism of 2-naphthalenesulfonate to facilia9-fold increase in its ability to reduce the
sulfonated azo dye Amaranth [105]. These redoxia@d were found to be decomposition
products of 1,2-dihydroxynaphthalene and were ableanaerobically shuttle reduction
equivalents from the bacterial cells to the extitatas azo dye. Subsequently this group found
that the isolatedsphingomonas sgstrain BN6 possessed both cytoplasmic and merabran
bound azo-reductase activities [106].

Yeasts, such dslyveromyces marxianusre also capable of decolourising dyes. Bahai.

[2] showed thaK. marxianusvas capable of decolourising Remazol Black B by9B3%6. Zissi

et al. [107] showed thaBacillus subtiliscould be used to break dowraminoazobenzene, a
specific azo dye. Further research using mesalid thermophilic microbes have also shown

these bacteria to degrade and decolourise dyed (3],

1.7.3.3 Adsorption by living / dead microbial bicssa

The uptake or accumulation of chemicals by micrlomass has been termed biosorption
[63, 109]. Dead bacteria, yeast and fungi havéedin used for the purpose of decolourising

dye-containing effluents.

Textile dyes vary greatly in their chemistries, ahdrefore their interactions with micro-
organisms depend on the chemistry of a particuje ahd the specific chemistry of the
microbial biomass [110]. Depending on the dye #mel species of microorganism used,
different binding rates and capacities will be atsed. In general, a certain dye will exhibit a

particular affinity for binding with microbial spis.

Previously, biomass derived from the thermotolerathanolproducing yeast strain,
K. marxianus IMB3, exhibited a relatively high affinity for heg metals [111, 112].

Biosorption capacities supported that this typbiomass showed a significantly high affinity
(98 mg ¢') for dye removal, and so widened the spectrunseffar biomass [111].
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Hu [109] demonstrated the ability of bacterial selb adsorb reactive dyes. Zhou and
Zimmerman [113] used actinomyces as an adsorbedefmlourisation of effluents containing

anthroquinone, phalocyanine and azo dyes.

Biosorption tends to occur reasonably quickly, rmgdrom a few minutes in algae to a few
hours in bacteria [109]. This is likely to be diwean increase in surface area caused by cell

rupture during autoclaving [110].

The use of biomass has its advantages, espedi#lilg dye-containing effluent is very toxic.
Biomass adsorption is effective when conditionsrenealways favourable for the growth and
maintenance of the microbial population [114]. éwigion by biomass occurs mainly by ion

exchange.

1.7.4  Electrochemical techniques

Generally, electrochemical processes have beeninsadtal recovery treatments. But more
recently, a wide range of other applications inugdvelectrochemical processes has been
proposed to solve technical problems associated seweral effluent treatments in textile

industry.

Most electrochemical discoloration studies are $ecuon reactive dyes. Reactive dyes
represent about 20-30% of the total market [116&bse of their solidity and brilliant colours.
Their structure generally consists on a reactiveugr(which reacts with a fibre), and a
chromophore group (which gives the colour). Thestused chromophore group is the “azo”
(—N=N-), followed by the anthraquinone group [118F0 group constitutes more than half of
worldwide production [20, 117-119]. In generaleatochemical methods are more
economical than other methods. But, azo dyes pedaxic aromatic products in their
electrochemical degradation. For example, theattgion of the azo dyes, azo benzgnre,
methyl red and methyl orange in agqueous solution@nh temperature has been studied by an
advanced electrochemical oxidation process und&npal-controlled electrolysis conditions
using a Pt anode and a carbon felt cathode. smptioicess, degradation products including 1,4—
benzoquinone, pyrocatechol, 4-nitrocatechol, 1tBtydroxynitrobenzene anpknitrophenol

were identified [120], all of which are highly taxcompounds [121, 122].
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1.7.4.1 Electrocoagulation methods

Electrocoagulation is a process consisting of gamey metallic hydroxides flocs within the
wastewater by electrodissolution of soluble anodesjally made of iron or aluminium.
Electrocoagulation has been applied successfultyetment of various kind of wastewater,
for example heavy metals, food and protein wastes, textile eveater, fluoride containing
water, restaurant wastewater and textile dye swiat{123] Electrocoagulation occurs via
serial steps including electrolytic reactions acalode surfaces, formation of coagulants in an
aqueous phase, adsorption of soluble or colloiddlifants on coagulants, which are removed

by sedimentation or flotation.

The metal ion generation takes place at the angtige hydrogen gas is released from the
cathode. The hydrogen gas would also help to fleaflocculated particles out of the water.

The main reactions occurring at the electrode afellows [123]:

Anode: Al(s)— Al®*(aq) + 3e- (1)
Cathode: 3D (I) + 3e—— 3/2Hx(g) + 30H (aq) 2

Al®** and OH ions generated by electrode reaction (1) ande@)trto form various monomeric
species such as AI(OFH) AI(OH)2", Alo(OH),*, Al(OH)4~, and polymeric species such as
[Al6(OH)15]3*, [AlZ(OH)17]*, [Als(OH)2q]**, [Al1304(OH)24]"*, which transform finally into

Al(OH)3(s) according to complex precipitation reactiorslagwn in reaction (3).

Al(ag)** + 3H0(l) — AI(OH)3(s) + 3H(ag]) (3)

The inconvenience of electrocoagualtion in compari® the other electrochemical methods
is that it produces secondary residues (the comfadered with pollutant and hydroxide),
which need to be further treated for proper disposa

1.7.4.2 Electrochemical reduction methods

Electrochemical reduction methods have only besoudised in several publications because
of poor degradation of pollutants in comparisoditect and indirect electro-oxidation methods
[124]. Bechtoldet al [125] suggested that this method is particuladiyable for the treatment
of highly coloured wastewaters such as the resigadibatch dyeing bath with reactive dyes.
The electrochemical reduction of azo dye produocases, and its degradation steps are shown
below [126].
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Reductiol Reductiol
R-N=N-R’ Pp R-NH-NH-R' p R-NH; + R-NH>

Azo dye Hydrazine Amines

In another report, Vanerkovat al. [127] proposed a reduction mechanism for azo dye
degradation at platinised titanium electrodes & pihesence of NaCl. In their study, they
reported that hypochlorite generated by oxidatiochéoride reduces azo bonds of azo dye and

produces amino products.

1.7.4.3 Electrochemical oxidation methods

Electrochemical oxidation is a process based olugaoit removal by direct anodic oxidation
or by chemical reaction with electrogenerated megdroxyl radical (M [OH]) or metal oxide
(IMQ]), as shown in Reactions (4) and (5) below4]L2In this process, the metal is initially
electrochemically oxidised and produce (M [Qkh aqueous dye solution, which then oxidises
dye molecule (R) and produces dye degradation ptdéRD).

H2O+M— M[OH]+H + e (4)
R+M[OH] > M+ RO+H +¢€ (5)

Many studies have shown that the total minerabsais possible with high efficiencies
depending on the anode material, for example, 294@8], PbQ [129-131], boron-doped
diamond [132-138], Ti/Sn&SbQOx/RuQ, and Ti/TiG [115]. However, the dye solution is not
decolorised effectively at both glassy and retimdavitreous carbon electrodes [115]. The
boron-doped diamond thin-film electrodes have ptaistharacteristics as an inert surface with
low-adsorption properties, good corrosion stability,d aa wide potential window
(-1.25 to +2.3 Wersusstandard hydrogen electrode) without significaatex decompaosition

in aqueous medium [138, 139]. In spite of its hegist, boron-doped diamond electrodes have
much greater @overvoltage (2 V) than conventional anodes, fomepla Pt, PbQ etc.(650
mV). Consequently, this electrode generates aeased amount of M [OH which implies

a faster oxidation of the dye molecules [140].

In the same way, Martinez-Huitle and Brillas [12émpared different kinds of electrodes in

two types of wastewaters (chloride-free dye wastessaand effluents containing chloride).
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They supported that most of the anodes tested cdekiroy the chromophore group
(e.g, —N=N-) producing its discoloration efficiently.In the presence of chloride, the

destruction of dyes was accelerated by active tld@pecies produced.

1.7.4.4 Indirect oxidation method

Indirect electro-oxidation occurs when strong oxidaare generateth situ during the
electrolysis and react with the organic pollutasish as dyestuffs, resulting in either total or

partial degradation.

There are mainly two methods used. Method (i) @kplthe electro-oxidation with active
chlorine [141, 142] which is the major oxidisingeag) In this case, free-chlorine gaseous and
or the generated chlorine-oxygen species such paschjorous acid (HCIO) or hypochlorite
ions (CIO) depending on the pH, oxidise the organic mattesgnt in the effluents, according
to the reactions presented below. Here, dye tre@toccurs via several steps. Initially, active
chlorine is oxidised to chlorine gas, which theaats with water and produces hypochlorite
ions. Finally, the hypochlorite ions oxidises atefjrades dye molecules to dye intermediates

and finally carbon dioxide.

2C|_—> CIZ(aq)"‘ 26_ (6)
Clo@ag+ H:O — CIO™ +CI” + H* 7)
Dye + CIO — dye intermediates> CO+ H,O + CIT (8)

Method (ii) is concerned with the electro-Fentooqass [143], where dye degradation occurs
by hydroxyl radicals (OB formed from Fenton’s reaction between cataly&é"Fand HO;

electrogenerated from ®@eduction. The overall dye degradation steps lao&s in reactions

below:
O2(g) + 2H + 26 — HO2 (9)
H202(g) + Fé* +.H'— Fe* + OH + H,0 (10)
Dye + OH— CO+ H,0 +H' (11)

Thus, Fé" is continuously regenerated from the reductioRest:

Fé*+e — F&* (12)
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This technique has a major disadvantage that agtagidic medium is required. As the
reactive dyeing process is usually carried out basic medium (pH > 10), a high amount of
acid has to be added before the treatment. Subsidgbe treated effluent must be neutralised
to be discharged. Consequently, the whole prgmeskices a high increase of the wastewater

salinity.

Clearly, Method (i) above is more suitable to trefftuents containing large volumes of
chloride because there is no requirement of adddf@any chemical reagent. However, Fenton
reagent is needed in Method (ii). However, in Mekli), the combination of electrochemistry
and chloride can produce haloforms such as chlargfalthough it is not an inconvenience if

the treated water is further treated in a bioldgitant to remove haloforms.

In fact, the concentration of haloforms in treatedter has been verified to be very low,
(48 mg L'Y) and they do not show any toxic effect on the noecganisms in biological plant
[144]. Otherwise it is also possible to remove femerated haloforms by applying UV
radiation to the electrochemical cell [145], ordding HO: into the wastewater before UV
radiation is started. By applying the first apmioalopez-Grimau and Gutiérrez [146] found
improved kinetic rates of electrochemical degramatf some reactive azo dyes at titanium
coated by platinum oxide (Ti/PtO) electrodes. €ltrochemical method involving chlorine
was found to be effective in such dye, as acid i8] or disperse dyes [148]. In conjunction
with photoelectrochemistry, Method (ii) yielded teetperformance for phtalocyanine dye
degradation [149], but in this case, the metal idvesated (as copper) have to be removed.

1.7.4.5 Photoassisted methods

Photoassisted electrochemical methods are bastée @xposure of the effluent to a UV light
source during the electrochemical treatment. Irsg¢hprocedures, the intensity and the

wavelength of the incident light play an importamie on the decolouration rate.

The most studied photoassisted method is the pRettton [150], which involves the
simultaneous use of UV light and®k (electrogenerateid situwith the presence of Fg; and
the photocatalysis method [151]. Photocatalysth s1$ TiQ, WO, SnQ, ZnO, CdS, act via
hydroxyl radical and generate powerful oxidant@wadver, TiQ under UV radiation has been
the preferred photocatalyst because of its low, aosttoxicity, water insolubility and wide

band gap, which consequently implies good stalalitgt prevents photocorrosion [152-158].
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Xie and Li [159] reported the coupling of electrerffon with electrocatalysis for the removal
of the azo dye, orange-G. In comparison to otlemtm-oxidation and photoassisted methods,
their results showed 96% of the dye removal indbwpled system. The major disadvantage
of these methods is the excessive energy cosedrtificial UV light used. However, the use

of sunlight [160] may be an inexpensive energy seaithough it has less catalytic power.

A brief summary of the advantages and disadvantdgesissed in the above dye treatment

methods is presented in Table 1.2.
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Table 1.2 Advantages and disadvantages of exidigtag removal methods

Technology Advantage Disadvantage References
Physico- | Coagulation/ Simple, economically feasible, satisfactofgemoval is pH dependent, High sludge productidii/]
chemical | Flocculation removal of disperse, sulphur and vat dyes | high cost of ferrous sulphate and ferric chloride,
treatment handling and disposal problems
process Biodegradation Economically attractive. Direct, pdisse and Slow process due to resistant to biodegradati¢80]
basic dyes have high level of adsorption on lMecessary to create an optimal favourgble
activated sludge. Publicly acceptable treatmeahvironment. Maintenance and nutritipn
requirements
Adsorption The most effective adsorbent, greatacty, | Ineffective against disperse and vat dyes, |tie 66]
produce a high-quality treated effluent regeneration is expensive and results in loos ef th
adsorbent, non-destructive process
Membrane filtration| Removes all dyes types, produce a high-quallygh pressures, expensive, incapable of treatingla[1, 72, 73]
treated effluent volumes
lon-exchange No loss of sorbent on regeneratidectdie Economic constraints, regeneration is egpen not| [1, 76]
effective for disperse dyes
Cheical O3 Applied in gaseous state, no alteration| Blemoval is pH dependent, poor removal of dispefée83]
oxidation volume. Good removal of almost all types|alyes, high cost of generation coupled with verysho
dyes; specially suitable for reactive dyebalf-life time
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Involves no sludge formation, necessitates s

reaction times

hort

ClO

No sludge production, little or no consumpti

of chemicals, efficiencnt for azo dye dyes

odnsuitable for disperse dye, formation of arom

amines by-products

28, 62]

Fenton’s process

Effective decolourization of bettuble and
insoluble dyes; applicable even with hi
concentration.  Sim

suspended  solid

equipment and easy implementation ¢
relatively cheap. Reduction of COD (chemi

oxygen demand) possible, except reactive d

Effective within narrow pH range of <3.5; a
gimvolves sludge generation. Comparatively lon
pteaction time required

and

cal

yes

ngil, 84]

ger

UV/H20»

Involves no sludge formation, high CGQ

removal, high colour removal efficienc

necessitates short reaction times

yinefficient use of UV light increases the cost loé

process

DNot applicable for all types of dye, pH dependef8l]

White-rot fungi

Economically feasible, natural ateaup

Not applicable for all dyes, special azo dye$100]

approach technical constraints, slow process
. _ Microbial cultures | Low operation cost Produce taaiiomatic amines, slow process, unallej
Blological to cope with larger volume of wastewater
Microbial biomass | Low operating cost, good effiadgnand| Slow process, performance depends on some extetitD]
selectivity, no toxic effect on microorganisms factors(pH, salts, temperature)
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Electrocoagulation

Effective decolorization of ddkfinsoluble

dyes; reduction of COD possible. Not affec]

by presence of salt in wastewater

Sludge production and secondary pollution (fr
ezhlorinated organics, heavy metals) are assoc
with electrocoagulation and indirect oxidatic
respectively. Direct anodic oxidation requires fHiert
development for industrial acceptance. High cos

electricity is an impediment

D61, 162]
ated

n,

t of

Electroche| Electrochemical Suitable for highly coloured reactive dyeBoor efficiency compared to other electrochemjdak4-126]
mical reduction containing wastewater, easy process method, generation of toxic amino compounds
Electrochemical High efficiency depending on the anodBroduce toxic by-product, high cost of electri@tyd | [124, 141,
oxidation material, simple process electrode materials, strong acidic condition | is12]
required
Photoassisted No sludge production, considerablectmn of | High cost of artificial UV light, high efficiency, [151, 153,
COD, potential of solar light utilization,particularly suitable for azo dye degradation 159]
produce toxic by-products
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18 Conducting polymers as alter native materials for wastewater treatment

Conducting polymers have encompassed a very wedid dif electrochemical research, which
has led to numerous new applications in differeeaa in the last 30 years. Conducting
polymer films behave similar to a redox polymer ahdve potential applications in
electrocatalysis, solar energy conversion, corrgsabectronics, and many other areas. The
redox polymer reaction is accompanied by a chamgjesi electrical properties of the film from
an insulator to an electrical conductor involvirgjlbelectron and ion transport within the film
[163].

Conducting polymers, such as polypyrrole, polythiepe, poly(3,4-ethylenedioxythiophene)
and polyaniline are known to possess unusually bigbtrical conductivity in the doped state.
For example, the conductivity of polypyrrole, pdtlgiphene, poly(3,4-
ethylenedioxythiophene) and polyaniline was regbtte be 2000, 1000, 80 and 200 S'tm
respectively, [164-166]. Therefore, these matermve been of great interests to chemists as
well as physicists since their electrical propertigere reported [167]. The number of
electrochemical papers and patents on conductitygngos is very high. In 2011, Inzelt [168]
published an article, in which he reported thathtghest number published work was found
for polyaniline (46%), followed by polypyrrole (34%and polythiopene (18%), and small
number of work with other polymer®.g, poly(3,4-ethylenedioxythiophene), polyindole,

polycarbazole, polyfurane, poly(o-phenylene diaim&s also observed.

Among those conducting polymers, polypyrrole is eesally promising for commercial
applications because of its good environmental ilgigbfacile synthesis, and higher
conductivity (up to 2000 S cf [164] than many other conducting polymers. In past
decade, many reports about polypyrrole have bediisped [163, 164, 167-174]. The
conductivity, electrochemical property, mechaniead thermal stability of polypyrrole
attracted most interests of researchers to usgymwble as an electrode material. In 1994,
Biswas and Roy [175] studied the thermal stabilitgorphological, and conductive
characteristics of polypyrrole prepared in an aggemedium. The results showed that the
polypyrrole exhibits a spongy texture, the inittlEdlcomposition temperature at 180-237 °C,
glass-transition temperature at 160-170 °C, anductivity below 3 S cmt. Furthermore, all

properties depended on the oxidising agerg,(FeCk) and pyrrole feed composition.
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Polypyrrole has been used as biosensors [169, §i@8]sensors [172, 173], conducting nano
wires [174], microactuators [176], solid electratytapacitor [177], electrochromic windows
and displays, packaging, polymeric batteries, ed@at devices, functional membranes and
coatings,etc [178]. Polypyrrole coatings have an excellerrtial stability and are good
candidates for use in carbon composites [179]. él@n synthetically conductive polypyrrole
is insoluble and infusible, which restricts its geesing and applications in other fields. The
problem has been extensively investigated and mpghcation fields have also been explored
in the past several years. For example, polypgrbaised polymers can be used to load and
release drugs and biomolecules [180]. Polypyrbalsed polymer blends can protect the
corrosion of metals [181]. Owing to the strong@slbn of polypyrrole to iron or steel treated

with nitric acid, polypyrrole-based polymers canused as good adhesives [182].

Polypyrrole can be easily prepared by either a otamor electrochemical oxidative
polymerisation of pyrrole. In chemical polymerisat the oxidants used are generally
(NH4)2S:0s, H20, and salts containing transition metal ions, foaraple, Fé&", Clw**, Cr*,
Cée**, RU** and Mr* [183]. When only (NH)2S:0g is used as the oxidant [183], the addition
of anionic surfactants causes moderate increas#ilyields (1.36 g to 2.65 g) and great
decreases in the conductivities (40 Sldam5 S cm) [183]. In addition, it takes a very long
time to filter the resultant polymers for the fotina of fine colloidal particles. These
phenomena are caused by interaction between)(SiDg and the surfactant polypyrrole doped
with sulfonate, as the dissociation of the aniauidactant is prevented due to the presence of
the highly concentrated and strongly electrolytkedant, the undissociated molecules of the
surfactant appear to be thickly absorbed on thgpyotole surface in the polymerisation

process, so that it may act as the steric stahilize

The electropolymerisation reaction of polypyrrateai complex process and its mechanism is
still not fully understood. A number of mechanishrss been proposed [184-187] and are
comprehensively reviewed [188, 189]. Among thd3@z’s mechanism [184] is the most
accepted one and was supported by Waltman and B&t§0, 191]. In this mechanism, the
pyrrole activation occurs through electron trangfem the monomer forming a radical cation-
rich solution near the electrode in several stdpstails of steps involved are given in Scheme

1.14. In this Scheme, step 1 involves the oxiagatibthe monomer, pyrrole, at the surface of
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the electrode to form the cation radical pyrfaleThis step also shows several resonance forms

of this cation radical.

@S—y@H/ Vo=
C T o

+
N
|
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H
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N N

L L

(b)

Scheme 1.14 Mechanism of electropolymerisationyafgbe

The radical cation pyrrof§ having a greater unpaired electron density in dhosition

(resonance form (a) in step 1) dimeris&sthe resonance, as shown in step 2. The coupling

between two radicals results in the formation dfomd between thei positions and the
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formation of the dihydromer dication (product oést2). In step 3, the loss of two protons
stabilises the dihydromer dication to form an arbendimer. In step 4, the polymerisation
reaction follows the oxidation of the aromatic dmbe the dimer radical cation, in which the
unpaired electrons delocalise and form severahaaswe forms of this dimer cation radical The
positions 5-5(a-position) are equally the most reactive areastladesonance form (b) in step
4 is predominant with respect to the other forms.

Then the resonance form (b) reacts by 5’avih a monomer radical cation (resonance form
(a)) to form a trimer dication, which deprotonategive the neutral trimer and finally oxidation
gives the trimer radical cation (steps not showije propagation continues via the same
sequence of oxidation, coupling and deprotonatiatil the final polymer product, shown in

Figure 1.15(a), is obtained.

The electropolymerisation does not give a neutmiconducting polymer but its oxidised
conducting form (doped). The final polymer chamfact, carries a positive charge every 3-4
pyrrole units [188], which is counter balanced hyaaion. The structure of the doped polymer

is shown in Figure 1.15(b).

(a) (b)
Figure 1.15 Electropolymerised polypyrrole

Electrochemical film formation is often followed kstoichiometric determination of the
number of electrons donated by each molecule. Vidlige is generally found to be in between
2 and 2.7, where 2 electrons serve in the film tram and the excess charge is consumed by
the polymer oxidation [192]. This number is getigria agreement with the number of anions

found in the polymer by elementary analysis.
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There are several reasons why this mechanismiesvkedlto be the best representation of this
reaction. Initially, this mechanism is in accordthwelectron paramagnetic resonance
observations that show the existence aftgpe radical [193]. In addition, the eliminatioh

H from thea-position indicated by this mechanism is in agresinvath the observed drop in
pH of the solution during polymerisation. This rhanism is also in agreement with the number
of electrons consumed during the reaction, which ieen determined to be 2.25 to 2.33 for
pyrrole. In the chronoampromatric studies, Gentes. [184] have shown that the film grows
linearly with respect to polymerisation time and twthe polymerisation time half-life. Their
observation showed that the rate-determining stejngl film growth is a coupling process and
not the monomer diffusion towards the electrodet[18

Conducting electroactive polymers such as polypgremd polyaniline have attracted great
attention due to their electrical conductivity agldctroactivity [189, 194, 195]. Dye removal
technology utilising conducting polymers and themposites are a viable option because of

their economic, eco-friendly, abundant, and effitiechnique.

The use of conducting polymer in wastewater treatnsea new area. A great interest has been
recently directed to conducting polymers for theogal of dyes from wastewater. A limited
number of conducting polymers, especially polypjarand polyaniline, has been reported to
remove dyes from dye containing wastewater. Pohgby doped with releasable or
exchangeable counter ions has been utilised fordgheval of anionic dyes from aqueous
solutions based on ion exchange properties of thelyener [196]. Wangt al [197] reported
the applicability of chemically synthesised poly@ye for removal of the Nuclear Fast Red
Kernechtrot dye (acts as dopant anion) from itatsmt. They also suggested that dye removal
capacity of NaOH dedoped (NaOH treated) polypyrmeées improved by 40% compared to

untreated polypyrrole.

Chowdhuryet al [198] studied the dye removal efficiency of origasyes,methylene blue and
procion red from their aqueous solution using cloafty synthesised polyaniline. They
reported that polyaniline as an adsorbent behav@scharged surface and thus removes dyes

from their aqueous solution.

Ansari and Mosayebzadeh [199, 200] and Ansaral [196, 201] reported that chemically

synthesised polyaniline and polypyrrole can be dsedemoval of some azo dyes (methylene
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blue, methyl orange, eosin vy, tartrazine) from rttegueous solutions. Their dye removal
method is mainly based on the coating on the serddan adsorbent materiaésg, saw dust)
with a chemically synthesised polymer (such asmptple or polyaniline) in the presence of
an oxidising agent. All the studies suggestedbitmer coated adsorbent materials are more
efficient in removing dyes than the adsorbent fitsdlhey also suggested that this technique
promises an environmental friendly approach foraeah of water soluble azo dyes from

wastewaters.

Ahmed and Kumar [202] reported the applicabilityao€hemically synthesised polyaniline /
iron oxide composite for the removal of Amido Blat@B from its agueous solution. They
suggested that the composites showed consideratdatial for the removal of Amido Black
10B. However, the removal capacity decreased witmeasing pH but increased with

temperature.

Therefore, the electropolymerised conducting polysueh as polypyrrole can also be used as
a dye removal materials for the treatment of dygaioing wastewater, due to their conducting
property, simple synthesis, and environmentalgrfdly nature and high dye removal capacity.
Moreover, the specially improved properties, foample, conductivity, porosity, surface area,
and thermal and mechanical stability, can giverthér boost for mass production, which will
make products considerably less expensive andecasdd in large scale industrial dye effluent

treatment.

19 Electropolymerised polypyrrole asan ion exchanger membranefor the

entrapment-liberation of Acid Red 1

The electrochemically controlled transport of sien@lnions and cations across conducting
polymer membranes has been studied extensively-ZR83 In the case of polypyrrole, the
transport mechanism involves an entrapment-libemathechanism of anions or cations at a
polymer membrane during the oxidation and reduabbpolypyrrole by applying an oxidation

and reduction potential, respectively [206].

The synthesis of polypyrrole usually involves elechemical oxidation of its monomer, pyrrole,
to yield a polymeric chain with a positive backbpas shown in Scheme 1.14. In order to
neutralise this charge, a counter anior) (&.entrapped in the backbone structure (Schefrds).1.

Many studies have shown that this entrapment psasedectrochemically reversible [207, 208],
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enabling polypyrrole to act as an anion exchangambrane, depending upon the mobility of the
entrapped counter anion [209]. Clearly, mobileoasican also be easily liberated from the
polymeric film, as shown in Scheme 1.15. In tleispect, several researchers have described the
transport of small inorganic anions, for examplé, 80; and SG* [210, 211], and small
organic ions such as sodiyrtoluenesulfonate (NA'S) [210, 212], aza crown ether and tosylate

[213-215] across polypyrrole by an anion exchangmsghanism.

@ ot m
| A o

H
Pyrrole Polypyrrole
+ o
/ \ ) Reduction / \
A + A”
N N
| |
H H
Polypyrrole Polypyrrole

Scheme 1.15 Electrochemical oxidation and rednctib polypyrrole in presence of a

counter anion.

The polymerisation of pyrrole in the presence oféacounter anions, such as Acid Red 1, has
not been studied as extensively as the use of simgdhic and inorganic ions. Tanehal
[216] reported that the use of dodecylsulfate asumter anion resulted in the dodecylsulfate
ion firmly entrapped in the polymeric film and thosuld not escape from the film. Instead,
other ions migrate into or out of the film. Mirns#niet al [206] also noted the immobility of
large counter anions such as dodecyl benzene sulfmid. Gaoet al [217] studied
polypyrrole films grown in the presence of indigarmine. The bulky indigo carmine dopant
was found to be less mobile compared to small anidrich can move freely in a polymer film,

resulting in only slow diffusion over time.

Our interest in this ion exchange system of eleayperised conducting polypyrrole has led
us to consider the entrapment-liberation of chamgénic molecules, such as synthetic azo
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dyes, across conducting polymer membrane filmsherdevelopment of a treatment method
for dyes in textile effluents. In the present wattke entrapment-liberation of the sulfonated
aromatic compound, Acid Red 1, as an azo dye &opldymerised conducting polypyrrole
was considered. The entrapment-liberation of ARedl 1 across the polypyrrole film is
expected to expand the scope of potential appbicati the area of removing and recovering

organic pollutants such as dyes from wastewater.

1.10  Scopeand aims of the project

Organic dyes are commonly used as colourants iteitide industry. However, their presence
in effluent leads to severe environmental problémsause of their toxicity, carcinogenicity
and undesirable water colouration. Thus it is ssagy to treat dye containing wastewater
before being discharged in hydrosphere. Howeverent dye effluent treatment techniques
suffer from several limitation such as inefficiér@atment, time consuming, high cost and, most
importantly, generation of toxic by-products. Tanimise these problems, there is a need for
development of an alternative treatment technityae is efficient as well as environmentally

friendly in removing dyes from industrial wastewate

Overall main aims of this project are to develop tise of conducting polypyrrole films as a
potential green technology for electrochemicalttrest of azo dyes in industrial effluents

without producing any toxic by-products. More dfieally, this work aims to:

(1) Demonstrate the feasibility of electropolymerisedypyrrole film as an efficient tool
for the entrapment and liberation of the azo dyadARed 1, from its synthetic solution;

(2) Develop a kinetic model for Acid Red 1 entrapmerelactropolymerised polypyrrole
films and the associated thermodynamics;

(3) Synthesise and characterise mechanically stablgymwble-reduced graphene oxide

composite films for Acid Red 1 entrapment and l#en performance.

Each of the following chapters is then devotechtodetailed description and discussion of the

results obtained in achieving the respective aim.

Chapter 2 will provide details of experimental teicjues used in this research. Here, we will

describe the synthesis and characterisation tegbsigf polypyrrole films, as well as method

CHAPTER 1 1-43



for the evaluation of Acid Red 1 entrapment-libenmain polypyrrole films. This chapter will
also describe the methods used for experimentalatslysis.

In Chapter 3, we report the characterisation ofdARed 1 entrapped polypyrrole films and
optimised Acid Red 1 entrapment parameters in poigte films. We will also evaluate
entrapment-liberation efficiency of Acid Red 1 iolypyrrole films.

In Chapter 4, we focus on the kinetics, isothernt thermodynamics of the electrochemical
entrapment of the Acid Red 1, at conducting polygier films.

Chapter 5 is devoted to the synthesis, charactiensand evaluation of Acid Red 1 entrapment
and liberation at mechanically stable polypyrraéuced graphene oxide composite films.

Finally, in Chapter 6, some concluding remarks bea tlevelopment and applicability of
polypyrrole and polypyrrole-reduced graphene oxidenposite films for electrochemical
entrapment and liberation of Acid Red 1 will begmeted. To this end, limitations of this
treatment will also be discussed. Further, segrgdestions will be proposed as feasible future

work for this project.
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CHAPTER 2

EXPERIMENTAL

21 I ntroduction

A long-term goal of this work is to develop an ¢étechemically green tool for treatment of azo
dye containing industrial wastewater. More spealfy, this work was aimed at investigating

the feasibility of applying eletropolymerised cowrting polypyrrole films for treating azo dye

containing synthetic wastewater. To achieve thig alectropolymerised polypyrrole and its

graphene composite films were synthesised. Palgfgyand its graphene oxide composite
films were then used for entrapment and liberatifaihe azo dye, Acid Red 1, from its synthetic
solution by applying an oxidation and a reductioteptial, respectively. In our work, a two-

level factorial design approach was used for idieation of the significant factors and their

interactions in Acid Red 1 entrapment in polypyetolCharacterisation of the synthesised
polypyrrole films were performed by cyclic voltaming spectroscopy, microscopy, and
physical and mechanical properties evaluation. dABed 1 entrapment and liberation
experiments were also performed to evaluate theedy@pment and liberation efficiency of

the polypyrrole films. This chapter outlines thetalled descriptions of the instrumentations
and experimental procedures adopted to ensurghbanost reliable results were obtained.
Results obtained are then presented and discusslee next three chapters.

2.2 Reagents

Graphite power, Acid Red 1, potassium nitrate arrdote were purchased from Sigma-Aldrich
(Castle Hill, Sydney, Australia). Pyrrole was aywadoubly vacuum distilled at 130 °C and
then stored in a light protected bottle at 4 °Gluatuired for use. All agueous solutions were
prepared using deionised water purified by a Mjlwater system (Millipore). High purity
nitrogen gas (BOC) was used to purge all analykatisas for 10 min at the beginning of an
experiment in order to remove dissolved oxygen femation.



2.3 Apparatus

All voltammetric studies were performed using a Maw200 system operated by EChem and
Chart software (eDaq Pty Ltd, Sydney, Australia)A 50-mL vial was used as an
electrochemical cell accommodating a three-eleetsydtem. Stainless steel electrodes (3 cm
x 1.5 cm) or stainless steel mesh electrodes (3 &m® cm) both manufactured by Macquarie
Engineering and Technical Services, Macquarie Usitsewere respectively used as a working

electrode and a counter electrode. All potentisdse recorded relative to a Ag|AgCl (in 3 mol

L-1 KCI) reference electrode. UV-visible spectroscémymeasuring absorbance of Acid Red
1 solutions was performed using a Bio Spectropheten{Eppendorf, Australia). Conductivity
measurements were performed using a locally coetstitfour-point probe. Fourier transform
infrared (FTIR) spectrometry analysis was performasihg a Nicolet iS10 FTIR spectrometer
(Thermo Scientific, USA). The crystalline phasdlad polypyrrole-Acid Red 1 film samples

was identified usingn X'Pert Pro MPD X-ray diffractometer ((Phil{BsNetherlands). X-ray
photoelectron spectroscopy (XPS) analysis was pedd using a VG scientific
ESCALAB250Xi spectrometer (Thermo Scientific, UK)Scanning electron microscopy
(SEM) analysis was carried out using a JEOL JBKBO LA scanning electron microscope
(JEOL, Japan). Brunauer, Emmett and Teller (BEiffjpge area analysis was carried out using
a Tristar 3000 analyser(Micromeritics, USA) under a nitrogen environment.
Thermogravimetric analysis was conducted using an&lzu TG 50 thermogravimetric
analyser. Mechanical properties of polypyrrolm$ were measured using an Instron 4302

tensile testing device.

24 Preparation of graphite oxide and graphene oxide

Graphite oxide was synthesised from graphite powdi&x um) using a modified Hummers-

Offeman method [1]. Briefly, potassium persulfég@eg) and phosphorus pentoxide (4 g) were
initially dissolved in 24 mL of hot sulfuric acichd then 4 g of graphite powder was added.
The mixture was then kept at 75 °C for 1 h, alloweedool to room temperature, then cooled
in ice, and diluted with deionised water until tha@lution reached pH 6. The solution was

filtered and the residue containing modified grépipowder was dried at 80 °C overnight.

The activated graphite was washed 3 times with nieéal water and then treated with
concentrated cold sulfuric acid (92 mL) in an i@hb Potassium permanganate (12 g) and

sodium nitrate (2 g) were gradually added over la deriod, after which the mixture was
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removed from the ice bath and allowed to warm tmréemperature for 2 h. The mixture was
then returned to the ice bath and diluted with klisied water (200 mL) for a period of 30 min.
The ice bath was removed and then the mixture tiaisdsat room temperature for 2 h. The
resultant bright-yellow suspension was diluted liy addition of deionised water (560 mL) to
terminate oxidation process and further treatedh 2% hydrogen peroxide (10 mL). The
yellowish brown mixture was washed once with 1 Miwoghloric acid (100 mL) and five times

with deionised water (300 mL each). Finally, tdasb hydrophilic graphite oxide, the brown

mixture was dried by vacuum filtration (pore sizé®um).

The exfoliation of graphite oxide to graphene oxades achieved by ultrasonication of graphite

oxide for 30 min at 45% amplitude using an Extelttasonic processor. Then the exfoliated

material was subjected to centrifugation at 1000 fpr 2 min and discarded residue to remove
settled graphene oxide agglomerate. Finally, ispasnsion was again centrifuged at 8000 rpm
for 15 min and dried 60 °C for 48 h under vacuum.

25 Electropolymerisation experiments
251  Electrochemical synthesisof polypyrrole-Acid Red 1 films

Each polypyrrole—Acid Red 1 film was potentiostalig polymerised on a stainless steel

working electrode by applying a potential of +0\88the use of this potential will be justified

in Section 3.3.1.1) in the presence of 0.2 ntdldyrrole and 60 — 2000 mg+.Acid Red 1 for

a duration from 20 to 480 min. This process isestdtically is shown in Figure 2.1. The

polypyrrole-Acid Red 1 film was carefully removeain the electrode and oven dried at 80 °C
for 24 h before being used in further charactansag¢xperiments. The remaining electrolyte
solution in the cell was analysed by UV-visible dpescopy at 532 nm using a Bio

Spectrophotometer (Eppendorf, Australia) for AcetdRL entrapment evaluation.

25.2  Electrochemical synthesisof polypyrrole-reduced graphene oxide composite

films

In preparing mechanically stable polypyrrole-redligeaphene oxide composite films, Acid
Red 1 initially entrapped in a polypyrrole-graphenede film which was potentiostatically
synthesised bin situ polymerisation on a stainless steel mesh electvgagpplying a potential

of +1.0 V in the presence of 0.2 matllpyrrole, 1500 mg t1 Acid Red 1 and a ratio of 20:1
(w/w) between pyrrole and graphene oxide (justifarafor this mass ratio is given in Section
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5.3.1.9) for 480 min. The resulting composite wasignated as polypyrrole-graphene oxide
film. The polypyrrole-graphene oxide film was thexuced by applying a reduction potential
of -1.3 V for 240 min in 0.5 M NaOH solution to peee polypyrrole-reduced graphene oxide

film. The entrapment evaluation of Acid Red 1 ih5)0 mg L1 solution was then performed
at the respective polypyrrole, polypyrrole-graphemrele and polypyrrole-reduced graphene
oxide films for duration from 20 to up to 480 min &pplying an oxidation potential of +1.0 V.
This process is schematically is shown in Figuge 2.

Stainless steel L ,
electrode Stainless steel

l mesh electrode

Acid Red 1 entrapped
polypyrrole film

Ag|AgCl electrode

+0.88V

—_—
for a desirable

duration

Acid Red 1
+

pyvrrole

Figure 2.1 A three-electrode voltammetric cell utedhe electropolymerisation of pyrrole.

2.6 Optimisation experiments of synthesis of polypyrrole-Acid Red 1films

A two-level full factorial design was used to idénthe significant factors in Acid Red 1
entrapment in polypyrrole films. These factorduded solution pH, polymerisation time, Acid

Red 1 concentration and pyrrole concentration.

2.7 Entrapment and liberation experiments

All experiments were carried out at room tempegrtuAt the end of each polymerisation
experiment, the remaining solution in the electemuftal cell was analysed by UV-visible
spectrophotometry at 532 nm to estimate the fioatentration of Acid Red 1. The percentage
of Acid Red 1 entrapped in a polypyrrole, polypyergraphene oxide and polypyrrole-reduced

graphene oxide films was then evaluated basedeodifference (in mg t1) between the initial

concentration (C

initial

) and the final concentratiorC{ ) of Acid Red 1 ie #plution using

UV-visible spectrophotometry according to Equatiar).
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| Cfinal _Cinitial | .
%Entrapment= x100 Equation (2.1)
initial
To evaluate the liberation efficiency, the resgtthree types of Acid Red 1 entrapped films
were subjected to a reduction process. In our raxpats, Acid Red 1 was cathodically

liberated from dye-entrapped polypyrrole, polypigrgraphene oxide or polypyrrole-reduced
graphene oxide films placed in a 0.5 M NaOH by wingl a reduction potential of —0.80 V

(versus AgAgCI) for a desired time. The resultant solutiomeentration C,pq .0, Was again

spectrophotometrically analysed at 532 nm to detegrthe liberation efficiency according to
Equation (2.2).

. . C. .
%Liberation= liberation | x100 Equation (2.2)
final ~ “initial
Schematic representation of Entrapment-liberatiofhood Red 1 in polypyrrole / polypyrrole-
reduced graphene oxide composite films shown inrei@.2.

2.8 Entrapment kinetics, isotherm and ther modynamics

All entrapment experiments were carried out dutimg electropolymerisation of pyrrole to
form polypyrrole in the presence of Acid Red 1,dascribed in section 2.7. In addition, to
evaluate the effect of temperature, these entrapreperiments were conducted at five
temperatures of 298 K, 303 K, 308 K, 313 K and &18The quantity of Acid Red 1 in a

polypyrrole film was evaluated based on the diffiees (in mg L) between the final
concentration C,,.., ) after entrapment and the initial concentrati€k,(, ) of Acid Red 1 in

an electrochemical cell using UV-visible spectrajpineetry. All Acid Red 1 concentrations
were estimated from a plot of absorbance againstesdration of standard Acid Red 1
solutions. Taking into consideration the totalsioin volume ¥ in L) and the total mass of the
polypyrrole film (W in g), at the completion of an entrapment experiment, lves tused the

same concentration difference to estimate the wia&sid Red 1 per mass of polypyrrole film
(¢ in mg g1). We shall hereafter refer ©§ as the entrapment capacity after a polymerisation

durationt.
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Working C
ounter electrode
Reference electrode electrode

(b)

Acid Red 1, pyrrole
and graphene oxide

Working
Reference electrode electrode Counter electrode Acid Red 1 entrapped l Oxidation at +1.0 V
polypyrrole-graphene
oxide film

(a)

A

Y

Acid Red 1
and pyrrole

Reduction at -1.3 V l ~ Polypyrrole-reduced
4 graphene oxide film

+0.88 V j Entrapmien

Entrapment-
-0.80 \Y . >li_beration
Ij}beratlon cycle

+0.88 V Acid Red 1

+1.0 Vl Entrapment
A Entrapment-

m.g liberation
? ~ cycle
| T

-0.80 Vl Liberation

Figure 2.2  Steps followed to entrap and liberatdafl Red 1 at (a) polypyrrole film and
(b) polypyrrole-reduced graphene oxide film.

2.9 Characterisation
29.1 XRD analysis

XRD analysis was conducted to identify the crystallphase of the Acid Red 1 entrapped
polypyrrole, polypyrrole-graphene oxide and polypile-reduced graphene oxide film
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samples. In these experiments, each sample wasdptan a Si wafer (111) before being

analysed on an X’Pert Pro MPD X-ray diffractomef@hilips®, Netherlands). A voltage of
40 kV and an anode current of 40 mA were appliddCu Ka radiation A = 0.15405 nm) was
used in a continuous scanning mode with 0.02 stepasid 0.5 s set time for collecting the data

in a B scan range of 4°-80°.

29.2 FTIR analysis

FTIR was used to analyse polypyrrole and compdiits. The spectra were obtained over 16

scans covering the 4000-650 énvavenumber range at 4 chresolution and at 25C using

a Thermo Scientific Nicolet iS10 FTIR spectrometer.

29.3 XPSanalysis

XPS analysis was carried out on a VG scientific BBEB250Xi spectrometer (Thermo
Scientific, UK) using a monochromatised AlKX-ray source (1486.68 eV photons) with
electrical input power of 200 V and take-off angfe€90°.

294 SEM

SEM studies were performed to investigate the sarfaorphology of all samples. All SEM
measurements were carried out using a JEOL JSM3 6A8scanning electron microscope
(JEOL, Japangperated with an accelerating voltage of 10 kV ianal vacuum condition. The

film samples were placed on an aluminium holdertaed coated with a thin layer of gold.

295 TGA

TGA of samples was conducted using a Shimadzu T@&é&@nogravimetric analyser in the
temperature range of 20-700 °C, at a heating raf€® C min! under a nitrogen protection
atmosphere. TGA gives information about the thércharacteristics of polypyrrole and its
composites including degradation temperature, &dlesbmoisture content and the level of

oligomer in polymer.

29.6 BET surfaceareaanalysis

Specific surface area of materials is often evallidty Brunauer-Emmett-Teller (BET) model
using nitrogen adsorption measured as a functioelafive pressure. The technique involves

both external area and pore area evaluations tmadst the total specific surface area in
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m? g, yielding important information in studying thefadts of surface porosity and particle
size in many applications. The surface area oypetole and its composite films was
measured by a BET plot of nitrogen adsorption degmr isotherm [2]. In this work, the
analysis was performed on a Tristar 3000 surfaea analyser (Micromeritics, USA) using the
technique of nitrogen physisorption. After placiagample in a vacuum within the surface
area analyser for 3h at 150 °C prior to analysisie volume of nitrogen gas adsorbed was
evaluated and data are treated according to the &&sbrption isotherm equation [2], the

adsorption isotherm equation of gas can be explesse

1 =L _1><£+i Equation (2.4)
( p J QmC PO QmC .
Q L
I:)0

where Q and Q,, are the volume of nitrogen gas adsorbed at tlagivelequilibrium pressure

P/ P, (ratio between the vapour pressure above the safRpl@nd saturation pressuré(),

and the monolayer capacity of adsorbent materglgactively,C is a dimensionless constant

related to the interaction between the gas anddkerbent.

According to Equation (2.4), a plot dﬂ[Q(P/PO —1)] versusP/ P, will yield a straight line with
a slope of(C-1)/Q,C, and interceptl/Q,C. The value ofQ, can be estimated from the

reciprocal of the sum of the slope and intercefitom the value ofQ,,, the specific surface

area, S;.;, can be evaluated using Equation (2.5) [2].

Seer :Q"‘\L\I—AA‘“ Equation (2.5)

mol

whereN ,, is the Avogadro’s constan#y,the molecular cross-sectional area of gas,\4pg

, is the molar volume of gas. The valuesAyf andV,,, for nitrogen gas are 0.61620 fiamd

22400 mL (at standard temperature and pressuspectvely [2].

2.9.7 Mechanical properties

Tensile test was conducted to determine the terstilength and Young's modulus of
polypyrrole and its composite films according toTA% D882-91 at a crosshead speed of 10

mm mirt! using an Instron 4302 tensile testing device atréemperature. In all experiments,
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polypyrrole and its composite films of dimensionrhi x 5mm x 0.30 mm were used. The
average of five flms and standard deviation valwese reported for each type of films or

composites.

Tensile strength$, ) was evaluated by dividing the maximum load aakrd>,..., in Newtons

(N) by the original minimum cross-sectional ar@a (in n?) of a film used [3]. The result is

expressed in megapascals (MPa).

S =P/ A Equation (2.6)

Young's modulus is the modulus of elasticity, whidanotes the ease of deformation by
stretching a material. Young's modulus, can be evaluated from a stress-strain curve of a
material. It is unique for each material and isrfd by recording the amount of deformation
(strain) at distinct intervals of tensile or comgsi®e loading (stress). Figure 2.3 shows a typical
stress-strain curve. By drawing a tangent to itheal portion (A and B) of the stress-strain
curve, the slope of this tangent yields an estiméte [3], as indicated by Equation (2.7).

= %ﬁ: Equation (2.7)
where, F is the load at the point of tangent in N, is the average original cross section of the
test specimen in fnAL is elongation at point on tangent in metres (nt) aiis original length

in metres (m).The result is expressed in gigapascals (GPa).

Stress

>

Strain

Figure 2.3 A typical stress-strain curve
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2.9.8 Electrical property

Conductivity measurements were performed usingnamouse built four-probe conductivity
device schematically shown in Figure 2.4. The glesif this device was derived from the
literature [4]. Thin strips of polypyrrole and k®mposite films, typically ~3 mm wide and
10~20 mm long, were cut using a scalpel and stéedl and width and thickness measurements
at three approximately evenly spaced site alongtiiigs measured using vernier calipers and

a micrometer, respectively.

A conductivity measurement was typically carried auroom temperature using the following
procedure. With the electrode-facing surface ef film containing the four copper probes
(contacts) and the thumb screws firmly tightenetl, A was passed through the outer pair of

probes and the voltage drop across the inner paiobes measured using E-chem software.

Ten sets of current and voltage data were thuseaell from which a single average
conductivity value was derived for that test suefa@dfter this set of measurements, the same
film strip was turned over so that the solutionifigcsurface now contacted the copper probes

and the measurement procedure repeated. Unleéed staerwise, the conductivity value for

a strip was taken as the average of the conductwitwo surfaces. Film conductivityo( in

S cmt?) was evaluated according to Equation (2.8) [4]:

O, =—X— Equation (2.8)

wherel is the applied current (in mAY, the measured voltage (in m\§the spacing of the
inner probe pair (in cm) the width of the polypyrrole film strip (in cm)ndh the thickness
of the polypyrrole film strip (in cm).
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2.10

In the entrapment experimerach entrapment data point represents the meaa ghlhree
measurements and the standard deviation value aleslated. Linearity of a relation was
assessed based on both the random pattern inrtlesponding residual plot and the statistical
significance of the correlation coefficient at 8% confidence level using Studenttest.

Uncertainties associated with the slopes and awlingercepts of all linear relations are

Thumbscrews

N

20 S Strip of Polypyrrole Film

_"\x‘. B

Copper Probes

To Current Supply

To Voltmeter

Figure 2.5 Four-point probe conductivity measudegice.

Data analysis

denoted by the 95% confidence intervals.
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CHAPTER 3

DEVELOPMENT AND CHARACTERISATION
OF CONDUCTING POLYPRROLE FILMSASA
POTENTIAL TOOL FOR ELECTROCHEMICAL
TREATMENT OF AZODYESIN TEXTILE
WASTEWATERS

31 I ntroduction

Azo dyes are among the most widely used groups/@$ th textile applications [1]. This is
mainly due to their cost effectiveness, ease othggis and intense colouring properties.
Owing to their high solubility in water [2], potealtcarcinogenicity [3], intense colours [4] and
non-reactive nature [5], azo dyes are known to leklvarious adverse effects upon aquatic
flora and fauna [2]. This becomes an even morergeagsue in environments where existence
of dyes persists for a long period of time. Thetense colours in an aqueous system also
inevitably decrease the amount of sunlight penetratcausing a reduction in the rate of

photosynthesis, which in turn affects various fdems in the water body [6].

Several treatment methods for azo dyes have hitlhextn reported. These include microbial
degradation [7], adsorbent®.q. active carbon) [8, 9], sacrificial iron electrodgR0],
electrolysis [11, 12], electrocoagulation [13, lIidh-pair extraction [15], Fenton’s process and
other advanced electrochemical oxidation procefkés 17]. However, there are severe
limitations associated with these methods. Fomgle, there are disposal problems associated
with spent carbon where active carbon is used aslaorbent [18, 19]. Fenton’s process also
generates appreciable quantity of ferric hydrosldelge that requires further treatment before
proper disposal [20]. On the other hand, microberadation-based biological treatments are
very slow processes due to their limitation in daposing macromolecular dyes. In addition,
the majority of these dyes are chemically stablé @sistant to microbiological attack as a

result of low degradation efficiency [21]. Notapkhemical and electrochemical oxidation



treatments often produce toxic by-products duringeration. As an example, the
electrochemical oxidation of the azo dyes, azobesmzemethyl red, methyl orange, Orange G
and Sunset Yellow FCF produced 1,4-benzoquinonmcptechol, 4-nitrocatechol, 1,3,5-
trihydroxynitrobenzenep-nitrophenol, hydrazine, aromatic amines, respebtjvwhich are
carcinogenic and more toxic than the original dy#eanules [15, 22, 23]. Therefore, there is a
need for developing alternative treatments thatedfiective and environmentally friendly in

removing dyes from textile effluents.

Among the azo dyes, Acid Red 1 (5-(acetylamino)drbxy-3-[[4-(phenylamino)
phenyllazo]-2,7-naphthalenedisulfonic acid disodiseit), the structure of which is shown in
Figure 3.1, has been classified as a non-biodegladiye by the Environment Protection
Agency [24]. This is a potential environmental cem, not only that it generates aesthetical
problems associated with decolourisation of theemabdy, but there are also evidences for the
carcinogenic effect of its degradation productanaerobic conditions [25-27].

ONa

Figure 3.1 Structure of the Azo dye, Acid Red 1.

Among conducting polymers, polypyrrole has receiaetbt of recognition due to its high

conductivity (up to 2000 S ci) [28] and thermal stability [29, 30]. As shownFigure 3.2
below, the synthesis of polypyrrole usually invaadectrochemical oxidation of its monomer,

pyrrole, to yield a polymeric chain with a positivackbone. In order to neutralise this charge,
a counter anion, for example, thatpsfoluene sulfonateplS’), is entrapped in the backbone
structure. The polypyrrol@¥S film has long been known to exhibit conductivity lsigh as

160 S cm! [31]. Many studies have shown that this entragrpencess is electrochemically
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reversible [30, 32], enabling polypyrrole to actas anion exchanger, depending upon the
mobility of the entrapped counter anion [33]. Chgamobile anions can also be easily liberated
from the polymeric film, as shown in Figure 3.2n this respect, several researchers have
described the transport of small organic molecudt@sexample, aza crown ether and tosylate,
across polypyrrole by an anion exchanging mechafgln86]. These reports also found that

the polypyrrole films are selective towards theymral counter anion used, and the size of the
counter anion controls the microstructure and ptyas the films. The relation between the

porosity of the membrane and affinity for certamoms suggests a memory effect in terms of
selectivity of the polypyrrole films [37]. In oth&vords, after entrapping a particular anion in

the polypyrrole film, specific channels for the @miare formed. This behaviour was used to

explain the polypyrrole—anion films selectivity tamds the targeted anion.

4

@ Oxiditsi(-)n - / \ s
P N

N
| | n
H H
Pyrrole Polypyrrole
+ .
/ \ Reduction / \
pTS” +pTS
N N
| n | n
H H
Polypyrrole Polypyrrole

Figure 3.2 Schematic diagram for pyrrole oxidatiand polypyrrole reduction in the

presence of the counter i@ S .

In this chapter, we will demonstrate the applicataf polypyrrole as a potential tool for
treatment of azo dyes in textile effluents, usirgdARed 1 as a model dye. Initially, pyrrole
was electrochemically oxidise in the presence atiA&ed 1 as a counter ion to synthesise an
Acid Red 1-entrapped polypyrrole film (denoted a$ypyrrole-Acid Red 1 film). The films
obtained were then characterised by electrochgmistranning electron microscopy and
spectrophotometry. Unlike many other optimisagaperiments conducted by changing- one-
parameter-at-a time procedure, experimental pasmdbr Acid Red 1 entrapment in

polypyrrole film were optimised using a two levektorial design to identify the significant
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parameters and possible interactions among themedess. Finally, we will evaluate the
liberation efficiency of Acid Red 1 after electr@rhically reducing polypyrrole-Acid Red 1

films.

3.2 Experimental

The details of the experimental procedure adopbecxperiment in this chapter have been
presented in Chapter 2. Briefly, each polypyrrated Red 1 film was potentiostatically

polymerised on a stainless steel working electin@m electrochemical cell accommodating a
three-electrode system in the presence of 0.2 mopyrrole and Acid Red 1 of concentration

60 — 2000 mg t1 for a duration from 20 to 420 min. The polypyedicid Red 1 film was
carefully peeled off using a scalpel from the elmd¢ before being used in further
characterisation experiments such as X-ray difibac{XRD), Fourier transform infrared
spectroscopy (FTIR), scanning electron microsc&iyM). Film conductivity measurements
were performed using a locally constructed foump@robe. The remaining electrolyte
solution in the cell was used to evaluate the pgage of Acid Red 1 entrapped in a polypyrrole
film by UV-visible spectrophotometry. The libemati experiment of the same film was also
performed and the resultant solution was againtsg@wtometrically analysed to determine
the liberation efficiency of Acid Red 1 entrappexdypyrrole film. A two-factorial design was
also used to identify the significant factors inidA&ed 1 entrapment in polypyrrole films.
These factors included solution pH, adsorption titseild Red 1 concentration and pyrrole

concentration.

3.3 Results and discussion
3.3.1 Characterisation of electropolymerised polypyrrolefilms
3.3.1.1 Electrochemical characterisation of polyjye-Acid Red 1 films

In this work, we are exploiting the anion entragplitberating mechanism in a polypyrrole film
to develop a feasible treatment method for dye oubds in textile effluents. We have chosen

the azo dye, Acid Red 1, as a model analyte ingtas study. Initially, cyclic voltammetry of
0.2 mol L1 pyrrole was conducted at a stainless steel eldetio the presence of 1500 mg

L-1 Acid Red 1 as a supporting electrolyte. We hasedua stainless steel electrode in this
work solely because it is an economical materiatémstruction of bigger-size electrodes when

necessary. Trace (a) in Figure 3.3 shows the cyditammogram obtained, in which the
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potential was initially scanned positively from %@ 1.0 V. This was then scanned negatively
to -1.0 V, followed by a positive scan to 0.0 \t@éominate the experiment. Note the difference
in current at the beginning and at the end of dam st 0.0 V. This has most likely arisen from
the use of a stainless steel electrode at the biegjrof the scan, and a polypyrrole coated
stainless steel electrode towards the end of the, sehich has given rise to different residual
current in the cyclic voltammogram. Here, an okmlapeak at 0.76 V was observed as the
potential was scanned from -1.0 V to 1.0 V, ane@dauction peak at -0.64 V as the potential
was scanned backward. The former peak was attdbiat the oxidation of pyrrole to form
polypyrrole with a positively charged backbone wathirapped Acid Red 1 anion, while the
latter peak arose from the reduction of polypyrtoléorm an uncharged, Acid Red 1 liberated
film. The voltammogram shown in trace (a) is comapée to that of a very broad oxidation
peak between 0.1-0.6 V and a sharper reduction peaR.7 V (versus Ag|AgCl) for the
formation of polypyrrole films in the presence dd M KNO3 [38]. A peak separation of ~1.4

V between the oxidation peak and the reduction peak observed in Figure 3.3. This is
comparable to ~1.4 V in the cyclic voltammogramanied after electropolymerising pyrrole
in KNOs3 on stainless steel electrode [39], and ~1.2 Vhian d¢yclic voltammogram obtained
after electropolymerising pyrrole in KCI on a ptatm electrode [40]. Notably, the peak
separation is affected by the overpotential neddddcilitate the electron transfer kinetics at
an electrode, which will vary at different electeothaterials. In contrast, trace (b) shows a
featureless cyclic voltammogram obtained in thedAed 1 supporting electrolyte without any

pyrrole. Notably, Wangt al. also observed no Acid Red 1 oxidation / reducpeaks at a
glassy carbon electrode in 0.1 mot NapSOy solution between -1.0 V and 1.0 V [41]. There

are two additional small oxidation peaks at +0.and +0.3 V, and two additional reduction
peaks at -0.1 V and -0.4 V. We attribute thesthéopresence of unknown impurities in the
Acid Red 1 solution. As these peaks were not eleskin identical experiments using the same
electrochemical cell, after replacing the Acid Resblution. Note that these peaks are not of
major concern in this work. Based on trace (a)psdation potential of +0.88 V, which is
more positive than the oxidation peak potentialt bot more than +0.9 V to avoid
overoxidation of pyrrole and a reduction potenti0.80 V, which is more negative than the
reduction peak potential, were selected to be #speactive potential for entrapment and

liberation of Acid Red 1 in polypyrrole films in ostudies below.
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-1.0 -0.5 0.0 0.5 1.0
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Figure 3.3 Cyclic voltammetry of (a) 0.2 M pyrraea stainless steel electrode in 1500 mg
Lt Acid Red 1 as supporting electrolyte and (b) 1509 L Acid Red 1
supporting electrolyte without any pyrrole; scaterd00 mV g.

3.3.1.2 Conductivity of polypyrrole-Acid Red 1 §lm

It was necessary to synthesise conductive filmsélectrochemical dye entrapment and

liberation. In our work, we have measured the catidity of polypyrrole-Acid Red 1 formed
in 0.2 M pyrrole and 1500 mg-L of Acid Red 1 solution to be 18 S ch{with a standard

deviation of 1.2 S cm; N = 7). Our results are comparable to 2-18 Slabtained by Wang
et al. using polypyrrole films doped with different sulioracids [42]. Clearly Acid Red 1 is

bulkier and less mobile than smaller aromatic swdfes such asTS", and this leads to less

well ordered polypyrrole films of lower conductiyit

3.3.1.3 Scanning electron microscopic study of poiple-Acid Red 1 films

Scanning electron microscopy was employed to sttiay surface morphology of the
polypyrrole-Acid Red 1 films. Figure 3.4 shows theanning electron micrograph of the
surface of a polypyrrole film directly exposed e telectrolyte in the cell. In this micrograph,
we observe typical ‘cauliflower’ like structures @umch films, similar to those previously
observed at polypyrrole films polymerised in thegence opTS [43]. Notably, the film
surface is not flat, but consists of a series adkgeand valleys with considerable surface

roughness associated with a high degree of filnogty.
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Figure 3.4 Scanning electron micrograph of thetedgge-facing surface of a polypyrrole-
Acid Red 1 film.

3.3.1.4 FTIR of polypyrrole-Acid Red 1 films
The polypyrrole-Acid Red 1 films was also analybgd=TIR. The spectrum of a polypyrrole-
Acid Red 1 film is shown in Figure 3.5. For conipan, the spectra of Acid Red 1 alone and

a polypyrroleNO; film are also included in Figure 3Bhe spectra of both polypyrrole-Acid
Red 1 (trace a) and polypyrroO,  (trace b) showetgroups of weak bands at (1) ~1660,

1490-1530 and 1410 cf (2) ~1050-1150 cr, (3) ~980 and 880 crh Similar results were
observed by Zhangt al [44] and they have assigned these three groupgmmds to ring
stretching, N-H bending of polypyrrole, in-planedasut-of-plane C-H bending, respectively.
In addition, according to Zhareg al [44] and Liet al [45] the absorption peaks at 898, 1256

cmrl indicate the coupling of S=O with the stretchinipration of the pyrrole ring. In
comparison, the FTIR spectrum of Acid Red 1 alamd-igure 3.5(c) shows characteristic
absorption bands at 750, 1256-¢morresponding to the strong stretching vibratibi$e0
group and the peak at 1750 @nsorresponding to C=0 stretching of Acid Red 1.efEfore,
the presence of these peaks in Figure 3.5(a) peevidther evidence of Acid Red 1 entrapment

in polypyrrole.
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Figure 3.5 FTIR spectra of (a) a polypyrrole-AciddRL film, (b) polypyrroleNO;  film
and (b) Acid Red 1 alone.

3.3.1.5 XRD analysis of polypyrrole-Acid Red 1dilm

In this experiment, XRD analysis was carried ouhd @a@mplementary technique for examining
the entrapment of Acid Red 1 in polypyrrole filmBreviously, Ferreirat al [46] analysed
XRD patterns of polypyrrole synthesised with theslfRemazol Black B and Dianix Red. In

their work, they proposed a structure consisting dfe sandwiched between two polypyrrole

CHAPTER 3 3-84



chains separated by a perpendicular distance teétdagpcing”, which can be evaluated based
on Bragg’s law [46] in Equation (3.1).

A =2dsind Equation (3.1)

where A denotes the Cu Kradiation wavelengthA = 0.15405 nm in our work) and sthis
derived from the lowest@signal in a diffraction pattern. The diffractigratterns of a

polypyrrole-Acid Red 1 film, depicted in Figure @&, shows a sharp peak at the lowest 2

diffraction angle of 8.62. For comparison, the XR&iterns of a polypyrroldNO,  film alone,

shown in Figure 3.6(b), do not reveal any distipeaks. The result of Acid Red 1 alone is
displayed in Figure 3.6(c), which also showsBap2ak at 8.62, supporting the origin of this
peak in Figure 3.6(a). Accordingly,daspacing of 10.3 A was estimated from Equation (3).
This distance suggests that, Acid Red 1 is sanaasitietween two polymer chains, and it may

act as a bridge between the chains.
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Figure 3.6  XRD patterns of (a) polypyrrole-Acid Red(b) polypyrroleNO; and (c) Acid
Red 1.

3.3.2 Polypyrroleyield

Evidently, the yield of polypyrrole obtained by @®polymerisation of pyrrole is affected by
several factors including the counter ion, solveglectropolymerisation conditionse.§
electrode size, applied potential), temperaturepdhd This particular aspect of polymerisation

of pyrrole to form polypyrrole has been studieddwte a few research groups [47-49]. In
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particular, Maitiet al. [49] obtained a yield of ~6% by electropolymergsioyrrole (0.2 M) in
the presence @TS (0.05 M) at an applied voltage 2.0 V for 1 la#&mperature of 298 K. The
percent yield of polymer from its monomer was eatd from the ratio of the amount of
monomer used to the amount of polymer formed. @&ypéng similar approach reported by
Maiti et al, we estimated a 2-15% yield after electropolysiag 0.2 M pyrrole,at +0.88 V in
the presence of 60-1500 mg' lAcid Red 1 for 420 min, at 298 K. In these expents, a

solution pH of 4 was used throughout.

3.3.3 Optimisation of Acid Red 1 entrapment parameters

Initially, it is necessary to determine the optimexperimental conditions for Acid Red 1
entrapment in polypyrrole films. In our work, wave used a two-level factorial design not
only to identify the significant factors and det@émetheir optimal values, but also to study
possible interactions among these factors [50]. ha&kee considered factors including solution
pH (denoted as ¥, pyrrole concentration role; X5), Acid Red 1 concentration & red i
X3) and polymerisation time (X. Accordingly, a 2 factorial design for four factors (16
experiments in total) was adopted. Table 3.1 shibesxperimental factors and their levels
employed in the 42 factorial design. Based on earlier experimengsiults and practical
operation conditions, a low (=) and a high (+) lewere assigned to each factor. Following
electropolymerisation under the conditions spedifier each run, the percentage weight of
Acid Red 1 adsorbed per weight of polypyrrole fivas evaluated using Equation (1). Two
replicate measurements were conducted at eachtimondnd the average results obtained at
different computation of effects and interactioXgX,, X1X3, X1X4, XoX3, XoXy4, X3X4,
X1XoX3, X1X3X 4, XoX3X4, X1X2X3X ) for a 2 factorial design are shown in Table 3.2. Also,
in Table 3.2, the Effect row represents the averdghe high (+) and the low (-) values of

each experimental factor, whilge represents a signal-to-noise ratio calculated Hgy t

expression

Effect

2 o

t.=
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Z(degrees of freedoRrvariance)

S = i=1
p

> degrees of freedom
i=1

where S, Is a pooled standard deviation, andis the number of experimental conditions
(m=16 in this work), g is the number of experimental replications482). When the absolute
value oftg is larger than the tabulatéd/alue (denoted by of 2.12) at the 95% confidence
level, the effect of a particular factor or intetfan between factors is considered significant.
Accordingly, the results in Table 3.2 reveal that X3 and X, are statistically significant and
X is not significant. None of the interaction wasirid to be significant. These results are
also graphically shown in a Pareto chart and ictera plots in Figure 3.7 and 3.8, respectively.
The vertical line in the Pareto chart in Figure 8hows the minimum value of 2.12 for 16
degree of freedom at 95% confidence interval stedily significant effect. Those factors and
interactions with absolute effects greater thanviical line were found to be statistically

significant. Figure 3.8, further support that natetions between factors are not significant. In

this way, a prediction equation for our system lparwritten as:

e 291_46_(41.62jxl+£468.46jxs+£85.87jx4
2 2 2

=291.46-20.81X +234.23X +42.94X,

Table 3.1  Experimental factors and their levels leygad in a 2 factorial design.

Factor Definition Label Low level (-) High level Y+
1 Solution pH X 2 12

2 Coyrrole /mol Lt X2 0.1 0.6

3 Cacidred/ Mg LT X3 60 2000

4 Time / min X 20 480
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Table 3.2  Model matrix and the results of thda@torial design.
Code X values
Average
Run Mean X X2 X3 X4 XX XXz XaXgq o XXz XpXq o X3Kq xp;zx XIZSX XZ);SX XlXiXSX Entg};eped/ Variance  DF
mg g1
1 + - - - - + + + + + + - - - + 32.22 31.13 1
2 + + - - - - - - + + + + + - - 6.27 6.16 1
3 + _ + - - - + + - - + + - + - 38.96 9.72 1
4 + + + - - + - - - - + - + + + 8.00 24.50 1
5 + - - + - + - + - + - + + + - 480.60 873.62 1
6 + + - + - - + - - + - - - + + 450.46 2670.34 1
7 + - + + - - - + + - - - + - + 490.75 1225.13 1
8 + + + + - + + - + - - + - - - 460.94 2538.28 1
9 + - - - + + + - + - - - + + - 95.87 123.56 1
10 + + - - + - - + + - - + - + + 65.58 59.08 1
11 + - + - + - + - - + - + + - + 98.44 65.90 1
12 + + + - + + - + - + - - - - - 92.52 107.90 1
13 + - - + + + - - - - + + - - + 600.56 2051.20 1
14 + + - + + - + + - - + - + - - 520.93 3862.33 1
15 + - + + + - - - + + + - - + - 660.75 2346.13 1
16 + + + + + + + + + + + + + + + 540.53 3532.20 1
(+) 4663.34  2165.2 2400.87 42055 2675.16 2321.22 3338.2262.06 2362.89 2371.77 2428.19 2301.85 2261.2850.74 2296.52
3(-) 0 2498.14 2262.47 457.84 < 1988.18 234212 2425.0101.28 2300.45 229157 2235.15 2361.49 2401.96 8312.2366.82
3(+)+Z(-) 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 3.386 4663.34 4663.34 4663.34 4663.34 4663.34 4663.3663.34 4663.34
Z(+)-Z(-) 4663.34  -332.94 13841 3747.67 686.98 -20.9 -186.64.39.22 62.43 80.2 193.05 -59.63  -140.59 38.13 .3-70
Effect 291.46 -41.62 17.3 468.46 85.87 -2.61 -23.34 -174 7.8 10.03 24.13 -7.45 -17.57 4.77 -8.79
te -3.37 14 37.93 6.95 -0.21 -1.89 -1.41 0.63 0.81 1.95 -0.6 -1.42 0.39 710 t*(16)=2.12




Term

X1X2X3X4

| | | |
0 10 20 30 40

Standardised Effect

Figure 3.7 Pareto chart of the standardised effentshe entrapment of Acid Red 1 in
polypyrrole film using 2 factorial design (presented in Table 3.2) at tB&69

confidence level.
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Figure 3.8 Interaction plots, for entrapment of dABled 1 using the full*Xactorial design
(Table 3.2) at the 95% confidence level.
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3.34 Entrapment of Acid Red 1in polypyrrolefilms
3.3.4.1 Effect of solution pH on Acid Red 1 entraptin polypyrrole films

The pH of the Acid Red 1 solutions is one of th@amant factors influencing the entrapment
process. The effect of the initial dye solution pRl Acid Red 1 entrapment efficiency in
polypyrrole was studied between pH 2 and 12 anddhkelts are shown in Figure 3.9(a). A
480 min duration was allowed to entrap Acid Red ditferent solution pH. In general, more
Acid Red 1 was entrapped in polypyrrole films ire thH 2-4 range and a maximum was
observed at approximately pH 4. However, thisagntrent efficiency of Acid Red 1 then
decreased with higher solution pH. Previouslyrqgr was reported to be readily oxidised
forming thick, smooth and conducting polypyrroliens in acidic media and almost insulating
films under neutral conditions [45]. However, nlnfformation was observed in alkaline
media owing to an inhibited oxidation of pyrrolel]5 In this work, we observed that thin,
fragile polypyrrole films were formed in neutral chalkaline media, which did not favour

efficient entrapment of Acid Red 1.

3.3.4.2 Effect of initial Acid Red 1 concentrateomd polymerisation time on entrapment

Entrapment of Acid Red 1 is also affected by th#iahAcid Red 1 concentration and
polymerisation time of polypyrrole. Figure 3.9@jows the extent of Acid Red 1 entrapped in
polypyrrole films with increasing polymerisationmi at various initial dye concentrations.
Notably, when the initial Acid Red 1 concentrativas increased from 60 to 2000 mg Lthe
extent of Acid Red 1 entrapped after 480 min insegidfrom ~51 to 690 mg¥ This is clearly
attributed to an increased driving force arisirgnirthe concentration gradient with the higher
initial dye concentration. However, over the sako& Red 1 concentration range, the relative
percentage of entrapped Acid Red 1 in polypyrrittesf decreased from 68 to 44% (depicted
in Figure 3.9(c)). This is most likely due to enlied number of active entrapment sites on

polypyrrole films, which were saturated at a paac concentration [52]. Figure 3.9 also
shows that equilibrium was attained at an initig¢ @doncentration of 1500 mgiwith little

change at 2000 mg'L
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Acid Red 1 entrapment in polypyrrole films.
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3.3.5 Liberation of Acid Red 1 from polypyrrolefilms

A polypyrrole film-electrolyte system involves thedox couple, polypyrrofe / polypyrrole
[53], where polypyrrolg® is the radical cationic species and polypyrroléhésneutral species.

During oxidation, polypyrrol&® will electrostatically attract the anionic Acid ®4. in the

polypyrrole matrix so as to maintain electroneutlyal Similarly, during reduction, electrons
are supplied and polypyrrole becomes neutral, fgptt the liberation of Acid Red 1 from the
polypyrrole film to the solution. Indeed, this pamlar feature distinguishes the potential
treatment method of textile effluents using polypieg flms from many others reported in

literature. In this way, Acid Red 1 itself canrieeovered in the process.

In this study, using UV-visible spectrophotometmg have evaluated the liberation percentage

of Acid Red 1 from polypyrrole film by measuringetboncentration of the liberated Acid Red

1in 0.1 mol 1 KNO5 after applying a reduction potential of -0.80 \f todefined period.

This study was conducted with polypyrrole filmsgaeed with 1500 mgil Acid Red 1. The

results obtained are shown in Figure 3.10. In genthe liberation percentage of Acid Red 1
increased as the initial Acid Red 1 concentraticas wicreased. However, no significant
increase in liberation of Acid Red 1 was obsenféer @rolonging the reduction process beyond
180 min. This is most likely because Acid Red ttagped deep in the multilayered film matrix
on the stainless steel electrode would be unabldiffase out from the film interface.

Consequently, a low recovery rate was observedthitnexperiment, in the presence of an

initial Acid Red 1 concentration of 1500 mgll a maximum liberation rate of 21% was
estimated following a reduction period of 300 min.

Previously, the base treatment (NaOH treatmentye@srted to deprotonate the film, resulting
in the removal of the Acid Red 1 counter ions fritna film. However, the acid treatment was
reported to result in reprotonation of the film at&lreturn with an oxidise state [54]. To

improve the liberation performance of the polypgrblm, we have then attempted to measure

liberation efficiency of Acid Red 1 in 0.5 motL.NaOH solution after applying a reduction
potential of -0.80 V for a desired period. FigBr&3 shows that the liberation efficiency was
increased when the reduction process performeda@HN solution than in KN& This is

because hydroxyl ions can react with polypryyolekbane resulting in some formation of
qguinoid units through deprotonation [55] that replahe Acid Red 1 counter anion in the

Su bseq uent treatment.
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Figure 3.10 Acid Red 1 liberation percentage frastypyrrole in solution containing in 0.1
M KNO3z and 0.5 M NaOH.

3.3.6 Evaluation of Acid Red 1 entrapment-liberation efficiency in polypyrrolefilm at

different entrapment-liberation cycles

To reduce the treatment cost of dye containing evester it is necessary to reuse the
polypyrrole film. In order to study the feasibjlibf reuse of polypyrrole film for Acid Red 1
entrapment liberation, three consecutive entrapsieertation cycles were performed with the

same films. Notably, this entrapment study waslooted using polypyrrole films synthesised

in presence of 1500 mg1Acid Red 1, 0.2 M pyrrole and the initial solutipi of 4 by
applying an oxidation potential of 0.88 V for a dtion of 480 min.

Figure 3.11 shows the Acid Red 1 entrapment peagentn polypyrrole films with three
consecutive entrapment cycles of the same filme 8itrapment percentage of Acid Red 1 for
second and third cycles were approximately 24%589d less than the first entrapment cycle,
respectively. Because, some dye molecules ardyfinappped to the polymer network chain,
which was also confirmed by XRD analysis reporteddction 3.3.1.8 in this chapter, resulting
in low liberation efficiency as well as the breakadoof polypyrrole film because of swelling
and shrinkage of the film that happened during atkah reduction cycle, which reduces the
Acid Red 1 re-entrapment in polypyrrole film witbrsecutive entrapment cycle [56-58]. The
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maximum entrapment for first, second and third agrtrent cycles was estimated to be 58%,
34% and 10%, respectively, after a polymerisatienaa of 480 min.
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Figure 3.11 Acid Red 1 entrapment percentage ipgyotole at different cycle

To study the Acid Red 1 liberation efficiency oflgayrrole film at different liberation cycle,

we have evaluated the liberation percentage of R&d 1 from polypyrrole film, by applying

a reduction potential of -0.80 WAg | AgCl) in 0.5 mol -1 NaOH for a duration of 300 min.
The results obtained are shown in Figure 3.12yelmeral, liberation percentage of Acid Red 1
increases with increasing liberation time. Howewersignificant increase in the liberation of
Acid Red 1 was observed after prolonging the radagirocess beyond 180 min. This is most
likely because Acid Red 1 was entrapped deep isdahdwiched / multilayered film matrix on
the stainless steel electrode and it was difficaltdiffuse out from the film interface.
Consequently, a low recovery rate was observedredb@r, the liberation percentage of Acid
Red 1 decrease in the second and third liberatyole ¢han the first liberation cycle, due to

both compacted sandwiched film matrix and mechéaxliegradation of the film during reuse.

In this experiment, in the presence of an initigidARed 1 concentration of 1500 mglLa
maximum liberation rate of 32%, 20% and 8% weremesed for first, second and third
liberation cycle of Acid Red 1 entrapped polypyer@ilms, respectively after a liberation time
of 300 min.
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34 Conclusion

In this study, we have exploited the anion entnagpiberating property of conducting
polypyrrole films to develop a green treatment rodtfor the model azo dye, Acid Red 1. By
oxidising pyrrole at 0.88 V in the presence of ARdd 1, the dye was readily entrapped in the
polypyrrole film. We then employed cyclic voltaming conductivity measurements, FTIR
and X-ray diffraction to characterise these polypl-Acid Red 1 films and all results
supported the presence of Acid Red 1 in polypyrfibies synthesised in this way. In addition,
based on a two level-factorial design, the entragmpecess was found to be dependent on pH,
concentration of Acid Red 1 in solution and polyis&tion time. The entrapped Acid Red 1
was then liberated from a polypyrrole film by appty a reduction potential of -0.80 V. Our
results suggest that electropolymerised condugalgpyrrole films can be further developed

as an effective and alternative material for treattof dye effluents.
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CHAPTER 4

KINETIC MODEL AND THERMODYNAMIC
STUDIESOF ACID RED 1 ENTRAPMENT IN
ELECTROPOLYMERISED POLYPYRROLE
FILMS

41 I ntroduction

Azo dyes are commonly used as colouring matenmathe printing, textile, paper and leather
industries. Without proper treatment, dye-contagreffluents discharged into the hydrosphere

will contribute a significant source of pollutioruel to both their visibility even at low

concentrations (<1 mg-Il) and the resultant undesirable colour to a wabelylj1]. Notably,
this will not only directly reduce sunlight pendioa in a water system, which will resist
photosynthetic activity [2], but their toxic andeewvmutagenic degradation products are also of
great concern [3]. In addition, azo dyes from stdal effluents are major sources of
environmental pollution because they are non-bicatisple, non-reactive and highly soluble
in water [4]. Therefore, stringent rules are imgmbsn many countries for controlling the

discharge of industrial effluents.

A range of conventional biological, physico-cherhmad chemical treatment technologies for
dye removal including microbial degradation [5-8sorbent €.g. active carbon, natural
cellulose-based fibre) [9, 10], sacrificial ironeefrodes [11], electrolysis [12-14],
electrocoagulation [15, 16], and ion-pair extractid7]. Fenton’s process and advanced
electrochemical oxidation process [18-20] has Initheeen reported. However, there are some
severe limitations associated with these methdsts. example, the current physico-chemical
and adsorbent methods produce a significant qyaofitresidue that requires additional
treatments. Chemical / electrochemical oxidatiod Benton’s process generate appreciable
guantity of toxic by-products such as aniline datives and ferric hydroxide sludge with toxic

hydroxylated aromatic derivatives [18] that demé&mdher treatment before proper disposal



[21]. Also, microbial degradation-based treatmearts very slow processes due to their
limitation in decomposing macromolecular dyes [23]. Therefore, there is a need for
developing alternative treatments that are effectind environmentally friendly in removing

dyes from textile effluents.

In Chapter 3, we reported the application of a catidg polymer, polypyrrole, as a potentially
green technology for electrochemical treatmentzofdyes using Acid Red 1 (5-(acetylamino)-
4-hydroxy-3-(phenylazo)-2,7-naphthalenedisulfordipas a model dye [24]. The structural
formula of Acid Red 1 is depicted in Figure 3.1tleé previous section. Polypyrrole is well

known for its high conductivity (up to 2000 S @n[25] and mechanical and thermal stability
[26-32]. In our proposed dye treatment, the mormomerole, is electrochemically oxidised at
+0.88 V (relative to a Ag|AgCI electrode) to yieddpolymeric chain in the presence of the
anionic Acid Red 1. This polymeric chain is posaty charged and will therefore easily attract
the Acid Red 1 as a counter anion to neutralisellaege. In this way, an Acid Red 1 entrapped
polypyrrole film is synthesised. Similarly, by dpipg a reduction potential of -0.80 V, the
polypyrrole film gains electrons and becomes néutesulting in the liberation of Acid Red 1
from the film [24]. In the presence of an Acid Redolution, the dye is then easily re-entrapped
in the film at +0.88 V for a desired period and iagiéerated at -0.80 V. In our pilot study
[24], we have successfully synthesised polypyrided Red 1 films and characterised them
by microscopy and spectroscopy, the results of wligpported Acid Red 1 entrapment by
polypyrrole during oxidation of pyrrole. In themsa study, we have used a two-level full
factorial design to determine that the solution phitial concentration of Acid Red 1 and
polymerisation time were all significant factor$esting the Acid Red 1 entrapment process in
polypyrrole films. Unlike many other reported medls, the feasibility of entrapping Acid Red
1 without producing any toxic by-products and reéicyrthe dye in the treatment makes it a

potentially green technology.

In this chapter, we will further study the mechamiof Acid Red 1 entrapment in
electropolymerised polypyrrole films based on kicgt isotherms and thermodynamic
approaches. Different dye adsorption kineticsthisoms and thermodynamics at different
materials have already been reported in literatime example, reactive dye at chemically
prepared polypyrrole-saw dust [33], tartrazine &erically oxidised polypyrrole and
polyaniline [34, 35], Amido Black 10B at chemicatlyidised polyaniline/iron oxide composite
[36], Acid blue 193 at benzyltrimethylammonium bamte [37] and natural sepiolite [38]. In
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contrast, a significant aspect of this work wasfdous on dye entrapment mechanism at
electropolymerised polypyrrole films. The main pase of this work is thus to understand the
appropriate kinetics and to determine the applltglof different isotherm models. Three
different kinetic models including pseudofirst-ordpseudosecond-order and intra-particle
diffusion model were initially examined for the mgment of Acid Red 1. Data obtained
during entrapment were then also tested based erLahgmuir and Freundlich isotherm
models. Finally, thermodynamic parameters suctstandard Gibb’'s free energylG 9,
standard enthalpy changelH?9) and standard entropy changaSf) were evaluated at
equilibrium conditions to gain an understandinghaf nature of entrapment. Results obtained
in such a fundamental study will be useful in desig a batch entrapment for the treatment of

Acid Red 1 containing effluents generated in dymdpstries.

4.2 Experimental

Details of the procedure adopted for experimenssmieed in this chapter have been presented
in Chapter 2. Entrapment experiments were cawigdduring the electropolymerisation of
pyrrole to form polypyrrole-Acid Red 1 film in theresence of 0.2 mol-L pyrrole and

60 — 2000 mg t1 Acid Red 1 for a duration from 20 to 480 min. $aentrapment experiments
were conducted at five temperatures of 298 K, 30308 K, 313 K and 318 K. The quantity

of Acid Red 1 entrapped in polypyrrole film was kxsded based on the difference (in ntd)L
between the final concentratiof{, ., ) after entrapment and the initial concentrati€,{., )

of Acid Red 1 in an electrochemical cell. All AdRkd 1 concentrations were estimated from
a plot of absorbance against concentration of sta@hécid Red 1 solutions. Taking into
consideration the total solution volum¥ in L) and the total mass of the polypyrrole film

(Win g) at the completion of an entrapment expertmee then used the same concentration

difference to estimate the mass of Acid Red 1 passwf polypyrrole film ¢ in mg gl), as

shown in Equation (4.1). We shall hereafter rééeg, as the entrapment capacity after a

polymerisation duratioh

C._  -C. .
qt — flnaIW initial XV Equation (41)
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4.3 Results and discussion

4.3.1 Entrapment of Acid Red 1in polypyrrolefilmsasa function of Acid Red 1

concentration and polymerisation time

In this work, we begin by examining of Acid Red 1 in polypyrrole films from its aqueu
solution. In these experiments, 0.2 mo} pyrrole was electropolymerised at +0.88 V in the
presence of Acid Red 1 as a supporting electrdtiie solution was acidified to pH 4), where

the Acid Red 1 concentration was arbitrarily insesh from 60 mg t1 to 2000 mg t1. At
between 20 min and 480 min was used at the connelépgp temperature of 298 K, 303 K, 308
K, 313 K and 318 K. Notably, the solution pH wasrid to increase to pH 5-5.5 at the end of
the polymerisation process. However, this is stithin an acidic pH range and is thus not
expected to have negatively affected the electyopetisation of pyrrole [39]. Results

obtained are shown in Figure 4.1 and each datd poihe figure represents the mean value of
three measurements. In Figure 4.1, we have atboded an expandeq versud plot for 313

K to illustrate the variability of the results. tdbly, g, increases with Acid Red 1 concentration
from 60 to 2000 mg 1! at a constant temperature, which is attributablntincreased driving
force arising from the concentration gradient vifta higher initial dye concentration. Figure
4.1 also shows that the entrapment reached equitibat 1500 mg t1, beyond which no
significant increase off was observed. This is because polypyrrole hasdavactive sites for
Acid Red 1 entrapment and presumably complete egeeof the active sites of polypyrrole at
dye concentrations higher than 1500 mg testricts further Acid Red 1 entrapment into a
polypyrrole film. Moreoverg of Acid Red 1 increases with polymerisation timel dinally
attained saturation at approximately 420 min. Adogly, we have hereafter assigned an
equilibrium time of 420 min in this work. The rdtsun Figure 4.1 also show of Acid Red

1 increases with temperature, most likely due tbaesed mobility of Acid Red 1 with

increased kinetic energy, which aided in Acid Ratifflision towards the polypyrrole film.

CHAPTER 4 4 -105



800 -

28R L om o
600 - = % ¥ x X 1200
=
Tcm x R X - v v ¥ 900
4004 % x v v vV 7 .
N
. _ Ve 2 > >
S 200 ¥ p > o . ° ° P ® 50
e N M M N b M M 120
0 ] 2% N A A A A A A €0
T T T T 1 1
0 100 200 300 400 500
¢t/ min
8007303 S
2 R K 1500
i} 600 = ) ) < " - X X 1200
3 400 * X r v " ki Y ' ' o
x X * 600
= v . . N : : > 480
3200 vz 2>~
> E : : o ° ° ° ° ° ® 240
NELLEE S S N N N ¢
1 1 1 1 1 1
0 100 200 300 400 500
¢t/ min
CHAPTER 4 4 —-106



800

308 K
g R RER
_ 600 — . R R f < X 1200
. oK b 4
o) X x v v v 900
[0 400 - X v v v
. * 600
\g x:" . . : : : B > 480
~ 200 - ; M % > . ° ° ° ° ® 240
[ J
0o w* g % % N N N N W 129
T T T T T 1
0 100 200 300 400 500
¢t/ min
800 - 2000
313K . = = R R  RI500
600 ¥ .z oz x xi200
T e gR® . X 5 v v 7 Y 900
%D 4004 . ; . v L e e e e
~ v’ P s x> 240
= 2004 . E > ° ° ) ° o ° -
»
R '\ '\ \ N /Y % % 60
0 B | 1 1 1 | 1
0 100 200 300 400 500
t/ min
3309 313K . s "
300 4 .
T o - *
%n 2504 . .
x
< 2004 . = =
150 *
% x
100 -

0 100 200 300 400 500
¢t/ min

CHAPTER 4 4 —-107



0318 . = m ® 8 =
600 - . . x x X X120
T o2& | x : 2 v \ v 900
op 400 . x ¥

E v & * 7S * ¢ 600
Y v * : > > > = > 480
= 200 - ‘ : % : ® P ® ® ® ® 240
0d ™ TRY N N 0 N % N 129

T T T T T 1
0 100 200 300 400 500

{ / min

Figure 4.1 Entrapment capacit§} | of Acid Red 1 in polypyrrole film as a functiofiaitial

Acid Red 1 concentration and polymerisation timlya{ five different temperature
of 298 K, 303 K, 308 K, 313 K and 318 K. All spe=il Acid Red 1

concentrations are given in mglL

4.3.2 Entrapment kinetics

Entrapment kinetics of Acid Red 1 into polypyrrdilens in an aqueous medium were studied
at increasing Acid Red 1 concentrations in ordemteestigate the entrapment mechanism
involved in this process. Initially, we have caleied a pseudofirst-order model in which the
entrapment rate is assumed to be solely dependertcml Red 1 concentration. This is

represented by Equation (4.2) [36].

t
Iog(qe -q) =logq, %03 Equation (4.2)

where K is the pseudofirst-order rate constant for theragmhent process (in n#,

0. (mg g?) denote the entrapment capacity of Acid Red 1polgipyrrole film at equilibrium
(approximated by the Acid Red 1 concentration & #@n). Accordingly, for a pseudofirst-

order model, we expect a linear relation betwkg(q, —¢,) andt, from whichk, is estimated

from the slope. Frong, at a specified temperature in Figure 4.1, plotéogf@, —q,) versus

t were obtained (shown in Figure 4.2) for differ&eid Red 1 concentration. Unfortunately,
the plots obtained at 298 K, 303 K, 308 K, 313 K 848 K are not linear and they follow an

irregular trend with increasing Acid Red 1 concatitm, which may be due to a poor fit of the
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data with pseudofirst-order kinetic model. Theretation coefficient,R , for this model was

found to range between 0.7709 and 0.9725 (N=10he dorresponding residual plots all
showed non-randomly distributed data points, furdugporting that this entrapment system is
unlikely to follow a pseudofirst-order kinetic mddeAccordingly, we did not proceed further

in estimating any kinetic parameters based on adug#st-order model.

o 2000
257 % § = 298 K X 1500
od PE % X 1200
: °e. v E Y 900
> s M e y ® ; ? R ® 600
T A $ - > 480
= A M ® 240
%0 0 - A M !
< L A N 5 Mo 120
A 60
0.5 1 A A M
X
o
0.0 | | | | | |
0 100 200 300 400 500
Time / min
o 2000
2:57 g g % 303K X 1500
X X
: g X 1200
2.0+ > 5 X
e. ¥ < v 900
~ M ° 2 ® 600
T 15 ,w ° i e X > 480
3 M
N s Mo e ® ® 240
s 10— A s M g Mo 120
A A A 60
0.5 — A
0.0 = | | | | | |
0 100 200 300 400 500
Time / min

CHAPTER 4 4 -109



o 2000
2.5 z ¥ % 308 K < 1500
*
| P ¥ % X 1200
—~ ] > v X ® 600
s 15 ™ ® " X
& ’ A M M : § N : ;ig
=¥} _ A
g 10 A 5 Mo 120
A N ° A 60
05 ] A Y
* B
0.0 I I I I I |
0 100 200 300 400 500
Time / min
o 2000
— 13K
23 2 ¥y 313 X 1500
. X 1200
— >
204 o5t % g v 900
-~ ° ¥ % * 600
A L5 X% " ° o K x > 480
~ i a M v o ¥ ® 240
< 10 A M Mo 120
A A g A 60
05 = A
0.0
I I I I I ]
0 100 200 300 400 500
Time / min
CHAPTER 4 4—110



o 2000

- 18 K
27 £33 8 X 1500
2ol EL ¥ X 1200
: oo’ § ; Y 900
3 ° . § * 600
SR AR o ¥ > 480
N oA " . X ® 240
0 1.0 A A " ;
= A M Mo 120
M
A ® A 60
0.5— 4 v
A
0.0 - A
| | | | | |
0 100 200 300 400 500
Time / min

Figure 4.2 Pseudofirst-order kinetic plots for #r@rapment of Acid Red 1 in polypyrrole
films at various temperatures of 298 K, 303 K, 308313 K and 318 K. All

specified Acid Red 1 concentrations are given inLmg

We have next considered a pseudosecond-order modehich the entrapment rate is
dependent on the square of the Acid Red 1 condenmtrarhis is represented by Equation (4.3)
[40].

t__1 2+l Equation (4.3)
o kz(qe) A

wherek, denotes the rate constant of a pseudosecond+oaiil (g mgt min'1). In Equation
3, at/q, versust plotis expected to yield a linear relation wkh estimated from the ordinate

intercept of the plot, after evaluatirgy from the slope. When the experimental result8t 2
K, 303 K, 308 K, 313 K and 318 K were plotted aciog to Equation 4.3, linear plots, as
shown in Figure 4.3, were obtained and the cormedipg kinetic parameters were evaluated
and these are tabulated in Table 4.1. The cowalabefficient, R, , for the pseudosecond-
order kinetic model at different concentrations s peratures, ranges between 0.9948 and
0.9998 (N=10), and were found to be statisticainsicant at the 95% confidence level.

Similarly, residual plots with randomly distributeldta points were obtained. The values of

K, decreased from 7.7 x 1o 0.44 x 1¢ g mgl min'l at 298 K, when the initial dye
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concentration was increased from 60 to 2000 my most likely due to a decrease in

availability of vacant positive sites in polypyredior attraction of negatively charged Acid Red
1. However, at an initial Acid Red 1 concentratadr60 mg |1, the pseudo-second order rate
constants were estimated to be 7.7 %,108 x 1¢%, 7.9 x 1¢%, 8.0 x 10" and 8.2 x 10

g mg! minl at the corresponding solution temperature of 29803 K, 308 K, 313 K and
318 K, respectively. This increaseka value is most likely due to increased mobility?@id
Red 1 with temperature, which confirms that theagrent process is endothermic in nature

[41, 42]. Good agreement betweéqg) and (. ),eq (SUMmarised in Table 4.1) was also

expt
achieved. Therefore, the pseudo second-orderigingtdel provided a better fit than the
pseudofirst-order model for the Acid Red 1 entrapiie polypyrrole films, which agree with

the entrapment kinetics of many dye species abuanmaterials [37, 43-46].
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Figure 4.3 Pseudosecond-order kinetic plots foetiteapment of Acid Red 1 in polypyrrole
films at various temperatures of 298 K, 303 K, 308313 K and 318 K. All

specified Acid Red 1 concentrations are given inLmg
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In order to further investigate the entrapment nmaadm of Acid Red 1 in polypyrrole films,
an intra-particle diffusion based mechanism was atsisidered. According to Cheuepal
[47], intra-patrticle diffusion is a transport preseinvolving movement of particles from the
bulk of the solution to the solid phase either Ippee diffusion process through the liquid filled
pores or by a solid surface diffusion mechanisrmeylproposed that a dye entrapment system
can be considered to involve either (i) diffusi@nass the liquid layer surrounding the external
boundary film (external diffusion or film diffusion(ii) diffusion in the liquid contained in the
pores or along the pore walls (the intra-partici§fudion rate), or (iii) mass transfer
(entrapment) at active sites on the surface, wisielm extremely rapid process for physical and
chemical systems and is often neglected for kingticly. In this work, we will therefore
investigate whether liquid film diffusion or intgzarticle diffusion or both mechanisms were
involved in the Acid Red 1 entrapment in polypyerdiims. In proposing an intra-particle

diffusion model, Weber-Morris derived the followieguation (4.4) [48].
q = kp\/f Equation (4.4)

. . - . - _1/2 .
where k, refers to the intra-particle diffusion rate comstémg gl min™). Accordingly, a

linear q versus\/f plot passing through the origin is expected ifititea-particle diffusion is

the only rate-controlling step for the entrapmerdcpss [45, 46, 49-51]. However, plots
obtained at 298 K, 303 K, 308 K, 313 K and 318 shown in Figure 4.4, displayed an initial
non-linearity (~20-60 min), followed by a more laredependence (~120-240 min) and a
plateau (~300-480 min) over the duration used is gtudy, indicating that two or more steps
may have been involved in the entrapment procdasa study of acid dye adsorption at
chitosan, Cheungt al [47] attributed the non-linear feature to a baanydayer diffusion, the
linear dependence to intra-particle diffusion, &nel plateau to equilibrium. As the plots in
Figure 3.4 did not pass through the origin, theauptarticle diffusion would not be the sole rate-
controlling step, but other processes might coritrelrate of entrapment, all of which may be

in operation simultaneously. The correlation ceoefhts R, obtained from the linear portion

of the plot (~120-240 min) were estimated betwe®8@2 and 0.9999 (N=10), the statistical
significance of which confirmed the linearity oattportion of the plot. This was also supported
by randomly distributed data points in the residolats. Based on the slopes of the linear

portion of the plot in Figure 4.4, the intra-paltidiffusion constantk,, was estimated and

data are tabulated in Table 4.1. The data showtligarate of diffusion increased with an
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increase in initial Acid Red 1 concentration antlBon temperature. This is due to a greater
driving force with increasing Acid Red 1 concentvaf resulting in enhancing the diffusion of

dye from the solution towards the polymer, whiléueing the diffusion of dye anions from the

polymer interface to the solution [52]. As shownTiable 4.1, the increase kj, with the

temperature is due to the rise of particle movemena result of enhanced pore diffusion and

intra-particle diffusion rate.
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Figure 4.4 Intra-particle diffusion model for emnaent of Acid Red 1 in polypyrrole films
with different initial Acid Red 1 concentrationstatnperatures 298 K, 303 K, 308
K, 313 K and 318 K. All specified Acid Red 1 contmtions are given in

mg L1,

4.3.3 Isotherm studies

Many research groups [38, 41-44, 49, 53] have dgesl dye removal methods in which dyes
were allowed to adsorb on a substrate surface fodesred period. This has led to their
consideration of several equilibrium adsorptiortheoms including the Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich models to explaainteractive characteristics between a
dye and the corresponding surface. In contrastith work, Acid Red 1 was electrostatically
attracted to a positively charged polypyrrole baxid in the present study over a desired
duration, resulting in Acid Red 1 being entrappadthe polymer chains. Indeed, X-ray
diffraction results in our earlier study provideddence that Acid Red 1 was entrapped between
polypyrrole chains [24], indicating that the incoration of Acid Red 1 was not limited to
surface adsorption. In this context, by considggntrapment of Acid Red 1 during an initial
polymerisation period no longer than 60 min, weuassd surface adsorption of Acid Red 1 to

be the primary process in a polypyrrole film durthg relatively short duration. However, the
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poor fit of the equilibrium data (not shown hereg sippendix) obtained for entrapment of Acid
Red 1 in polypyrrole films, even within a 60 minlyaerisation periodgdemonstrating that the
data did not obey any of the adsorption model Anidl Red 1 was entrapped in a polypyrrole
film. In this way, we expect a higher entrapmeinfoid Red 1 possible in a polypyrrole film
compared to adsorption methods that required ddfusf a dye towards an adsorbate. This
will in turn make the entrapment method in polypjerfilms a more effective and efficient
treatment method compared to those relying on atisor  Similarly, the entrapment method

may also aid in preventing dye leakage from polyggrfilms back to a sample matrix.
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Table 4.1 Kinetic data obtained for Acid Red Irgpiment in polypyrrole films.

_ Pseudosecond order Intra-particle diffusion
Temperature [Acid Red 1] K, %10 (qe)pred (qe)expt k,
/K / mg -1 2 R3
Igmglminl  ymggl  /mggl / mg g1 min-2
60 7.733 52.63 50.50 0.9993 1.02 0.9813
120 3.057 102.0 95.60 0.9997 1.75 0.9984
240 1.311 166.6 156.2 0.9951 2.80 0.986¢7
480 0.6690 303.0 287.2 0.994 6.63 0.9997
298 600 0.5420 370.4 341.6 0.996} 8.78 0.9931
900 0.4690 500.0 450.3 0.999 9.19 0.98%2
1200 0.4750 625.0 589.1 0.9989 18.0 0.9995
1500 0.4420 714.3 690.2 0.9983 22.3 0.9984
2000 0.4410 714.3 695.2 0.9983 22.8 0.9981
60 7.822 54.05 52.90 0.9972 1.08 0.9942
120 3.113 90.09 87.60 0.995( 1.83 0.9821
240 1.455 188.7 181.3 0.999¢ 2.74 0.9999
480 0.8480 294.1 271.9 0.9971 6.97 0.9999
303 600 0.6320 357.1 331.7 0.9969 11.3 0.9977
900 0.4880 500.0 457.3 0.9991 8.00 0.97%2
1200 0.5960 588.2 553.5 0.9981 20.1 0.9968
1500 0.4610 714.3 700.1 0.9967 22.1 0.9999
2000 0.4030 769.2 706.1 0.9967 21.8 0.9999
60 7.888 56.82 54.56 0.9995 1.11 0.9831
120 3.388 86.96 82.16 0.9997 1.88 0.9987
308 240 1.325 227.3 213.2 0.998¢ 4.78 0.9889
480 0.8750 294.1 273.6 0.9987 6.87 0.9997
600 0.6680 357.1 332.2 0.999( 9.03 0.9812
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434  Thermodynamic parameters

In order to study the effect of temperature on ARed 1 entrapment in polypyrrole films,
thermodynamic parameters including the standard<ikee energy changa®-), standard
enthalpy change/H*) and standard entropy changes( ) were also determined in the present

work. The free energyQG  for entrapment of Acid Red 1 in a polypyrrole filsdefined by
Equation (4.5).

AG=AG" +RTInK_ Equation (4.5)

whereR is the universal gas constant (8.314 J-kil-1), T is the absolute temperature in K
and K¢ is the equilibrium constantd / Cg), where G, is the Acid Red 1 concentration at

equilibrium). At equilibriumAG =0, we thus obtain

AG" =-RTInK, Equation (4.6)
The AG® was found to be -1.46+0.78, -1.86+0.22, -2.14+0-:2%8+0.29 and -2.94+0.24 kJ

mol-1 at the corresponding temperature of 298 K, 30308,K, 313 K and 318 K. The negative
free energy change indicates a spontaneous entrépiiecid Red 1 in polypyrrole film during

electropolymerisation of pyrrole at all temperatur&enerally, the change of free energy for a
physical process is in a range of -20 to 0 kJ-hakhile the corresponding change for a

chemical process is between -80 and -400 k3*j88]. Accordingly, theaG® values in this

work indicate the Acid Red 1 entrapment in polypierfilms is physical in nature.

Standard enthalpy and entropy change values fat Red 1 entrapment in a polypyrrole film

were evaluated from the Van’'t Hoff equation:

i, =5

R ﬁ Equation (4.7)

Both AH® and AS® were estimated from the slope and ordinate inpgroethe |nKC versus

]/T plot shown in Figure 4.5(a). The positive valfié\si® (20.5+2.5 kJ moll; N=5) suggests
that the Acid Red 1 entrapment in polypyrrole isi@hermic.[53, 54] Also, a positivas®,

estimated to be 73.6+8.2 J mbK-1 (N=5), indicates an increased randomness in the

polypyrrole solid/Acid Red 1 solution interface aad affinity of Acid Red 1 towards
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polypyrrole film. Thus, from the thermodynamic wigoint, entropy seems to be a driving
force of Acid Red 1 entrapment in polypyrrole fi[84]

In addition, activation energy gives informationoab the entrapment mechanism. The

activation energy is obtained based on the Arrleeaquation:

Ea

Ink, =In A- Equation (4.8
2 o q (4.8)

where kzis the pseudosecond-order rate constbgtis the Arrhenius activation energy

the Arrhenius factor. From thlsz versusl/T plot shown in Figure 4.5(b), straight line

with slope— Ea/R is obtained. In general, equilibrium is usualtyaated rapidly and is easily

reversible in a physical process because the famgedsed in the process are weak, leading to
low energy requirements. In contrast, a chemicatgss is specific and the forces involved
are much stronger than in physical process. Adoghly low activation energy
(<40 kJ motl) is often characteristic of a physical processijlavhigh activation energy
(40 — 400 kJ mol) is associated with a chemical process [38]. hls work, the activation
energy for the entrapment of Acid Red 1 in polyplerfilms was estimated to be 7.67+0.8 kJ
mol-1 (N=5), indicating the Acid Red 1 entrapment inypyirrole film is primarily governed

by a physical process.
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-10.2 = (b)
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Figure 4.5 (a) Plot ol‘an versusl/T for estimation of thermodynamic parameters for

entrapment of Acid Red 1 in polypyrrole films. @) Arrhenius plot for the
entrapment of Acid Red 1 in polypyrrole films.

4.4 Conclusion

In this chapter, we have investigated the kinetsitherms and thermodynamics of Acid Red
1 entrapment in polypyrrole films. The kineticstalatrongly supported that Acid Red 1
entrapment in polypyrrole films follows a pseudas®t order model. Moreover, kinetic study
revealed that intra-particle diffusion is also itwea in this entrapment system but this is not a
rate-controlling step. The isotherm study showeat the equilibrium data of Acid Red 1
entrapment in polypyrrole films did not obey anytled common isotherm models, confirming
that the process is not an adsorption but an engapprocess. From the thermodynamic study,

a positive4H° (20.5+2.5 kJ mol) suggests that the Acid Red 1 entrapment process i
endothermic in nature. Also, a positi¥8° (73.6:8.2 J moil K-1) is indicative of increased
randomness of the interface and an affinity of ARied 1 towards polypyrrole films. The
negative value (-1.46+0.78, -1.86+0.22, -2.14+0-8%8+0.29 and -2.94+0.24 kJ mbht the

corresponding temperature of 298 K, 303K, 308 K3kK3and 318 K) evaluated for changes in
AG° is indicative of a spontaneous entrapment procAsilitionally, the low value of
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Ed=7.674_ro.8 kJ moll confirms the Acid Red 1 entrapment in polypyrrblm is a physical

process. All the above findings demonstrated thatAcid Red 1 entrapment process in

polypyrrole films is an efficient and effective @tenent method, which will aid in further

development of the electrochemical treatment db@ieffts containing azo dyes.

4.5
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CHAPTER 5

EVALUATION OF ACID RED 1 ENTRAPMENT -
LIBERATION PERFORMANCE BY
ELECTROCHEMICALLY SYNTHESISED
POLYPYRROLE-GRAPHENE OXIDE AND
POLYPYRROLE-REDUCED GRAPHENE OXIDE
COMPOSITE FILMS

51 I ntroduction

Globally, water contamination by various pollutantscluding dyes is a concerning
environmental issue. Dyes that are extensively usenany industries, for example, textile,
leather, paint, food, pharmaceuticals and cosmepiresent a major polluting group among the
different types of water pollutants [1, 2]. Appnmately 10-25% of textile dyes are lost during
the dyeing process and 2-20% are directly discllbageaqueous effluents [3]. Moreover, these
dyes usually have a complex molecular structurerntakes them stable and more difficult to
biodegrade [4, 5]. As a result, the discharged cy&aining wastewater can cause serious
hazards to water bodies and plant life, introdiieegotential risk of bioaccumulation and thus
destroy the entire ecosystem [6]. Furthermore,trabthe dye molecules or their metabolites
(e.g, aromatic amines) are highly toxic, potentiallyaaogenic, mutagenic and allergenic to
exposed organisms, thus can contaminate not omlystiirounding environment, but also

traverse through the entire food chain, leadingidonagnification [7, 8].

Evidently, removal of dyes from effluent before afiarging into the water system becomes
environmentally important. A range of conventioplaysico-chemical and biological treatment
methods for removal of dye from the effluents, unlthg chemical precipitation, adsorption,

activated carbon adsorption [9], reverse osmo§is [@n exchange, biodegradation, membrane
filtration, coagulation and flocculation [11] halieen investigated extensively. However, the



above mentioned techniques can produce appred@ateby-products during operation. In
addition, there is a very limited scope for recavgmprecious dyes from effluents in applying

these techniques.

In Chapter 3, we have reported the applicatiorhefdonducting polymer, polypyrrole, as a
potential green tool for treatment of azo dye ushegd Red as a model dye [12]. Briefly, in
our pilot study, we have successfully synthesisedypyrrole-Acid Red 1 films by
electropolymerisation of pyrrole in the presenceAofd Red 1 to entrap the dye from its
synthetic solution. Similarly, Acid Red 1 liberdttom dye entrapped polypyrrole film. In
Chapter 4, we have also reported the kinetic maatgdisthermodynamics of the entrapment of
Acid Red 1 in polypyrrole films and found signifida entrapment capacity of
electropolymerised polypyrrole for Acid Red 1.

However, poor stability of polypyrrole films hasnlited their repeated entrapment-liberation
process of Acid Red 1. This poor stability waghkto have caused by swelling and shrinkage
during the entrapment-liberation process (or oxahateduction cycle of polypyrrole) of Acid
Red 1. This has directly led to mechanical degradaf the polypyrrole films and weakening
of their electrochemical performance [13-15]. THiere it is essential to improve the
mechanical strength of polypyrrole films beforeywhman be further considered for use in
electrochemical treatment of Acid Red 1. Moreosgarface area or porosity of the film is also
an important influencing factors for efficient eapgpment. Therefore, it is very necessary to
prepare nanostructured polypyrrole film with a &gurface area to improve its entrapment

efficiency.

The introduction of carbon-based materials intodemting polymers provides mechanical
reinforcement and increased porosity that accomieedfie volumetric changes associated
with the charge/discharge process. In addition,ghlkeanced conductivity provided by the
carbon network enables a more rapid charge/disehft§]. Among the carbon-based
materials, graphene, a two-dimensional monolayspebonded carbon atoms has attracted a
great deal of attention in recent years, due thigh electrical and thermal conductivities [17],
great mechanical strength [18] and large surfaga |19, 20]. Graphene or graphene oxide can
be easily prepared in large scales from naturgbtgte. Graphene oxide sheets are heavily
oxygenated and this will aid in improving the irdtetion between graphene oxide and
polypyrrole [21]. In addition, graphene oxide is aasily available low cost material.

Therefore, graphene oxide is often preferred otlegreexpensive carbon-based materials such
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as carbon nanotubes [21, 22]. Moreover, owingstbigh water solubility and the presence of
oxygen containing functional groups.g, epoxy, hydroxyl, and carboxyl groups), graphene
oxide will interact strongly with polymers. Thisakes graphene oxide possible to function as

a dopant when it is incorporated in conducting pays such as polypyrrole [21].

Graphene oxide based composites have attractegbf dgal of attention from researchers in
preparing conductive polymer composites due tor tlagivantages, which include high
conductivity, large surface area, excellent therarad mechanical properties and low cost
synthesis [23]. Recently, some work has been adeduon the preparation of polypyrrole-
graphene oxide and polypyrrole-graphene nanocorgsosfor their applications in
supercapacitors, transparent electrodes, artifecabators, and removal of inorganic anion
from its aqueous solution [15, 24-29]. The thernmakchanical and electrical properties of
these composites were found to have improved coeddarpolypyrrole [30-33]. Composites
based on polypyrrole and graphene oxide have shewrergistic properties such as
enhancement in electrical conductivity and eledtemgical cyclability [34, 35]. Bora and Dolui
[21] synthesised polypyrrole-graphene oxide nanquusites by liquid-liquid interfacial
polymerization and their optical, electrical an@attochemical properties were evaluated.
They reported that the composites exhibited sigaifi improvement in thermal stability and
2.5 folds increase in electrical conductivity inngmarison to pure polypyrrole and showed
excellent electrochemical reversibility and goodlicystability even up to the one hundredth
cycle. Therefore, they suggested that the polygbgrgraphene oxide composite could be
applied to electrochemical energy storage deviesfiargeable batteries, biosensor and other
fields [21]. Liet al [36] studied the removal of Cr(VI) from an aqus@olution by chemically
synthesised polypyrrole-graphene oxide composiestaeets. They reported that the removal
capacity of the polypyrrole-graphene oxide comgosanosheets was about two times larger
than that of polypyrrole. Chandra and Kim [37] thasised polypyrrole-reduced graphene
oxide composites via a chemical route and a higlgiective Hg" removal capacity of
polypyrrole-reduced graphene oxide (85%) composimapared to polypyrrole (13%) was
reported. They also suggested that the highly vaheapacity and recycling make this material
practically useful for wastewater treatment [37].

In order to improve the thermal and mechanicaliktybconductivity, effective surface area,
and the dye entrapment efficiency of polypyrrolen§, a composite of polypyrrole and
graphene oxide was used in the present studyhignchapter, we will evaluate Acid Red 1
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removal performance by electrochemically synthekiseechanically and thermally stable
polypyrrole-graphene oxide and polypyrrole-redugebhene oxide films.

Initially, an Acid Red 1 entrapped polypyrrole-gh@me oxide film was synthesised via
electropolymerisation of pyrrole in presence of A&led 1 and graphene oxide. Next, the
polypyrrole-reduced graphene oxide film was eledteonically reduced to form a polypyrrole-
graphene oxide film. The films obtained were thearacterised by electrochemistry, scanning
electron microscopy and spectrophotometry, Brundtmmett and Teller (BET) surface area
analysis, mechanical and thermogravimetric analy§isally, we evaluated the entrapment-
liberation efficiency of Acid Red 1 entrapped polyole-graphene oxide and polypyrrole
reduced graphene oxide films over different entraptiberation cycles. At the end of this
Chapter, a preliminary study of Acid Red 1 entraptie polypyrrole-reduced graphene oxide
films in the presence of Indigo Carmine was alsdgomed to investigate the selectivity of

polypyrrole reduced graphene oxide towards Acid Red

52 Experimental

Details of the procedure adopted for experimenssrileed in this chapter have been presented
in Chapter 2. Initially, graphite oxide was syrdised from graphite powder using a modified
Hummers-Offeman method [38] (described in Chapte@mn? exfoliation of graphite oxide was
performed to prepare graphene oxide using an Exi#cdisonic processor. An Acid Red 1
entrapped polypyrrole-graphene oxide film was pidstatically- synthesised byn situ
polymerisation on a stainless steel mesh electogdgplying an oxidation potential of +1.0 V

(determined from the cyclic voltammogram of poly@e in the presence of Acid Red 1 and
graphene oxide as discussed in section 5.3.1) énptesence of 0.2 mol-L pyrrole and

1500 mg -1 Acid Red 1 for 480 min. The polypyrrole-graphemxéde film was then reduced
by applying a reduction potential of -1.3 V for 240n in 0.5 M NaOH solution to prepare a

polypyrrole-reduced graphene oxide film. The gmimant evaluation of Acid Red 1 in a

1500 mg =1 solution was then performed in the respective paiwle, polypyrrole-graphene
oxide and polypyrrole-reduced graphene oxide fiforsa duration from 20 to 480 min by
applying an oxidation potential of +1.0 V. The gwsised films were then characterised by
BET surface area analysis, FTIR, XPS tensile tgstonductivity measurements, TGA and
SEM. The remaining electrolyte solutions in th# eere used to evaluate the percentage of
Acid Red 1 entrapped in the films by UV-visible spephotometry. Liberation experiment at

the same films was also performed in the presefide5oM NaOH solution by applying a

CHAPTER 5 5-134



reduction potential of -0.80 V for 300 min and thesultant solution was again
spectrophotometrically analysed to determine therdtion efficiency of Acid Red 1 entrapped

polypyrrole film.

53 Results and discussion
53.1 Characterisation
5.3.1.1 Cyclic voltammetry

In order to determine the appropriate oxidationdcdidn potential for entrapment and
liberation of Acid Red 1, cyclic voltammetry of Qiibl L1 pyrrole was conducted at a stainless

steel mesh electrode in the presence of 1500 thd\tid Red 1 or 1500 mg-L Acid Red 1
and graphene oxide (20:1 between pyrrole and grepbeide) as a supporting electrolyte and
Acid Red 1 alone. The amount of graphene oxide el@sen based on the conductivity of
films as discussed in Section 5.3.1.9. The reslitained are shown in Figure 5.1(a). In all
voltammograms, as the potential was scanned fraéh V1to +1.5 V, a current increase
observed between +1.0 V and +1.5 V in the voltanmaimg obtained at both polypyrrole-Acid
Red 1 and polypyrrole-graphene oxide, while a breadiction peak between -0.80 and -1.0 V
was observed as the potential was scanned backwaelformer peaks were attributed to the
oxidation of pyrrole to form polypyrrole with a ptge charged backbone with entrapped
anion, whereas the latter peaks arose from thectietiuof polypyrrole with uncharged, anion
liberated film. Notably, no oxidation / reductigeaks were observed at the stainless steel
electrode in Acid Red 1 alone. Witkowsd al. [39] reported that overoxidation of pyrrole
would occur at potential higher than +1.0 V, whiehlenoff and Xu [40] reported an
irreversible oxidation after applying potential grer than +1.4 V. Under overoxidation or
irreversible oxidation, electroactivity of the filmmas negatively affected and the counter anion
would not be reincorporated into the film [41]. 48d on cyclic voltammetry of pyrrole in the
presence of Acid Red 1 or graphene oxide, an dweidlgdotential of +1.0 V was used in this
study to avoid overoxidation of pyrrole and a rdducpotential of -0.80 V was adopted. These
two potentials were then used in the entrapmentibacation of Acid Red 1, respectively, in

polypyrrole and polypyrrole-graphene oxide filmsomr investigations.
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Potential vs Ag|AgCl/ V

Figure 5.1 Cyclic voltammograms of (a) polypyrraie the presence of Acid Red 1 or
graphene oxide and Acid Red 1 alone; (b) reductibgraphene oxide in a
polypyrrole film, and (c) Schematic conversion ofghene oxide to reduced

graphene oxide.

The potential for reducing graphene oxide to redugraphene oxide was then determined. In
this experiment, a potential range from 0.0 to \XL.&as applied to a polypyrrole-graphene
oxide film electrode in 0.5 M NaOH aqueous solutiofhe cyclic voltammogram in Figure

5.1(b) shows a cathodic current peak between ¥.80d -1.3 V. This large reduction current
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arose from the reduction of the surface oxygengsmf graphene oxide. Based on this cyclic
voltammogram, -1.3 V was selected as a sufficiendgative potential to reduce graphene
oxide in the polypyrrole-graphene oxide film to@ypyrrole-reduced graphene oxide film as
the reduction occurs at more negative potentidk [As illustrated in Figure 5.1(c), during the

reduction process, the number of oxygen contaifimgtional groups decreased, but the

conjugation was enhanced, leading to an increasenductivity of the film.

5.3.1.2 FTIR analysis

Figure 5.2 shows the FTIR spectra of graphene oxideke a), Acid Red 1 entrapped
polypyrrole (trace b), polypyrrole-graphene oxitlage c) and polypyrrole-reduced graphene
oxide (trace d) composite films. In trace a, teaks at 3400, 1750, 1400 and 1045'ame
assigned to the stretching vibration of OH, C=@{DOH, and C-O in C-OH / C-O-C (epoxy)
functional groups, respectively. These observatiare consistent with 3415, 1730 and
1407-1057 cmi for the vibration of OH, C=0 and C-O, respectivaiythe FTIR spectra of
graphene oxide reported by Fegtal.[29]. In trace b, the characteristic peaks lodate1490,
1050 and 898 cr due to the pyrrole ring stretching, BN-bending of polypyrrole, and
in-plane / out-of-plane C-H bending, respectiveBymilar results were observed by Fet@l.
[29] and Zhangpt al. [43] for the spectra of polypyrrole. In the FT$Rectra of both Acid Red

1 entrapped polypyrrole-graphene oxide film (tracand polypyrrole-reduced graphene oxide
film (trace d), all these characteristics peakpafpyrrole film appeared but either positively
or negatively shifted due to the interaction ofpdrane oxide with polypyrrole. This serves as
an indication of the presence of polypyrrole in thenposite films [29, 44]. In addition, FTIR
spectra of Acid Red 1 entrapped polypyrrole (tdalcand polypyrrole-graphene oxide (trace c)
show characteristic peaks at 775 and 1258 tirat correspond to the strong stretching vibration
of S=0 group of Acid Red 1 and the peak at 1750 corresponds to C=0 stretching of Acid
Red and / or graphene oxide [12, 43]. Moreoveth@FTIR spectra of polypyrrole-graphene
oxide (trace c), a small peak at 1400 'dor stretching of C-O in C-OH and a broad peak at
3400 cm' assigned for stretching of OH confirm the presesfcgraphene oxide in the film.
However, disappearance of peaks at 3400, 17507 #madnd 1256 crhin the FTIR spectra of
polypyrrole-reduced graphene oxide film (trace @yrbe due to the reduction of OH and C=0
groups of graphene oxide and the liberation of ARRa&t 1 from the film, respectively, after
electrochemical reduction of polypyrrole-grapherele film to polypyrrole-reduced graphene

oxide film.
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Figure 5.2 FTIR spectra of (a) graphene oxide, aod Red 1 entrapped (b) polypyrrole,
(c) polypyrrole-graphene oxide and (d) polypyrrodetuced graphene oxide

composite films.
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5.3.1.3 XRD analysis

The structure of the polypyrrole, polypyrrole-grapk oxide and polypyrrole-reduced
graphene oxide composite films was investigateKBY) measurements. Figure 5.3 shows
the XRD patterns of graphene oxide (trace a), pohgbe in the presence of KN(trace b),
and Acid Red 1 entrapped polypyrrole (trace c)ypwirole-graphene oxide (trace d) and
polypyrrole-reduced graphene oxide (trace e) comgpdtns. The XRD pattern of graphene
oxide only (trace a) exhibits a strong peak2#t=114°, corresponding to the peak for
graphene oxide. A6 peak atl1.4° was obtained by Bora and Dolui [21], and they laiiied
this to (001) reflection peak for graphene oxidlae spectrum of a polypyrrole film synthesised
in the presence of KN(trace b) displays a broad diffraction peak at rapinately

26 = 249°. This is consistent with the peak obtained by éfial. [24] and Bora and Dolui
[21], which arose from the amorphous nature of pwisole. After electropolymerisation of
pyrrole in the presence of Acid Red 1 (trace c)addition to the peak a8 = 24.9°for
polypyrrole, a peak a2d = 8.7° was found for Acid Red 1, indicating the entrapimarAcid
Red 1 in the polypyrrole film [12]. A polypyrroldm prepared in the presence of both Acid
Red land graphene oxide (trace d) shows the saailes @26 = 8.7° for Acid Red 1 and
256°for polypyrrole, while the peak &6 = 11.4° for graphene oxide in trace a has shifted to
13.8° with a significantly reduced peak intensity. THecrease in the peak intensity may be
due to the exfoliation of graphene oxide layersruptirasonication and low graphene oxide
concentration [21]. Moreover, the presence of éhtsee peaks indicates the successful
entrapment of Acid Red 1 in the polypyrrole-graphexide composite film. Thus the XRD
results reveal that the graphene oxide sheetswatentercalated and uniformly dispersed in
the polypyrrole matrix. On the other hand, the Xpd&dtern of polypyrrole-reduced graphene
oxide composite film (trace e), which was prepait®d electrochemical reduction of
polypyrrole-graphene oxide film, shows a broadeffralition peak at approximately
26 = 24.4°, which is almost similar to that in the XRD pattesf polypyrrole in trace b.
Chandra and Kim [37] also reported a broad peakét 25° for polypyrrole-reduced
graphene oxide and suggested that this peak amasekioth the polypyrrole intermolecular

spacing and reduced graphene oxide.
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Figure 5.3 X-ray diffraction patterns of (a) grapa@xide alone, (b) polypyrrole in presence
of KNOs, (c) Acid Red 1 entrapped polypyrrole, (d) AciddR#& entrapped
polypyrrole-graphene oxide and (e) polypyrrole-r@eil graphene oxide

composite films.

5.3.1.4 XPS analysis

XPS is a useful technique for characterising cafised materials. XPS can provide
information about the actual composition and chairstate of surfaces of a materials. Figure
5.4 shows the Cls colevel spectra of Acid Red 1 entrapped in (a) potyp,

(b) polypyrrole-graphene oxide, and (c) polypyrrodeuced graphene oxide composite films.
The bands centered at 284.8 are known to be assaiath C1s [45]. The Cls core-level

spectra of all polypyrrole composite films (Figird (a), (b) and (c)) show peaks at the binding
energies of 284.7, 285, 286.7, and 288.3 eV, whimtespond to the chemical bonds of
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C-C/C=C, C-N/C=N, C-0O and C=0/0-C=0, respectivehcbmparing to 284.7, 285.6, 286.7
and 288.3 eV reported by &i al.[27]. The relative peak intensities of C-O anddZ©-C=0
are substantially decreased for polypyrrole-redugegbhene oxide (Figure 5.4(c)) after the
electrochemical reduction polypyrrole-graphene exidSiet al [27] and Fenget al [29]
observed similar results after electrochemical cadn of polypyrrole-graphene oxide film.
They suggested that the decreased peak intensgydwa to the removal of the oxygen
functionalities on the surface of graphene oxidethe composite material during the
electrochemical reduction (see Schematic in Figui€¢c)). The wide region scanning XPS
spectra of Acid Red 1 entrapped polypyrrole, potyple-graphene oxide and
polypyrrole-reduced graphene oxide composite fémesshown in Figure 5.4(d). The peaks at
approximately 399-401 eV in the N1s spectra of A&dd 1 entrapped polypyrrole,
polypyrrole-graphene oxide and polypyrrole-reduggdphene oxide (Figure 5.4(d)) are
associated with C-N and C*Nindicating the presence of polypyrrole in the posite films.
These results are comparable to 399.6 and 401.8bs¥rved by Fengt al [29]. In Figure
5.4(d), the peaks at 531.1 eV for polypyrrole, pgtyole-graphene oxide and polypyrrole
reduced graphene oxide are associated with Olsvewsr the peak intensity decreased in
polypyrrole reduced graphene oxide compared witiygyorole-graphene oxide because of the
removal of oxygen functionalities after electrochemh reduction. A small peak at
approximately 168 eV in the S2p XPS spectra in fe@du4(d) correspond to the sulfur content
of Acid Red 1 in polypyrrole, polypyrrole-grapheoride and polypyrrole-reduced graphene

oxide composite films.

The atomic percentage of a given chemical moiethénnear surface region of a film can be
evaluated from the area under the peak of the Y&, which is proportional to the number
of atoms that contribute to a given intensity. @éwalingly, the atomic percentages of carbon,
nitrogen, oxygen and sulfur in the composite filweye evaluated and data are summarised in
Table 5.1.
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Figure 5.4 The C1s core-level spectra of Acid Recertrapped (a) polypyrrole, (b)
polypyrrole-graphene oxide, and (c) polypyrroleueed graphene oxide
composite films and (d) the wide region canning >dp8ctra Acid Red 1

Table 5.1  Relative atomic percentages of carbdrggen, oxygen and sulphur in Acid Red
1 entrapped polypyrrole, polypyrrole-graphene oxitel polypyrrole-reduced

graphene oxisde composite films.

: Polypyrrole-graphene Polypyrrole
Polypyrrole-Acid Red 1 i reduced graphene
Element oxide oxide
Atomic %
C 71.75 63.21 66.16
N 12.41 2.84 8.72
O 12.72 28.85 21.12
S 1.91 0.69 0.86
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5.3.1.5 SEM analysis

Figure 5.5 shows the scanning electron microgragh@) polypyrrole (in the presence of
KNOs3), (b) Acid Red 1 entrapped polypyrrole, (c) polgioye-graphene oxide and
(d) polypyrrole-reduced graphene oxide composditesfi In Figure 5.5(a), the polypyrrole film
prepared in presence of KNGhows a rough surface morphology of polypyrrolejclwhs

commonly observed on polypyrrole film synthesised the presence of small anions

(e.gClOs, NO;), and as previously reported by Chaetgal [28]. On the other hand, a

polypyrrole film prepared in the presence of AciddRl (Figure 5.5(b)) exhibits a typical
cauliflower morphology composed of large noduldsrathe entrapment of Acid Red 1 in the
polypyrrole film, similar to those previously obsed in polypyrrole films polymerised in the
presence ofpTS [46]. Scanning electron micrographs of polsggrgraphene oxide
(Figure 5.5(c)) presents a similarly wrinkled oummibled surface to that observed by Yatg
al. [47] at the surface of electrodeposited polypw+gtaphene oxide film, resulting from the
formation of a thin layer of graphene oxide naneshevithin the polypyrrole film [47], that
experienced an electrostatic repulsive interachetween the negatively charged adjacent
graphene oxide nanosheets [27]. However, thesdapolypyrrole-reduced graphene oxide
film appears cracked and porous microstructuregre Rand channel, resulting from the
liberation of Acid Red 1 from the filmduring electrochemical reduction of
polypyrrole-graphene oxide film to polypyrrole-rexda graphene oxide film. Similarly porous
microstructures of polypyrrole-reduced graphened®xilm synthesised by electrochemical
reduction of polypyrrole-graphene oxide was alsseobed in chemically synthesised
polypyrrole-reduced graphene oxide by Chaneétaal [37] and in electrochemically
synthesised polypyrrole-reduced graphene oxidednygét al [47].
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Figure 5.5 Scanning electron micrographs of (a) polypyrrole film in presence of KNO3, and
Acid Red 1 entrapped (b) polypyrrole, (c) polypyrrole-graphene oxide, and

(d) polypyrrole-reduced graphene oxide composite films.

5.3.1.6 TGA

The thermal stability of polypyrrole and its compedilms was studied by TGA. Figure 5.6
shows the TGA curves of graphene oxide, polypyrimolthe presence of KN§DAcid Red 1
entrapped polypyrrole, Acid Red 1 entrapped polsggrgraphene oxide and Acid Red 1
entrapped polypyrrole-reduced graphene oxide coitgpflsns, and the percentage of weight
loss estimated from these TGA curves are tabulat€dble 5.2. In the TGA curves the weight
loss of all samples at 100 °C was due to the reimoWadsorbed water. As shown in
Figure 5.6, graphene oxide exhibited a completebemtion at ~190 °C, , which is comparable
with the complete combustion of graphene oxide petwaround 150 °C, due to the presence
of large amount of oxygen containing groups as ntepidoy Siet al.[27] and Limet al. [48].
The polypyrrole and Acid Red 1 entrapped polypwragbolypyrrole-graphene oxide and
polypyrrole-reduced graphene oxide films exhibitedynamic mass loss in the temperature
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range between 150 and 700 °C. The results in €igu8 also show that polypyrrole is
somewhat less thermally stable than the polypystolaposite films, with approximately 30%
mass loss of polypyrrole occurred at 300 °C and the weight decreased slowly up to 55%
of the original weight at 700 °C. Above 300 °Ceg tpolypyrrole-graphene oxide and
polypyrrole-reduced graphene oxide films exhibiéedeight loss trend similar to polypyrrole
up to 700 °C. The initial weight loss between 100d a250 °C for polypyrrole,
polypyrrole-graphene oxide and polypyrrole-redugeaphene oxide films are probably due to
the volatilization of oligomers and elimination wireacted monomer, as well as the removal
of the oxygen-containing functional groups. At lieg temperatures, the protonic acid
component of the polymer was then lost, and finatymore extreme temperatures, cleavage
of the polymer chain can lead to the productiovaétile gases [49]. Approximately 57%,
56% and 57% of the weight remained for Acid Rednfragpped polypyrrole, polypyrrole-
graphene oxide and polypyrrole-reduced grapheneposite films at 700 °C, respectively
(see Table 5.2). Despite the similar thermal d#aian process, the major degradation in the
composite films started at a higher temperaturepaoed to polypyrrole. Thus, we have used
these results to infer that the incorporation apirene oxide in the polypyrrole matrix has

enhanced the thermal stability of the polypyrradenposite films.

100 5
80 =
2 60—
=
=
é) 40 - —— Polypyrrole-KNO,
—— Polypyrrole-Acid Red 1
—— Qraphene oxide
20 - —— Polypyrrole-graphene oxide
—— Polypyrrole-reduced graphene oxide
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Figure 5.6 TGA of graphene oxide, polypyrrole in®\Acid Red 1 entrapped polypyrrole,
polypyrrole-graphene oxide and polypyrrole-redugegipphene oxide composite

films in a nitrogeratmosphere.
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Table 5.2  TGA data of polypyrrole and polypyrrongosite films

Weight loss / % at temperature / °C Weight

Sample retention /%
100 200 300 400 500 600 70Qt700 °C

Polypyrrole-KNQ 7.8 18.0 28.7 32.0 35.3 39.7 441 55.9
Polypyrrole-Acid Red 1 8.5 12.5 17.6 25.9 34.2 38.742.4 57.6
Graphene oxide 17.7 98.0 98.2 98.2 98.3 985 988 1
Polypyrrole-graphene oxide 8.9 13.3 17.9 25.7 34.89.1 43.8 56.2

Polypyrrole-reduced graphene oxide 10.1 13.1 18.94.22 31.2 365 421 57.9

5.3.1.7 BET Surface area analysis

In our work, BET surface area analysis was condlict®rder to estimate the specific surface

area of polypyrrole and its composite films. Fmg.7(a) shows the nitrogen adsorption

desorption plots (Volume adsorbeersusRelative pressurd/P, ) of (i) polypyrrole film in

presence of KNg) (i) Acid Red 1 entrapped polypyrrole, (iii) pglyrrole-graphene oxide and

(iv) polypyrrole-reduced graphene oxide compositad at -196 °C. The volume of gas
adsorbed was observed to be greater for the AaidlRentrapped polypyrrole-graphene oxide
and polypyrrole-reduced graphene oxide compositesfihan the polypyrrole itself, suggesting
a higher surface area or larger total pore voludecording to Equation (2.4) in Chapter 2, a

plot of ]/[Q(P/ B —1)] versusP/P, , which yields a straight line as shown in Figur&(b) was
obtained with a slope ofC-1)/Q,C, and interceptl/Q,C. The value ofQ, can be
estimated from the reciprocal of the sum of th@asland intercept. From the value@f, the

specific surface area$,.,;, can be evaluated using Equation (2.5) in Chajpisimg BET

analysis, the specific surface area of polypyr(oiethe presence of KN§D, and Acid Red 1
entrapped polypyrrole, polypyrrole-graphene oxide @olypyrrole-reduced graphene oxide
composite films were estimated to be 4.72, 11.4132 and 34.73 mz{j respectively. Our
results are comparable to those observed by Bioad50] and Chandra et al. [37], who found

a high surface area for polypyrrole-graphene nagetshand polypyrrole-reduced graphene
oxide film, respectively, than polypyrrole itselfhey suggested that the increased surface area
is due to the incorporation of graphene oxide nhees with high surface area into the
polypyrrole network. The increased surface areh®fpolypyrrole-composite films will thus
increase the entrapment capacity of dye moleculledrpolypyrrole-composite films.
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Figure 5.7 (a) Plots of the nitrogen adsorptionodetson of (i) Polypyrrole in KN@, and
Acid Red 1 entrapped (ii) polypyrrole, (iii) polypgle-graphene oxide and
(iv) polypyrrole-reduced graphene oxide composiitad at -196 °C. (b) BET

surface area plot.

5.3.1.8 Mechanical properties of polypyrrole compmo&lms

Mechanical stability of polypyrrole film is an imgant factor for consideration in repeated use
of the film for Acid Red 1 entrapment and liberatjorocess. Clearly, repeated use will aid in
reducing the cost of treatment. The poor mechéatadility of polypyrrole films synthesised

in the presence of Acid Red 1 is a major causthismechanical degradation of the polypyrrole
films and weakening of the Acid Red 1 entrapmeme#ation performance in repeated use of

the film, as previously discussed in Section 3i8.6hapter 3. To minimise polypyrrole film
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degradation, we have prepared polypyrrole-graploide and polypyrrole reduced graphene
oxide films. In this work, we have evaluated thecimanical properties oNO, entrapped

polypyrrole films, Acid Red 1 entrapped polypyrroféms, Acid Red 1 entrapped
polypyrrole-graphene oxide films and Acid Red lrapped polypyrrole-reduced graphene
oxide composite films by Instron 4302 tensile w@gulevice according to ASTM D882-91. The

results obtained are tabulated in Table 5.3. Boigpe-reduced graphene oxide film shows
higher mechanical strength compared NO, entrappdypymole film, Acid Red 1

entrapped polypyrrole and Acid Red 1 entrappedmpolple-graphene oxide film. The tensile
strength of both polypyrrole-graphene oxide (14.Bdyland polypyrrole-reduced graphene
oxide (15.2 MPa) composite films were found &Higher than those of polypyrrole alone
(1.2 GPa) and Acid Red 1 entrapped polypyrrole filn® GPa). The Young’s modulus of
polypyrrole-reduced graphene oxide film (7.5 GPa%¥walso found to be approximately 6 times
higher than that of polypyrrole alone (1.1 GPa) &witd Red 1 entrapped polypyrrole film
(1.2 GPa). Zaret al. [51] reported that both the tensile strength amading’s modulus of
polypyrrole graphene oxide were increased in corsparo the pure polypyrrole. The increase
in the mechanical properties of polypyrrole-reducgdphene oxide is due to the superior
mechanical strength and high aspect ratio of tlaplggne oxide sheets, the molecular-level
dispersion of graphene sheets in the polypyrrolérirgeand the strong interfacial bonding
between graphene oxide and polypyrrole [52], dueHtbonding and ther-n interaction

between the graphene oxide layers and the aropalipyrrole rings [53].

5.3.1.9 Electrical properties of polypyrrole comgediims

The average electrical conductivities of N@ntrapped polypyrrole films and Acid Red 1

entrapped polypyrrole, polypyrrole-graphene oxide @olypyrrole-reduced graphene oxide
composite films are tabulated in Table 5.3. TH®, ntrapped polypyrrole film shows a

relatively low conductivity of 8 S crh which lies between 12.3 S dnmeported by Set al.
[27] and 1.8 S cr reported by Konweet al. [15] for SO entrapped and Clentrapped
polypyrrole films, respectively. The electricalnctuctivity of all polypyrrole composite films
was found be increased dramatically in compariscthé polypyrrole film. For example, the
average conductivity of Acid Red 1 entrapped potyae, polypyrrole-graphene oxide and
polypyrrole-reduced graphene oxide composite fivas 16, 102 and 127 S énrespectively.
Notably, a ratio of 20:1 (5% w/w) between pyrroledagraphene oxide was used in this

experiment to obtain sufficiently highly conductifibns that could be also easily removed
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from the electrode. In this work, a conductivitiy(e42 S cmt) was measured using films
synthesised based on a 40:1 ratio (2.5% w/w). Kewehick and fragile films were obtained
using a ratio higher than 5% w/w and it was diffi¢a remove these films from the electrode.
The increased conductivity of polypyrrole-grapher&e was also observed as reported by Si
et al.[27] and Konweet al.[15]. Such enhancement of the conductivity ofdbmposite films
might be attributed to extended H-bonding betwéerpolypyrrole and graphene oxide or Acid
Red 1 that allows the-n stacking between the graphene oxide layers angbywble in the

polymer chains for which the electron mobility iesithe composite system increases [15, 21].

Table 5.3 Comparative study of mechanical and mbatt property of polypyrrole

composites. All uncertainties represent standaxdiagions of the measurements

(N=5).

) Tensile strength Young's modulus Conductivity

Materials
/ MPa | GPa /'S cmt

Polypyrrole-KNQ 1.2+0.2 1.1+0.4 8+0.2
Polypyrrole-Acid Red 1 1.5+0.3 1.240.2 16+0.5
Polypyrrole-graphene oxide 14.5+£0.5 6.8£0.4 102+1.6
Polypyrrole-reduced graphene oxide 15.2+0.5 7.51£0.3 127+0.8

5.3.2 Evaluation of Acid Red 1 entrapment in polypyrrole and composite films

The polypyrrole, polypyrrole-graphene oxide and ypgtrole-reduced graphene oxide
composite films characterised above were appligtiecstudy of Acid Red 1 entrapment. In
the study of the entrapment efficiency and stabiit Acid Red 1 entrapped polypyrrole-
graphene oxide and polypyrrole-reduced graphengeocomposite films, seven consecutive
entrapment cycles for Acid Red 1 was performedhatsame film after liberating Acid Red 1
by electrochemical reduction of the film. The flésobtained were compared in terms of the
entrapment efficiency of Acid Red in polypyrrolénfi Figure 5.8 shows the Acid Red 1
entrapment percentage in polypyrrole, polypyrral@phhene oxide and polypyrrole-reduced
graphene oxide films for seven entrapment cyclBise maximum entrapment percentage of
Acid Red 1 in polypyrrole-graphene oxide and polyplke-reduced graphene oxide was
significantly higher than the polypyrrole film il @ntrapment cycles. This can be explained
by the large surface area in both the polypyrrobphene oxide and polypyrrole reduced

graphene oxide films for Acid Red 1 entrapment ttienpolypyrrole film, as supported by the
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BET surface area analysis results presented inicbe&t3.1.7. However, Acid Red 1
entrapment in polypyrrole-reduced graphene oxid&3% higher than that in polypyrrole-
graphene oxide. There may be steric hindering &etwnegatively charged Acid Red 1 and
negatively charged functional groups (such as -@M, -COOH) of graphene oxide in a
polypyrrole-graphene oxide film. During the redant of polypyrrole-graphene oxide to
polypyrrole-reduced graphene oxide, many of thaatieg functional groups of graphene oxide
were reduced and this would favour the entrapmeAc@ Red 1 in the polypyrrole-reduced

graphene oxide film.

Additionally, in Figure 5.8, the maximum entrapmpatcentage of Acid Red 1 in polypyrrole,
polypyrrole-graphene oxide and polypyrrole-redugeaphene oxide films was estimated to be
56%, 82% and 95%, respectively. However, a lovmtrapment percentage was obtained in
all consecutive entrapment cycles. This decrebgantrapment capacity may be attributed
to the incomplete liberation of entrapped Acid Refilom the films, as, some dye molecules
were firmly attached to the polymer network chaitso, the degradation of polypyrrole during
the oxidation- reduction cycles would reduce theA&ed 1 re-entrapment in polypyrrole films
with consecutive entrapment cycles. However, weeoled in this work that, the mechanical
strength of Acid Red 1 entrapped polypyrrole filmnas subsequently lowered after three
repeated entrapment experiments, rendering the riibin suitable for further entrapment-
liberation experiment. On the other hand, polyphgigraphene oxide and polypyrrole-reduced
graphene oxide films were observed to have sigmtiy retained the Acid Red 1 entrapment
capacity, 39% and 63%, respectively, even aftex fepeated entrapments (see Figure 5.8),
indicating that the composite films exhibit excetlentrapment capacity and strong mechanical
stability during oxidation-reduction cycle befoleetresult decreased dramatically to 9% and
17%, respectively, after the seventh entrapmenrecy€hese results demonstrated that, under
the laboratory conditions the polypyrrole-reducedptpene oxide films were capable of
repeated good entrapment for up to 5 repetitiomschwvill reduce the cost of dye containing

wastewater treatment process.

5.3.3 Liberation of Acid Red 1 from polypyrrole and composite films

UV-visible spectrophotometry was used to evalulageliberation efficiency of Acid Red 1 in

0.5 mol -1 NaOH after applying a reduction potential of -0\3@or 300 min at Acid Red 1

entrapped polypyrrole films. This study was coriddcusing polypyrrole and its graphene

oxide composites films synthesised in the presefids00 mg t1 Acid Red 1. The results
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obtained are shown in Figure 5.9. In this expenin®llowing a liberation duration of 300
min, a maximum Acid Red 1 liberation of 36%, 65% &3% was estimated from polypyrrole,
polypyrrole-graphene oxide and polypyrrole-redugemphene oxide films, respectively. The
enhanced liberation efficiency of polypyrrole-grape oxide and polypyrrole reduced
graphene oxide films was most likely due to théhtsgrface area and mechanical stability of
the films than the corresponding polypyrrole film.

In general, the liberation percentage of Acid Redetreases in each subsequent liberation
cycle for all film types. This is most likely bacse some dye molecules are firmly attached to
the polymer chain network after each entrapmentecgnd the dye molecule cannot escape
from the film, as confirmed by XRD analysis repdri@ Section 3.3.1.8, resulting in low
liberation efficiency. Moreover, the degradatidipolypyrrole films caused by swelling and
shrinkage of the film during their reuse (oxidati@aluction cycle), would reduce the Acid Red
1 re-entrapment in the polypyrrole film with consee entrapment cycle [13-15]. However,
the maximum liberation efficiency was observed tandatically decreased for polypyrrole
during its repeated, due to its low surface ared aeak mechanical stability during
entrapment-liberation cycle and no more dye litegtatfter §' cycle. On the other hand, the
polypyrrole-reduced graphene oxide composite fitravgs quite high liberation efficiency up
to 4" liberation cycle (42%) compared to both polypyer@ind polypyrrole-graphene oxide
composite film.

100 — m Polypyrrole-reduced graphene oxide

B Polypyrrole-graphene oxide

30 - B Polypyrrole
60 —
40 —
MO s
0= I [ i| = [ |'i |
Ist 2nd 3rd 4th Sth 6th Tth
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Figure 5.8 Entrapment percentage of Acid Red irypgtole, polypyrrole-graphene oxide

and polypyrrole-reduced graphene oxide films
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534 A prédiminary study of Acid Red 1 entrapment in polypyrrole-reduced
graphene oxide filmsin the presence of Indigo Carmine

This work has hitherto been focussed on the enteaprof a single dye of Acid Red 1 in a
polypyrrole-reduced graphene oxide film. Clearbal-life textile effluents are likely to be

made up of a mixture of many dyes. Therefore, axehalso devoted part of this work to the
preliminary investigation of Acid Red 1 entrapmeént polypyrrole-reduced graphene oxide
film in a dye mixture. However, to minimise thesgble degree of complexity, we have limited

this study to the entrapment of Acid Red 1 in thesspnce of a second azo dye, Indigo Carmine.

In this experiment, we have initially synthesise@daypyrrole-graphene oxide film in the
presence of 1500 mg*LAcid Red 1 for a duration of 480 min as describe&ection 2.5.2.
After applying -1.3 V for 240 min to liberate AcRled 1 and to reduce graphene oxide, an
oxidation potential of 1.0 V was applied to the sdlitm placed in a solution containing 1500
mg L Acid Red 1 and 1500 mg'Lindigo Carmine to begin a re-entrapment experirf@r
duration of 480 min. The entrapment percentagdsotti Acid Red 1 and Indigo Carmine

estimated spectrophotometrically are presentedguré 5.10.

In Figure 5.10, the respective entrapment of Aogdi R and Indigo Carmine was observed to

increase with time. However, while there was ampraximate maximum of 80% of
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Acid Red 1 being entrapped, only 10% of Indigo Gaswas entrapped after 480 min. This
difference in entrapment percentage may be raigethby the selectivity of the polypyrrole-
reduced graphene oxide film for Acid Red 1, whidwswriginally synthesised in the presence
of Acid Red 1 as a counter ion, and also by thieiht structure of the Acid Red 1 and Indigo
Carmine molecules. During the polymerisation ofrple in the presence of Acid Red 1,
channels were opened up within the polypyrrole fitnallow the Acid Red 1 molecules to be
incorporated into the film and to counter balareegositive charges present in the polypyrrole
backbone. After applying the reduction potentiallo3 V, Acid Red 1 was liberated from the
film, leaving specific channels in the film thatlpfit Acid Red 1. As a result, when the film
was placed in a solution of Acid Red 1 and Indigor@ine, mainly Acid Red 1 was entrapped
in the film. In addition, as shown in Figure 5.14digo Carmine is a longitudinally larger
molecule than Acid Red 1 molecule and is therefmeexpected to fit into the channels but
only non-specifically adsorb at the surface of plo&/pyrrole film. Notably, a similar degree
of selectivity was reported by Beelest al. [54], who investigated the electrochemical

behaviour of polypyrrole films synthesised in thregence of small counter ions including

NO3, ClO4, CI', Br , F and toluene sulfonate. They oliehat the polypyrrole films
have high affinity for the specific anion that wagially doped during electropolymerisation

of pyrrole.

The above explanation of selective entrapment o Red 1 in polypyrrole-reduced graphene
oxide film was further supported by XRD resultsgufe 5.12 shows the XRD spectra of (a)
polypyrrole in presence of KN(b) Indigo Carmine entrapped polypyrrole-redugegphene
oxide and (c) Acid Red 1 entrapped polypyrrole-getligraphene oxide films. Based on a
regular structure, thé-spacing between polypyrrole chains can be estifaben the Bragg's

Law (details were described in Section 3.3.1.8 ma@er 3). In Figure 5.12, a featureless
spectrum, shown in trace a, was obtained witd@,  trapped polypyrrole film, but a sharp

peak at26 = 5.8°was clearly observable in the spectrum obtainednaindigo carmine-
entrapped polypyrrole-reduced graphene oxide fthacé b) and a peak ab = 8.7° (trace ¢)

in the corresponding spectrum obtained at an A&d R-entrapped-reduced graphene oxide
film. The result at the Indigo Carmine-entrappetypyrrole-reduced graphene oxide film was
similar to that reported by Girottet al. [55], who observed a signal &9 = 5.8° for Indigo
Carmine in the XRD spectra of electropolymerisediygrole-Indigo Carmine film. As
shown in Section 3.3.1.8 in Chapter 3, by appl@nagg’s Law,d-spacing of 10.2 A and 15.3
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A were obtained for Acid Red 1 entrapped polypyrgiaphene oxide and Indigo Carmine
entrapped polypyrrole-graphene oxide films, respelst These results are in good agreement
with simulated results presented in Figure 5.1tiieded by a Chem 3D Plus calculation based
on the MM2 (version 13.0.2.3021, Ultra ChemBio3D).

The above unique effects observed during the elelotmical oxidation-reduction of

conducting polymers make their applications possiblthe field of memory devices [56, 57].
During the electropolymerisation of pyrrole, thauoter anions from the electrolyte solutions
are incorporated in the polymeric film. This ingoration of the counter anions strongly
modifies the electrochemical activity of the polymenaterials by inducing pores formation
[54]. In other words, the size of the anion colstriie microstructure and porosity of the
polypyrrole film [58].

A possible mechanism of the memory effect of polyple films involves the rearrangement
of the chain configuration, which follows the inporation and extraction of the counter ions
upon oxidation and reduction. Just after dischmgygopened channels are left by the counter
ions in the polymeric network [57]. The dimensarthese channels are dependent on the size
and shape of the counter ions incorporated [54].
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Figure 5 10 Re-entrapment of Acid Red 1 from a orixtof 1500 mg t! Acid Red 1 and

1500 mg L1 Indigo Carmine solution at an Acid Red 1 liberapedypyrrole-
reduced graphene oxide film
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Figure 5.12 XRD spectra of (a) polypyrrole in thegence of KN@ (b) Indigo Carmine
entrapped polypyrrole-reduced graphene oxide ahcdA¢ad Red 1 entrapped
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54 Conclusion

In this chapter, we reported the synthesis, changetion and evaluation of Acid Red 1
entrapment and liberation at mechanically stablggyorole-graphene oxide and polypyrrole-
reduced graphene oxide composite films. Initiallg anodically synthesised polypyrrole-
graphene oxide film by am situ electropolymerisation of pyrrole and graphene exidA
reduction potential was then applied to obtain lgporole-reduced graphene oxide film from
a polypyrrole-graphene oxide composite film. Tlyatsesised composite films were then
characterised by FTIR, XRD, XPS surface analysiSATand SEM. Brunauer, Emmett and
Teller surface area analysis showed a 7.4-folceesx in surface area of a polypyrrole-reduced-
graphene oxide film compared to that of a polypgrfdm. Also, mechanical testing results

revealed that the tensile strength of polypyrr@éuced graphene oxide films was enhanced by

12.7 folds compared to that dNO, entrapped polydgrfdm. The conductivity of

polypyrrole-reduced graphene oxide increased 16lfsfthan the correspondindNO;

entrapped polypyrrole film. We evaluated the gntrant-liberation efficiency of Acid Red 1
entrapped polypyrrole composite films and estiméled the entrapment percentage of Acid
Red 1 in polypyrrole-reduced graphene oxide filnas 5%, which is significantly higher than
58% in polypyrrole films. Similarly, the liberaticefficiency for polypyrrole-graphene oxide
was found to be higher (73%) than both polypyrrelduced graphene oxide (65%) and
polypyrrole (36%) films. Finally, a preliminarygty of Acid Red 1 entrapment in polypyrrole-
reduced graphene oxide films in the presence efiinGarmine was also conducted to evaluate
the selectivity towards Acid Red 1 of polypyrrokduced graphene oxide film. We observed
that electropolymerised polypyrrole-reduced graghexide film showed excellent memory

effect for selective entrapment of Acid Red 1.
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CHAPTER 6

CONCLUSION

6.1 Concluding remarks

Industrial wastewater pollution is an ever growgitgbal environmental problem, which needs
to be promptly and effectively addressed. Henpgrapriate treatment processes must be

recommended to treat polluted effluents, espechlly containing effluents.

Dye containing effluents have been shown to caes#ntkntal effects upon the overall health
of waterways through their potential toxicity, daagenetic and intense colouring capabilities.
In order to remove these dyes from effluents arehsure adequate environmental protection,
there is a real need for the development of arciefft, applicable, inexpensive, and

environmentally friendly system of treatment.

The main aim of this project was to develop an memrentally friendly electrochemical
technique to not only remove dye, but also to recalye from dye containing effluents. To
fulfil this aim, the conducting polymer, polypyrelwas employed as an alternative electrode
substrate. The unique feature of polypyrrole gctia an anion exchanging membrane can be
directly applied to an electrode surface by elgumitgmerisation. This then encourage the
anionic dye of Acid Red 1 to be readily entrapp@&tie dye could also be easily liberated from
the polypyrrole film by applying a reduction potiaht In this way, the polypyrrole film was
successfully used to entrap (remove) the Acid Rddth a laboratory solution, and then
liberate (recover) it from the polypyrrole filmn tonjunction with spectroscopic techniques
including FTIR and XRD, our results have confirntedt Acid Red 1 was entrapped during
oxidation of pyrrole to form polypyrrole films anthen liberated during reduction of
polypyrrole. This entrapment-liberation was founde reversible. This was then exploited

to develop a cost effective treatment method inctvhthe films can be repeatedly used.



Attentively, the film can also be applied as a Bngse. In addition, based on a two level-
factorial design, the entrapment process was faonte dependent on pH, Acid Red 1
concentration in solution and polymerisation timdoreover, thekinetic study revealed that
Acid Red 1 entrapment in polypyrrole films followgseudosecond order model involving an
intra-particle diffusion. The thermodynamic studiso suggested that the Acid Red 1
entrapment in a polypyrrole film is a spontaneouxess, endothermic and physical in nature.
However, problems such as the mechanical strenigtheofilms and possible irreversible
oxidation resulted in films having limited life tes. To minimise the limitation of using
conducting polypyrrole films as an electrochemicahtment tool for entrapment-liberation
cycle of Acid Red 1, it was necessary to improwertiechanical strength of polypyrrole films.
In order to improve the stability and entrapmefitency of polypyrrole films, a combination
of polypyrrole and reduced graphene oxide to fomoraposite film has also been studied. We
observed a significantly higher entrapment (95%) l#veration (73%) efficiency of Acid Red

1 in polypyrrole-reduced graphene composite filmglechanical testing and surface area
analysis revealed that enhanced entrapment-liberafficiency of Acid Red 1 in polypyrrole-
composite film is most likely due to the increaseeichanical stability and higher surface area
of the film. All these factors contributed to timereased life times of the film up to several

entrapment-liberation cycles.

Very significantly, some of the advantages in tse of polypyrrole composite films in the
treatment of dye containing effluents include thiity to remove and recover the dye from the
solution without the formation of toxic dye degrédda by-products, the simplicity and
inexpensive procedure in fabricating the electrodesl the ability to easily replace the

electrode.

6.2. Limitations

In the present work, a relatively low Acid Red keliation efficiency was achieved mainly
because dye molecules can be firmly trapped iptihgpyrrole chain network, giving rise to a
multiple layered dense sandwich structure. Adddilty, unlike small doping anions which can
move freely into and out of the polymer film, thelky Acid Red 1 is less mobile and showed
only slow liberation over time. Moreover, over daiion of polypyrrole film was likely to have
occurred during dye entrapment—liberation cyclaurilly overoxidation, the polypyrrole film

would lose their conductivity as well as electraoieal entrapment-liberation performance.
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Therefore, in applying a polypyrrole-Acid Red 1nfilfor anion exchanging, problems
concerning the spontaneous or gradual overoxidatiohe film and the mobility of Acid Red
1 in and out of the film may be encountered. Wiilsbe one of the determining factors that
will define the success and application of thisypgtrole electrode as an anion exchanging

membrane for the removal of Acid Red 1 from efflisen

6.3 Futuredirections

A possible direction in this work is the applicatiof the system to much larger vessels by
increasing the size of the polypyrrole compositedi This can be achieved by using large
stainless steel electrodes for polymerisation afqlg in the presence of a dye molecule. A
large surface area contained polypyrrole film mayalhieved with the use of stainless steel
supports that have column or fibular like structometheir surface. In addition, the surface area
of the electrode can be increased using highlyymoarbon fibre cloth-polymer composite or
nanoparticle embedded polymer composite. Carldme ftloth is available and inexpensive
material, thus can be used on a commercial sddies direction needs to be considered so that
the next step in applying this electrodes to a-liéalsystem may be achieved. The simple
entrapment-liberation of azo dye molecules in pplgge film may lead to applications where
polymerisation is performed in the presence of ntloa@ a single dye, enabling the removal of
a large proportion of multiple dyes in a dye vatéwgingle film. Also, studies need to be
performed on the large range of possible reagesdd in different dying process.§, NaCl,
NaSCQi, NaOH, NaHCQ, NaCOz, NaOCI and HO.), which may act as interfering anions on

degradative agents of the films.

Additional improvements to the polypyrrole eleciolifetime may be possible by applying
porous coatings such as Nafion, which may incrdasenechanical strength and may also act

as a coating to inhibit the incorporation of othaewanted anions.

In summary, further studies on the use of thesdreldes will need to increase surface area and
mechanical strength as well as highly porous potypg film, explore the possibility of
employing the films to remove multiple dyes witheofilm, to explore the effect of other
chemicals on the film behaviour, and to increagentechanical strength of the film via the

application of some porous coating.
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APPENDI X

| sother m studies

The equilibrium data obtained for entrapment ofd¥eed 1 in polypyrrole films with an initial

concentration from 60 to 2000 mgliwas examined based on the Langmuir and the Friebndl
isotherm models. The Langmuir adsorption is based monolayer adsorbate coverage on a
structurally homogeneous substrate surface withnteraction between adjacent adsorbate
molecules, while the Freundlich isotherm modehi€mpirical equation employed to describe
a heterogeneous surface coverage system and trattegsto the formation of a monolayer.
The Langmuir and Freundlich models can be descrimedEquation 1 and Equation 2,

respectively.

+— Equation 1

logq, =logk, +£IogCe Equation 2
n

where x.. (mg gl) denotes the Langmuir constant related to maxiraotrapment capacitya

(L mg1) the energy of entrapmer(€,_ (mg L) the equilibrium concentration of Acid Red 1,
9. (mg g?l) the equilibrium entrapment of Acid Red 1 in palgle film, n the intensity of
entrapment, and, (L g'1) the Freundlich constants. From Equation 1, & plg. versus

1/C_ will give a straight line. However, using the éidpium data obtained for entrapment of

Acid Red 1 in polypyrrole films, the correspondiplgt did not yield a straight line (Figure 1).

Similarly, from Equation 2, a linedogq, versuslogC, plot is expected but the corresponding

experimental plot displayed nonlinearity (Figure 2he experimental data thus did not obey
any of the adsorption model, indicating Acid Redds not adsorbed, but was entrapped in a
polypyrrole film. In this way, we expect a highemtrapment of Acid Red 1 possible in a
polypyrrole film compared to adsorption methodd tleguired diffusion of a dye towards an

adsorbate. This will in turn make the entrapmeetiad in polypyrrole films a more effective



and efficient treatment method compared to tho$gnge on adsorption. Similarly, the

entrapment method may also aid in preventing dsikdge from polypyrrole films back to a
sample matrix.

Therefore, we are of the view that it is unnecesgaconsider other isotherms, such as Temkin,
Dubinin-Radushkevich, Redlich-Peterson, Flory-HaggiHill, Sips, Toth, Koble-Corrigan
models, which are often derived based on the Langisatherm (for homogeneous surface

adsorption) and Freundlich isotherm (for heterogesesurface adsorption).
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Figure 1 Langmuir isotherm model for entrapmenfofd Red 1 in polypyrrole films.
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Figure 2 Freundlich isotherm model for entrapmédrt@d Red 1 in polypyrrole films.
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