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Abstract 

Rapid ad va ncements in the textile industry have led to ll1;Jssive dye disclmrgc in fresh 

wUle.', This cu lls ror unco nventiona l and highly emeicnl Ircalment technology. Since 

lhe lust dccadl: bio elclctrorentoll system have ga ined a lot or considcrnlion owing to 

their' low OPl.!fUlillg cost and feasible appli cabili ty. The cutTenl study hus been designed 

[0 tren l Acid Red 114 (AR 11 4) in mic.rob iElI r enlal' system (MFS). The ai m wus to run 

a self-flssembled lab seulc dua l chambered Microbia l Fllcl Ce ll (MFC). For this purpose, 

graphite powder (Gil) electrode was fabricated lIsing epoxy binder on n stain less-steel 

mesh (5 M). The electrode was integr<lIed in Bioclectrolcllioll system 10 be lIsed as 

cathode. The MFS was run in batch mode \ ith Gr c~ lhode .md Carbon Felt (CF) 

birnillodc. Dye solution containing 20ppm AR 114 mimicking as industria l cmuent was 

treated in cUlhodc chamber by generat ion of Fenton Reagellt (FR) . SY5tcm performance 

"US II lltll}rl.ed for 1-1202 production_ current, vahnge. Fourier Trnnsfurm Infrared 

Microscopy (FTIR) . TDS nnd EC 85% degrndation was achieved with 6805~d/mll bO] 

in 811 at opt imized condit ions. pH 3. O.5mM FeS04. O.75111M NalS04, continuous 

oxygen sUPDl y. FT IR dnta confirmed remova l of Aza bond . Maximum voh:lge and 

c urr~l1t or 0.2 V and 55 ~IA were measured across loon resistor. The performance of GP 

cathode in MFS appeared to be n promising self'-susta iLHlbl c. ceo-friendly and Cosl

e lTccti vc: mr.:thod for lhe removal of AR 11 4. 



Chapter 1 Introduction 

1. Introduction 

Resea rch on sustainable development has recentl y taken on a new perspective owing to 

the ongo ing explorati on of biotechnology for the hea lth of ecosystems, the reduction of 

pollution, the producti on of biodegradable materi als, and the creati on of eco-friendly 

production and d isposa l techniques. Effective ly address ing the problems of waste 

management and climate change is essential fo r a sustainable future [1]. The worldw ide 

search for new, susta inable water sources is still be ing dri ven due to the increas ing 

requirement for clean water supplies. For years, it has been essentia l to prevent the 

water environm ent from be ing contaminated w ith tox ic chemica ls via the removal of 

poiso nous and bio refractory organi c substances from wastewater and groundwater. 

[2]. T he di scharge of untreated wastewater from diverse sources inc luding home, 

agricultura l, and industria l establishments directl y into the freshwater suppli es is the 

primary cause of maj or environmental implicati J ns, such as hypox ia, eutrophication of 

surface waters, and a lga l blooms degrading potenti a l drinkin g water suppli es [3]. To 

prevent water problems and env ironmenta l degradation, wastewate r treatment and 

utilizati on are important [4]. The use of conventional techniques such as coagulation, 

adsorpti on, filtering, sedimentation, and filtering has been proven to be techni cally 

feas ibl e but due to the potential creation of vari ous second ary wastes that require 

addi tio na l treatment, these systems could be cha llenging and unsustainable [2]. 

Large vo lumes of water and chemica ls are used in the textil e industry. Textile 

process ing wastewater has effects on high BOD, COD, TOC, turbidity, co lor, pH that 

ranges from 5 to 12, temperature, suspended particles, and harmful orga l1lC 

compounds . Discharg ing even a tiny amount (about Img L- 1
) of dye is unacceptable 

because it could lead to the producti on of hazardous chemical s at the end of the 

treatment procedure [5]. The most w idely used synthetic dyes are azo dyes, which have 

ringed structure conta ining double Nitrogen bonds [6] Azodyes are an important 

component of di ffe rent industries like cosmetics, food, paper printing, and textil e 

dyeing [7]. These dyes possess electron scavenging groups that cause e lectron 
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Chapter 1 Introduction 

deficiency , making them xenobiot ic molecules that can withstand degradation [8]. 

The discharge of azodyes in wastewater has profound impact on surrounding 

ecosystems. It is estimated that around 10 lakh tons of azodyes are manufactured yearly 

aro und the world , in which most of them are structurall y diverse from one another [7]. 

Acid dyes are an anionic c lass of water-so luble pigments. They are part of the textile 

industry as they work wel l on c loth fibers such as s ilk, woo l, nylon, and acrylics. These 

dyes adhere to the fibers by hydrogen, ionic and Van Der Waals bonding. AR l1 4, AB 

78, AB 36, and A Y 35 are a few examples of Acid dyes based on their chromophores. 

Effl uent-conta ining ac id dye coming from industries creates serious environmental 

pollution that affects water transparency . It causes many serious hea lth issues like 

asthma, nasal and respiratory symptoms, dermatitis and rhinitis , allergies, genotoxicity, 

mutagenicity, and carcinogenicity [9]. 

Treatment methods employed in wastewater treatment plants are based on separation of 

pollutants from water and degradation of pollutants e ither chemically or physically . 

Separative processes are energy intensive, laborious, have carcinogenic byproducts, and 

constitute many steps. Among chemica l degradation methods Among advanced 

ox idat ion processes (AOPs) are of great intrest, Because of their efficiency in the 

efficient breakdown of dyes. It involves the production of hydroxyl radicals (OR), 

which have a significant oxidizing potential of E (OH/H20) 1/4 2.8 V ISHE, making 

them extremely reactive ox idants [10]. When produced insitu Hydroxyl radicals 

scavenge e lectrons from organic compounds to produce organic radicals through redox 

process. T he intermediates thus produced mineralize the organic pollutants due to their 

extremely strong and non-selective oxidat ion abi lities until complete decolorization [11] 

(eq . I). E lectro-Fenton process is a type of indirect AOPs, this method effective ly 

removes persistent organic contaminants from water. The quick remova l of organic 

compounds, hi gh rate of mineralization of persisting pollutants, Eco friendliness of the 

EF process make it a desirable process for pollutant degradation in treatment plants. The 

principle of E lectro Fenton's reaction is the insitu generation of Fenton's Reagent 
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Chapter 1 Introduction 

e lectrochemicall y, whi ch is achi eved by adding Ferrous sa lts as a Fe-2 source. FR is a 

mixture of H20 2 and Fe-2, which react to form OH- ions (eq2) [10] . Electro-Fenton 

Process provides greater benefits than the chemical Fenton process due to the high 

utilization efficiency of Fenton's reagents (such as H20 2) and cost-effectiveness by 

minimizing the transpOitation and storage of chemica ls. Creating an energy intensive 

EFS should be very appealing and challenging [12]. 

Recently, bio-electrochemical technologies for wastewater treatment, including 

microbial fuel cells (MFCs) and microbial electrolys is cells (MECs), are developed 

[13]. Numerous studi es on the microbial fuel ce ll (MFC) demonstrated that the organics 

present in wastewater can supply electrons on a continua l basis . The use of these bio 

e lectrons generated by microbial metabolism can make the bioelectro-Fenton (Bio-E

Fenton) concept practicable. Setting up an MFC reactor, comprisi ng of two chambers, 

anode chamber is filled with biodegradable organic substrates , cathode chamber 

contain ing target contaminant separated by CEM. The bioreaction at the anode releases 

the electrons, which are then moved with the help of an external load c ircuit to the 

cathode [12]. The organic compounds are degraded in the anaerobic anode by 

e lectrogenic microorganisms generating e lectrons, for driving the Fenton reaction in 

cathode containing pollutant, iron source, and oxygen supply [13]. The cathode is 

aerated to produce H20 2 by reduction of 02, thus achi ev ing complete decolorization in a 

matter of hours [1 4]. Numerous azo dyes inc luding Methylene Blue, Reactive Black, 

Orange 2, Acid Blue 11 3, Methyl Orange, and Methylene Blue have been degraded in 

the BEF reactor system, achi eving decolorization efficiency of 98%, 89%, 100%, 71 % , 

87%, and 95% respectively [14- 19]. 

The decisive factor in assess ing the cost and efficacy of MFC is the e lectrode. The 

greatest hurdle to making MFCs an affordable and sca lab le technology is the designing 

of the e lectrodes. A variety of e lectrode designs and materials have been explored and 

developed to enhance MFC performance and reduce material costs recently. Studies for 

MFCs have conti nuous ly grown more interested in the e lectrode material and its 
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confi guration in recent times . A number of electodes have been thoro ughly investigated 

for MFCs over the past ten years . A ll e lectrode types must typically have base materials 

w ith strong mechani cal strength, low cost, good chemica l stability, and good 

conducti v ity . Currentl y, the most widely used base materia ls include carbon compounds 

and non-corros ive meta ls [22]. The most common e lectrode types used today are based 

on carbonaceous or metallic material. T he fo llowi ng carbonaceous materia ls are used 

as electrode materials that are ava ilable commerc ially: carbon c loth, carbon rod, carbon 

mesh carbon brush, granular activated carbon , carbon felt, carbon paper, and granular 

graphite [23]. The properties of Granular Graphite are identical to that of Act ivated 

carbon characteri stics. In addition, Graphite is also known for its good electrica l 

conductivity [23]. All these characteristics make both a potential electrode fabrication 

material. The scope of the present study is to determine the degradation of textile dyes 

through the production of H202 in MFC driven Bio-electro Fenton system. The 

experimental setup was des igned to eva luate the degradation of Acid Red 11 4 dye via 

Microbial Electro-Fenton driven process in MFC. For the Bio-electro Fenton system, 

Carbon felt was used as a bioanode while the e lectrode for the cathode was fabricated 

using Graphite Powder [20]. The bio-electrochemical performance of the reactor was 

eva luated via cyc li c voltammetry (CY), and the performance assessment was carried out 

by estimating the power density, cell potential and COD removal rate in MFC. 

Percentage deco lorizat ion and degraded metabolites were examined 

spectrophotometrically and through FTIR analysis. Scanning electron microscopy 

(SEM) was also employed to study the surface morpholog ies of electrodes from the 

MFC system. The aim of this study is the application of MFC driven Bio-e lectro Fenton 

system for the degradation of Acid red I 14 dye, an azo dye used in the texti Ie industry, 

and a potential threat to the environment due to its presence in the textil e and 

wastewater effl uents. The outcomes of the study undertaken for bio-electrochemical 

degradation of po llutants w ill contribute to the deve lopment of cutting-edge technology 

for large-sca le wastewater treatment plants. 
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Chapter 1 Introduction 

Aim and Objectives 

The aim of the present study is the treatment of Acid Red 114 in MFS w ith modified 

graphite powder stainless steel mesh cathode. 

OBJECTIVES 

1. To Fabricate E lectrodes through 

• Modification of the stainless-stee l mesh electrode w ith graphite powder. 

• Characterizati on Of Electrodes. 

2 . To Deve lop dual chamber MFS (Microbial Fenton System) w ith a bioanode and 

abiotic cathode for the degradati on of Acid Red 11 4. 

3. To study MFS perfo rmance under varying conditions, 

• Dye concentrati on, pH, Iron concentration, catho lyte concentration, di fferent 

catholytes . 

4. To determine the effect of optimized parameters on the degradation of AR11 4. 

5. To assess the AR 11 4 degradation using analyti ca l technique such as FTIR and 

SEM 
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Chaptel' 2 Literature Review 

2. Literature Review 
2.1 Textile dyes chemistry and Toxicology 

Textile industry being th e major contributor of Pakistan 's growth and development, it 

generates 65% of country's export. Karachi and Punj ab constitute approximately 670 

textile units which are major contributors of grow ing GDP, thi s sector a lone contributes 

8.5% of tota l GDP. Dyes are the second most important raw mater ial in the text ile 

industry after the fa bri c itse lf. A lthough Paki stan is ranked yd wo rldw ide cotton 

producti on but we need to impOlt dyes from other countries to meet the requirements of 

our growing industry. They contribu te co lor to the fabri c of choice permanentl y. It is 

reported that annually 10,000 di ffe rent dyes are produced globally to meet the demands 

of the industri al world [25]. Most of the dyes used in industry be long to azo, 

anthraquinone and pathocynine. T he process of dying is water intensive, so it generates 

a lot of dye di sso lved wastewater, altering phys iochemica l characteri stics of water 

bod ies. 

2.1.1 Molecula r Chemistry of Dyes 

The defi niti ve structura l characte ri stics of dye molecule is the benzene ring backbone 

w ith a lternate C double bonds hav ing a de loca lized e lectron pa ir, this arrangement helps 

in transmi ss ion and refl ecti on of white light resulting in various color [26]. For use in 

industry dyes are have a strong integral structure and are water so luble to ensure w ide 

range of application. Nearly 40% of dyes produced have an organic bonded chlorine 

[27]. Extens ive use and di scharge of dyes from dye bath is a maj or cause of presence of 

dye precursors molecule di oxin or related intermediates in the fresh water as persistent 

organic po llutants. Most lethal fo rm of dioxins are the ones conta ining halogen 

analogues, these are di ffi cult to remove from water sources . Benzo ic structure which 

imparts reca lcitrance and structural strength also makes the ir use and di scharge highly 

objecti onable as it avo ids natural process of minera lization in oxygenic state [28]. Such 

substance makes it di ffi cult to release the majority of the ir elements in the in 

env ironment leading to a more pers istent problem of low biotic output. T he presences of 

functiona l groups li ke sulpho, choro and nitro resul ts in highly reactive dye molecules. 
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Chapter 2 Literature Review 

About 700,000 dye pigments are manufactured worldwide having more than 100,000 

types. The primary structure of the dyes and re lated compounds comprises of a 

characteristic chromophore which can be ethylene group (=C=C=), azo group (-N=N), 

carbonyl group (=C=O, methine group (-CH=), carbon-Sulphur (=C=S ; =CS-S-C=), 

nitro (-N02; -NO-OH), ) , carbon-nitrogen (=C=NH; -CH=N-), nitrozo (-N=O; =N-OH) 

etc. Auchochrome group renders the binding capability to any type of fabric or onto 

solid surfaces. This group gets ionized to bind the dye with fabric. The typical 

auxochrome groups are: -COOH (carboxyl), -NH2 (amino), -OH (hydroxyl) and -S03H 

(sulphonate) [29]. 65-75% of dyes are either Azo or anthraquinone, and about two 

thirds of them are azoic in nature containing Carbon Carbon double bond. The parent 

compound of most dyes are Cohloranilines, aniline, Benzidines, methylamines, 

Napthylamines, Phenylenediamines and others the presences of these groups make dye 

molecules toxic and mutagenic to a variable degree at different levels of trophic. They 

may also escape biological catalysts like enzymes and bacteria [27][30]. 

The characteri zed reactive groups of azodyes bonds covalently with HS -, HO- or HN 

groups of fibers such as wool, silk, cotton, nylon etc. [31]. Azodyes are commonly used 

for red , yellow, and orange colors. They are generally non-volatile, and the existence of 

an amino group is the reason for a higher water solubility, higher boiling point and a 

lower Henry'S law constant in comparison with hydrocarbons [32]. The delocalized 

orbital system reacts with lone pair on the N atom, as a results if which Azo dyes 

receive protons. The acceptor substitute at the aromatic ring like -N02 or Cl, minimize 

the basicity of aminic groups. The basicity of aromatic aminic groups increases when 

functional groups like -OR or -CH3 (at meta and para positions) are used. Donor 

substituents in the ortho position, on the other hand , can sterically obstruct protonation, 

lowering the basicity of aminic groups. Amphoteric azo dyes havc an extra acidic group 

in their molecules (hydroxyl , carboxyl or sulfoxyl). They can be non -ionic in normal 

conditions, cationic when protonated at the amino group and anionic when deprotonated 

at the acidic group that can be depended on pH [27]. The aromatic structure and number 

of Carbon atoms, the quantity and type of substitute also the molecular structure of 
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backbone a ll playa ro le in dye environmenta l placement [27]. 

2.1.2 C lassification of dyes 

Literature Review 

Dyes are a romatic compounds which are used extens ively in industri es and because of 

thi s they have a variety of shades and hu es which differ in position ing of single 

functional groups. Pigments and dyes are often c lass ified on the basis of structure and 

technique of app li cation onto different fabrics. on their chem ica l structure or their 

technique of app lication to various substrate items. On the basis of chemica l structure 

dyes are classified in 8 categories. The definin g characteristi c of dye molecule is the 

chromopho re g roup like ethylene (=C=C=), azo (-N=N), carbony l (=C=O, methine (

CH=), carbon-Sulphur (=C=S; =CS-S-C=), nitro (-N02; -NO-OH), ), carbon-nitrogen 

(=C=NH ; -CH=N-), nitrozo (-N=O; =N-OH) etc. A uxochrome group renders the 

binding capability to any type offabric or onto so lid surfaces. This group gets ionized to 

bind the dye w ith fa bri c. The typical auxochrome groups are: -COOH (carboxy l), -NH2 

(amino) , -O H (hydroxyl) and -S03 H (sulphonate) [29]. 65-75% of dyes are e ither Azo 

or anthraquinone, and about two thirds of them are azoic in nature conta ining Carbon 

Carbon doubl e bond. The parent compound of most dyes are Cohl oranilines, aniline, 

Benzidines, methylamines, Napthylamines, Phenylenediamines and others [28]. There 

are 10 major c lasses of dyes categorized into two major classes water inso luble and 

so luble. The redox ability of dyes depends on structure and functi ona l groups that also 

relates to the ir dye ing ab ility . F ixation of dyes depend on the structure of molecule the ir 

so lubility and affin ity w ith different fibers. Some basic details of dyes c lass ificat ion is 

mentioned be low: 

C lass C hromophore Examples Structu re Reference 

Anthraq uinone C=O. and =C= ac id blue 62, 33 

C, forming an reactive blue o NH2 

@ w" anthraquinone 19 ,,~ I I b 

complex o WN'O 
(q uinone 

Acid blue 
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Azo 

lndigo 

Phthalocyanin 

e 

Xanthene 

nuc leus 

-N=N -

GO, NH2, C= 

C, C-O, C=N , 

C- C 

Phthalocyanin 

e nucleus 

Yellow 

reactive 4, 

black reactive 

5 

blue ac id 74, 

indigo blue 

pigment blue 

l 5/3, ni ckel 

(II) 

tetrasulfon ic 

acid 

Xanthyliul11 or fl uorescein , 

di-benzo-g

pyran nucleus 

eos ll1 , 

erythrosine 

«>,lh 

"" r ( \- d 
'-.' j.oo \II' .""-\ \H-(. \ 

;U' \.J .-t 
'Mr' "" C 
Yel low re ~ cli\ 'e 4 
CWII I !Ct~Nj.NlIP(.S 

C-~~· 
o 0'4 
A 

o I J-,( _ I 0 

11.0"0 ~ ~ 

Dille ac id 74 

C1. HRN 2 n 20 RS2 

,.a"R 
"Ott:~:~:- ·~ 

'" I , 
'l(~, '0.', 

Nickel (II ) tctraslil foilic nci 

o 

CJ~ 11 1 2 N g Na",NiOI2S4 

I'" 
.0 

R, 
o ,y 0 

.0 ~" R , 
,y coo 

"" I 
Erythrosine 

C20 1-1 61. Nu20 S 

Literature Rev iew 

34 

35 

36 

37 
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Pol ymethinic =HC- HC= basic ye llow 38 

CH-CH 28, oiHH 
I /. ~ CH, 

h N N - N' 

polymethine 
\ 

Q 
dye 2630 

OCH ) 
f) 

CH )OSO) 

Basic yell ow 28 
C2 1 1-1 ~7N )05 S 

Table 2.1: Major Classes of Dyes based on Chromophore 

H20 so luble dves 

D','e Type Chromoph ~b Examp le Ref 

are Disc ha rg ere 

e nce 

An ionic/Acidic A2o, SO l-, 7-20 "" 53 . ' . 
an t hr aqu inone ! , " 

NH2l OH . 
or triaryl , .. . 

'" 
. 

....... 'u , .-
R. .h id 11 

1 :.1" '" '.( ~.'" 

Cat ion ic/Bas ic J?lsiJXL t r iary l, NH2 2-3 ,;A}:O 54 

anthr aqu inone I . 
' ~~S. /, N,r 

, azo I 0 I 
s.." . bIL.": 9 
!till' !N! .',,!11 

Reactive Azo, NH2 10-50 
~ .•.. 

55 ' , 
I: ..... 'f '._ 

phthalocyanin , .. }." rt tot ·~ .. 

'--.~ '," :: 
e ~.J ~ •. ,. ~ ... . 

R d ": lh t'l~ )' I ~ 

C, ~H: I _IN> IISJ 

Metal li ferous Azo, 503 2-10 32 

phthalocyani n 

e 

Direct A2o, H2l SO l . 5-30 
_. -- 8 ,~ -- .... ~- .-phthalocya nin OH ~ 

-.~ e ' . ' .......... ". 

Table 2.2 : Water Soluble Dyes 
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2.1.3 Acid dyes 

Acid dyes are water so lub le class of dyes app lied to wool, ny lon and sil k in acidic 

medium in whi ch pH is maintained around 3-7. Acid dyes are brightly co lored dyes, 

the ir L ightfas tness usua lly fall s in between blue-sca le ranges of 5.0 and 6.0, and the ir 

wet-fastness ranges from moderate to good. The s ize of the dye mo lecul e directly 

affects the leve l of interacti on and, consequently, the leve l of co lor fastness [39]. 

Ace ti c o r fo rmi c ac ids are used to create ac idi c medium in which dyes are appli ed, leve l 

of ac idity depend on dye properties. Ac id dyes vary in structures that contain metal 

complex Sulphonated groups, that contribute to water so lubili ty , are the group's 

di stinctive property. The interaction of sulphonate groups and the ammonium groups on 

fiber surface contribute to the ir adherence to fiber. Van der Waa ls fo rces additional 

bonding contact [40]. 

Azo, anthraquinone, copper phthalocyanine and tripheny lmethane dyes are made water 

so luble by addi tion of one to four sulphonate groups. 

Acid red 11 4 is one of the dyes in Acid class of dye. Chem ica lly ac id red is an Azo dye, 

which means that it has N itrogen double bond. Ac id red 11 4 has two double nitrogen 

bonds. In powdered form at room temperature, it is a deep maroon powder. The powder 

is so luble in water and sli ghtly so luble in Ethanol. When appli ed on fa bric such as 

nylon, s ilk and leather it g ives a deep red co lor. Like another textile dyes they are also 

released untreated [4 1] . The structure of ac id red 11 4 is g iven be low. 
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Commercial name Acid Red 114 

Molecuhr 

formula 

Purity SO% 
, 

Chromophore Di:l.w 
, 

Molecular weight 830 

)'~L"'X (lUll) 52111m " 

Appear:l.llCe Dark red powder • ' 

Chemical n:ame Disodium 8-{(3,3' -dimethyl-4' -«4-«4-mEthyl phenyl) sulphonyl) m.-y) phenyl) 

(rUPAC) ~zo)-(l , l '-b iphE11yl)--I--yl) :uo)-7-hydIo;;l'-1 . 3-n.phl~:alenedjsulphomte !: 

Figure 2. 1: Acid Red 114 structure and characteristics 

2.2 Environmental Fate of Textile Dyes 

2.2.1 Textile dyes in Wastewater 

• 

, 

Multiple industries like paper, pulp, leather tanning, textile dye stuff manufacturing, 

pharmaceutical and karat bleach units are reported as major source of dyes discharge in 

water bodies. [27]. Around two hundred-thousand-ton salt is released from textile units 

[27, 42]. Almost 10-60% of dyes and pigments employed are released from dye bath, 

roughly about 280,000 tons per annum [26]. Table : shows the amount of different dye 

discharge from units. The release untreated or partially treated effluents results in 

addition of significant amount of TOC, phosphate, nitrates and heavy metal ions like 

iron, zinc mercury cadmium, copper and cobalt. Contents of water raise in terms of 

TDS, TSS and COD/BOD causing eutrophication [43]. Textile dye have an important 

impact on the water ecology for this purpose they have been studied a lot [44]. Due to 

their immense production, use and discharge, azo dyes aye studied most as model dyes. 

More than 250ppm dye molecules from leather units are discharged leading COD 

increase Upton about 7000ppm, making water acidic. [45]. One of the major concerns 

regarding dye molecules is presence of dioxins and Cohloranilines, which are precursor 
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mo lecul es fo r anthraquinone, which are released during man ufacture and treatment by 

UV or photo lys is [46]. 

It was reported by the Blacksmith Institute and Green cross, Switzerland that 125 

milli on inhabitants li ving in the developing and underdeveloped co untri es were at high 

risk of industr ia l wastes/ pollutants. However, due to inadequate fac iliti es besides 

keep ing the cost of end products in contro l the industries typically in the developing 

countries are avoiding pretreatment of dyes effluent. There's a lack of domestic or 

industria l wastewater treatment facilities in the developing countries. Even if there are 

they are very basic or ineffective for persistent organic pollutants [47] . Limiting factors 

like power outrage and hi gh cost of treatment at fac ilities fUlther reduce the 

pretreatment of the dye water. In li ght of all these cons all of the effl uent are discharged 

untreated after onl y primary treatment from settlement tanks into water bodies where 

they persist for time that is related to their half-life causing issues in fresh water eco logy 

as they are gradually broken down into more potent intermed iates Tab le2 shows the 

efficacy of in terms of percentage fixat ion and percentage loss in to hydrosphere. 

Class Of Dyes Fiber Perceutage Fi:\:atiou Effluent Loss 

Acid Dyes Polymeric amide 80-95 % 5-20% 

Basic Dyes Acrylic 95-100% 0-5% 

Direct Dyes Cellulose 70-95% 5-30% 

Indirect Dyes Polyester 90-100% 0-10% 

Dispersed Dyes wool 50-90% 2-10% 

Metal Complex Dyes Cellulose 10-50% 10-50% 

Sulphur Dyes Cellulose 60-90% 10-40% 

Vat Dyes Cellulose 80-95% 5-20% 

Table 2.3: The Amount of Different Dye Discharge from Units 

2.2.2 Toxicological Impacts on Aquatic Life 

The release of dyes from dye bath is a root cause of a major problem they become toxic 
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to everything around them [48]. They alter the phys ical characte ri stics of water by 

changing co lor of water from blue, green or brown to more unnatural co lors like red, 

purpl e rais ing concerns [27]. This makes water aesthet ica lly objectionable a lso presence 

of Co lor prevent penetrat ion of sunli ght in the water limiting the eco logica l producti vity 

in the aquati c life . When dyes mi x in the water in huge amount, the bacteri a in water 

cannot utili ze them as organi c source creating a stagnant aquatic environment in aquatic 

ecosystems. These chemi ca ls have an impact on the water chemistry and associated 

quality to ra ise in the po llution indicators such as COD, BOD, and TDS. Oxygen 

depleti on leads to oxygeni c stress whi ch limi ts a s ignificant amount of resp iratory 

phys io logy in aqueous life fo rms. While high TD S result in high toxic ity and increase in 

electrical conductiv ity. A ll these sun up create conditi ons that cause aquatic plants and 

animals to di e and deco mpose [49]. On the bas is of so lubility, dyes can be categorized 

as cati oni c noni oni c or ani onic [50]. Ac id , Reacti ve and Direct dyes are ani onic dyes, 

among them reacti ve dyes are hard to remove from environment as they impart bright 

co lor and are water so luble [27]. Disperse dyes which are nonioni c in nature don't 

ionize in the aqueous system, whereas azo ic, anthraquinone are cati oni c dyes . 

Some of di spersed dyes get bio accumulated in the env ironment. The ir Azo and nitro 

groups get reduced in the so il to release toxic amines [27]. Dyes w ith longer half- life 

from 2-1 3 years accumulate in the sedim ents of water whi ch are abiotic in nature li ke 

dead o r fi shes or other things [51] [52]. Even the dyes whi ch are so luble in water get 

coll ected in suspended matte r and bio accumulate on the all - life fo rms limiting their 

phys io log ica l processes . Bioaccumulation is unlike ly to occur when dyes are present 

2000mg/L. Adsorpti on varies from hi gh to medium in di sperse depending on the degree 

of sulphonati on or the ease with whi ch they get hydro lyzed. Group one Dyes are hi ghly 

sulphonated so they are hi ghly water so luble and get adsorbed on biomass. Group 2 

Dyes are also sulphonated but they set adsorbed on s ludge. Azo dyes are poorly 

adsorbed whereas d iazo, anthraquinone are better adsorbed than monoaos . 

Dyes and aromati c products have the ability of transforming biomolecul es 111 li v ing 
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organisms at very low to substantial levels due to their hi ghly reactive nature. In living 

biomass or aquatic sedimentation, such modifications to the living biomolecular 

structure negative ly affect the phys iological status of organisms that deteriorate under 

hypox ic conditions [53]. Acute toxicity of textile dyes results from ingesting and 

inhalation and can cause bladder cancer [54], dermatiti s, neurological problems [52] , 

decreased enzymatic activity [53] , and skin and eye irritations. Reactive dye workers 

may deve lop allergic conjunctivitis, rhinitis, occupational asthma, contact dermatiti s, 

and other conditions. 

The reactivity of dyes has also been closely connected with the ir persistence. It rises in 

proportion to the amount and type of electron-donor substituents, which are typically 

halogen, alkyl , nitro , and sulphonic groups [27]. Additionally, substituents at the ortho 

and para positions increase the likelihood of cancer development. Aminic group 

protonation resulted in a decrease in toxicity. Azodyes can cause DNA damage in 

extreme circumstances, which can lead to mutations, mali gnant development, and death. 

At 209 gig, there was a s ignificant drop in tadpole survival , whereas at the two hi ghest 

concentrations measured in sediment, there was a significant rise in deformities. 

Especially with Azo dyes, both the dye and its metabolites have the potential to cause 

cancer [54]. 

Several anilines (such as 4, 4'-dimethylendianiline, and 2-nitroaniline, etc.), 

nitrosamines, dimethylamines, benzidine and its derivatives and various azo dyes (such 

as benzidine precursor or 4-phenylenediamine, etc.) , are known to cause cancer in both 

humans and animals. Genes involved in necrotic cell death, mRNA processing and 

chromosomal condensation, were affected by high concentrations of dye (DY7) in 

sediment at genotoxic levels , which also enhanced the transcription of genes related to 

cellular stress. Chromosomal aberrations can also be caused by dyes [54]. Duplex RNA 

and he lical DNA were discovered to be impacted by dyes like Azure B [56,57]. While 

at cytotoxic levels, they block the monoamine oxidase A and MAO-A enzymes, which 

are connected to the neurological system and affect human behavior. Similar to this, it 

has been observed that the dye Disperse Red 1 has mutagenic potential on human 
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lymphocytes , hepatocyte imitat ing cell s, and hepatoma (HepG2) cell s, producing the 

appearance of micronuclei, which indicates mutagenicity at the chromosoma l leve l [58] 

Additi ona ll y, it resulted in DNA add ucts, a sign ificant Salmonell a spp. cancer-causing 

event. Disperse Orange 1 also showed mutagen icity, inducing frameshift mutat ions and 

base pair substitutions in Salmonella spp. Add itionally, HepG2 cell s experienced 

cytotoxicity and death as a result. Although it's prohibited, Sudan I (So lvent Yellow 14), 

another dietary addit ive found in paprika, has been enzyme-transformed by the gut 

microbiota into carcinogenic aro matic amines. Neoplast ic liver nodules in rats provide 

ev idence of Sudan 1 dye [57]. Basic Red 9, a dye that is frequently used in the leather, 

paper, textile and ink industries, has been linked to environmental and human 

carcinogens after partially degrad ing into carcinogenic aromatic amines under anaerobic 

circumstances. In aquatic eco logy, the disposal of such substances revea led the potenti al 

for mutat ions, allergic reactions, skin irritation, cancer, etc [55]. Add itionally, they 

include sarcomas and loca l tumors in the mam mary glands, li ver, bladder, 

hematological system, and bladder. A cation ic dye ca lled Crysta l Violet 

(triphenylmethane group) disrupted the chromosomes in Chinese hamster ov ul es and 

induced mitotic malfunction and suspens ion at metaphases. The promotion of ovarian 

atrophy and ca lcified gland adenoma in rats as well as hepatocarcinoma, reticular ce ll 

sarcoma in the uterus, vag ina, bladder and ovary have also been linked to crystal vio let. 

Additionall y, it resulted in respiratory/renal fai lure, cystitis, and skin/d igestive tract 

irritat ion [59]. 

2.3 Degradation of Dye Molecules 

2.3.1 Physica l Methods of Dye Remova l 

Multiple processes such as photolysis, sonolys is, membrane filtration , adsorption, 

coagulation, fi ltration, wet land treatment, electro coagu lat ion, filtration and 

biodegradation are employed to treat synthet ic dyes from aqueous so lution. Depending 

on the type of principal mechanism these processes are divided into two types 

separative methods such as adsorpt ion, filtration and degradative which can be chemica l 
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and biolog ica l. Among the abovementioned methods common ly appl ied methods are 

separative, but the di scharge of sludge containing dye, absorbents saturated w ith dye are 

cons of this method which limits its application, concentrated dye so lutions and dye 

adso rbed on absorbents after final treatment. To say that these methods still leave us 

with the problem of proper di sposal of dyes even after their removal from waste waters. 

When compared to chem ica l degradation methods, dye molecules undergo a series of 

ox idation steps to produce safe chem ical compound s. Complete minera lization of dyes 

is achi eved by advanced oxidation processes , dye molecul es are reduced to si mpler 

mo lecul es like water, C02 and inorganic compounds which are then safe to release in 

water [10] . 

2.3.2 Advanced oxidation process 

A great deal of attention has been given to Advanced oxidation processes (AOPs) as an 

efficient means for degradation of organic pollutants. It invo lves the production of 

hydroxy l radicals (OR), wh ich have a significant potential for oxidation about E 

(OH/H20) Y4 2 .8 V/SHE, making them extremely reactive ox idants [10]. When 

generated insitu they reduce target contaminant to produce organic radicals through a 

redox process. The intermediates thus mineralize the organi c pollutants due to the ir 

extremely strong and non-selective oxidation abi lities until complete decolorization [11] 

The reactive OH spec ies follow one of the three different reactions to attack the organic 

pollutants : (1) electron transfer, (2) electrophili c add ition to p system, (3) H atom 

abstraction [61 ,62] which are capable of producing reactive organi c rad ica ls starting 

chain reaction invo lving organic radicals and reactive oxygen molecules, the generated 

oxid iz ing agents OH, H02 and H202 react w ith the intermediates to complete the 

mineralization of organi c pollutants. 

02 + 2H+ + 2e- __ H202 

Fe2+ + H202 __ Fe3+ + OR- + HO' 

The key reactions invo lved in AOPs are redox reaction vIa e lectron transfer, 

dehydrogenation (remova l of H) and Hydroxylation wh ich is add ition to 1t system. All 
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of these reactions lead to production of radicals of organic compounds which start 

reaction w ith 02 to form reactive ox idizing agents like H202, H02 and OH. It is these 

radicals whi ch attain complete minera lizat ion of targeted pollutants [10] 

2.3.3 Electrochemical Advanced Oxidation (EAO) 

EAO processes are types of AOPs, which have been deve loped in recent decades, they 

have shown promis ing results in synthet ic dye removal. OH· is produced from 

e lectrolyte and is used for complete degradation of pollutants. Depending on the way 

OH medical s are produced based on the involvement of cata lyst there are two types of 

EAOPs direct and indirect. In direct EAOPs hydroxy l radica ls are produced directly via 

oxidation of H20 on the anode. The production of OH ions depend on the anode 

material' s catalytic activ ity, the rate at which pollutants diffuse at the active site of the 

anode and the current density that is app lied in the reaction [63,64]. One of the maj or 

advantages of the process is that no externa l reagent needs to be added to aid the 

production of OH ions. Whereas in indi rect EAOPs, Fenton's reagent must be added to 

aid the production of OH radicals , which can be H20 2 of ferrous ions. When H20 2 is 

added externally or produced insitu through the reaction between the catho lyte, it reacts 

w ith anodi call y produced or externally added ferrous ions. For ins itu production of 

H20 2 a sui table electrode material shou ld be used . A very good example of such an 

indirect reaction is the E lectro Fenton process where ferrous ions added externa lly react 

w ith H20 2 whi ch is generated internally react together to produce OH ions . 

The advantages EAOPs have over conventional phys ical treatments methods employed 

for removal of organic pollutants is that this process is environment friendly [65]. The 

main requirement to drive the reaction are electrons and OH ions which can be easily 

generated insitu . These processes have been reported to have high efficiency of 

pollutant remova l, safe operational co nditions and to some extent they can be automated 

[62]. 
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2.3.4 Electro-Fenton (EF) Process 

In recent years electro-Fenton system have been studied greatly, it is an env ironment 

fri endly and eco nomica lly feas ible process, whi ch effic ientl y removes reca lcitrant 

organ ic po llutants from water. It was first reported by Outran and Brillas in the year 

2000. As a degradation process thi s process rece ived a lot of recogniti on due to its 

effi cient and fas t remova l rate [61] 

Electro-Fenton process is a type of indirect AOPs, thi s method effectively removes 

persistent organic contaminants from water. The immense degradati on effi c iency of 

persisting contaminant and Eco friendliness make it a des irable process fo r po llutant 

degradation in treatment p lants. The princip le of Electro Fenton 's reaction is production 

of Fenton 's Reagent (FR) e lectrochemically whi ch is achieved by adding Ferrous sa lts 

as a Fe-2 source. FR is a mixture of H20 2 and Fe-2, that react to fo rm OH- ions (eq2) 

[10]. T he E lectro-Fenton Process prov ides greater benefi ts than the chemical Fenton 

process due to the high utilization efficiency of Fenton 's reagents (such as H20 2) and 

cost-effecti veness by minimiz ing the storage and transportation of chemical s. The 

e lectrochemica l regenerat ion of ferrous ions throughout the process is an advantage it 

has over other Fenton processes [61]. One of the maj or operationa l conditi ons that must 

be mainta ined is pH , fo r an effi cient Fenton reacti on pH must be mainta ined in a range 

of 2-3 [66] , thi s is because ferrous ions are regenerated in the cathode. Fe (OH) 

undergoes F+3 regeneration at low pH [67] Fe ions are regenerated . 

The form of Fe added is also one of the major dec isive factors. T o achi eve high 

effic iency of treatment Fe+2 is added as Fenton catalyst fo r OH radicals' generation in 

most of the reported literature, other forms of iron such as FeO, which has zero valance 

is also added as iron source, Fe+3 is also added as iron source, but it is onl y ferrous ion 

that undergoes regeneration. Highest remova l effi ciency is achieved by additi on fe rric 

ions, fo llowed by fe rrous ions and then zero va lent Fe 0 ions [10]. Creating an energy

sav ing E-Fenton System should be very appea ling and cha lleng ing [1 2]. Recent ly, bio

e lectrochemica l technologies for wastewater treatment, inc luding microbial E lectrolys is 

ce ll s (MECs) and microbia l fuel cells (MFCs), have been created [13]. N umerous 
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studi es on the microbial fu el ce ll (MFC) demonstrated that the organ ics present In 

wastewater can supply e lectrons on a co ntinua l basi s. The use of these Bioelectron's 

generated by microbial metabo li sm can make the bioelectro-Fenton (B io-E-Fenton) 

concept practicable. [68] 

2.3.5 BioElectrofenton System 

[t is a hybrid system in which Microbial fuel ce ll setup is used to generate hydroxy l 

radicals in cathode by the externa l add ition of iron source. The BioElecrtoFenton 

degradation of organi c contaminants have shown promi sing results and are an effective 

rep lacement fo r H20 2 production. The concept of MFC driven Fenton reaction invo lves 

degradation of pollutants by Fenton reaction in wh ich, Fenton reagent is created insitu 

by e lectrons donated from microbes . The reactor setup involves bio anode, abiotic 

cathode compartments separated by anion or cation exchange membrane. In the anode 

compartment, wh ich constitutes wastewater and sludge, organ ic matter is broken down 

by anaerob ic bacteria through biochemical reaction, which develops an active biofilm 

on anode. [n anode bacteria act as biological catalyst, whi ch oxidize the organic 

compound or e lectron donors present in wastewater [68]. Thi s breaks down generates 

electrons and protons . Electrons are carri ed from bacterial ce ll s to bio anode which then 

fo llow external circuit to enter cathode and are co llected at cathode. Protons on the 

other hand pass through the cation exchange membrane and enter the cathode. Protons 

and e lectrons react with the oxygen in the cathode to form H20 2, along w ith electricity 

production. H20 2 reacts with Fenton reagent to generate reactive hydroxyl ions that 

react w ith contaminants, producing intermedi ate which are degraded to C02 and water 

w ith the passage of time. 
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Figure 2.2 : Microbial Fenton Cell 

2.3.5.1 BEF For Treatment of Waste 

Literature Review 

A )! 

• FT ~, OH. + PoIIut~nt·> • 
Intermediates + CO2 + HtQ 

BEF is capable of complete reduction of wastewater and simultaneously achieves 

complete oxidation of organic pollutants . The process has been studied and developed 

since last decade. The first study was conducted in the year 2009, Ni and Zahu reported 

complete degradation ofP-nitro phenol within 12 hrs. of time, 85% ofToc removal was 

achieved in 96hrs [69]. This laid the basis of pollutant removal through MFC coupled 

electro Fenton system. A variety of contaminants are targeted for removal through this 

process while conserving energy and chemical inputs. A variety of cathode and anode 

materials are being utilized to acive maximum amount of pollutant removal. These 

contaminants range from antibiotics, drugs, medicinal herbs which are a threat to water 

ecology to coal gasification, and landfills. Xu P et all targeted coal gasification present 

in wastewater as pollutant and achieved removal of 85.7% phenols, in a double 

chambered BEF system with a proton exchange membrane separating the two, with 

carbon felt as anode as well as cathode with FeV04 modification. With the production 

ofO.05mmol-L 849.7mWm-3 power density was achieved [70]. In a study conducted by 

[71] Treated wastewater contains Triphenyltin choloride in BEF system. They used 

graphite felt anode and granular graphite modified with Fe203, approximately 78% of 
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pollutant was removed , 57.25mWm-2 power density was achieved w ith I 35.96f.lmoIL 

of H202 was achieved [71] . Zhang L, Yin X and Li SFY targeted the removal of 

paracetamol from wastewater systems using graphite felt as anode and graphite plate as 

cathode, to achieve 70% removal and generated power of2 17.27mWm-2 [73]. 

Prev iously [74] achieved 79% of COD removal and 935mWm-2 power density a long 

with lS1mgL - H202 production , when they treated landfi ll leachate using carbon 

c lothe as anode and activated carbon modified through treatment w ith glucose and zero 

va li ant iron , proton exchange membrane separating cathode and anode [74] 

2.3.5.2 Treatment of Dye Solutions 

Textile effl uents are one of the major causes of public safety concern, as dye molecules 

are carc inogeni c as we ll as reca lcitrant so their treatment before discharge into 

waterbod ies is essentia l. 

Text ile discharge owes vis ible effects of water pollution, specifi cal ly red and orange 

colored dye molecules that are not normally fo und in water bodies. Most of the dyes are 

anthraqu inone, azo, Indigo and xanthene derivatives, these dyes are difficult to degrade 

and pose a high risk of health hazards. Azo dyes, being most used, are stud ied and 

worked upon by sc ientists for efficient removal. Severa l studies have been reported of 

dye removal through Bioelectro Fenton reaction which are conducted in double 

Chambered MFCs, to minimize their effect on public hea lth . When ox idized in Fenton 

driven MFC severa l operationa l parameters should be maintained, which are pH, iron 

conc, catholyte conc, air flow rate and app lied voltage, these parameters affect the dye 

degradation co nsiderably [14]. 

In the year 20 10 [75] demonstrated 95% decolorization of 15mg-L Rhodamine Blue 

Dye in cathode, and 95% of TOC removal within 12hrs keeping the other operati ng 

conditi ons such as O.2g -L Fe20 3, pH at 3 and aeration rate of 300mL min-I. They 

operated without external energy input but effic ient mineralization at cathode is highly 

dependent on the current densities that are generated under short c ircuit conditions. 

T he ir study also showed that anodic wastewater can a lso be reduced to simpler forms 

[75]. Orange 2 was 100% decolorized at pH 7 in cathode 
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chamber within 14 hours by a study conducted by [76] in 20 10. They compared the 

decolorization data with MFCs without external addition of Fenton's reagent, which 

showed 8-10% of decolorization in t 4 hI's. , this study also proved the Importance of 

addition of iron source to drive Fenton reaction [76]. [77] ran an anodic Fenton reaction 

in which 85% Acid orange 7 was degraded in anodic chamber within 30 min . Sacrificial 

iron source was used as Fe source, H202 was added externally . The energy to drive 

Fenton reaction in anode was driven from coupling with MFC based double chambered 

air cathodes, which influenced dye degradation , demonstrating that this could be an 

energy saving and cost-effective method for dye removal. The study also proved that 

degradation rate increased with increased oxygen concentration [77]. 

[78] reported decolourization of 5 dyes Crystal Violet, indi go Carmine, Reactive blue 

5, Lissamine green B and Poly R-478 in MFC coupled Fenton reaction . The dye 

degradation percentages were reported were 96.2%,98.2%,88%,97% and 19.1 %. H20 2 

was exte rnally added into the system, TOC removal was 82% after 9h. The study 

conducted also confirmed that higher decolourization efficacy can be achieved by 

integrating MFC with Fenton reaction [78]. 

In a study conducted by [80] compared Fenton Based MFC's performance with 

controls, having 1) no Fe 2) open circuit and no aeration at cathode. They reported 97% 

decolorization of Methylene Blue dye along with wastewater treatment. Reactors 

operated as controls showed no visually detectable decolourization, confirming that 

external circuit connection, aeration and Fe are major driving factors in Methylene Blue 

deco lourization. Zhang et al also reported decrease degradation and H202 production 

with increase in external load resistance from 0-200 ohms [80]. 

Ling et al contributed to literature by degrading Methyl orange via bio-electro Fenton 

system, using Activated Carbon Felt modified with Ferrolls oxide, electrodes which 

were treated with nitric acid to increase Fe ion deposition on the electrodes. On average 

88.63mo1lL of H202 was produced throughout the retention time, 86% degradation was 

achieved in 72 h. They verified that electrode modification led to increased H202 

production , when conditions were 2mMoi FeS04, aeration rate of 750/min, pH 2 and 
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external resistance. 100 n. This work laid the foundation of developing biofriendly 

electro Fenton system [81]. 

Li et al reported degradation of Orange G in a Fenton driven Microbial Reverse 

Electrochemical cell, 100mg\L of dye was degraded up to 88% in 3 hours' period and to 

100% in 5 hours. No significant degradation was observed in controls operated on open 

circuit condition, anodes without microorganisms , without Fe. Negligible amount 

degradation in controls proved that degradation in Fenton based reactor is based on Fe 

concentration , presence of electrogens in anode and oxygenation. Hung et al reported in 

the year 2018 that increasing the concentration of ferrous ions also directly affected the 

degradation of Ethyl orange in MFC driven Fenton reaction. The production of a higher 

amount of H202 in cathode resulted in increased concentration of OH ions. But with 

increase in Ethyll Orange concentration with constant Fe concentration dye degradation 

decreased in cathode [82]. 

Zou et al optimized operational conditions for degradation of Methylene Blue, in a 

small-scale benthic microorganisms-based fuel cell , which was driven by Fenton 

reaction in continuous mode. The best conditions observed for dye degradation reported 

were pH 2, FeS04 was 0.02mMolar, 50mMoiar ofNa2S04, 0.04V external current and 

350 mL\min oxygen supply proved best for dye degradation. When provided such 

conditions in a scaled up 2 Liter reactors efficient dye removal was observed in time of 

28h, 90% dye was degraded in first 12h and increased to 99% in next few hours [83]. 

2.4 Electrode Materials 

Electrodes used in MFC cells is of great impoliance, electrodes characteristic such as 

material , reactivity, conductivity and surface area. They play vital role in biofilm 

development in case of bioelectrodes so their surface characteristics such as pore size, 

thickness, porosity matters before even running an MFC. Sometimes cathode and anode 

are both used of same material but sometimes they are if different material. Commercial 

based electrodes can be modified to improve their conductance it they can be fabricated 

111 labs from raw materials. In case of Fenton reaction anode is biotic and cathode is 
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cathode is abiotic. So, the anode used in this scenario must hi ghl y suppo rt biofilm 

formation as the formation of Fenton's reagent is highly dependent on the electron 

coming from e lectrogen grown in anode through external circuit. Cathode in the Fenton 

based cell is the working electrode, this is the e lectrode which w ill electrochemically 

and directly take part in generat ing OH- ions. Cathode's ability to react with 0 2 and low 

capabi lity to degrade hydrogen peroxide electrochemica lly is the reason carbon-based 

electrodes are preferred to be used to aid Fenton's reaction [10). Severa l materials are 

preferred to be used as anode and cathode we'll discuss them below. 

2.4.1 Anode materials 

Preferably carbon material e lectrodes are used to develop biofilms efficiently . They 

effectively support the life forms, they receive e lectrons from cell and transfer them to 

their respective destination therefore before deciding which material to be used we must 

cons ider certain character isti cs of material sllch as good bacterial adhesion, efficient 

conductivity of e lectrons, biofilm ability , availability, porosity, surface area and above 

all they shou ld not be costly [84] . Carbon based electrodes fit most of these criteria, so 

they are highly sought after. There is a huge variety of carbon materials to choose fro m, 

some are commerciall y avai lab le, some are modified and other are fabricated from 

scratch. Carbon brush, felt ,paper,cloth and mesh are mostly preferred anode materials 

owning to their biocompatibility and low cost. Graphite is one of the mostly used anode 

materials as it is highly conductive [84). They are availab le as rods, felts brushes and 

powder form . Their application in MFC were reported in several studies Logan et al 

reported power density of 26m Wm-2, when they used graphite rod as anode. Maximum 

Dye removal percentage of 80 percent was achi eved, where pollutants in industr ial 

wastewater provided e lectrons essentia l to drive the reaction [85]. Use of modified 

Graphite was reported by Pico et al. Used aryldiazonium sa lts to modify e lectrode to 

enhance their biophilic property by increas ing surface charge and hydrophobicity [86). 

Carbon material provide higher energy output hence MFCs with higher efficacy are 

reported in literature. Activated Carbon powder is known to reported to increase 

interaction of e lectrode surface and the microorganisms growing on them. Studi es 
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reported on thi s topic confirm better biofilm development and increased power density 

[84] such as Leripoulos et al used PTFE to coat carbon black, cloth to attain the power 

output of 60.7 mWm-2 higher than unmodified ones [84]. A carbon-based electrode 

w ith high surface area, exce ll ent mechanical properties, highly conductivity and 

stabi lity are Carbon Nano Tubes, they are a lso used to modify metal-based electrodes 

[84] . Composite electrodes which comprise of metal oxides, are a lso one of the choices 

avai lab Ie to be used as bio anodes. Metal oxides are used with other materials that are 

highly conductive .3D anodes have now grabbed attention because of their efficacy, 

they have proven to be effic ient in COD removal [87] increased current density. When 

they are modified using phosphate, ammonia and trace metals they become more 

capable of support ing biofilm growth. 

2.4.2 Cathode Materials 

Cathode is the working e lectrode in Fenton based MFC, they accept e lectrons from 

anode compartment and then transfer them to catho lyte for reactions to occur. Carbon 

material are 3 dimensional materials, w ith high porosity, which come in use for 

adsorpti on of dissolved oxygen on their surface. This adsorpt ion capab ility of carbon

based e lectrodes a ids in production of hi gher amount of H20 2. Carbon based cathodes 

are preferred as they are stab le, hi ghly conductive and cheap. Various materials are used 

as cathode for efficient pollutant removal these include carbon felt, carbon black, 

act ivated carbon, carbon brushes, graphite, Carbon Nano Tubes and sta in Steel mesh. 

Graphite is used as it provides good current conductivity. Nidheesh and Gandhimathi 

used graphite e lectrodes for removal of Rhodamine B, they reported increase in 

efficiency of e lectrode functionality as they were immersed in the ce ll s. This was due 

the increased contact between oxygen bubbles and surface of cathode. Authors reported 

that using electrodes which are lengthy atta in higher percentages of dye degradation 

[10] Among various forms of Graphite that are avai lab le commercia ll y Graphite Felt is 

the one most used for its large surface area. Yu et al.used PTFE and carbon black 

modified graphite fe lt, to mineralised methyl orange. The effic iency of modified 
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cathode was 4times higher than unmodified ones, a lso in terms of H20 2 production they 

proved to be more effective, 10 .7 times hi gher amount of H20 2 was produced. Sta inless 

is a lso used as cathode as it is an excellent current co llector, a study was conducted by 

A lmomani et a l. [n whi ch they used SSM cathode in a double chamber ce ll , in which 

various dyes like Congo Red , Methylene blue and yellow dirm aren were 100% 

degraded. Wang et al. Modified SSM by generati ng CNTs, and iron phthalocyanine was 

added as cata lyst, an increase in current density was reported by 2595 times, using these 

modified e lectrodes they reported dye degradati on upto 84.6% in only 12 hours [69] 

Act ivated carbon powder when made pasted onto SSM or sta inless stee l, gets 

transformed into an electrode with highly surface area for H202 production, these 

electrodes are effic ient and cheap. These carbon-based electrodes are cheaper than 

meta l-based electrode and much eas ier to mod ify which make them a feasible option to 

choose from. Another s ignificant property of AC is it can be prepared from organic raw 

mater ial in a study reported by Huang et al. Granu lar powder of Act ivated carbon was 

produced from bamboo as raw material , the powder was then filled in the cathode 

chamber complete ly. The study a imed to treat methyl orange dye and atta ined more 

than 80% decolourization. E lectro Fenton cell with Granular activated ca rbon powder 

attained hi gher voltage and power output. Maximum being 39 .73mE/m [88]. 
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B . 
I 

Figure 2.3: Carbon Based Electrode Materials used commonly [69] 

2.5 Operational Models of MEF System 

Despite being newly developed concept, it has a considerable solution for 

environmental waste management. Though idea is still under development, but the 

studies reported have used this concept in different configurations, with different 

microbial communities, different membranes separating the anode and cathode 

compartments, different pollutants. As MEF is and amalgam of Microbial fuel cell and 

Microbial Electrolysis Cell so different reactor setup, in batch, continuous flow and 

sequential manner have been introduced to achieve higher rate of dye removal, quick 

and efficient treatment by changing the retention time. As per based on configuration 

the cells can have single compartment, double compaltments or can be hybrid. We'll 

discuss the different types ofMEF systems [69]. 

2.5.1 Batch Mode 

As the name suggests catholytes and anolytes are added for a specific time for treatment 
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and then they are changed. Mostly by scientist's batch mode is preferred as it gives the 

operator tight control on the cell and of course is easy to handle. The cathode is 

continuous ly aerated and stirred by magnetic stirrer. Retention time varies from hours 

today depending on the efficiency of degradation that is required to treat the spec ifi ed 

waste. Si mpler organic compounds take less time where complex ones take longer. The 

limitations of batch mode include limited number of organ ic components for bacteria to 

utilize, this means slower mass transfer. With passage of time nutrient also get depleted 

and efficiency of reactor is a lso reduced [90]. 

2.5.1.2 One step batch treatment 

In one step batch treatment on ly one ce ll is used fo r treatment of pollutants and 

generat ion of e lectron ic potential. The types of reactor confi guration are g iven below. 

2.5.1.3 Microbial Fuel Cell based Electro Fenton System 

It is a two chambered reactor setup for complete removal of organic compounds 

through Insitu generation of Fenton reagent. The pollutants treated are mostly dyes and 

pesticides. This is a cost-effective system for pollutants removal as energy is generated 

rather than being supplied. Thi s is self-sufficient system as OH radicals generated are 

enough to effectively remove 

pollutant. 

2.5.1.4 Automated Microbial Electro-Fenton system 

It is a recently developed reactor setup, which includes carbon adsorbed on FeO cathode 

for Fenton reagent generat ion and similar anode connected by an externa l circuit. The 

fabricated electrodes have a large surface area owning to their macro and micro porous. 

It is an automat ica lly operated system which is functionally similar to the process of 

transpiration in plants. These systems are used for contam inants degradation of soi l and 

sludge [69]. 

2.5.1.5 MFC-3D Electro-Fenton system 

It is a granu lar Act ivated Carbon filled simple fue l cell s reactor. GAC is either filled in 

both chamber or in one of them as e lectrode. T he filled chamber shows II1creases 
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vo ltage and power output as the GAC has a three-dimensional structure, so it has more 

contact points with catholyte or analyte depending on the chamber it is present 111 , 

achieving dye degradation efficiency of 84% [69] 

2.5.1.5. Microbial Reverse Electro-dialysis Cell 

MREC is a hybrid system in which Insitu electric ity is generated by microbes which use 

organ ic compounds and the s lope which is between var ious fresh and sa lt channels that 

does not require power input. A RED stack separates anode and cathode chamber, so 

the reaction going on in them are undisturbed by continuous supply of waste water. The 

effic iency of MREC is high when compared to MEC and MFC together in terms of dye 

removal which in case of MREC is 99% and cost of treatment which is 45% lower than 

both [69]. 
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3. Material and methods 

The following research was designed to study the degradation of azo dye (acid red 114) 

in Microbial Electro-Fenton driven Microbial Fuel Cell (MFC) through the production 

of hydrogen peroxide. All the research was carried out in the Department of 

Microbiology's Microbial Biotechnology and Bio-Engineering Lab at Quaid-i-Azam 

University in Islamabad , Pakistan . 

3.1 Electrode Fabrication 

The electrodes were fabricated using Stainless steel mesh of area 4 cm 2 as a support 

material as well as a current collector. Firstly, the stainless-steel mesh was washed with 

distilled water to remove any impurities and then was weaved through using copper 

wire (0.8mm width). A thin layer of conductive epoxy was applied and allowed to dry 

in a completely steri Ie environment for a brief period. 

3.1.1 Procedure 

Graphite powder (30flm) electrodes were fabricated by a simple fabrication procedure. 

Magic Epoxy was used as a binder and finely grounded graphite powder was used as an 

active material. 2Ag of depoxy was mixed with 0.32 g of activated graphite powder 

forming a paste. This paste was applied on both sides of the wired sta inless-steel mesh. 

After evenly applying the GP/binder mixture, reinforcing was carried out by quickly 

adding additional GP to both sides of the electrode and repeatedly compressing it 

between two flat metallic surfaces (SS). The fabrication of the electrode was marked by 

the achievement of a nearly homogenous surface. Manual pressing was carried out until 

the AC atoms began to cross-link. The purpose was to improve the conductance for 

increased electron transport and to reduce the resistance of electrodes. The electrodes 

were dried overnight and then washed again with distilled water to remove the unbound 

graphite. [94] 

33 



Chapter 3 

Figure 3.1 : Graphite powder Electrodes 

3.1.2 Electrode characterization 

Redox potential! conductivity test 

CV (Cyclic Voltammetry) 

Material and Methods 

Cyclic voltammetry (CV) was used to determine the electrochemical response of 

electrodes under applied potential. It is used to determine the variation in redox 

potential in different electrolytes. CV was done at turnover conditions over a potential 

range of (-2.SV to 2.SV) at a scan rate of 20 mV -\ sec. All the electrochemical 

measurements were done using Graphite as the working and counter electrode while 

Ag/ AgCI was used as a reference electrode. 

The conductivity of the electrodes was assessed using a potentiostat, connected to a 

laptop computer, and voltammograms were generated using EC lab software. The 

performance of electrodes in the electrolyte solution was measured. Fabricated 

AC/graphite electrodes were used as working electrodes and an AgCI electrode was 

used as a reference electrode. The conductivity of the electrodes was assessed in various 
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electrolytes 15,)0 ppm red dye, 15.30 ppm pc:.licidc.O.5M 

I hS04, rind NuOH respectively. 

• Thickness of electrodes 

The thickness or A Igraplli lc electrodes was rneLls lI rcd lI sing Vcm icr 

ca llipers. zero woscorrected and it was compared to that or plain stainless~ 

stcel mesh. 

• Resistance 

Resistancc or electrodes was measured using (prcsc ion) lllultimCI/!r in AR 114 solutiOll, 

• Voltage 

A precisioll l1luhimeter was used to measure the voltage production of the 

electrodes in the rlls solution 

• FTIR Analysis 

The surface func tional groups or bare stain less-stte l mcsh and I\ctivnlcd 

curbO tl~ modified clcctfOdcs wcre ana lysed by FTIR, FTIR II llolysis was 

I)crformcd on n Cory 630 FTIR spectrophotometer (A~ti ' ent ). to invest igate 

the chnnges ill the bare and activated carbon modified electfOde. The 

transmittance spectrn were recorded in the range o r 4()OO~515 CIll , t, 

• SEM 
A QuantI! 200 field emission scanning electron microsc.ope: rrom the 

COMSATS University Islamabad was used to examine tile 

micromoq>hology or bare stn inless steel mesh and AC l1lodtfied stain lcss 

stee l mesh electrodes samples, with an accelerating voltage or 3000 V, a 

working current or 10 )IA. and 3 working distance of2.0- 2.5 IlUn . 
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3.2 Scaled Up Electrode 

16cm2 electrodes were fabricated by doubling the amount of 

depoxy (4.8g) and AC (O.64g) respectively, after confirming the 

electrode's redox potential. After fabrication , they were again 

tested on various parameters. 
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3.3 Architecture and Operation of Microbial fuel cell 

M icrobia l fue l achieves a higher percentage of degradat ion. In thi s study, H202 

producti on was measured over the course of changing conditi ons (parameters) Different 

co ncentrat ions of H202 produced throughout the experiment were moni tored along with 

degradat ion w ithin 24 hrs. Diffe rent dye concentrations were degraded v ia the Fenton 

reaction in dua l chamber M FCs in thi s work, and the current response, COD 

eliminati on, and Energy production were examined over time. T he overall reacti on is as 

fo llows: 
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Fig 3.2 Schematic design of double-chambered MFC-based Bio-Electrofenton 

System 

The following steps were involved in the Architecture and Operation of the dual 

chamber microbial fuel cell figure. 

3.4 Fabrication of Cells 

A double chamber MFC was constmcted in a conventional "R" shape design where the 

anode and cathode chambers were sample collection bottles (110ml) joined by a tube 

(3.5 cm long) holding a slice of proton exchange membrane (4 x 4cm Nafion 115, Gas 

Hub Pte Ltd, Du Pont Company, USA). Silicone sealant was used to attach the Nafion 

membrane to the mouth of one tube. Salt bridge 2.5cm long was attached to nafion and 

glass slab. Two Glass slab held salt bridge and nafion firmly pressed in between them. 

Silicon sealant was used to prevent leakage through the slabs. Slabs were tightened by 

using screws. The salt bridge was then inserted into the plastic bottles. And the 
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connect ion was ensured by apply ing epoxy along a ll s ides of the bott les and slabs. As 

fo r the caps of the bott les, small ho les for sample co llecti on, oxygenati on, and electrode 

w ire were made into them. 

Pl astic s l a b 

Lo a d 

C athod e Nafion Anod e 

Screw 

F igure 3.3 : Diagram matic Assembly of Dual C hamber Reactor 

3.5 Operation of MFC 

3.5.1 Anodic electrode fabrication 

Carbon-fe lt e lectrodes were used as bioanode in the anode chamber because their large 

surface area enables biofilm growth better than other carbon-based e lectrodes . 4x4cm 

e lectrodes were cut and soaked in di st illed water for 2-3 hrs then it was placed in 40% 

nitri c ac id for etching, at 80°C for 4 hrs. It was then taken out placed in a clean Petri 

di sh and dried in a hot air oven at 80°C overni ght. The prepared e lectrode was then 

w ired using naked copper w ire, the uncovered part of the wire outs ide the e lectrodes 

was coved w ith depoxy to prevent the loss of electrons in the ano lyte. 
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3.5.2 Cathodic Electrode fabrication 

Electrodes were fabricated in the size 4 x4 corresponding to the di ameter of the sa lt 

bridge 2.4g of depoxy was mixed with 0.32g of AC/graphite powder applied on both 

s ides of the was hed and w ired stainl ess steel mesh. After that, both s ides were rolled 

and pressed manuall y. The uncovered part of the w ire was covered w ith depoxy to 

prevent the loss of electrons in the catho lyte. 

3.5.3 Sam pie collection 

Samples of wastewater and sludge were co llected from the Quaid-i-Azam univers ity 

type D co lony. Domestic wastewater and anaerobic sludge were co llected in sterile 

bottl es w ith the help of a sterile spatula. The sterile bottles were submerged in a 

wastewater co llection tank for the sampling of domesti c wastewater as well as for 

anaerobic s ludge which was co llected from an anaerobic di gester. The sample conta iner 

was tightly closed and was transpotted back to the lab and stored in a cool and dry place 

until further use. 

3.5.4 Anode chamber preparation 

The anode in thi s study was highl y anaerobic, the contents of the anode chamber were 

wastewater, anaerobic s ludge, and 5ml of 50mM sodium acetate. Before using the 

fabricated clues were sterilized under UV li ght, working volume of the anode was 110 

ml , and wastewater and sludge were mixed in a ratio of 50:6 i.e., for 50 ml of 

wastewater 6 ml of s ludge was poured into the mi xture, and the vo lume of the mixture 

was increased up to 110ml and then poured into the anode. The fabri cated carbon felt 

e lectrode was already fixated on the cap through a hole made into it using depoxy . 5 ml 

sod ium acetate was mixed into the anolyte. The anode was quickly caped and then 

placed in anaerobic camber for nitrogen sparging to remove any oxygen in the anode. 

99.99 percent pure nitrogen gas was sparged into a caped anode through one of the 

holes in the cap, the anode was sparged for 20 min as reported in [95] After 20 min cell s 

were taken out and sea led complete ly using silicon sea lant. The cell s were then 

incubated in an anaerobic chamber for 14 days to deve lop biofilm on the Carbon felt 

e lectrode. On the fourteenth day, the current was measured at the anode to monitor the 
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growmg bio rilm lIs ing a llluhimeter the experiment was stat1ed after biorilm 

developme nt. 

3.5.5 Cathode chamber preparation 

The cathode was abiotic and aerobic ac/graphite electrodes were fixed in the cap so it 

could be suspended in a cell faci ng the salt bridgc. Cutho lytc consisted of Na2S0.t , 

FCS04, and Ac id Red 114 so lution. pH 3 was main taincd in the ca thode chamber for 

providing acidic conditions. The oxygen suppl y was provided via oxygen mOlors and 

pipes were inse rted thro ugh caps. Catholyte was repea led eve ry day for eve ry new 

parameter for the time ce lls were running. Samples for H20 2 detection wc re taken from 

the sampling pit. The cathode chamber was cleaned thoroughl y eve ry day using 

methylated spi rit swabs. 

3.5.6 Structure of AR 114 

Figure 3.4: slrllchll'c of Acid Red 114 
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3.6 H202 Standard Curve 

H20 2 production is the main reaction in the Fenton where it combines with oxygen to 

degrade pollutants and its monitoring was one of the main focus of the study. The H20 2 

standard curve was made before starting the optimization reaction. Serial di lution of 

35% pure H20 2 was made in deion ized water and absorbance was measured at 351nm. 

All the glassware used was washed with autoclaved deionized water. 
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F ig 3.5 : Standard C urve of Hydrogen Peroxide 
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3.6.1 H202 Measurement Protocol 

Hydrogen Peroxide was measured using the standard Iodide Method based on the 

spectrophotometric ana lys is of r-3 produced with the addition of the H20 2 into the 

concentrated solutio n of 1-. The reaction takes place accord ing to the following 

equation: 

H202+ 21- + 2H+ ~ h + 2H20 

h +1- ~ I" 

The basis of the Iodide method is marked by the est imation of r-3 via spectrophotometric 

ana lys is. Two so lutions were used in this method. The ir composition and method are 

g iven below. 

Solutions 

• Solution A 

Solution A was made by dissolving 33g of KI, Ig of NaOH, and 0.1 g of Ammonium 

molybdate tetra hydrate in 500 ml of distilled water. The pH of the so lu tion was 

maintained at 12.8. 

• Solution B 

Solution B was an aqueous buffer of KHP in 500 ml of distilled water. The pH of the 

solution was maintained at 4.03 . 

Procedure 

Equal vo lumes of So lution A and B were added into the test tube with the he lp of a 

pipette fo llowed by the addition of H202 so lution. The absorbance of the final so lution 

was observed at 35 1 nm in the cuvette. The concentration of the hydrogen peroxide was 

determined by subtracting the blank absorbance from the absorbance of the final 

so lution. The blank consisted of an equal vo lume of So lution A and B [96]. 
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3.7 Operational Properties of Cell 

Biofilm was fully developed in the anode chamber after 14 days of incubat ion. The ce ll 

was then run on a working bench with no changes in the anode whereas the catholyte 

was daily changed and monitored . 

Optimization Reaction 

The experiment was cond ucted to study the effect of 5 different operat ing factors 

including pH, temperature, catalyst concentration, catholyte compos ition, and different 

catho lytes on dye degradation and H20 2 production. All these parameters were changed 

over time a long with the functional cell s. The varying concentrations of dye, FeS04, 

Na2S04, pH, and different electro lytes were altered and the change in H20 2 production 

was measured. 

1. Varying initial pH 

H20 2 production and dye degradation was checked by varying five co nsecutive pH 

va lues 2,3,4,5,7 keeping other conditions the same (20ppm dye, 5mM Na2S04, 2mM 

FeS04, oxygen supply) . The reaction was run for 24 hrs and H20 2 production was 

measured at 5,20,40,60,80, and 100 min at 351 nm. 

2. Varying initial FeS04 Concentration 

As H20 2 production is directly related to FeS04 concentration so it was one of the 

most important parameters . Five FeS04 concentrations of 0,25,5 0,75 ,100 mM were 

varied keeping other cond itions the same (pH 3, 5mM Na2S04, 2mM FeS04,20ppm 

dye, oxygen supp ly). T he reaction was run for 24 hrs and H202 production was 

measured at 5,20,40 ,60,80 ,100, and 120 min at 351 nm. Dye degradation was measured 

initi ally and after 24 hI'S. 

3. Varying Catholyte 

The effect of different catholyte on H20 2 production and dye degradation was 

monitored. 50mM KCI , NaCI , Na2S04, KHP04, and NaN03 so lution were used as 

cathol yte keeping other cond itions the same (pH 3, 20ppm dye, 2mM FeS04, oxygen 
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supply). The reaction wos rlln fo r 24 hrs and I hOl production was measured al 

5.20,40.60.80. and 100 min at 3; lnl11 . Dye degradu tion was measured initial ly and after 

24 hrs. 

4.V:1 11' ing initial Crilitoly tc (N:uSO .. ) ConcentratiOIl 

I b02 production nnd dye degradation at fi ve different \,;ntholytc concentrations 

0.25.50.75. li nd IOOIllM were monitored keeping olher cond itiolls the same (pH 3, 

10pptn dye. 2mM FcSO ... oxygen supply), The react ion was run lor 24 hI's and 1-1102 

production was measured ot5.20.40.60.80. and 100 min at 35 1nm. Dye degradation waS 

measured initially Gnd nner 24 hrs. 

4. Vary ing Dye Concentra tion 

Acid red 114 dyc concentrations were changed consecutively !'or 5 days in increasing 

order keeping all other conditions the same (pH 3, 5111M Nnl 0 .. , 2mM FeSO .. . oxygen 

supply). Inilinlly. 15ppm concentration of dye was added to the catholyte mixture and 

the rcaction wns run ror 24 hrs. Then 20, 25. 30, und 40 ppm dye conccnt rations were 

:ldded 10 the N1I2S0 .. so lwion. H!O:! samples were mcnsured at 5.20.40.60,80. and 100 

min intcrvub al 35 1 nm. Oyl::. dcgradntion was IllCaSllrec\ initially lind allcr 24 hrs. 

3.7.' Dye Occoloriz.lHion ASS11Y 

The dye decolorization :lssay was ana lyzed by UV- spectrophotometer in terms or 

percentages. The equation lIsed for calculati ng the decoloriZ1HiOIl percentag.e was rt 09]: 

PCI'ccnl ugc decoloriza tion = In it ia l 00 - Filial 00 XIOO 

Initia l OD 

3.7.2 Operational Propert ies ofMFC Under Opti mal Co nditions 

+111e pcrrorlllancc or MFC based Bio- Fenton was observed under optimal paramcters. 

Anode chllmbcr WOIS inocul nted with activated sludge nnd domest ic wnstcwster 

co llected rrQI1l type D Colony Quaid-i-Azam Uni versity Islamabad where Ihe ratio of 

acti va ted sludge to wastewater was 6 to SO. The toW I vo lume of the ce ll Was I I Om1. The 

cxpcrilllC'lll was performed in red-batch mode. The nnode ill thi s sHldy wnS highly 
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anaerobic, the contents of the anode chamber were wastewater, anaerobic sludge, and 

5m l of 50mM sodium acetate. 99.99 percent pure nitrogen gas was sparged into the 

sea led anode for 20 min through one of the holes in the cap. The cathode was abiotic 

and aerobic. Catho lyte consisted of Na2S04, FeS04, and Acid Red dye 114 solution. pH 

3 was maintained in the cathode chamber for providing ac idic conditions. The oxygen 

supply was provided via oxygen motors and pipes were inserted through caps. The 

cathode and anode e lectrodes with a surface area of l6cm2 were electrica ll y connected 

to the resistor by an electric circu it and the voltage across the resistor was measured by 

using a precision muitimeter (model: UT33B; UNI-T). Catho lyte was changed every 

day for every new parameter for the time cell s were running. Samples for H202 

detection and dye degradation were taken from the sampling pit after 0,20,40-, 60-, 80-

, and lOa-min intervals. The final and initial pH, TDS, EC of the catholyte was also 

measured. 

3.7.3 Analysis of Treated Samples 

Severa l analyses of treated samples were performed to confirm reduction of AR 114. 

Includ ing 

FTIR 

Treated and untreated samples were compared. FTIR analysis was performed on a Cory 

630 FTIR spectrophotometer (Agilent), to investigate the changes in the AR 114 pure 

samples and treated ones . The transmittance spectra were recorded in the range of 4000-

5l5cm-1. 

TDS and EC 

Total dissolved so lids and Electricity conductivity of treated dye so lution were 

performed using TDS meter and EC meter. 
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4. Results 

The research was carried out to evaluate the potential of microbial EF driven MFC for 

the effective degradation of Acid Red 114 and the production of H20 2. The 

experimental study was divided into certain aspects including Fabrication and 

characterization of Electrode. Incorporation of electrode into BEF system as cathode to 

treat AR 114. The study evaluated the ongoing prowess in terms of H20 2 production, 

dye degradation, TDS, EC, ORP and FTIR of final degraded sample. 

4.1 Characterization of Graphite Electrode 

4.1.1 SEM 
Bare electrode shows the gaps present in the stainless-steel mesh while the modified 

electrode shows the successful adsorption of Graphite onto the stainless-steel mesh. 

The rough patches displayed in the SEM contribute to the increased surface area of the 

electrode. 

Figure 4.1SEM images of bare stainless-steel mesh and Graphite Stainless- steel mesh electrode 

(200llm) 
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4.1.2 Cyclic VoItammetry 

CY was done at turnover conditi ons over a potentia l range of (-2.S Y to 2.S Y) at a scan 

rate of 20 my -I sec. A ll the electrochemica l measurements were done using powdered 

graphite e lectrode as working and counter, reference e lectrode was Ag/ AgCl . The 

conductivity of the e lectrodes was assessed in various e lectro lytes I S ppm AR 1 14, 

O. SM H2S0 4, and NaOH. Oxidati on and reduction peaks were observed at 1.8, 0 .4 and 

0.8mA/cm 2 fo r H2S04, AR11 4 and NaOH. 
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Figure 4.1: Voltamogram of graphite particle electrode 

4.1.2 Thickness of electrode 

The thickness of bare SSM was 0.035mm after the graphite epoxy paste was applied it 

was 0.328mm. 

4.1.3 Voltage, Current and Resistance 

Voltage Current Resistance 

53.5mV 3.51lA 0.0165Q 

Table 4: voltage current and resistance of Gp electrode in AR 114 solution 
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4.1.4 FTIR Analysis of the Electrode 

The IR spectrum of bare stainless steel mesh electrodes were compared to electrodes 

modified with Graphite. It was observed that the height of peaks in the range of 700 cm

I to 550 em-I showed variations. The change in Absorbance and shift in the peak 

frequencies revealed that the graphite paste has crosslinked firmly onto the SSM.When 

the spectrum from bare electrode was compared with graphite modified electrode, new 

peaks were observed at 1581 cm- I which is characteristic carbon C=C stretch & 1211.9 

cm-I C-O indicating the adsorption light by graphite atoms pasted onto SSM. 
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Fig 4.2 : FTIR Spectrum of (a)Stainless Steel mesh (Bare) (b) Graphite 

Powder modified Stainless steel mesh 

50 



C hapter 4 Resul ts 

4.1.2 Optimization of Different Parameters 

The effects of di ffe rent operat ional factors including dye concentrat ion, pH, FeS04 

concentration, catho lyte concentrati on, and di fferent catholytes were eva luated fo r the 

optimum fed-batch perfo rmance of microbial e lectro-Fenton driven MFC intended fo r 

the effective degradati on of Acid Red 11 4 and the producti on of H20 2. The detailed 

results are as under: 

1. Effect of initial of pH 

Different pH conditi ons effect both the producti on of hydrogen perox ide and dye 

degradation (pH 2, 3, 4, 5, and 7). The di ffe rent pH conditions were ma intained in the 

dua l chamber MFC for 24 hours w ith a working capacity of 110 ml. Since the l-h02 

fo rmed gets consumed as soon as it is form ed, the experiment to measure the max imum 

concentrati on of H20 2 produced was carri ed out fo r about 1.5 hours. Samples were 

obta ined at interva ls of 5, 20, 40, 60, 80, and 100 minutes. The samples were 

spectrophotometri ca ll y examined at 35 1 nm. Dye degradati on was assessed initia lly and 

at te rminat ion of reaction. A significant decrease in the dye degradat ion and production 

of H20 2 was observed w ith the increas ing pH. The max imum H20 2 production peak 

was obta ined at 408 8 ug/ml H20 2 was measured at pH 7 in reaction, and the overall best 

dye degradation obta ined was 80% degradat ion of dye was achieved at pH 3 within 16 

hrs at pH 3. Based on the results pH 3 was considered optimum for MFC operation. 

Maximum H20 2 production was directly linked to the Ac id Red 114 dye degradati on. 
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Fig 4.5 : Effect of initial pH (2, 3, 4, 5, and 7) on Acid Red 114 Degradation 
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2. Effect of initial FeS04 (catalyst) Concentrations 

FeS0 4 was used as an iron source in thi s experiment. FeS0 4 is important to produce 

OH- and has a great influence on the functi oning of MFC. 5 di ffe rent FeS0 4 

concentrati ons were added and their effect on H202 producti on and Dye degradati on 

was examined . The sampling for H20 2 was performed after 5, 20, 40, 60, 80, and 100 

min respecti vely. The samples were spectrophotometrica lly examined at 35 1 nm . Dye 

degradation was assessed initially and at terminat ion of reaction. The maximum peak 

for the production of H20 2 was 10 J30ug/ml. Max imum H20 2 was produced at I mM 

FES04 but 90% degradati on was achieved at 0.5 mM in less than 16 hr. So , O.5 mM was 

considered optimum for MFC operation. Concentrations greater than 0. 5mM lead to 

decreased producti on of H20 2 along with decreased dye degradati on w hich can be 

expla ined by the fact that increased concentration of Fe may lead to excess ive fo rmati on 

of OH- which reacts w ith H20 2 produced. Thi s s imultaneous reacti on results in the 

co nsumption of H20 2 and OR produced. affect ing the Acid Red 11 4 dye degradation. 

0. 5mM FeS0 4 was chosen fo r the MFC operati on depending on the results obtained. 
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3. Effect of Different Catholytes 

Electrolyte is necessary for the conductivity and smooth flow of electrical current. 

Different catholytes are used in Advance Oxidation processes . 5 different electrolytes 

were assessed for their performance in MFC including Na2S04, NaNO) , NaCI , KCI , and 

KHP04. The sampling for H20 2 was performed after 5, 20, 40, 60, 80, and 100 min 

respectively. The samples were spectrophotometrically examined at 351nm. Dye 

degradation was assessed initially and at termination of reaction. The maximum H20 2 

production was 4188 ul/ml reported in Na2S04. The degradation efficiency was 

observed in the order Na2S04 > KCI > NaCI > NaNO) > KHP04. Based on the results 

Na2S04 was chosen as the catholyte for the optimum MFC operation. 
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4. Effect of initial Na2S04 Concentrations 

Na2S04 was used as cathode electro lyte and various concentrations inc lud ing 0, 25 , 50, 

75, and 100mM were tested for the ir maximum H202 production and dye degradation 

abi lity., the sampling for H202 was carried out after 5, 20, 40, 60, 80, and 100 minutes, 

respectively . Spectrophotometric analys is of the materials was performed at 35 1 nm. 

Samples of dye degradation were taken before and after the experiment. The highest 

peak for H20 2 generation and the highest dye degradation were obta ined at 75 mM 

Na2S04 co ncentrat ion reported to be 4905 ul/ml and 97% respectively. Results showed 

the production of H202 at different Na2S0 4 concentrations. Maximum H20 2 peak was 

obtained at 75mM concentration reported to be 4905 ul/ml and the maximum dye 

degradation was repo rted to be 90% respective ly . Further increase in the concentration 

leads to decreased production of H202 and subsequent decrease in dye degradation. Thi s 

can be explained by the fact that the excess of S04-2 cou ld be absorbed on the surface 

of electrode blocking sites for 02 attachment and minimizing the H202 production 

along w ith the decrease in the production of OR affect ing the dye degradation 

respectively. 
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5. Effect of initial Dye concentrations 

The overall production of Hydrogen peroxide and dye degradation was affected by the 

increasing dye concentrations (15 , 20, 25, 30, and 40 ppm). The dual chamber MFC 

with a working volume of 110 ml was operated for 16 hours with each dye 

concentration. The experiment for measuring the maximum concentration of H202 

produced was conducted for approximately 1.5h. The samples were taken at 5, 20, 40, 

60, 80, and 100 min intervals respectively. The samples were analyzed 

spectrophotometrically at 351 nm. Dye degradation was assessed initially and at 

termination of reaction. Fig. 1 illustrates the production of H20 2 against each dye 

concentration. The increase in the production of H20 2 can be seen with the increasing 

dye concentration which shows that the increase in H20 2 production is directly related 

to the increase in dye concentration. Maximum H20 2 production was 5638.33 ul/ml 

observed at 40 ppm. Fig. shows the degradation of Acid Red 114 at different 

concentrations (ppm). The dye degradation showed a different pattern, the increase in 

dye concentration was inversely proportional to the increase in degradation. The 30 and 
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40 ppm dye concentrations showed less degradation in 16 hrs. Maximum degradation 

was observed at 20 ppm dye concentration reported to be 80% within 16 hrs. The 

greater the dye concentration, the more time is required for its degradation. Based on 

the results obtained, 20 ppm was considered the optimum dye concentration for the 

functioning ofMFC. 
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4.2 Operation of BEF system under optimized conditions 

The selected parameters (20ppm dye, 0.5mM FeS04, 75mM Na2S04, pH 3) were 

employed to MFC and their effectiveness on the production of H202 and Acid red 114 

degradation was assessed. The total working volume of the experiment was 110 ml. The 

samples for H202 were taken at 5, 20, 40, 60, 80, and 100 min respectively. Dye 

degradation was assessed initially and at termination of reaction. The maximum H202 

production obtained under optimal working conditions was 6805 ullml and the dye 

degradation obtained within 15 hours was reported to be 85%.The critical time or high 

time of dye removal was reported to be 5h with 80% degradation. The calculated P value of 

0.02 signifies the correlation between H20 2 production and dye degradation. The maximum 

power density of the cell calculated was 8958.5m W cm-2 showing the energy efficiency of the 

electrodes fabricated. 
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4.5 Characterization of Degraded Acid Red 114 

IN-\'E 

Results 

The UV -Vis spectrosco py was used to ana lyze the degradati on of the Acid Red 11 4 . 

The sample fo r degradation assessment were taken at the start and end of the 

experiment. The experiment was conducted fo r 24 hours under optimized condi tions 

and the degradation of 92% was obta ined within 12 hours. The sample was taken in the 

cuvette and its absorption was observed at 535 nm . T he degradation was obtained in 

terms of percentages . The equation used for ca lculating the deco lorizat ion percentage 

was [109]: 
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4.5.1 FTIR of Acid Red Dye 114 Degraded Sample 

Results 

The structural alterations of Acid Red 114 were analyzed by FTIR spectrophotometer. 

FTIR spectra showed significant variation among the treated and the untreated sample. 

Figure shows the FTIR spectra of treated and untreated Acid red 114 dye samples. 

There is a clear difference in the spectra, suggesting dye degradation. The untreated AR 

114 sample spectra reveals prominent peak at 3419.23cm-1 indicating an OH stretching 

of asymmetric intramolecular hydrogen bonded single bridge alcoholic or phenolic 

compound. The peaks at 2923, 2163, 1599 and 1176 cm-1 show CH3 stretch, N=N 

stretch and SO stretch, respectively. Dominant peak was detected in the FTIR spectra of 

Acid red 114 degraded sample at 3253 (N-H stretch) indicating the presence of primary 

amine, The loss of peak at 1596 cm-1 (N=N) was observed. The new peaks appeared at 

2189,2040, 1637 and 1100 cm- 1 along with the removal of 3419,2923, 2163 peaks of 

the untreated Acid red 114 FTIR spectra. The difference in the spectrum of treated and 

untreated Acid red 114 samples indicate that Acid red 114 dye has been degraded [97]. 
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Other Parameters 

Diffe rent analytical parameters including TDS, EC, ORP and pH were analyzed. The 

TDS , EC and ORP values increased with the degradat ion of Acid Red 114. 

Parameters Initial Range Final Range 

T otal Dissolve Solid 6828 7101 

(ppm) 

Electrical 1329 1370 

Conductivity(us/cm) 

Oxygen Reduction 256 390 

Potential (01 V) 

pH 3 4 

Table 5. Performance of the MFC Driven Bio-Electro Fenton during the treatment 

of dye in cathode chamber. 
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5. Discussion 

Dyes are the basic and the most important raw material of textile industry, when 

discharged into water bodies they release aromatic ami ne and become carcinogenic. 

Effic ient removal of them is very crucial, and it must be economica lly and environ mentally 

feasib le. Acid Red 114 is an Azo dye hav ing double N bonds, it req uires ac idic 

environment to impart deep maroon co lor [26]. Like other 50% of dyes AR 11 4 is also 

released untreated and is barely reduced to nontoxic forms. Since the last decade Microbial 

fue l ce ll has been considered as a robust technology for generation of electricity along w ith 

pollutant removal. Recent advances in technology inc lude microbial driven Fenton 

reaction, w hich is generat ion of OH radicals from electroactive bacteria rather than 

e lectrochem ica ll y. Thi s Less expensive use of biochemical redox reaction has been 

employed in biodegradation of several dyes like Methyl orange [81] , Acid blue 11 3 [5] , 

orange G [36] , orange 2 [12] and reactive black 5 [43] using severa l BEF systems like 

Reverse MFC, Benthic MFC and dual chamber MFC. Previously phytodegradation of 

AR 114 has been reported [41]. So far, the degradation of AR 114 has not been reported in 

the Fenton system. The current study has proposed an environmentally friendly and cost

effective method for treatment of AR 114 in a se lf-assembled double chambered MFS 

along with graphite powder e lectrode fabricated on a stainless -stee l mesh current co llector. 

The cathode material is the most important component in the BEF system [10]. It has been 

reported by [91] carbon cathode has high affinity for 0 2 to bind at it act ive s ites and 

en hance H202 production. Keeping this in mind graph ite powder was chosen to be 

conducting material. Graphite is known to be highly conductive, is relative ly inert and has 

a wide vo ltage range [92]. After reviewing the previous literature ava il ab le graphite 

powder paste was prepared and pasted on SSM. Previously [93] prepared GP electrode 

using PTFE as binder and employed it as cathode in double chamber MFC to treat 

wastewater via FR generation [94] modified GP electrode by load ing iron ox ide in the 

conductive material to increase its activ ity and use ferric oxide as interna l iron source. As 

the purpose of the study was to limit cost, so epoxy binder was used contrary to PTFE . . 
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FTIR analysis of the electrode confirmed adherence of GP onto SSM as the transmittance 

decreased when compared to bare SSM indicating absorbance of li ght by carbon 

molecules. 

Fenton systems are highly dependent on operation conditions to obta in maximum 

decolorization optimum conditions shou ld be maintained . For this purpose, in the current 

study different operational conditions were app li ed on the reactor. The res ults obtained in 

terms of H20 2 production were linked to AR114 degradation. The amount of H20 2 

produced directly relates to amount of OR radicals produced , which attack the aromatic 

ring structure in AR 114 dye structure, to initiate cascade of intermediates. The first 

parameter optimized is pH as degradation is highly dependent upon pH as reported by 

previous studies. In a study rep0l1ed [14] system performance and methylene blue 

degradation was highly dependent on pH , optimum pH 2 was reported for maximum 

degradation of 99% of MB among pH range 2-8. A sim ilar study conducted by ling et al 

reported that when pH was increased from 2-7 system performance decreased in terms of 

degradati on of Orange G, the highest percentage of degradation obtained was 100%. 

Contrast ing ly in the present study optimum pH for decolorization of ARl14 was 3. This 

correlates to a study reported [99] in which AR 73 was treated in Fenton driven reactor 

where optima l pH reported was 3 report ho conc. This confirms that for acid red class 

optimal pH is 3. As per studies conducted [14][81][99] with increase in pH insitu 

generation of H20 2 lead to decomposition of H20 2 to oxygen and water [98]. Moreover, 

with increase in pH Fe+ 3 ion concentration lowers due to formation of Fe (OH)3 

precipitates [100]. fron concentration is one of the most influential parameters impacting 

the rate of oxidation of organic compounds. 89.9% degradation efficiency was obtained 

with 0.5mMolar FeS04. Previously different concentrations have been reported for 

different pollutants [14] reported 0.2 mM Fe+3 cone to obtain 99% decolorization in 28h. 

[81] added 10Mm of divalent iron to attain 100% degradation in 6h . evidently low 

co ncentration of iron 0.1Mm, 0.2mM are insufficient for adequate OH- production and 

high amount of Fe+3 0.75mM and I M leads to production of excessive amount of Fe+3, and 

abundant amount OH- Surp lus hydroxyl ions react with H202 depleting both hydrogen 
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perox ide and hydroxy l ions fo r AR l1 4 removal [1 4]. Catholytes employed in electro 

Fenton process are of prime importance not only because they contribute to conductance of 

current through the cathode but also prov ide strong ox idiz ing agents to a id the degradation. 

In th e present study max imum degradati on of 82% was achieved when 0.5 M Na2S04 was 

used . Na2S04 is the most w idely used catho lyte in the electro Fenton system, [1 4] reported 

the efficacy of catholytes in the fo ll owing order Na2S04>NaCL>KCL>NaN03>NaCL04. 

Similar trend was observed in present study, Na2S0 4 was the effic ient fo ll owed by NaCL. 

The effect of di fferent initial concentrati on of Na2S0 4 was ana lyzed fo r its effect on 

degradati on, 0.75mM Na2S0 4 was fo und to be effecti ve fo r degradation of AR11 4 90.7% 

degradation was achieved whi ch was hi gher than other concentrations, thi s findin g was 

contrastin g to those reported befo re [1 4] [81] where the preferred co ncentrati on was 

0.5mM, thi s could be because gp cathode had hi gh internal res istance so more S0 4- ions 

were required by the system for effic ient conductivity of current fo r dye remova l. A 

control system was also run w ith no Fe ion source, no aerat ion and open c ircui t conditi ons, 

neglig ible dye remova l, minimal current and vo ltage va lidated that fo rm ation of Fenton 

reagent tota lly dependent on Fe+3, di sso lved oxygen and c losed ci rcuit. T he last parameter 

that was optimized was dye concentrati on. When dye concentrations were increased 

keeping th e other conditions constant, a decrease in dye degradati on effi cacy was 

observed. T hi s lined up w ith the studi es reported by [1 4][8 1] where dye co ncentration and 

degradation rates were in di rectly proportional the study also reported that more time was 

required to degrade the dyes in same conditions. Thi s is because the rate of diffusion of 

Fe+3 and H20 2 gets lowered and dye molecules limit the ir mass transport from e lectrodes 

lowering the hydroxy l ions prod uced . 

The perfo rmance of final cell was observed as per optimized conditi ons i. e., 20ppm 

AR11 4, pH 3, FeS04 0. 5mm, 0.75mm Na2S0 4 as Catholyte. 85% degradation was 

achi ved. Optimal cond iti ons are indeed effecti ve due to fo llowing reasons, (\ ) degradation 

of AR 11 4 in fin al cell increased from 82%-85% (2) it took onl y 8h to achi eve max imum 

degradation(3) maximum H20 2 in fi nal cell was 7000IlI /L , which was hi gher than H20 2 

produced during optimiz ing reactions , the efficacy of BEF system also im proved in terms 
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o r vo ltage OUlput initially vo ltage across l OOn res istor was on ly 53m V but when reaction 

started a stable vo ltage M Ollnd 140lllV and 30tlA current W<"IS measured. thus va lidating 

our speculations abo ut effecliveness OrPLlraI11 C1CrS. 

rTIR ana lysis or treated unci untreated sample was cOlllpnred. visible peak shirt \\Ins 

observed ror Azo · N=N·, -SOJ bond nne! other significant bonds confirm ing effecti ve dye 

rem oval. Moreover, TDS and EC also increased us compnred to initiul sample indicating 

dye redu cti on to inte rmedia tes that are co lorlc.ss and gel disso lved in water. 
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6. Conclusion 

The study undertaken aimed to explore ways to run an efficient, self-reliable and cost

effective microbial Fenton system. To achieve the desired properties a carbon-based 

e lectrode was fabricated. The raw materials for electrode were easily ava il able at 

reasonable prices . Graphite powder paste made in epoxy binder, pasted on stainless steel 

mesh , served the purpose of a cathode that aided in production of H20 2 in large quantities. 

The redox potential of e lectrode under app lied voltage were found to be 1.8,0.4 and 0.8 

mA/cm2
. BEF proved to be very effic ient in removal of 20ppm dye at pH 3, 0.5mM 

FeS04, 75mM Na2S04 and continuous aerat ion w ithin 8h. 85% of initial dye concentration 

was removed within 8h, results were confirmed by spectrophotometer and validated by 

FTIR. Open circuit vo ltage and current of reactor was 289mv and 40IlA. Voltage across 

the resistor decreased when externa l resistance was increased, maximum voltage and 

current measured across 1000. resistor were 25 1mV and 551lA . Maximum power and 

current calculated across lOOn was 8958.5 mW cm·2. In fina l cell initial dye concentration 

was increased to 30 and 50ppm, reactor was operated on conditions optimized for 20ppm 

a lthough H20 2 concentration increased but on ly 53-65% degradation was achieved 

confirming that these cond itions are best for only 20ppm and different dye concentration 

require optimized conditions for effic ient removal. The efficiency of the ce ll in terms 

degradation percentage and batch retention time increased from 82-85% in on ly 8h. The 

cell was operated for more than 50 days, validating the sustainable use of electrodes and the 

reactor which was fabricated from scratch. Inferring from results it can be said that epoxy 

is a suitable binder for fabr icating eco-friend ly and high-performance electrodes as 

compared to other binders . 
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Future prospects: 

Microbial e lectro Fenton technology has been recognized as a cutting edge, energy 

effic ient and multifaccd technology. As an emerging techno logy it has attracted of 

researchers. It's widespread use and real -life application is limited by number of restraints. 

A lthough the performance of constructed setup ful fi lled all of the requirements of being a 

reli able efficient and cost effective. However, we can improve its performance in terms of 

current generation and quick degradation. 

• First of a ll , we can improve graphite powder cathode act iv ity by us ing a binder that 

is more co nductive than epoxy but is at same time less expensive. Graphite powder 

can be treated by acid to make it more conductive. Further invest igations are 

needed to go for binder free system as they release toxic byproducts in the system. 

• To improve current density, we can apply externa l vo ltage of about O.1-0.3mV. 

• Iron cata lyst limit the effectiveness because of their tox ic effects, there is a 

possibility for cata lyst free system that cou ld replace expens ive chemica l by 

biological ones. 

• T he use and efficiency of bioe lectro Fenton system can be improved by combining 

it w ith conventional wastewater treatment methods for produc ing synergist ic 

effects . 

• Through study is needed for fu ll scale employment of BEF system fo r their 

performance under actual cond itions. 
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