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Floor-wash  from  dye  finishing  plant  is  a major  source  of  color  and  wastewater  volume  for  dyes  industries.
Batch  electrocoagulation  (EC)  of simulated  floor-wash  containing  Reactive  Black  5 (RB5)  was  studied  as  a
possible  pretreatment  option.  More  than  90%  of  initial  25  mg/L  of  RB5  was  removed  at  current  densities
of  4.5,  6, and  7.5 mA/cm2 in  the  presence  of  Na2SO4 and  NaCl  as  supporting  electrolytes;  in  less  than
one  hour.  Identical  kobs (pseudo  first-order  reaction  rate  constant)  values  were  obtained  at  initial  pH of
3.74 for  both  electrolytes.  However,  at initial  pH  of  6.6,  kobs values  decreased  in  the  presence  of Na2SO4

and  remained  same  for  NaCl  as  compared  to  that  at pH  3.74.  Highest  extent  of  decolorization  and  kobs

values  were  obtained  at  initial  pH  9.0  for  both  electrolytes.  Under  identical  conditions,  specific  energy
lectrocoagulation
eactive Black 5
ecolorization
inyl sulfone

consumption  (SEC)  was  almost  half  in the  presence  of  NaCl  (∼29  kWh/kg  RB5)  than  that  of Na2SO4.  Vinyl
sulfone  (VS)  was  detected  as  one  of  the  products  of  EC indicating  reduction  of  azo  bonds  as  a preliminary
step  of decolorization.  Mechanism  of decolorization  with  respect  to  various  experimental  conditions
was  delineated.  Generation  and  accumulation  of  VS  was  dependent  on  initial  pH  and  type  of  electrolyte.
Results  of  this  study  revealed  that  EC in  the  presence  of sodium  chloride  can  be  efficiently  used  as  a

color
primary  treatment  for de

. Introduction

Reactive dyes are widely used for coloring cellulosic fibers
uch as cotton, and protein fibers such as wool. The wastewa-
ers generated from manufacturing, and subsequently from dyeing
peration of reactive dyes pose a major environmental threat
ue to the presence of many toxic and potentially carcinogenic
rganic compounds [1].  India is a global leader in manufacturing
f dyes and dye intermediates. Reactive Black 5 (RB5), an azo-dye,
s produced predominantly among the reactive dyes produced in
ndia. The chemical structure and some characteristics of RB5 are
iven in Table 1. The manufacturing of RB5 has been improved
ver last one decade to make it more environment-friendly and
ost effective. Briefly, H-Acid (1-amino-8-hydroxynaphthalene-
,6-disulfonic acid) is coupled with two molecules of vinyl sulfone
VS, 4-aminophenyl sulfonyl-�-hydroxy ethyl sulfato ester sodium
alt) through azo (–N N–) bonds. The resulting liquor is concen-

rated either by ultra-filtration or evaporation followed by drying
sing spray-dryers. The packing area where finished RB5 is packed

s often subjected to dusting of RB5 due to its light weight and

∗ Corresponding author. Present address: Dr. Jivraj Mehta Institute of Technology,
H  no. 8, Mogar, Dist. Anand 388340, India. Tel.: +91 9687961022.

E-mail address: patelupendra@gmail.com (U.D. Patel).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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ization  of floor-wash  containing  RB5.
© 2011 Elsevier B.V. All rights reserved.

small particle size. Floor is normally washed with tap water to
avoid product contamination. In contrast to liquid streams gener-
ated from occasional washing of spray-dryers and reaction vessels,
floor-wash from finishing plant is generated daily and contributes
significantly to wastewater color and volume. A major challenge
faced by RB5 manufacturing industries is to meet with the strin-
gent discharge limit of color in the treated effluent in India [2].  Most
of the reactive dyes are designed to serve longer, resisting natural
fading due to sunlight and biological activities. Thus, a major frac-
tion of RB5 in wastewater goes unaffected through a conventional
effluent treatment plant consisting of physicochemical and biolog-
ical treatments [1].  Thus, evaluation of a physicochemical method
as a pretreatment to decolorize RB5 floor-wash was the prime focus
of this study.

Normally, granular activated carbon (GAC) filters are installed
by RB5 production units to remove residual color after conventional
treatment; however, this results in higher unit cost of treatment.
Many other decolorization methods are available in published lit-
erature. For example, anaerobic microorganisms and some fungal
species are found to decolorize RB5 partially [3,4]. Daily variation in
characteristics of dye wastewater and requirement of specific redox

conditions are deterrents to field scale application of biological
systems for decolorization of RB5. Conventional physicochemical
process consisting of application of ferrous salts under alkaline
conditions achieves significant color removal in RB5 wastewater.

dx.doi.org/10.1016/j.jhazmat.2011.09.064
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:patelupendra@gmail.com
dx.doi.org/10.1016/j.jhazmat.2011.09.064
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Table 1
Structure and characteristics of Reactive Black 5.

Dye Reactive Black 5

Chemical structure

S N N
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Chemical name 2,7-Naphthalenedisulfonic acid, 4-a
Molecular weight (g/mol) 991.8
C.I. number 20505

owever, the method is clumsy in terms of handling of chem-
cals and produces high volume of chemical sludge. Among the
dvanced physicochemical processes, electrochemical processes
ave gained much attention recently due to simplicity of operation
nd higher efficiency of color and COD removal from dye/textile
astewaters as compared to biological or conventional physic-

chemical processes. Application of electrochemical processes
uch as electrochemical oxidation (EO), electrochemical coagula-
ion (EC), electro-Fenton (EF), and photo-electrochemical process
PEC) for decontamination of colored wastewater is reviewed by

artinez-Huitle and Brillas [5].  Electrochemical methods such as
C [6],  EC followed by activated carbon adsorption [7],  ozone-
ssisted EC [8,9], EO [10,11], and solar-photocatalytic EO [12] have
een reported to efficiently decolorize aqueous RB5 solutions. EC
as also been applied to decolorize textile wastewaters [13–15].
mong various electrochemical treatments narrated above, EC is
impler, efficient, and economical. For example, a comparison of
ndirect EO with EC for decolorization of Acid green 50 revealed
hat under similar operating conditions EC offered better color and
OD removal, and proved more energy efficient than EO [16]. The
ludge produced by EC is lesser in volume and more hydropho-
ic to achieve smaller volumes to be disposed as compared to
onventional chemical coagulation [17,18]. Based on above liter-
ture review, the purpose of this study was to evaluate EC as a
retreatment to decolorize floor-wash. Influence of various exper-

mental conditions such as, current density, initial pH, and type
f supporting electrolyte on removal of RB5 from simulated floor-
ash was studied to optimize the EC process. It has been shown

hat EC of reactive dyes achieves almost complete decolorization
f aqueous solutions; however, TOC removal is partial [19]. This
uggests that the products formed during EC are carried forward
n dissolved form, with the decolorized effluent. One of the objec-
ives of this work was to study the generation and accumulation
f such products with respect to various experimental conditions
n order to collect information for design of subsequent treatment
nits (mainly, biological) and elucidate the mechanism of decol-
rization. EC of aqueous RB5 solutions using sacrificial iron anode
as been reported by Sengil and Ozacar [6];  however, generation
nd quantification of products as shown in the present study is not
eported to the best of our knowledge.

. Materials and methods
.1. Chemicals

The RB5, H-Acid, and vinyl sulfone samples were obtained from
 local dye manufacturing company. The dye was  used as received
5-hydroxy-3,6-bis((4-((2-(sulfooxy)ethyl)sulfonyl)phenyl)azo)-tetrasodium salt

so as to include the effect of other ingredients contained in it on EC.
Sodium chloride (NaCl) and sodium sulfate (anhydrous) (Na2SO4)
were purchased from S.D. Finechem, Vadodara, India. All chemicals
were used as received.

2.2. EC setup

Electrochemical reactions were carried out in a single-
compartment borosilicate glass beaker of 600 mL  volume. Contents
of the reactor were mixed through out the experiment by a
magnetic stirrer (Remi, India) to maintain uniform conditions
within the reactor and prevent settling of flocs. Iron plate of size
70 mm × 100 mm was used as anode and a stainless steel plate of
identical size as cathode. Iron is more advantageous as compared to
aluminum (Al) as an anode since EC in case of Al-anode will result
in pure coagulation and adsorption; while in addition to the for-
mer, reduced iron species (Fe2+) can also cause reduction of reactive
dyes [13,17]. Geometric area of each electrode in contact with the
aqueous dye solution was 44 cm2. Inter-electrode gap was main-
tained at 20 mm.  Electrodes were washed with dilute HCl, polished
using D120 sand paper, and washed with water before commenc-
ing each experiment. Direct current was  supplied galvanostatically
using constant current/voltage regulated power supply unit sup-
plied by Testronix 92D (India) having a range of 1–30 V and 0–10 A.
Different current densities (CD) viz., 4.5, 6.0, and 7.5 mA/cm2 were
studied.

2.3. Analytical methods

Visible color absorption and detection of products of EC were
carried out using UV 2600 Spectrascan double beam spectropho-
tometer (Thermo Scientific, India). Percentage of color removal (CR)
was  calculated by Eq. (1):

CR (%) = A0 − At

A0
× 100 (1)

where A0 and At are absorbance at 595 nm of reaction solution at
time t = 0 and t, respectively. Concentration of VS was  calculated
by measuring difference in absorbance at 265 nm at t = t and 0.

Theoretical concentration of VS was calculated stoichiometrically,
attributing all decolorization to cleavage of azo linkages. All exper-
iments were conducted in duplicate and average values of results
were used.
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Table 2
Characteristics of tap water used in study.

Sr. No. Parameter Concentration

1 pH 6.5–6.7
2 Total dissolved solids 396 mg/L
3 Hardness (as CaCO3) 174 mg/L
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4 Chloride (as Cl ) 92 mg/L
5 Sulfate (as SO4

2−) 52 mg/L
6  Alkalinity (as CaCO3) 46 mg/L

.4. EC of simulated floor-wash

Aqueous solutions of 25 mg/L concentration of RB5 (by diluting
0,000 mg/L stock solution of RB5) were prepared using tap water
o simulate the field conditions. The characteristics of tap water are
s given in Table 2. All experiments were conducted using initial
eaction volume of 500 mL  at room temperature. Calibration plots
or RB5 and VS were prepared in concentration range of interest and
ere found to be linear with R2 values > 0.98. NaCl or Na2SO4, 2 g/L,
as added to enhance conductivity of solution. Initial pH (3.75,

.6, or 9.0) was adjusted using 0.1 N HCl or 0.1 N NaOH. Samples
5 mL)  were drawn at specific time points using a syringe and fil-
ered through syringe filter containing nylon filters having 0.2 �m
ore size (Pall Corporation, “Ultipor N66”, 13 mm Ø).

. Results and discussion

.1. Effect of current density and supporting electrolyte on EC of
B5

Fig. 1(a) and (b) shows effect of current density on RB5
ecolorization using sodium sulfate and sodium chloride as sup-
orting electrolytes, respectively. The decolorization reaction was
bserved to follow pseudo first-order. Fig. 2 shows dependence
f pseudo first-order rate constants on current density. It may
e noted from figures that rate of decolorization increases with
ncrease in current densities for both electrolytes. Increase in decol-
rization with increase in CD may  due to increased formation of
e2+ and iron hydroxide species according to Faraday’s law. How-
ver, as shown in Fig. 2, increase in reaction rate is greater in the
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ig. 1. Effect of current density and type of electrolyte on decolorization of RB5 using: (a) so
rder  kinetic plots. Reaction conditions: reaction volume, 500 mL;  initial pH, 6.6; initial RB
C.D., mA/sq. cm

Fig. 2. Dependence of 1st-order reaction rate constants on current density.

presence of sodium chloride than that of sodium sulfate. Chang et al.
[7] studied EC using cast-iron anode and reported increase in rate
and extent of color removal from a RB5 solution with increase in CD
from 15.8 to 55.4 mA/cm2 in the presence of 1 g/L NaCl at pH 7.0.
Vaghela et al. [20] also reported increase in extent of decoloriza-
tion and COD removal due to EO of an industrial azo dye wastewater
with increase in CD. Mohan et al. [21] studied EO in the presence of
NaCl and observed increase in extent of COD removal of synthetic
wastewater containing Acid Brown 14 concomitant to increase in
CD. It has been shown that increase in CD increases decoloriza-
tion up to a certain limit, beyond which; decolorization efficiency
remains unaffected and additional electrical energy is wasted in
heating up the reactor contents [7,8,22–24].  It seems that in our
study, the CDs used were smaller and within the range in which
the RB5 decolorization increases with increase in CD.

It seems that the effect of supporting electrolyte on
removal/transformation of target compounds and electricity

consumption in EC depends on: (1) the type of anode (Fe/Al)
and (2) the type of target compound. For example, Yildiz et al.
[25] reported that the iron anode in the presence of NaCl offered
faster removal of humic substances with much lower energy
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Fig. 4. Predominance-zone diagrams for (a) Fe(II) and (b) Fe(III) chemical species in
aqueous solution. The straight lines represent the solubility equilibrium for insoluble
he presence of sodium chloride and sodium sulfate. Reaction conditions: reaction
olume, 500 mL;  CD, 6.0 mA/cm2; initial RB5 concentration, 25 mg/L; electrolyte
oncentration, 2 g/L.

onsumption as compared to that in the presence of Na2SO4 as a
upporting electrolyte. In another study, Yildiz et al. [26] demon-
trated that Na2SO4 as a supporting electrolyte offered lower
nergy consumption (but with slower removal rate than NaCl)
or removal of humic substances with Al as anode. On the other
and, Izquierdo et al. [27] reported that both, NaCl or Na2SO4 as
upporting electrolyte obtained similar chemical oxygen demand
COD) removal in the presence of either Al or Fe anode for the
reatment of wastewater containing soluble oil.

Under identical experimental conditions, chloride is more corro-
ive than sulfate [27]. Thus, higher rate and extent of RB5 removal in
he presence of NaCl may  be attributed to excess production of Fe2+

pecies and the presence of oxidizing chlorine species generated at
node as compared to that in the presence of Na2SO4.

.2. Effect of initial pH on decolorization

Fig. 3 depicts effect of initial pH on pseudo first-order reaction
ate constant (kobs, min−1) in the presence of sodium sulfate or
odium chloride as supporting electrolyte at CD = 6.0 mA/cm2. It
ay  be seen from Fig. 3 that EC in the presence of sodium chlo-

ide achieves superior color removal as compared to that in the
resence of sodium sulfate at all the initial pH values. It may  be
oted from Fig. 3 that kobs values at pH 3.74 are matching in the
resence of NaCl (0.104 min−1) and Na2SO4 (0.104 min−1). This is

nteresting because stronger oxidative chlorine species exists in
H zone 3.0–8.0 (i.e. HOCl, E0 = 1.49 V vs. SHE [5]) and, thus EC of
B5 floor-wash should give faster decolorization in the presence
f NaCl than Na2SO4 if oxidative chlorine species react with RB5.
t is well-established that oxidative chlorine species can oxidize
educed inorganic species [28] such as Fe2+ which is a predomi-
ant iron species at initial pH of 3.74 [5].  It may  be possible that
xidative chlorine species generated at anode in the presence of
aCl would be exhausted in oxidizing a fraction of abundantly pro-
uced Fe2+ to Fe3+ according to the following Eqs. (2) and (3) under
cidic conditions:

Fe2+ + HOCl → 2Fe3+ + OH− + Cl− (2)

Fe2+ + Cl2 → 2Fe3+ + 2Cl− (3)
At initial pH of 6.6, the kobs value in the presence of NaCl
emained same as that at initial pH 3.74 (0.104 min−1); however,
he kobs value in the presence of Na2SO4 decreased (0.076 min−1)
s compared to that at initial pH 3.74 (0.101 min−1). As shown in
Fe(OH)2 and Fe(OH)3, respectively, and the dotted lines represent the predominance
limits between soluble chemical species [5].

Fig. 4, at initial pH of 6.6, Fe exists as Fe2+ (predominant species)
and Fe(OH)2. Thus, HOCl formed in the presence of NaCl may  still
be lost in oxidizing Fe2+ as shown in Eqs. (2) and (3),  resulting in the
same value of kobs at initial pH of 3.74 and 6.6. The decrease in kobs
value in the presence of Na2SO4 appears to be due to less corrosion
and hence, less formation of iron species at pH 6.6 as compared to
acidic initial pH of 3.74.

The highest individual decolorization was  achieved at initial pH
value of 9.0 in the presence of NaCl (∼94%) and Na2SO4 (∼88%) at
the end of 25 min. The results obtained in our study are consis-
tent with reported results; wherein, the authors have reported the
highest decolorization in alkaline pH range of 8.5–10 [6,7,16,19,23].

Initial pH may  affect the removal of a target compound by,
(1) affecting distribution of iron species, and (2) affecting trans-
formation of the target compound [29]. At initial pH of 9.0, Fe
predominantly exists as Fe(OH)2 along with some concentration
of Fe2+. Moreover, sodium sulfonate (SO3Na) and hydroxyl (OH)
groups of RB5 would exist as SO3

− and O−, and hence RB5 molecules
may  be negatively charged at alkaline pH. It seems that Fe2+ reacts
better with such negatively charged RB5 molecules at alkaline pH
conditions resulting in faster reduction of azo bonds; and thereby,
faster and higher decolorization.

pH at the end of reaction (30–45 min) increased to 7.8 and 7.3;
respectively for initial pH values of 6.6 and 3.74. At acidic pH, H+ will
be reduced to H2 at cathode accumulating OH− in solution; thereby
increasing pH. In contrast to this, when initial pH was 9.0, the final

pH decreased to 8.6; since at higher initial pH, OH− in solution will
be precipitated as iron hydroxides accumulating H+ and decreasing
pH [22].
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.3. Mechanism of decolorization

Fig. 5 shows representative time-dependent spectral profiles of
B5 floor-wash subjected to EC at CD = 4.5 mA/cm2. RB5 at t = 0

s represented mainly by three peaks; viz., 595 nm,  and 312 and
65 nm,  respectively under visible and UV range. It may  be noted
rom Table 1 that each molecule of RB5 consists of two  molecules
f VS and one molecule of H-Acid connected by two –N N– bonds.
pectrophotometric analysis of solutions of varying concentrations
f VS and H-Acid showed distinct peaks respectively at 265 nm
nd 312 nm varying linearly with concentration. Thus, the peak at
95 nm corresponds to chromophoric group –N N–, and the peaks
t 265 nm and 312 nm correspond to benzene (VS) and naphtha-
ene (H-Acid) rings. It may  be observed that as EC reaction proceeds,
eak at 265 nm increases concomitant with decrease in peak at 595;

ndicating generation of a compound which appears to be VS.
Fig. 6 compares the concentration of VS generated as a result

f EC with stoichiometric concentration of VS that should have
een produced as a result of actual decolorization of RB5 at var-

ous initial pH values. From Figs. 5 and 6(a) and (b), it appears
hat generation of VS in the presence of either electrolytes at ini-
ial pH 3.74 and 6.6 is the result of decolorization of RB5 through
eductive cleavage of –N N– bonds. It may  be noted from Fig. 6(b)
hat generation and accumulation of VS in the presence of either
alt closely matched the theoretical generation and accumulation
f VS. Azo bonds are electron-deficient groups and can be easily
educed, forming corresponding amines [17]. Similar evidences of
ecolorization of various dyes by EC within initial pH of 4–8 through
leavage of azo bonds are reported. For example, Muthukumar et al.
19] studied EC of Acid orange 10 using iron anodes and reported
ormation of aniline and 1-amino-2-naphthol-6,8-disulfonic acid
s products. Chang et al. [7] studied EC of RB5 using iron anode
t initial pH of 7.0 and reported formation of a compound hav-
ng absorbance at 265 nm.  Reports showing similar mechanism
i.e. reductive cleavage of azo linkage) obtained using other treat-

ent systems are also available. For example, Patel and Suresh [30]
bserved release of H-Acid while studying decolorization of RB5
sing magnesium–palladium bimetallic system. Feng et al. [31]
nvestigated products of degradation of Reactive Red 2 by zero-
alent iron using GC–MS. The results revealed that the azo linkage
f Reactive Red 2 was cleaved to produce hydrogenated azo struc-
ure without destroying benzene ring and naphthalene ring. Libra
 Materials 197 (2011) 128– 136

et al. [32] also reported generation of compounds closely matching
H-Acid and VS by anaerobic biological treatment of wastewater
containing partially hydrolyzed RB5. del Rio et al. [33] demon-
strated breakage of azo bond and formation of corresponding
aromatic amines due to electro-reduction of Reactive orange 4 on a
stainless steel cathode in the presence of Na2SO4 at alkaline condi-
tions (pH 10–13) in a divided cell. Vyjayanthi et al. [34] employed
a reactor containing palladized bacterial cellulose in the presence
of hydrogen for decolorization of Drimarene Red at pH 3.6–4.0.
Authors noted generation of a compound having absorbance at
250 nm;  however, it could not be identified. It may  be noted that
palladium in the presence of hydrogen is a catalytic reduction sys-
tem [35]. Reductive cleavage of azo linkages by bisulfate-catalyzed
sodium borohydride reaction for Acid, Direct, and Reactive dyes is
already reported [36]. Based on above discussion, published litera-
ture [18,37,38],  and experimental results; it was concluded that
decolorization of RB5 achieved by EC in our study was  primar-
ily through reduction of azo bonds by ferrous ions as shown in
following Eqs. (4) and (5):

Anode:

Fe(s) → Fe2+
(aq) + 2e− (4)

Decolorization:

S N N
O

O

NaO3SOCH2CH2
SO3Na

OH

NH2

SO3NaNNS

O

O

NaO3SOCH2CH2

SO3Na

OH

NH2

SO3NaNH2

NH2

S NH2

O

O

NaO3SOCH2CH2

+ 8Fe2+ + 8H+

+ 2 + 8Fe3+

(5)

3.4. Effect of operating parameters on mechanism of
decolorization, and generation and accumulation of products

It may  be noted from Fig. 6(a) and (b) that the concentration
of actual VS generated as a result of EC closely matches with the
stoichiometric VS concentration that would be generated if all
decolorization is assumed to be due to cleavage of azo bonds. Care-
ful observation of Fig. 6(c) reveals that concentration of actual VS
generated and accumulated is much lower than the stoichiometric
VS concentration at initial pH of 9.0. There could be two  possible
ways by which actual VS produced as a result of azo bond-cleavage
is concomitantly and rapidly removed: (1) by direct or indirect oxi-
dation; and (2) by physical interactions with iron oxy/hydroxide
species. In addition to this, it may  also be possible that a fraction
of RB5 may  be coagulated and removed without being reduced
by ferrous ions, thereby producing lesser amounts of VS. To test

the possibility #1, we conducted electrolysis of 20 mg/L solution of
VS prepared in tap water (initial pH 9.0), using graphite as anode
and stainless steel as cathode. It was noted that removal of VS by
adsorption on either of the electrodes was negligible. However, ∼32
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ig. 6. Comparison of VS generation profiles in the presence of sodium sulfate (S
c)  initial pH: 9.0. Reaction conditions: reaction volume, 500 mL;  CD, 6.0 mA/cm2;
heo-Theoretical.

nd ∼65% of VS was removed after 30 min  of electrolysis at CD
f 6.0 mA/cm2, respectively, in the presence of Na2SO4 and NaCl.
xcess removal of VS in the presence of NaCl as compared to that in
he presence of Na2SO4 may  be mainly attributed to indirect oxi-
ation by chlorine species. Although the type of anode (graphite vs.

ron) may  have its own influence, it appears that if VS generated as
 result of EC is concomitantly oxidized, it must result in dissimilar

rofiles of VS generation and accumulation (i.e. more oxidation in
he presence of NaCl) in the presence of Na2SO4 and NaCl at initial
H 9.0. On the contrary, actual profiles of generation and accumu-

ation of VS at pH 9.0 are almost similar in the presence of either of
 sodium chloride (SC) as electrolytes: (a) initial pH:  6.6, (b) initial pH: 3.74, and
l RB5 concentration, 25 mg/L; electrolyte concentration, 2 g/L. Expt-Experimental,

the electrolytes. Thus, it seems that VS and a small fraction of RB5
were removed by surface interactions with iron hydroxide species
under alkaline conditions as shown in Eq. (6).  It may be noted from
Fig. 4 that both, Fe2+ and Fe3+, predominantly exist as Fe(OH)2 and
Fe(OH)3 at pH 8.5–9.0, respectively:

RB5 − Na
}

RB5 − Fe
}

+ −

VS − Na

+ Fe(OH) →
VS − Fe

+ Na + OH (6)

In the absence of an FTIR facility we  separated and dissolved
the sludge produced as a result of EC conducted at pH 9.0. The
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reduces to 29 kWh/kg of RB5 at CD of 7.5 mA/cm2 in the presence

T
P

(
H
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ludge was taken in a beaker and 500 mL  of tap water was  added.
oncentrated HCl was slowly added to reduce the pH from neu-
ral to 6.0, 5.0, 4.0, 3.0, and 2.0 and UV–vis profiles were taken.
he spectrophotometric profiles clearly showed the presence of
-Acid (315–325 nm)  and a small peak of RB5 (594–605 nm,  con-
entration < 1 mg/L). This indicated that major fraction of RB5 was
ecolorized by azo cleavage. However, VS could not be detected
ossibly because the solubility of VS decreases with decrease in
H. Thus, insoluble VS might be filtered out.

Overall, it may  be concluded that decolorization of RB5 contain-
ng floor-wash by EC using iron anode is achieved by: (1) reduction
f azo bonds by ferrous ions at acidic to neutral pH conditions, and
2) mainly by reduction of azo bonds by ferrous ions, and to a little
xtent, due to removal of RB5 by coagulation with iron hydroxide
pecies, at alkaline pH conditions.

It may  further be noted from Fig. 6 that accumulation of VS
n the reaction medium is dependent on the type of supporting
lectrolyte. At initial pH of 6.6 and in the presence of sodium sul-
ate (Fig. 6(a)), the profiles of actual and theoretical VS generation
losely match. However, in the presence of NaCl, not only that there
s a gap between two profiles but also the concentration of VS gener-
ted as a result of EC decreases after a peak concentration at 25 min.
his decrease and gap in the profiles may  be attributed to oxidation
f VS by chlorine species. On the other hand, at initial pH of 3.74
Fig. 6(b)), profiles of actual and theoretical VS generation closely

atch in the presence of either of the electrolytes. This indicates
hat there is negligible contribution of oxidative chlorine species
enerated in the presence of NaCl towards removal of VS. This
bservation supports the similar observation noted in Section 3.2,
hat oxidative chlorine species may  be consumed in oxidizing fer-
ous ions under acidic conditions. Generation, quantification, and
valuation of effect of experimental parameters on accumulation
f VS, during EC of RB5 are not reported so far to the best of our
nowledge. Chang et al. [7] and Song et al. [8] reported presence
f a compound having absorbance at 265 nm produced by EC of
B5 solution; however, it was not quantified. In a study by Sengil
nd Ozacar [6],  decolorization mechanism similar to that proposed
y us was reported; however, no efforts were made to detect and
uantify VS.

It may  further be noted from Fig. 5 that peak at 312 nm,  corre-
ponding to H-Acid at t = 0, was removed and did not increase as
C proceeded. This observation is consistent with that reported by
uthukumar et al. [19] who indicated that 1-amino-2-naphthol-

,8-disulfonic acid formed due to cleavage of azo bond of Acid
range 210 did not accumulate and was precipitated as insolu-
le metal complex. It seems that H-Acid formed similar insoluble

pecies probably through ligand formation with iron hydroxide
pecies [18]. O, N, and S attached to adjacent carbon of organic
olecules can facilitate co-ordinate covalent bond with transi-

able 3
ossible predominant mechanisms of decolorization and accumulation of products.

Reactions Initial pH

3.74 6.6 

At anode (1) Fe(s) → Fe2+
(aq) + 2e− (1) Fe(s) → Fe2+

(

(2) 2H2O → O2 + 4H+ + 4e− (2) Fe2+
(aq) → Fe

(3) 2Cl− → Cl2 + 2e− (*) (3) Fe(s) → Fe3+
(

(4)  2Cl− → Cl2 +
At  cathode 2H+

(aq) + 2e− → H2 2H2O + 2e− → H
In bulk solution (1) Fe2+

(aq) + 2OH−
(aq) → Fe(OH)2(s) (1) Fe2+

(aq) + 2O
(2) 2Fe2+ + HOCl → 2Fe3+ + OH− + Cl− (*) (2) Fe3+

(aq) + 3O
(3) 2Fe2+ + Cl2 → 2Fe3+ + 2Cl− (*) (3) 2Fe2+ + HOC

Decolorization Fe2+
(aq) + RB5(aq) → Fe3+

(aq) + H-Acid(aq) + 2VS(aq) Fe2+
(aq) + RB5(aq

Interaction with
products of EC

H-Acid(aq) + Fe(OH)n(s) → H-Acid-Fe(OH)n(s) (1) H-Acid(aq) + 

(2) VS + HOCl →
*) = (When NaCl is used as a supporting electrolyte).
-Acid and vinyl sulfone (VS) are products formed due to cleavage of azo link between th
 Materials 197 (2011) 128– 136

tional metal ions [19]. For H-Acid, O and N atoms attached to
adjacent carbon atoms can facilitate co-ordinate covalent bond
with Fe ions. Table 3 summarizes the proposed mechanisms of
decolorization and accumulation of products with respect to vari-
ous experimental conditions based on results obtained by us, and
mechanisms proposed by [18,39].

3.5. Instantaneous current efficiency (ICE) calculations

Current efficiency (CE) is a ratio of electrons utilized for a
chemical change to total electrons supplied per unit time. It was
concluded based on generation and accumulation of VS that decol-
orization of RB5 primarily proceeds through cleavage of azo bonds.
Reduction of an azo bond requires four electrons resulting in for-
mation of corresponding amines as shown in Eq. (7) [17]:

Ar–N N–Ar′ + 4e− + 4H+ → Ar–NH2 + Ar′–NH2 (7)

where Ar and Ar′ represent organic groups. Thus, one mole of RB5
(see Table 1), containing 2 mol  of azo bonds, requires 8 mol  of elec-
tron to effect the decolorization. Assuming that all decolorization
is achieved through cleavage of azo bonds, ICE was calculated as
shown in Eq. (8):

ICE (%) = n  × (�C) × (Vs) × 100
(I × �t)/F

(8)

where n is the electrons involved in chemical reaction, mol/mol
(n = 8 in this study), F = 96,487 C/s, �C  is the change in concentration
of dye between two  time points, mol/L, Vs is the volume of solution
(0.5 L in this study), I is the current, A, and �t is the difference
between two  time points, s.

ICE was calculated for 50% removal of dye. Time required for
50% decolorization (�C = 0.0126 mM)  was calculated from 1st order
kinetic plots for various operating conditions and it was used in Eq.
(8). Electrical energy consumption (EEC, kWh/kg of dye removed)
was  calculated as shown in Eq. (9) [5]:

EEC (kWh/kg) = IVt

MD
(9)

where V is the average cell voltage, V; I is the cell current, A; t is the
time of electrolysis, h; and MD is the mass of dye removed, g.

Fig. 7 shows variation of ICE and EEC with respect to CD for all
experiments conducted at initial pH of 6.6. It may  be noted from
Fig. 7 that ICE in the presence of NaCl is consistently higher as
compared to that in the presence of Na2SO4. EEC remains almost
constant (∼40 kWh/kg of RB5) at CDs of 4.5 and 6.0 mA/cm2 and
of NaCl. Results obtained in our study are in close proximity to
those reported previously. For example, Chang et al. [7] studied
EC of 100 mg/L RB5 solutions using iron anode and reported EEC

9.0

aq) + 2e− (1) Fe(s) → Fe2+
(aq) + 2e−

3+
(aq) + e− (2) Fe(s) → Fe3+

(aq) + 3e−

aq) + 3e− (3) 2Cl− → Cl2 + 2e− (*)
 2e− (*)
2 + 2OH− 2H2O + 2e− → H2 + 2OH−

H−
(aq) → Fe(OH)2(s) 1) Fe2+

(aq) + 2OH−
(aq) → Fe(OH)2(s)

H−
(aq) → Fe(OH)3(s) 2) Fe3+

(aq) + 3OH−
(aq) → Fe(OH)3(s)

l → 2Fe3+ + OH− + Cl− (*) 3) Cl2 + OH− → OCl− + HCl (*)
) → Fe3+

(aq) + H-Acid(aq) + 2VS(aq) Fe2+
(aq) + RB5(aq) → Fe3+

(aq) + H-Acid(aq) + 2VS(aq)

Fe(OH)n(s) → H-Acid-Fe(OH)n(s) 1) H-Acid(aq) + Fe(OH)n(s) → H-Acid-Fe(OH)n(s)

 unknown products (*) (2) VS + Fe(OH)n(s) → VS-Fe(OH)n(s)

em in a Reactive Black 5 (RB5) molecule.
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Fig. 7. Variation of ICE and SEC with respect to CD at initial pH of 6.6.

alues of 17 and 34 kWh/kg of RB5, respectively for CDs of 27.7
nd 54.4 mA/cm2; NaCl concentration of 1 g/L, and pH 7.0. Song
t al. [8] studied ozone-assisted EC of RB5 in the presence of 5 g/L
2SO4 and reported total energy consumption (i.e. EC + ozonation)
f 33 kWh/kg of RB5. Sengil and Ozacar [6] reported much lower
lectricity consumption of 5.32 kWh/kg of RB5; however, the EEC
as calculated as a function of loss of iron electrode mass during

C and thus, may  not be meaningfully compared.
In the presence of Na2SO4, EEC increased with increase in CD

rom 4.5 to 6.0 mA/cm2, and remained almost constant there-
fter (∼58.5 kWh/kg of RB5). It seems that electrical energy is
ncreasingly lost for unwanted reactions (for example, production
f oxygen and hydrogen) and hence, EEC increases as CD increases
n the presence of Na2SO4. On the contrary, decrease in EEC with
ncrease in CD may  be attributed to increased production of oxida-
ive chlorine species in the presence of NaCl.

. Conclusions

Following conclusions can be drawn from the present study:

1) More than 90% decolorization of RB5 floor-wash could be
achieved by EC in the presence of NaCl as a supporting elec-
trolyte and at CD of 6–7.5 mA/cm2 at initial pH of 9.0. Thus, EC
can be effectively used as a pretreatment for RB5 floor-wash.

2) Reduction of azo linkage through oxidation of Fe2+ appeared to
be the major mechanism of decolorization of RB5. Out of the
two products of RB5 decolorization, VS accumulated; while, H-
Acid was concomitantly removed by surface complexation on
iron hydroxide species. Accumulation of VS was  found to be
influenced by initial pH and the type of supporting electrolyte.

3) Under identical experimental conditions, energy consumption
was almost half in the presence of NaCl (∼29 kWh/kg of RB5) as
compared to that in the presence of Na2SO4 (∼58.5 kWh/kg of
RB5). This suggested that NaCl is a better supporting electrolyte.

4) A treatment consisting of EC with iron anode in the presence
of NaCl, followed by aerobic biological treatment system, may
achieve complete removal of RB5 since VS has been reported to
be biodegradable under aerobic conditions [32].

5) The results of this study are important because of following
reasons: (1) the floor-wash used in this study is prepared from
normal tap water and thus, closely simulates the actual floor-

wash and (2) it discusses the generation and accumulation of
intermediates under various experimental conditions which is
important to design subsequent treatment systems to get rid of
aromatic amines.
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