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bstract

Treatment of wastewater from a textile industry that produces synthetic polyester cloths was studied employing electrochemical techniques. The
ample was initially subjected to electrocoagulation to remove suspended solids. Mild steel and aluminum electrodes were tried as anodes; and alu-
inum was found to be effective for the removal of suspended solids. Using aluminum as anode, the chemical oxygen demand (COD) concentration

f the effluent which was initially at the level of 1316 mg L−1 could be reduced to 429 mg L−1 by electrocoagulation. After electrocoagulation, the
ffluent was further subjected to electrooxidation using graphite and RuO2/IrO2/TaO2 coated titanium as anodes. During the electrooxidation tests,
oth COD and chloride ion were simultaneously estimated; and the effect of Cl− ion is discussed. The measurements have revealed the depletion

f Cl− ion concentration implying the generation of free chlorine during electrooxidation. The depletion of Cl− ion concentration and the COD
emoval were observed to be comparatively high in the presence of graphite electrode. The effects of electrode materials and current density on
OD removal are discussed. The instantaneous current efficiency (ICE), mass transfer coefficient and energy consumption were estimated.
2008 Elsevier B.V. All rights reserved.
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. Introduction

The textile dyeing and finishing industries generate large
uantity of wastewater containing unreacted dyes, suspended
olids, dissolved solids, and other auxiliary chemicals. Depend-
ng on the reactivity of the dyes, 10–20% of the dyes used
emain dissolved in water. The wastewaters, containing espe-
ially azo dyes, are toxic and mutagenic to microbes and fish
pecies. Hence, removal of dyes from the effluent has been
ained greater attention of many researchers. Though the biolog-
cal treatment is the most efficient and economically attractive
rocess for the treatment of industrial effluents, this method is

arely employed for textile effluents because they are recalci-
rant to biodegradation. The biodegradation is inhibited in the
resence of toxic byproducts and toxic dye additives. Therefore,
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dvanced oxidation processes (AOP) that rely on the generation
f very reactive short lived hydroxyl radicals has been attempted
o decontaminate the textile wastewater. The efficiency of AOP
n the presence of dyeing auxiliaries, such as NaCl, Na2CO3
nd Na2SO4, as well as dyeing process oriented additives like
equestering agents, surfactants and anticreasing agents is poor.
ost dyeing auxiliaries are known to scavenge hydroxyl radicals

nd hence expected to seriously inhibit the treatment efficiency
f advanced oxidation processes. AOP have been successfully
mployed for color removal from aqueous reactive dye solu-
ions, but found to be rather inefficient for ultimate oxidation
o meet discharge standards and/or re-use of spent dye house
ffluent in the dyeing process [1–3]. The problems are becom-
ng more complex with the usage of newer dyestuffs that are far

ore resistant to degradation.
In recent years, the electrochemical techniques have received

reater attention, because all types of pollutants could be

emoved effectively. In electrooxidation, the main reagent is
he electron (clean reagent) that ‘incinerates’ the organics with-
ut generating any secondary pollutants. Electrocoagulation was
eported to be very effective for the decolorization of orange II

mailto:mtkaruppiah@gmail.com
dx.doi.org/10.1016/j.cej.2008.01.008


5 ineer

d
t
g
o
g
v
e
o
a
d
p
a
t
T
t
t
8
a
s

f
h
T
d
i
a
c

r
u
o
m
e
w
p
p
a
s

2

2

w
a
r
e
c
o
T

F
g

2 G.B. Raju et al. / Chemical Eng

ye [4] and purification of textile wastewater [5]. The combina-
ion of electrocoagulation using iron and electrooxidation using
raphite electrodes was observed to be effective for the removal
f CI Acid orange 10 [6]. Activated carbon fiber (ACF) and
ranulated graphite were tried as cathodes for the reduction of
at dyes [7,8]. Though the chromaticity of the dyes could be
liminated, the chemical oxygen demand (COD) removal was
bserved to be only partial. The electrochemical degradation of
cid orange 7 and amaranth dyestuff was studied using boron
oped diamond electrodes [9,10]. Though these electrodes were
roved to be effective, their commercial viability is yet to be
scertained. The removal of COD to the extent of 80% from
extile wastewater was reported using Pt/Ti electrode [11,12].
he effectiveness of Ti/RuO2, Ti/Pt and Ti/Pt/Ir electrodes for

he treatment of textile wastewater were studied and found that
he COD of the effluent could be removed to the extent of
5%. The electrochemical oxidation of organic substances was
ttributed to OCl−, OH−, nascent oxygen and other reactive
pecies generated in situ during electrolysis.

The continuous depletion of groundwater, shortage in rain-
all and huge consumption of water by textile industries
as necessitated the recycling and re-use of processed water.
he State Pollution Control Board of Tamilnadu, India has

irected the textile industries to implement zero discharge facil-
ties within a defined timeframe. The other States in India
re likely to follow suit in implementing the zero discharge
oncepts. Various technological options are being studied to

t
(
w
t

ig. 1. Photographs showing arrangement of electrodes. (a) Electrocoagulation cell
raphite rods. (d) Electrooxidation cell with RuO2/IrO2/TaO2 coated titanium rods.
ing Journal 144 (2008) 51–58

ecover the water for re-use. The combination of electrocoag-
lation/electroflotation, electrooxidation, filtration and reverse
smosis is being tried on a priority basis to address the environ-
ental issues of textile effluents. In tune with such efforts, the

ffectiveness of electrochemical methods for the treatment of
astewater from a textile industry manufacturing 2400 tonnes
er annum of synthetic polyester cloth was attempted in the
resent study. The effectiveness of two different anode materi-
ls namely graphite and RuO2/IrO2/TaO2 coated titanium was
tudied.

. Materials and methods

.1. Electrochemical cell

An acrylic tank with a working volume of about 3 L, fitted
ith electrodes was used to conduct the experiments. Mild steel

nd aluminum rods, with a minimum purity of 98% and each
od measuring 0.6 cm diameter and 11 cm length were used as
lectrodes for electrocoagulation. Six such rods, connected to a
ommon rod, formed the anode assembly and an equal number
f rods with similar arrangement formed the cathode assembly.
he gap between the anode and cathode was maintained at 2 mm
o minimize the ohmic losses. The entire electrode assembly
undivided electrolytic cell) was placed on nonconducting
edges fixed to the bottom plate of the electrocoagulation

ank. For electrooxidation, two different materials, viz.

. (b) Electrooxidation cell with graphite sheets. (c) Electrooxidation cell with
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uO2/IrO2/TaO2 coated titanium rods and graphite in the form
f sheets and also rods were used. A set of five graphite rods
ere connected to a common copper plate from the bottom of the

ank. Four such set of electrodes (two for anode and two for cath-
de) were used. The alternate sets looped internally form anode
nd cathode assembly. Similar arrangement of electrodes (three
or anode and three for cathode) was followed in the case of
uO2/IrO2/TaO2 coated titanium electrodes. The gap between
nodes and cathodes was maintained at 6 mm. The arrangement
f the electrodes, both for electrocoagulation/flotation and
lectrooxidation, are shown in Fig. 1.

.2. Effluent sample

The representative wastewater sample was collected over a
eriod of 12 h from a textile industry that produces synthetic
olyester fabric. The characteristics of the wastewater sample
nd the size distribution of suspended solids are shown in
able 1 and Fig. 2.

.3. Electrode materials

The RuO2/IrO2/TaO2 coated titanium rods with a coating
hickness of 6 mm were obtained from M/s Titanium and Tanta-
um Products, India. The graphite materials used in the present
tudy were obtained from M/s Carbone Lorraine. The electrical
esistivity of graphite sheets was 0.001 � cm. The graphite sheet
ssays 99.8% C, <150 mg L−1 of Fe and <30 mg L−1 of Cl. The
espective anodic surface area of graphite rods, graphite sheets
nd RuO2/IrO2/TaO2 coated titanium rods were estimated to be
18, 1104 and 791 cm2. The scanning electron micrograph of

raphite sheet shown in Fig. 3 indicates the flaky structure of
he material. The flakes have numerous grain boundaries and
heir orientation was observed to be very random.

able 1
hysico-chemical characteristics of the raw effluent and electrocoagulated
ample

arameter Raw effluent After
electrocoagulationa

olor Blackish Pale yellow
H 7.3 8.2
onductivity (�mhos cm−1) 4490 4290
OD5 (mg L−1) 182 70
OD (mg L−1) 1316 428
otal solids (mg L−1) 5104 4208
otal dissolved solids (mg L−1) 4274 4190
uspended solids (SS) (mg L−1) 830 10
otal hardness as CaCO3 (mg L−1) 1500 590
a2+ (mg L−1) 240 92
g2+ (mg L−1) 219 87

otal alkalinity as CaCO3 (mg L−1) 950 530
hloride (mg L−1) 922 850
ulfate (mg L−1) 1080 960
KN (mg L−1) 70 47.3
ean size of SS (�m) 10.14 –

a Electrocoagulation time: 5 min, current density: 30 mA cm−2 and electrode:
luminium.

m
(
(

Fig. 2. Distribution of suspended solids in raw sample.

.4. Experimental methods

For each experiment, 2 L of the effluent was transferred into
he electrochemical cell and the electrodes were connected to
he respective anode and cathode lead of the DC rectifier and
nergized for a required duration at a fixed current. During the
xperiment, samples were collected at different time intervals
nd analyzed for various parameters. After the experiment, the
ower was switched off and the electrodes were disconnected.

.5. Analytical techniques
The aqueous solutions resulting from electrochemical treat-
ent were analyzed for COD, biological oxygen demand

BOD5), suspended solids, chlorides, Total Kjeldahl Nitrogen
TKN), water hardness and sulfate according to the standard

Fig. 3. Scanning electron micrograph of graphite sheet.
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Table 2
Effect of current density and anode materials on COD removal by electrocoagulation

Time (min) COD (mg L−1) aluminum as anode COD (mg L−1) mild steel as anode

Current density (mA cm−2) Current density (mA cm−2)

30 24 18 12 30 24 18 12

5 494 503 520 551 612 670 694 702
10 494 503 520 551 595 673 710 740
15 494 503 520 551 – 674 710 793
30 480 489 505 516 579 659 667 793
4
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5 467 461 505 516
0 447 449 498 516

ethods suggested by American Public Health Association [13].
OD was estimated by open reflux method. The sample was

efluxed in an acidic medium with a known excess of potas-
ium dichromate and the remaining dichromate was titrated
ith ferrous ammonium sulfate. The electrical conductivity and

uspended solids were estimated using conductivity meter and
article size analyzer (CILAS 1180, France), respectively.

. Results and discussion

.1. Electrocoagulation

In the first stage, the sample was subjected to electrocoag-
lation to remove the suspended solids and the COD therein.
xperimental results on the kinetics of COD removal at differ-
nt current densities are presented in Table 2. From the results,
t could be seen that the aluminum as anode was more effective
ompared to mild steel. The suspended solids were removed to
he extent of 99% from its initial concentration of 830 mg L−1

ithin 5 min. The size distribution of the suspended solids of
he effluent is shown in Fig. 2. From the distribution curve, it is
pparent that the size of the suspended solids varies from 0.04
o 40 �m with a mean size of 10.14 �m. Nearly 6% (by vol-
me) of the solids are colloidal that is below 1 �m. The Al3+ or
e2+ ions released by anodic dissolution are expected to desta-
ilize the suspended solids that lead to coagulation. It is known
hat the Al3+/Fe2+ ions released from the anode in turn form oxy-
ydroxides, which are good coagulants. In addition to suspended
olids, the dissolved organics that can form insoluble complexes
ith Fe2+/Fe3+ ions could also be removed during electroco-

gulation. The COD removal could be interpreted either due
o the adsorption of dye molecules on oxy-hydroxide or due
o interaction of metal ions forming insoluble metal-dye pre-
ipitate or by both mechanisms. In this case, the COD of the
ffluent was reduced to 500 mg L−1 from its initial concentration
f 1316 mg L−1 during electrocoagulation.

The effect of current density on the removal of COD was
lso studied at four different current densities, i.e., 12, 18, 24
nd 30 mA cm−2 and the results were presented in Table 2.
t is evident that most of the suspended solids contributing to

OD are removed within the duration of 5 min of electrocoagu-

ation. By increasing the current density, the anodic dissolution
f metal will be increased and the time required for coagulation
s reduced. The amount of aluminum dissolution in 5 min at a

t
a
o
o

– – – 769
– – – 753

urrent density of 30 mA cm−2 was estimated to be 70 mg L−1.
t may be noted that SO4

2− and Cl− ions are inevitably intro-
uced into aqueous solutions during conventional coagulation,
hereas such secondary pollution can be avoided by electroco-

gulation. The total nitrogen was also decreased to 47 mg L−1

rom its initial value of 70 mg L−1 during electrocoagulation.
rom the above discussion, it is apparent that maximum reduc-

ion of pollutants can be achieved within a short period at an
pplied current density of 30 mA cm−2. Accordingly, required
uantity of effluent was processed by electrocoagulation using
luminum electrodes and the sample was subjected to filtration.
he filtrate was used for further electrooxidation studies.

.2. Electrooxidation

.2.1. Effect of electrode material
Two different materials, viz. RuO2/IrO2/TaO2 coated

itanium and graphite were used as electrodes during electroox-
dation. The decrease in COD and Cl− with time at a constant
urrent density was monitored and the results are shown in
ig. 4a and b. The decrease in COD was observed to be hardly
0 mg L−1 in the presence of RuO2/IrO2/TaO2 coated titanium
lectrodes whereas more than 380 mg L−1 decrease could be
bserved using graphite sheets. Though the decrease in COD
as very marginal in the presence of RuO2/IrO2/TaO2 coated

itanium, the complete decoloration of the effluent was achieved
ithin 5 min. The rate of COD removal during the initial stages
f the electrooxidation was observed to be high especially with
raphite electrodes. The decrease in rate of COD removal at
atter stages may be attributed to the formation of stable interme-
iates. From the chloride ion measurements shown in Fig. 4b, it
s evident that the decrease in chloride ion concentration is hardly
0 mg L−1 in the presence of RuO2/IrO2/TaO2 coated titanium
lectrodes and above 400 mg L−1 in the presence of graphite
heet. In general, it is evident that as the concentration of Cl− ion
ecreases, the COD also proportionately decreased. This implies
hat the oxidation of organics depends mostly on active chlorine
enerated during electrolysis. Serikawa et al. [14] have observed
trong catalytic effect in the conversion of organic pollutants

o innocuous CO2 and H2O in the presence of chloride ion. It
lso indicates that the indirect electrooxidation involving vari-
us forms of chlorine was a predominant process in removing
rganic pollutants from chloride medium. The electrochemical
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ig. 4. (a) Influence of electrode materials on COD reduction at a constant
urrent of 5 A. (b) Influence of electrode materials on chloride reduction at a
onstant current of 5 A.

ischarge of chlorine at the anode as secondary electrochemical
eaction can be represented as

Cl− → Cl2(g) + 2e− (1)

t 25 ◦C and normal atmospheric pressure, the chlorine gas
hus liberated from anode can dissolve in water to the extent
f 6.413 g L−1 [15]. If its solubility is exceeded locally at the
lectrode surface, then bubbles may form. Above pH 3.3, the
hlorine will be diffused to the bulk aqueous solution away
rom the electrode and establishes equilibrium between chlorine,
ypochlorous acid and hypochlorite ion. Since the experiments
ere conducted around neutral pH, only HOCl and OCl− species

re expected in aqueous solution. An attempt was made to esti-
ate the concentration of free chlorine in aqueous solution by

odometric method (No. 4500–Cl B) suggested by APHA [13].
he concentration of free chlorine was found to be more than
he Cl− that got depleted from the aqueous system. This could
e presumed due to other oxidizing agents generated during
lectrolysis. It may be noted that H2O2 will interfere in the
uantitative estimation of free chlorine.

T
i

2

ing Journal 144 (2008) 51–58 55

It is known that the oxygen evolution is a primary reaction at
he anode surface in dilute chloride solutions. The anodic oxygen
volution could be represented as

H2O → O2 + 4H+ + 4e− (2)

he cathodic conversion of molecular oxygen to active oxygen
n the presence of chloride ion [14] can be represented as

H2O + 2O2(aq) + 4e− → 2H2O2 + 4OH− (3)

roduction of ozone also is expected when the anode potential
xceeds beyond 1.51 V and also by oxidation of evolved oxygen
16].

2O + O2 → O3 + 2H+ + 2e− (4)

Szpyrkowicz et al. [17] have suggested the generation of vari-
us oxidants such as nascent oxygen, ozone, hydrogen peroxide,
ree chlorine and free radicals such as ClO•, Cl•, and OH• during
lectrolysis. Thus, the aqueous solution may contain a cocktail of
xidants. In the absence of procedures for the estimation of vari-
us oxidants, it is very difficult to obtain the quantitative picture
f the various oxidants in aqueous solution. Since the solubil-
ty of oxygen and ozone in water is very less, it is presumed
hat HOCl and H2O2 are the main oxidants that are responsible
or degradation of organics. Low degradation of organics in the
resence of RuO2/IrO2/TaO2 coated titanium could be explained
ue to the competition between the oxidation of organics and the
xygen evolution reaction at the anode surface. Though the cur-
ent efficiency is comparatively poor, selective degradation can
e achieved by using these electrodes. The selective oxidation
f organics on noble oxide catalytic anode was attributed to the
ormation of “higher oxides” [18] via adsorption of hydroxyl
adical and its interaction with the oxygen already present in the
xide with the possible transition to higher oxide.

Ox + •OH → MOx(•OH) → MOx+1 + H+ + e− (5)

etter removal of organics in the presence of graphite electrode
ould be attributed to the generation of HOCl and H2O2 which
re stronger oxidants compared to oxygen. Also, due to their
igh solubility, the build up concentration will become so high
hat the refractory organics could be easily oxidized. Raghu and
asha [19] have suggested that the oxidation of organics in the
resence of chloride ion proceeds via adsorption of •OCl on
etal oxide and possible transition of oxygen atom to metal

xide forming higher metal oxide on the similar lines mentioned
n Eq. (5).

Regarding total nitrogen, it was eliminated below the
etectable limit in the presence of graphite sheet and only 40%
n the presence of RuO2/IrO2/TaO2 coated titanium. The elec-
rochemical reduction of nitrate ions can be represented as

O3
− + 3H2O + 5e− → 0.5N2 + 6OH− (6)

O3
− + 6H2O + 8e− → NH3 + 9OH− (7)
he direct and indirect electrochemical oxidation of ammonia
n the presence of OH− and Cl− can be represented as

NH3 + 6OH− → N2 + 6H2O + 6e− (8)
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ig. 5. Effect of current density on COD reduction in the presence of graphite
heet.

NH3 + 6Cl− → N2 + 6HCl + 6e− (9)

rom the present study it is evident that the degradation of
rganics in the presence of graphite is better compared to
uO2/IrO2/TaO2 coated titanium. Among the graphite mate-

ials used, the performance of rods is slightly inferior compared
o sheet. This may be presumed due to the surface mor-
hology and geometry of the electrodes which needs further
tudy.

.2.2. Effect of current density
The effect of current density on the electrochemical oxidation

f organics in the presence of different electrodes was studied
nd the results are shown in Figs. 5–7. From the results it is evi-
ent that as the current density is increased the rate of oxidation is
ncreased. In the case of RuO2/IrO2/TaO2 coated titanium, the
ffect of current density is very marginal. Though the current

ensity was increased from 3.79 to 6.32 mA cm−2, the COD
emained at 347 mg L−1. Similarly, the rate of COD removal
n the presence of graphite rods is marginal at 1.08 mA cm−2.
owever, it was gradually increased as the current density was

ig. 6. Effect of current density on COD reduction in the presence of graphite
od.
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ig. 7. Effect of current density on COD reduction in the presence of
uO2/IrO2/TaO2 coated titanium.

ncreased from 3.27 to 5.44 mA cm−2. Under a given set of
xperimental conditions, the rate of generation of active chlorine
emains constant, but expected to vary with the applied current
ensity. Then

IA

zF
= kobs[Eff] = k[COD] (10)

The electrochemical reaction rate (for removal of COD) for
he batch reactor is[

VR

Ae

]
d[COD]

dt
= IA

zF
= km[COD] (11)

n integrating the above Eq. (11)

n
COD0

COD
= kmat (12)

= Ae/VR where a is the specific area of electrode in cm−1, VR
s volume of the reactor in cm3, Ae is surface area of the elec-
rode in cm2, IA is applied current in A, F is Faraday’s Constant
96,487 C mol−1), d[COD]/dt is decrease in COD with respect to
ime (g cm−3 s−1) and km is mass transfer co-efficient (cm s−1).

The instantaneous current efficiency (ICE) was calculated
sing

CE = [(COD)t − (COD)t+�t]

8IA�t
FV (13)

ODt and CODt+�t are the chemical oxygen demand at time t
nd t + �t, respectively, in (g L−1), V is the volume of effluent in
itres, IA is applied current in A, �t is change in time in seconds.

The energy consumption (E) was calculated using

= IAVAt
(14)
V × �COD × 3600

VA is the applied voltage in volts, �COD decrease in COD
alues in g L−1, t is the electrooxidation time in seconds. The
urrent consumption, ICE and mass transfer coefficient were
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alculated at different current densities for RuO2/IrO2/TaO2
oated titanium, graphite sheet and graphite rods and the
esults are compiled in Table 3. Depending on the current
ensity, the ICE values were observed to vary from 20 to
5%. Accordingly, the energy consumption was also reduced
rom 0.24 to 0.02 kWh g−1. It is apparent that electrooxida-
ion at lower current densities is advantageous. It was reported
hat CE of 70% was observed at low current densities of
.03–0.32 A m−2 for graphite electrodes [20]. When the current
ensity was increased to 10–100 A m−2, the current efficiency
alues decreased to 6–17% [20]. The low ICE values of
–10% and high energy consumption (0.24 kWh g−1) observed
n the case of RuO2/IrO2/TaO2 coated titanium electrodes

ay be interpreted due to the formation of stable intermedi-
te compounds. Among the various electrodes used, graphite
heet has exhibited high mass transfer coefficient value of
.07 × 10−4 cm s−1. The km value was observed to increase as
he current density is increased. With regard to ICE, km and
nergy consumption values, the behavior of graphite materi-
ls was observed to be different from that of RuO2/IrO2/TaO2
oated titanium.

. Conclusions

Wastewater from the textile industry was processed by elec-
rocoagulation and electrooxidation techniques. The suspended
olids were removed to the extent of 99% from its initial con-
entration of 830 mg L−1 by electrocoagulation within 5 min.
he initial COD of 1316 mg L−1 was reduced to 494 mg L−1

n the presence of Al electrodes. After electrocoagulation, the
ffluent was further subjected to electrooxidation using two
ifferent materials, viz. graphite and RuO2/IrO2/TaO2 coated
itanium as anodes. The decrease in COD is hardly 80 mg L−1

n the presence of RuO2/IrO2/TaO2 coated titanium electrodes
hereas more than 380 mg L−1 was decreased in the presence of
ther electrodes. Graphite was observed to be more efficient for
nodic incineration of organics compared to RuO2/IrO2/TaO2
oated titanium. The Cl− ion depletion during electrooxidation
ndicated the generation of free chlorine. As the Cl− ion deple-
ion increases, the COD removal was also increased. Graphite
lectrode has exhibited higher ICE values of 45%, whereas
uO2/IrO2/TaO2 coated titanium yielded only 10%. The ICE
as increased to 2 folds by decreasing the current density

rom 4.53 to 0.91 mA cm−2. Similarly, the energy consumption
as reduced to 0.02 kWh g−1 from 0.07 kWh g−1 by decreas-

ng the current density. With regard to ICE, km and energy
onsumption values, the behavior of graphite material was
bserved to be different from that of RuO2/IrO2/TaO2 coated
itanium.
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