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bstract

Effluent from the processing of arsenic-bearing ores may contain varying amounts of As(III) and As(V), oxyanion, arsenite and arsen-
te. The industries are adopting the ferric arsenate precipitation; the problems aroused in this method are the formation of large amount
f sludge. The effective pH range for the precipitation of ferric arsenate is 4–8. But pH of the effluent is about 0.6 only and the sul-
hate concentration is more in the effluent. Therefore it is required to raise the pH for precipitation of ferric arsenate by the addition
f an alkali. Due this reason the alkali consumption is more. The addition of chemicals may elevate the total dissolved solids (TDS)
evel.

This investigation aims at the removal of arsenic (incoming contaminants levels are in the range of 1000–2000 mg/L containing other heavy metals)
rom the metallurgical effluent either by electrodialysis (ED) or electrochemical ion-exchange (EIX) technique, followed by electrocoagulation
EC). Using ED, at the current density of 2 A/dm2, arsenic can be removed up to 91.4% and sulphate up to 37.1%. Using EIX, at the current density

f 3 A/dm2, arsenic can be removed up to 58.2% and sulphate up to 72.7%. Using EC, at the current density of 1.5 A/dm2, arsenic can be removed
p to below detectable limit by atomic absorption spectrometer. By combining both the EIX and EC processes the consumption of alkali needed
o raise the pH can be effectively minimized.

2007 Elsevier B.V. All rights reserved.
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. Introduction

While smelting of ores that are mined for their metals such
s lead, copper, zinc, gold and silver [1], arsenic and arseni-
al compounds enter the effluent in the dissolved form through
ndustrial discharges from metallurgical industries.

As arsenic is a cause for skin, liver, lung and kidney or bladder
ancer, it is a big headache to the nation [2,3]. Due to carcino-
enic nature of arsenic compounds, the purpose should now be
o reduce the exposure of arsenic-contaminated water to a level
s close to zero as possible. According to the World Health Orga-

ization (WHO), the maximum contamination level of arsenic in
rinking water is 50 and 10 �g/L as a provisional guideline value
4]. This standard has been retained by the U.S. Environmen-
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al Protection Agency (USEPA) and is currently the maximum
ontaminant level. The range of values under consideration by
SEPA is from 2 to 20 �g/L for total arsenic.
Wastewater from the processing of arsenic-bearing ores may

ontain varying amounts of As(III) and As(V), oxyanion, arsen-
te, and arsenate. The presence of metal ions such as Cu, Pb, Ni
nd Zn limit the solubility of arsenic because of the formation
f sparingly soluble metal arsenates. When arsenic is not recov-
red, it should be removed from the arsenic-bearing residue and
ontained in the form of solid compound before disposal. The
emoval of arsenic is hindered by the fact that arsenic has a vari-
ty of valence states. Inorganic arsenic presents dominantly in
ontaminated water as arsenite and arsenate. At the pH range
f most natural and wastewater sources arsenite is more toxic,

obile and less efficiently removed than arsenate [5]. Arsenic

s most effectively removed or stabilized when it is present in
he pentavalent arsenate form. For the removal of arsenic from
astewater by coagulation using iron is the preferred option.

mailto:basha@cecri.res.in
mailto:cabasha@gmail.com
dx.doi.org/10.1016/j.cej.2007.10.027
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Table 1
Characteristics of the effluent (pH 0.6 and temperature, T = 30◦C)

Properties Value (mg/L)

pH 0.6
Colour of effluent Light sky blue
Total suspended solids (TSS) 8760
Total dissolved solids (TDS) 83,672
Acidity 74,871
Alkalinity BDL
SO4

2− 49,136
Oil and grease BDL
Arsenic 1628
Bismuth 85
Cadmium 24
Cobalt 0.04
Chromium 2.3
Copper 93
Iron 188
Lead 4.6
Nickel 12
A
Z

2

2

b
designed ED unit that has an effective membrane area of
7 cm × 7 cm. The ED device is a filter press type cell pro-
vided with three compartments viz., an anodic, middle and a
0 C.A. Basha et al. / Chemical En

he solidification/stabilization of arsenic is yet to be a clear-cut
rocess [1].

A common method for removing arsenic from aqueous waste
treams is through precipitation [6]. Typical precipitates are
rsenic sulphides, calcium arsenates or ferric arsenates. Each
f these precipitates has limited pH ranges within which they
xhibit solubility minima. For example, those calcium arsenates
hat exhibit the lowest equilibrium concentrations of arsenate ion
re stable at high pH, whereas ferric arsenates are stable only
t low pH. However, the stability of calcium arsenates has been
uestioned because under the influence of atmospheric CO2,
alcium arsenates reacts to form calcium carbonate and liber-
tes arsenic oxide in the solution [6]. The removal of arsenic
rom hydrometallurgical process wastewaters was by precip-
tation and co precipitation with iron(III). At relatively high
oncentrations of iron(III) and arsenic(V) and at low pH, the
recipitation results in the formation of ferric arsenate, socordite
7], FeAsO4.2H2O. At low concentrations of arsenic(V) and
igh iron(III) concentrations the coprecipitation of arsenic with
errioxihydroxide (ferrihydrite) occurs. The solid coprecipitate
as been referred to basic ferric arsenate, FeAsO4·Fe(OH)3
8].

Bench-scale studies indicate that arsenic removal can be
nhanced by coagulation [9,10] or membrane processes [11] that
ould be sufficiently effective to meet a standard for arsenic in

he range now under consideration (2–20 �g/L). At present, the
ndustries are adopting the ferric arsenate precipitation, but the
roblems encountered in this method are the formation of large
mount of sludge, the effective pH range for the precipitation
f ferric arsenate is 4–8. But pH of the effluent is about 0.6
nly. Therefore the pH has to be raised with the addition of an
lkali for effective precipitation. Due this reason the alkali con-
umption is more and consequently the sulphate concentration
ill be more in the effluent. The addition of chemicals may ele-
ate level the TDS and thus TDS is not reduced in the treated
ffluent.

The principal objective of the present investigation is to
evelop effective treatment procedure for the metallurgical
ffluent generally for removal of arsenics and sulphates. The
ncoming effluent contains contaminants levels in the range of
000–2000 mg/L together with other heavy metal cations. A
ombination techniques are to be considered is a special elec-
rodialysis, ED [12,13] or an electrochemical ion exchange,
IX [14–22] technique followed by electrocoagulation, EC

1,9,23,24] so that the generation of large amount of sulphate in
he effluent can be minimized.

. Materials and methods

.1. Materials

All the chemicals used were of analytical grade. Actual
ffluent from industry was used for investigations whose char-

cteristics are given in Table 1. The ion-selective membranes
ere NEOSEPTA anion-exchange membranes and a strong base
mberlite IRA-400 anion-exchange resin was used for the EIX

xperiments.
ntimony 1.5
inc 142

.2. Experimental setup and procedure

.2.1. Electrodialytic separation process
The schematic diagram of the experimental setup for mem-

rane process is shown in Fig. 1, which consists of a specially
Fig. 1. Schematic diagram of the experimental setup.
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athodic. The geometric dimensions of each of the compart-
ents were 7 cm × 7 cm × 1.5 cm. Stainless steel plate area of
cm × 7 cm was used as a cathode and noble metal oxides

TiO2 and RuO2) coated on expanded Ti mesh of area 40 cm2

mbedded in PVC frame was used as an anode. The middle
r effluent compartment is formed in between the anodic and
athodic compartments with the help of two anionic exchange
embranes (AXM). Since membranes divide the cell, separate

iquids are taken as catholyte and anolyte. The effluent which
s to be treated is taken as catholyte and mild sulphuric acid
0.05N) is to be taken as anolyte for the provision of electrolytic
onductivity.

As per the plan for the first stage, a peristaltic pump passes the
ffluent from reservoir into the middle compartment and from
here it is again circulated through the cathode compartment.
he outlet from the cathode compartment is taken to the filter
ress where the effluent gets filtered off from the precipitate and
gain allowed to enter into the effluent reservoir (of capacity of
00 ml) for continuous recirculation.

Similarly 0.05N H2SO4 from the anolyte reservoir of capac-
ty of 500 ml is pumped through another head of peristaltic pump
nto the anodic compartment. The outlet from this compartment
s allowed to pass into the anolyte reservoir for continuous recir-
ulation. The effluent is pumped at the rate of 18 ml/min and the
cid is pumped at the rate of 14 ml/min. The difference in the
ow rate between the catholyte and the anolyte is followed in
rder to maintain the level of the liquids in the reservoir. Since
he effluent has to pass the two compartments, it is pumped faster
han the acid, which in turn prevents the pressure development
n the cathode compartment. If pressure develops in the cathode
ompartment the catholyte (effluent) will enter into the anode
ompartment, which results in increase in acid level and decrease
n effluent level, which leads to an inefficient process.

After the steady flow has been reached, current corresponding
o the current density was allowed to pass through the cell stack
y means of the dc-regulated power supply. Experiments were
onducted at various current densities specifically at 1.0, 1.5,
.0, 2.5, 3.0 A/dm2. Like this each run of electrolysis is carried
ut for 6 h.

At every hour sample of the acid and the effluent are collected,
nalyzed for sulphate in UV–vis spectrophotometer and arsenic
n atomic absorption spectrometer (AAS). The pH of the samples
s measured in pH meter and TDS is measured by means of
onductivity meter.

.2.2. Electrodialytic separation process in combination
ith ion-exchange resin

It is again a three-compartment cell and anion-exchange
embranes separate the cell into three compartments. The elec-

rodes used were as that of previous one. The experimental setup
s shown in Fig. 1. To enhance the removal of sulphate, the
iddle and cathodic compartments were packed with anion-

xchange resin (AXR). The purpose of the resin is twofold. It

nhances electrical conductivity and increases residence time of
he arsenic and sulphate ions in the reactor. Arsenic and sul-
hate ions are removed from the effluent by AXR when it is
owing in the middle compartment. The adsorbed anions then

t

M

M

ring Journal 141 (2008) 89–98 91

igrate under the influence of an electric field through an anion
embrane into the anode compartment.
The experimental procedure is same as that of the membrane

rocess. After the steady flow has been reached, experiments are
onducted at various current densities specifically at 1, 2, and
A/dm2.

At every hour sample of the acid and the effluent are col-
ected and analyzed for various parameters such as sulphate,
otal arsenic content, pH and TDS.

.2.3. Electrocoagulation process
Electrocoagulation consists of an in situ generation of coag-

lants by an anodic dissolution of iron electrodes. That is
eneration of metallic cations takes place at the anode, whereas
t the cathode, typically a H2 production occurs. The generated
as helps the flotation of flocculated particles, and therefore the
rocess sometimes is named as electro flocculation [23]. The
rocess generates iron hydroxides, which would coprecipitate
ith arsenic anions.
Electrocoagulation was carried out using an undivided elec-

rochemical cell in a galvanostatic condition. The anode was
ild steel (sacrificial) available in commercial market. The cath-

de was stainless plate. The effective surface area of anode and
athode were 7 cm × 7 cm. The electrodes were positioned ver-
ically and parallel to each other with an inter-electrode gap of
0 mm in a 0.5 L of effluent from the reservoir of the ED/EIX
eactor is taken as the electrolyte for each electrocoagulation
xperiments. A dc power supply was used as the source of
onstant electric current for the experiments. To enhance the
ass transport and to maintain a uniform concentration of the

lectrolyte, the reactor solution was constantly stirred using a
agnetic stirrer. The temperature of the reactor was maintained

onstant. The current corresponding to optimized current den-
ity of 1.5 A/dm2 is passed. If the solution is highly acidic as
uch or alkaline, both will passivate the anode from the libera-
ion of ferrous ions into the solution. The effective pH for Fe2+

iberation is 2–3. Therefore alkali should be added to raise the
H to 2. After the effluent has been raised for the required pH,
urrent corresponding to the current density is passed for 30 min.
very 10 min samples are collected and analyzed for arsenic and
e content. Within these 30 min the stoichiometric requirement
f Fe is produced from the anode. Then pH is adjusted to the
ange 4–8, which is the effective pH range for precipitation of
erric arsenate. Any oxidizing agent (e.g. H2O2) is added drop
y drop with constant stirring, to ensure the conversion of As(III)
o As(V).

.3. Theoretical approach

.3.1. Reaction mechanisms
The dilute effluent containing arsenic and sulphate enters the

iddle compartment, which initially gets ionized. The reactions

aking place in the bulk can be represented as

n+AsO4
3− → Mn+AsO4

3− (1)

n+AsO3
3− → Mn+AsO3

3− (2)
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n+SO4
2− → Mn+SO4

2− (3)

he anions specifically sulphate, arsenate (AsO4
3−), arsenite

AsO3
3−), due to their affinity towards anode, passes through

he anion-exchange membrane separating the compartments and
he acid in the anode compartment thus gets enriched. Since the
ffluent is highly acidic, in the bulk of the middle compartment
he following reactions can also eventually take place:

sO4
3− + 8H+ → As5− + 4H2O (4)

sO3
3− + 6H+ → As3+ + 3H2O (5)

he effluent from the middle compartment is recirculated to the
athode compartment, where the arsenic present in the solution
ay get reduced into arsine (AsH3) depending upon the condi-

ions of electrolysis. That is a series reactions of arsenic(V) to
rsenic(III) may take place:

s5+ + 2e− → As3+ (6)

s3+ + 3H+ + 6e− → AsH3 (7)

s the concentration of sulphate is much higher than the arsen-
cs, the sulphate present in the effluent predominantly gets
educed to HS− at the cathode. This reaction is represented as

O4
2− + 9H+ + 8e− → HS− + 4H2O (8)

ere again the above bulk reactions will take place along with
he above electrode reaction. The HS− produced from the above
eaction reacts readily with arsenic(III) and arsenic(V) and pro-
uce arsenic sulphides which precipitate out from the solution
s shown below:

As3+ + 3HS− → As2S3 + 3H+ (9)

As5+ + 5HS− → As2S5 + 5H+ (10)

As the pH < 7, the following cathodic side reactions always
ake place at the cathode and results in the liberation of hydrogen.
his is represented as

H+ + 2e− → H2 (11)

H2O + 2e− → H2 + 2OH− (12)

In the anode compartment, the anions reach from the middle
ompartment, reacts with H+ ions in the bulk of anode compart-
ent to yield the following reactions:

2SO4 → H+ + HSO4
− → 2H+ + SO4

2− (13)

sO4
3− + 3H+ → H3AsO4 (14)

sO3
3− + 3H+ → H3AsO3 (15)

H+ + SO4
2−→ H2SO4 (16)
As the pH solution is low, the following reaction takes place
t the anode with the liberation of oxygen:

H2O → O2 + 4H+ + 4e− (17)

−

r

ring Journal 141 (2008) 89–98

The anionic resin adsorbs so formed anions (AsO4
3−,

sO3
3−, SO4

2−). These equilibrium reactions are represented
s

R+OH + SO4
2− ↔ R2SO4 + 2OH− (18)

R+OH + AsO4
3− ↔ R3AsO4 + 3OH− (19)

R+OH + AsO3
3− ↔ R3AsO3 + 3OH− (20)

.3.2. Development of model for removal of arsenic
In electrochemical treatment of effluent containing arsenic

ogether with heavy metals like Cu, Cd, Zn and several pos-
ible reactions can occur at the electrodes; however the scope
f this paper is limited to discussions with respect to arsenics
nd sulphates removal only. In this process, arsenics are reduced
ndirectly in bulk precipitating sulphides via HS− (Eqs. (8) to
10)) or directly at the cathode to yield arsine through series
eaction (Eqs. (6) and (7)). Since the concentrations of arsenic
ons are so low, the electrochemical direct reduction of these
ons by Eqs. (6) and (7) are not so active hence the primary
eaction which occurs at the cathode is reduction of sulphate ion
Eq. (8)) with the liberation of HS−, which is a robust reducing
gent. As the effluent is generally acidic, in such case, the side
eactions (Eqs. (11) and (12)) are take place generating hydro-
en which is not useful in present context of effluent treatment
nd this leads to reduction of current efficiency. As regards to the
eactions in the bulk, the HS− produced from the above reaction
Eq. (8)) reacts readily with arsenic(III) and arsenic(V) and pro-
uce arsenic sulphides which precipitates out from the solution
Eqs. (9) and (10)). The indirect electroreduction rate of arsenic
epends on the pH, flow rate, temperature and the diffusion of
he reducing agent into the effluent. Denoting rHS− and rAs are
he rates of the disappearance of HS− and arsenic, respectively,
rom bulk of reactions which can be expressed as

rHS− = k1[As3+][HS−] + k2[As5+][HS−]

= k3[As][HS−] (21)

As there may be migrations of arsenite and arsenate ions into
nodic compartment, an account has to be taken while the rate
f the disappearance of arsenic is considered. Migrational flux
f arsenics through membrane is defined as (zFD/RT) grad Φ

As], assuming Nernst–Einstein relation on the basis of local
oncentration, [As], potential gradients, grad Φ and the diffu-
ion coefficient of arsenic anions (arsenate and arsenite) in the
edium, D. For the sake of simplicity overall parameter α can be

sed to express the migration flux as αI[As] in which migrational
ux was assumed to vary linearly with the current, I. Therefore

he migrational rate of arsenics to anode compartment is αIa[As]
here a is the specific area ((Ae/VR) of membrane, Ae is mem-
rane area and VR volume of the reactor. Hence the expression
or the rate of depletion of arsenic in the reactor is given by
rAs = k4[As][HS−] + αIa[As] (22)

As the above expressions are only applicable for bulk, a
elationship between concentrations of reacting species in the
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ulk of the effluent and on the electrode surface has to be
eveloped.

The basic relationship applicable to all electrochemical reac-
ions is Faraday’s law that relates the amount of substance
eacted at the surface to the charge (It) passed is MAIt/nF (assum-
ng 100% current efficiency) and the characteristic measurable
arameter is current density, i, which is I/Ae. Thus the electro-
hemical reaction rate, −r′

A (for the disappearance of reactant
) can be expressed as

r′
A = −

(
VR

Ae

)
d[A]

dt
= i

nF
(23)

here I is the current passed in time t, MA is the molecular
eight, n is the number of electrons transferred per mole of

eaction, Ae electrode area, VR reactor volume and F is the Fara-
ay (96,500 C or As/mol). It has to be noted −r′

A = −d[A]/dt =
a/nF where a is specific electrode area (Ae/VR). Assuming that
he main electrode reaction is governed by a simple Tafel type
xpression, then

r′
A = −

(
VR

Ae

)
d[A]

dt
= i

nF
= k′[A]s exp (bE) (24)

Considering the reduction reaction (8) in which the reaction
ay also be assumed to be governed by a simple Tafel type

xpression, then

r′
SO4

2− = r′
HS− = k′

1[SO4
2−]s exp (bE)

= k′
1[HS−]s exp (bE) = i

nF
(25)

The reactant SO4
2− is transported from the bulk to electrode

urface where it under goes electrochemical reduction to HS−
nd it may be transported back to bulk by diffusion to proceed for
eaction with arsenics in the bulk. The reaction may be assumed
o be under diffusion control. Then

′
HS− = i

nF
= k′

L([HS−] − [HS−]s) (26)

Elimination of [HS−]s using Eqs. (25) and (26) results as

i

zF
= k′[HS−] (27)

here
1

k′ = 1

k′
L

+ 1

k′
1 exp(bE)

(28)

Rewriting Eq. (22) after substituting the expression for [HS−]
rom (27) as

rAs =
(

k4

k′

(
I

zFA

)
+ αIa

)
[As] (29)

During electrolysis, since constant potential or current is

pplied, the rate of generation of [HS−] will remain constant
nder a given set of experimental conditions, but it varies as the
pplied potential or current is altered. However the concentra-
ion of sulphates is much larger than arsenic which results in net

t

ring Journal 141 (2008) 89–98 93

ariation of [HS−] is negligible. Then

rAs = kLa[As] (30)

The mode of operation of ED/EIX system is depicted in Fig. 1
nvolves the continuous recirculation of the effluent. There is a
radual depletion of the concentration of the arsenic in the reser-
oir. In order to design the plant for treatment processes, the
evelopment of the model is essential which permits the com-
utation of the variation of concentration of the arsenic with time
n the reservoir. The basic assumptions involved in the ensuing
erivation may be outlined as follows:

Back mix flow exists in the present reactor system. It
as arrived based on residence time distribution (RTD) tracer

xperiment. An approximate model which represents the given
D/EIX system in which the reactions take place is described
y a continuous stirred tank flow reactor (CSTR). A dynamic
aterial balances to each of the component or species at reactor

an be written as[
rate of change mass of

species in the reactor

]

=
[

rate of mass

input

]
−

[
rate of mass

out put

]

∓
∑ [

rate of mass of species disappeared

or generated physico chemical phenomena

]

The concentration variation of arsenic in the ED/EIX can be
ritten as

R

(
d[As]′

dt

)
= Q[As] − Q[As]′ − kLAe [As]′ (31)

HS represents the rate of change of arsenic in the free vol-
me of reactor, VR is and [As]′ is the concentration of arsenic
n the stream leaving the ED/EIX system. The first two terms
f the RHS are rate mass of arsenic entering and leaving the
D/EIX system where Q is the volumetric flow rate and [As] is

he concentration of arsenic. The last term in the right-hand side
epresents the rate of disappearance of mass in the solution due
o reaction and migration. The reservoir is always a perfectly
ack-mix system. The mass balance for the effluent reservoir is(

d[As]

dt

)
= Q[As]′ − Q[As] (32)

Further it can also be assumed that the reactor is under steady
tate condition as d[As]′/dt = 0, and rewrite Eq. (31) as

[As]′

[As]
= 1

1 + kLaτR
(33)

The mass balance Eq. (32) can be solved after substitution
f the expression for [As]′ from Eq. (33), knowing the initial
oncentration of arsenic, [As] = [As] at t = 0 in reservoir, then
0
he resultant equation can be written as

[As]

[As]0
= exp

[
− t

τ

(
kLaτR

1 + kLaτR

)]
(34)
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ig. 2. Effect of current densities on concentration histories of % arsenic
emoval.

here [As]0 is the initial concentration of arsenic in the reser-
oir. It should be noted that the extent of conversion is defined
s X = ([As]0 − [As])/[As]0. The unconverted species (1 − X),
hich is [As]/[As]0, decreases exponentially with time. Accord-

ng to Eq. (34), the slope of the plot ln([As]/[As]0) versus t or
n(1 − X) versus t, gives the value [(kLaτR)/τ(1 + kLaτR)] from
hich the value of kLa, the overall rate transfer coefficient, may
e computed. The results obtained are presented in Table 2 in
espect of removal of arsenic in the effluent reservoir.

. Results and discussion

.1. Electrodialytic separation process

As the effluent enters into the middle compartment, when
urrent is passed, the anions especially sulphate, arsenate,
rsenite move into the anode compartment through AXM and
he acids in the anode compartment gets enriched. While the
ffluent is circulated into the cathode compartment, however
nions present move through the membrane from cathode
ompartment to middle compartment, further the colour of
he effluent visibly turned to black as the effluent enters into
athode compartment. It is due to the fact that the arsenate,
rsenite, sulphate and other heavy metals electrochemically
educed at the cathode surface to yield precipitates of heavy
etals (including arsenics) as sulphide. This was confirmed

y analysis of sludge which contains mere sulphides of arsenic
nd other heavy metals at low pH. Now this precipitate is
ltered off in a filter press and the effluent is recirculated for
etter treatment. Thus the TDS of the effluent in the reservoir of
atholyte gets reduced and simultaneously the pH is increased
hile those of acids in the reservoir of anolyte get enriched.
The results of the experiments at various current densities

etween 1 and 3 A/dm2 were presented in Tables 2 and 3 as well
n Figs. 2 and 3. As the current density increases, arsenic and

ulphate removal in the effluent increases, which can noted from
he tables and figures.

Regarding arsenic removal, the optimized current density is
A/dm2, as seen from the overall rate transfer coefficient, kLa.
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Table 3
Effect of current densities on % removal of sulphate and power consumption in an electrodialytic separation process

Current density (A/dm2) Cell voltage (V) Sulphate (mg/L) Removal (%) Power consumption (kWh/kg)

Acid/anolyte reservoir Effluent/catholyte reservoir

1.0 4.15 3265–11,251 60,665–48,973 19.27 2.087
1.5 4.45 4,169–19,303 60,224–48,370 19.70 3.330
2 70,8
2 64,1
3 64,5
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.0 5. 60 4037–28,513

.5 5.80 3574–29,230

.0 6.25 3838–35,928

t is computed from Eq. (34), in which the slope of the plot
n([As]/[As]0) versus t, gives the value [(kLaτR)/τ(1 + kLaτR)]
rom which the value of kLa is obtained. The computed values
rom data of Fig. 2 assuming batch recirculation system using
q. (34) are given in Table 2. Sulphates removal also does the
ame as shown in Table 3. It was observed that the removal of
rsenic as well as sulphate from the effluent was low at lower
urrent density. It is due to their removal may be mainly by
igration as AsO4

3−, AsO3
3− and SO4

2− through membrane
o anode chamber and to a small extent through cathode sur-
ace at lower current densities. This was confirmed by analysis
f acid build up in the anode chamber. As shown in Fig. 2, the
emoval of arsenic remains constant between 2 and 3 A/dm2 at
ow pH, further it was also noted that at 4 A/dm2 and higher
urrent densities (not shown in figures and tables) the weight
f precipitate obtained also decreases with increase of current
ensities which may be due to deposition of heavy metals such
s copper, cadmium, etc., and evolution of arsine gas in the cath-
de compartment. It is to be noted from Fig. 2 that maximum
emoval rate of arsenic is high in beginning of the process which
ay be due to concentration polarization initially comparatively

arger concentration difference of HS− between bulk and elec-
rode surface exists consequently faster depletion of the arsenic
n the bulk, after 2 h of electrolysis removal rate is zero. It is to be

oted that maximum of only 4% of arsenic removal in the efflu-
nt is achieved by migration through the membrane to anodic
ompartment where as a minimum of 80% of arsenic in effluent
s removed by reaction in cathodic compartment. As regard to

ig. 3. Effect of current densities on conductivity profile in an electrodialytic
eparation process.
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13–44,521 37.10 4.000
95–46,326 27.84 4.790
26–43,458 32.65 5.230

emoval of sulphate in effluent is considered, it is primarily by
igration through the membrane to anodic compartment.
At this optimized condition at 2 A/dm2 the removal for

rsenic and sulphate is 91.4% and 37.1%, respectively. Hence,
he experiments were carried by a new technique called EIX
that is by coupling anion exchange and electrodialysis) in order
o enhance the removal of sulphate in the effluent.

.2. Electrodialytic separation process coupling with ion
xchange

As the effluent enters into the middle compartment the anions,
specially sulphate, arsenate, arsenite move into the anode com-
artment through AXM when current is passed. They also as
ell get adsorbed on AXR in the middle compartment and the

dsorbed ions then migrate under the influence of an electric field
hrough AXM into the anode compartment where the anions get
oncentrated. When the effluent is circulated into the cathode
ompartment, arsenic gets reduced as sulphide precipitate and
o some extent as arsine gas at the cathode and further anions
resent gets adsorbed on AXR in the cathode compartment and
he adsorbed ions then migrate under the influence of an electric
eld through AXM into middle compartment. And other heavy
etals (Zn, Fe, Cu, Cd and Ni) are removed as their precip-

tates (sulphides, hydroxides) or as the metal itself depending
n the conditions of electrolysis. The precipitate is filtered off
n the filter press from the effluent and is recirculated into for
etter treatment. Thus the TDS of the effluent in the reservoir
atholyte gets reduced and the pH is increased while that of acids
n the reservoir of anolyte gets increased. The AXM excludes

+ produced at the anode from entering the middle compartment
hat serve to balance the charge with incoming anions to pro-
uce acid. The initial H+ ion strength of the effluent is 1.042N
hereas the final H+ ion strength is 0.4N.
The results of the experiments were carried out at various cur-

ent densities between 1 and 3 A/dm2 presented in Tables 4 and 5
s well in Figs. 4–6. Here again from the calculations and
abulations, it is obvious that as the current density increases,
he removal of sulphate also increases. As the current density
ncreases, the mobility and adsorption by resin of sulphate is

ore than that for arsenic. Hence the sulphate has been removed
ore than the arsenic in this resin coupling process. Fig. 6 shows

typical variation of concentration–time profile of sulphate in

he effluent reservoir at the current density of 1 A/dm2.
It is to be noted that maximum of 3% of arsenic removal in

he effluent is achieved by migration through the membrane to
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ig. 4. Effect of current densities on concentration histories of % arsenic removal
n an electrodialytic separation process in coupling with ion exchange.

nodic compartment where as a minimum of 50% of arsenic
n effluent is removed by reaction in cathodic compartment.
s regard to removal of sulphate in effluent is considered, it

s primarily by migration through the membrane to anodic com-
artment, which is nearly around 76% in 6 h.

When sufficient concentration of arsenic is build up in the
nolyte reservoir it can be separately treated cathodically in a
eactor system as shown in Fig. 1 for which details are discussed
lsewhere [25].

The results, which are presented in Fig. 4 and Table 2, show
hat the pH of the effluent significantly influences the power
onsumption. Only a few percent of total energy requirement of
he electrochemical step is needed for pumping of the electrolyte
round electrolyte cycle and a small fraction of the energy is
ecessary to maintain a sufficiently fast flow through electrodes.

The specific energy consumption or power consumption
or electrolysis, E, kWh/kg is computed using the expression
VcellIt/103]/[(C0 − Ct)V/106] where the numerator represents
he power input in kWh, Vcell is the cell voltage, V; I is the
urrent applied in amperes in the circuit and t is duration of

lectrolysis in hours for bringing the initial concentration, C0,
g/L, of effluent to final concentration Ct, mg/L, in the volume

f the reservoir, V liters.

ig. 5. Effect of current densities on conductivity profile in an electrodialytic
eparation process in coupling with ion exchange.
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Table 5
Effect of current densities on % removal of sulphate and power consumption in an electrodialytic separation process in coupling with ion exchange

Current density (A/dm2) Cell voltage (V) Sulphate (mg/L) Removal (%) Power consumption (kWh/kg)

Acid/anolyte reservoir Effluent/catholyte reservoir

1 57,3
2 58,3
3 62,4
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.0 3.40 13,788–24,487

.0 6.30 12,486–33,090

.0 8.05 12,045–38,605

Power consumption for sulphate removal is also reason-
ble Tables 3–5. Because of the sulphate minimization, the
onductivity also decreases (see Figs. 3–5). When sufficient con-
entration of arsenic is build up in the anolyte reservoir either
t can be separately treated cathodically in a reactor system as
hown in Fig. 1 for which details are discussed elsewhere [25] or
treatment is carried out in a separate cycle for the removal of

rsenic, with the same experimental arrangement, with replace-
ent of effluent by this acid. Along with arsenic, other hazardous
etals, which was present in the effluent also gets reduced. The

rsine gas, which is the most toxic form of arsenic, insignificant
uantity may be generated, however can be scrubbed. The acid
sed in this process may be reused for the next cycle.

.3. Electrocoagulation

In the case of the application of iron electrodes, the pro-
ess generates iron hydroxides, which would coprecipitate with
rsenic anions. The main electrode reactions are as shown in the
ollowing [24] where Fe is oxidized into ferric ion in a single
tep:

e → Fe3+ + 3e−, E0 = − 0.04 V (35)

In two-step process where iron is firstly oxidized to ferrous
on which, depending on anode potential, then oxidizes to ferric
on:
e → Fe2+ + 2e−, E0 = − 0.44 V (36)

e2+ → Fe3+ + e−, E0 = − 0.77 V (37)

ig. 6. Typical concentration histories of % sulphate removal in an electrodia-
ytic separation process in coupling with ion exchange at 1 A/dm2.
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56–33,090 42.31 0.82
49–19,744 66.16 1.92
30–17,042 72.70 3.13

The second step would take place at the anode. The general
athode reaction takes place at the cathode and results in the
iberation of hydrogen. This is represented as

or pH < 7 : 2H+ + 2e− → H2 (11)

or pH > 7 : 2H2O + 2e− → H2 + 2OH− (12)

Typically at the cathode the solution becomes alkaline with
ime. The applied current forces OH− ion migration to the anode,
o the pH near the anode is higher than in the bulk solution, thus
avouring ferric hydroxide formation:

e3+ + 3OH− → Fe(OH)3 (38)

The oxidation states of As in water are As(III), arsenite,
nd As(V), arsenate. In the pH range of 4–8 the predominat-
ng species of As(V) present a net negative charge. On the other
and, the species of As(III) generally has no net charge. Based
n this, it is expected that the As(V) removal efficiency would be
igher than As(III), since the As(V) anions (AsO4

3−, HAsO4
2−

r H2AsO4
−) are coprecipitate with or adsorbed by the Fe(OH)3

olloids:

e(OH)3(s) + AsO4
3−(s) → [Fe(OH)3·AsO4

3−](s) (39)

The arsenate anion is negatively charged at low pH values
ecause it is the anion of a strong acid. In contrast arsenite
emoval by adsorption and coagulation is less effective because
ts main form, arsenious acid (H3AsO3), is a weak acid and

s partially ionized at pH values where removal by adsorption
n Fe(OH)3 gel occurs most effectively at pH 4–8 (see Fig. 7).
o insure that the arsenic is in the +5 oxidation state, the
ffluent may be treated with oxidants (H2O2). The arsenate

ig. 7. Typical pH-dependent data on precipitation of ferric arsenate in EC
rocess.
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nion remains negatively charged at low pH values, and is thus
ffectively adsorbed and removed by ferric hydroxide gels.
ince sulphate has been minimized in the EIX process, the alkali
onsumption required for pH raise of effective coagulation is
lso minimized.

. Conclusions

In this study, an attempt has been made to remove the arsenic
y ion-exchange method followed by electrocoagulation. It was
successful attempt to remove all arsenic from the effluent.
xperiments were conducted at various current densities ranging
etween 1.0 and 3.0 A/dm2 as three stages.

As first stage, experiments were carried out in a three com-
artment plate and frame type cell, the compartments being
eparated by anion-exchange membranes with stainless steel as
athode and TiO2 and RuO2 coated titanium electrode as anode.
n this stage arsenic has been removed up to 92% but the sulphate
emoval is very low. Hence in the second stage, cathode and the
iddle compartments of the same cell is packed with anion-

xchange resin. In this stage the reversal takes place. Sulphate is
emoved up to 73.4% but the removal of arsenic is very low. And
o remove the remaining arsenic content, the effluent after getting
educed in sulphate concentration in the ion-exchange process,
as treated by electro coagulation method with stainless steel

s cathode and mild steel as anode (sacrificial anode). After
he treatment, the treated effluent was analyzed using atomic
bsorption spectrometer, which showed that the arsenic has been
emoved below the tolerance limit along with sulphate and other
eavy metals. It is also observed that since the sulphate has
een minimized during ion-exchange process itself, the alkali
onsumption needed in electro coagulation to raise the pH for
ffective coagulation is minimized.
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