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Abstract

Effluent from the processing of arsenic-bearing ores may contain varying amounts of As(IIl) and As(V), oxyanion, arsenite and arsen-
ate. The industries are adopting the ferric arsenate precipitation; the problems aroused in this method are the formation of large amount
of 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-
phate concentration is more in the effluent. Therefore it is required to raise the pH for precipitation of ferric arsenate by the addition
of an alkali. Due this reason the alkali consumption is more. The addition of chemicals may elevate the total dissolved solids (TDS)
level.

This investigation aims at the removal of arsenic (incoming contaminants levels are in the range of 1000-2000 mg/L containing other heavy metals)
from 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/dm?, arsenic can be removed up to 91.4% and sulphate up to 37.1%. Using EIX, at the current density
of 3 A/dm?, arsenic can be removed up to 58.2% and sulphate up to 72.7%. Using EC, at the current density of 1.5 A/dm?, arsenic can be removed
up to below detectable limit by atomic absorption spectrometer. By combining both the EIX and EC processes the consumption of alkali needed

to raise the pH can be effectively minimized.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

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

As arsenic is a cause for skin, liver, lung and kidney or bladder
cancer, it is a big headache to the nation [2,3]. Due to carcino-
genic nature of arsenic compounds, the purpose should now be
to reduce the exposure of arsenic-contaminated water to a level
as close to zero as possible. According to the World Health Orga-
nization (WHO), the maximum contamination level of arsenic in
drinking water is 50 and 10 pg/L as a provisional guideline value
[4]. This standard has been retained by the U.S. Environmen-
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tal Protection Agency (USEPA) and is currently the maximum
contaminant level. The range of values under consideration by
USEPA is from 2 to 20 pg/L for total arsenic.

Wastewater from the processing of arsenic-bearing ores may
contain varying amounts of As(III) and As(V), oxyanion, arsen-
ite, and arsenate. The presence of metal ions such as Cu, Pb, Ni
and Zn limit the solubility of arsenic because of the formation
of sparingly soluble metal arsenates. When arsenic is not recov-
ered, it should be removed from the arsenic-bearing residue and
contained in the form of solid compound before disposal. The
removal of arsenic is hindered by the fact that arsenic has a vari-
ety of valence states. Inorganic arsenic presents dominantly in
contaminated water as arsenite and arsenate. At the pH range
of most natural and wastewater sources arsenite is more toxic,
mobile and less efficiently removed than arsenate [5]. Arsenic
is most effectively removed or stabilized when it is present in
the pentavalent arsenate form. For the removal of arsenic from
wastewater by coagulation using iron is the preferred option.
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The solidification/stabilization of arsenic is yet to be a clear-cut
process [1].

A common method for removing arsenic from aqueous waste
streams is through precipitation [6]. Typical precipitates are
arsenic sulphides, calcium arsenates or ferric arsenates. Each
of these precipitates has limited pH ranges within which they
exhibit solubility minima. For example, those calcium arsenates
that exhibit the lowest equilibrium concentrations of arsenate ion
are stable at high pH, whereas ferric arsenates are stable only
at low pH. However, the stability of calcium arsenates has been
questioned because under the influence of atmospheric CO»,
calcium arsenates reacts to form calcium carbonate and liber-
ates arsenic oxide in the solution [6]. The removal of arsenic
from hydrometallurgical process wastewaters was by precip-
itation and co precipitation with iron(IIT). At relatively high
concentrations of iron(Ill) and arsenic(V) and at low pH, the
precipitation results in the formation of ferric arsenate, socordite
[7], FeAsO4.2H70. At low concentrations of arsenic(V) and
high iron(IIl) concentrations the coprecipitation of arsenic with
ferrioxihydroxide (ferrihydrite) occurs. The solid coprecipitate
has been referred to basic ferric arsenate, FeAsO4-Fe(OH)3
[8].

Bench-scale studies indicate that arsenic removal can be
enhanced by coagulation [9,10] or membrane processes [11] that
would be sufficiently effective to meet a standard for arsenic in
the range now under consideration (2-20 wg/L). At present, the
industries are adopting the ferric arsenate precipitation, but the
problems encountered in this method are the formation of large
amount of sludge, the effective pH range for the precipitation
of ferric arsenate is 4-8. But pH of the effluent is about 0.6
only. Therefore the pH has to be raised with the addition of an
alkali for effective precipitation. Due this reason the alkali con-
sumption is more and consequently the sulphate concentration
will be more in the effluent. The addition of chemicals may ele-
vate level the TDS and thus TDS is not reduced in the treated
effluent.

The principal objective of the present investigation is to
develop effective treatment procedure for the metallurgical
effluent generally for removal of arsenics and sulphates. The
incoming effluent contains contaminants levels in the range of
1000-2000 mg/L together with other heavy metal cations. A
combination techniques are to be considered is a special elec-
trodialysis, ED [12,13] or an electrochemical ion exchange,
EIX [14-22] technique followed by electrocoagulation, EC
[1,9,23,24] so that the generation of large amount of sulphate in
the effluent can be minimized.

2. Materials and methods
2.1. Materials

All the chemicals used were of analytical grade. Actual
effluent from industry was used for investigations whose char-
acteristics are given in Table 1. The ion-selective membranes
were NEOSEPTA anion-exchange membranes and a strong base
Amberlite IRA-400 anion-exchange resin was used for the EIX
experiments.

Table 1

Characteristics of the effluent (pH 0.6 and temperature, 7'=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

S04%~ 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
Antimony 1.5

Zinc 142

2.2. Experimental setup and procedure

2.2.1. Electrodialytic separation process

The schematic diagram of the experimental setup for mem-
brane process is shown in Fig. 1, which consists of a specially
designed ED unit that has an effective membrane area of
7cm x 7cm. The ED device is a filter press type cell pro-
vided with three compartments viz., an anodic, middle and a
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Fig. 1. Schematic diagram of the experimental setup.
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cathodic. The geometric dimensions of each of the compart-
ments were 7cm x 7cm x 1.5 cm. Stainless steel plate area of
7cm x 7cm was used as a cathode and noble metal oxides
(TiO, and RuO;) coated on expanded Ti mesh of area 40 cm?
embedded in PVC frame was used as an anode. The middle
or effluent compartment is formed in between the anodic and
cathodic compartments with the help of two anionic exchange
membranes (AXM). Since membranes divide the cell, separate
liquids are taken as catholyte and anolyte. The effluent which
is to be treated is taken as catholyte and mild sulphuric acid
(0.05N) is to be taken as anolyte for the provision of electrolytic
conductivity.

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

Similarly 0.05N H,SO4 from the anolyte reservoir of capac-
ity of 500 ml is pumped through another head of peristaltic pump
into the anodic compartment. The outlet from this compartment
is allowed to pass into the anolyte reservoir for continuous recir-
culation. The effluent is pumped at the rate of 18 ml/min and the
acid is pumped at the rate of 14 ml/min. The difference in the
flow rate between the catholyte and the anolyte is followed in
order to maintain the level of the liquids in the reservoir. Since
the effluent has to pass the two compartments, it is pumped faster
than the acid, which in turn prevents the pressure development
in the cathode compartment. If pressure develops in the cathode
compartment the catholyte (effluent) will enter into the anode
compartment, which results in increase in acid level and decrease
in effluent level, which leads to an inefficient process.

After the steady flow has been reached, current corresponding
to the current density was allowed to pass through the cell stack
by means of the dc-regulated power supply. Experiments were
conducted at various current densities specifically at 1.0, 1.5,
2.0, 2.5, 3.0 A/dm?. Like this each run of electrolysis is carried
out for 6 h.

Atevery hour sample of the acid and the effluent are collected,
analyzed for sulphate in UV-vis spectrophotometer and arsenic
in atomic absorption spectrometer (AAS). The pH of the samples
is measured in pH meter and TDS is measured by means of
conductivity meter.

2.2.2. Electrodialytic separation process in combination
with ion-exchange resin

It is again a three-compartment cell and anion-exchange
membranes separate the cell into three compartments. The elec-
trodes used were as that of previous one. The experimental setup
is shown in Fig. 1. To enhance the removal of sulphate, the
middle and cathodic compartments were packed with anion-
exchange resin (AXR). The purpose of the resin is twofold. It
enhances electrical conductivity and increases residence time of
the arsenic and sulphate ions in the reactor. Arsenic and sul-
phate ions are removed from the effluent by AXR when it is
flowing in the middle compartment. The adsorbed anions then

migrate under the influence of an electric field through an anion
membrane into the anode compartment.

The experimental procedure is same as that of the membrane
process. After the steady flow has been reached, experiments are
conducted at various current densities specifically at 1, 2, and
3 A/dm?.

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

2.2.3. Electrocoagulation process

Electrocoagulation consists of an in situ generation of coag-
ulants by an anodic dissolution of iron electrodes. That is
generation of metallic cations takes place at the anode, whereas
at the cathode, typically a H, production occurs. The generated
gas helps the flotation of flocculated particles, and therefore the
process sometimes is named as electro flocculation [23]. The
process generates iron hydroxides, which would coprecipitate
with arsenic anions.

Electrocoagulation was carried out using an undivided elec-
trochemical cell in a galvanostatic condition. The anode was
mild steel (sacrificial) available in commercial market. The cath-
ode was stainless plate. The effective surface area of anode and
cathode were 7 cm x 7 cm. The electrodes were positioned ver-
tically and parallel to each other with an inter-electrode gap of
10mm in a 0.5L of effluent from the reservoir of the ED/EIX
reactor is taken as the electrolyte for each electrocoagulation
experiments. A dc power supply was used as the source of
constant electric current for the experiments. To enhance the
mass transport and to maintain a uniform concentration of the
electrolyte, the reactor solution was constantly stirred using a
magnetic stirrer. The temperature of the reactor was maintained
constant. The current corresponding to optimized current den-
sity of 1.5 A/dm? is passed. If the solution is highly acidic as
such or alkaline, both will passivate the anode from the libera-
tion of ferrous ions into the solution. The effective pH for Fe>*
liberation is 2-3. Therefore alkali should be added to raise the
pH to 2. After the effluent has been raised for the required pH,
current corresponding to the current density is passed for 30 min.
Every 10 min samples are collected and analyzed for arsenic and
Fe content. Within these 30 min the stoichiometric requirement
of Fe is produced from the anode. Then pH is adjusted to the
range 4-8, which is the effective pH range for precipitation of
ferric arsenate. Any oxidizing agent (e.g. HyO») is added drop
by drop with constant stirring, to ensure the conversion of As(III)
to As(V).

2.3. Theoretical approach

2.3.1. Reaction mechanisms

The dilute effluent containing arsenic and sulphate enters the
middle compartment, which initially gets ionized. The reactions
taking place in the bulk can be represented as

M"TAsO43~ = M"TAsO43~ (1)

M"tAsO3~ — M"TAsO33~ ()
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M"S04%~ — M"S042~ (3)

The anions specifically sulphate, arsenate (AsO43~), arsenite
(AsO337), due to their affinity towards anode, passes through
the anion-exchange membrane separating the compartments and
the acid in the anode compartment thus gets enriched. Since the
effluent is highly acidic, in the bulk of the middle compartment
the following reactions can also eventually take place:

AsO4>~ +8HT > As’~ +4H,0 4)
AsO3°~ +6HT — As*t +3H,0 (5)

The effluent from the middle compartment is recirculated to the
cathode compartment, where the arsenic present in the solution
may get reduced into arsine (AsH3) depending upon the condi-
tions of electrolysis. That is a series reactions of arsenic(V) to
arsenic(Il) may take place:

ATt +2e7 > AST (6)
As*t +3HT + 6~ — AsHj3 (7

As the concentration of sulphate is much higher than the arsen-
ics, the sulphate present in the effluent predominantly gets
reduced to HS™ at the cathode. This reaction is represented as

S04%~ +9H" + 8¢~ — HS™ +4H,0 8)

Here again the above bulk reactions will take place along with
the above electrode reaction. The HS™ produced from the above
reaction reacts readily with arsenic(III) and arsenic(V) and pro-
duce arsenic sulphides which precipitate out from the solution
as shown below:

2As3t +3HS™ — As;S;+3HT 9)
2A8°T +5HS™ — AspSs+5HT (10)

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

2HT +2¢~ — H (11)
2H,0 + 2e~ — Hp+20H™ (12)

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

H>SO4 — HT +HSO4~ — 2H' +S0,%~ (13)
AsO43~ +3H'T — H3As04 (14)
AsO3°~ +3HT — H3As0; (15)
2H' 4+ S04~ — H,S0, (16)

As the pH solution is low, the following reaction takes place
at the anode with the liberation of oxygen:

2H,0 — O, +4H' +4e™ (17)

The anionic resin adsorbs so formed anions (AsO43~,
AsO3%~, SO427). These equilibrium reactions are represented
as

2RTOH + SO4>~ <> RS04+ 20H™ (18)
3RTOH + AsO4>~ < R3AsO4 +30H™ 19)
3RTOH + AsO3’~ < R3AsO3 +30H™ (20)

2.3.2. Development of model for removal of arsenic

In electrochemical treatment of effluent containing arsenic
together with heavy metals like Cu, Cd, Zn and several pos-
sible reactions can occur at the electrodes; however the scope
of this paper is limited to discussions with respect to arsenics
and sulphates removal only. In this process, arsenics are reduced
indirectly in bulk precipitating sulphides via HS™ (Egs. (8) to
(10)) or directly at the cathode to yield arsine through series
reaction (Egs. (6) and (7)). Since the concentrations of arsenic
ions are so low, the electrochemical direct reduction of these
ions by Egs. (6) and (7) are not so active hence the primary
reaction which occurs at the cathode is reduction of sulphate ion
(Eq. (8)) with the liberation of HS ™, which is a robust reducing
agent. As the effluent is generally acidic, in such case, the side
reactions (Eqgs. (11) and (12)) are take place generating hydro-
gen which is not useful in present context of effluent treatment
and this leads to reduction of current efficiency. As regards to the
reactions in the bulk, the HS™ produced from the above reaction
(Eq. (8)) reacts readily with arsenic(IIl) and arsenic(V) and pro-
duce arsenic sulphides which precipitates out from the solution
(Egs. (9) and (10)). The indirect electroreduction rate of arsenic
depends on the pH, flow rate, temperature and the diffusion of
the reducing agent into the effluent. Denoting rgys— and rag are
the rates of the disappearance of HS™ and arsenic, respectively,
from bulk of reactions which can be expressed as

—rgs- = ki[AS>TI[HS™] 4 k2[AsT][HS 7]
= k3[As][HS™] Q21

As there may be migrations of arsenite and arsenate ions into
anodic compartment, an account has to be taken while the rate
of the disappearance of arsenic is considered. Migrational flux
of arsenics through membrane is defined as (zFD/RT) grad &
[As], assuming Nernst—Einstein relation on the basis of local
concentration, [As], potential gradients, grad @ and the diffu-
sion coefficient of arsenic anions (arsenate and arsenite) in the
medium, D. For the sake of simplicity overall parameter « can be
used to express the migration flux as w/[ As] in which migrational
flux was assumed to vary linearly with the current, I. Therefore
the migrational rate of arsenics to anode compartment is a/a[ As]
where a is the specific area ((A./VR) of membrane, A, is mem-
brane area and VR volume of the reactor. Hence the expression
for the rate of depletion of arsenic in the reactor is given by

—ras = k4[AS][HS™] + ala[As] (22)

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

The basic relationship applicable to all electrochemical reac-
tions is Faraday’s law that relates the amount of substance
reacted at the surface to the charge (Ir) passed is Ma It/nF (assum-
ing 100% current efficiency) and the characteristic measurable
parameter is current density, i, which is I/A.. Thus the electro-
chemical reaction rate, —r/y (for the disappearance of reactant
A) can be expressed as

f_ ()AL _ @
AT (Ae) dt  nF 23)

where [ is the current passed in time ¢, Mp is the molecular
weight, n is the number of electrons transferred per mole of
reaction, A, electrode area, VR reactor volume and F is the Fara-
day (96,500 C or As/mol). It has to be noted _r,/q = —d[A]/dr =
ia/nF where ais specific electrode area (A./VR). Assuming that
the main electrode reaction is governed by a simple Tafel type
expression, then

=— (2 dAT _ T AL expbE) (24)
Ae dt nkF ’
Considering the reduction reaction (8) in which the reaction
may also be assumed to be governed by a simple Tafel type
expression, then

g0 = s~ =K [SO4%" 1y exp (bE)
— K|[HS I, exp (bE) = —— (25)
nF

The reactant SO4> is transported from the bulk to electrode
surface where it under goes electrochemical reduction to HS™
and it may be transported back to bulk by diffusion to proceed for
reaction with arsenics in the bulk. The reaction may be assumed
to be under diffusion control. Then

Pl = nLF = k{ ((HS™]— [HS" 1) (26)

Elimination of [HS™ ] using Egs. (25) and (26) results as

i
— = k'[HS™ 27
F [ ] (27)
here L= L4 1 28)
where — = — 4+ ———
k' ki = kjexp(bE)

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

ky 1
—FAs = (k’ <zFA) +ala> [As] (29)

During electrolysis, since constant potential or current is
applied, the rate of generation of [HS™] will remain constant
under a given set of experimental conditions, but it varies as the
applied potential or current is altered. However the concentra-
tion of sulphates is much larger than arsenic which results in net

variation of [HS™] is negligible. Then
—ras = kpal[As] (30)

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

Back mix flow exists in the present reactor system. It
was arrived based on residence time distribution (RTD) tracer
experiment. An approximate model which represents the given
ED/EIX system in which the reactions take place is described
by a continuous stirred tank flow reactor (CSTR). A dynamic
material balances to each of the component or species at reactor
can be written as

rate of change mass of
species in the reactor

[rate of mass ] [rate of mass]

input out put

Z rate of mass of species disappeared
or generated physico chemical phenomena

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

d[As] , ,
VR ( a ) = Q[As] — Q[As] — kLAc [As] €1y}
LHS represents the rate of change of arsenic in the free vol-
ume of reactor, Vr is and [As]’ is the concentration of arsenic
in the stream leaving the ED/EIX system. The first two terms
of the RHS are rate mass of arsenic entering and leaving the
ED/EIX system where Q is the volumetric flow rate and [As] is
the concentration of arsenic. The last term in the right-hand side
represents the rate of disappearance of mass in the solution due
to reaction and migration. The reservoir is always a perfectly
back-mix system. The mass balance for the effluent reservoir is

d[As] )
V( m > = QO[As] — QO[As] (32)

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

[As] 1
[As] 1+ kLatr

(33)

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

[As] = exp [—t (kLaTR )} (34)
[As]o T \ 1 +kpratr




. Basha et al. / Chemical Engineering Journal 141 (2008) 89-98

5.6
8.3

Rate coefficient
13.9

(s~ x 107)

12.8
10.3

Power consumption

(kWh/kg)
32.05
35.90
55.64
73.65
91.80

Removal
(%)

60

84.89
91.38
91.01
92.05

Effluent/catholyte reservoir

1268.8-507.5
1282.0-193.6
1295.3-111.7
1266.2-113.8
1275.5-101.4

0-37.8
0-23.3
0-33.4

0-15.1
011.1

Arsenic (mg/L)
Acid/anolyte reservoir

Effluent/catholyte reservoir

0.57-1.05
0.64-0.78
0.66-0.83
0.59-0.82
0.81-1.10

Acid/anolyte reservoir

1.52-1.34
1.54-1.05
1.53-0.94
1.47-0.86
1.74-1.04

pH

Cell voltage

V)

4.15
4.45
5. 60
5.80
6.25

Effect of current densities on pH, % removal of arsenic, power consumption and rate constant in an electrodialytic separation process

Current density

Table 2
(A/dm?)
1.0

15

2.0

2.5
3.0

100
90 —x
e
g 801 g
g - /./
< 60+
o
= 504
>
o 40
E —e— 1.0 Aldm2
x 307 —= 1.5 Aldm2
=
20+ 2.0 Aldm2
104 2.5 A/ldm2
0 —— 3.0 A/dm2
0 1 2 3 4 5 6 7

Duration (h)

Fig. 2. Effect of current densities on concentration histories of % arsenic
removal.

where [As]p is the initial concentration of arsenic in the reser-
voir. It should be noted that the extent of conversion is defined
as X=([As]o — [As])/[As]o. The unconverted species (1 — X),
which is [As]/[As]o, decreases exponentially with time. Accord-
ing to Eq. (34), the slope of the plot In([As]/[As]p) versus ¢ or
In(1 — X) versus ¢, gives the value [(kpatr)/T(1 +kLatr)] from
which the value of kp a, the overall rate transfer coefficient, may
be computed. The results obtained are presented in Table 2 in
respect of removal of arsenic in the effluent reservoir.

3. Results and discussion
3.1. Electrodialytic separation process

As the effluent enters into the middle compartment, when
current is passed, the anions especially sulphate, arsenate,
arsenite move into the anode compartment through AXM and
the acids in the anode compartment gets enriched. While the
effluent is circulated into the cathode compartment, however
anions present move through the membrane from cathode
compartment to middle compartment, further the colour of
the effluent visibly turned to black as the effluent enters into
cathode compartment. It is due to the fact that the arsenate,
arsenite, sulphate and other heavy metals electrochemically
reduced at the cathode surface to yield precipitates of heavy
metals (including arsenics) as sulphide. This was confirmed
by analysis of sludge which contains mere sulphides of arsenic
and other heavy metals at low pH. Now this precipitate is
filtered off in a filter press and the effluent is recirculated for
better treatment. Thus the TDS of the effluent in the reservoir of
catholyte gets reduced and simultaneously the pH is increased
while those of acids in the reservoir of anolyte get enriched.

The results of the experiments at various current densities
between 1 and 3 A/dm? were presented in Tables 2 and 3 as well
in Figs. 2 and 3. As the current density increases, arsenic and
sulphate removal in the effluent increases, which can noted from
the tables and figures.

Regarding arsenic removal, the optimized current density is
2 A/dm2, as seen from the overall rate transfer coefficient, ky a.
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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/dm?) Cell voltage (V) Sulphate (mg/L)

Removal (%) Power consumption (kWh/kg)

Acid/anolyte reservoir

Effluent/catholyte reservoir

1.0 4.15 3265-11,251
L5 445 4,169-19,303
2.0 5. 60 4037-28,513
2.5 5.80 3574-29,230
3.0 6.25 3838-35,928

60,665-48,973 19.27 2.087
60,224-48,370 19.70 3.330
70,813-44,521 37.10 4.000
64,195-46,326 27.84 4.790
64,526-43,458 32.65 5.230

It is computed from Eq. (34), in which the slope of the plot
In([As]/[As]o) versus ¢, gives the value [(kpatr)/t(1 +kpatr)]
from which the value of kp.a is obtained. The computed values
from data of Fig. 2 assuming batch recirculation system using
Eq. (34) are given in Table 2. Sulphates removal also does the
same as shown in Table 3. It was observed that the removal of
arsenic as well as sulphate from the effluent was low at lower
current density. It is due to their removal may be mainly by
migration as AsO4>~, AsO33~ and SO4%~ through membrane
to anode chamber and to a small extent through cathode sur-
face at lower current densities. This was confirmed by analysis
of acid build up in the anode chamber. As shown in Fig. 2, the
removal of arsenic remains constant between 2 and 3 A/dm? at
low pH, further it was also noted that at 4 A/dm? and higher
current densities (not shown in figures and tables) the weight
of precipitate obtained also decreases with increase of current
densities which may be due to deposition of heavy metals such
as copper, cadmium, etc., and evolution of arsine gas in the cath-
ode compartment. It is to be noted from Fig. 2 that maximum
removal rate of arsenic is high in beginning of the process which
may be due to concentration polarization initially comparatively
larger concentration difference of HS™ between bulk and elec-
trode surface exists consequently faster depletion of the arsenic
in the bulk, after 2 h of electrolysis removal rate is zero. It is to be
noted that maximum of only 4% of arsenic removal in the efflu-
ent is achieved by migration through the membrane to anodic
compartment where as a minimum of 80% of arsenic in effluent
is removed by reaction in cathodic compartment. As regard to
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Fig. 3. Effect of current densities on conductivity profile in an electrodialytic
separation process.

removal of sulphate in effluent is considered, it is primarily by
migration through the membrane to anodic compartment.

At this optimized condition at 2 A/dm” the removal for
arsenic and sulphate is 91.4% and 37.1%, respectively. Hence,
the experiments were carried by a new technique called EIX
(that is by coupling anion exchange and electrodialysis) in order
to enhance the removal of sulphate in the effluent.

3.2. Electrodialytic separation process coupling with ion
exchange

As the effluent enters into the middle compartment the anions,
especially sulphate, arsenate, arsenite move into the anode com-
partment through AXM when current is passed. They also as
well get adsorbed on AXR in the middle compartment and the
adsorbed ions then migrate under the influence of an electric field
through AXM into the anode compartment where the anions get
concentrated. When the effluent is circulated into the cathode
compartment, arsenic gets reduced as sulphide precipitate and
to some extent as arsine gas at the cathode and further anions
present gets adsorbed on AXR in the cathode compartment and
the adsorbed ions then migrate under the influence of an electric
field through AXM into middle compartment. And other heavy
metals (Zn, Fe, Cu, Cd and Ni) are removed as their precip-
itates (sulphides, hydroxides) or as the metal itself depending
on the conditions of electrolysis. The precipitate is filtered off
in the filter press from the effluent and is recirculated into for
better treatment. Thus the TDS of the effluent in the reservoir
catholyte gets reduced and the pH is increased while that of acids
in the reservoir of anolyte gets increased. The AXM excludes
H™ produced at the anode from entering the middle compartment
that serve to balance the charge with incoming anions to pro-
duce acid. The initial H* ion strength of the effluent is 1.042N
whereas the final H* ion strength is 0.4N.

The results of the experiments were carried out at various cur-
rent densities between 1 and 3 A/dm? presented in Tables 4 and 5
as well in Figs. 4-6. Here again from the calculations and
tabulations, it is obvious that as the current density increases,
the removal of sulphate also increases. As the current density
increases, the mobility and adsorption by resin of sulphate is
more than that for arsenic. Hence the sulphate has been removed
more than the arsenic in this resin coupling process. Fig. 6 shows
a typical variation of concentration—time profile of sulphate in
the effluent reservoir at the current density of 1 A/dm?.

It is to be noted that maximum of 3% of arsenic removal in
the effluent is achieved by migration through the membrane to
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Table 4

Effect of current densities on pH, % removal of arsenic, power consumption and rate constant in an electrodialytic separation process in coupling with ion exchange

Rate coefficient
(s~! x 10™)

Power consumption

(kWh/kg)

Removal
(%)

Arsenic (mg/L)

pH

Cell voltage

(%]

Current density

Acid/anolyte reservoir  Effluent/catholyte reservoir

Effluent/catholyte reservoir

Acid/anolyte reservoir

(A/dm?)

4.17
2.22
3.47

20.38
124.99

73.4

1336.75-355.75
1321.75-691

0-19
0-10
0-29

0.53-0.66
0.53-0.77
0.66-0.91

0.93-0.80
0.84-0.73
0.94-0.83

3.40
6.30
8.05

1.0
2.0

C.A

47.7

294.60

8.2

1255.50-525

3.0
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Fig.4. Effectof current densities on concentration histories of % arsenic removal
in an electrodialytic separation process in coupling with ion exchange.

anodic compartment where as a minimum of 50% of arsenic
in effluent is removed by reaction in cathodic compartment.
As regard to removal of sulphate in effluent is considered, it
is primarily by migration through the membrane to anodic com-
partment, which is nearly around 76% in 6 h.

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

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

The specific energy consumption or power consumption
for electrolysis, £, kWh/kg is computed using the expression
[Veenlt! 103]/[(C0 —C)V/ 10°] where the numerator represents
the power input in kWh, Vi is the cell voltage, V; I is the
current applied in amperes in the circuit and ¢ is duration of
electrolysis in hours for bringing the initial concentration, Cy,
mg/L, of effluent to final concentration C;, mg/L, in the volume
of the reservoir, V liters.
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Duration (h)

Fig. 5. Effect of current densities on conductivity profile in an electrodialytic
separation 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/dm?) Cell voltage (V) Sulphate (mg/L)

Removal (%) Power consumption (kWh/kg)

Acid/anolyte reservoir

Effluent/catholyte reservoir

1.0 3.40 13,788-24,487
2.0 6.30 12,486-33,090
3.0 8.05 12,045-38,605

57,356-33,090 42.31 0.82
58,349-19,744 66.16 1.92
62,430-17,042 72.70 3.13

Power consumption for sulphate removal is also reason-
able Tables 3-5. Because of the sulphate minimization, the
conductivity also decreases (see Figs. 3-5). When sufficient con-
centration of arsenic is build up in the anolyte reservoir either
it can be separately treated cathodically in a reactor system as
shown in Fig. 1 for which details are discussed elsewhere [25] or
a treatment is carried out in a separate cycle for the removal of
arsenic, with the same experimental arrangement, with replace-
ment of effluent by this acid. Along with arsenic, other hazardous
metals, which was present in the effluent also gets reduced. The
arsine gas, which is the most toxic form of arsenic, insignificant
quantity may be generated, however can be scrubbed. The acid
used in this process may be reused for the next cycle.

3.3. Electrocoagulation

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

Fe — Fe’t +3e™, Eg= —0.04V (35)

In two-step process where iron is firstly oxidized to ferrous
ion which, depending on anode potential, then oxidizes to ferric
ion:

Fe — Fe*t +2e~, Eg= —0.44V (36)

Fe’t — Fe*t +e™, Eoy= —0.77V (37)

80
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40
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% Removal of sulphate

0 T T T T T T
0 1 2 3 4 5 6 F

Duration (h)

Fig. 6. Typical concentration histories of % sulphate removal in an electrodia-
lytic separation process in coupling with ion exchange at 1 A/dm?.

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

forpH < 7: 2HY 42~ — Hp (11)
forpH > 7: 2H;0 + 2¢~ — Hy +20H™ (12)

Typically at the cathode the solution becomes alkaline with
time. The applied current forces OH™ ion migration to the anode,
so the pH near the anode is higher than in the bulk solution, thus
favouring ferric hydroxide formation:

Fe3t +30H™ — Fe(OH)3 (38)

The oxidation states of As in water are As(III), arsenite,
and As(V), arsenate. In the pH range of 4-8 the predominat-
ing species of As(V) present a net negative charge. On the other
hand, the species of As(III) generally has no net charge. Based
on this, itis expected that the As(V) removal efficiency would be
higher than As(III), since the As(V) anions (AsO4>~, HAsO4>~
or HyAsO4 ™) are coprecipitate with or adsorbed by the Fe(OH)3
colloids:

Fe(OH)3(s) + AsO4>~(s) — [Fe(OH)3-AsO4>7](s) (39)

The arsenate anion is negatively charged at low pH values
because it is the anion of a strong acid. In contrast arsenite
removal by adsorption and coagulation is less effective because
its main form, arsenious acid (H3AsQj3), is a weak acid and
is partially ionized at pH values where removal by adsorption
on Fe(OH)3; gel occurs most effectively at pH 4-8 (see Fig. 7).
To insure that the arsenic is in the +5 oxidation state, the
effluent may be treated with oxidants (HO;). The arsenate

120

100 4

80 4

60 4

40 -

% Arsenic removal

20 4

0 T T T
0 2 4 6 8 10 12

pH

Fig. 7. Typical pH-dependent data on precipitation of ferric arsenate in EC
process.
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anion remains negatively charged at low pH values, and is thus
effectively adsorbed and removed by ferric hydroxide gels.
Since sulphate has been minimized in the EIX process, the alkali
consumption required for pH raise of effective coagulation is
also minimized.

4. Conclusions

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

As first stage, experiments were carried out in a three com-
partment plate and frame type cell, the compartments being
separated by anion-exchange membranes with stainless steel as
cathode and TiO; and RuO; coated titanium electrode as anode.
In this stage arsenic has been removed up to 92% but the sulphate
removal is very low. Hence in the second stage, cathode and the
middle compartments of the same cell is packed with anion-
exchange resin. In this stage the reversal takes place. Sulphate is
removed up to 73.4% but the removal of arsenic is very low. And
toremove the remaining arsenic content, the effluent after getting
reduced in sulphate concentration in the ion-exchange process,
was treated by electro coagulation method with stainless steel
as cathode and mild steel as anode (sacrificial anode). After
the treatment, the treated effluent was analyzed using atomic
absorption spectrometer, which showed that the arsenic has been
removed below the tolerance limit along with sulphate and other
heavy metals. It is also observed that since the sulphate has
been minimized during ion-exchange process itself, the alkali
consumption needed in electro coagulation to raise the pH for
effective coagulation is minimized.
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