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Studies on the Removal of Arsenate by
Electrochemical Coagulation Using Aluminum
Alloy Anode

The removal of arsenate from aqueous solution was carried out by electrochemical
coagulation using aluminum alloy as anode and stainless steel as cathode. Various
operating parameters on the removal efficiency of arsenate were investigated, such as
initial arsenate ion concentration, initial pH, current density, and temperature.
Effect of coexisting anions such as silicate, fluoride, phosphate, and carbonate were
studied on the removal efficiency of arsenate. The optimum removal efficiency of
98.4% was achieved at a current density of 0.2 A/dm? at a pH of 7.0. The experimental
data were tested against different adsorption isotherm models for describing the
electrochemical coagulation process. The adsorption of arsenate preferably fitting
the Langmuir adsorption isotherm suggests monolayer coverage of adsorbed mol-
ecules. First and second order rate equations were applied to study adsorption kinetics.
The adsorption process follows second order kinetics model with good correlation.
Temperature studies showed that adsorption was endothermic and spontaneous in

nature.

Keywords: Adsorption kinetics; Arsenate removal; Electrochemical coagulation; Isotherms
Received: January 18, 2010; revised: April 19, 2010; accepted: April 22, 2010
DOI: 10.1002/clen.201000001

1 Introduction

Many pollutants in water streams have been identified as toxic and
harmful to environment and human health. Among them, arsenic is
considered as a high priority one. It occurs naturally in rocks and
soils, water, air, plants, and animals. Volcanic activity, the erosion of
rocks and minerals, and forest fires are also sources that can release
arsenic into the environment [1, 2]. The other sources of arsenic are
metallurgical industries, glassware and ceramic production, tan-
nery operation, dyestuff, pesticide industries, some organic and
inorganic chemical manufacturing, petroleum refining, and rare
earth metals [3]. In natural waters, arsenic exists predominantly
in inorganic form, as trivalent arsenite, As(Ill), and pentavalent
arsenate As(V), while organic forms of arsenic are rarely quantitat-
ively important [2]. The stability and dominance of arsenic com-
pounds depend directly on the pH of solution. Pentavalent
arsenic is stable at pH 0-2 as neutral H3AsO,, while H,AsO,,
HAsOZ ™, and AsOj exist as stable species in the pH interval 3-6,
7-11, and 12-14, respectively [4]. Pollution-based studies have shown
that arsenate may adversely affect several organs in the human body
including cancer of the skin, lung, and wurinary bladder.
Environmental protection agency lowered the maximum concen-
tration level of arsenic in water system to 10 ppb [5]. Consequently,
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the removal of arsenic from water system becomes vital in order to
comply with the legislation [6]. Various treatment methods have
been developed for the removal of arsenic from water streams, such
as sorption and ion exchange, precipitation, coagulation and floc-
culation, reverse osmosis, membrane technologies, electrodialysis,
biological processes, as well as lime softening, etc. Among them,
coagulation-precipitation followed by filtration has been recognized
as a popular one. Reverse osmosis and electrodialysis have also been
found effective, but they were costly and water recovery was not
optimized. Co-precipitation/adsorption processes are commonly
applied today to meet the current drinking water standards and
show a good efficiency to cost ratio for higher arsenic concen-
trations. However, they fail to remove arsenic to concentrations
below the new decreased limits (10 pg/L) [7-14]. During the last
few decades, electrochemical water treatment technologies have
undergone rapid growth and development. One of these technol-
ogies is the electrochemically-assisted coagulation that can compete
with the conventional chemical coagulation process. The electro-
chemical production of destabilization agents that bring about
charge neutralization from pollutant removal and it has been used
for water or wastewater treatment. Usually iron and aluminum
plates are used as electrodes in the electrocoagulation followed
by electrosorption process [15-18]. Electrochemically generated me-
tallic ions from these electrodes undergo hydrolysis near the anode
to produce a series of activated intermediates that are able to
destabilize the finely dispersed particles present in the water and
waste water to be treated. The advantages of electrocoagulation
include high particulate removal efficiency, a compact treatment
facility, relatively low cost, and the possibility of complete
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automation [19-24]. This technique does not require supplementary
addition of chemicals and reduces the volume of produced sludge.

(i) When Aluminum is used as electrode, the reactions are as
follows:

At the cathode : 2 H,O+2e” — Hy(g)+2 OH™ (1)
At the anode : Al — APT +3 e~ (2)
In the solution : AI**(aq) + 3 H,0 — Al(OH), + 3 H"(aq) (3)

(i) When iron is used as electrode, the reactions are as follows:

At the cathode : 2 H,O+2e~ — Hy(g) +2 OH™ 4)
At the anode : 4 Fe(s) — 4 Fe*’"(aq) + 8 e~ (5)

In the solution : 4 Fe(s) + 10 H,0(1) + O»(g)
— Fe(OH),(s) +4 Hx(g)

This method is characterized by reduced sludge production, a
minimum requirement of chemicals, and ease of operation.
Although, there are numerous reports related to electrochemical
coagulation as a means of removal of arsenate using iron as anode
material from water and wastewater [20-22], but there are limited
work on arsenate removal by electrochemical coagulation using
aluminum alloy as anode and its adsorption and kinetics studies
[23]. This article presents the results of the laboratory scale studies
on the removal of arsenate using aluminum alloy and stainless steel
as anode and cathode, respectively, by electrochemical coagulation
process. In doing so, the equilibrium adsorption behavior is analyzed
by fitting models of Langmuir, Freundlich, Dubinin-Redushkevich,
and Frumkin isotherms. Adsorption kinetics of electrocoagulants is
analyzed using first- and second order kinetic models. Activation
energy is evaluated to study the nature of adsorption. In natural
water, some places, arsenic exists with other ions such as carbonate,
silicate, phosphate, and fluoride. Hence, the effect of coexisting ions
was also studied on the removal efficiency of arsenate.

2 Experimental
2.1 Cell Construction and Electrolysis

Alaboratory scale batch electrolytic cell (Fig. 1) made of Plexiglas was
used in all electrocoagulation experiments. Aluminum alloy (con-
sisting of Zn (1-4%), In (0.006-0.025%), Fe (0.15%), Si (0.15%) [CECRI,
(CSIR), India], with a surface area of 0.2dm? acted as the anode.
The cathodes were a stainless steel (SS 304; SAIL, India; consisting
of <0.08% C, 17.5-20% Cr, 8-11% Ni, <2% Mn, <1% Si, <0.045% P,
<0.03% S) sheets of the same size as the anode is placed at an
interelectrode distance of 0.005m. The temperature of the electro-
lyte has been controlled to the desired value with a variation of +2K
by adjusting the rate of flow of thermostatically controlled water
through an external glass-cooling spiral. A regulated direct current
(DC) was supplied from a rectifier (10 A, 0-25V; Aplab model).

The arsenate (Na,HAsO,-7 H,0) (Analar Reagent) was dissolved in
distilled water for the required concentration (0.5-1.5mg/L). The
solution of 0.90L was used for each experiment, which was used
as the electrolyte. The pH of the electrolyte was adjusted, if required,
with 1M HCI or 1 M NaOH solutions before adsorption experiments.
To study the effect of coexisting ions, in the removal of As(V), sodium
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Figure 1. 1, DC power supply; 2, pH meter; 3, electrochemical cell; 4,
cathodes; 5, anode; 6, electrolyte; 7, outer jacket; 8, thermostat; 9, inlet
for thermostatic water; 10, outlet for thermostatic water; 11, PVC cover;
12, pH sensor; and 13, magnetic stirrer.

salts (Analar Grade) of phosphate (5-50mg/L), silicate (5-15mg/L),
carbonate (5-250 mg/L), and fluoride (0.2-5mg/L) was added to the
electrolyte.

2.2 Analysis

Ion Chromatography (Metrohm AG, Switzerland) was used to deter-
mine the concentration of arsenate. The scanning electron micro-
scope (SEM) and EDAX of aluminum hydroxide were analyzed with
a SEM made by Hitachi (model s-3000h). The Fourier transform
infrared spectrum of aluminum hydroxide was obtained using
Nexus 670 FTIR spectrometer made by Thermo Electron
Corporation, USA. The XRD of electrocoagulatioan by-products were
analyzed by a JEOL X-ray diffractometer (Type - JEOL, Japan). The XPS
of electrocoagulation by-products were analyzed by a Multilab 2000
(Type — Thermoscientific, UK).

3 Results and Discussion

3.1 Effect of Current Density

The current density determines the electrocoagulant dosage rate at
electrocoagulation processes. Thus, current density should have a
significant impact on arsenate removal efficiency. To investigate the
effect of current density, a series of experiment were carried out
using 0.5mg/L of arsenate containing electrolyte, at a pH 7.0, with
the current density being varied from 0.05 to 0.4 A/dm?. The removal
efficiencies of arsenate are 94.0, 96.2, 98.4, 99.2, and 99.4% for
current densities 0.05, 0.1, 0.2, 0.3, and 0.4 A/dm?, respectively. It
is found that, beyond 0.2A/dm? the removal efficiency remains
almost constant for higher current densities. So, further studies
were carried out at 0.2A/dm?. The results showed that as current
density increases, removal of arsenate also increases. This can be
attributed to the increase in the amount of aluminum hydroxide
being generated in situ thereby resulting in rapid removal of arse-
nate. The amount of adsorbent [Al(OH);] was determined from the
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Faraday law [25]
Ec=I1tM/ZF (7)

where [ is current in A, t the time (s), M the molecular weight, Z the
electron involved, and F is the Faraday constant (96485.3 C/mol). As
expected, the amount of arsenate adsorption increases with the
increase in adsorbent concentration, which indicates that the
adsorption depends up on the availability of binding sites for
arsenate.

3.2 Effect of pH

It has been established that the solution pH has a considerable
influence on the performance of electrochemical coagulation proc-
ess. To evaluate this effect, a series of experiments were carried out
using 0.5mg/L arsenate containing solutions, with an initial pH
varying in the range 1-11. The removal efficiency of arsenate was
increased with increasing the pH up to 7. When the pH is above 7,
removal efficiency should be slightly decreases. It is found that
(Fig. 2) the maximum removal efficiency for the removal of arsenate
is 98.4% at pH 7 and the minimum efficiency is 93% at pH 1. The
decrease of removal efficiency at more acidic and alkaline pH was
observed by many investigators [19] and was attributed to an ampho-
teric behavior of Al(OH); which leads to soluble Al** cations (at acidic
pH) and to monomeric anions Al(OH), (at alkaline pH). It is well
known that these soluble species are not useful for water treatment.
When the initial pH was kept in neutral, all the aluminum produced
at the anode formed polymeric species (Al;304(OH),,” ") and precipi-
tated Al(OH); leading to more removal efficiency. In the present
study, the results agree well with the results presented in the
literature and the maximum amount of arsenate removal occurred
at pH 7.0 [25].

3.3 Effect of Initial Arsenate Concentration

In order to evaluate the effect of initial arsenate concentration,
experiments were conducted at varying initial concentration from
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Figure 2. Effect of pH of the electrolyte on the removal of arsenate.
Conditions: electrolyte concentration, 0.5mg/L; current density, 0.2 A/dm?;
temperature, 303 K.
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Figure 3. Effect of agitation time and amount of arsenate adsorbed.
Conditions: current density, 0.2 A/dm?; pH of the electrolyte, 7.0; tempera-
ture, 303 K.

0.5 to 1.5mg/L. Figure 3 shows that the uptake of arsenate (mg/g)
increased with increase in arsenate concentration and remained
nearly constant after equilibrium time. The equilibrium time was
found to be 30min for all concentrations studied. The amount of
arsenate adsorbed (q.) increased from 0.474 to 1.4 mg/g as the con-
centration increased from 0.5 to 1.5mg/L. From the figure it is
observed that the adsorption is the rapid in the initial stages and
gradually decreases with progress of adsorption. The plots are single,
smooth, and continuous curves leading to saturation, suggesting the
possible monolayer coverage to arsenate on the surface of the
adsorbent [26, 27].

3.4 Adsorption Kinetics

In order to establish kinetic of arsenate adsorption, adsorption
kinetics of aluminum alloy was investigated by using first order,
second order kinetic models, Elovich and intraparticle diffusion.

3.4.1 First Order Lagergren Model

The first order Lagergren model is generally expressed as follows
[26, 28],

dg/dt = ki1 (qe — qv) (8)

where, ¢, is the amount of arsenate adsorbed on the adsorbent at
time t (min) and k, (1/min) is the rate constant of first order adsorp-
tion. The integrated form of the above equation with the boundary
conditions t=0 to t=t and q,=0 to q;=q, and then rearranged to
obtain the following time dependence function:
log(ge — qt) = 10g(qe) — k1t/2.303 )
The values of log (g.—q¢) were linearly correlated with t, from
which k; and ¢. can be determined by the slope and intercept,
respectively. A straight line obtained from the plots suggests the
applicability of this kinetic model.

3.4.2 Second Order Lagergren Model

The second order kinetic model is expressed as [29]

dq/dt = ka(qe — q1)° (10)
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Figure 4. Second order kinetic model plot of different concentrations of

arsenate. Conditions: current density, 0.2 A/dm?; pH of the electrolyte, 7.0;
temperature, 303 K.

Where k, is the rate constant of second order adsorption. The
integrated form of Eq. (10) with the boundary condition t=0 to >0
(=0 to >0) is

1/(ge =) =1/qe +ka t (11)

Eq. (11) can be rearranged and linearized as,
t/qc = 1/kz qZ +1/4e (12)

The plot of t/q, and time (t) (Fig. 4) should give a linear relationship
from which g. and k, can be determined from the slope and
intercept of the plot, respectively. Table 1 depicts the computed
results obtained from first order and second order.

3.4.3 Elovich Equation

The Elovich model equation is generally expressed as [30]

dqe/dt = aexp(—p q;) (13)
the simplified form of Elovich Eq. (13) is

g = 1/B loge(eB) + A/B loge(7) (14)

If arsenate adsorption fits the Elovich model, a plot of g, versus
log.(t) should yield a linear relationship with the slope of (1/8) and an
intercept of 1/8 loge(ap).

509
3.4.4 Intraparticle Diffusion
The intraparticle diffusion model is expressed as [31, 32]
R =kia ()" (15)
A linearized form in the Eq. (15) is followed by
logR = log kiq + alog(t) (16)

in which a depicts the adsorption mechanism and k;y may be taken
as the rate factor (percent of arsenate adsorbed per unit time). Lower
and higher value of k;q illustrates an enhancement in the rate of
adsorption and better adsorption with improved bonding between
pollutant and the adsorbent particles, respectively. Table 2 depicts
the computed results obtained from Elovich and intraparticle
diffusion.

From Tabs. 1 and 2 it is found that the correlation coefficient
decreases from second order, first order, intraparticle diffusion to
Elovich model. This indicates that the adsorption follows the second
order than other models. The calculated g. values also well agree
with the experimental g. values for second order kinetics model.

3.5 Adsorption Isotherm

The adsorption capacity of the adsorbent has been tested using
Freundlich, Langmuir, Dubinin-Redushkevich, and Frumkin iso-
therms. These models have been widely used to describe the behavior
of adsorbent-adsorbate couples. To determine the isotherms, the
initial pH was kept at 7 and the concentration of arsenate used was
in the range of 0.5-1.5mg/L.

3.5.1 Freundlich Isotherm

The general form of Freundlich adsorption isotherm is represented
by [33]

ge =KC" (17)

Eq. (17) can be linearized in logarithmic form and the Freundlich
constants can be determined as follows:

log ge = logks + n logCe (18)

where, k¢is the Freundlich constant related to adsorption capacity, n
the energy or intensity of adsorption; C. the equilibrium concen-
tration of arsenate (mg/L). The values of k¢ and n can be obtained by
plotting logarithms of adsorption capacity against equilibrium con-
centrations. To determine the isotherms, the arsenate concentration
used was 0.5-1.5mg/L and at an initial pH 7. The Freundlich con-
stants ks and n values are 0.9417 mg/g and 1.0155 L/mg, respectively.

Table 1. Comparison between the experimental and calculated g values for different initial arsenate concentrations in first and second order adsorption

isotherm at temperature 305K and pH 7.

Concentration (mg/L) e (exp) First order adsorption Second order adsorption

g (Cal) K; x 10* (min/mg) R? g (Cal) K, x 10* (min/mg) R?
0.50 0.474 0.328 0.167 0.9817 0471 0.1613 0.9926
0.75 0.711 0.441 0.123 0.9628 0.694 0.0682 0.9978
1.00 0.948 0.671 0.091 0.9932 0.899 0.0450 0.9997
1.25 1171 0.993 0.089 0.9836 1.071 0.0371 0.9997
1.50 1.40 1.222 0.063 0.9772 1.266 0.0292 0.9992
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Table 2. Elovich model and intraparticle diffusion for different initial arsenate concentrations at temperature 305K and pH 7.

Concentration (mg/L) Elovich model

Intraparticle diffusion

A (mg/g h) B (g/mg) R? Kiq (1/h) A (%[h) R*
0.50 9.32 62.31 0.962 36.71 0.124 0.982
0.75 2.37 41.36 0.951 33.23 0.156 0.961
1.00 0.91 24.28 0.942 29.37 0.211 0.973
1.25 0.73 18.36 0.969 28.42 0.326 0.982
1.50 0.61 9.27 0.977 25.38 0.451 0.979

It has been reported that values of n lying between 0 and 10 indicate
favorable adsorption. From the analysis of the results it is found that
the Freundlich plots fit satisfactorily with the experimental data
obtained in the present study. This is well agreed with the results
presented in the literature [34].

3.5.2 Langmuir Isotherm

The linearized form of Langmuir adsorption isotherm model is [35,
36]

Ce/de =1/qo b+ Ce/qo (19)

where C, is the concentration of the arsenate solution (mg/L) at
equilibrium, g, the adsorption capacity (Langmuir constant) and b
is the energy of adsorption. Figure 5 shows the Langmuir plot with
experimental data. The value of the adsorption capacity q, as found
to be 55.959mg/g, which is higher than that of other adsorbents
studied.

The essential characteristics of the Langmuir isotherm can be
expressed as the dimensionless constant R;.

RL=1/(1+DbC,) (20)

where Ry is the equilibrium constant it indicates the type of adsorp-
tion, b, C, the Langmuir constant. The R; values between 0 and 1
indicate the favorable adsorption. The R; values were found to be
between 0 and 1 for all the concentrations of arsenate studied. The
results are presented in Tab. 3.

2.2 1
2.0

1.8+

0.6 T+ 1 r 7+ v 1+ 1 1 r 11T
06 0.8 1.0 12 14 16 18 20 22
1C

Figure 5. Langmuir plot (1/q. vs. 1/Ce) for adsorption of arsenate.
Conditions: pH of the electrolyte, 7.0; current density, 0.2 A/dm?; tempera-
ture, 303 K; concentration, 0.5—1.5mg/L.
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3.5.3 Dubinin—-Redushkevich (D-R) Isotherm

This isotherm model was chosen to estimate the characteristics
porosity of the biomass and apparent energy of adsorption. This
model is represented by the Eq. (21)

e = ds EXP(_B 52) (21)

where e =R T In[1+1/C.], B is related to the free energy of sorption
per mole of the adsorbate as it migrates to the surface of the biomass
from infinite distance in the solution and ¢y is the Dubinin-
Redushkevich (D-R) isotherm constant related to the degree of
adsorbate adsorption by the adsorbent surface [37|. The linearized
form of the Eq. (21)

Ing. =Ings —2BRT In[1 +1/C,] (22)

The isotherm constants of g and B are obtained from the intercept
and slope of the plot of Ing. versus &% respectively [38]. The constant B
gives the mean free energy (E), of adsorption per molecule of the
adsorbate when it is transferred to the surface of the solid from
infinity in the solution and the relation is given as

E=[1/V2B (23)

The magnitude of E is useful for estimating the type of adsorption
process. It was found to be 18.28 kJ/mol, which is bigger than the
energy range of adsorption reaction of 8-16 kJ/mol [39]. So the type of
adsorption of As(V) on aluminum alloy was defined as chemical
adsorption.

3.5.4 Frumkin Equation

Frumkin equation indicates the interaction between the adsorbed
species. It can be expressed as

0/(1—0) e = C, (24)

where 0= ge/qm, e is the adsorption capacity in equilibrium (mg/g)
and q,, is the theoretical monolayer saturation capacity (mg/g). The
linearized form is given as

In[(6/(1 - 6)) 1/C.] = Ink + 2 af (25)

The parameters a and k are obtained from the slope and intercept
of the plot In[(6/(1-6)) 1/C.] versus 6. The constant k is related to
adsorption equilibrium. The Frumkin equation has been specifically
developed to take lateral interaction. The term e *** in Eq. (24)
reflects the extent of lateral interaction, if a > 0 indicates attraction,
while a < 0 means repulsion [40]. From Tab. 3, we see that the value
a>0 indicating attraction.

The correlation coefficient values of different isotherm models are
listed in Tab. 3. The Langmuir isotherm model has higher regression
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Table 3. Constant parameters and correlation coefficient calculated for different adsorption isotherm models at room temperature for arsenate adsorption

at 0.5mg/L.
Isotherm Constants
Q (mgfg) b (Ljmg) Ry R?
Langmuir 55.959 0.0171 0.9831 0.9995
Isotherm Constants
Ke (mg/g) n (Ljmg) R*
Freundlich 0.9417 1.0155 0.9894
Isotherm Constants
Qs (x10° mol/g) B (x10°® mol*K[J?) E (kJ/mol) R?
D-R 1.192 1.495 18.28 0.9630
Isotherm Constants
a Ink —AG (kJ/mol) R?
Frumkin —0.622 1.3770 806.52 0.9739

coefficient (R*=0.999) when compared to the other models. The
value of R; for the Langmuir isotherm was calculated between 0
and 1, indicating the favorable adsorption of arsenate.

3.6 Thermodynamics Studies

The amount of arsenate adsorbed on the adsorbent increases by
increasing the temperature indicating the process to be endother-
mic. The diffusion coefficient (D) for intraparticle transport of arse-
nate species into the adsorbent particles has been calculated at
different temperature by
t1/2 = 0.03 12/D (26)
where t;, is the time of half adsorption (s), r, the radius of the
adsorbent particle (20 x 10 *cm), D the diffusion coefficient in
cm?/s. For all chemisorption system the diffusivity coefficient should
be 107°-10'* cm?/s [41]. In the present work, D is found to be in the
range of 10~ *°cm?fs. The pore diffusion coefficient (D) values for

To find out the energy of activation for adsorption of arsenate, the
second order rate constant is expressed in Arrhenius form [42].
Ink, =1Ink, —E/RT (27)
where k, is the constant of the equation (g min/mg), E the energy of
activation (J/mol), R the gas constant (8.314]J/molK) and T the
temperature in K. Figure 6 shows that the rate constants vary
with temperature according to Eq. (27). The activation energy
(12.37kJ/mol) is calculated from slope of the fitted equation. The
free energy change is obtained using the following relationship:

AG = —-RT InK. (28)
where AG is the free energy (kJ/mol), K. the equilibrium constant, R
the gas constant and T the temperature in K. The K. and AG values are
presented in Tab. 5. From the table it is found that the negative value
of AG indicates the spontaneous nature of adsorption.

various temperatures and different initial concentrations of arse- el
nate are presented in Tab. 4, respectively.
0.2 4

Table 4. Pore diffusion coefficients for the adsorption of arsenate at various
concentration and temperature. 0.0
Concentration (mg/L) Pore diffusion constant |

D x 10~° (cm?[s) & 921
0.50 1.012 g ]
0.75 0.996 04
1.00 0.826 1
1.25 0.799 o6
1.50 0.701 j
Temperature (K) Pore diffusion constant 0.8 N

D x 107 (cm?s) ’

T T T T T T 1

313 1114 0.0029 0.0030 0.0031 0.0032 0.0033
323 1.021 UT(1/K)
gi; ggi’g Figure 6. Plot of log k» and 1/T at pH of 7.0. Current density, 0.2 A/dm?;

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

temperature, 303 K; concentration, 0.5-1.5mg/L.
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Table 5. Thermodynamic parameters for the adsorption of arsenate.

Temperature K AG° AH° AS°®
(K) (J/mol) (kJ/mol) (J/mol K)
303 0.0096 —23.924
313 0.0493 —127.64
323 0.1294 —358.6 16.732 49.361
333 0.4561 —1341.7
343 0.6671 —1955.16

0.8 -

0.7+

0.6+

0.5
x° 0.4
£ .

0.3 4

0.2

0.1 4

0.0 H [ ]

T T T v ¥ v LI T M T v L v 1
290 295 300 305 310 315 320 326 330 335
AT x 10°(1/K)

Figure 7. Plot of In k; and 1/T. Conditions: pH of the electrolyte, 7.0; current
density, 0.2 A/dm?; temperature, 303 K; concentration, 0.5—1.5mg/L.

Other thermodynamic parameters such as entropy change (AS) and
enthalpy change (AH) were determined using van’t Hoff equation

InK, = % - % (29)

The enthalpy change (AH=16.732kJ/mol) and entropy change
(AS=49.361]/mol K) were obtained from the slope and intercept
of the van’t Hoff linear plots of Ink. versus 1/T (Fig. 7). A positive
value of enthalpy change (AH) indicates that the adsorption process
is endothermic in nature, and the negative value of change in
internal energy (AG) shows the spontaneous adsorption of arsenate
on the adsorbent. Positive values of entropy change show the
increased randomness of the solution interface during the adsorp-
tion of arsenate on the adsorbent (Tab. 5). Enhancement of adsorp-
tion capacity of electrocoagulant (aluminum hydroxide) at higher
temperatures may be attributed to the enlargement of pore size and
or activation of the adsorbent surface. Using Lagergren rate
equation, first order rate constants, and correlation coefficient were
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calculated for different temperatures (305-343K). The calculated
“ge” values obtained from the second order kinetics agrees with
the experimental “q.” values better than the first order kinetics
model. Table 6 depicts the computed results obtained from first and
second order kinetic models. These results indicate that the adsorp-
tion follows second order kinetic model at different temperatures
used in this study.

3.7 Effect of Coexisting Anions

3.7.1 Carbonate

Effect of carbonate on arsenate removal was evaluated by increasing
the carbonate concentration from 5 to 250 mg/L in the electrolyte.
The removal efficiencies are 98.4, 97.6, 70, 65, 20, and 15% for the
carbonate ion concentration of 0, 2, 5, 65, 150, and 250 mg/L, respec-
tively. From the results it is found that the removal efficiency of the
arsenate is not affected by the presence of carbonate below 5 mg|L.
Significant reduction in removal efficiency was observed above
5mg/L of carbonate concentration is due to the passivation of anode
resulting, the hindering of the dissolution process of anode.

3.7.2 Phosphate

The concentration of phosphate ion was increased from 5 to 50 mg|L,
the contaminant range of phosphate in the ground water. The
removal efficiency for arsenate was 98.4, 97.8, 60, 55, and 45% for
0, 2, 5, 25, and 50 mg/L of phosphate ion, respectively. There is no
change in removal efficiency of arsenate below 5 mg/L of phosphate
in the water. At higher concentrations (at and above 5mg[L) of
phosphate, the removal efficiency decreases drastically. This is
due to the preferential adsorption of phosphate over arsenate as
the concentration of phosphate increase.

3.7.3 Silicate

Effect of silicate on the removal efficiency of arsenate was studied.
From the results it is found that the significant change in arsenate
removal efficiency was observed. The respective efficiencies for 0, 5,
10, and 15 mg|L of silicate are 98.4, 54, 48, and 27%. The removal of
arsenate decreased with increasing silicate concentration from 0 to
50 mg/ L. Further, increase in silicate concentration decreases the
arsenate removal efficiency. In addition to preferential adsorption,
silicate may interact with aluminum hydroxide to form soluble and
highly dispersed colloids that are not removed by normal filtration.

3.7.4 Fluoride

From the results it is found that the efficiency decreased from 98.4 to
20% by increasing the concentration of fluoride from 0 to 5mg/L. Like

Table 6. Comparison between the experimental and calculated g, values for initial arsenate concentration 0.5 mg/L in first and second order adsorption

kinetics at various temperatures.

Temperature (K) qe (exp) First order adsorption Second order adsorption

g (Cal) K; x 10* (min/mg) R? g (Cal) K, x 10* (min/mg) R?
313 0474 0.226 0.167 0.9762 0.1613 0.467 0.9984
323 0.386 0.206 0.155 0.9645 0.1136 0.369 0.9963
333 0.268 0.199 0.148 0.9668 0.0854 0.253 0.9926
343 0.115 0.168 0.148 0.9865 0.0665 0.106 0.9965

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a)

Figure 8. SEM image of the anode (a) before and (b) after treatment.

phosphate ion, this is due to the preferential adsorption of fluoride
over arsenate as the concentration of fluoride increases. So, when
fluoride ions are present in the water to be treated fluoride ions
compete greatly with arsenate ions for the binding sites.

3.8 Material Characterization

3.8.1 SEM/EDAX Studies

SEM images of aluminum electrode, before and after, electrocoagu-
lation of arsenate electrolyte was obtained to compare the surface
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Figure 10. FTIR spectrum of arsenate-adsorbed aluminum hydroxide.

texture. Figure 8a) shows the original aluminum plate surface prior
to its use in electrocoagulation experiments. The surface of the
electrode is uniform. Figure 8b) shows the SEM of the same electrode
after several cycles of use in electrocoagulation experiments. The
electrode surface is now found to be rough, with a number of dents.
These dents are formed around the nucleus of the active sites where
the electrode dissolution results in the production of aluminum
hydroxides. The formation of a large number of dents may be
attributed to the anode material consumption at active sites due
to the generation of oxygen at its surface.

Energy-dispersive analysis of X-rays was used to analyze the
elemental constituents of arsenate-adsorbed aluminum hydroxide
shown in Fig. 9. It shows that the presence of arsenate appears in
the spectrum other than the principal elements Al and O. EDAX
analysis provides direct evidence that arsenate is adsorbed on
aluminum hydroxide. Other elements detected in the adsorbed
aluminum hydroxide come from adsorption of the conducting
electrolyte, chemicals used in the experiments, alloying and the
scrap impurities of the anode and cathode.

Al
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1 2 3 4 5 [ 7 ] ] " 1 Figure 9. EDAX spectrum of arsenate-adsorbed
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Figure 11. XRD spectrum of arsenate-adsorbed aluminum hydroxide.

10000
9000 |~
8000 [~
7000 —

6000 —

Intensity ( Counts/S)

5000 [~

4000 LL L1 L L@t b1y gy
54 52 50 48 46 44 42 40

Binding Energy (eV)

Figure 12. XPS spectrum of arsenate-adsorbed aluminum hydroxide.

3.8.2 FTIR Characterization

Figure 10 presents the FT-IR spectrum of arsenate-aluminum
hydroxide. The sharp and strong peak at 3450.84cm ' is due to
the O-H stretching vibration in the Al(OH); structures. The
1643.61 cm ™! peak indicates the bent vibration of H-O-H. The strong
peak at 926.00cm ™' is assigned to the Al-O-H bending. As(V)-O
vibration at 854 cm ! also observed. The spectrum data are in good
agreement with the reported data [43].

3.8.3 XRD Studies

X-ray diffraction spectrum of aluminum electrode coagulant showed
very broad and sallow diffraction peaks (Fig. 11). This broad humps
and low intensity indicate that the coagulant is amorphous or very
poor crystalline in nature [43]. It is reported that the crystallization
of aluminum hydroxide is a very slow process resulting all
aluminum hydroxides found to be either amorphous or very poorly
crystalline. The literature on the amorphous nature of aluminum
oxide layer supported the present results.

3.8.4 XPS studies

The oxidation state of the arsenate in the coagulant was determined
using XPS. It is reported that arsenate, As(V), has a 3D binding energy

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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0f'45.5 eV [44]. From the XPS spectra (Fig. 12) it is found that the As(V)
treated coagulant exhibited a peak at 45.5 eV. The peak position was
in close agreement with As(V) 3D binding energy reported in the
literature [44].

4 Conclusions

The results showed that the optimized removal efficiency of 98.4%
was achieved at a current density of 0.2 A/dm?> and pH of 7.0 using
aluminum alloy as anode and stainless steel as cathode. The
aluminum hydroxide generated in the cell remove the arsenate
present in the water and to reduce the arsenate concentration to
0.01 mg/L, and made it for drinking. The results indicate that the
process can be scaled up to higher capacity. The adsorption of
arsenate preferably fitting the Langmuir adsorption isotherm
suggests monolayer coverage of adsorbed molecules. The adsorption
process follows second order kinetics. Temperature studies showed
that adsorption was endothermic and spontaneous in nature.
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