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This paper describes the arsenite [As(III)] removal performance of manganese oxide-coated-alumina
(MOCA) and its interaction with As(III) in drinking water. MOCA was characterized by XRD, SEM, EDAX, gas
adsorption porosimetry, and point of zero charge (pHpzc) measurements. Raman spectroscopy coupled
with sorption experiments were carried out to understand the As(III) interaction with MOCA. As(III)
sorption onto MOCA was pH dependent and the optimum removal was observed between a pH of 4 and 7.5.
dsorption
rsenite
rinking water
anganese oxide-coated-alumina

aman spectroscopy

The Sips isotherm model described the experimental equilibrium data well and the predicted maximum
As(III) sorption capacity was 42.48 mg g−1, which is considerably higher than that of activated alumina
(20.78 mg g−1). The sorption kinetics followed a pseudo-second-order equation. Based on sorption and
spectroscopic measurements, the mechanism of As(III) removal by MOCA was found to be a two-step
process, i.e. oxidation of As(III) to arsenate (As(V)) and retention of As(V) on MOCA surface, with As(V)
forming an inner surface complex with MOCA. The results of this study indicated that MOCA is a promising

(III) r
alternative sorbent for As

. Introduction

The removal of dissolved arsenic from drinking water has been
great challenge to environmental engineers because of its ubiq-
ity and multiple impacts on human health. The intricate aqueous
hemistry of arsenic made this task more challenging. Arsen-
te (H3AsO4, H2AsO4

−, HAsO4
2−) and arsenite (H3AsO3, H2AsO3

−,
AsO3

2−) are the two major arsenic species generally found in the
roundwater system [1]. Arsenite [As(III)] is generally more toxic
nd predominant in many affected groundwaters [2–4].

There are many treatment technologies existing for the removal
f arsenic from drinking water system. However, all of these treat-
ent technologies are successful for As(V), but fall short in the

ase of As(III) [5,6]. Adsorption as a treatment methodology has
een receiving increasing attention for arsenic removal in small
cale water treatment systems because of its simplicity and ver-
atility in operation. Granular activated alumina (AA) is reported
Please cite this article in press as: S.M. Maliyekkal, et al., As(III) removal from
evaluation and mechanistic details of surface binding, Chem. Eng. J. (2009)

o be the best demonstrated sorbent for removing arsenic from
rinking water [7,8]. However, the slow rate of adsorption as
ell as low adsorption capacity for As(III) limits the use of AA

n treating large quantities of As(III) contaminated groundwater.
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Consequently, pre-oxidation of As(III) to As(V) is always preferred
to enhance the removal efficiency. Many oxidants or oxidant-
generating systems, including chlorine, manganese oxides, ozone,
UV irradiation with (TiO2/UV) and many others have been tested
for the oxidation of As(III) [5,9–10]. However, introducing a pre-
oxidation step increases the complexity and reduces the overall
viability of operation in small scale house-hold treatment units. The
cost and chance of side reaction with natural organic matter also
limits the use of powerful oxidizing agents like TiO2/UV, ozone and
hydrogen peroxide. The drawback in using chlorine is that it will
react with natural organic matter to form chlorinated by-products
that are harmful to health.

Recently, many metal oxides including iron and manganese have
been tested for As(III) removal. It is reported that manganese oxides
can effectively oxidize As(III) and have good ability to adsorb As(V)
[11–13]. But, most of these metal oxides are available only as fine
powders or are generated in aqueous suspension, like hydroxides
or gels [14]. Adsorbents in powder form have practical limitations,
including difficulty in solid/liquid separation, low hydraulic con-
ductivity and leaching of the metal/metal oxide along with treated
water. To overcome these limitations, manganese oxide can be
immobilized on activated alumina surface. This kind of alumina-
drinking water using manganese oxide-coated-alumina: Performance
, doi:10.1016/j.cej.2009.06.026

supported manganese oxide catalyst has been widely known for its
oxidation reactions of various compounds. The application of such
media for the oxidation and simultaneous removal of As(III) from
drinking water is not much explored. Recently, Kunzru and Chaud-
huri [15] demonstrated the superiority of manganese amended

dx.doi.org/10.1016/j.cej.2009.06.026
http://www.sciencedirect.com/science/journal/13858947
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Nomenclature

Ce equilibrium concentration of the sorbate in the solu-
tion (mg l−1)

qe amount of sorbate removed from aqueous solution
at equilibrium (mg g−1)

qt amount of adsorbate sorbed on the sorbent surface
at any time, t (mg g−1)

qcal calculated solid phase sorbate concentration
(mg g−1)

qexp experimentally measured solid phase sorbate con-
centration (mg g−1)

k1 first-order rate constant of sorption (h−1)
k2 second-order rate constant of sorption (g mg−1 h−1)
Kp constant of intraparticle diffusion (g mg−1 h−1/2)
t reaction time (h)
x mass of solute sorbed on the sorbent (mg l−1)
m mass of adsorbent (g)
KF Freundlich isotherm constant (mg g−1) (mg l−1)−1/n

KS Sips isotherm constant (l g−1)
qmL monolayer capacity of Langmuir equation (mg g−1)
qmS specific sorption capacity of Sips equation at satura-

tion (mg g−1)
n Freundlich isotherm exponent
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bL Langmuir isotherm constant (l mg−1)
mS Sips isotherm exponent

ctivated alumina (MAA) over AA in removing arsenic from drinking
ater. No information is available on the performance of this mate-

ial under various operating and environmental conditions. Besides,
o the best of our knowledge, no attempts have been made so far
o understand the mechanism of As(III) sorption onto manganese
xide-coated-alumina (MOCA).

Present study evaluated the As(III) removal potential of MOCA
nder various operating conditions such as pH, ionic strength,
o-existing anions, and initial As(III) concentrations. The surface
rsenic species present on MOCA, the possible leaching of Mn(II)
olution and the kinetics associated with As(III) removal are inves-
igated in detail. The physicochemical characteristics of MOCA
ere examined with X-ray diffraction (XRD), scanning electron
icroscopy (SEM), energy dispersive analysis of X-rays (EDAX), gas

dsorption porosimetry, Raman spectroscopy, and point of zero
harge (pHpzc) measurements.

. Materials and methods

.1. Chemicals

Chemicals used in this study were of analytical grade. They
ere procured from Ranbaxy Fine Chemical Limited, Chennai, India.
tomic absorption standard solution of 1000 �g ml−1 was obtained

rom J.T. Backer, U.S.A. Arsenite stock solution of 1000 mg l−1 was
repared from sodium arsenite (NaAsO2 J.T. Backer, U.S.A.) using
istilled water.

.2. Adsorbent

AA (grade = AD101-F, cost ∼1.5 $/kg) was procured from ACE
anufacturing and Marketing, Baroda, India. MOCA preparation
Please cite this article in press as: S.M. Maliyekkal, et al., As(III) removal from
evaluation and mechanistic details of surface binding, Chem. Eng. J. (2009)

as carried out in two steps. In step one, 25 g of AA was impreg-
ated with 25 ml of 1.5 M (CH3COO)2Mn in a heat resistant dish
nd the mixture was heated to 110 ◦C after thorough mixing, until
t became dry. In step two, the same mixture was calcined at 400 ◦C
or 3 h, cooled to room temperature and washed with distilled
 PRESS
ering Journal xxx (2009) xxx–xxx

water until the washed water became clear. The washed samples
were dried (110 ◦C for 8 h) and stored in airtight containers for fur-
ther use. The cost of the prepared sorbent was estimated to be
∼2.6 $/kg.

2.3. Material characterization

Manganese impregnated on the AA was quantified by acid diges-
tion method suggested by the National Environment Protection
Council [16]. Mineral phases of the manganese oxide coating were
characterized by powder XRD (PANalytical X’pert PRO). EDAX (FEI,
Quanta 200) was used to confirm the existence of manganese on
the surface of MOCA. Analysis of physical characteristics (specific
surface area, pore size and micropore volume) of MOCA and AA
was measured with nitrogen adsorption isotherm technique with
a micropore analyzer (ASAP 2020, Micromeritics, U.S.A.). pHpzc of
MOCA and AA were determined by the batch equilibrium method
[17]. Raman spectra of the virgin and As(III) sorbed samples were
obtained using a WiTec confocal Raman spectrometer (GmbH,
Alpha-SNOM CRM 200). The excitation source used was an Ar ion
laser of 514.5 nm wavelength. The Raman signal was collected in a
back-scattering geometry after passing through a super-notch fil-
ter. A peltier cooled charge coupled device (CCD) was used as the
detector and the signal was dispersed using an 1800 grooves/mm
grating.

2.4. Batch sorption experiments

Batch sorption experiments were conducted to study the effect
of contact time, initial As(III) concentration, pH, ionic strength and
type and concentration of various co-existing ions on As(III) sorp-
tion by MOCA and AA. Each experiment was performed with dry
sorbent dose of 5 g l−1. Adsorbent samples were added to 250 ml
Erlenmeyer flasks containing 100 ml of synthetic As(III) solution.
The flasks were kept for shaking at 90 rpm in a thermostati-
cally controlled orbital shaker (Remi, India) at 30 ± 1 ◦C. Samples
were withdrawn at predetermined time intervals and analyzed for
residual As(III) concentrations. The initial pH of the samples was
adjusted using dilute NaOH or HCl.

Effects of contact time and initial As(III) concentration on sorp-
tion were tested with four different As(III) concentrations (0.95,
2.4, 4.9 and 9.98 mg l−1). Samples were withdrawn from the reactor
at small time intervals and analyzed for residual arsenic concen-
tration. Isotherm studies were performed at pH 7.0 (±0.2) and
temperature 30 ◦C (±1 ◦C). The initial concentrations of the As(III)
solution were varied over a wide range (2–300 mg l−1). The effect
of pH on As(III) sorption was determined by varying the pH from 4
to 10. The effect of ionic strength on As(III) sorption was performed
by varying the background electrolyte (NaCl) concentration over a
range of 0–0.5 M.

Samples for Raman spectroscopic analysis were prepared by
reacting 1 g of MOCA with 25 ml of 0.1 M As(III) at a pH of 6 or
8. A background electrolyte concentration of 0.1 M NaCl was main-
tained in all the samples. After equilibrating the sorbent with As(III)
solution, they were separated, washed with de-ionized water, and
freeze dried. They were analyzed with the spectrometer.

2.5. Analytical methods

The concentrations of total arsenic and manganese were mea-
sured using an atomic absorption spectrophotometer (PerkinElmer,
drinking water using manganese oxide-coated-alumina: Performance
, doi:10.1016/j.cej.2009.06.026

AA analyst 700, U.S.A.) with a graphite furnace and an electrodeless
discharge lamp (EDL). Arsenic analysis was carried out at a wave-
length of 193.7 nm, slit width producing a wave band of 0.7 l nm. An
Expandable Ion Analyzer (EA 940, Thermo Orion, U.S.A.) was used
to measure pH of the liquid samples.

dx.doi.org/10.1016/j.cej.2009.06.026
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Table 1
Physical characteristics of AA and MOCA.

Physical characteristics AA MOCA

Particle size 0.5–0.6 mm 0.5–0.6 mm
Shape Spherical Spherical
BET surface area (m2 g−1) 242.07 m2 g−1 194.09 m2 g−1

BJH adsorption cumulative volume of
pores between 17,000 Å and
3,000,000 Å diameter

0.299 cm3 g−1 0.250 cm3 g−1

BJH desorption cumulative volume of
pores between 17,000 Å and
3,000,000 Å diameter

0.306 cm3 g−1 0.283 cm3 g−1

BJH desorption average pore diameter
(4 V/A)

59.71 Å 47.22 Å
Fig. 1. Raman spectrum of MOCA before reacting with As(III).

. Results and discussion

.1. Material characterization studies

The quantification of manganese by acid digestion method
howed it to be 5–6% of the AA support. Surface mineralogy of
anganese oxide-coated-alumina was tested by powder XRD (fig-

re not shown). The activated alumina mineralogy was identified
s Al21.333O32 [Joint Committee on Powder Diffraction Standards
JCPDS) -80-0955]. No specific crystalline manganese oxide peaks
ere observed in XRD. The absence of manganese oxide peaks was

ttributed to the higher dispersion of supported manganese oxide
hase or relatively low concentration of the coated manganese
xide. Kapteijin et al. [18] have also reported a similar observation.
ccording to their finding, alumina-supported manganese oxide
atalyst prepared by Mn-acetate had higher dispersion and poor
rystalline structure. For further investigation and comparison, a
aman spectrum of MOCA was taken and is presented in Fig. 1.
OCA exhibited a broad Raman band at 637 cm−1, which is also

n agreement with the observation made by Kapteijin et al. [18].
alinger et al. [19] reported that Raman band at 630–640 cm−1

an be attributed to MnO2.
Please cite this article in press as: S.M. Maliyekkal, et al., As(III) removal from
evaluation and mechanistic details of surface binding, Chem. Eng. J. (2009)

Physical surface characteristics, such as specific surface area,
icropore volume, and pore size distributions of MOCA and AA

re given in Table 1. The SEM micrographs of MOCA and AA are
resented in Fig. 2. A clear difference in the surface morphology
as observed for MOCA from AA. SEM image of AA has shown a

Fig. 2. SEM micrograph of AA (a) and MO
Fig. 3. EDAX spectrum of as synthesized MOCA (before reacting with As(III)).

distinct crystalline pattern with hexagonal morphology whereas,
MOCA shows many aggregated small particles. The EDAX analysis
of MOCA (Fig. 3) showed the signals corresponding to Al, Mn, and O,
which is an indirect evidence of the existence of manganese oxide
on the surface of AA.

The value of pHpzc obtained for AA and MOCA is 8.25 ± 0.2
and 7.5 ± 0.2, respectively. No pHpzc values were reported in the
literature for MOCA prepared as earlier. Hence, it is difficult to
compare this value with other literature values. Different pHpzc
drinking water using manganese oxide-coated-alumina: Performance
, doi:10.1016/j.cej.2009.06.026

values ranging from 8.4 to 9 were reported for different types of
alumina. However, these values were obtained by different meth-
ods by various investigators and these numbers are not necessarily
comparable [20].

CA (b) before reacting with As(III).

dx.doi.org/10.1016/j.cej.2009.06.026
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.2. Batch sorption studies

.2.1. Sorption kinetic studies
Sorption kinetic studies were conducted with MOCA and AA

n batch mode. Fig. 1a and b of the supplementary data depicts
he kinetics of As(III) sorption onto MOCA and AA at various ini-
ial concentrations, respectively. From these figures, it is observed
hat adsorption of As(III) onto MOCA is much faster than that onto
A. For an initial concentration of 1000 �g l−1, MOCA could remove
ost of the As(III) from the aqueous system in a time period of 2–3 h.
owever, AA took 10 h of contact time to remove 78% of As(III). For
igher concentrations, adsorption process prolonged up to 10 h to
each a pseudo-equilibrium value, for both AA and MOCA.

The analysis of sorption kinetics of As(III) onto MOCA and
A were carried out using different models. Lagergren pseudo-
rst-order model [21] and Ho’s pseudo-second-order reaction rate
odels [22] have been employed to describe the kinetic process.
athematical representations of these models are given in Eqs. (1)

nd (2), respectively.
Pseudo-first-order equation:

t = qe(1 − e−k1t) (1)

Ho’s pseudo-second-order equation:

t = q2
e k2t

1 + qek2t
(2)

here amount of adsorbate sorbed on the sorbent surface at any
ime, t (mg g−1); qe is the amount of adsorbate removed from
queous solution at equilibrium (mg g−1); k1 is the first order rate
onstant of sorption (h−1); k2 is the second-order rate constant of
orption (g mg−1 h−1); and t is the time (h).

Linear regression methods are the commonly used technique for
etermining the best fitting models. However, non-linear methods
ffer a better way to obtain the kinetic parameters since they do
ot alter the error structure, error variance and normality assump-
ion of the standard least square. In the present study, non-linear

ethod was used to find the best fitting model and kinetic param-
ters, which were found by trial and error methods by means of
icrosoft Excel®) software using solver add-in option [23]. The

bjective function (OF) used to minimize error is given below:

F =
n∑

(q − q )2 (3)
Please cite this article in press as: S.M. Maliyekkal, et al., As(III) removal from
evaluation and mechanistic details of surface binding, Chem. Eng. J. (2009)

i

e,i p,i

ig. 4 shows the pseudo-second-order kinetic model fits for adsorp-
ion of As(III) onto MOCA (Fig. 2 in the supplementary data depicts
he corresponding graph for AA, pseudo-first-order plots are not

able 2
seudo-first-order rate parameters obtained for the sorption of As(III) onto MOCA and AA

s(III) concentration (mg l−1) MOCA

k1 (h−1) qe (mg g−1)

.95 1.42 0.18

.44 1.45 0.44

.76 1.50 0.95

.98 1.40 1.90

able 3
seudo-second-order rate parameters obtained for the sorption of As(III) onto MOCA and

s(III) concentration (mg l−1) MOCA

k2 (g mg−1 h−1) qe (mg g−1)

.95 7.76 0.22

.44 3.74 0.50

.76 1.60 1.32

.98 0.92 2.12
Fig. 4. Pseudo-second-order plots for As(III) removal by MOCA at various initial
As(III) concentrations.

shown for brevity). Suitability of the model to fit the experimental
data was examined based on root mean square error (RMSE) values.
The smaller RMSE value indicates better curve fitting. Tables 2 and 3
represent the first-order and second-order rate constants obtained
for As(III) sorption on to MOCA and AA, respectively. From these
results, it is observed that both models have predicted the data fairly
well. However, relatively lower RMSE value was observed for the
pseudo-second-order kinetic model, especially for As(III) sorption
onto MOCA.

For any porous material, especially in an agitated system, the
main resistance to mass transfer occurs during the movement or
diffusion of solute within the pores of the particles. Axe and Trivedi
[24] showed that intraparticle surface diffusion was the rate limit-
ing process for metal ion adsorption by microporous metal oxides
in aquatic and soil environment. To test the contribution of intra-
particle diffusion on the adsorption process, the rate constant for
intraparticle diffusion was calculated using Eq. (4) [25]:

Intraparticle diffusion model:

qt = Kpt1/2 (4)

For calculating the intraparticle diffusion coefficient, Kp, a plot of
qt against square root of time, t1/2was made. Kp values were calcu-
lated from the slope of the plot. From these values, it was observed
drinking water using manganese oxide-coated-alumina: Performance
, doi:10.1016/j.cej.2009.06.026

that intraparticle diffusion plays a significant role in the adsorp-
tion process. However, the linear portion of the curves (not shown
for the sake of brevity) did not pass through the origin for both AA
and MOCA, indicating the complex nature of the adsorption process
[26]. Therefore, it can be inferred that adsorption of As(III) onto

.

AA

RMSE k1 (h−1) qe (mg g−1) RMSE

0.005 0.53 0.14 0.004
0.012 0.58 0.37 0.005
0.028 0.59 0.71 0.014
0.071 0.55 1.27 0.049

AA.

AA

RMSE k2 (g mg−1 h −1) qe (mg g−1) RMSE

0.004 3.35 0.17 0.003
0.011 1.56 0.44 0.012
0.023 0.83 0.83 0.024
0.026 0.44 1.50 0.021

dx.doi.org/10.1016/j.cej.2009.06.026
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sorption by 5–8%. Occurrence of humic acid (20 mg l−1) has shown
around 30% reduction in As(III) removal efficiency. This might be
due to the competition of these ions with arsenic for the sorp-
tion sites and/or due to masking of sorption sites by the bigger
ig. 5. Comparison of various isotherm plots with experimental equilibrium data
or adsorption of As(III) onto MOCA (initial pH = 7 ± 0.2; temperature = 30 ± 1 ◦C).

OCA and AA is governed by the combined effect of surface and
ntraparticle diffusion.

.2.2. Equilibrium studies
The sorption capacity is one of the basic parameters required

or the design of any batch or fixed-bed sorption system. Several
orption isotherm models have been introduced over the years for
redicting the sorption capacity of a sorbent. In this study, the equi-

ibrium data obtained for the sorption of As(III) onto AA and MOCA
ere fitted to Langmuir (L), Freundlich (F) and Sips (S) isotherm
odels. The mathematical representations of these isotherm mod-

ls are given in Eqs. (5)–(7).
Langmuir model [27]:

e = qLbLCe

1 + bLCe
(5)

Freundlich model [28]:

e = KFC1/n
e (6)

Sips Model [29]:

e = qmS(KSCe)mS

1 + (KSCe)mS
(7)

The isotherm plots of adsorption of As(III) onto MOCA are given
Please cite this article in press as: S.M. Maliyekkal, et al., As(III) removal from
evaluation and mechanistic details of surface binding, Chem. Eng. J. (2009)

n Fig. 5 (The corresponding figure for AA is depicted in Fig. 3 of sup-
lementary data). The estimated isotherm parameters obtained

rom these models are given in Table 4. For both MOCA and AA,
he experimental data fitted well to Sips model (three parameter
sotherm models), which is evident from the low RMSE value. L

able 4
sotherm parameters obtained by fitting equilibrium data with various isotherm

odels for adsorption of As(III) onto MOCA and AA.

sotherm models Model parameters Adsorbents

MOCA AA

rendlich KF (mg g−1) (mg l−1)−1/n 3.13 1.43
1/n 0.40 0.45
RMSE 0.66 0.89

angmuir qmL (mg g−1) 29.15 19.63
bL (l mg−1) 0.027 0.019
RMSE 0.808 0.131

ips qmS (mg g−1) 42.48 20.78
KS (l g−1) 0.009 0.017
mS 0.65 0.93
RMSE 0.225 0.076
 PRESS
ering Journal xxx (2009) xxx–xxx 5

model is an analytical equation that assumes monolayer coverage
of sorbate over a homogenous sorbent surface [27]. The heteroge-
neous nature of the sorbents cannot be explained by this model. F
model that considers the surface heterogeneity of the sorbents also
failed to predict the experimental data well. McKay [30] reported
that both L and F theories could not predict the equilibrium data
over a wide concentration ranges. Sips model is a three param-
eter isotherm model (combination of L and F model) developed
to improve the performance of L and F model. It is a combination
of L and F models having features of both. From the equilibrium
sorption studies, it is observed that As(III) sorption onto MOCA is
much higher than AA (Table 4). MOCA could remove almost 2 times
(42.48 mg g−1) higher As(III) than AA (20.78 mg g−1).

3.2.3. Effect of co-existing ions on adsorption
Fig. 6(a) and (b) depicts the percentage removal of As(III) by

MOCA at various initial concentrations of different co-existing ions.
From the figures, it is clear that most of the co-ions studied have
shown significant interference on As(III) adsorption by MOCA (over
the concentrations range that is normally found in groundwater
samples). However, higher concentrations of silicate and bicarbon-
ates have reduced the adsorption efficiency of arsenite. Silicate
above 50 mg l−1 has shown a negative shift in adsorption efficiency.
At 200 mg l−1 of silicate, more than 20% reduction in efficiency
was observed for an initial As(III) concentration of ∼1000 �g l−1.
Presence of 200 mg l−1 of bicarbonates affected the efficiency of
drinking water using manganese oxide-coated-alumina: Performance
, doi:10.1016/j.cej.2009.06.026

Fig. 6. Effect of various background ions and humic acid on As(III) removal by MOCA
(initial As(III) concentration = 1.0 mg l−1; adsorbent dose = 5.0 g l−1; pH = 7 ± 0.2;
temperature = 30 ± 1 ◦C).

dx.doi.org/10.1016/j.cej.2009.06.026
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the sorption efficiency was reduced only 5–8%. From the results, it
ig. 7. Raman spectra of (a) virgin MOCA (b) MOCA reacted with As(III) at pH 6 and
c) MOCA reacted with As(III) at pH 8.

umic acid molecules. Phosphate is expected to be a good com-
eting ion for arsenic, since both P and As are located in the same
roup and have much chemical similarities. Interestingly, in the
resent study, phosphate (up to 20 mg l−1) has not shown any
dverse effect on As(III) sorption by MOCA. This result is in agree-
ent with the findings of Driehaus et al. [5] as per which, As(III)

xidation kinetics and sorption of arsenate was not affected by
hosphate.

.2.4. Mechanism of As(III) sorption onto MOCA
So far, to the best of our knowledge, no research has been

erformed to understand the interaction of As(III) with man-
anese oxide coated sorbents. To elucidate the mechanism of
s(III) adsorption onto a metal oxide surface, understanding of As-
etal oxide bonding is required. Both macroscopic and microscopic

xperimental methods can give insight into anion sorption mech-
nisms. In this study, Raman spectroscopy method coupled with
orption experiments were conducted to understand As(III) inter-
ction with MOCA. Fig. 7 shows the Raman spectra of As(III) sorbed
OCA at a pH of 6 and 8 (normal groundwater pH range). From

hese spectra, the presence of adsorbed As(III) is clearly evident
y the presence of the Raman band at 866 cm−1, which corre-
ponds to asymmetric As–O stretching [31]. By varying the pH from

to 8, there is no significant shift in the Raman band. This lack
f pH dependence on the positions of the Raman band indicate
hat these modes are “protected” from changes in pH and indi-
ates that these groups are involved in direct complexation with
he surface. This data also suggest that, a similar sorption mecha-
ism occurs over this pH range. These results are consistent with
he formation of an inner-sphere complex at both pH values [32].
s(III) sorbed AA has not shown any noticeable Raman band that
an be attributed to any As(III) surface complexes, at both pH stud-
ed. This observation is in agreement with Goldberg and Johnson
32].

Estimation of the effect of ionic strength on adsorption can
e used as an indirect method for identifying the mechanism
f adsorption [32,33]. According to this method, ions that form
uter-sphere surface complexes show decreasing adsorption with

ncrease in ionic strength, whereas ions that form inner-sphere
urface complexes show increasing or no variation in adsorption
ith increase in ionic strength. It was found that, variation in ionic

trength had insignificant effect on As(III) sorption onto MOCA,
Please cite this article in press as: S.M. Maliyekkal, et al., As(III) removal from
evaluation and mechanistic details of surface binding, Chem. Eng. J. (2009)

uggesting an inner-sphere surface complex mechanism (data not
hown). This can be attributed to the higher activity of the counter
ons in the solution available to compensate the surface charge
enerated by specific ion adsorption [32].
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3.2.5. Evidence for the oxidation of As(III) to As(V)
Many researches have shown that oxides of manganese are

effective for As(III) to As(V) oxidation. The redox reactions of As(III)
with Mn(IV)-oxides and Mn(III)-oxides are [5]:

H3AsO3 + MnO2 ↔ HAsO4
2− + Mn2+ + H2O [E = 0.67 V] (R1)

H3AsO3 + 2MnOOH + 2H+ ↔ HAsO4
2− + 2Mn2+ + 3H2O

[E = 0.95 V] (R2)

The measurement of the release pattern of soluble Mn(II) during
the redox reaction processes may be used as an indirect evidence
for As(III) oxidation to As(V). Fig. 4 in supplementary data shows
the Mn(II) release pattern at various initial concentrations of As(III).
From the figure, it is evident that soluble Mn(II) is produced during
the oxidation reaction of As(III) and an increase in Mn(II) concen-
tration was found with increase in initial As(III) concentrations.
Negligible amount of soluble Mn(II) found at low initial As(III) can
be attributed to the Mn(II) adsorption capacity of manganese oxide.
Driehause et al. [5] has observed a soluble Mn(II) concentration less
than 0.2 �mol−1 during the oxidation of As(III) (1.3–13.3 �mol−1)
and the possible cause for lack of soluble Mn(II) in the system
was explained by the high sorption capacity of manganese oxide
for soluble Mn(II). Oscarson et al. [34] and Moore et al. [35] have
reported that As(V)–manganese complex formation resulted in the
absence of soluble Mn(II) in the aqueous phase. However, in the
present study, the precipitation of As(V)–manganese complex was
not observed.

3.2.6. Effect of pH
In this study, removal efficiency of As(III) by AA and MOCA

were evaluated at different pH values. The optimum pH for As(III)
removal by AA was between 6.5 and 7.5. However, MOCA could
remove As(III) efficiently over a wide pH range of 4–7.5. This varia-
tion in optimum pH range might be due to the difference in sorption
mechanism of As(III) by AA and MOCA. At pH less than 9.2, H3AsO3
is the dominant As(III) species. The specific sorption of a neutral
species onto a charged surface like AA is difficult. However, a wider
optimum pH range observed for As(III) sorption onto MOCA might
be due to the oxidation reaction of initially added As(III) to As(V)
and sorption by MOCA. Sorption of soluble Mn(II), released during
the oxidation of As(III), by MOCA surface must have compensated
the surface charge produced by specific sorption of oxidized As(V).
Takamatsu et al. [36] found an increasing amount of As(V) sorption
onto manganese oxide with sorption of Mn(II) ions.

As(III) sorption capacity reduced for both AA and MOCA at higher
pH (>7.5) values. This may be due to the competition of OH− ions
present in the aqueous solution for sorption sites. The lesser sorp-
tion at higher pH values may also be due to the reversal of the
surface charges of the sorbents.

3.2.7. Sorbent regeneration
Regeneration of any exhausted adsorbent is an important factor

in the sorption process for improving the process economics. In this
study, NaOH solution (various concentrations) was used as the elu-
ent for arsenic desorption from exhausted sorbents. It was observed
that 2.5% NaOH could elute 88–90% of sorbed arsenic from MOCA.

To test the reusability of regenerated adsorbent, the
same sorbent was subjected to three consecutive cycles of
adsorption–desorption. The results of these studies (Fig. 8) showed
that MOCA have good re-use potential and even at the third cycle,
drinking water using manganese oxide-coated-alumina: Performance
, doi:10.1016/j.cej.2009.06.026

seems that MOCA could be used as an effective alternative sorbent
for As(III) removal. However, further investigation is required to
get enough information to predict the extent of its applicability in
the field.

dx.doi.org/10.1016/j.cej.2009.06.026
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ig. 8. As(III) removal efficiency of MOCA at three consecutive adsorption cycles
initial As(III) concentration = ∼1000 �g l−1; adsorbent dose = 5 g l−1; pH = 7.0 ± 0.2).

. Conclusions

The As(III) sorption rate and capacity of MOCA was found to
e superior to that of AA. The pH conditions of the initial solution

nfluenced the As(III) sorption by both AA and MOCA. The kinet-
cs and equilibrium of sorption onto MOCA were best described by
seudo-second-order equation and Sips isotherm model, respec-
ively. Exhausted MOCA could be regenerated effectively using 2.5%
aOH. The mechanism of As(III) removal by MOCA was found to
e a two-step process, i.e. oxidation of As(III) to As(V) and reten-
ion of As(V) on MOCA surface, with As(V) forming an inner surface
omplex with MOCA.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.cej.2009.06.026.
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