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Abstract

Alum-impregnated activated alumina (AIAA) was investigated in the present work as an adsorbent for the removal of As(V) from water by
batch mode. Adsorption study at different pH values shows that the efficiency of AIAA is much higher than as such activated alumina and is
suitable for treatment of drinking water. The adsorption isotherm experiments indicated that the uptake of As(V) increased with increasing As(V)
concentration from 1 to 25 mg/1 and followed Langmuir-type adsorption isotherm. Speciation diagram shows that in the pH range of 2.8-11.5,
arsenate predominantly exists as H;AsO,~ and HAsO,4>~ species and hence it is presumed that these are the major species being adsorbed on the
surface of AIAA. Intraparticle diffusion and kinetic studies revealed that adsorption of As(V) was due to physical adsorption as well as through
intraparticle diffusion. Effect of interfering ions revealed that As(V) sorption is strongly influenced by the presence of phosphate ion. The presence
of arsenic on AIAA is depicted from zeta potential measurement, scanning electron microscopy (SEM) and energy-dispersive analysis of X-ray
(EDAX) mapping study. Alum-impregnated activated alumina successfully removed As(V) to below 40 ppb (within the permissible limit set by

WHO) from water, when the initial concentration of As(V) is 10 mg/1.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Due to the carcinogenic effect of arsenic to human body,
extensive research has been carried out in the past decades
on removing arsenic from water. Existing methods to remove
arsenic from water includes adsorption [1,2], precipitation
[3], anion exchange [4], reverse osmosis, coagulation pro-
cesses [5], and Donnan membrane [6]. Among these methods
adsorption/co-precipitation process seems to be most promis-
ing method as it reduces arsenic up to 50 ppb in the aqueous
solution. Adsorption with activated carbon [7], activated alu-
mina [8], fly ash [9], rare earth oxides [1], and manganese
green sand [10] have been used to remove arsenic from water.
Iron(III) oxides have shown tremendous potential for adsorption
of arsenic as these oxides have high sorption affinity toward both
As(V) and As(III) species [6,11]. Granular activated alumina has
been found to be a very effective adsorbent for removal of arsenic
from aqueous solutions [12]. However, it works at narrow pH
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range (i.e. pH 5-6.5) and it has more affinity for competing ions
such as fluoride, phosphate than arsenic.

Though activated alumina, activated carbon, sand and rare
earth oxides have been studied widely [7,13-16,1], these are not
efficient for removal of arsenic from drinking water due to the
low sorption capacity and also because these adsorbents work
at low pH value. In recent years, several studies have been done
on impregnation of various oxides, sand, carbon, polymer, spent
catalyst [17-20,6] and these have been shown to be very effec-
tive for removal of toxic metals including arsenite and arsenate.
Impregnation with chemicals enhances the sorption capacity
of adsorbents. It has been reported that the adsorption capacity
of arsenate enhanced significantly by lanthanum impregnated
silica gel and could remove arsenate up to 0.2 mmol/l [21].
Huang and Liu [17] have studied the adsorption of As(V) in
which the adsorption capacity of spent catalyst was increased
by coating with iron. Katsoyiannis and Zouboulis [22] have
used a modified polymer material which is capable of removing
up to 10pg/l inorganic arsenic from contaminated water
sources. Alum-impregnated activated alumina was previously
effectively tested for removal of fluoride from drinking water
[23]. The aim of the present study was to examine the ability of
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alum-impregnated activated alumina towards removal of As(V)
from drinking water. Activated alumina of high surface area has
been impregnated with alum and then be used as an adsorbent
in the adsorption process. Various parameters such as equilib-
rium isotherm, adsorption kinetics, adsorbent dose, effect of
pH, interference of other ions and regeneration of adsorbent
have been investigated. The Mineql+ program was used to
determine the speciation of arsenate in water for the present
conditions. Zeta potential measurement, scanning electron
microscope, energy-dispersive analysis of X-ray study were
carried out for the arsenic adsorbed alum-impregnated activated
alumina.

2. Materials and methods
2.1. Materials

The chemicals used in this study were of analytical grade and
double distilled water was used throughout the study. Stock solu-
tions of As(V) were prepared by dissolving appropriate amount
of NapHAsO,4-7H,0O (Loba Chemie, Mumbai, India) in dou-
ble distilled water. All solutions for adsorption and analysis
were prepared by appropriate dilution of the freshly prepared
stock solution. The preparation of alum-impregnated activated
alumina (AIAA) has been described in an earlier publication
[23]. The analytical grade activated alumina was impregnated
with alum by adding 200 ml of 5% NaHCO3; and 200 ml of
1M Al(SO4)3-16H70 solution to 100 g of activated alumina.
The pH of the solution was maintained at 3.4-3.5 by addi-
tion of 0.1N HCL In the present study activated alumina of
high surface area (250 m?/g) was used and the alum solution
remained in contact with activated alumina (AA) for 24 h at
50°C.

2.2. Characterization of adsorbent

The adsorbent was characterized for its particle size distri-
bution using a Malvern Zeta Sizer (Malvern Zeta-sizer Model
3000, UK). The surface area was determined by using a Quan-
tasorb surface area measurement apparatus (Quantachrome
Corp., NY). The isoelectric point of AA, AIAA and the
arsenic adsorbed AIAA was determined by measurement of
zeta potential of the particles using the Malvern Zeta Sizer.
Scanning electron microscopy (SEM) and energy-dispersive
analysis of X-ray (EDAX) were performed using a FEI SIRION
(20kV).

2.3. As(V) adsorption

Adsorption experiments were carried out in batch mode and
conducted in duplicate. The experimental procedure for adsorp-
tion isotherms, adsorption at different pH values, contact time,
and interference of other ions has been described in an earlier
communication [1]. After the equilibration time the filtrate was
analysed for As(V) using an ICP Spectrophotometer (Jobin-
Yvon, France).

Table 1
Properties of activated alumina and ATAA

Properties Activated alumina Alum-impregnated activated
(AA) alumina (AIAA)

Particle size, dso (pum) 82 93

Surface area (m?/g) 242 183

Pore volume (cm3/g) 0.39 0.20

Isoelectric point 8.3 8.6

3. Results and discussion
3.1. Characterization of adsorbent

The BET surface area of AA and AIAA were found to be 242
and 183 m?/g. The decrease in surface area upon impregnation
may be due to the diffusion of alum particles into the pores of the
AA. But previous studies for fluoride removal [23] have shown
that the specific surface area of activated alumina was found
to increase after impregnation with alum due to the uniform
coating of AI(OH)3 on the surface of activated alumina. This
difference in surface area of AIAA might be observed due to
the different preparation technique applied such as equilibration
time and heat applied during impregnation process. The pore
volume, particle size and isoelectric point of AA and AIAA are
given in Table 1.

3.2. Zeta potential measurement of AA and AIAA

The plot of pH versus zeta potential (Fig. 1) in 107> M
KNOj3 solution shows the zeta-potential measurement of AA
and ATAA. The isoelectric point of AA and AIAA is found at
pH 8.3 and 8.6, respectively. The shift in IEP value to alka-
line pH and change in surface charge to higher value in case
of ATAA can be attributed to the impregnation of alum on AA
surface.
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Fig. 1. Zeta potential of activated alumina, alum-impregnated activated alumina
and As(V) adsorbed alum-impregnated activated alumina at an ionic strength of
0.01 M KNOj3 solution.
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Fig. 2. Speciation diagram of arsenate.
3.3. Speciation of As(V) in water

The speciation of arsenate was defined by using a well-known
computer program Mineql+. According to the speciation dia-
gram for arsenate, high percentage of HyAsO4;~ and HAsO4>~
species are present in the pH range 2.7-11.5 as shown in Fig. 2.
Therefore, it is concluded that these species are adsorbed on the
surface of AIAA during adsorption process. Mostly boehmite is
formed on the alumina surface by impregnation with alum and
the sorption of arsenate is as follows:

Al(OH); + H' 4+ HyAsO4~ — AI(OH),—-H,AsO4 + H,O
ey

AI(OH); +2H" + HAsO42~ — AI(OH)-HAsOy +2H,0
@

3.4. Effect of pH on adsorption of As(V)

The effect of the pH on the adsorption of As(V) (10 mg/1) onto
AA and ATAA was studied (Fig. 3). In case of AA, adsorption
of As(V) increases rapidly with increasing pH and attained to
maximum 95.6% at pH 5.5 and very low adsorption occurred at
alkaline pH values. But for AIAA, adsorption is very high in the
pH range of 3.5-8 and maximum adsorption of 99.6% achieved
at pH 7. Thereafter adsorption dropped significantly at higher
pH values and only 30% adsorption occurred at pH 12. Similar
trend was observed in an earlier study on adsorption of As(V)
on rare earth oxides [1]. In the pH range of 2.8—11.5, arsenate
predominantly exists as HyAsO4~ and HAsO42~ species which
is shown in the speciation diagram. Therefore, it can be con-
cluded that these are the major species being adsorbed on the
surface of AIAA. The adsorption of As(V) onto AIAA is found
to be very high as compared to AA and the suspension pH sets
automatically at 7 during the adsorption process which is useful
for drinking water systems. Hence further study has been carried
out using ATAA as an adsorbent for the removal of As(V).
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Fig. 3. The plot of percent removal of As(V) as a function of pH at adsorbent
dose 8 g/1, fluoride concentration 10 mg/l and equilibrium time 3 h for AA and
AIAA.

3.5. Adsorption kinetics

The adsorption kinetics of As(V) on ATAA were examined at
different intervals of time. Adsorption takes place rapidly dur-
ing the first 10-60 min after which it slows down considerably.
Maximum adsorption of 99.6% was obtained at 3 h equilibration
time. The rate constants of As(V) adsorption were calculated by
rate expression of pseudo-first-order and pseudo-second-order
models which are given as follows.

Pseudo-first-order rate expression of Lagergen equation [24]
is given as

log(ge — g1) =logge — k1t 3)

where ge and g, are the amount of arsenate adsorbed in mg/g
at equilibrium and at time ¢ (min), respectively, k; is the rate
constant of the pseudo-first-order adsorption (min~1).

The adsorption rate constant can be determined from the
slope of the linear plot of log(ge — ¢q;) versus ¢ (Fig. 4a). k;
and the correlation coefficient R> were found to be 0.003 and
0.6181, respectively which are extremely low indicating that the
adsorption of As(V) onto AIAA does not follow first-order rate
model.

The pseudo-second-order rate expression is as follows [25]:

r_o Lt )
g kg ge

where kp is the constant
(gmg~ ' min~1).

From Eq. (4), ko can be calculated from the slope and
intercept of the plot #/g; versus ¢ (Fig. 4b). The value of k>
and R? for the pseudo-second-order rate model is found to be
0.0208 gmg~! min~! and 0.9994. The low k5 and high R? value
suggest that the adsorption is governed by pseudo-second-order
model.

pseudo-second-order rate
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Fig. 4. (a) Pseudo-first-order plot of As(V) adsorption kinetics at pH 7, 8 g/l adsorbent dose and an initial As(V) concentration of 10 mg/l. (b) Pseudo-second-order
plot of As(V) adsorption kinetics at pH 7, 8 g/l adsorbent dose and an initial As(V) concentration of 10 mg/l. (c) Intraparticle diffusion plot for adsorption of As(V)

at pH 7, 8 g/l adsorbent dose and an initial As(V) concentration of 10 mg/I.

The intraparticle diffusion equation can be described as [26]:
qr = kit'/? &)

where k; is the intraparticle diffusion rate constant
(mg g_1 min~!2) calculated from Eq. (5).

The plot of g; versus 1'/? (Fig. 4c) shows that the initial curved
portion is attributed to the boundary layer diffusion and intra-
particle diffusion effect the subsequent linear portion with &; and
R? values 0.6949 and 0.9355, respectively. However, as the linear
portion of the curve does not pass through the origin, adsorption
of As(V) onto AIAA is governed by both surface adsorption as

well as intraparticle diffusion effect.
3.6. Effect of adsorbent dose on extent of As(V) adsorption

The variation of As(V) adsorption onto AIAA as a function
of adsorbent dose (0.5-16g/1) at pH 7, 3 h equilibration time
and 10 mg/l As(V) concentration is shown in Fig. 5a. It can
be observed that adsorption of As(V) increased with increasing

adsorbent dose. This might be due to increase in active sites
with an increase in amount of adsorbent. The optimum adsor-
bent dosage required is 8 g/l to reduce up to 40 ppb of As(V) in
drinking water.

According to surface sites heterogeneity model, surface
hydroxyl groups increase with an increase in adsorbent dose,
hence also the binding ability of the surface for an ion, which
can be calculated from the distribution coefficient Kp [27]. Kp
depends on the pH of the solution and the nature of the adsor-
bent surface. The Kp value for As(V) on AIAA at pH 7 was
calculated by using the following equation:

C
Kp = C—S(m3/kg) (6)
w

where Cs is the concentration of As(V) on the solid parti-
cles (mg/kg) and Cy is the equilibrium concentration in water
(mg/m3).

The plot of Kp versus adsorbent dose (Fig. 5Sb) shows that Kp
value increases with increase in AIAA dose up to 8 g/, which
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Fig. 5. (a) The plot of percent removal of As(V) as a function of adsorbent dose (g/1) onto AIAA at As(V) concentration 10 mg/l, pH 7 and equilibrium time 3 h. (b)

The plot of log Kp value as a function of adsorbent dose (g/1).

implies that the surface of the AIAA is heterogeneous in nature.
At higher concentrations, the Kp does not change since the sites
available for adsorbing 10 mg/l As(V) are in excess. However at
lower concentrations Kp changes and therefore only the initial
part of the curve has been considered here.

3.7. Adsorption isotherm

Equilibrium studies were carried out at different concentra-
tions of As(V) (1-25 mg/1) and at three pH values viz. 4, 7 and 9
to determine the maximum adsorption capacity of AIAA. Fig. 6a
shows that adsorption of As(V) increases with increasing equi-
librium concentration at all pH values. At pH 4 and 7, adsorption
isotherms are very high and almost same for low As(V) concen-
tration, i.e. up to 10 mg/l which can be confirmed from the effect
of pH plot. But for higher concentration of As(V), i.e. >10 mg/l,
sorption capacity increases significantly at both the pH values.
At pH 9, adsorption increased up to 0.02 m mol/l and then it is

@) 0.040 |- ' ‘ ‘ ' I I I E
0.035 -—
0.030 -—
0.025 :
0.020 -—
0.015 -—

0.010 |-

Adsorption of As(V) mmol/g

0.005

0.000 t E
P I RO RN R R R

-002 000 002 004 006 008 010 012 014
Equil. Conc. mmol/l

spread over a wide concentration range. At pH 7, ATAA suc-
cessfully removed As(V) to below 40 ppb from water having
initial concentration 10 mg/l. A Langmuir isotherm model [28]
was correlated to the adsorption isotherm data as follows:

C.  Ce 1
X XmaX Kb Xmax

@)

where C, is the equilibrium concentration (mmol dm~3), X the
amount adsorbed at equilibrium (mmol g~ 1), K, and Xpay are the
binding constant and maximum adsorption capacity at a relevant
pH, respectively. Ky and Xax can be determined from the linear
plot of C./X versus C, [Fig. 6b].

At pH 4 and 7, the adsorption isotherm for As(V) fitted
satisfactorily to the Langmuir equation. As the adsorption is
very low at pH 9, it has not been considered for these cal-
culations. The binding constant and adsorption capacity are
found to be 155.42 /mol and 0.0314 mmol/g, respectively with
a correlation coefficient of 0.9589 for pH 4 and 819.54 I/mol
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Fig. 6. (a) Adsorption isotherm of As(V) onto AIAA at pH 7, adsorbent dose 8 g/1, equilibrium time 3 h. (b) Langmuir adsorption isotherm of As(V) onto AIAA.
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and 0.0401 mmol/g, respectively with a correlation coefficient
0.9747 for pH 7.

In order to predict the favorability of the adsorption process,
a dimensionless separation factor or equilibrium parameter Ry,
can be calculated using the binding constant Ky obtained from
the Langmuirian isotherm model as follows [29]:

1
~ 14 KpCo

where Cy is the initial concentration of As(V) and Ky, is the bind-
ing constant obtained from the Langmuir isotherm. From the
magnitude of the Ry, the adsorption process can be described as
R > 1 = unfavorable, Ry =1 = linear, 0 <R <1 = favorable,
R, =0 = irreversible.

The calculated Ry values found in this study are lies in
between 0 and 1 for 1-25 mg/l concentration of As(V) in both
the pH values, which implies that the As(V) adsorption onto
ATAA is a favorable adsorption process.

®

RL

3.8. Effect of interfering ions

Anions like chloride, nitrate, sulphate, and phosphate present
in drinking water may interfere with arsenate ions in the adsorp-
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tion process and hence the efficiency of the adsorbent is reduced.
In order to determine the efficiency of AIAA for removal of
As(V) from drinking water, the interference of some common
anions such as chloride, nitrate, sulphate and phosphate has been
considered. The effect of these anions on adsorption of As(V)
(10 mg/l) was studied by varying the concentration of anions
from 0 to 100 mg/1 individually and in presence of each other.
It was observed that the adsorption of As(V) decreased slightly
(ca. 3%) in the presence of all the anions except PO43~. As(V)
adsorption decreases strongly with increasing concentration of
PO,43~. At lower concentration of PO43~ (25 mg/l), adsorption
efficiency of As(V) is lowered by 8% whereas at higher concen-
tration (100 mg/1) it decreases by 27%, which might be due to
the competition for the binding sites of the adsorbent between
arsenate and PO43_.

3.9. Regeneration of the adsorbent

To regenerate the adsorbent, desorption study was carried out
at various pH values by appropriate addition of 0.1N HCI and
NaOH solution onto As(V) adsorbed AIAA. Initially, desorption
of arsenate was difficult in the acidic pH range and there was
no leaching of arsenate from the arsenate adsorbed AIAA up

(b) Al

0.80 1.80 270 3.60 4.50 5.40 6.30 keV

Fig. 7. (a) SEM micrograph, (b) EDAX spectrum and (c) EDAX mapping of arsenic adsorbed alum-impregnated activated alumina.
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to pH 8. But, as the pH increases from 9 to 12, desorption of
arsenate takes place and complete desorption occurred at pH 12,
which is further confirmed from the pH effect result. Adsorption
capacity of regenerated AIAA decreases greatly, which shows
that impregnation of alum on desorbed AIAA is necessary to
further use.

3.10. Zeta potential measurement of As(V) adsorbed AIAA

The IEP value of As(V) adsorbed AIAA was found to be 7.5
(Fig. 1). In the pH range 4-8, arsenic predominantly exists as
anionic HyAsO4~ and HAsO42~ species which contribute neg-
ative charge on the surface. Therefore, the shift in IEP value
to acidic side is due to the formation of negatively charged
surface complexes by specific adsorption of H,AsO4* 3 ions
onto ATAA. Further, the shift in IEP value to lower pH range
implies that the adsorption of arsenate onto AIAA is through
inner-sphere complexes because, in the outer-sphere complexes
there is no specific chemical reaction occurs between the adsor-
bate and the surface that could change the surface charge and
the IEP value [30].

3.11. Scanning electron microscopy and EDAX mapping
study

Fig. 7a shows the SEM picture of arsenate adsorbed AIAA.
From the figure it can be seen that small particles of amorphous
precipitate are adhering to the AIAA surface. This might be
due to the presence of arsenic on the AIAA surface, which was
further confirmed from the EDAX mapping. Fig. 7b shows the
presence of a minor peak for As along with major peaks for other
elements in the EDAX spectrum. EDAX mapping was carried
out for each element and Fig. 7c shows the overlap of Al, O, K,
S042~ and As. These micrographs provide direct evidence of
arsenic adsorption on to ATAA.

4. Conclusions

The alum-impregnated activated alumina was shown to be an
effective adsorbent and it could be used for removal of As(V)
from drinking water. As(V) was lowered up to 40 ppb when the
initial concentration of As(V) in water is 10 mg/l at the opti-
mum pH 7 and 8 g/l adsorbent dose. The adsorption kinetics
was found to be fast and maximum adsorption was attained in
60 min time period and followed pseudo-second-order rate law.
Intraparticle diffusion study revealed that adsorption of As(V)
onto alum-impregnated activated alumina was both by surface
adsorption and intraparticle diffusion. Adsorption followed the
Langmuir isotherm model for the present system. Interference
of the anions shows that PO43~ experiences the highest competi-
tion and retards the adsorption of As(V) onto alum-impregnated
activated alumina. Impregnation of alum on desorbed AIAA is
necessary to further adsorption of arsenate. Zeta potential mea-
surement, SEM study, EDAX mapping depict the presence of
As on the ATAA surface.
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