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Enhanced adsorption capacity of activated alumina by impregnation
with alum for removal of As(V) from water
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bstract

Alum-impregnated activated alumina (AIAA) was investigated in the present work as an adsorbent for the removal of As(V) from water by
atch mode. Adsorption study at different pH values shows that the efficiency of AIAA is much higher than as such activated alumina and is
uitable for treatment of drinking water. The adsorption isotherm experiments indicated that the uptake of As(V) increased with increasing As(V)
oncentration from 1 to 25 mg/l and followed Langmuir-type adsorption isotherm. Speciation diagram shows that in the pH range of 2.8–11.5,
rsenate predominantly exists as H2AsO4

− and HAsO4
2− species and hence it is presumed that these are the major species being adsorbed on the

urface of AIAA. Intraparticle diffusion and kinetic studies revealed that adsorption of As(V) was due to physical adsorption as well as through
ntraparticle diffusion. Effect of interfering ions revealed that As(V) sorption is strongly influenced by the presence of phosphate ion. The presence

f 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

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

Due to the carcinogenic effect of arsenic to human body,
xtensive research has been carried out in the past decades
n removing arsenic from water. Existing methods to remove
rsenic from water includes adsorption [1,2], precipitation
3], anion exchange [4], reverse osmosis, coagulation pro-
esses [5], and Donnan membrane [6]. Among these methods
dsorption/co-precipitation process seems to be most promis-
ng method as it reduces arsenic up to 50 ppb in the aqueous
olution. Adsorption with activated carbon [7], activated alu-
ina [8], fly ash [9], rare earth oxides [1], and manganese

reen sand [10] have been used to remove arsenic from water.
ron(III) oxides have shown tremendous potential for adsorption
f arsenic as these oxides have high sorption affinity toward both

s(V) and As(III) species [6,11]. Granular activated alumina has
een found to be a very effective adsorbent for removal of arsenic
rom aqueous solutions [12]. However, it works at narrow pH

∗ Corresponding author. Tel.: +91 80 22933238; fax: +91 80 23600472.
E-mail address: amr@materials.iisc.ernet.in (A.M. Raichur).
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ange (i.e. pH 5–6.5) and it has more affinity for competing ions
uch as fluoride, phosphate than arsenic.

Though activated alumina, activated carbon, sand and rare
arth oxides have been studied widely [7,13–16,1], these are not
fficient for removal of arsenic from drinking water due to the
ow sorption capacity and also because these adsorbents work
t low pH value. In recent years, several studies have been done
n impregnation of various oxides, sand, carbon, polymer, spent
atalyst [17–20,6] and these have been shown to be very effec-
ive for removal of toxic metals including arsenite and arsenate.
mpregnation with chemicals enhances the sorption capacity
f adsorbents. It has been reported that the adsorption capacity
f arsenate enhanced significantly by lanthanum impregnated
ilica gel and could remove arsenate up to 0.2 mmol/l [21].
uang and Liu [17] have studied the adsorption of As(V) in
hich the adsorption capacity of spent catalyst was increased
y coating with iron. Katsoyiannis and Zouboulis [22] have
sed a modified polymer material which is capable of removing

p to 10 �g/l inorganic arsenic from contaminated water
ources. Alum-impregnated activated alumina was previously
ffectively tested for removal of fluoride from drinking water
23]. The aim of the present study was to examine the ability of

mailto:amr@materials.iisc.ernet.in
dx.doi.org/10.1016/j.cej.2007.06.028
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Table 1
Properties of activated alumina and AIAA

Properties Activated alumina
(AA)

Alum-impregnated activated
alumina (AIAA)

Particle size, d50 (�m) 82 93
Surface area (m2/g) 242 183
P
I

3

3
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K
a
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 AIAA can be attributed to the impregnation of alum on AA
surface.
80 S.S. Tripathy, A.M. Raichur / Chemica

lum-impregnated activated alumina towards removal of As(V)
rom drinking water. Activated alumina of high surface area has
een impregnated with alum and then be used as an adsorbent
n the adsorption process. Various parameters such as equilib-
ium isotherm, adsorption kinetics, adsorbent dose, effect of
H, interference of other ions and regeneration of adsorbent
ave been investigated. The Mineql+ program was used to
etermine the speciation of arsenate in water for the present
onditions. Zeta potential measurement, scanning electron
icroscope, energy-dispersive analysis of X-ray study were

arried out for the arsenic adsorbed alum-impregnated activated
lumina.

. Materials and methods

.1. Materials

The chemicals used in this study were of analytical grade and
ouble distilled water was used throughout the study. Stock solu-
ions of As(V) were prepared by dissolving appropriate amount
f Na2HAsO4·7H2O (Loba Chemie, Mumbai, India) in dou-
le distilled water. All solutions for adsorption and analysis
ere prepared by appropriate dilution of the freshly prepared

tock solution. The preparation of alum-impregnated activated
lumina (AIAA) has been described in an earlier publication
23]. The analytical grade activated alumina was impregnated
ith alum by adding 200 ml of 5% NaHCO3 and 200 ml of
M Al2(SO4)3·16H2O solution to 100 g of activated alumina.
he pH of the solution was maintained at 3.4–3.5 by addi-

ion of 0.1N HCl. In the present study activated alumina of
igh surface area (250 m2/g) was used and the alum solution
emained in contact with activated alumina (AA) for 24 h at
0 ◦C.

.2. Characterization of adsorbent

The adsorbent was characterized for its particle size distri-
ution using a Malvern Zeta Sizer (Malvern Zeta-sizer Model
000, UK). The surface area was determined by using a Quan-
asorb surface area measurement apparatus (Quantachrome
orp., NY). The isoelectric point of AA, AIAA and the
rsenic adsorbed AIAA was determined by measurement of
eta potential of the particles using the Malvern Zeta Sizer.
canning electron microscopy (SEM) and energy-dispersive
nalysis of X-ray (EDAX) were performed using a FEI SIRION
20 kV).

.3. As(V) adsorption

Adsorption experiments were carried out in batch mode and
onducted in duplicate. The experimental procedure for adsorp-

ion isotherms, adsorption at different pH values, contact time,
nd interference of other ions has been described in an earlier
ommunication [1]. After the equilibration time the filtrate was
nalysed for As(V) using an ICP Spectrophotometer (Jobin-
von, France).

F
a
0

ore volume (cm3/g) 0.39 0.20
soelectric point 8.3 8.6

. Results and discussion

.1. Characterization of adsorbent

The BET surface area of AA and AIAA were found to be 242
nd 183 m2/g. The decrease in surface area upon impregnation
ay be due to the diffusion of alum particles into the pores of the
A. But previous studies for fluoride removal [23] have shown

hat the specific surface area of activated alumina was found
o increase after impregnation with alum due to the uniform
oating of Al(OH)3 on the surface of activated alumina. This
ifference in surface area of AIAA might be observed due to
he different preparation technique applied such as equilibration
ime and heat applied during impregnation process. The pore
olume, particle size and isoelectric point of AA and AIAA are
iven in Table 1.

.2. Zeta potential measurement of AA and AIAA

The plot of pH versus zeta potential (Fig. 1) in 10−2 M
NO3 solution shows the zeta-potential measurement of AA

nd AIAA. The isoelectric point of AA and AIAA is found at
ig. 1. Zeta potential of activated alumina, alum-impregnated activated alumina
nd As(V) adsorbed alum-impregnated activated alumina at an ionic strength of
.01 M KNO3 solution.
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Fig. 2. Speciation diagram of arsenate.

.3. Speciation of As(V) in water

The speciation of arsenate was defined by using a well-known
omputer program Mineql+. According to the speciation dia-
ram for arsenate, high percentage of H2AsO4

− and HAsO4
2−

pecies are present in the pH range 2.7–11.5 as shown in Fig. 2.
herefore, it is concluded that these species are adsorbed on the
urface of AIAA during adsorption process. Mostly boehmite is
ormed on the alumina surface by impregnation with alum and
he sorption of arsenate is as follows:

l(OH)3 + H+ + H2AsO4
− → Al(OH)2–H2AsO4 + H2O

(1)

l(OH)3 + 2H+ + HAsO4
2− → Al(OH)–HAsO4 + 2H2O

(2)

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

The effect of the pH on the adsorption of As(V) (10 mg/l) onto
A and AIAA was studied (Fig. 3). In case of AA, adsorption
f As(V) increases rapidly with increasing pH and attained to
aximum 95.6% at pH 5.5 and very low adsorption occurred at

lkaline pH values. But for AIAA, adsorption is very high in the
H range of 3.5–8 and maximum adsorption of 99.6% achieved
t pH 7. Thereafter adsorption dropped significantly at higher
H values and only 30% adsorption occurred at pH 12. Similar
rend was observed in an earlier study on adsorption of As(V)
n rare earth oxides [1]. In the pH range of 2.8–11.5, arsenate
redominantly exists as H2AsO4

− and HAsO4
2− species which

s shown in the speciation diagram. Therefore, it can be con-
luded that these are the major species being adsorbed on the
urface of AIAA. The adsorption of As(V) onto AIAA is found

o be very high as compared to AA and the suspension pH sets
utomatically at 7 during the adsorption process which is useful
or drinking water systems. Hence further study has been carried
ut using AIAA as an adsorbent for the removal of As(V).

a
0
s
m

ig. 3. The plot of percent removal of As(V) as a function of pH at adsorbent
ose 8 g/l, fluoride concentration 10 mg/l and equilibrium time 3 h for AA and
IAA.

.5. Adsorption kinetics

The adsorption kinetics of As(V) on AIAA were examined at
ifferent intervals of time. Adsorption takes place rapidly dur-
ng the first 10–60 min after which it slows down considerably.

aximum adsorption of 99.6% was obtained at 3 h equilibration
ime. The rate constants of As(V) adsorption were calculated by
ate expression of pseudo-first-order and pseudo-second-order
odels which are given as follows.
Pseudo-first-order rate expression of Lagergen equation [24]

s given as

og(qe − qt) = log qe − k1t (3)

here qe and qt are the amount of arsenate adsorbed in mg/g
t equilibrium and at time t (min), respectively, k1 is the rate
onstant of the pseudo-first-order adsorption (min−1).

The adsorption rate constant can be determined from the
lope of the linear plot of log(qe − qt) versus t (Fig. 4a). k1
nd the correlation coefficient R2 were found to be 0.003 and
.6181, respectively which are extremely low indicating that the
dsorption of As(V) onto AIAA does not follow first-order rate
odel.
The pseudo-second-order rate expression is as follows [25]:

t

qt

= 1

k2q2
e

+ t

qe
(4)

here k2 is the pseudo-second-order rate constant
g mg−1 min−1).

From Eq. (4), k2 can be calculated from the slope and
ntercept of the plot t/qt versus t (Fig. 4b). The value of k2

2
nd R for the pseudo-second-order rate model is found to be
.0208 g mg−1 min−1 and 0.9994. The low k2 and high R2 value
uggest that the adsorption is governed by pseudo-second-order
odel.
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ig. 4. (a) Pseudo-first-order plot of As(V) adsorption kinetics at pH 7, 8 g/l ad
lot of As(V) adsorption kinetics at pH 7, 8 g/l adsorbent dose and an initial As
t pH 7, 8 g/l adsorbent dose and an initial As(V) concentration of 10 mg/l.

The intraparticle diffusion equation can be described as [26]:

t = kit
1/2 (5)

here ki is the intraparticle diffusion rate constant
mg g−1 min−1/2) calculated from Eq. (5).

The plot of qt versus t1/2 (Fig. 4c) shows that the initial curved
ortion is attributed to the boundary layer diffusion and intra-
article diffusion effect the subsequent linear portion with ki and
2 values 0.6949 and 0.9355, respectively. However, as the linear
ortion of the curve does not pass through the origin, adsorption
f As(V) onto AIAA is governed by both surface adsorption as
ell as intraparticle diffusion effect.

.6. Effect of adsorbent dose on extent of As(V) adsorption
The variation of As(V) adsorption onto AIAA as a function
f adsorbent dose (0.5–16 g/l) at pH 7, 3 h equilibration time
nd 10 mg/l As(V) concentration is shown in Fig. 5a. It can
e observed that adsorption of As(V) increased with increasing

c
(

v

nt dose and an initial As(V) concentration of 10 mg/l. (b) Pseudo-second-order
oncentration of 10 mg/l. (c) Intraparticle diffusion plot for adsorption of As(V)

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

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

D = CS

CW
(m3/kg) (6)

here CS is the concentration of As(V) on the solid parti-

les (mg/kg) and CW is the equilibrium concentration in water
mg/m3).

The plot of KD versus adsorbent dose (Fig. 5b) shows that KD
alue increases with increase in AIAA dose up to 8 g/l, which
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ig. 5. (a) The plot of percent removal of As(V) as a function of adsorbent dose
he plot of log KD value as a function of adsorbent dose (g/l).

mplies that the surface of the AIAA is heterogeneous in nature.
t higher concentrations, the KD does not change since the sites

vailable for adsorbing 10 mg/l As(V) are in excess. However at
ower concentrations KD changes and therefore only the initial
art of the curve has been considered here.

.7. Adsorption isotherm

Equilibrium studies were carried out at different concentra-
ions of As(V) (1–25 mg/l) and at three pH values viz. 4, 7 and 9
o determine the maximum adsorption capacity of AIAA. Fig. 6a
hows that adsorption of As(V) increases with increasing equi-
ibrium concentration at all pH values. At pH 4 and 7, adsorption
sotherms are very high and almost same for low As(V) concen-

ration, i.e. up to 10 mg/l which can be confirmed from the effect
f pH plot. But for higher concentration of As(V), i.e. >10 mg/l,
orption capacity increases significantly at both the pH values.
t pH 9, adsorption increased up to 0.02 m mol/l and then it is

v
c
f
a

ig. 6. (a) Adsorption isotherm of As(V) onto AIAA at pH 7, adsorbent dose 8 g/l, e
onto AIAA at As(V) concentration 10 mg/l, pH 7 and equilibrium time 3 h. (b)

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

Ce

X
= Ce

Xmax
+ 1

KbXmax
(7)

here Ce is the equilibrium concentration (mmol dm−3), X the
mount adsorbed at equilibrium (mmol g−1), Kb and Xmax are the
inding constant and maximum adsorption capacity at a relevant
H, respectively. Kb and Xmax can be determined from the linear
lot of Ce/X versus Ce [Fig. 6b].

At pH 4 and 7, the adsorption isotherm for As(V) fitted
atisfactorily to the Langmuir equation. As the adsorption is

ery low at pH 9, it has not been considered for these cal-
ulations. The binding constant and adsorption capacity are
ound to be 155.42 l/mol and 0.0314 mmol/g, respectively with
correlation coefficient of 0.9589 for pH 4 and 819.54 l/mol

quilibrium time 3 h. (b) Langmuir adsorption isotherm of As(V) onto AIAA.
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nd 0.0401 mmol/g, respectively with a correlation coefficient
.9747 for pH 7.

In order to predict the favorability of the adsorption process,
dimensionless separation factor or equilibrium parameter RL,

an be calculated using the binding constant Kb obtained from
he Langmuirian isotherm model as follows [29]:

L = 1

1 + KbC0
(8)

here C0 is the initial concentration of As(V) and Kb is the bind-
ng constant obtained from the Langmuir isotherm. From the

agnitude of the RL, the adsorption process can be described as
L > 1 ⇒ unfavorable, RL = 1 ⇒ linear, 0 < RL < 1 ⇒ favorable,
L = 0 ⇒ irreversible.

The calculated RL values found in this study are lies in
etween 0 and 1 for 1–25 mg/l concentration of As(V) in both
he pH values, which implies that the As(V) adsorption onto
IAA is a favorable adsorption process.
.8. Effect of interfering ions

Anions like chloride, nitrate, sulphate, and phosphate present
n drinking water may interfere with arsenate ions in the adsorp-

a
N
o
n

Fig. 7. (a) SEM micrograph, (b) EDAX spectrum and (c) EDAX map
ineering Journal 138 (2008) 179–186

ion process and hence the efficiency of the adsorbent is reduced.
n order to determine the efficiency of AIAA for removal of
s(V) from drinking water, the interference of some common

nions such as chloride, nitrate, sulphate and phosphate has been
onsidered. The effect of these anions on adsorption of As(V)
10 mg/l) was studied by varying the concentration of anions
rom 0 to 100 mg/l individually and in presence of each other.
t was observed that the adsorption of As(V) decreased slightly
ca. 3%) in the presence of all the anions except PO4

3−. As(V)
dsorption decreases strongly with increasing concentration of
O4

3−. At lower concentration of PO4
3− (25 mg/l), adsorption

fficiency of As(V) is lowered by 8% whereas at higher concen-
ration (100 mg/l) it decreases by 27%, which might be due to
he competition for the binding sites of the adsorbent between
rsenate and PO4

3−.

.9. Regeneration of the adsorbent

To regenerate the adsorbent, desorption study was carried out

t various pH values by appropriate addition of 0.1N HCl and
aOH solution onto As(V) adsorbed AIAA. Initially, desorption
f arsenate was difficult in the acidic pH range and there was
o leaching of arsenate from the arsenate adsorbed AIAA up

ping of arsenic adsorbed alum-impregnated activated alumina.
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o pH 8. But, as the pH increases from 9 to 12, desorption of
rsenate takes place and complete desorption occurred at pH 12,
hich is further confirmed from the pH effect result. Adsorption

apacity of regenerated AIAA decreases greatly, which shows
hat impregnation of alum on desorbed AIAA is necessary to
urther use.

.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
nionic H2AsO4

− and HAsO4
2− species which contribute neg-

tive charge on the surface. Therefore, the shift in IEP value
o acidic side is due to the formation of negatively charged
urface complexes by specific adsorption of HxAsO4

x−3 ions
nto AIAA. Further, the shift in IEP value to lower pH range
mplies that the adsorption of arsenate onto AIAA is through
nner-sphere complexes because, in the outer-sphere complexes
here is no specific chemical reaction occurs between the adsor-
ate and the surface that could change the surface charge and
he IEP value [30].

.11. Scanning electron microscopy and EDAX mapping
tudy

Fig. 7a shows the SEM picture of arsenate adsorbed AIAA.
rom the figure it can be seen that small particles of amorphous
recipitate are adhering to the AIAA surface. This might be
ue to the presence of arsenic on the AIAA surface, which was
urther confirmed from the EDAX mapping. Fig. 7b shows the
resence of a minor peak for As along with major peaks for other
lements in the EDAX spectrum. EDAX mapping was carried
ut for each element and Fig. 7c shows the overlap of Al, O, K,
O4

2− and As. These micrographs provide direct evidence of
rsenic adsorption on to AIAA.

. Conclusions

The alum-impregnated activated alumina was shown to be an
ffective adsorbent and it could be used for removal of As(V)
rom drinking water. As(V) was lowered up to 40 ppb when the
nitial concentration of As(V) in water is 10 mg/l at the opti-

um pH 7 and 8 g/l adsorbent dose. The adsorption kinetics
as found to be fast and maximum adsorption was attained in
0 min time period and followed pseudo-second-order rate law.
ntraparticle diffusion study revealed that adsorption of As(V)
nto alum-impregnated activated alumina was both by surface
dsorption and intraparticle diffusion. Adsorption followed the
angmuir isotherm model for the present system. Interference

f the anions shows that PO4

3− experiences the highest competi-
ion and retards the adsorption of As(V) onto alum-impregnated
ctivated alumina. Impregnation of alum on desorbed AIAA is
ecessary to further adsorption of arsenate. Zeta potential mea-
urement, SEM study, EDAX mapping depict the presence of
s on the AIAA surface.

[

[

ineering Journal 138 (2008) 179–186 185
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