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In the present manuscript a new adsorbent namely copper oxide incorporated mesoporous alumina
(COIMA) for removal of arsenic from water is reported. The COIMA was prepared by treating mesoporous
alumina with copper sulphate solution followed by calcination at 450 ◦C in the presence of air. Various
adsorption isotherm and kinetic parameters were computed using batch adsorption studies to determine
the adsorption capacity for As(III) and As(V) and to understand the mechanism of adsorption. It was
observed that incorporation of copper oxide improves the adsorption capacity of unmodified alumina
from 0.92 to 2.16 mg g−1 for As(III) and from 0.84 to 2.02 mg g−1 for As(V). The results revealed that
rsenic removal
lumina
opper oxide

the adsorption follows Langmuir isotherm and pseudo-second-order kinetic models for both As(III) and
As(V). The material is capable of simultaneously removing As(III) and As(V) with removal efficiencies
of more than 95% for both As(III) and As(V). Assessment of the water quality before and after treatment
with COIMA also confirmed that the there is no leaching of copper and other parameters were also within
permissible limits of Indian drinking water standard indicating that the COIMA can be used for treatment
of arsenic contaminated drinking water.
. Introduction

Considering the ubiquitous nature of arsenic in the environ-
ent, human exposure to arsenic is inevitable. Exposure can occur

ia all three principal routes, that is, through inhalation of air,
ngestion of food and water, and via dermal absorption. How-
ver, the most common and major source of arsenic exposure is
ontaminated ground water. Arsenic in drinking water predom-
nantly exists as arsenite (As(III)) or arsenate (As(III)) of which
s(III) is 25–60 times as toxic as As(V) and several hundred times as

oxic as methylated arsenicals [1]. Worldwide, the degree of non-
ccupational exposure to arsenic varies greatly, being dependent
n local geochemistry and the level and proximity of anthropogenic
ctivity. The environmental health disaster due to excessive arsenic
n drinking water is unfolding in many other countries including

rgentina [2], Mexico [2], Australia [3], Bangladesh [4], Vietnam

5], Cambodia [5], etc. Countries where adverse health effects have
een documented include Bangladesh, China, India (West Bengal),
nd the United States of America. In India alone millions of persons

∗ Corresponding author. Tel.: +91 71272247828; fax: +91 71272247828.
E-mail address: ak bansiwal@neeri.res.in (A. Bansiwal).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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© 2010 Elsevier B.V. All rights reserved.

in seven districts of West Bengal are drinking ground water with
arsenic concentrations far above acceptable levels [6,7]. Thousands
of people have already been diagnosed with poisoning symptoms,
even though much of at-risk population has not yet been assessed
for arsenic-related health problems.

The most important remedial action is prevention of further
exposure by providing safe drinking water. In most of the areas
source substitution may be impossible due to non-availability of
alternate sources. Arsenic removal may be more appropriate in
these situations. The cost and difficulty of reducing arsenic in drink-
ing water increases as the targeted concentration lowers. It varies
with the arsenic concentration in the source water, type of arsenic
species, the chemical matrix of the water including interfering
solutes, availability of alternative sources of low arsenic water,
mitigation technologies, amount of water to be treated, etc. So
far dearsenification has been attempted using several techniques
including coagulation and filtration, ion exchange and membrane
methods.
Extensive efforts are also being made worldwide to develop
materials for selective adsorption of arsenic from numerous cat-
egories namely biological materials, mineral oxides, activated
carbons, polymer resins, industrial byproducts/wastes, soils and
sands, etc. [8]. In spite of extensive efforts, still there are many

dx.doi.org/10.1016/j.jhazmat.2010.11.008
http://www.sciencedirect.com/science/journal/03043894
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imitations of existing adsorbents that are restricting the success
f adsorption based arsenic removal plants in actual field con-
itions, particularly the lower affinity for As(III) as compared to
s(V).

It is therefore imperative to develop specially designed tailor
ade adsorbents for selective removal of arsenic from drinking
ater having equal affinity for As(III) and As(V), especially address-

ng the issue of safe disposal. Alumina in its various forms has also
een studied extensively for removal of arsenic from water [9].
owever, due to several limitations associated with alumina like

ow adsorption capacity, decrease in removal efficiency in the pres-
nce of interfering anions, narrow pH working range, etc. numerous
odifications have been reported to overcome these limitations.

ripathy and Raichur [10] have reported enhancement in adsorp-
ion capacity of alumina by impregnation with alum. Incorporation
f iron in its various forms on alumina is also reported to enhance
he sorption properties of alumina [11,12]. Modification of alumina
hrough incorporation of manganese oxide has also been reported
o enhance the sorption of arsenic on alumina [13]. Very recently

artinson and Reddy [14] have reported adsorption of As(III) and
s(V) by copper oxide nanoparticles showing that copper oxide is
aving high affinity for both As(III) and As(V). The authors have
eported that the CuO nanoparticles effectively remove As(III) and
s(V) in wide pH range and the presence of interfering ions namely
ilicate and phosphate does not interfere in the removal process
14]. Moreover, CuO has an advantage over other adsorbents since
H adjustments or oxidation of As(III) to As(V) is not required as a
re-treatment step prior to arsenic removal [14]. The effectiveness
f CuO for arsenic removal was attributed to its high point of zero
harge which is estimated to be 9.4 ± 0.4 [14]. The effectiveness
f CuO for arsenic removal has also been evaluated using flow-
hrough system and it was found that CuO effectively removed both
s(III) and As(V) from groundwater without affecting the treated
ater quality [15].

The objective of the present study was to examine the effi-
iency of copper oxide incorporated mesoporous alumina (COIMA)
or removal of As(III) and As(V) from water. Mesoporous activated
lumina of high surface area was impregnated with copper oxide
nd used as an adsorbent in the adsorption process. The effect of
ncorporation of copper oxide on arsenic removal was compared

ith the unmodified alumina. Various parameters such as equilib-
ium isotherm, adsorption kinetics, adsorbent dose, effect of pH,
nterference of other ions and regeneration of adsorbent have also
een investigated. Attempts were also made to study the effect of
ifferent anions commonly encountered in drinking water and to
egenerate the saturated adsorbent to study it regeneration and
euse in multiple cycles.

. Materials and methods

.1. Materials

Granular AA (PURALOX) used for preparing COIMA was pro-
ided by SASOL, GmbH Germany. It was a high purity mesoporous
lumina with pore size in the range of 50–200 Å. Spherical beads
f alumina were used as such after washing with deionised (DI)
ater (18 M� resistivity, obtained from MilliQ DI water system).
opper sulphate, sodium chloride, sodium nitrate, sodium sul-
hate, sodium carbonate, sodium bicarbonate were purchased

rom E. Merck India Ltd. Stock solutions of 1000 mg l−1 As(III) and
s(V) were prepared using arsenic trioxide and sodium arsenate
nd working solutions of different concentrations were prepared
reshly by appropriate dilution of stock solution by DI water. All
hemicals used in this study were of analytical grade.
s Materials 186 (2011) 367–375

2.2. Synthesis and characterisation of adsorbent

Unmodified AA was mixed with copper sulphate solution of
different concentrations ranging from 0.001 M to 0.05 M. After
addition of alumina, pH was maintained between 4.5 and 5.0 by
adding 0.1 N NaOH and the mixture was kept on orbital shaker for
16 h. After shaking, the material was filtered and the solid residue
was washed thoroughly with DI water to remove excess copper
sulphate and kept for drying in air for 10 h. The dried material was
calcined in air at 450 ◦C for 4 h to convert the copper sulphate into
copper oxide. The calcined material was again washed three times
with DI water and air dried for 8–10 h. COIMA prepared using dif-
ferent concentrations of copper sulphate were evaluated and it was
found that the COIMA prepared using 0.001 M gave the best arsenic
removal efficiency and hence was selected for further studies.

COIMA was characterised thoroughly using PXRD, SEM, FTIR
and surface area analysis. The PXRD patterns were obtained using
benchtop X-ray diffractometer (Model Rigaku: Miniflex). The sam-
ple was powdered and scanned for 2� ranges from 10◦ to 110◦.
The SEM analysis was done using Stereoscan S250 MK3 (Cambridge
Instruments, UK). The surface area, pore size distribution and pore
volume were obtained using Micrometrics ASAP 2010K surface area
analyser using standard multipoint nitrogen adsorption isotherms.

2.3. Methods of analysis

Arsenic concentrations were determined by Inductively Cou-
pled Plasma Optical Emission Spectrometer (ICP-OES, Model:
Perkin Elmer, Optima 4100 DV). Low concentrations (below
30 �g l−1) of arsenic were determined using graphite Furnace
Atomic Absorption Spectrometer (GF-AAS, Model: Perkin Elmer)
using palladium nitrate and magnesium nitrate as matrix mod-
ifier. pH was measured using pH meter (Model: Orion 909A).
The concentrations of various co-ions and other physico-chemical
parameters of treated and untreated water were determined using
standard methods [16]. Carbonate and bicarbonate alkalinity and
total hardness were determined titrimetrically. The analysis of
copper was also done using ICP-OES. Blank experiments were con-
ducted throughout the studies and majority of the experiments
were repeated twice and it was observed that the experimental
error was within ±2%.

2.4. Batch adsorption and kinetic studies

The batch adsorption and kinetic experiments were conducted
to study the optimum dose, equilibrium time, effective pH range,
development of adsorption isotherms, kinetic modeling. Required
quantity of COIMA was added to polyethylene bottles of 150 ml
capacity with 50 ml of arsenic solution of desired concentration
and pH. The bottles were kept on orbital shaker at 150 ± 10 rpm.
The bottles were taken out at pre-determined intervals and con-
tents were filtered using Whatman No-42 filter paper to separate
sorbent and filtrate and the residual arsenic concentration were
determined in the filtrate. The equilibrium time and optimum dose
of the adsorbent were optimized by the method of continuous vari-
ation. Effect of contact time on adsorption was studied with initial
arsenic concentrations of 1 mg l−1. The effect of adsorbent dose was
investigated by varying the dose of COIMA from 0.2 to 10 g l−1 for
initial arsenic concentration of 1 mg l−1. To study the effect of pH

on arsenic uptake pH of the reactor after addition of sorbent was
maintained using 0.1 N NaOH or 0.1 N HCl within a range of 2–12.
All the experiments were conducted at room temperature 30 ± 1 ◦C.
All experiments were duplicated with experimental error limit ±5%
and average values are reported.
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Fig. 1. X-ray diffraction pattern of unmodified alumina and COIMA.

. Results and discussion

.1. Characterisation of adsorbent

The PXRD patterns of unmodified AA and COIMA presented in
ig. 1 show broad peaks which are characteristic of amorphous
hases of alumina. The presence of peaks at 2� values of about 45◦,
5◦ and 61◦ in both unmodified AA and COIMA confirms the pres-
nce of �-alumina phases. Further, almost similar patterns of PXRD
f unmodified AA and COIMA indicate that typical structure of alu-
ina was retained after incorporation of copper oxide. The SEM

mages presented in Fig. 2a and b shows the surface morphology of
nmodified AA and COIMA. The highly porous structure of alumina
an be clearly seen in both unmodified AA and COIMA demon-
trating that copper oxide has been evenly coated on the alumina
urface without blocking the pores. Slight reduction in pore sizes
as observed after copper oxide coating; however, the surface area
easured using N2 adsorption was same for unmodified AA and

OIMA. The data pertaining to surface area, average pore size and
ore volume of unmodified AA and COIMA are presented in Table 1.
opper oxide coating onto alumina resulted in minor reduction in
urface area and average pore size which confirms that the copper
xide has been evenly coated on the surface of alumina without
locking the pores.

.2. Adsorption studies

In order to study the dominant adsorption mechanism and to
ompute various adsorption parameters three isotherm models
amely Langmuir, Freundlich and Dubinin–Radushkevich (D–R)
ere used. The Langmuir adsorption model can be represented in

inear form as follows [17]:

1
qe

= 1
qmKLCe

+ 1
qm

(1)

The Freundlich model indicates the heterogeneity of the adsor-
ent surface and considers multilayer adsorption. The linear form
f Freundlich adsorption model is as follows [18]:

og(qe) = log k + 1
n

log(Ce) (2)

The D–R isotherm model considers more common features of

dsorption and is not based on homogenous monolayer adsorption
ike Langmuir. The linear form of D–R isotherm model is as follows
19]:

n qe = ln Qm − kadsε2 (3)
Fig. 2. Scanning electron micrograph (SEM) of (a) unmodified alumina and (b)
COIMA.

and

ε = RT ln
(

1 + 1
Ce

)
(4)

where qe is the amount of adsorbate adsorbed per unit weight of
adsorbent at equilibrium (mg g−1), qm is the maximum adsorption
capacity (mg g−1), KL is the Langmuir constant, Ce is the equilibrium
concentration of adsorbate in solution (mg l−1), Kf is the Freundlich
constant, n is the Freundlich constant, which reflects adsorption
intensity, Qm is the theoretical adsorption capacity (mg g−1), kads is
a constant related to adsorption energy, ε is polyani potential, R is
gas constant (kJ mol−1 K−1), T is temperature (K).

Results of experimental data were fitted to these three isotherm
models to determine which model most accurately described
adsorption by the adsorbent. The experimental data and Lang-
muir, Freundlich and D–R adsorption isotherm fits for As(III) and
As(V) presented in Figs. 3 and 4, respectively. The results of vari-
ous adsorption parameters obtained from these isotherm models
are also presented in Table 2. On comparison of the fitness of the
three isotherms it is evident that for both As(III) and As(V) the
experimental data were well fitted to Langmuir model followed by
Freundlich and D–R models signifying the monolayer adsorption
of arsenic on uniform surface. The values of adsorption capacity for
COIMA obtained from the Langmuir model was 2.161 and 2.017

for As(III) and As(V), respectively, which is significantly higher
than that of unmodified AA (0.925 mg g−1 and 0.637 for As(III) and
As(V), respectively, adsorption isotherms not shown). The signifi-
cant increase in adsorption capacity after copper oxide coating is
probably due to increased affinity of arsenic towards copper and
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Table 1
Surface area, pore volume and pore size of unmodified alumina and COIMA.

Material BET surface area (m2/g) Total pore volume (cm3/g) Average pore diameter (Å)

Unmodified alumina 189.12 0.4691 98.63
COIMA 189.25 0.4578 96.76
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Table 2
Adsorption isotherm parameters for arsenic adsorption onto unmodified alumina
and COIMA.

Model parameters Unmodified alumina COIMA

Langmuir isotherm
qm (mg g−1) 2.161 2.017
KL (mol l−1) 0.141 0.315
R2 0.998 0.999
Freundlich isotherm
K (mg g−1) 0.430 0.724
1/n 0.602 0.720
R2 0.990 0.975
D–R isotherm
ig. 3. Adsorption isotherms of As(III). (Batch volume: 50 ml, temperature: 30 ± 1 ◦C,
nitial concentration of As(III): 1.0 mg l−1, contact time 24 h.)

lso it is reported that metal oxide coating increase the zeta poten-
ial to more positive values resulting in enhanced anion sorption
13]. It is reported that the surface charge of alumina near neutral
H is between 15 and 20 mV whereas the surface charge of CuO
t neutral pH is around 31 mV, which indicates that the incorpora-

ion of copper oxide on alumina alter the surface charge of alumina
owards more positive values [14,15,20,21].

ig. 4. Adsorption isotherms of As(V). (Batch volume: 50 ml, temperature: 30 ± 1 ◦C,
nitial concentration of As(V): 1.0 mg l−1, contact time 24 h.)
Qm (mg g−1) 3.620 2.3376
kads (mol2 kJ−2) 2.23 × 10−8 2.82 × 10−8

R2 0.981 0.963

3.3. Adsorption kinetics

Two main types of kinetic models frequently used to determine
various kinetic parameters of the adsorption system are reaction
based models and diffusion based models. To study the reaction
kinetics pseudo-first-order and pseudo-second-order models were
used. A simple pseudo-first-order kinetic model also known as
Lagergren equation is represented as [22]:

ln(qe − qt) = ln qe − kadt (5)

where qt is the amount of arsenic adsorbed at time t (mg g−1) and
kad is the equilibrium rate constant of pseudo-first-order adsorp-
tion (min−1). The linearised plots of log(qe–qt) versus t will give the
rate constants. The pseudo-second-order model is also commonly
used to predict the kinetic parameters the linear equation for which
can be written as [22]:

t

qt
= 1

h
+ t

qe
(6)

and

h = kqe
2 (7)

where qt is the amount of arsenic adsorbed at time t (mg g−1), qe

is the amount of arsenic adsorbed at equilibrium (mg g−1), h is the
initial sorption rate (mg g−1 min−1). The values of qe (1/slope), k
(slope2/intercept) and h (1/intercept) can be calculated from the
plots of t/qt versus t.

The linear plots of pseudo-first-order (Eq. (5)) and pseudo-
second-order (Eq. (6)) models for As(III) and As(V) are presented
in Figs. 5 and 6, respectively. The values of kad, k and h and correla-
tion coefficients obtained from the linear plots are also presented in
Table 3. It is apparent from the values of correlation coefficients that
fitness of the pseudo-second-order model is better as compared
to pseudo-first-order model for both As(III) and As(V). It has been
reported that the adsorption systems which follow pseudo-second-
order model, chemisorption involving chemical bonding between
adsorbent active sites and adsorbate valance forces is prevailing

mechanism [22].

Sorption of a liquid adsorbate on porous solid adsorbent can also
be modelled by pore diffusion models, which can be either particle
diffusion or pore diffusion model. The particle diffusion model can
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complex process involving surface adsorption, interparticle diffu-
ig. 5. Adsorption kinetic data of As(III). (Volume: 500 ml, temperature: 30 ± 1 ◦C,
dsorbent dose: 0.4 g/l.)

e written as [23]:

n
(

Ct

Ce

)
= −kpt (8)

here kp is the particle diffusion coefficient (mg/g min). The value
f kp can be obtained by slope of the plot between ln(Ct/Ce) and t.

The intraparticle pore diffusion model given by Weber and Mor-
is [23] is also commonly used to characterise the sorption data.
ccording to this model, if the rate limiting step is diffusion of
dsorbate within the pores of adsorbent particle (intraparticle dif-
usion) a graph between amount of adsorbate adsorbed and square

oot of time should give a straight line passing through the origin.
he equation can be written as:

t = kit
1/2 (9)

ig. 6. Adsorption kinetic data of As(V). (Volume: 500 ml, temperature: 30 ± 1 ◦C,
dsorbent dose: 0.4 g/l.)
Fig. 7. Plots for particle diffusion model for arsenic adsorption by COIMA. (Volume:
500 ml, temperature: 30 ± 1 ◦C, adsorbent dose: 0.4 g/l.)

where ki is the intraparticle diffusion coefficient (mg/g min0.5),
which can be obtained from the slope of plot of qt verses t1/2.
The plots of linear forms of particle diffusion and intraparticle
pore diffusion models are given in Figs. 7 and 8, respectively for
As(III) and As(V) and the values of different parameters are given
in Table 3. The values of R2 for particle diffusion model are closer to
unity indicating that particle diffusion of adsorbate is contributing
more towards rate determining step. However, in case of intra-
particle diffusion model the lines are not passing through the
origin, which reveals that the adsorption of arsenic on COIMA is a
sion and intraparticle diffusion all contributing towards the rate of
sorption.

Fig. 8. Plot for intra-particle diffusion model (Waber–Morris plots) for arsenic
adsorption by COIMA. (Volume: 500 ml, temperature: 30 ± 1 ◦C, adsorbent dose:
0.4 g/l.)
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Table 3
Kinetic and diffusion parameters for arsenic adsorption onto COIMA.

Arsenic species Pseudo-first-order Pseudo-second-order Particle diffusion Intraparticle pore diffusion

Kad (min−1) r2 k (g mg−1 min−1) h (mg g−1 min−1) r2 kp (min−1) r2 kt (g mg−1 min0.5) r2

As(III) 0.0021 0.954 0.011 0.0004 0.980 0.0031 0.933 0.002 0.807
As(V) 0.0054 0.895 0.4047 0.1251 0.999 0.0076 0.952 0.0004 0.834
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the presence of co-existing anions considerably reduces the As(V)
uptake which may be probably due to the presence of phosphate
which is reported to compete with As(V) [10]. Previous work on
arsenic removal using CuO nanoparticles has revealed that CuO has
ig. 9. Effect of pH on removal of As(III) and As(V). (Batch volume: 50 ml, temper-
ture: 30 ± 1 ◦C, initial concentration of As(III) and As(V): 1.0 mg l−1, contact time
4 h.)

.4. Effect of pH

Removal of arsenic from water is highly dependent on pH and
t has been observed that for most of the adsorbents adsorption
apacity changes drastically with variation in pH. To study the effect
f pH on arsenic adsorption capacity of COIMA, arsenic removal
as studied at pH ranging between 4 and 9. As evident form Fig. 9

here is only slight variation in the arsenic removal with variation
n pH which is in accordance with the results reported by Mar-
inson and Reddy [14] for adsorption of arsenic on CuO. Marginal
ecrease in sorption capacities was observed at pH above 10 which
ay be due to competition by OH− ions present in alkaline condi-

ions. However, the final arsenic concentrations at all the pH values
ere below 0.05 mg l−1 which is below the permissible limits of

ndian drinking water standards. Variation in pH as a function of
ime during the course of adsorption was also studied and pre-
ented in Fig. 10. It was observed that the pH varied from 6.5 to 7.2
uring the course of adsorption till equilibrium is reached.

.5. Effect of the presence of other co-anions

In order to study the effect of co-existing anions such as phos-
hate, sulphate, nitrate, carbonate and bicarbonate which compete

n adsorption process, the adsorption studies were carried out in
he presence of these anions. The initial concentration of arsenic
as maintained at 0.5 mg l−1 and the concentrations of phosphate,

ulphate, nitrate, carbonate and bicarbonate were 50, 100, 50, 100
−1
nd 100 mg l , respectively. The effect of these anions on arsenic

emoval at different adsorbent doses is presented in Figs. 11 and 12
or As(III) and As(V), respectively. It was observed that removal
f As(III) was marginally affected by the presence of these anions
nd the arsenic removal efficiency remained above 80%. However,
Fig. 10. Variation in pH during the course of adsorption of As(III) and As(V) by
COIMA. (Volume: 500 ml, temperature: 30 ± 1 ◦C, adsorbent dose: 0.4 g/l.)
Fig. 11. Effect of different co-existing anions of removal of As(III) by COIMA. (Batch
volume: 50 ml, temperature: 30 ± 1 ◦C, initial concentration of As(III): 1.0 mg l−1,
concentrations of co-existing anions (mg l−1): PO4

3−: 50, SO4
2−: 100, NO3

−: 50,
CO3

2−: 100, HCO3
−: 100, contact time 24 h)
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Fig. 14. Regeneration of arsenic saturated COIMA with various concentra-
tion of sodium hydroxide. (Initial arsenic concentration = 1 mg l−1, adsorbent
dose = 0.4 g l−1, contact time = 1 h.)
ig. 12. Effect of different co-existing anions of removal of As(V) by COIMA. (Batch
olume: 50 ml, temperature: 30 ± 1 ◦C, initial concentration of As(V): 1.0 mg l−1, con-
entrations of co-existing anions (mg l−1): PO4

3−: 50, SO4
2−: 100, NO3

−: 50, CO3
2−:

00, HCO3
−: 100, contact time 24 h)

igh selectivity for arsenic in the presence of anions namely phos-
hate, sulphate, silica, etc. [14]. The results of the present study also
onfirm the above findings and it was observed that COIMA has
elatively higher affinity for arsenic as compared to anions namely
ulphate, nitrate, carbonate and bicarbonate which are commonly
ncountered in groundwater.

.6. Mechanism of arsenic removal

The FTIR spectra of unmodified alumina, COICA and As(III)

aturated COICA are presented in Fig. 13. The FTIR spectra of
nmodified alumina, COIMA and As(V) saturated COIMA shows
harp peaks at 1640 cm−1 and between 3300 and 3700 cm−1 which
an be attributed to H–O–H bending and –OH stretching vibra-
ions, respectively. The FTIR spectra of unmodified alumina and

Fig. 13. FTIR spectra of unmodified alumina
Fig. 15. Adsorption capacities after regeneration and reuse cycles. (Batch volume:
50 ml, temperature: 30 ± 1 ◦C, initial concentration of As(V): 1.0 mg l−1, contact time
24 h.)
COIMA are almost similar except for a new band appeared at
1040 cm−1 which may be due to Cu–O vibrations. The spectra of
As(V) saturated COIMA also exhibit bands at locations similar to
unmodified alumina and COIMA. However two sharp bands located

, COIMA and As(V) saturated COIMA.
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Table 4
Physicochemical parameters of water before and after treated with COIMA (volume of water: 500 ml, COIMA dose: 0.4 g l−1, contact time: 24 h).

Tap water spiked
with As(III)

Tap water spiked
with As(V)

Tap water spiked with
As(III) after treatment
with COIMA

Tap water spiked with
As(V) after treatment
with COIMA

Desirable limits as per
Indian drinking water
standarda

Turbidity (NTU) 2 3 4 4 10
pH 7.91 7.96 7.51 7.50 6.5–8.5
Alkalinity as CaCO3 (mg l−1) 76 76 48 55 600
Total dissolved solids (mg l−1) 161.4 161.4 148 150 2000
Total hardness as CaCO3 (mg l−1) 112 112 81 88 600
Calcium (mg l−1) 64 68 44 52 75
Magnesium (mg l−1) 48 44 37 36 100
Aluminium (mg l−1)b BDL BDL 0.024 0.041 0.2
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Arsenic (mg l ) 2.391 2.652
Copper (mg l−1) b BDL BDL

a Indian Standard Specifications for Drinking Water (IS:10500).
b BDL: Below Detection Limit.

etween 830 and 930 cm−1 in spectra of unmodified alumina and
OIMA merged into one broad band located at 880 cm−1 which
an be assigned to As–O symmetric and asymmetric stretching
ibrations of the adsorbed arsenate species [24]. It is reported that
ands positioned between 880 and 920 could be related to As–O
ibration of an innersphere Al–O–As complexes and/or could be
lso due to As–O bonds of the adsorbed As(V) species on metal
xides [25]. Furthermore, significant decrease in intensity of peaks
ocated at 1630 cm−1 and between 3300 and 3700 cm−1 which are
haracteristic of various H–O–H and –OH vibrations in spectra of
s(V) saturated COIMA indicates that the arsenic sorbed on COIMA
urface through replacement of the –OH groups. A similar spec-
rum was observed for As(III) saturated COIMA. It has also been
eported that the adsorption of arsenic on amorphous metal oxides
s through formation of inner-sphere surface complexes which are

ainly attached as bidentate linkages with some monodentate
inkages [26]. It has also been reported that adsorption follow-
ng formation of inner sphere complex are not much influenced by
H and ionic strength [13]. Removal of arsenic by COIMA remains
lmost constant at different pH (Fig. 10) which also indicate that
he adsorption of arsenic on COIMA is through formation of inner
phere complex through formation of As–O linkages.

.7. Regeneration studies

Considering the practical applicability in field it is desirable
hat an adsorbent should be fully regenerated and reused so that
t can be put into cyclic use in a cost effective manner. Regen-
ration of arsenic saturated adsorbents has been achieved using
ither alkali or strong acids including desorption of arsenic from
etal nanoparticles. Reddy [27] has reported that arsenic sat-

rated CuO nanoparticles can be successfully regenerated using
odium hydroxide. To study the regeneration, COIMA was first sat-
rated with arsenic by shaking the adsorbent with initial arsenic
oncentration of 1 mg l−1 and adsorbent dose of 2 g l−1 for 24 h.
egeneration studies were conducted by shaking the required
uantity of arsenic saturated COIMA with different concentrations
f NaOH for 1 h. The results of regeneration studies is presented
n Fig. 14. As evident from the results the amount of As(III) and
s(V) leached increases with increase in NaOH concentration up

o 0.5 M thereafter a decrease in arsenic desorption was observed.
ith NaOH concentration of 0.5 M almost all the As(III) and As(V)
ere desorbed (more than 95% regeneration) in 1 h resulting in

omplete regeneration of COIMA. The regeneration and reuse cycle

ere repeated for four times and results are presented in Fig. 15. As

vident from the results that after four cycles of regeneration and
euse, the adsorption capacity of COIMA was remained almost con-
tant for both As(III) and As(V). The adsorption capacity as obtained
rom fitting of Langmuir isotherms for As(III) and As(V) varied
0.045 0.038 0.05
BDL BDL 0.05

between 1.87–2.0 mg g−1 and 1.81–2.02 mg g−1, respectively. The
results of regeneration and reuse studies suggest that the COIMA
can be used in a continuous flow through mode for removal of
arsenic.

3.8. Treated water quality

In order to assess the potability of the treated water and to
ascertain whether there is any leaching of copper into the treated
water, normal tap water used for drinking purpose was spiked with
1 mg l−1 of arsenic and was treated with COIMA. Various water
quality parameters including copper were determined for treated
and untreated water and are presented in Table 4. It was found that
quality of the water after arsenic removal remained almost unal-
tered with slight change in pH and TDS. Also the copper was non
detectable (detection limit below 0.9 �g l−1) in the untreated and
treated water confirming that there is no leaching of copper dur-
ing the treatment. The values of various water quality parameters
were compared with Indian standard for drinking water (IS:10500,
1992) and it was found that most of the values were below the per-
missible limits indicating that the COIMA can be used for treatment
of arsenic contaminated drinking water.

4. Conclusions

The modification of alumina with copper oxide significantly
improves the adsorption of arsenic. The adsorption isotherm
data was best explained by Langmuir model and the adsorption
capacity obtained from Langmuir isotherms was 2.161 mg g−1 and
2.017 mg g−1 for As(III) and As(V) which is significantly higher
than unmodified alumina. The adsorption kinetics followed the
pseudo-second-order model. The results of pH studies reveal that
the COIMA can be used for removal of arsenic from water in broad
pH range (between 4 and 10). The assessment of water quality after
treatment confirms that there is no leaching of metals namely alu-
minium or copper. Moreover, other physico-chemical water quality
parameters of treated water were within the prescribed limits indi-
cating that COIMA can be used for removal of arsenic from drinking
water.
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