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a b s t r a c t

This study explored the feasibility of utilizing a novel adsorbent, humic acid-immobilized-amine-
modified polyacrylamide/bentonite composite (HA-Am-PAA-B) for the adsorption of Cu(II), Zn(II) and
Co(II) ions from aqueous solutions. The FTIR and XRD analyses were done to characterize the adsorbent
material. The effects of pH, contact time, initial adsorbate concentration, ionic strength and adsorbent
dose on adsorption of metal ions were investigated using batch adsorption experiments. The optimum
pH for Cu(II), Zn(II) and Co(II) adsorption was observed at 5.0, 9.0 and 8.0, respectively. The mechanism
for the removal of metal ions by HA-Am-PAA-B was based on ion exchange and complexation reactions.
Metal removal by HA-Am-PAA-B followed a pseudo-second-order kinetics and equilibrium was achieved
dsorption
astewater

egeneration

within 120 min. The suitability of Langmuir, Freundlich and Dubinin-Radushkevich adsorption models
to the equilibrium data was investigated. The adsorption was well described by the Langmuir isotherm
model. The maximum monolayer adsorption capacity was 106.2, 96.1 and 52.9 mg g−1 for Cu(II), Zn(II)
and Co(II) ions, respectively, at 30 ◦C. The efficiency of HA-Am-PAA-B in removing metal ions from dif-
ferent industry wastewaters was tested. Adsorbed metal ions were desorbed effectively (97.7 for Cu(II),
98.5 for Zn(II) and 99.2% for Co(II)) by 0.1 M HCl. The reusability of the HA-Am-PAA-B for several cycles

was also demonstrated.

. Introduction

Heavy metals contained in industrial effluents, constitute a
ajor source of metal pollution of the environment, since they are

ersistent and cannot be degraded or destroyed and can be bio-
agnified by aquatic organisms. Main industries containing heavy
etals in its effluents are mining, metallurgical, nuclear power

lants, metal coating, and battery production [1]. Cu(II), Zn(II) and
o(II) ions are among the most common heavy metal ions in indus-
ry effluents. The accumulation of these contaminants in human
ody can cause severe health risk. According to U.S. Environmental
rotection Agency (EPA) and WHO, the permissible limit of cop-
er in drinking water is 1.3 and 2.0 mg dm−3, respectively [2]. The
HO recommended tolerance limit for Zn(II) is 5.0 mg dm−3 [3]
hile that of Co(II) is limited to 0.05 mg dm−3 [4]. Removal of these
oxic contaminants is essential for environmental pollution con-
rol and many researchers demand a cost effective yet recyclable
rocess such as ion exchange and adsorption for removing heavy
etal ions from wastewater. In recent years, solid adsorbents such

∗ Corresponding author. Tel.: +91 471 2418782.
E-mail address: tsani@rediffmail.com (T.S. Anirudhan).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.10.011
© 2009 Elsevier B.V. All rights reserved.

as clays, agricultural residues and industrial waste products have
been widely used for the removal of heavy metals in low-cost
wastewater treatment [5].

Polymer/clay composites have been regarded as promising
materials for many applications due to their unique properties,
which include high particle dispersion, gas permeability, structural
flexibility, fire retardance and thermal and mechanical stability.
Although earlier workers [6] have investigated the adsorption per-
formance of polymer/clay composites; a few studies are reported
on the recovery of heavy metal ions by using polymer/clay com-
posites. The removal of humic acids (HAs) from water suppliers
has demonstrated great attention because (1) they are precursors
of potentially calcinogenic chlorinated disinfective by-products in
chlorine disinfection process [7] and (2) their high affinity for
adsorbing various pollutants including heavy metals and pesticides.
Adsorption is an effective and versatile method for the removal of
HAs, when combined with an appropriate desorption step solving
the problem of sludge disposal. The literature [8] contains several

references to the adsorption of HA by various adsorbents which
include: activated carbons, zeolites, clay minerals, alumina, resins,
chitosan, fly ash, amino polyacrylonitrile fibers and hydrotalcites.
In many cases after four or five cycles of repeated use, the adsor-
bent materials cannot be reused and causes a disposal problem. The

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:tsani@rediffmail.com
dx.doi.org/10.1016/j.cej.2009.10.011
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Scheme 1. Preparati

isposal of the spent adsorbent in an economically sound manner
s very important. This study follows from our previous investiga-
ion [8], where a polyacrylamide/bentonite composite (PAA-B) with
mine functionality (Am-PAA-B) was evaluated as an adsorbent for
he removal of HA from aqueous solutions.

HA is one of the major components of humic substances which
ontain both hydrophilic and hydrophobic molecules as well as
any functional groups such as phenolic, carboxylic and hydroxyl

roups connected to a skeleton of aliphatic and aromatic units.
ecause of the deprotonation of carboxylic and phenolic groups in
eakly acidic to basic media, HA has negative charge and enhances

he adsorption of cations through electrostatic interactions and/or
omplexation reactions. The acid dissociation constants (pKa’s) for
arious carboxylic groups have been reported to be 3.0–5.0. [9].

ower pH (<3.0) will cause the carboxyl functional groups of HA to
e protonated to a higher extent and result in a stronger repulsion
or a positively charged cations in the solution. However, at pHs
reater than 4.0, the carboxyl groups are deprotonated and favor
he adsorption of positively charged cations. Metal ions bind to the
te of HA-Am-PAA-B.

carboxyl groups through ion exchange followed by a complexation
reaction. The use of HA-immobilized ion exchange resin for the
adsorption of uranium from aqueous solutions was investigated by
Ho and Miller [10]. Previously in our groups, we have demonstrated
that HA-immobilized bentonite and HA-immobilized zirconium
pillared clay can be used as good adsorbents for the removal of some
heavy metals and some cationic dyes, respectively, from aqueous
solutions [11,12]. The objective of this study is to investigate the
efficiency of spent adsorbent, i.e., HA-immobilized Am-PAA-B (HA-
Am-PAA-B) for the removal of Cu(II), Zn(II) and Co(II) ions from
wastewaters.

2. Experimental
2.1. Materials

The bentonite (B), NNN′N′N′ ′N′ ′-hexamethylenediamine (HMD)
and metal salts (CuCl2, ZnCl2 and CoCl2) were obtained
from Fluka, Switzerland. Analytical-grade acrylamide (AA), N,N′-
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ethylenebisacrylamide (MBA), K2S2O8 and ethylenediammine
en) were supplied by E. Merck (India) Ltd. Sodium salt of HA was
urchased from Sigma–Aldrich (Germany).

.2. Preparation of Am-PAA-B

About 10 g of the raw bentonite was stirred for 12 h with 1 L of
.0 M NaCl solution to replace all exchangeable cations with Na+,
hen centrifuged and washed several times with distilled water
ntil Cl− was free. The product, Na-saturated bentonite (Na-B) was
ried at 105 ◦C, ground and sieved to obtain −80 + 230 mesh size
articles. To a homogenous suspension of 10 g of Na-B with 250 mL
istilled water, 20 g of AA in 50 mL distilled water was added and
tirred for 2 h and then 1.6 g MBA and 500 mg K2S2O8 followed
y 0.5 mL HMD was added to propagate the polymerization and
eated in a water bath at 60 ◦C. The polyacrylamide–bentonite
omposite obtained was then washed with hot water to eliminate
omopolymer. It was dried at 60 ◦C for 24 h and the product here-
fter designated as PAA-B. To introduce the amine functionality in
AA-B, 10 g of PAA-B was heated with 50 mL en at 80 ◦C and pH 11.0
or 4 h. The product amine-modified PAA-B (Am-PAA-B) was sep-
rated from the solution and washed with water until the filtrate
as free from en, as indicated by the absence of any blue colour
ith ninhydrine reagent. The product, Am-PAA-B was dried at 70 ◦C

nd sieved to 80–230 mesh size of particles (average diameter of
.096 mm).

.3. Preparation of HA-Am-PAA-B

Our earlier work showed that maximum loading of HA onto Am-
AA-B from aqueous solution occurred at an initial pH of 4.0. In
rder to prepare HA-immobilized Am-PAA-B (HA-Am-PAA-B), 10 g
m-PAA-B was suspended in 100 mL distilled water and 500 mL of
.25 mmol L−1 HA was subsequently added to the suspension. The
eaction mixture was then adjusted to pH 4.0 using NaOH and HCl
olutions and then stirred continuously for 24 h at room temper-
ture. The product, HA-Am-PAA-B was filtered and washed with
ater to remove any residual HA and dried at 50 ◦C and sieved for
article size of 80–230 mesh. Scheme 1 represents the preparatory
oute of HA-Am-PAA-B.

.4. Characterization methods of the adsorbent

The X-ray powder diffraction patterns (XRD) of the samples
ere taken in a Rigaku diffractometer using Cu K� radiation at
scanning speed of 2◦ min−1. The FTIR spectra were recorded
ith a Nicolet Protege 460 spectrophotometer between 4000 and

50 cm−1 using the KBr pellet technique. The cation exchange
apacity was determined by ammonium acetate method [13]. The
otal number of acidic groups and carboxylic groups present in
he adsorbent sample was estimated using conductometric titra-
ion methods proposed by James et al. [14]. The surface area of
he adsorbent was determined using methylene blue adsorption
sotherm method. Apparent density of the adsorbent was deter-

ined by pycnometric method using nitrobenzene as a displacing
iquid using specific gravity bottle. A potentiometric method [15]

as used to determine the pH of point of zero charge (pHpzc). The
H of the solution was measured with a Systronic microprocessor
H meter (model �-362).

.5. Metal adsorption procedure
A stock solution of 1000 mg L−1 of Cu(II), Zn(II) and Co(II) ions
as prepared in distilled water and corresponding concentration

anges for the experiments were obtained by diluting the stock
olution with distilled water. A batch equilibrium technique was
Fig. 1. FTIR spectra of Na-B, Am-PAA-B, HA-Am-PAA-B and Cu(II)-loaded HA-Am-
PAA-B.

employed for the investigation of metal uptake by the HA-Am-PAA-
B. Fifty milliliter of metal solution containing 0.1 g of the adsorbent
in a 100 mL Erlenmeyer flask was agitated at 200 rpm in a temper-
ature controlled water bath shaker (Labline Instruments Pvt. Ltd.,
Kochi, India) at 30 ◦C. The initial pH of the solution was adjusted
to a definite value using 0.1 M HCl or 0.1 M NaOH solutions. After
attaining equilibrium, two phases were separated by centrifuga-
tion at 600 rpm for 5 min and an aliquot of the supernatant was
analyzed for metal by atomic absorption spectrometry (AAS). A
GBC Avanta (A 5450) AAS was used to determine the concentra-
tion of Cu(II), Zn(II) and Co(II) ions in aqueous solutions. pH studies
were carried out with an initial metal concentration of 25 mg L−1

in a pH range 2.0–10.0 for Zn(II) and Co(II) and 2.0–6.0 for Cu(II).
The effect of ionic strength on metal ion adsorption was studied
by conducting batch experiments at different ionic strengths of
0.001, 0.005, 0.01, 0.05 and 0.1 M NaCl and CaCl2. To determine
the effect of contact time and adsorbate concentration, 0.1 g adsor-
bent was added to 50 mL of different metal concentrations ranging
from 25 to 100 mg L−1 and equilibrated for 4 h. Isotherm experi-
ments were performed using different metal concentrations ranged
between 10 and 300 mg L−1. For desorption studies 0.1 g HA-Am-
PAA-B equilibrated with 50 mL of 10 mg L−1 metal solution and
after the adsorption process, the adsorbed metal ions were eluted
with different reagents. The eluted adsorbent was then washed
thoroughly with distilled water to remove any residual desorb-
ing reagents and placed into metal solution for the subsequent
adsorption–desorption cycle.

3. Results and discussion
3.1. Adsorbent characterization

The FTIR spectra of Na-B, Am-PAA-B and HA-Am-PAA-B and
Cu(II)-loaded HA-Am-PAA-B are shown in Fig. 1. The spectrum of
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AA-B.

a-B shows the basic characteristic peaks at 3650 and 3410 cm−1

O–H stretching), 1020 cm−1 (Si–O–Si bonds), 760 cm−1 (deforma-
ion Si–O bond) and 534 and 423 cm−1 (bending modes of the Si–O
ond). The shifts or change in peaks observed in the spectrum of
m-PAA-B compared to Na-B particularly for asymmetric stretch-

ng (from 1024 to 1045 cm−1), deformation (from 760 to 771 cm−1)
nd bending (from 534 to 543 cm−1) of Si–O–Si bands indicate the
nteraction of Na-B with PAA. The broader band at 3490 cm−1 for the
m-PAA-B spectrum may be due to the N–H stretching vibrations.
he presence of two peaks near 1574 and 1030 cm−1 was due to
–H bending and C–N stretching provides strong evidence for the
resence of amino groups in the Am-PAA-B, while IR spectrum of
a-B did not exhibit these peaks. The formation of a chemical bond
etween the amino groups on the Am-PAA-B and HA being loaded

s indicated by the IR spectrum of HA-Am-PAA-B when N–H bond
ibrations (stretching and bending) were formed being shifted to
976 and 1553 cm−1 due to HA immobilization.

In addition, the spectrum of HA-Am-PAA-B shows new bands at
720 cm−1 (�c o) and 1458 cm−1 (�c–o) which are characteristics of
he carboxyl (COOH) groups from the immobilized HA from the sur-
ace of Am-PAA-B. Moreover, the appearance of four peaks in the
egion 600–900 cm−1, which can be attributed to the polyphenyl
roups of HA, is another evidence of the loading of HA onto Am-
AA-B. The characteristic carboxyl bands at 1720 and 1458 cm−1

re shifted to 1706 and 1443 cm−1 after Cu(II) adsorption. This shifts
n peaks observed after metal adsorption, indicate a chemical inter-
ction occurred between Cu(II) ions and carboxylate groups on HA.
oreover the peak at 1368 cm−1 is indicative of C–O stretching at

he benzene ring when Cu(II) gets coordinated with oxygen. The
resence of Cu(II) ions due to adsorption can be confirmed by the

and at 517 cm−1 of Cu–O stretching vibration in the spectrum of
u(II)-loaded HA-Am-PAA-B.

The XRD patterns of Na-B, Am-PAA-B, HA-Am-PAA-B and Cu(II)-
oaded HA-Am-PAA-B are shown in Fig. 2. The XRD pattern showed
hat Na-B sample is rich in montmorillonite showing a reflection
Fig. 3. Surface charge density as a function of pH.

at 2� = 5.14◦, which indicates a basal spacing of 1.43 nm. Besides,
XRD pattern of Na-B showed the characteristic d values 0.45, 0.37,
0.26 and 0.15 nm. The reflection at 0.45 nm further implied 2:1
mineral type. The XRD pattern of Na-B was clearly affected by poly-
mer insertion, as observed by the change of the (0 0 1), (0 0 2) and
(0 0 3) reflections. The basal reflection was shifted from 1.53 to
2.49 nm. This increase in basal spacing indicated intercalation of
the matrix polymer. The broadening of the (0 0 1) reflection indi-
cated that the ordered structure of the layers is disrupted due to the
intercalation of the polymer. Loading of HA leads to a considerable
decrease in crystallinity in comparison to Am-PAA-B indicated by
the decreased number and intensity of reflection. The basal spac-
ing of 3.85 nm in HA-Am-PAA-B suggested the presence of HA. The
XRD pattern of Cu(II)-loaded HA-Am-PAA-B shows an increase in
2� value and a decrease in basal spacing. The diffraction at 2� = 5.6◦

with a basal spacing of 2.9 nm in Cu(II)-HA-Am-PAA-B suggested
the presence of Cu(II) ions.

Fig. 3 represents the pH dependent surface charge of Na-B, Am-
PAA-B and HA-Am-PAA-B. As shown, the Na-B, Am-PAA-B and
HA-Am-PAA-B display point of zero charge at pHpzc 3.0, 7.0 and
4.8, respectively, suggesting that HA-Am-PAA-B surface is more
positive than that of Na-B and more negative than Am-PAA-B sur-
face, since pH above the value of pHpzc the surface charge of the
adsorbent has a negative charge, below that pH the clay has a
positive charge. The apparent density of Na-B, Am-PAA-B and HA-
Am-PAA-B was found to be 1.19, 1.59 and 1.71 g mL−1, respectively.
The total acidity and cation exchange capacity were found to be
0.43 and 0.39 meq g−1 for Na-B, and 1.28 and 0.83 meq g−1 for HA-
Am-PAA-B, respectively. The carboxylate group for HA-Am-PAA-B
was found to be 0.66 meq g−1. The surface area of Na-B, Am-PAA-B
and HA-Am-PAA-B was found to be 150.3, 203.5 and 336.3 m2 g−1,
respectively.

3.2. Effect of pH on metal adsorption

Since the surface charge of an adsorbent could be modified by
changing pH of the solution, pH is one of the most important param-
eters affecting the metal adsorption process. The effect of initial
pH on the adsorption of Cu(II), Zn(II) and Co(II) ions onto HA-Am-
PAA-B is shown in Fig. 4. The results presented show excellent
removal capacities for Cu(II), Zn(II) and Co(II) ions by using HA-
Am-PAA-B, where a similar profile of removal was observed. For
comparison, metal hydroxide precipitation by NaOH is also given in
Fig. 4. It can be seen that at any pH, metal removal by adsorption on
HA-Am-PAA-B is very much greater than the removal by hydrox-

ide precipitation observed in the absence of adsorbent. With an
increase of pH of the solution from 2.0 to 6.0, Cu(II) removal capacity
increased from 30.0 to 99.0% at an initial concentration of 25 mg L−1.
Similarly, when the initial pH of suspension increased from 2.0 to
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ig. 4. Effect of pH on the removal of Cu(II), Zn(II) and Co(II) ions onto HA-Am-PAA-B.

0.0, the removal capacity increased from 27.1 to 99.0% for Zn(II)
nd 22.7 to 95.4% for Co(II) at an initial concentration of 25.0 mg L−1.
t has been shown that the final pH is always less than the initial
H (Fig. 4). In the case of Cu(II), when the initial pH of the reaction
ixture varied between 3.0 and 6.0, the final pH of the reaction
ixture remained between 2.7 and 4.7 for an initial concentra-

ion of 25 mg L−1. The possible sites on HA-Am-PAA-B for specific
dsorption in acidic pH include H+ ions in –COOH functional groups.
ivalent Cu(II) ions displaced two protons from –COOH groups for
ach metal cations adsorbed while one proton is exchanged for
ach of the monovalent (Cu(OH)+) species adsorbed. At higher pH
alues (>5.5), the solubility product of Cu(OH)2 is exceeded, there-
ore, Cu(II) is removed from the solution by adsorption as well as by
recipitation. Thus to correlate Cu(II) removal with adsorption (ion
xchange), an optimum initial pH of 5.0 was chosen for performing
ll subsequent adsorption experiments. For Zn(II) and Co(II), pH 9.0
nd 8.0, respectively, was selected to be the optimum initial pH for
urther studies.

The decreased metal adsorption at low pH can be explained as
ollows: (i) in acidic region both the adsorbent (since pHpzc of the
dsorbent is 4.8, below which the adsorbent surface is positive)
nd adsorbate are positively charged and the net interaction is that
f electrostatic repulsion and (ii) the positively charged metal ions
aces a good competition with the higher concentration of H+ ions

resent in the reaction mixture and (iii) generally, the carboxyl
roups presented a pKa value between 3.0 and 5.0 [16]. At pH lower
han pKa, carboxylate groups carried positive charge, restricting
ccess sites to metal ions as a result of repulsive forces and result-
ng in a low uptake. At pH < 5.0, the linked H+ is released from the
Fig. 5. Effect of ionic strength on the removal of Cu(II), Zn(II) and Co(II) ions onto
HA-Am-PAA-B.

active sites and adsorbed amount of metal ions is increased. In this
pH range, it is believed that the ion exchange and complex for-
mation process are the major mechanism for removal of metal ions
from solution. The amount of metal ions adsorbed by HA-Am-PAA-B
increased in the order of Cu(II) > Zn(II) > Co(II).

3.3. Effect of ionic strength

Fig. 5 shows the effect of ionic strength on the adsorption behav-
ior of HA-Am-PAA-B towards heavy metal ions. As shown, in the
presence of Na- and Ca-electrolyte there was a decrease in adsorp-
tion capacity of HA-Am-PAA-B towards metal ions. When ionic
strength of both electrolyte increased from 0.001 to 0.1 M, the
total decrease in percentage removal of 25 mg L−1 Cu(II), Zn(II) and
Co(II) was 20.7, 24.5 and 26.3, respectively, for Ca-electrolyte and
16.4, 18.2 and 19.8, respectively, for Na-electrolyte. This suggests
that with increase in the concentration of chloride anions in metal
ion solution, there is a possibility for the formation of uncharged
species (CuCl2, ZnCl2 and CoCl2) and negatively charged chloride
complexes (CuCl −, CuCl 2−, ZnCl −, ZnCl 2−, CoCl − and CoCl 2−)
3 4 3 4 3 4
that will invariably reduce the adsorption capacity of the adsor-
bent [17] for positively charged cations. The adverse effect of ionic
strength on metal uptake suggests the possibility of ion exchange
mechanism being in operation in the adsorption process. Ca2+ and
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a+ ions can compete with metal ions for the same binding sites on
he HA-Am-PAA-B surface and thus negatively affect the removal
fficiency.

.4. Adsorption kinetics

Kinetic behavior of the adsorbent, towards Cu(II), Zn(II) and
o(II) ions, was examined by monitoring the extent of adsorption
ith respect to contact time and the time profiles are given in Fig. 6.

he adsorption was rapid for all the three metal ions; an interaction
eriod 30 min supplied about 73% adsorption where as the equi-

ibrium was reached in approximately 120 min. After this period,
he amount of adsorbed metal ions did not change significantly
ith time. The rapid uptake of metal ions onto HA-Am-PAA-B may

ndicate that most of reaction sites of the adsorbent are exposed
or interaction with metal ions. The equilibrium time is indepen-
ent of initial concentrations. The time profile of metal uptake is a
ingle, smooth and continuous curve leading to saturation, suggest-
ng the possible monolayer coverage of metal ions on the surface
f the adsorbent. Due to the presence of MBA crosslink units in
olymer/clay composite, the adsorbent possesses a high swelling
apacity in water [18] and, consequently its network is sufficiently
xpanded to allow a fast diffusion process for the metal ions. This
xpanded network of the adsorbent favors the interaction between
he cations and the most favorable adsorption sites (carboxylic
roups) on the adsorbent surface. Furthermore, this may indi-
ate that there is an ion exchange/complexation reaction between
A from adsorbent surface and metal ions because these ion
xchange/complexation reactions are usually very fast as indicated
y complexation studies of HA with metal ions [19]. With increase

n metal concentration from 25 to 100 mg L−1, the amount of metal
dsorbed increased from 11.47 to 47.31 mg g−1 for Cu(II), 11.15 to
4.71 mg g−1 for Zn(II) and 10.98 to 34.37 mg g−1 for Co(II) indi-
ating that the Cu(II) removal by adsorption on HA-Am-PAA-B is
oncentration dependent. Also, the amount of metal ions adsorbed
y the adsorbent is of the following order: Cu(II) > Zn(II) > Co(II) for
he concentrations studied.

Two generally applied simplified kinetic models, i.e., pseudo-
rst-order and pseudo-second-order equations are analyzed to
odel the adsorption kinetic data [20,21]. The pseudo-first-order
odel is given by:

t = qe(1 − e−kadt) (1)
here k1 is the pseudo-first-order rate constants (min−1) and qe

mg g−1) is the pseudo-equilibrium adsorption corresponding to
he initial metal ion concentration C0 and qt (mg g−1) is the amount
f metal adsorbed at any time t. On the other hand pseudo-second-

able 1
inetic parameters for the adsorption of Cu(II), Zn(II) and Co(II) ions onto HA-Am-PAA-B.

Metal ion C0 (mg L−1) qe (exp) Pseudo-second-order

k2 (g mg−1 min−1) qe (cal)

Cu(II)

25 11.47 6.83 × 10−2 11.58
50 22.52 4.02 × 10−2 22.43
75 36.98 0.71 × 10−2 37.01

100 47.31 0.39 × 10−2 47.77

Zn(II)

25 11.15 2.56 × 10−2 11.38
50 21.23 1.06 × 10−2 22.11
75 35.58 0.32 × 10−2 36.55

100 44.71 0.28 × 10−2 45.18

Co(II)

25 10.98 1.06 × 10−2 11.07
50 17.88 0.43 × 10−2 18.13
75 25.37 0.28 × 10−2 25.78

100 34.37 0.21 × 10−2 35.17
Fig. 6. Adsorption kinetics of Cu(II), Zn(II) and Co(II) ions uptake onto HA-Am-PAA-
B.

order model is expressed as
qt = k2q2
e t

1 + k2qet
(2)

where k2 (g mg−1 min−1) is the pseudo-second-order rate con-
stant. The values of qe, k1 and k2 for different concentrations and

Pseudo-first-order

�2 R2 k1 (min−1) qe (cal) �2 R2

0.06 0.999 0.415 10.79 0.56 0.994
0.04 0.999 0.316 20.96 0.87 0.987
0.07 0.999 0.164 34.74 1.67 0.983
0.94 0.995 0.117 45.67 1.54 0.967

0.02 0.999 0.159 10.13 0.81 0.982
0.42 0.995 0.112 20.56 2.57 0.959
0.89 0.997 0.073 31.23 5.76 0.969
1.66 0.993 0.057 41.34 4.47 0.968

0.07 0.999 0.075 10.02 0.43 0.961
0.59 0.997 0.064 16.76 0.72 0.944
0.15 0.999 0.034 24.47 1.91 0.984
0.76 0.997 0.046 33.38 1.80 0.931
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emperatures were calculated using non-linear regression analy-
is and the results are shown in Table 1. As shown, on comparison
ith pseudo-first-order, pseudo-second-order kinetic expression

ielded the best results for experimental kinetic data with higher
alues of R2 and lower �2 values. As shown in Table 1, the value
f rate constant k2 decreases with increasing initial concentration
nd surface loading. Higher surface loadings would result in less
iffusion efficiency and a high competition of metal ions for a fixed
eaction sites, consequently a lower k2 values were observed. More-
ver, Fig. 6 also represents the best agreement of the experimental
inetic data with the pseudo-second-order kinetic model.

.5. Adsorption isotherm

The relation of metal ion concentration in the bulk and the
dsorbed amount at the interface is a measure of the position
f equilibrium in the adsorption process and can generally be
xpressed by one or more of a series of isotherm models. The
nterpretation of adsorption data through theoretical or empirical
quations is essential for the quantitative estimation of the adsorp-
ion capacity or amount of the adsorbent required to remove the
nit mass of pollutant from wastewater. Fig. 7 shows adsorption

sotherms of Cu(II), Zn(II) and Co(II) ions at 30 ◦C. All the three
etals’ adsorption onto HA-Am-PAA-B was found to be concen-

ration dependent. As calculated from adsorption data, the amount
f Cu(II), Zn(II) and Co(II) increased from 4.37 to 107.85, 4.25 to
6.75 and 4.13 to 52.15 mg g−1, respectively, when the initial con-
entration increased for all the three from 10 to 300 mg L−1. In
his study the experimental data were correlated by the non-linear
orms of Langmuir, Freundlich and Dubinin-Radushkevich adsorp-
ion isotherm equations:

angmuir : qe = Q 0bCe

1 + bCe
(3)

reundlich : qe = KFC1/n
e (4)

ubinin-Radushkevich : qe = qm(ε2)
−ˇ

(5)

here qe is the quantity of metal adsorbed at equilibrium over the
ass of adsorbent material (mg g−1) and Ce is equilibrium concen-

ration (mg L−1) of the adsorbate species in solution. Q0 and b are
angmuir constants related to the monolayer adsorption capacity
mg g−1) and energy or intensity of adsorption (L mg−1). The Fre-
ndlich constants KF and 1/n are related to the adsorption capacity
nd heterogeneity factors related to binding strength, respectively.
m is D-R constant related to theoretical saturation capacity and ε
s the Polanyi potential, equal to RT ln(1 + 1/Ce), where R is the gas
onstant (kJ mol−1 K−1) and T is the temperature (K).

A detailed analysis of the correlation coefficients obtained for
hese isotherms by using non-linear optimization method for Cu(II),
n(II) and Co(II) adsorption, showed that all the three isotherm
quations adequately describe the adsorption data, but are bet-
er fitted to Langmuir, from which we can assume that adsorption
f Cu(II), Zn(II) and Co(II) onto HA-Am-PAA-B would not take
lace beyond a monolayer coverage and all adsorption sites are
quivalent with uniform energies of adsorption with out any
nteraction between the adsorbed molecules. Fig. 7 also shows a
omparison between the theoretical Langmuir, Freundlich and D-
isotherms and the experimental data. The resulting parameters

or all the three isotherms are tabulated in Table 2. As shown, Q0

hich is indicative of adsorption capacity changed in the order of

u(II) > Zn(II) > Co(II). Similar results are also reported by earlier
orkers [22]. The Freundlich exponent 1/n gives an indication of

he favorability of adsorption. Values of 1/n < 1.0 represent favor-
ble adsorption condition. The values of 1/n obtained in the present
tudy for all the three metal ions are less than unity, indicate the
Fig. 7. Comparison of the experimental and model fits of the Langmuir, Freundlich
and D-R isotherms for the adsorption of Cu(II), Zn(II) and Co(II) ions onto HA-Am-
PAA-B.

favorable adsorption of Cu(II), Zn(II) and Co(II) ions onto HA-Am-
PAA-B. The value of D-R constant ˇ is related to the adsorption
free energy E (kJ mol−1), which is defined as the free energy change
required to transfer 1 mol of ions from solution to the solid sur-
face. From the ˇ values the values of E can be calculated as
E = (2ˇ)−1/2. The magnitude of E is useful to determine the type
of adsorption reaction. Physisorption processes have adsorption
energy in the range 1–8 kJ mol−1, while chemisorption processes
have adsorption energy in the range 20–40 kJ mol−1. On the other
hand, adsorption can be explained by ion exchange if E values
lie between 8.0 and 16.0 kJ mol−1 [23]. The calculated E values
(Table 3) for Cu(II), Zn(II) and Co(II) adsorption onto HA-Am-PAA-

−1
B are ranged between 7.87 and 8.46 kJ mol indicating an ion
exchange reaction, which support the idea, that the adsorption of
metal ions onto HA-Am-PAA-B mainly proceeds by binding surface
functional groups, as stated earlier.



T.S. Anirudhan, P.S. Suchithra / Chemical Engineering Journal 156 (2010) 146–156 153

Table 2
Isotherm parameters for the adsorption of Cu(II), Zn(II) and Co(II) ions onto HA-Am-
PAA-B.

Isotherm parameters Metalion

Co(II) Cu(II) Zn(II)

Langmuir
Q0 (mg g−1) 106.21 96.15 52.93
b (L mg−1) 1.32 0.21 0.03
R2 0.999 0.999 0.998
�2 0.11 0.13 1.46

Freundlich
KF 50.43 27.13 7.13
1/n 0.191 0.214 0.254
R2 0.943 0.967 0.978
�2 14.75 12.63 11.67

D-R
qm 99.45 99.13 38.64
ˇ 0.0067 0.0069 0.0079
R2 0.933 0.954 0.976

t
d
i
l
v
o
t
A
a

3

a
i
a
r
i
i
m
l

(

T
C

�2 6.64 7.56 5.49
Ea (kJ mol−1) 8.64 8.51 7.96

The Langmuir parameters Q0 and b are further used to predict
he affinity between the metal ions and HA-Am-PAA-B using the
imension less separation factor RL = 1/(1/bCe). The values of RL

ndicate the shape of the isotherms to be either unfavorable (RL > 1),
inear (RL = 1), favorable (0 < RL < 1) or irreversible (RL = 0) [24]. The
alues of RL for Cu(II), Zn(II) and Co(II) adsorption were determined
ver a wide concentration range at 30 ◦C and the results confirmed
he favorable uptake of Cu(II), Zn(II) and Co(II) onto HA-Am-PAA-B.
lso, higher RL values at lower metal concentrations showed that
dsorption was more favorable at lower concentrations.

.6. Design of single stage batch reactor

A single stage batch adsorption system is designed from the
dsorption isotherm data, the schematic diagram of which is shown
n Scheme 2. The metal solution to be treated contains V (L) of water
nd an initial metal ion concentration of C0 (mg L−1), which is to be
educed to Ct (mg L−1) in the end of the adsorption process. Dur-
ng the process when W (g) of HA-Am-PAA-B is added, the metal
on concentration on it is changed from initial q0 to final qt. The

ass balance equation of metal ion removal from the liquid to that

oaded on the adsorbent is:

C0 − Ct)V = (qt − q0)W (6)

able 3
hemical composition of wastewaters.

Electroplating wastewater for Cu(II) Industrial estate wastewa

Parameter Value (mg L−1) Parameter

Cu2+ 43.30 Zn2+

Ni2+ 11.70 Cu2+

Na+ 314.70 Glucose
K+ 28.80 Urea
Mg 611.41 FeSO4·7H2O
Ca 43.30 KH2PO4

Cl− 319.90 pH
SO4

2− 29.30
CO3− 89.90

Hardnessas
CaCO3 714.41
COD 413.31
pH 5.15
Scheme 2. Design of single stage batch reactor.

When fresh adsorbent is used, q0 = 0 and if the system is allowed
to reach equilibrium, then Eq. (6) can be expressed as:

W

V
= C0 − Ce

qe
(7)

Substituting for qe from Eq. (3) and rearranging gives

W

V
= (C0 − Ce)(1 + bCe)

Q 0bCe
(8)

Inserting, the Langmuir constants Q0 and b (Table 2) in Eq. (8):

W

V
= (C0 − Ce)(1 + 1.5Ce)

165.5Ce
(9)

This equation can be used to calculate the mass of HA-Am-PAA-
B required to achieve certain percentage removal by treating a
definite volume of metal ion containing effluent having an initial
concentration C0. Fig. 8 represents the experimental and the-
oretical masses of HA-Am-PAA-B against different volumes for
different percentages of removal of Cu(II) ions and mass of HA-
Am-PAA-B against different concentrations and different volumes

for the removal of Cu(II) ions (>99.0%) from aqueous solutions. The
amounts of adsorbent calculated using the model Eq. (9) match
those observed experimentally for different volumes of effluent and
concentrations.

ter for Zn(II) Nuclear power plant coolant water for Co(II)

Value (mg L−1) Parameter Value (mg L−1)

20.01 Sb(V) 5.01
20.03 Co(II) 10.03

1437.51 Fe(III) 30.04
107.30 Ni(II) 15.05

24.81 Ag(I) 5.00
43.85 B(III) 20.07

6.50 Cr(III) 4.00
Li(I) 0.50
Cs(I) 0.50
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F of removal of Cu(II) ions and (B) mass of HA-Am-PAA-B against different concentrations
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ig. 8. (A) Mass of HA-Am-PAA-B against different volumes for different percentage
nd different volumes for removal (>99.0%) of Cu(II) ions from aqueous solutions.

.7. Test with industrial wastewaters

The utility of the HA-Am-PAA-B as an adsorbent for Cu(II),
n(II) and Co(II) in presence of other ions was assessed by its
pplication in industrial wastewater treatment. Simulated electro-
lating industrial wastewater, industrial estate wastewater [25]
nd nuclear power plant coolant water [26] were used for Cu(II),
n(II) and Co(II) ions, respectively. The compositions are given
n Table 3 and Fig. 9 shows that the amount of adsorbed metal
ncreases with increasing the HA-Am-PAA-B dose. It is because
he number of available adsorption sites increases by increasing
he adsorbent dose. The results also reveal that the treatment of

etal ions in wastewater samples is not significantly different
rom the results predicted based on single solute batch exper-
ments. Almost complete removal of metals was achieved from
0 mL of each sample of Cu(II), Zn(II) and Co(II) ions with 0.3,
.4 and 0.5 g of adsorbent, respectively. Thus, the present study
emonstrates that HA-Am-PAA-B can be successfully used for the
emoval of Cu(II), Zn(II) and Co(II) ions from industrial wastewa-
ers.

.8. Comparison with other adsorbents

The adsorption capacity of HA-Am-PAA-B for Cu(II), Zn(II)
nd Co(II) ions were compared with those of other adsorbents

eported in the literature. Theoretical background makes the
onolayer adsorption capacity (Q0) quite useful and convincible

or comparison in liquid phase adsorption. It is found that the
dsorption capacity of HA-Am-PAA-B towards Cu(II), Zn(II) and
o(II) (106.21, 96.15 and 52.93 mg g−1 for Cu(II), Zn(II) and Co(II),

ig. 9. Effect of adsorbent dose on the removal of Cu(II), Zn(II) and Co(II) ions from
ndustry effluent samples by HA-Am-PAA-B.

Fig. 10. Metal adsorption–desorption cycles with 0.1 M HCl as the desorbing agent.
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espectively) was much higher than the reported values in lit-
rature. The values of Q0 for the adsorption of Cu(II) ions were
eported to be 2.23, 31.20, 32.17, 44.84, 56.55 and 86.0 mg g−1

or adsorption onto tannic acid-immobilized activated carbon [27],
ethacrylic/acrylamide monomer mixture grafted fiber [28], 8-

ydroxy quinoline immobilized bentonite [29], natural clay [1],
nye bentonite [30] and granular activated carbon [31], respec-
ively. Earlier workers reported the Q0 values of 4.29, 7.88, 8.65,
.02, 15.26, 30.73 and 49.94 mg g−1 for the adsorption of Zn(II) ions
nto natural clay [32], modified coir fiber [33], natural zeolite [34],
odified jute fiber [35], biomass [36], sunflower stalks [37] and
ultiwalled carbon nanotube [38], respectively. The values of Q0

or the adsorption of Co(II) ions onto kaolinite [39], sepiolite [40],
agnesium silicate composite [41], styrene-g-polyethylene mem-

rane [42], methacrylic acid/acrylamide monomer mixture grafted
ber [28], and aluminium pillared clay [43] were found to be 1.74,
.57, 9.4, 25.0, 27.17 and 38.61 mg g−1, respectively. The results are
f greater environmental concern as HA-Am-PAA-B can be effec-
ively applied to remove Cu(II), Zn(II) and Co(II) ions from industrial
astewater.

.9. Desorption and regeneration studies

For an effective recycling process, adsorbed metal ions should
e easily desorbed under suitable conditions without destroying
he adsorbent material. In the first step, desorption experiments
ere performed using 0.1 M different reagents such as HCl, HNO3,
aCl, CH3COONa, NaOH, NaCO3 and NaHCO3 as desorption agents
f which 0.1 M HCl gave better desorption results. The recovery
tudies were carried out in two steps. In the first step, desorp-
ion stability of 0.1 g HA-Am-PAA-B was determined in 50 mL 0.1 M
Cl and no remarkable (<2%) desorbed humic acid was observed in

he resulted solution by UV–vis spectrophotometer in three cycles.
n the second step, recovery of adsorbed metal ions was studied.
he results of desorption experiments are shown in Fig. 10. About
7.7, 98.5 and 99.2% of the adsorbed Cu(II), Zn(II) and Co(II) ions,
espectively, were desorbed in the first cycle using 0.1 M HCl solu-
ion. This means that HCl solution breaks down the interaction
orces between carboxyl group of HA-Am-PAA-B and metal ions.
o show the reusability of spent adsorbent, adsorption–desorption
ycle was repeated three times by using the same adsorbent. Even
fter three adsorption–desorption cycles, the removal and recovery
apacities of HA-Am-PAA-B do not change significantly. The adsor-
ent can be reused almost without any significant loss in adsorption
erformance.

. Conclusions

HA-Am-PAA-B is an effective adsorbent for the removal of
u(II), Zn(II) and Co(II) ions from aqueous solutions. Metal removal

ncreased with increase in pH and coordination bond formation
ith –COOH group of HA-Am-PAA-B was postulated as the mech-

nism for the removal of metal ions. The amount of metal ions
dsorbed per unit weight of HA-Am-PAA-B at equilibrium time
ncreased with increase in concentration. In the presence of Na-
nd Ca-electrolyte, adsorption capacity of HA-Am-PAA-B towards
etal ions decreased. A pseudo-second-order kinetic model agreed
ell with the kinetic behavior for the adsorption of metal ions. The

quilibrium data fitted better with the Langmuir isotherm equa-
ion compared to the Freundlich and D-R equations. The findings

ndicated that the maximum amounts of metal ions adsorbed on
A-Am-PAA-B was found for Cu(II), followed by Zn(II) and Co(II).
.3, 0.4 and 0.5 g of HA-Am-PAA-B completely removed Cu(II), Zn(II)
nd Co(II) ions, respectively, from 50 mL of simulated industrial
astewater. Regeneration experiments revealed quantitative des-

[

ineering Journal 156 (2010) 146–156 155

orption of adsorbed metal ions with 0.1 M HCl and the adsorbent
can be reused for three cycles consecutively.
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