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a b s t r a c t

Batch adsorption experiments were carried out to remove Cu(II) ions from its aqueous solutions using
a poly(acrylamide)/attapulgite composite. The different parameters effecting on the adsorption capacity
such as contact time, initial metal ion concentration, temperature and pH of the solution have been inves-
tigated. The adsorption kinetic experiments revealed that there are three stages in the whole adsorption
process. It was found that Cu(II) adsorption onto the composite followed pseudo-second-order kinetics
and were mainly controlled by the film diffusion mechanism, along with a considerable contribution of
the intra-particle diffusion mechanism. Analysis of adsorption results obtained at different temperatures
omposite
dsorption
u(II)
inetics

sotherms

showed that the adsorption pattern on the composite well followed the Langmuir, Freundlih and D–R
isotherms, and the characteristic parameters for each adsorption isotherm were also determined. The
adsorption process has been found endothermic in nature and thermodynamic parameters have been
calculated. The analysis for variations of IR spectra and the values of the mean free energies of adsorp-
tion (Ea) demonstrated that the chelation model should be the dominating adsorption mechanism. The
species of copper salts can affect the adsorption capacity of the composite, which are in the order of
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CuSO4 > CuCl2 > Cu(NO3)2

. Introduction

Superabsorbents, which are crosslinked hydrophilic polymers,
re capable of expanding their volumes due to their high swelling
n water. Accordingly they are widely used in many fields, such
s hygienic products, horticulture, gel actuators and drug-delivery
ystems [1–4], as well as the purification of waste water and
tabilization of mineral sediments [5,6]. In recent years, it was
etermined that hydrogels having functional groups such as car-
oxylic acid, amine, hydroxyl and sulfonic acid groups could be
sed as complexing agents for the removal of metal ions from
queous solutions [7,8]. Therefore, a great deal of interest has been
bserved in relation to the applicability of hydrogels as adsorbent
or the removal and separation of metal ions from heavy metal con-
aminated water [7–10], and the recovery and pre-concentration
f precious metal ions from different media [11,12]. Compared

ith conventional solid adsorbents like ion exchange and chelat-

ng resins, main advantages of such materials are easy loading
nd, in most cases, stripping of cations with simple chemicals,
eusability and the possibility of semi-continuous operation. In
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ddition, high wettability and high swelling of hydrogels also
ight be beneficial for improving adsorption of target metals

11].
Recently, much attention has been paid to inorganic materials,

specially clay minerals for the preparation of superabsorbent com-
osites, such as montmorillonite [11,13], attapulgite [14], kaolin
15], mica [16], etc. Almost all investigations have focused on
he improvement of the properties (such as swelling ability, gel
trength, mechanical and thermal stability) of superabsorbents.

very interesting property of organic superabsorbents are their
bility to control the diffusion process [17,18], it can be expected
hat the adsorption mechanism and kinetics for heavy metals of
he composites prepared by introducing the clay minerals would
hange in some extent due to the different kinds of active sites
nd the large amount of micro- and meso-pores present in the
lay particles in comparison to organic superabsorbents. Moreover,
ome naturally occurring clay minerals, which have large specific
urface areas and cation exchange capacities, may serve as cost-
ffective adsorbents for the removal of heavy metals [19]. Hence, an

nderstanding of equilibrium and kinetics of adsorption for these
omposites is very essential in selection of adsorbent suitable for
ecovering metals from aqueous solutions. However, little informa-
ion providing basis to understand the fundamental aspects of the
dsorption process can be seen.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:aqwang@lzb.ac.cn
dx.doi.org/10.1016/j.jhazmat.2008.09.097


2 ardous Materials 165 (2009) 223–231

w
c
h
f
l
h
t
t
t
o
s

2

2

c
i
l
C
N
S
p
G
w
t
b
w
(
M

C
a
C
g

N
t
n

2

p
w
r
s
t
p
p
f
a
s
s
a
2
w
a
p
u
w
m

r
T

2

m
o
w
s
t
p
s
3
s

i
a
t
t
w
a

d
C
w
c
a

o
s
c
t

q

(
t
m
(
w

3

3

r
c
t
i
c
a

24 H. Chen, A. Wang / Journal of Haz

Attapulgite clay is a crystalline hydrated magnesium silicate
ith a fibrous morphology, large specific surface area and moderate

ation exchange capacity, which is beneficial for the adsorption of
eavy metals from solution [20]. However, the adsorption capacity

or Cu(II) is poor [21]. So, in the present study, a poly (acry-
amide)/attapulgite composite was synthesized and used to remove
eavy metal Cu(II) from aqueous solutions. The adsorption condi-
ions of Cu(II) onto the composite has been investigated and also
he nature of the adsorption process with respect to its kinetic and
hermodynamic aspects were evaluated. Finally, Cu(II) adsorption
n the composite from aqueous solutions using different copper
alts at a range of pH was investigated.

. Experimental

.1. Materials and measurement

Acrylamide (AM, analytical grade, supplied by Shanghai Chemi-
al Factory, Shanghai, China) was purified by a method as reported
n the literature [22]. The initiator, ammonium persulfate (APS, ana-
ytical grade, supplied by Xi’an Chemical Reagent Factory, Xi’an,
hina), was recrystallized from water before use. The crosslinker,
,N′-methylenebisacrylamide (MBA, chemically pure, supplied by
hanghai Chemical Reagent Corp., Shanghai, China), was used as
urchased. Attapulgite micropowder (supplied by Linze Xinyi Co.,
ansu, China) was milled through a 320-mesh screen and treated
ith 37% hydrochloric acid for 72 h, followed by washing with dis-

illed water until pH 6 was achieved, and then dried at 105 ◦C for 8 h
efore use. Chemical composition of the acid-activated sample in
eight percentage of oxides was: SiO2 (65.77); Al2O3 (17.52); Fe2O3

5.29); MgO (5.96); CaO (0.21); Na2O (0.43); K2O (3.81); TiO2 (0.81);
nO (0.05); SO3 (0.03) and P2O5 (0.02).
A stock solution of Cu(II), prepared by dissolving

u(CH3COO)2·H2O in double distilled water, was taken as the
dsorptive solution. Other agents used, such as HCl, NaOH,
uCl2·2H2O, Cu(NO3)2·3H2O, CuSO4·5H2O, were all of analytical
rade and all solutions were prepared with double distilled water.

FT-IR spectra measurements were done on a Thermo Nicolet
EXUS TM spectrophotometer using the KBr pellets. The spec-

rum was collected 32 times and corrected for the background
oise.

.2. Adsorbent synthesis and their characterization

Polyacrylamide/attapulgite composite was synthesized by our
revious reports [14]. AM (7.10 g) was dissolved in 20.0 mL distilled
ater in a 250 mL four-neck flask, equipped with a stirring rod, a

eflux condenser, a thermometer, and a nitrogen line. 20 mL NaOH
olution (2 M) and 15.3 mg methylenebisacrylamide was added to
he above monomer solution, and then certain amount of atta-
ulgite powder was dispersed in the mixed solution. After being
urged with nitrogen for 30 min to remove the oxygen dissolved
rom the solution, the solution was gradually heated to 40 ◦C,
nd then 40.5 mg ammonium persulfate was introduced into the
ystem. The solution was stirred vigorously under nitrogen atmo-
phere for 3 h, and then another 20 mL NaOH solution was added
nd the primary product was heated to 95 ◦C to be saponified for
h. After saponification, the product were washed several times
ith mixed solution of water and methanol (v/v = 1:9) to remove
ny unreacted reactants until pH 7 was achieved. The depurative
roduct was dried in an oven at 70 ◦C until the weight of the prod-
cts was constant and gray products were obtained. The product
as milled and all samples used for test had a particle size of 200
esh. Attapulgite content of the composite is 30 wt%. The molar

w
C
o
p
3

Fig. 1. The schematic structure of the sorbent.

atio of COONa, COOH and CONH2 of the composite is 10:3:11.
he schematic structure of the sorbent is shown in Fig. 1.

.3. Adsorption studies

Adsorption experiments were evaluated in batch equilibrium
ode. All experiments were conducted by mixing 25 mL of aque-

us Cu(II) solutions with 0.05 g of the composite. The mixtures
ere shaken in a thermostatic shaker bath (THZ-98A mechanical

haker) at 120 rpm at desired temperature and contact time, and
hen the suspensions were centrifuged at 5000 rpm for 20 min. The
H values of initial solutions were adjusted with dilute HCl or NaOH
olution by using a Mettler Toledo 320 pH meter. For kinetic studies
.15 × 10−3 mol L−1 was chosen as the initial concentration of Cu(II)
olution.

Adsorption experiments were also carried out to obtain
sotherms at different temperatures. This was done at 303.2, 313.2
nd 323.2 K, respectively. In this group of experiments Cu(II) solu-
ions with different initial concentration, in the range of 3.15 × 10−3

o 7.08 × 10−3 mol L−1, were selected. Adsorption time of 120 min
as chosen to allow attainment of equilibrium at constant temper-

tures.
To examine the effect of pH, adsorption experiments were con-

ucted at different pH ranging from 2 to 5 at 7.08 × 10−3 mol L−1 of
u(II) solution. Besides Cu(CH3COO)2, CuCl2, Cu(NO3)2 and CuSO4
ere also selected to carry out the pH experiments in the same

oncentration. Normally, pH 6.0 and 303.2 K were selected as
dsorption conditions unless otherwise stated.

The initial and the final concentration of Cu(II) in the aque-
us salt solution were measured with an atomic absorption
pectrophotometer (Perkin-Elmer SIMAA 6000). The adsorption
apacity of adsorbent was calculated through the following equa-
ion:

e = (C0 − Ce)V
m

(1)

where qe is the adsorption capacity of Cu(II) on adsorbent
mol g−1), C0 is the initial concentration of Cu(II) (mol L−1), Ce is
he equilibrium Cu(II) concentration in solution (mol L−1), m is the

ass of adsorbent used (g) and V is the volume of Cu(II) solution
L). All assays were carried out in triplicate and only mean values
ere presented.

. Results and discussion

.1. Kinetic studies

Contact time is an important parameter because this factor can
eflect the adsorption kinetics of an adsorbent for a given initial
oncentration of the adsorbate. Fig. 2 shows the effect of contact
ime on adsorption of Cu(II) by the composite. It is seen that qe

ncreases rapidly during the initial adsorption stage and then it
ontinues to increase at a relatively slow speed with contact time
nd reaches equilibrium point after 90 min, beyond which there

as almost no further increase in the adsorption. It was found that
u(II) adsorption on the composite was a fast process, where >90%
f the adsorption took place within the first 10 min. However, atta-
ulgite need 180 min and the maximum adsorption capacity is only
2 mg/g [21].
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Fig. 2. Effect of contact time on the adsorption of Cu(II) onto the composite.

To examine the controlling mechanism of adsorption processes
uch as mass transfer and chemical reaction, pseudo-first-order and
seudo-second-order kinetic equations were used to test the exper-

mental data. The pseudo-first-order kinetic model was suggested
y Lagergren for the adsorption of solid/liquid systems and its linear
orm can be formulated as [23]:

og(qe − qt) = log qe − k1t

2.303
(2)

here qt is the adsorption capacity at time t (mol g−1) and k1
min−1) is the rate constant of the pseudo-first adsorption, was
pplied to the present study of Cu(II) adsorption. The k1 and corre-
ation coefficient were calculated from the linear plot of log(qe − qt)
ersus t (figure not shown) and listed in Table 1. It was found that
he correlation coefficient for the pseudo first-order kinetic model
s high. However, a clearly difference of qe between the experiment
nd calculation was observed, indicating a poor pseudo first-order
t to the experimental data.

The kinetic data were further analyzed using Ho’s pseudo-
econd-order kinetics model. It can be expressed as [24]:

t

qt
= 1

k2q2
e

+ t

qe
(3)

here k2 (g mol−1 min−1) is the rate constant of the pseudo-
econd-order adsorption. Fig. 3 shows the plot of t/qt versus t for
u(II) onto the composite. The k2, the calculated qe value and the
orresponding linear regression correlation coefficient r2 are given
n Table 1. An extremely high correlation coefficient (1.000) was
btained. Moreover, the calculated qe value also agrees with the
xperimental data in the case of pseudo-second-order kinetics.
hese suggested that the adsorption data are well represented by
seudo-second-order kinetics.

Although the Elovich equation was firstly used in the kinetics of
hemisorption of gases on solids, it has been successfully applied
or the adsorption of solutes from a liquid solution. The linear form
f the Elovich equation [25] is given by

t = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln t (4)

−1
here ˛ (mol min g ) is the initial sorption rate, and the param-
ter ˇ (g mol−1) is related to the extent of surface coverage and
ctivation energy for chemisorption. The values of ˛, ˇ and the cor-
esponding linear regression correlation coefficient r2 are given in
able 1. This model does not predict any definite mechanism but Ta
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3.2. Adsorption isotherms
ig. 3. Pseudo-second-order kinetic plot for the adsorption of Cu(II) onto the com-
osite.

as been found useful in describing chemical adsorption on highly
eterogeneous adsorbents. It can be seen clearly from Table 1 that
he correlation coefficient is lower than those of the pseudo first,
nd pseudo second-order equations. The constant ˇ is very small
ompared with those of references [26,27], indicating the rate of
hemisorption is fast in the whole adsorption process.

Adsorption kinetics is generally controlled by different mech-
nism, of which the most limiting are the diffusion mechanisms,
ncluding film diffusion and intra-particle diffusion. The first-order
nd pseudo-second-order models cannot identify the diffusion
echanism and the kinetic results were then subjected to analyze

y the intra-particle diffusion kinetics model for diffusion mecha-
ism, formulated as [28],

t = kit
1/2 + C (5)

here ki (mol g−1 min−1/2) is the intra-particle diffusion rate con-
tant and C (mol g−1) is a constant. The values ki, C and correlation
oefficient calculated from the slope of the plot of qt versus t1/2

re shown in Table 1. It was found that the correlation coefficient
or the intra-particle diffusion model is lower than those of the
seudo-first-order and the pseudo-second-order models. This indi-
ates that the adsorption of Cu(II) onto the composite doesn’t follow
he intra-particle diffusion kinetics. In addition, it is necessary to
ote that the intercept C as proposed by Eq. (5) was not zero but
large value (1.1676 × 10−3 mol g−1), indicating that intra-particle
iffusion may not be the controlling factor in determining the kinet-

cs of the process.
To determine the actual process involved in the present adsorp-

ion, Eq. (6) of the adsorption dynamics can be employed [29].

= 1 − 6
�2

∞∑
1

(
1
n2

)
exp(−n2Bt) (6)

here F is the fractional attainment of equilibrium at time t and is
btained by using Eq. (7), n is Freundlich constant of the adsorbate
nd Bt is a calculated mathematical function of F (and vice versa)
erived from the Reichenberg’s table [29].
= Qt

Q∞
(7)

here Qt and Q∞ are amounts adsorbed after time t and after infi-
ite time, respectively.

i
s

Fig. 4. Bt versus t plot for Cu(II) adsorption onto the composite.

Rearranging the above equation gives:

t = −ln(1 − F) − 0.4799 (8)

Thus the value of Bt can be calculated for each value of F using
q. (8). The Bt values were plotted against t as shown in Fig. 4. The
inearity of this plot can be used to distinguish between film diffu-
ion and intra-particle diffusion mechanism. If this plot is a straight
ine passing through origin, adsorption will be governed by an intra-
article diffusion mechanism, otherwise governed by film diffusion
30]. Seen from Fig. 4, a straight line did not pass through all ori-
in, the linearity of the plot, however, is very high (0.9967). This
mplies that Cu(II) adsorption onto the composite were mainly con-
rolled by the film diffusion mechanism, along with a considerable
ontribution of the intra-particle diffusion mechanism.

Based on the above results, it can be concluded that three
dsorption stages occurred in the whole adsorption process. Firstly,
n the initial 2.5 min, it is known that the Cu(II) species migrate from
he bulk liquid phase to the outer surface of adsorbent particles
hrough film diffusion (external mass transfer) and this adsorp-
ion process is very fast. Secondly, the portion from 2.5 to 90 min
s the gradual adsorption stage, which is has been validated by the
bove analysis that both film diffusion and intra-particle diffusion
ere simultaneously operating. The three straight-lines plot for this

tage was presented in Fig. 5. It can be considered that a first straight
ine portion represents macro-pore diffusion, the second and the
hird one representing meso-pore diffusion and micro-pore diffu-
ion, respectively. Moreover, the three straight lines represented
he relative values of intercept C, which give an idea about the
oundary layer thickness, i.e., the larger the intercept, the greater
he boundary layer effect [31]. It is observed that the intercept C
ncreases with increasing contact time (respectively, 1.1142, 1.1840,
.2703 mmol g−1 for three linear portions), which implies that film
iffusion (boundary layer diffusion) mechanism should become
ore significant when the adsorption time becomes longer. The

hird portion (after 90 min) is the final equilibrium stage where the
wo diffusion mechanisms start to slow down due to the extremely
ow solute concentration in solution.
The equilibrium adsorption isotherms are one of the most
mportant data to understand the mechanism of the adsorption
ystems. Hence, the adsorption of Cu(II) onto the composite at dif-
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ig. 5. Intra-particle diffusion kinetic plot for the adsorption of Cu(II) onto the com-
osite.

erent temperatures are determined as a function of equilibrium
residual) Cu(II) concentration (Ce) and the corresponding adsorp-
ion isotherms are plotted in Fig. 6. Several isotherm equations
re available and three important isotherms are selected in this
tudy, which are namely the Langmuir [32], Freundlich [33] and
ubinin–Radushkevich (D–R) [34] isotherms.

Langmuir equation:

Ce

qe
= 1

bqmax
+ Ce

qmax
(9)

Freundlich equation:

og qe = log Kf + 1
n

log Ce (10)

D–R equation:

n qe = ln qm − ˇε2 (11)
here qe is the equilibrium Cu(II) concentration on the adsorbent
mmol g−1), Ce the equilibrium Cu(II) concentration in solution
mol L−1), qmax the monolayer capacity of the adsorbent (mol g−1),
the Langmuir constant (L mol−1) and related to the free energy of
dsorption, Kf the Freundlich constant, n (dimensionless) is indi-

ig. 6. Adsorption isotherms of Cu(II) on composite at different temperatures.

o

E

F
t

ig. 7. Langmuir plots for the adsorption of Cu(II) onto the composite at different
emperatures.

ator of adsorption intensity, ˇ a constant related to the mean
ree energy of adsorption (mol2 kJ−2), qm the theoretical satura-
ion capacity, and ε is the Polanyi potential, which is equal to
T ln(1 + (1/Ce)), where R (J mol−1 K−1) is the gas constant and T (K)

s the absolute temperature.
The plots of Langmuir, Freundlich and D–R for the adsorption

f Cu(II) onto the composite at different temperatures were shown
n Figs. 7–9, respectively. The parameters and correlation coeffi-
ients were obtained from these plots and listed in Table 2. The fit of
he data for Cu(II) adsorption onto the composite suggests that the
angmuir model gave closer fittings than those of Freundlich and
–R models, as is obvious from a comparison of the r2 in Table 2.

n addition, the qmax increases with an increase in temperature and
he analogous behaviors are ascribed by the adsorption capacities
Kf and qm) as well. The information thus obtained specifies an
ndothermic nature of the existing process.

For D–R isotherm equation, from the ˇ values the mean energy

f adsorption, Ea can be calculated using the relation [35].

a = (2ˇ)−1/2 (12)

ig. 8. Freundlich plots for the adsorption of Cu(II) onto the composite at different
emperatures.
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ig. 9. D–R plots for the adsorption of Cu(II) onto the composite at different tem-
eratures.

The mean energy of adsorption is the free energy change when
ne mole of the ion is transferred to the surface of the solid from
nfinity in the solution. The value of this parameter can give infor-

ation about adsorption mechanism. When one mole of ions is
ransferred, its value in the range of 1–8 kJ mol−1 indicates physical
dsorption [36], while the value of Ea is between 8 and 16 kJ mol−1,
he adsorption process follows by ion-exchange [37]. The values
f Ea in the present case (Table 2) were determined at different
emperatures and found to lie between 20.67 and 21.52 kJ mol−1,
ndicating that the above two adsorption mechanisms was not
ominant and, it is likely other mechanism acted as a more impor-
ant role in adsorption process.

It is known that there are three kinds of adsorption sites for the
omposite, i.e. –COO−, –COO−Na+ and –CONH2, which can be con-
idered as the adsorption sites for electrostatic attraction (physical
dsorption), ion-exchange and chelation, respectively. The effect of
arious adsorption temperatures on the adsorption capacity of the
omposite were studied by FT-IR and are shown in Fig. 10. It can
e seen from Fig. 10 that there is obvious variations of absorption
ands after adsorption in comparison to those of unadsorbed sam-
le. After Cu(II) adsorption, peak at 1565 cm−1 ascribed to �sC = O

n –COO− and –COO−Na+ almost disappeared and the intensity
f peak at 1122 cm−1 ascribed to �sC–O in –COO− and –COO−Na+

vidently weakened, which both indicated that the two groups par-
icipated in the adsorption process. The absorption band of–CONH2
roup shifted from 1652 cm−1 to 1630 cm−1 when the adsorp-
ion temperature becomes higher. Moreover, with the increase of
dsorption temperature, the peak at 1401 cm−1 ascribed to �sC–N
radually weakened. These confirmed the participation of –CONH2
roup for Cu(II) adsorption.

In fact, in present study there were a spot of –COO− and
COO−Na+ was a major form in the composite due to the thorough
aponification. So, it can be considered that –COO−Na+ and –CONH2
ere two dominating groups. According to the values of Ea, which
ave exceeded range corresponding to ion-exchange, indicating
hat the chelation model should be the dominating adsorption

echanism. It might be related to the fact that –CONH2 groups
an easily form a more stable unit with Cu(II) than ion exchange.

ased on the above analysis, it is considered that the ion exchange
nd chelation model controlled simultaneously during the adsorp-
ion process, but the chelation model should be the dominating
dsorption mechanism for Cu(II) onto the composite. The possible
echanisms of Cu(II) adsorption onto the composite are schemat-
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Thermodynamic parameters for the adsorption of Cu(II) onto the composite.
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ig. 10. IR spectrum of (a) the composite, samples after adsorption at (b) 303.2 K,
c) 313.2 K and (d) 323.2 K.

cally presented in Fig. 11. Furthermore, it can be concluded by the
ariations in intensity and position of characteristic peaks (Fig. 10)
hat ion-exchange and chelating effects both should become more
rominent at higher temperature.

Through the discussion for isotherm constants, it can predict
hether an adsorption system is favorable or unfavorable. The

ssential characteristics of a Langmuir isotherm can be expressed in
erms of a dimensionless constant separation factor or equilibrium
arameter, RL [38], which is defined by

L = 1
1 + bC

(13)

0

here C0 is the highest initial metal concentration. As seen from
able 2, at all temperatures the RL values were between 0 and 1.0,
ndicating that adsorption of Cu(II) onto the composite are all favor-
ble. Moreover, RL values changed slightly from 0.0232 to 0.0195

t
b
n
a
e

Fig. 11. Mechanisms of removal of c
03.15 −22.395
8.4055 0.0998513.15 −22.843

23.15 −23.318

ith decreasing temperatures, denoting that the ongoing adsorp-
ion process is much more favorable at lower temperatures, yet the
rend is not evident in the range of selected temperatures.

.3. Thermodynamic parameters

Thermodynamic parameters including change in the Gibbs
ree energy (�G◦), enthalpy (�H◦), and entropy (�S◦) are the
ctual indicators for practical application of an adsorption process.
ccording to values of these parameters, what process will occur
pontaneously can be determined. The thermodynamic data were
valuated from Langmuir isotherms using following equations:

G◦ = −RT ln b (14)

H◦ = −R
(

T2T1

T2 − T1

)
ln

(
b2

b1

)
(15)

S◦ = �H◦ − �G◦

T
(16)

where b, b1, b2 are the equilibrium constants at different tem-
eratures as presented in Table 3.

Obtained thermodynamic parameters are given in Table 3. As
hown in the table, the negative values of �G◦ imply the spon-
aneous nature of the adsorption process. Further, the decrease
n the values of �G◦ with the increasing temperature indicates
he adsorption was more spontaneous at higher temperatures
39]. Generally, the change in free energy for physisorption is
etween −20 and 0 kJ mol−1, but chemisorption is a range of −80
o −400 kJ mol−1 [40]. The values of �G◦ obtained in this study
re within the ranges of neither the physisorption nor chemisorp-
ion, indicating that the other adsorption such as complexation
as likely the dominating mechanisms. The result of analysis for
G◦ again confirms clearly the mechanism of adsorption stated in

sotherms model studies.
Positive �H◦ suggest endothermic reaction. The positive value of

S◦ suggests the increased randomness at the solid/solution inter-
ace during the adsorption of Cu(II) onto composite. In adsorption
f Cu(II), the adsorbed solvent molecules, which are displaced by

he adsorbate species, gain more translational entropy than is lost
y the adsorbate ions, thus allowing for the prevalence of random-
ess in the system [38]. Also, in the case of physisorption which may
lso contribute to the total adsorption process can cause increase in
ntropy because of the water molecules released from the hydrated

opper ions by the composite.
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ig. 12. Effect of initial pH on the adsorption of Cu(II) onto the composite using
ifferent copper salts.

ons or water molecules present on the surface during the adsorp-
ion process.

.4. Effect of pH and different copper salts

In order to understand better the adsorption mechanism, the
ffect of the pH of initial solution on the adsorption of Cu(II) to the
omposite was examined in the pH range of 2–5 using the four types
f copper salts in this section and the results were shown in Fig. 12.
learly, the adsorption capacities were found to be low at lower
H values and increased with increase in pH. This can be explained
ith competitive adsorption of H+ ions and metal ions for the same

ctive adsorption site. As the pH increased, the adsorption surface
ecomes less positive due to the decrease of proton competition
or the adsorption sites and therefore electrostatic attraction and
on-exchange between the metal ions and the surface of composite
re likely to be increased.

It is interesting to note that there were different trend in
dsorption capacity with an increasing pH for different copper
alts in range of pH values from 2.0 to 5.0. For three types of
norganic copper salts, i.e. CuCl2, Cu(NO3)2 and CuSO4, the qe all
ncreases drastically with an increase in pH of the initial solu-
ion from 2 to 4, and then remains almost constant as the pH
ecomes higher. In contrast to the three inorganic copper salts,
he qe increases almost linearly with increasing pH of Cu(II) solu-
ion when Cu(CH3COO)2 was used. This may be further specified
hat in the present study the functional groups existed in the com-
osite mainly contributed to metal uptake by chelation which is
H-dependent when Cu(CH3COO)2 was used.

The above result implied that species for the same metal
ay affect the Cu(II) adsorption onto the composite and

he different adsorption processes maybe occur. In general,
here was a orderliness of the adsorption capacity as follows:
uSO4 > CuCl2 > Cu(NO3)2 � Cu(CH3COO)2. The trend of adsorption
apacity versus pH for Cu(II) on the composite using acetate salt is
bviously difference, it may be related to the property of acetate
nions. The reasons for the difference using acetate salt and other
norganic salts are still not clear and need further study.
. Conclusions

Adsorption processes of Cu(II) onto the poly(acrylamide)/
ttapulgite composite were found to undergo three stages and fol-

[
[

[

s Materials 165 (2009) 223–231

ow pseudo-second order type adsorption kinetics. Intra-particle
iffusion was found to take part in adsorption processes but it
ould not be accepted as the primary rate-determining step. The
dsorption pattern on the composite seems to follow the Lang-
uir, Freundlih and D–R isotherms. According to the variations

f IR spectra and the mean free energies of adsorption (Ea), it
an be safely concluded that the ion exchange and chelation
odel controlled simultaneously during the adsorption process,

ut the chelation model should be the dominating adsorption
echanism. The calculated values of different thermodynamic

arameters clearly indicate that the ongoing adsorption process
s feasible, spontaneous and endothermic in nature. The trend of
dsorption capacity versus pH were different using Cu(CH3COO)2,
uCl2, Cu(NO3)2 and CuSO4, this suggested that anionic kinds for
he same metal may affect the Cu(II) adsorption onto the compos-
te. According to the adsorption capacity for Cu(II), it is said that the
oly(acrylamide)/attapulgite composite can be used as an effective
dsorbent for the removal of Cu(II) from aqueous solution.
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