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bstract

A series of activated palygorskite clay by HCl with different concentrations was prepared and applied as adsorbents for removal of Cu(II) from
queous solutions. The effects of contact time, adsorbent dosages and pHs of suspension on the adsorption capacities for Cu(II) were investigated.
he results showed that adsorption capacity of activated palygorskites increased with increasing the HCl concentration and the maximum adsorption
apacity with 32.24 mg/g for Cu(II) is obtained at 12 mol/L of HCl concentration. The variations in IR spectra and pH of solution after adsorption
u(II) confirmed that the numerous amount of silanol groups (Si–OH) originated by acid treatment were mainly responsible for Cu(II) adsorption
nto acid-activated palygorskite. Kinetic studies indicated that the adsorption mechanisms in the Cu(II)/acid-activated palygorskite system followed
he pseudo-second-order kinetic model with a relatively small contribution of film diffusion. Equilibrium data fitted well with Freundlich isotherm
odel compared to Langmuir isotherm model, indicating that adsorption takes place on heterogeneous surfaces of the acid-activated palygorskite.
dsorption–desorption studies presented that activated palygorskite has lower adsorption and desorption efficiencies using Cu(CH3COO)2 than

hat of other inorganic copper salts, such as CuSO4, Cu(NO3)2, and CuCl2.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Adsorption of metal ions onto clay minerals has been studied
xtensively because both metal ions and clays are common com-
onents in nature and also because a knowledge of the adsorption
rocess could aid in the environmental remediation of water that
s polluted by heavy metal ions. Clay minerals usually possess
egative surface charge and high surface area [1], which is ben-
fit for the adsorption of heavy metals from solution. Among
eavy metals, such as Pb, Cd, Cu, Ni, and Cr, etc., the removal
f Cu from aqueous solution has been investigated using many
inds of clay minerals, such as montmorillonite [2,3], kaolinite

4,5], sepiolite [6], and illite [7], etc. In earlier studies, adsorption
echanisms for Cu(II) on clay mineral surfaces are commonly
odeled as cation exchange, i.e. outer-sphere complexation [8].

∗ Corresponding author. Tel.: +86 931 4968118; fax: +86 931 8277088.
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ecent research has shown that inner-sphere complexation of
u(II) with clay mineral surfaces can also occur and this kind of
dsorption model has been observed in studies for the adsorption
f Cu(II) onto many minerals [2,5,6,9]. For example, an impor-
ant adsorption mechanism, which the adsorption of Cu(II) on
urface Si–OH sites on the broken edges of sepiolite with simul-
aneous release of protons, has been suggested for the adsorption
f Cu(II) from aqueous solutions to the mineral particles [6].
izal et al. [5] also believed that silanol and aluminol surface

ites of kaolinite-based clay were responsible for the Cu(II)
dsorption through forming monodentate and bidentate surface
omplexes. Furthermore, desorption studies showed that inner-
phere complexes are more stable than outer-sphere complexes
10].

Palygorskite is a crystalline hydrated magnesium silicate with

fibrous morphology. It is known to contain a continuous two
imensional tetrahedral sheet, but differs from other layer sil-
cates in lacking continuous octahedral sheets. The tetrahedral
asal oxygen atoms invert apical direction at regular intervals

mailto:aqwang@lzb.ac.cn
dx.doi.org/10.1016/j.jhazmat.2007.03.085
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oordinating talc like ribbons. Each talc-like ribbon alternates
ith channels along the fiber axis [11]. Its porous structure and

bsorbed cations provide it with large specific surface area and
oderate cation exchange capacity, which is very beneficial for

he adsorption of heavy metals from solution. Up to now, few
orks related to Cu(II) adsorption on palygorskite have been

eported [12–14]. Those studies mainly focused on the effect of
emoval for Cu(II), however, the interactions of mineral–metal
nterface were less. In order to improve utilization of this mineral
s adsorbent, a deeper understanding for this adsorption process
s very important.

Acid activation is the usual method employed for improving
he surface properties of clay minerals [15,16]. For palygorskite
lay, acid activation can modify the number of adsorption
ites by disaggregation of palygorskite particles, eliminate min-
ral impurities and increase its surface area [17]. This process
eads to almost full removal of carbonate minerals and par-
ially diminishes the magnesium, iron and aluminium content
f palygorskite clay. Moreover, considerable amounts of silanol
roups (Si–OH) onto palygorskite surface compared to other
ayer silicates can be obtained during acid treatment [17,18],
hich could substantially influence adsorption capacity and
echanism of heavy metal on minerals. Based on the above

onsiderations, it is necessary to improve the knowledge of the
ffect of acid activation methods on the Cu(II) adsorption capac-
ty of acid-activated palygorskite in mineral–solution system. To
ur knowledge, so far there has been no report in the literature of
he study of the interaction between Cu(II) and the acid-activated
alygorskite.

The aim of this paper is to examine the effectiveness and of
he acid-activated palygorskites in removing Cu(II) from aque-
us solution and determine adsorption characteristics of Cu(II)
nto the acid-activated palygorskite. The effects of factors, such
s contact time, adsorbent dosage and pH of suspension were
nvestigated. The kinetics and mechanism of Cu(II) adsorption
n the adsorbent were also studied. The desorption efficiency
nd reuse capacity of the adsorbent were also assessed for five
uccessive adsorption–desorption cycles.

. Experimental

.1. Materials and chemicals

The palygorskite clay (supplied by Linze Colloidal Co.,
ansu, China) was milled into a size of 200-mesh. Chemi-

al composition of the sample in weight percentage of oxides
as determined by the PANalytical Company with a Magix
W 2403 XRF Spectrometer and as follows: SiO2 (57.06);
l2O3 (16.59); Fe2O3 (6.11); MgO (8.63); CaO (4.55); Na2O

1.35); K2O (3.51); TiO2 (0.71); MnO (0.08); SO3 (0.42) and
2O5 (0.22). A stock solution of Cu(II), prepared by dissolv-

ng Cu(CH3COO)2·H2O in double distilled water, was taken as

he adsorptive solution. Other agents used, such as HCl, NaOH,
uCl2·2H2O, Cu(NO3)2·H2O, CuSO4·5H2O, were all of analyt-

cal grade and all solutions were prepared with double distilled
ater.

B
a
i
d

Materials 149 (2007) 346–354 347

.2. Preparation of acid-activated palygorskites

A series of acid-activation palygorskite were performed as
ollows: 10.0 g palygorskite micro-powder was immersed in
00 ml HCl solution with various concentrations (2, 4, 6, 8, and
2 mol/L) at 20 ◦C for 2 h under mechanical stirring at 1250 rpm,
nd then washed with distilled water for many times until pH of
.0 was achieved. The resulting sample was dried at 105 ◦C to
onstant weight and ground into a size of 200-mesh.

.3. Adsorption procedure

Adsorption experiments were carried out by mixing known
mounts of adsorbent with 20 ml of aqueous solution of copper
cetate of the desired concentration and shaking in a thermostatic
haker bath (THZ-98A) with 120 rpm at 30 ◦C for a given time
Shaking time was 4 h except for the study about effect of con-
act time). The pH of suspension was adjusted with dilute HCl
r NaOH solution (Mettler Toledo 320 pH meter). 0.15 g was
elected as added amount of adsorbent except for the study about
ffect of adsorbent dosage. The pH of suspension was adjusted
o 6.0 except when the effect of pH was studied. After a shaking
ime completed, the suspension was centrifuged at 5000 rpm for
0 min. The initial concentration of Cu(II) solutions were all of
00 mg/L in the above experiments.

Adsorption mechanisms were studied according to the pre-
efined procedure with Cu(II) concentrations ranging from 25
o 1500 mg/L. The initial and the final concentration of Cu(II)
n the acetate solution were measured with an atomic absorption
pectrophotometer (Perkin-Elmer SIMAA 6000). The adsorp-
ion capacity of Cu(II) was calculated through the following
quation:

e = (C0 − Ce)V

m
(1)

here qe is the adsorption capacity of copper on adsorbent
mg g−1), C0 the initial concentration of Cu(II) solution (mg/L),
e the equilibrium Cu(II) concentration in solution (mg/L), m

he mass of adsorbent used (g) and V is the volume of Cu(II)
olution (L). All assays were carried out in triplicate and only
ean values were presented.

.4. Desorption and regeneration studies

The adsorbent utilized for the adsorption of an initial metal
oncentration of 1500 mg/L was separated from the Cu(II)
olution by centrifugation. The Cu(II)-loaded adsorbent was
ashed thoroughly with 20 mL double distilled water to remove

ny unadsorbed Cu(II) and then carried out by shaking with
0 mL of 0.1 mol/L HCl solution at 30 ◦C for 4 h. After this,
he adsorbent was washed three times with double distilled
ater, and then dried and reused for adsorption studies. The

dsorption–desorption process was performed in five times.

esides Cu(CH3COO)2, CuCl2, Cu(NO3)2, and CuSO4 were
lso selected to carry out the adsorption–desorption exper-
ments. The Cu(II) contents of the desorbed solutions was
etermined as mentioned above.
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.5. Experiments and methods of characterization

The cation exchange capacities (CEC) of the samples were
etermined by the ammonium acetate method [19]. The specific
urface areas (SSA) of the samples were measured by the gly-
ol dimethyl ether (C4H10O2) method [20]. The point of zero
harge (pHPZC) of the acid-activated palygorskite sample was
etermined by the solid addition method [21].

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.

. Results and discussion

.1. Effect of HCl concentration

The influence of HCl concentration on the adsorption of
u(II) onto acid-activated palygorskite was investigated and

he results were shown in Table 1. The results showed that
e increases gradually with the increase in HCl concentration
nd a maximum of the qe was observed at HCl concentration
f 12 mol/L. As seen in Table 1, CEC and SSAs of the acid-
ctivated samples decrease and increase significantly with the
ncrease in HCl concentration compared to that of natural paly-
orskite clay, respectively. This suggests that the SSA is a main
actor for Cu(II) adsorption onto acid-activated palygorskite.

Specific adsorption (inner-sphere complexation) can be
escribed by a surface complexation model which defines sur-
ace complexation formation as a reaction between functional
urface groups (Si–OH) and an ion in a surrounding solution,
hich form a stable unit [22]. According to mechanism of acid

reatment [17], the relative abundance of Si–OH groups along
he direction of the palygorskite fibres increases evidently with
cid concentration [18]. Fig. 1 depicts the IR spectra of paly-
orskite and the acid-activated palygorskites. It is observed that
he absorption bands at 1437, 881, and 728 cm−1 of nature paly-
orskite clay disappeared after acid treatment, indicating the
arbonate mineral contained in palygorskite sample were elimi-
ated [23]. Compared to IR spectra of nature palygorskite, those
f the acid-activated palygorskites show a new absorption band
t 3730 cm−1, which corresponds to the OH-stretching vibra-

ions of surface silanol groups [24,25]. Moreover, the intensity
f the absorption band become stronger with the increase of
Cl concentrations, indicating the amount of silanol groups on
alygorskite surface become more via acid modification. After

able 1
dsorption capacities for Cu(II), pH of final solutions, SSAs and CECs of natural

nd acid-activated palygorskites

HCl concentration (mol/L)

0 2 4 6 8 12

e (mg/g) 26.02 29.14 29.70 30.73 31.64 32.24
H 5.90 5.79 5.75 5.70 5.67 5.63
SA (m2/g) 48.7 192.9 221.2 224.3 234.5 267.5
EC (meq/100g) 30.0 14.4 13.7 13.6 11.7 9.9

(
c
v
C
a
g
c
p
m
a
o
d
i
c
a

ig. 1. IR spectra of palygorskite samples activated with HCl of 0 mol/L (a),
mol/L (b), 4 mol/L (c), 6 mol/L (d), 8 mol/L (e), 12 mol/L (f), and Cu(II)
dsorption onto the palygorskite sample activated 12 mol/L of HCl (g).

u(II) adsorption, the absorption band at 3730 cm−1 of the acid-
ctivated palygorskite clearly weakens (Fig. 1(g)), indicating
hat the silanol groups participated in the adsorption process. It
s speculated by the above variation of IR spectra that the inner-
phere complexation model might be the dominating adsorption
echanism for Cu(II) onto acid-activated palygorskite.

Clay Mn+ + Cu2+

↔ Clay Cu2+ + Mn+ (M = Na, K, Ca, Mg, etc.) (2)

i–OH + Cu2+ ↔ Si–OCu+ + H+ (3)

Si–OH + Cu2+ ↔ (Si–O)2Cu + 2H+ (4)

i–OH + Cu2+ + H2O ↔ Si–OCuOH + 2H+ (5)

i–OH + 2Cu2+ + 2H2O ↔ Si–OCu2(OH)2 + 3H+ (6)

The pH of final solution decreases gently with acid-activated
alygorskite prepared with the increase of HCl concentration
Table 1). Cation exchange, i.e. the out-sphere mechanism which
an be represented by Eq. (2) would induce the increase in pH
alue of solution due to the lower hydrolyse constant (Ksp) of
u(II) compared to Mn+ on palygorskite. However, the specific
dsorption of surface sites (Si–OH) on the acid-activated paly-
orskite by Eqs. (3)–(6) can bring a decrease in final pH. It is
onceivable that more silanol groups of palygorskite particles
roduced by increase of HCl concentration can easily form a
ore stable unit with Cu(II) than cation exchange, and specific

dsorption involving monodentate and bidentate complexations
nto Si–OH sites of the acid-activated palygorskite particles pre-

ominates under the adsorption conditions, which should be an
mportant reason resulting in a gradual increase in adsorption
apacity of the acid-activated palygorskite. Based on the above
nalysis, it is considered that the out-sphere and inner-sphere
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ig. 2. Effect of contact time on adsorption of acid-activated palygorskite for
u(II).

dsorption occurred simultaneously during the adsorption pro-
ess, but the inner-sphere complexation model should be the
ominating adsorption mechanism for Cu(II) onto the acid-
ctivated palygorskite. From the above results, palygorskite
ctivated with 12 mol/L HCl was selected as an adsorbent for
he rest of the batch experiments.

.2. Kinetics studies

The effect of contact time on the removal of Cu(II) by acid-
ctivated palygorskite is shown in Fig. 2. As can be seen from
he graph, the adsorption of Cu(II) is rapid from the begin-
ing of the experiment and thereafter it proceeds at a slower
ate. It shows that maximum adsorption took place at 240 min
nd there is almost no adsorption beyond the above time. So,
40 min was fixed as equilibrium time throughout this study.
he pH of final solution decreases slightly with an increase in
ontact time, followed by a constant value upon further increas-
ng contact time. The reason caused to this trend in pH may be
ttributed to specific adsorption mechanism mentioned above.
hese results indicate that there is a relative long equilibrium

ime in the present study in comparison to the results reported
y other investigators [14,26], who found that the equilibrium
ime for Cu(II) onto minerals, such as nature palygorskite clay
nd Ca-rectorite was short (30 and 60 min, respectively). The
ifference might imply the adsorption sites on the acid-activated
alygorskite are not well exposed and there are more complex
dsorption mechanisms.

To examine the controlling mechanism of adsorption pro-
esses such as mass transfer and chemical reaction, pseudo
rst-order and pseudo-second-order kinetic equations were used

o test the experimental data. The pseudo-first-order kinetic
odel was suggested by Lagergren [27] for the adsorption of

olid/liquid systems and its linear form can be formulated as:
og(qe − qt) = log qe − k1t

2.303
(7)

here qt is the adsorption capacity at time t (mg g−1) and k1
min−1) is the rate constant of the pseudo-first adsorption, was

o
t
d
d

ig. 3. Intra-particle diffusion kinetic plot for the adsorption of Cu(II) onto
cid-activated palygorskite.

pplied to the present study of Cu(II) adsorption. The k1 and
orrelation coefficient were calculated from the linear plot of
og(qe − qt) versus t (figure not shown) and listed in Table 2. It
as found that the correlation coefficient for the pseudo first-
rder kinetic model is very high. However, a large difference
f qe between the experiment and calculation was observed,
ndicating a poor pseudo-first-order fit to the experimental data.

The kinetic data were further analyzed using Ho’s pseudo-
econd-order kinetics model. It can be expressed as [28]:

t

qt

= 1

k2q2
e

+ t

qe
(8)

here k2 (g mg−1 min−1) is the rate constant of the pseudo-
econd-order adsorption. Fig. 4 shows the plot of t/qt versus
for Cu(II) onto acid-activated palygorskite. The k2, the calcu-

ated qe value and the corresponding linear regression correlation
oefficient r2 are given in Table 2. A extremely high correla-
ion coefficient (0.999) was obtained. Moreover, the calculated
e value also agrees with the experimental data in the case of
seudo-second-order kinetics. These suggested that the adsorp-
ion data are well represented by pseudo-second-order kinetics.
he pseudo-second-order adsorption was also reported for
u(II) adsorption onto a natural kaolinite clay [29].

The kinetic data can also be analyzed by intra-particle diffu-
ion kinetics model, formulated as [30],

t = kit
1/2 + C (9)

here ki (mg g−1 min−1/2) is the intra-particle diffusion rate
onstant and C (mg g−1) is a constant. The values ki, C and
orrelation coefficient calculated from the slope of the plot of qt

ersus t1/2 are shown in Table 2. It was found that the correla-
ion coefficient for the intraparticle diffusion model is lower
han those of the pseudo-first-order and the pseudo-second-

rder models. This indicates that the adsorption of Cu(II) onto
he acid-activated palygorskite do not follow the intra-particle
iffusion kinetics. However, the plot of qt versus t1/2 can be
ivided into a multi-linearity correlation (Fig. 3), which indi-
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ates that three steps occur during adsorption process. For the
rst sharper portion, i.e. from 0 to 15 min, it is postulated that
u(II) was transported to the external surface of the adsorbent

hrough film diffusion and its rate, ki1 = 5.188 mg g−1 min−1/2

hows this adsorption process is very fast. The second portion
s the gradual adsorption stage where the intra-particle diffu-
ion with ki2 = 1.503 mg g−1 min−1/2 can be rate controlling.
he third portion (after 120 min) is the final equilibrium stage
here the intra-particle diffusion starts to slow down due to

he extremely low solute concentration in solution [31]. From
he above analysis, it can be concluded that both film diffusion
nd intra-particle diffusion were simultaneously operating dur-
ng the process of the adsorption of Cu(II) on the acid-activated
alygorskite.

To determine the actual process involved in the present
dsorption, Eq. (10) of the adsorption dynamics can be employed
32].

= 1 − 6

π2

∞∑
1

(
1

n2

)
exp(−n2Bt) (10)

here F is the fractional attainment of equilibrium at time t
nd is obtained by using Eq. (11), n Freundlich constant of the
dsorbate and Bt is a calculated mathematical function of F (and
ice versa) derived from the Reichenberg’s table [32].

= Qt

Q∞
(11)

here Qt and Q∞ are amounts adsorbed after time t and after
nfinite time, respectively.

Rearranging the above equation gives:

t = − ln(1 − F ) − 0.4799 (12)

t = 6.28318 − 3.2899F − 6.28318(1 − 1.0470F )1/2 (13)

q. (13) was used for values of F from 0 to 0.85 and Eq. (12) for
alues from 0.86 to 1. Thus, the value of Bt can be calculated for
ach value of F using Eq. (12) or (13). The Bt values were plotted
gainst t as shown in Fig. 4. The linearity of this plot can be used
o distinguish between film diffusion and intra-particle diffusion

echanism [33]. It can be seen from Fig. 4 that the nature of the
raph is not a straight line, indicating the film diffusion mecha-
ism is the rate controlling step in a whole adsorption process.
owever, the linearity of the plot for acid-activated palygorskite

s high (0.98). This implies that the film diffusion mechanism
hows a relative weak rate control for Cu(II) adsorption onto
he acid-activated palygorskite. This result again confirms the

echanism of adsorption stated in intra-particle diffusion kinetic
odel studies.

.3. Effect of adsorbent dosage

Effect of the acid-activated palygorskite dosage on qe and

H of the final solution are presented in Fig. 5. It is observed
hat qe decreases with increasing amount of adsorbent. This
hows that the amount of Cu(II) adsorbed per unit weight of the
cid-activated palygorskite decreases with the increase in adsor-



H. Chen et al. / Journal of Hazardous Materials 149 (2007) 346–354 351

F

b
a
u

w
b
o
a
s
i

3

t
a
a
i
t
o

F
f

F
f

i
p
p
C
a
t
o
c
z
s
c
t
a
a
c
t
(

ig. 4. Bt vs. t plot for Cu(II) adsorption onto acid-activated palygorskite.

ent dosage. The decrease in unit adsorption with increasing
dsorbent dosage is basically due to adsorption sites remaining
nsaturated during the adsorption reaction [34].

As seen in Fig. 5, pH of the final solution decreases gradually
ith the increase of the adsorbent dosage. It can be explained
y the following fact. The amount of Si–OH adsorption sites
n surface of acid-activated palygorskite particles increase with
n increasing adsorbent mass, more H+ ions were released into
olution via inner-sphere complexation and results in an decrease
n pH of the final solution.

.4. Effect of pH of suspension

pH of suspension is an important variable which determines
he existent form and the quantity of Cu(II) in water. The form
nd quantity of mineral’s surface site, sequentially affects the

dsorption of the metal at the clay–water interfaces. So, the
nfluence of pH of the initial suspension on Cu(II) adsorption on
he acid-activated palygorskite was investigated in the pH range
f 2.0–7.0 (Fig. 6). It is clearly seen from the graph that the qe

ig. 5. Effect of adsorbent dosage on adsorption of acid-activated palygorskite
or Cu(II).
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ig. 6. Effect of pH of suspension on adsorption of acid-activated palygorskite
or Cu(II).

ncreases at a slower rate with an increase in pH of the initial sus-
ension from 2.0 to 5.5, and then increases considerably as the
H increases further. At lower pH, more H+ ions compete with
u(II) and results in the suppression of Cu(II) adsorption on the
dsorbent surface, thereby low values of qe were obtained below
he pH of 5.5. As the pH increases further, the positive charge
n the adsorbent surface decreases and the number of negatively
harged sites increases. In the present experiment the point of
ero charge (pHpzc) of the acid-activated palygorskite was mea-
ured 4.1, indicating the amounts of positive charge and negative
harge on the adsorbent surface at the moment is equal. However,
he abrupt increasing point of adsorption capacity does not occur
t this pH, this implies that the other mechanism not electrostatic
ttraction may be operative. As pH increases to 5.5, in fact, it is
onceived by the previous studies that large amounts of sites on
he adsorbent surface occurred with the form of silanol groups
Si–OH) due to the evident decrease of H+ ions in solution,
ence, they are available to adsorb more Cu(II) through surface
omplex reactions, resulting in a sharp increasing adsorption.
he Cu(II) adsorption increases slowly again as the pH is closed

o neutral. This may be reduce the mobility of Cu(II) due to the
ecrease in the exchangeable form, resulting in a decrease in the
ontact probablility between adsorbent and adsorbate [35].

From Fig. 6, it can be seen that the final pH increases with the
ncrease in pH of initial suspension. As the pH values of initial
uspension exceed to 5.0, the final pH values are all lower than
he corresponding pH values of initial suspension. The reason
aused to this result has been discussed in the kinetics studies
arlier.

.5. Adsorption isotherm

The adsorption of Cu(II) onto the acid-activated palygorskite
s determined in the Cu(II) concentrations ranging from 25 to

500 mg/L and the corresponding adsorption isotherm is plot-
ed in Fig. 7. The isotherm curve for Cu(II) seems to have
ncreased at high relative concentrations, which makes it dif-
cult to estimate a limiting value at the concentrations studied.
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be clearly observed from Table 3 that the adsorption efficiency
decreases slightly with the increase of cycle times as well as the
desorption efficiency for CuCl2, Cu(NO3)2 and CuSO4. The des-
orption is sufficiently high for the three inorganic copper salts.

Table 3
Repeated adsorption–desorption studies for Cu(II) adsorption onto acid-
activated palygorskite using different copper salts

Copper salts No. of cycles

1 2 3 4 5

Cu(CH3COO)2

Adsorbed (%) 48.36 43.55 22.63 21.78 20.64
Desorbed (%) 62.72 23.24 7.45 5.25 3.64

CuCl2
Adsorbed (%) 48.47 48.16 48.05 47.64 46.95
Desorbed (%) 97.70 96.17 92.44 91.91 91.06

Cu(NO3)2

Adsorbed (%) 47.44 46.92 46.78 46.20 45.78
Desorbed (%) 88.74 88.14 81.19 80.27 79.39
Fig. 7. Adsorption isotherm of Cu(II) onto acid-activated palygorskite.

he adsorption data can then be correlated with the Langmuir
36] and the Freundlich [37] isotherm models equations.

Langmuir equation:

Ce

qe
= 1

bqm
+ Ce

qm
(14)

Freundlich equation:

og qe = log Kf + 1

n
log Ce (15)

here qe is the equilibrium concentration of Cu(II) on adsor-
ent (mg g−1), Ce the equilibrium concentration of Cu(II) in
olution (mg L−1), qm the monolayer adsorption capacity of the
dsorbent (mg g−1), and b is the Langmuir adsorption constant
L mg−1) and related to the free energy of adsorption. Kf is
he Freundlich constant (L g−1) and 1/n (dimensionless) is the
eterogeneity factor.

The Langmuir and Freundlich parameters for the adsorp-
ion of Cu(II) onto the acid-activated palygorskite are listed in
able 2. A better-fitted straight line with high correlation coef-
cient was obtained in case of Freundlich (Fig. 8), while the

inearity of the plot of Langmuir model (figure not shown) is very
oor. This suggests that the adsorption data are well represented
y Freundlich isotherm model and support the assumption that
dsorption takes place on heterogeneous surfaces [37]. Since the
arameter 1/n is related to the degree of surface heterogeneity
smaller value indicates more heterogeneous surface whereas
alue closer to or even 1.0 indicates a material with relatively
omogenous binding sites) [38], the value of 0.86 obtained for
he acid-activated sample suggests that, in spite of the differ-
nt types of sites (Si–OH, Si–O− and remained exchangeable
ations, etc.) having different adsorption energy on the surface
f palygorskite modified with acid, it is most likely that the

umerous amount of silanol groups compared to other sites
ere responsible for the inapparent heterogeneous adsorption of
u(II) onto the acid-activated palygorskite. This result further

upports the mechanism mentioned in the previous studies.

C

ig. 8. Freundlich plot for the adsorption of Cu(II) onto acid-activated paly-
orskite.

The value of maximum adsorption capacity (qm) calculated
rom the Langmuir isotherm in this study is very higher than that
f those reported in the literature, which different kinds of natural
lays were used [14,26,39]. This result indicates that the acid-
ctivated palygorskite possesses a high adsorption capacity so
hat it is very useful in removing Cu(II) from aqueous solutions.

.6. Repeated adsorption–desorption studies

Recovery of copper from the loaded adsorbent is necessary
or disposal as well as for reuse of the adsorbate. The four
ypes of copper salts were used in the adsorption–desorption
xperiments. The adsorption and desorption efficiencies of the
cid-activated palygorskite are summarised in Table 3. It can
uSO4

Adsorbed (%) 47.53 47.22 47.43 47.33 47.12
Desorbed (%) 90.21 89.79 88.51 86.81 86.38
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hen Cu(CH3COO)2 was used, both the adsorption and des-
ption efficiencies decrease sharply with the increase of cycle
imes. This suggested that species for the same metal may affect
he Cu(II) adsorption onto the acid-treated palygorskite and the
ifferent adsorption processes maybe occur. Shirvani et al. inves-
igated Cd(II) adsorption on the minerals and found that sorption
ate generally decreased in the presence of acetate [40]. From
he results of studies, it can be conceived that the difference
f adsorption–desorption efficiencies versus cycle time may be
elated to the property of acetate anions. The reasons for the dif-
erence of copper adsorption–desorption on the acid-activated
alygorskite using acetate salt and other inorganic salts are not
lear and need further study.

. Conclusions

The present study shows that the acid-activated palygorskite
s an effective adsorbent for the removal of Cu(II) from aqueous
olution. Acid treatment changed palygorskite clay’s physico-
hemical properties (CEC and SSA) and mineralogical surface
tructure. The adsorption capacities of adsorbents for Cu(II)
ncrease with an increase in the HCl concentrations and a max-
mum was obtained at 12 mol/L of HCl concentration.

Batch adsorption studies, the adsorption capacity of Cu(II)
n the acid-activated palygorskite increases with the increase of
ontact time and pH of initial suspension, but the decrease of
dsorbent dosage. The results obtained from IR and pH of final
olution suggested that the surface complexation is a dominant
dsorption mechanism for Cu(II) onto the acid-activated paly-
orskite. Adsorption kinetics followed pseudo-second-order
inetic model with a relatively small contribution of film dif-
usion. The equilibrium experimental data fit well with the
reundlich isotherm. It implies Cu(II) adsorption takes place on
eterogeneous surfaces of the acid-activated palygorskite. In the
dsorption–desorption experiments, the adsorption and desorp-
ion efficiencies were difference using Cu(CH3COO)2, CuCl2,
u(NO3)2, and CuSO4. This suggested that anionic kinds for the

ame metal may affect the Cu(II) adsorption onto the acid-treated
alygorskite.

cknowledgement

This work was financially supported with the Science and
echnology major project of Gansu Province (No. 2GS052-A52-
02-07).

eferences

[1] H.H. Murray, Traditional and new applications for kaolin, smectite, and
palygorskite: a general overview, Appl. Clay Sci. 17 (2000) 207–221.

[2] C. Mosser, L.J. Michot, F. Villeras, M. Romeo, Migration of cations in
copper(II)-exchanged montmorillonite and laponite upon heating, Clays
Clay Miner. 45 (1997) 789–802.
[3] M. El-Batouti, O.M. Sadek, F.F. Assaad, Kinetics and thermodynamics
studies of copper exchange on Na–montmorillonite clay mineral, J. Colloid
Interface Sci. 259 (2) (2003) 223–227.

[4] G. Suraj, C.S.P. Iyer, M. Lalithambika, Adsorption of cadmium and copper
by modified kaolinites, Appl. Clay Sci. 13 (1998) 293–306.

[

[

Materials 149 (2007) 346–354 353

[5] J. Hizal, R. Apak, Modeling of copper(II) and lead(II) adsorption on
kaolinite-based clay minerals individually and in the presence of humic
acid, J. Colloid Interface Sci. 295 (2006) 1–13.

[6] L.I. Vico, Acid-base behaviour and Cu2+ and Zn2+ complexation prop-
erties of the sepiolite/water interface, Chem. Geol. 198 (2003) 213–
222.

[7] R.A. Alvarez-Puebla, D.S. dos Santos Jr., C. Blanco, J.C. Echeverria, J.J.
Garrido, Particle and surface characterization of a natural illite and study
of its copper retention, J. Colloid Interface Sci. 285 (2005) 41–49.

[8] G. Sposito, The Chemistry of Soils, Oxford University Press, New York,
1989.

[9] D.G. Strawn, N.E. Palmer, L.J. Furnare, C. Goodell, J.E. Amonette, R.K.
Kukkadapu, Copper sorption mechanisms on smectites, Clays Clay Miner.
52 (2004) 321–333.

10] J.D. Morton, J.D. Semrau, K.M. Hayes, An X-ray absorption spectroscopy
study of the structure and reversibility of copper adsorbed to montmoril-
lonite clay, Geochim. Cosmochim. Acta 65 (2001) 2709–2722.

11] W.F. Bradley, The structural scheme of attapulgite, Am. Mineral. 25 (6)
(1940) 405–410.

12] R.A. Alvarez-Puebla, C. Aisa, J. Blasco, J.C. Echeverrı́a, B. Mosquera,
J.J. Garrido, Copper heterogeneous nucleation on a palygorskitic clay: an
XRD, EXAFS and molecular modeling study, Appl. Clay Sci. 25 (2004)
103–110.
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