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bstract

A series of activated palygorskites were prepared by acid treatment and heat treatment, and the activated samples were applied as adsorbents
or the removal of Cd(II) from aqueous solutions. The effects of various experimental parameters were investigated using a batch adsorption
echnique. Results showed that the adsorption capacity of the acid-treated palygorskite for Cd(II) increased with the increase of the concentration
f initial Cd(II) solution, contact time and pH of initial suspension. It was found that the adsorption capacity of activated palygorskite increased with
ncreasing the HCl concentration and calcination temperature, and the maximum adsorption capacity of acid-treated and heat-treated palygorskites

◦
or Cd(II) was obtained with 12 mol/L HCl and at about 300 C. The adsorption isotherms of activated palygorskites for Cd(II) could be described by
oth Langmuir and Freundlich equations, and the Freundlich model is better to represent the adsorption process. The final pH values of the solution
n all adsorption experiment were also measured. In addition, the interactions at the clay–water interface and the Cd(II) adsorption mechanisms
nto the activated palygorskites were discussed.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Cadmium is released into natural water from metal plating,
ining, pigments and alloy industries. It can spread into the

nvironment through soils and water streams, and bring a chief
hreat to human health [1]. The removal of Cd(II) contaminants
rom industrial wastewaters is currently of great importance in
ecent years. A number of technologies for the removal of heavy
etals from aqueous solutions have been developed over the

ears. These technologies include chemical precipitation, ion
xchange, membrane filtration, carbon adsorption and coprecip-
tation/adsorption [2]. However, these techniques have inherent
imitations in application (such as complicated treatment pro-
ess, high cost and energy requirement) or have a danger of
econdary pollution. It is worthy to note that the main disadvan-

age of the adsorption methods is the high price of the adsorbents,
hich increases the cost of wastewater treatment.

∗ Corresponding author. Tel.: +86 931 4968118; fax: +86 931 8277088.
E-mail address: aqwang@lzb.ac.cn (A. Wang).
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Clay minerals have great potential as inexpensive and effi-
ient sorbents owing to their large quantities, chemical and
echanical stability, high surface area and structural proper-

ies. There is an upsurge of interest in recent years to utilize
lay minerals to remedy heavy metal cadmium contaminated
nvironment in environmental studies [3–8]. Many clay min-
rals, such as montmorillonite [3,4], kaolinite [4], vermiculite
5,6] and illite [7], etc., were chosen as adsorbents to study the
dsorption for cadmium. Palygorskite clay is a kind of silicate
lay with palygorskite as the main component. Natural paly-
orskite particles adsorb many exchangeable cations owing to
somorphic substitution during its formation process. Its porous
tructure and adsorbed cations provide it with large specific sur-
ace area and middling cation exchange capacity [9], which is of
enefit to the adsorption of heavy metals from solution. Several
ork related to adsorption of heavy metal cations onto paly-
orskite has been studied [10–12]. However, little information
oncerning the effect of treated palygorskite prepared by heat-

nd acid-treated methods on the adsorption of Cd(II) can be
een.

Usually, palygorskite samples with different physicochemi-
al properties can be obtained through heat treatment and acid

mailto:aqwang@lzb.ac.cn
dx.doi.org/10.1016/j.seppur.2006.11.015
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reatment. For example, heat treatment can affect the specific
urface area of palygorskite, and then has some influence on
dsorption capacity of palygorskite. Many Si–OH groups on
he surface of palygorskite can be obtained by acid treatment,
hich can influence adsorption mechanism of heavy metal on
alygorskite. Based on the above considerations, it is neces-
ary to investigate the effect of treatment methods on the Cd(II)
dsorption capacity of palygorskite in mineral–solution system.

The main objectives of this study are: (1) to investigate
he effects of the parameters, such as initial concentration of
d(II), contact time, adsorbent dosage and pH of suspension,
n Cd(II) adsorption by acid-treated palygorskite; (2) to mea-
ure the Cd(II) adsorption capacities of heat- and acid-treated
alygorskites; (3) to understand the interactions between the
dsorbent and Cd(II) solution through variation of pH of final
olution in all adsorption tests.

. Materials and methods

.1. Chemicals and reagents

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

omposition of the sample was determined with a Magix PW
403 XRF Spectrometer (PANalytical Co.) and the result was
iven in Table 1. The cation exchange capacity (CEC) of the sam-
les was determined by the ammonium acetate method [13]. The
pecific surface area (SSA) of the samples was measured by the
lycol dimethyl ether (C4H10O2) method [14]. A stock solution
f Cd(II), prepared by dissolving Cd(CH3COO)2·2H2O in dis-
illed water, was taken as the adsorptive solution. Other agents
sed were all of analytical grade and all solutions were prepared
ith distilled water.

.2. Acid-activation and heat-activation of palygorskite

Activated palygorskite samples were obtained according to
he following procedure: (1) acid-activation series: 10.0 g paly-

orskite micro-powder was immersed in 100 mL HCl solution
ith various concentrations (2, 4, 6, 8 and 12 M) at 20 ◦C for 2 h
nder mechanical stirring at 1250 rpm, and then washed with
istilled water for many times until pH of 6.0 was achieved.

able 1
hemical composition of palygorskite sample

omponent wt.%

iO2 57.06
gO 8.63
l2O3 16.59
e2O3 6.11
aO 4.55
iO2 0.71
nO 0.08

2O 3.51
a2O 1.35

2O5 0.22
O3 0.42
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he resulting sample was dried at 105 ◦C to constant weight and
round into a size of 200-mesh. (2) Heat-activation series: 10.0 g
alygorskite micro-powder was calcined at 100, 200, 300, 400
00 and 600 ◦C for 4 h, respectively, and then cooled to room
emperature in a desiccator.

.3. Adsorption procedure

Adsorption measurements were determined by batch exper-
ment of known amounts of the sample with 20 mL of aqueous
d(II) solutions. The mixtures were shaken in a thermostatic

haker bath (THZ-98A mechanical shaker) at 120 rpm at 30 ◦C
or a given time, and then the suspensions were centrifuged at
000 rpm for 20 min. The pH value of suspension was adjusted
ith dilute HCl or NaOH solution (Mettler Toledo 320 pH
eter). The experiments were carried out by varying concentra-

ion of initial Cd(II) solution, contact time, adsorbent dosage and
H of initial suspension. Adsorption mechanisms were studied
ccording to the predefined procedure with Cd(II) concentra-
ions ranging from 25 to 500 mg/L. The initial, and the final
oncentration of Cd(II) in the acetate solution were measured
ith an atomic absorption spectrophotometer (Perkin-Elmer
IMAA 6000). The adsorption capacity of Cd(II) was calculated

hrough the following equation:

e = (C0 − Ce)V

m
(1)

here qe is the adsorption capacity of Cd(II) on adsorbent
mg/g), C0 the initial concentration of Cd(II) (mg/L), Ce the
quilibrium Cd(II) concentration in solution (mg/L), m the mass
f adsorbent used (g) and V is the volume of Cd(II) solution (L).
ll assays were carried out in triplicate and only mean values
ere presented.
The goodness of fitting of the Langmuir and Freundlich mod-

ls was verified using the approaches of Alves and Lavorenti [15]
y the following equation:

.E. =
[∑

(qe − q∗
e )2

/(n − 2)
]1/2

(2)

here S.E. represents standard error, q is the measured metal
dsorbed, q* the predicted metal adsorbed by models, and n is
he number of experimental points.

. Results and discussion

.1. Adsorption capacities of acid-treated palygorskites for
d(II)

.1.1. Effect of HCl concentration
Acid treatment of palygorskite can disaggregation paly-

orskite particles, eliminate mineral impurities and increase
ts surface area [16]. As seen from Table 2, SSA and qe of
alygorskite increases with increasing HCl concentration and

maximum SSA and qe was obtained when the HCl concentra-

ion was increased to 12 mol/L. Similar to sepiolite, palygorskite
s a fibrous clay mineral, and heavy metal can be trapped by
hemisorption and/or cation exchange reactions [17]. In the case
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Table 2
Adsorption capacities for Cd(II), pH of final solutions, CEC and SSA of natural
and acid-treated palygorskites

HCl concentration (mol/L)

0 2 4 6 8 12

qe (mg/g) 37.31 47.71 48.32 49.54 51.37 52.99
pH 7.50 7.54 7.56 7.57 7.65 7.71
CEC (mequiv./100 g) 30.0 14.4 13.7 13.6 11.7 9.9
SSA (m2/g) 48.7 192.9 221.2 224.3 234.5 267.5
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basis in deprotonated form (Si–O–) to bind one or two Lewis
oncentration of initial solution 500 mg/L, adsorbent dosage 0.15 g, pH of initial
uspension 8.50, contact time 3 h.

f the fibrous clay minerals, adsorption takes place on the oxy-
en of the tetrahedral sheets, the water molecules at the edges
f the octahedral sheet and Si–OH groups along the direction
f the fibres [18]. According to the mechanism of acid treat-
ent [16], the relative abundance of these groups related to
bre dimensions and crystal defects enhanced by acid treat-
ent [9]. With the increase of HCl concentration, the cations

n the surface and channel of palygorskite can be substituted
y H+, which is then exchanged gradually with Cd(II) in the
dsorption process. The variations of SSAs and CECs of paly-
orskite samples imply that the adsorption process and cation
xchange process were enhanced and weakened in the above
est conditions with the increasing HCl concentration, respec-
ively. The two processes together dominate Cd(II) adsorption
n acid-treated palygorskite.

Specific adsorption can be described by a surface complex-
tion model which defines surface complexation formation as a
eaction between functional surface groups (Si–OH) and an ion
n a surrounding solution, which form a stable unit [19]. How-
ver, cation exchange is a form of outer-sphere complexation
ith weak electrostatic attraction between metals and charged
inerals surfaces [20]. It is conceivable that more silanol groups

f palygorskite paticles produced by an increase in HCl concen-
ration can easily form a more stable unit with Cd(II) ions than
ation exchange, and specific adsorption involving monodentate
r bidentate inner-sphere complexations onto Si–OH sites on the
alygorskite paticles predominates under this adsorption condi-
ions, which should be an important reason resulting in a gradual
ncrease in adsorption capacity of acid-treated palygorskite.

The pH value of final Cd(II) solution is indicative of the
roperty of liquid system because it is the result of interac-
ion between mineral and Cd(II) solution. As seen in Table 2,
H of final solution increases slightly from 7.50 to 7.71 with
cid-treated palygorskite prepared with the increase of HCl con-
entration. Based on the above analysis, it is considered that
he cation exchange and specific adsorption occurred simulta-
eously during the adsorption process. Cation exchange which
an be represented by Eq. (3) would induce the increase in pH
alue of solution due to the lower hydrolyse constant of Cd(II)
ompared to Mn+ on palygorskite. In contrast to the former,

pecific adsorption of surface sites (Si–OH) on the acid-treated
alygorskite by Eqs. (4) and/or (5) can bring a decrease in final
H. The result indicates that the above two mechanisms together
nfluence Cd(II) retention on acid-treated palygorskite and result

a
C
c
i

ig. 1. Effect of concentration of Cd(II) solution on adsorption of acid-treated
alygorskite for Cd(II) (adsorbent dosage 0.15 g, pH of initial suspension 8.50,
ontact time 3 h).

n that the pH of final solution is affected indistinctively by
alygorskite treated with different HCl concentration:

ClayMn+ + Cd2+ ↔ ClayCd2+ + Mn+

(M = Na, K, Ca, Mg, etc.) (3)

i–OH + Cd2+ ↔ Si–OCd+ + H+ (4)

Si–OH + Cd2+ ↔ (Si–O)2Cd + 2H+ (5)

Based on the above analysis, palygorskite treated with
2 mol/L HCl was selected as an adsorbent for the rest of the
atch experiments.

.1.2. Effect of concentration of initial Cd(II) solution
Fig. 1 shows the effect of initial Cd(II) concentration on

dsorption onto the acid-treated palygorskite. It can be seen that
he qe increases almost linearly with increasing concentration
f Cd(II) solution. This result can be explained in terms of the
nteraction of Cd2+ ions and adsorbent. When adsorbent mass
s constant, there is determinate amount of activated adsorption
ites on adsorbent, as concentration of Cd(II) solution, i.e. the
mount of Cd(II) per unit volume of solution increases, the ratio
f Cd(II) ions to the available adsorption sites also increases and
ore Cd(II) ions in solution can be adsorbed on acid-treated

alygorskite, resulting in an increase of the qe. Similar results
ave been reported by other investigators [4,21,22].

In addition, pH of final solution decreases significantly as
he concentration of Cd(II) increases from 50 to 200 mg/L. This
esult can be explained by the following fact. There is large
mount of silanol groups on acid-treated palygorskite particles,
he functional surface silanol groups Si–OH may act as Lewis
cid metal ions Cd(II) [7,23]. Hence, when the concentration of
d(II) increases, Cd(II) can form more monodentate or bidentate
omplexes with Si–O–, and more H+ came into solution resulting
n the decrease of pH of final solution.
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The effect of the pH of initial suspension on the adsorp-

tion of Cd(II) to acid-treated palygorskite was examined in
this section. It can be seen from Fig. 4 that the qe increases
at a relatively slower rate with an increase in pH of the ini-
ig. 2. Effect of shaking time on adsorption of acid-treated palygorskite for
d(II) (concentration of initial solution 500 mg/L, adsorbent dosage 0.15 g, pH
f initial suspension 8.50).

.1.3. Effect of contact time
Contact time is an important parameter because this factor

an reflect the adsorption kinetics of an adsorbent for a given
nitial concentration of the adsorbate. Fig. 2 shows the effect
f contact time on adsorption of acid-treated palygorskite for
d(II). It is clear that qe increases rapidly with the increase
f contact time from 0 to 25 min and then reaches equilibrium
oint after 1 h, followed by a constant adsorption upon further
ncreasing shaking time. Santillan-Medrano and Jurinak [24]
ave demonstrated that Cd(II) adsorption on the soil was a fast
rocess, where >95% of the adsorption took place within the
rst 10 min and equilibrium was attained within 1 h. Similar
bservation has been reported by other investigators [4].

As seen from Fig. 2, pH of final solution decreases apparently
ith increasing contact time from 0 to 1 h, followed by a decrease
ith a relatively slow rate and then reaches a constant value upon

urther increasing contact time. The variations of pH may be
elated to surface property of acid-activated palygorskite. Since
t contains large numbers of adsorption sites (Si–OH) onto acid-
ctivated palygorskite, it is most likely that complex reactions
echanisms between Cd(II) and Si–OH groups on acid-treated

alygorskite particles were responsible for the decrease of pH
f final solution. The above results indicate that it takes a deter-
inate time to reach equilibrium for some interactions such as

nterface of palygorskite and water, surface complexation and
urface ion-exchange during adsorption process.

.1.4. Effect of adsorbent dosage
The results of adsorbent dosage effect on qe and pH of final

olution are represented in Fig. 3. The qe decreases with increas-
ng adsorbent dosage, which shows that the amount of Cd(II)
dsorbed per unit weight of adsorbent decreases as the adsor-
ent mass increases. Especially, when the adsorbent added is

eyond 0.15 g, the decrease in Cd(II) adsorption is not very
rominent which is perhaps due to the formation of adsorbent
gglomerates reducing available surface area and blocking some
f the adsorption sites. Gupta et al. reported a similar find-

F
g
0

ig. 3. Effect of amount of adsorbent on adsorption of acid-treated palygorskite
or Cd(II) (concentration of initial solution 500 mg/L, pH of initial suspension
.50, contact time 3 h).

ng for Cd(II) adsorption onto kaolinite and montmorillonite
4].

In general, pH of final solution increases gradually with the
ncrease in adsorbent dosage. It may be attributed to evident
ncrease of the amount of negatively charged sites. The surface of
alygorskite become more negative through the acid treatment,
egatively charged sites on surface of acid-treated palygorskite
articles will increase with an increasing of adsorbent mass,
hich can induce more H+ ions adsorb on acid-treated paly-
orskite surface and results in an increase in pH of the final
olution.

.1.5. Effect of initial suspension pH
ig. 4. Effect of pH of initial suspension on adsorption of acid-treated paly-
orskite for Cd(II) (concentration of initial solution 500 mg/L, adsorbent dosage
.15 g, contact time 3 h).
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ial suspension from 2 to 6, and then increases drastically as
he solution becomes neutral and basic. As pH value is lower
han 4.0, the silanol groups of acid-treated palygorskite are

ore protonated to form Si–OH2
+, hence, they are less avail-

ble to adsorb Cd(II). Consequently, it leads to low qe of Cd(II)
n adsorbent. The fact that qe increases with increasing pH
ay be attributed to the decrease of proton competition for

he adsorption sites on the adsorbent surface, as well as by an
nhanced electrostatic attraction between the surface and the
ationic species. This increasing trend at a slower rate contin-
es until the pH reaches to 6. Besides, it can also be interpreted
n terms of isoelectric point (iep) of acid-treated palygorskite.
he surface of palygorskite treated with HCl compared to that
f unmodified palygorskite has gained more silanol groups, so
hat pHiep of modified palygorskite should be obtained at higher
H compared to that of unmodified palygorskite. According
o iep of palygorskite about 4.0–4.5 [25], it can be consid-
red that iep of acid-treated palygorskite should be close to
eutral. Therefore, the acid-activated palygorskite surface at
he moment become negatively charged as a whole and more
d(II) can be adsorbed on it so that the qe of Cd(II) increases
bviously.

.2. Adsorption capacities of heat-treated palygorskites for
d(II)

The dehydration of palygorskite combined with thermal treat-
ent can produce changes in both its structural and textural

roperties [26,27], which affect the SSA and adsorption capac-
ty of palygorskite. Therefore, the effect of heat treatment on the
dsorption of palygorskites for Cd(II) was investigated and the
esults were shown in Table 3. As seen in Table 3, qe increases to
maximum value with the calcination temperature increases to
bout 300 ◦C, and then decreases with further increasing temper-
ture. It also can be seen that SSA of the palygorskite increases to
maximum value with increasing the temperature to 300 ◦C, and

hen decreases with further increasing temperature. The zeolitic
ater and part of the coordinated water existed in palygorskite

rystal are removed in turn with the increasing temperature,
hich increases amount of the micropores of palygorskite and

esults in the increase of qe. As the calcination temperature

xceeds 400 ◦C, the contact area between palygorskite parti-
les and the cadmium solution decreases evidently due to the
istortion of crystal structure of palygorskite, which results in
he decrease of qe notably.

C

e
m

able 3
dsorption capacities for Cd(II), pH of final solutions, pH in distilled water and SSA

Calcination temperature (◦C)

25 100 200

e (mg/g) 37.31 37.92 38.53
H of final solution 7.50 7.44 7.60
H in distilled water 8.93 9.15 9.38
SA (m2/g) 48.66 120.0 124.3

oncentration of initial solution 500 mg/L, adsorbent dosage 0.15 g, pH of initial sus
0 mL of distilled water, the mixture were stirred for 10 min.
ig. 5. Adsorption isotherms of Cd(II) on (a) 300 ◦C-treated and (b) 12 mol/L
Cl-treated palygorskites (adsorbent dosage 0.15 g, pH of initial suspension
.50, contact time 3 h).

The pH value of the final solution, after adsorption process
ompleted on heat-treated palygorskites, varies in the range of
.4–8.0 and shows a general increasing trend. This trend is sim-
lar to the pH variation of treated palygorskite in distilled water,
hich indicates the former result might be caused by the latter

act.

.3. Adsorption isotherms of acid-treated and heat-treated
alygorskites

The adsorption isotherms of Cd(II) onto 300 ◦C-treated and
2 mol/L HCl-treated palygorskites were studied with initial
oncentrations of Cd(II) in the range of 25 and 500 mg/L and
he results were shown in Fig. 5. The Cd(II) adsorption capacity
ncreases with increasing Cd(II) quilibrium concentration. The
apacities of the 300 ◦C-treated and 12 mol/L HCl-treated paly-
orskites were approximately 39 and 52 mg/g, respectively, at
he Cd(II) equilibrium concentration of 100 mg/L and pH 8.5 of
he suspension. It can be clearly seen from Fig. 5 that 12 mol/L
Cl-treated palygorskite has a higher adsorption capacity for

d(II) compared to 300 ◦C-treated palygorskite.

For each isotherm, Langmuir and Freundlich adsorption mod-
ls were applied to analysis. The Langmuir model is valid for
onolayer sorption onto a surface with a finite number of iden-

of natural and heat-treated palygorskites

300 400 500 600

46.49 39.75 11.01 8.56
7.74 7.76 7.89 7.94
9.33 9.50 10.23 10.75

128.9 119.0 81.68 64.87

pension 8.50, contact time 3 h. pH of samples: 0.15 g of palygorkskite sample,
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ig. 6. Langmuir plots of Ce/qe against Ce for the adsorption of Cd(II) on (a)
00 ◦C-treated and (b) 12 mol/L HCl-treated palygorskites (adsorbent dosage
.15 g, pH of initial suspension 8.50, contact time 3 h).

ical sites [28]. The well-known expression of the Langmuir
odel is given by Eq. (6):

Ce

qe
= 1

bqm
+ Ce

qm
(6)

here Ce is the equilibrium concentration of cadmium solution
mg/L), qe the equilibrium capacity of cadmium on the adsorbent
mg/g), qm the monolayer adsorption capacity of the adsorbent
mg/g), and b is the Langmuir adsorption constant (L/mg) and
elated to the free energy of adsorption.

The empirical Freundlich equation based on sorption onto a
eterogeneous surface is given as [29]:

e = KfC
1/n
e (7)

here Kf and n are the Freundlich constants for the system,
hich are indicators of adsorption capacity and intensity, respec-

ively.
In Langmuir model equation, qm and b could be calculated

rom the slopes and intercepts of the straight lines of plots of
Ce/qe) versus Ce (Fig. 6). While the values of Freundlich model
onstants, i.e. Kf and n could be calculated from the plots of
og Ce against log qe (Fig. 7). The isotherm constants and the cor-

elation coefficients (r2) are presented in Table 4. As seen from
able 4, the values of the correlation coefficients indicate that the
dsorption data fit both Langmuir and Freundlich isotherm mod-
ls. However, since the value of r2 in the Freundlich isotherm

a
a

c

able 4
angmuir and Freundlich constants and correlation coefficients associated with ad
alygorskites

dsorbents Langmuir equation

qm (mg/g) b (L/mg) RL

00 ◦C-treated palygorskite 51.07 0.037 0.051
2 mol/L HCl-treated palygorskite 52.58 0.14 0.014
ig. 7. Freundlich plots of log qe against log Ce for the adsorption of Cd(II) on
a) 300 ◦C-treated and (b) 12 mol/L HCl-treated palygorskites (adsorbent dosage
.15 g, pH of initial suspension 8.50, contact time 3 h).

odel is higher than that of the Langmuir model for both
reated palygorskites, the Freundlich model appears to fit the data
etter.

In the case of Langmuir isotherms, the maximum adsorp-
ion capacities (qm) of 300 ◦C-treated and 12 mol/L HCl-treated
alygorskites for Cd(II) are similar (51.07 and 52.58 mg/g,
espectively). However, the value of b for 12 mol/L HCl-treated
alygorskite is larger than that for 300 ◦C-treated palygorskite.
ince b is related to the bonding energy coefficient [30], this
esult indicates that the 12 mol/L HCl-treated palygorskite has
igher affinity for Cd(II) than the 300 ◦C-treated palygorskite.
esides, adsorption of different species can also be determined
ccording to the value of b [31]. Higher b value has been related
o specifically adsorbed metal at high energy surfaces with low
issociation constants; while lower b value appears to be related
o adsorption at low energy surfaces with high dissociation con-
tants [32,33]. So, higher b value of the 12 mol/L HCl-treated
alygorskite may indicate that the retention of Cd(II) on the
Cl-treated palygorskite occurred mainly on specific adsorp-

ion positions, i.e. functional surface groups (Si–OH), while the
ation exchange should be the main adsorption mechanism for
00 ◦C-treated palygorskite. As a result, although the maximum

dsorption capacities of the two adsorbents are similar, the Cd(II)
re trapped more strongly on the HCl-treated palygorskite.

Values of the essential characteristics of Langmuir isotherm
an be expressed by a dimensionless constant called equilibrium

sorption isotherms of Cd(II) onto 300 ◦C-treated and 12 mol/L HCl-treated

Freundlich equation

r2 S.E. Kf n r2 S.E.

0.9719 4.112 4.32 2.13 0.9968 1.380
0.9872 3.330 12.95 3.28 0.9903 1.645
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arameter [34]:

L = 1

1 + bC0
(8)

here C0 is the highest initial metal concentration. For cadmium,
he RL values were between 0 and 1.0, indicating that adsorption
f Cd(II) onto the two treated palygorskites are both favorable.

The Freundlich coefficient, Kf, can be defined as an adsorp-
ion or distribution coefficient which describes the amount of
d(II) adsorbed onto the adsorbent for the unit equilibrium
oncentration. As seen from Table 4, Kf value of the 12 mol/L
Cl-treated palygorskite is much higher than that of the 300 ◦C-

reated palygorskite, indicating that the former has a higher
dsorption capacity or affinity for Cd(II). The n values between 1
nd 10 indicate beneficial adsorption [35]. For the adsorption of
d(II) onto the 300 ◦C-treated and 12 mol/L HCl-treated paly-
orskites, both n values were within the favorable limit beneficial
dsorption. This result is similar to the above discussion on RL
alue. However, Cd(II) adsorption onto 12 mol/L HCl-treated
alygorskite shows a higher capacity (Kf) compared to 300 ◦C-
reated palygorskite, which might be related to the difference in
inearity of Langmuir and Freundlich adsorption isotherms.

. Conclusions

The following conclusions have been drawn from this study:

1) For the acid-treated palygorskites, adsorption capacities for
Cd(II) increase with increasing HCl concentration of acid
treating solution and a maximum was obtained at 12 mol/L
of HCl concentration.

2) In a batch of adsorption studies, the adsorption capacity of
HCl-treated palygorskite for Cd(II) increases with increasig
initial Cd(II) concentration, contact time and pH, but the
decrease of adsorbent dosage.

3) The study of the adsorption of heat-treated palygorskite for
Cd(II) reveals that adsorption capacity increases to a max-
imum as the treating temperature increased to 300 ◦C and
the variation of adsorption capacity of heat-treated paly-
gorskites with treating temperature is consistent with that
of the specific surface area.

4) The adsorption isotherms of 300 ◦C-treated and 12 mol/L
HCl-treated palygorskites indicated that the Freundlich
model is better than to ascribe the adsorption process. The
two models coefficients implied that the adsorption of Cd(II)
onto the two treated palygorskites are both favorable. More-
over, the HCl-treated palygorskite has higher affinity for
Cd(II) due to a large amount of silanol groups on the surface
of acid-treated palygorskite.
cknowledgement

This work was financially supported by science and
echnology major project of Gansu Province (grant no. 2GS052-
52-002-07).

[

[

tion Technology 55 (2007) 157–164 163

eferences

[1] S.H. Lin, S.L. Lai, H.G. Leu, Removal of heavy metals from aqueous
solution by chelating resin in a multistage adsorption process, J. Hazard.
Mater. 76 (2000) 139–153.

[2] J.W. Moore, S. Ramamorthy, Heavy Metals in Natural Waters, Springer
Verlag, New York, 1994.

[3] O. Abollino, M. Aceto, M. Malandrino, et al., Adsorption of heavy metals
on Na-montmorillonite. Effect of pH and organic substances, Water Res.
37 (2003) 1619–1627.

[4] S.S. Gupta, K.G. Bhattacharyya, Removal of Cd(II) from aqueous solu-
tion by kaolinite, montmorillonite and their poly(oxo zirconium) and
tetrabutylammonium derivatives, J. Hazard. Mater. 128 (2006) 247–
257.

[5] G. Abate, J. Lichtig, J.C. Masini, Construction and evaluation of a flow-
through cell adapted to a commercial static mercury drop electrode (SMDE)
to study the adsorption of Cd(II) and Pb(II) on vermiculite, Talanta 58
(2002) 433–443.

[6] K. Lackovic, M.J. Angove, J.D. Wells, B.B. Johnson, Modeling the adsorp-
tion of Cd(II) onto Muloorina illite and related clay minerals, J. Coll. Interf.
Sci. 257 (2003) 31–40.

[7] K. Lackovic, J.D. Wells, B.B. Johnson, M.J. Angove, Modeling the adsorp-
tion of Cd(II) onto kaolinite and Muloorina illite in the presence of citric
acid, J. Coll. Interf. Sci. 270 (2004) 86–93.

[8] E.H. Smith, W.P. LU, T. Vengris, R. Binkiene, Sorption of heavy metals by
Lithuanian glauconite, Water Res. 30 (12) (1996) 2883–2892.

[9] E. Galan, Properties and applications of palygorskite-sepiolite clays, Clay
Miner. 31 (1996) 443–453.

10] F. Burriel, F. Lucena, S. Arribas, J. Hernández-Méndez, Quı́mica Analı́tica
Cualitativa, Paraninfo, SA, Madrid, 1989.
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