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ABSTRACT:The objectives of this work are to study palygorskite modified by a surfactant, octodecyltrimethylammonium chloride
(OTMAC), and to study for the potential use of the surfactant-modified palygorskite (SMP) as an adsorbent for the adsorption of
sulfate ions from aqueous solutions. The surface characters of SMPwere undertaken by scanning electronmicroscopy (SEM), FTIR
spectroscopy, X-ray photoelectron spectroscopy (XPS), and N2 adsorption. The FTIR spectra and XPS showed that the surfactant
(OTMAC) had effectively grafted on palygorskite. A batch technique was carried out to evaluate parameters affecting adsorption
including pH, the amount of SMP, treatment time, and initial SO4

2� concentration. The adsorption isotherms of SMP for sulfate ions
were described by Langmuir, Freundlich, and Dubinin�Radushkevich equations, and the Freundlich model was best to express the
adsorption process. The thermodynamic data indicated that the adsorption was an endothermic and spontaneous process. Results of
kinetic experiments showed that the adsorption was best described by the pseudosecond-order kinetics model. Above all, the
adsorption of sulfate ions extended the application of palygorskite to the removal of anions and wastewater purification.

1. INTRODUCTION

Sulfate ions are common anions in inorganic chemical in-
dustry, industrial wastewater, acid mine drainage, and drinking
water. Theymainly come from the processes of chemical weather-
ing of sulfur-containingminerals and the oxidation of sulfides and
sulfur. Sulfate ions are nontoxic and necessary for many kinds of
organisms; however, they will cause an imbalance of the natural
sulfur cycle and endanger human health when excessive
ingested.1 In addition, sulfate ions are corrosive to reinforced
steel.2 Several conventional methods for the removal of sulfate
ions such as chemical precipitation, biological treatment, ion
exchange, and adsorption technologies have been employed with
different efficiencies.3 Some of these methods have disadvantages
and limitations. Precipitation, for example produces large
amount of sludge in solution but biological treatment and ion
exchange are costly. Alternatively, the adsorptionmethodmay be
preferred for its rapid and high selectivity to remove sulfate ions,
and sulfate can be recovered. The commonly used adsorbents
include BaCl2, CaCl2, and ZrO(OH)2, but BaCl2 and ZrO(OH)2
are expensive, and BaCl2 will pollute the environment.Moreover,
the removal efficiency by CaCl2 is not high. Hence, it is necessary
to develop a low-cost and effective anion adsorbent to remove
sulfate ions.

In recent years, palygorskite has been paid attention as an
alternative of conventional adsorbents on both the environmental
and the economic points of view due to high surface area and a large
number of silanol groups on its surface. Palygorskite is a hydrated
magnesium silicate mineral with fibrous morphology, and pos-
sesses rectangular channels contained exchangeableCa2+ andMg2+

cations, zeolitic water, and water molecules bound to coordinative
unsaturated metal ion centers, which situated at the edges of the
ribbons.4 However, natural palygorskite, which has permanent
negative charges,5 will produce repulsion toward anions, so surface

modification by cationic surfactants is needed to reverse its surface
charge if palygorskite is applied to anion adsorption. The modifica-
tion of cationic surfactants on palygorskite and the potential
application of such modified palygorskite as environmental reme-
diation material have been studied previously.5�8 However, there
have been few reports on how surfactant-modified palygorskite
(SMP) adsorb sulfate or other anion.

The main objectives of the present work were to study sulfate
ions adsorption by SMP, which was freshly prepared in relatively
simple and well-controlled laboratory system; to investigate the
effects of the parameters, such as temperature, pH, amount of
SMP, treatment time, and initial concentration of sulfate ions;
to evaluate the kinetic and thermodynamic (entropy, enthalpy,
free energy) parameters of sulfate adsorption on SMP; and to
discuss the mechanism of sulfate ions interaction with SMP,
which were essential in studying their adsorption behavior at the
interface.

2. MATERIALS AND METHODS

2.1. Materials. The surfactant octodecyltrimethylammonium
chloride (OTMAC) with a purity of 70.0 % was obtained from
the Feixiang Chemical Co. (China). The palygorskite from
Oilbetter Co. (China) with a particle size of 200-mesh screened
as reported was used to SMP preparation.9 Reagents in all cases
were of analytical grade or better and were used without
additional purification. A stock solution of sulfate was prepared
by dissolving 1.8125 g of K2SO4 in 1 kg deionized water (DIW)
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(c(SO4
2�) =1 g 3 kg

�1). Secondary stock solutions of 100mg 3 kg
�1

SO4
2� were prepared weekly and used to test the solution.

2.2. Preparation of SMP. 2.2.1. HCl Treatment. A sample of
10 g of palygorskite was ground to colloidal size and transferred
to a 250 mL round bottomed flask. Then 2 mol 3 kg

�1 hydro-
chloric acid was added until the total volume was 100 mL. The
mixtures were refluxed for 2 h at 343 K. Then, excess HCl was
removed by washing with DIW until AgNO3 test for chloride was
negative and pH 7.0 was achieved.
2.2.2. OTMAC Modified Palygorskite. The mixture of paly-

gorskite and OTMAC solution was sonicated. Ultrasonic wave
can greatly improve the rate of SMP preparation. The sonication
conditions were as follows: the ratio of adding OTMAC and
palygorskite was 14.9 g/100 g, the treatment time was 11 min,
and the plate current was 0.6 A. Then, the separated SMP was
washed repeatedly to remove the water-soluble particle. The
product was dried at 378 K to constant mass in evaporating
dishes and sieved to similar particle sizes. This produced a
uniform material for the complete set of adsorption tests which
was stored in an airtight plastic container for the following
experiments. The CHN analysis showed that nitrogen content
of the product attained 0.18 %, indicating that OTMAC content
was 4.46 %. According to eq 1, the grafting ratio was 44.7 %.

grafting ratio ¼ W1

W2
3 100 % ð1Þ

whereW1 is the mass of OTMAC grafted to palygorskite andW2

is the initial dosage of OTMAC added to natural palygorskite.
2.3. Experiments and Methods of Characterization. Scan-

ning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
N2 adsorption, and CS analysis were undertaken to understand
of SMP's structures and confirm that OTMAC adsorbed onto
palygorskite and SO4

2� adsorbed onto SMP and discuss the
mechanism of adsorption of SO4

2� onto SMP.
The amount of OTMAC adsorbed onto palygorskite was

determined by CHN analysis (Vario EL III, Elementar). A FEI
Sirion 200 scanning electron microscope (SEM) was employed
to characterize SMP for its morphological information. The
FTIR spectra were recorded on a 470-IR spectrometer (Japan),
samples being examined in the form of KBr disks. XPS was
conducted on an ESCALAB 250 spectrometer (Thermo-VG
Scientific) using monochromatic Al KR radiation (2.38 3 10

�16 J).
The surface areas and porosity analysis were obtained from
nitrogen adsorption/desorption in a micromeritics surface analyzer
system (Micromeritics Tristar II 3020), employing Brunauer�
Emmett�Teller (BET) methods. Sulfur content of SMP after
adsorption was determined by combustion and infrared detection
of inorganic material (LECO, CS-600, USA).
2.4. Adsorption Procedure. All of the adsorption experi-

ments were carried out in 250 mL iodine flasks by adding a given
amount of palygorskite or modified palygorskite to 50 g different
concentrations of sulfate solution and shaking in a shaking
thermostatic bath at 150 rpm for a given time. Preliminary
experiments were conducted for various time intervals to deter-
mine when adsorption equilibrium was reached. The result
showed that 360 min was enough for adsorption equilibrium.
Thus, kinetics and the effects of treatment time on adsorption
were determined in the range of (0 to 360) min and an initial
sulfate concentration of 50 mg 3 kg

�1 with a ratio of solid to liquid
of 10 g 3 kg

�1. Adsorption isotherms were studied in the range of
(20 to 130) mg 3 kg

�1 at different temperatures [(308, 328, and

348) K]. The pH value of suspension was adjusted with dilute
HCl or NaOH solution (pH values determined by Mettler
Toledo 320 pH meter). The solid and liquid phases were
separated by centrifugation at 4000 rpm for 10 min after
adsorption. The concentration of sulfate was determined at the
wavelength of 420 nm using a UV�visible spectrophotometer.10

The coefficient of determination (R2) for standard curves was no
less than 0.999. The adsorption capacity and removal percentage
(%) were calculated according to the following eqs 2 and 3:

q ¼ ðC0 � CeÞ 3M
W

ð2Þ

removal percentage ðrÞ% ¼ C0 � Ce

C0
3 100 % ð3Þ

where q is the SO4
2� adsorption capacity per gram; C0 is the

initial concentration of SO4
2� (mg 3 kg

�1); Ce is the equilibrium
SO4

2� concentration in solution (mg 3 kg
�1); W is the mass of

adsorbent used (g), and M is the mass of SO4
2� solution (kg).

All experiments were run repeatedly, and only mean values were
presented to ensure reproducibility. All glassware and the poly-
ethylene vials were acid-washed for at least 12 h before each
experiment, then washed with DIW several times, and dried.

3. RESULTS AND DISCUSSION

3.1. Adsorbent Characterization. 3.1.1. Scanning Electron
Microscopy (SEM). SEM is a primary tool for characterizing the
surface morphology and fundamental physical properties of the
adsorbent. SEM images of natural palygorskite, SMP, are shown
in Figure 1. Natural palygorskite showed bundles of close packed
fibers, and the diameter of each fiber was about 50 nm. After the
modification, the diameter of each SMP became larger, and some
aggregated together due to OTMAC covering on the surface of
palygorskite.
3.1.2. Results of FTIR. The FTIR characterization of natural

palygorskite, acid-activated palygorskite, and SMP are shown in
Figure 2. The band around 3614 cm�1 was assigned to stretching
vibration of Al�OH and (Al�Fe)�OH, which was the character
of palygorskite, and its intensity was related to higher Al octahe-
dral content and lower Mg content. The band around 3556 cm�1

was attributed to bonded water coordinated to Fe and Al. The
broad bands at 3407 cm�1 was ascribed to zeolitic water, and the
Si�O�Si stretching band appeared at 1025 cm�1. The band at
1641 cm�1 for natural palygorskite was assigned to zeolitic
water.11 The band at 1427 cm�1 and a shoulder at 876 cm�1

were assigned to calcite, which disappeared after acid treatment.
The medium intensity and sharp band at 778 cm�1 were
designated to quartz, which also existed after modification.12

The additional peaks at (2852 and 2924) cm�1, which were
absent in palygorskite, suggested the presence of C�H stretching
bands of both CH3 and CH2 groups of OTMAC. A weak band at
around 1467 cm�1 of SMP was attributed to C�N stretching
vibration, indicating the presence of alkyl ammonium.13,14

3.1.3. XPS Analysis. The full XPS spectra (Figure 3) were used
to verify elements present on the surface of particles and their
bonding states, such Al 2p, Si 2p, N 1s, C 1s, O 1s, and others. It
can be clearly seen that the carbon content increased from 8.1 %
to 20.3 %. In addition, a new peak at about 6.43 3 10

�17 J in SMP
was attributed to N 1s, which confirmed that OTMAC had
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successfully grafted on palygorskite.13 The same result was also
obtained in CHN data and FTIR (Figure 2).
3.1.4. N2 Adsorption.The specific surface areas, pore sizes, and

micropore areas of the natural palygorskite, acid-activated paly-
gorskite, and SMP are listed in Table 1. The surface areas were
determined from the adsorbed nitrogen volume. The value of
surface area (calculated by application of BET equation) greatly
increased after HCl treatment. As the acid attack processed, more

mesoporosity and microporosity were created; the possible
reasons were that fibrous bundles disaggregated initially, and
then the octahedral cations (Mg(II) and Al(III)) dissolved.15�17

According to the t-plot, the micropore area of acid activated
palygorskite was about 70 m2

3 g
�1, which was bigger than

20 m2
3 g

�1 of natural palygorskite. Because SMP was covered
by long-chain alkyl reduced the adsorption of N2, the surface area
of SMPwas smaller. SMP had the largest pore diameter, probably
because the distance between each OTMAC molecule covered
on the surface was longer, while acid-activated palygorskite had a
relatively smaller pore diameter due to acid attack.
3.2. Adsorption Experiment. To investigate the best adsorp-

tion efficiency of SO4
2� on SMP, several parameters were

studied such as pH, SMP dosage, and treatment time.
3.2.1. Comparison of Natural Palygorskite and Modified

Palygorskite. To assess the adsorption capacity and adsorption
rate, three adsorbents, namely, natural palygorskite, acid-
activated palygorskite, and SMPwere used for comparison purposes.
The removal percentage of SO4

2�was achieved by about 500 mg
of natural palygorskite, acid-activated palygorskite, and SMP,
from 50 g of solution containing 50 mg 3 kg

�1 SO4
2�, respec-

tively. The result showed that SMP was 10 times more effective
than natural palygorskite and acid-activated palygorskite. The
reason was that there was repulsion between SO4

2� and natural
palygorskite and acid-activated palygorskite, since they possessed
permanent negative charges. In addition, acid-activated palygors-
kite was a little more effective than natural palygorskite, which
may result from less negative charges of adsorbent surface after
treatment with HCl.18

For SMP, there was electrostatic force between the positively
charged surface of the adsorbate and the negatively charged
sulfate ions. OTMACmolecular strongly grafted on palygorskite
first; second, other OTMAC molecules interacted with the first
layer OTMAC through hydrophobic force, formed a double-layer

Figure 3. XPS survey spectra of (a) natural palygorskite, (b) acid-
activated palygorskite, and (c) SMP.

Table 1. Textural Characteristics of Natural Palygorskite,
Acid-Activated Palygorskite, and SMP

surface

area

average pore

diameter

micropore area by

t-plot

materials m2
3 g

�1 4 V 3A
�1 m2

3 g
�1

natural palygorskite 155 93 20

acid-activated 254 88 67

SMP 130 96 �

Figure 1. SEM images of (a) natural palygorskite and (b) SMP.

Figure 2. FTIR spectra of natural and acid-activated palygorskite and SMP.
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structure, and thus reversed the surface charge.19 SO4
2� adsorp-

tion was mainly due to ion exchange with Cl� attached
to alkyl ammonium with electrostatic forces as the following
equation:

2OTMAC-palygorskite 3 3 3Cl þ SO4
2�

¼ ðOTMAC-palygorskiteÞ2 3 3 3 SO4 þ 2Cl� ð4Þ
where the dots represent that there was physical force between
them instead of chemical force. There might be other forces
between SO4

2� and SMP except electrostatic forces. Complexes
could form between sulfate ions and Fe and Al on the SMP
surface, which were brought by acid treatment. These complexes
could be described simply as dFe—O—SO2—O—Fed and
dAlO—SO2—O—Ald.20,21 However, adsorption caused by
this mechanism consisted of a rather small amount of content in
the total adsorption.
3.2.2. Effect of pH. The variation of pH was an important

parameter in the adsorption process because it would affect the
electrical properties of SMP. The effect of the pH of initial
suspension on the sulfate adsorption is presented in Figure 4.
The adsorption capacity increased at a slow rate in pH ranging
from 1 to 4 and then decreased drastically as the solution became
neutral and basic.
The reason for the optimum pH was that the surface of

adsorbent was highly protonated in acidic medium and tended
to adsorb negative ions. Furthermore, more OH� competed with
SO4

2� at higher pH; thereby, low removal content was obtained
above pH 6. Other anion adsorption experiments had similar
conclusions.22,23 While too many H+ ions would influence the
stability of SMP, the suitable pHof initial suspension was about 4.
Therefore, all further studies were carried out at pH 4.
3.2.3. Effect of the SMP Dosage. To investigate the effect of

adsorbent amount on the removal of sulfate ions, a series of
experiments were performed for various SMP doses. Batch
experiments were conducted using 50 g of sulfate solution,
adding different amounts of SMP [(200 to 710) mg] at a fixed
pH (pH = 4), temperature (308 K), and sulfate concentration
(50 mg 3 kg

�1). Figure 5 showed that the removal percentage
increased with the increase in the dose of adsorbent, yet the
sulfate ions adsorbed per gram decreased. Thus the addition of
SMP was 0.4 g in further experiments.
3.2.4. Effect of Treatment Time. The treatment time was

found by taking subsamples from the flasks for 6 h at intervals
and analyzing the supernatants for sulfate ions with a fixed
adsorbent dose (0.4 g), fixed pH (4.0), and 308 K. The removal
of sulfate ions increased rapidly with time increasing and then
continued at a relatively slow rate and reached saturation in about
240 min. Therefore, considering economic and practical aspects,
the treatment time of 240 min was employed in its further
application.

On the basis of the above tests, the optimal experimental
adsorption conditions were the following: SMP addition, 0.4 g;
pH of initial suspension, 4.0; and treatment time, 240 min. The
SO4

2� content of SMP which had adsorbed sulfate ions in the
above condition determined by CS analyzer was 3.25 mg 3 g

�1,
which is coincident with q calculated by the above-mentioned
equation.
3.3. Equilibrium Experiments. Batch experiments were con-

ducted under the optimum conditions, with the initial SO4
2�

concentration varying as (20, 30, 40, 50, 70, 90, 100, 120, and
130)mg 3 kg

�1. The SO4
2� adsorption experiments were done in

duplicate for each anion concentration. The difference between
two measurements did not exceed 10 %.
To optimize the design of the system to adsorb SO4

2�, it was
important to select an appropriate adsorption isotherm to fit to
the equilibrium data. The most commonly used isotherm is the
Langmuir model,24 in which model adsorption is limited by
surface site saturation,

q ¼ bqmCe

1 þ bCe
ð5Þ

where qm is the monolayer adsorption capacity of the adsorbent
(mg 3 g

�1), and b is the bonding energy coefficient (kg 3mg
�1)

related to the free energy of adsorption. Values of the essential
characteristics of Langmuir isotherm could be expressed by a
dimensionless constant called the equilibrium parameter (RL):

25

RL ¼ 1
1 þ bC0

ð6Þ

where C0 (mg 3 kg
�1) is the highest initial concentration of

adsorbent and b (kg 3mg�1) is the Langmuir constant.
Meanwhile, the Freundlich model assumes a heterogeneous

adsorption surface with sites that have different energies of
adsorption and are not equally available.26 The Freundlich
isotherm is given by:

qe ¼ KFC
1=n
e ð7Þ

where KF and 1/n (dimensionless) are the Freundlich constants.
KF is related to the adsorption capacity, and 1/n is related to the
adsorption intensity, which varies with the heterogeneity of the
adsorption material.

Figure 4. Effect of pH on content removal of SO4
2� by SMP.

Figure 5. Effect of SMP addition on adsorption.
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The Dubinin�Radushkevich (D-R) isotherm can be used to
describe adsorption on both homogeneous and heterogeneous
surfaces,27 which can be described as:

q ¼ Qm expð � βε2Þ ð8Þ

ε ¼ RT lnð1 þ 1=CeÞ ð9Þ
where Qm is the theoretical saturation adsorption capacity in the
D-R equation; β is the activity coefficient related to mean
adsorption energy (mol2 3 kJ

�2); ε is the Polanyi potential; R
equals to ideal gas constant (8.314 J 3mol�1

3K
�1); T is the

absolute temperature (K). The D-R isotherm is based on the
Polanyi�Manes adsorption theory, which can predict solute
adsorption onto organoclay.28

The isotherm constants and correlation coefficients calculated
from the nonlinear Langmuir, Freundlich, and D-R plots are
presented in Table 2. Unlike the linear analysis, a different
isotherm form would affect R2 and the final determination of
parameters significantly, and nonlinear methods would prevent
such errors.29 It was found that the adsorption conformed to
Freundlich more than other isotherms. This suggested that the
adsorption took place at heterogeneous sites, while it also
conformed to Langmuir isotherm at (308 and 328) K (R2 >
0.89),30 which implied that both monolayer adsorption and
heterogeneous surfaces conditions existed at low temperature.
The value of qm in Langmuir isotherm model showed that the

highest adsorption capacity was 3.24 mg 3 g
�1. The observed

adsorption capacity decreased with increasing temperature,
which may be due to a tendency for SO4

2� ions to escape from
the solid phase to the bulk phase with an increase in the
temperature of the solutions. This suggested the weakening of
adsorptive forces between the active sites of the adsorbent and
adsorbate and between the adjacent molecules of the adsorbed
phase with the rise of temperature.
The adsorption is unfavorable if RL is above 1, while the value

of RL < 1 represents favorable adsorption. In this study, the value
of RL was between 0 and 1 at the temperatures studied showing
that the adsorption of sulfate ions was favorable. The Freundlich
constants 1/nwas far below unity suggested the adsorption was a
favorable physical process.31

The mean free energy of adsorption (E), defined as the free
energy change when 1mol of ions are transferred to the surface of
the solid from infinity in solution, can be calculated from the
activity coefficient (β) using the following equation:

E ¼ ð� 2βÞ�0:5 ð10Þ
Although the adsorption process did not conform to the D-R
isotherm, the E value was calculated as 0.48 kJ mol�1 at 308 K
which was far below 8 kJ 3mol�1, indicating that the adsorption

process was a physical interaction process (van der Waals
interaction) and mainly controlled by the electrostatic force
between positive site of the adsorbent and the negative charged
SO4

2� rather than a strong chemical bond.32

3.4. Adsorption Thermodynamics. The value of thermo-
dynamic equilibrium constants (Kd) of the adsorption process
was the intercept of plotting ln(q/Ce) versus q.27 When the
reaction reaches equilibrium, Gibbs free energy (ΔG) becomes
zero so that ΔG0 equals to �RT ln Kd.

ΔG0 ¼ � RT ln Kd ð11Þ
The standard enthalpic changes (ΔH0) and entropy change

(ΔS0) can be calculated as follows:

ln Kd ¼ ΔS0

R
�ΔH0

RT
ð12Þ

The parameters of the adsorption are shown in Table 3. The
value of ΔH0 was positive showed that the process was endo-
thermic and the product was energetically stable. The value of
free energy (ΔG0) was between �20 and 0 kJ mol�1 indicated
the adsorption was a spontaneous physical process.33 The similar
spontaneous endothermic reactions were also observed in dye
161 adsorption using bamboo activated carbons,34 adsorption of
methylene blue adsorption onto NaOH-modified rejected tea
and etc. ΔG0 decreased at higher temperature, which suggested
that the spontaneity of the process increased with raising in
temperature.35,36 The positive values ofΔS0 reflected the affinity
of SMP toward SO4

2� in aqueous solution and the increased
randomness at solid/solution interface during the adsorption
process. The positive entropy was probably due to the structural
change of SMP. It would turn more random once SO4

2�

adsorbed onto it. This might be related to negatively changed
ions rather than sulfate specificity. The positive ΔS0 might
suggest that ion-exchange and replacement reactions also oc-
curred in the creation of steric hindrance.37

3.5. Adsorption Kinetics. To determine the dynamic
characteristics of SO4

2�, the first-order kinetics equation was
tested, but straight lines were not obtained. Then, we tried
pseudosecond-order model by plotting t/qt versus t and the
intraparticle diffusion equation.38,39 Their linear forms are as

Table 2. Langmuir, Freundlich, and D-R Isotherm Parameters

Langmuir D-R

T qm b Freundlich Qm β E

K mg 3 g
�1 kg 3mg

�1 R2 KF 1/n R2 mg 3 g
�1 kJ2 3mol�2 kJ 3mol�1 R2

308 3.24 0.18 0.95 1.20 0.21 0.99 2.95 2.23 0.48 0.77

328 2.56 0.26 0.90 1.26 0.16 0.97 2.38 1.70 0.55 0.74

348 2.11 0.39 0.75 1.22 0.12 0.95 2.08 0.98 0.71 0.55

Table 3. Thermodynamic Parameters of SO4
2� Adsorption,

with Uncertainties at a 0.95 Confidence Level

T ΔG0 ΔH0 ΔS0

K Kd kJ 3mol�1 kJ 3mol�1 J 3mol�1
3K

�1

308 1.42( 0.10 �0.90( 0.16

328 2.73( 0.30 �2.74( 0.30 23.8( 0.5 80.5( 1.4

348 4.12( 0.20 �4.10( 0.14
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follows:

pseudofirst-order : log
qe

ðqe � qtÞ ¼ � Kpfot

2:303
ð13Þ

pseudosecond-order :
t
qt

¼ 1
kqe2

þ 1
qe
t ð14Þ

intraparticle diffusion : qt ¼ kpt
0:5 þ C ð15Þ

The initial adsorption rate can be obtained as qt/t approaches
zero:

h ¼ qe
2
3 k ð16Þ

where k (mg 3 g
�1

3min
�1) is the adsorption rate constant of pseu-

dosecond order; h is the initial adsorption rate (mg 3 g
�1

3min
�1);

qt is the amount of SO4
2� adsorbed at time t; qe is the amount of

SO4
2� adsorbed at equilibrium; Kpfo is the constant in pseudofirst-

order; kp is the intraparticle diffusion rate constant; C is the
constant in the intraparticle diffusion model, which is propor-
tional to the boundary layer thickness. In intraparticle diffusion
equation, if the plot of qt versus t

0.5 is linear and it passes through
the origin, then the intraparticle diffusion would be the sole rate-
limiting process.
The rate parameters k and qe can be directly obtained from the

intercept and slope of the plot of t/qt against t. The values of k and
h of different temperatures are listed in Table 4. A good correla-
tion coefficient (R2pso) was obtained for the pseudosecond-order
kinetic model, which indicated that SO4

2� adsorption onto SMP
followed the pseudosecond-order rate expression. The values of
the pseudosecond-order rate constant k were found to increase
from (0.08 to 2.42) mg 3 g

�1
3min�1 with an increase in tempera-

ture from (308 to 348) K, which meant that the adsorption
rate increased with the increase of temperature. Meanwhile,
the amount of SO4

2� adsorbed at equilibrium decreased from
(3.35 to 2.12) mg 3 g

�1 with the temperature increase.
The correlation coefficient (Rd

2) of intraparticle diffusion
model in this study indicated the adsorption of sulfate ions onto
SMP did not follow the intraparticle diffusion kinetics. However,
the plot of qt versus t0.5 can be divided into a multilinearity
correlation. Take the plot at 308 K, for example; Figure 6 showed
that three stages occurred during the adsorption process. For the
first sharp stage, that is, from (0 to 1) min, sulfate ions were
transported to the external surface through film diffusion, and
kp = 2.1 mg 3 g

�1
3min

�0.5 illustrated the process was very fast.
The second stage was the gradual adsorption stage where
intraparticle diffusion was rate-limiting, kp = 0.15 mg 3 g

�1
3

min�0.5. The third stage was the final equilibrium stage where
the intraparticle diffusion started to slow down due to the
extremely low solute concentration in solution.

4. CONCLUSIONS

This study was focused on palygorskite, which was used
to adsorb sulfate ions after modification by the surfactant
OTMAC. The characteristic analysis indicated that OTMAC
had successfully grafted on palygorskite. Compared with natural
palygorskite and acid-activated palygorskite, SMP was more
effective than others. It is, therefore, possible to be used in the
treatment of SO4

2� solution. The operating parameters such as
SMP addition, pH of initial suspension, and contact time were
effective on the adsorption efficiency of sulfate ions. The
equilibrium studies showed that the adsorption took place on
both homogeneous and heterogeneous sites, and the maximum
adsorption capacity was 3.24 mg 3 g

�1. The adsorption kinetics
demonstrated that the adsorption process of SO4

2� onto SMP
closely followed a pseudosecond-order kinetic model, and the
intraparticle diffusion model showed that film diffusion and
intraparticle diffusion simultaneously operated in the adsorption
process. On the basis of the research, the force between sulfate
ions and SMP was van der Waals interaction. It is concluded that
SMP is an effective and alternative adsorbent for the removal of
sulfate ions in terms of natural and abundant availability and
low cost.
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Table 4. Kinetic Parameters of the Adsorption Process

pseudosecond-order kinetic model intraparticle diffusion model pseudofirst-order kinetics

T qe k h kp Kpfo

K mg 3 g
�1 mg 3 g

�1
3min

�1 mg 3 g
�1

3min
�1 R2pso mg 3 g

�1
3min�0.5 C Rp

2 min�1 R2pfo

308 3.35 0.08 0.94 0.99 0.07 2.27 0.83 �0.011 0.89

328 2.48 1.01 6.21 0.99 0.03 2.05 0.55 �0.006 0.09

348 2.12 2.42 10.83 0.99 0.02 1.83 0.39 �0.007 0.33

Figure 6. Intraparticle diffusion plots for the adsorption of sulfate ions
onto SMP at 308 K.
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