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ABSTRACT

In this study, Na-attapulgite (Na-APT) was modified with octadecyl trimethyl ammonium
chloride (OTMAC), sodium dodecyl sulfate (SDS), and the mixture of OTMAC and SDS
using microwave-assisted technique. The prepared organo-attapulgites were characterized
in detail. The combined analysis of characterizations indicated that surfactants were success-
fully introduced on the surfaces of attapulgite. A batch technique was adopted to investi-
gate the removal efficiency of organo-attapulgites toward 1-naphthol under environmental
conditions. The results showed that pseudo-second-order model and intraparticle diffusion
model simulated the adsorption kinetic data better than that of pseudo-first-order model.
The adsorption of 1-naphthol by organo-attapulgites fit reasonably well to Langmuir,
Freundlich, and linear isothermal models. The negative values of ΔG˚ and ΔH˚ obtained
from thermodynamic study indicated the spontaneous and exothermic nature of 1-naphthol
adsorption on Na-APT and organo-attapulgites. Based on the experimental results, it could
be deduced that the mechanism of 1-naphthol removal was a combination of surface
adsorption and partitioning mechanism. The maximum adsorption capacity of organo-atta-
pulgites for 1-naphthol was in the sequence of OTMAC/SDS-APT > OTMAC-APT > SDS-
APT, which suggested that OTMAC/SDS-APT could be potentially used as a cost-effective
material for the purification of actual organic contaminants-bearing effluents.

Keywords: Organo-attapulgite; 1-naphthol; Adsorption; Microwave-assisted technique;
Removal mechanism

1. Introduction

Widespread contamination of surface water and
groundwater with synthetic aromatic compounds is
one of the most serious environmental problems that

we encountered recently [1]. 1-naphthol, often dis-
charged from industries related with medicine, dye-
stuff, photograph, and agrochemical industries [2,3], is
of particular concern due to its acute toxicity, low
biodegradation, and negative environmental impacts.
Various technologies have been used for the removal
of organic pollutants from aqueous solutions,
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including adsorption [4–6], oxidative degradation
[7,8], photolysis [9], and biodegradation [10]. Among
those technologies, adsorption is the most eco-friendly
and economical method, which has been widely
employed for the removal of organic pollutants from
aqueous solutions [11]. Carbonaceous adsorbents, such
as activated carbon [12], multiwalled carbon nan-
otubes (MWCNTs) [13], and graphene [14] have been
investigated to decontaminate organic pollutants from
aqueous solutions, and the experimental results
demonstrate that carbonaceous adsorbents possess
high adsorption capacities. However, carbonaceous
adsorbents suffer from high cost, which restricts their
applications in wastewater treatment.

Attapulgite is a hydrated magnesium silicate,
which exists in nature as a fibrous clay mineral with a
structure consisting of parallel ribbons of 2:1 layers. It
has a rough surface, resulting in a relatively high sur-
face area and moderate cation exchange capacity
(CEC) [15]. The isomorphous substitutions of Al3+ for
Si4+ in the tetrahedral layer result in a net negative
surface charge on the clay. It is shown that attapulgite
is applicable for the removal of a number of inorganic
and organic pollutants from wastewater, including
heavy metals [16], radionuclides [17], and dyestuffs
[18]. Because the surface of attapulgite is hydrophilic
in nature, thus, the surface of attapulgite is expected
to have little affinity toward other hydrophobic
organic pollutants such as ionizable and non-ionizable
organic pollutants. However, the surface properties of
attapulgite can be greatly modified with surfactants,
so that the attapulgite can be hydrophobic and better
retain organic pollutants [19–21]. Surfactants have
complex effects on the behavior of other contaminants
by solubilization, catalysis, and interfere in the
removal processes of insoluble/soluble substances
[22]. Tan et al. have studied counterion effects of
nickel and sodium dodecylbenzene sulfonate adsorp-
tion to MWCNTs in aqueous solution and revealed
that the adsorbed SDBS on MWCNTs could lead to
the modification of the MWCNT surfaces and partial
complexation of nickel with SDBS adsorbed on
MWCNTs [23]. Similar observation could be also
found on the effect of surfactants on Pb(II) adsorption
from aqueous solutions using MWCNTs [24].

Up to now, researches on the organic modification
of attapulgite mainly focus on attapulgite modified
by the alkyl quaternary ammonium cationic
surfactant such as dodecyltrimethylammonium and
cetyltrimethylammonium, since cationic surfactant is
easy to be adsorbed on the surfaces of clay, thus the
surface properties of attapulgite can be changed obvi-
ously [25]. However, anionic surfactant is difficult to
be adsorbed on the clay surfaces which due to its

negative charge. Interestingly, Zhu and Chen [26] have
adopted the mixture of cationic surfactant and anionic
surfactant to modify the surface properties of ben-
tonite, another common clay mineral, and they found
that the mixture of anionic and cationic surfactants
could form mixed micelles, which could produce syn-
ergies solubilization to organic compounds. According
to our literature survey, few researches focus on the
modification of attapulgite using anionic and cationic
surfactants simultaneously [27], and there is little
information available in the literature about the com-
parison of 1-naphthol adsorption on organo-atta-
pulgites modified with different surfactants, such as
octadecyl trimethyl ammonium chloride (OTMAC),
sodium dodecyl sulfate (SDS), and the mixture of
OTMAC and SDS.

In our present work, Na-attapulgite (Na-APT) was
modified with OTMAC, SDS, and the mixture of
OTMAC and SDS, respectively. Microwave-assisted
technique was used to prepare the organo-attapulgites.
Compared with the conventional methods, such as
conventional stirring treatment [28], the microwave-as-
sisted technique is a more environmentally friendly
and highly efficient method with the advantages of
rapid volumetric heating, high reaction rate, short
reaction time, enhanced reaction selectivity, and
energy saving [29]. The prepared organo-attapulgites
were characterized by a combined analysis of elemen-
tal analysis, X-ray powder diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR), scanning elec-
tron microscopy (SEM), N2 adsorption-desorption, and
zeta potential measurement. Then the organo-atta-
pulgites were employed for the removal of 1-naphthol
from aqueous solutions. The adsorption equilibrium,
kinetics, and thermodynamics were investigated in
detail. This work aimed at adsorption comparison for
1-naphthol among Na-APT and three different
organo-attapulgites, and further discussions about the
corresponding mechanisms of 1-naphthol removal
from aqueous solutions were involved in the process.

2. Materials and methods

2.1. Materials

SDS, OTMAC, 1-naphthol, and other chemical
reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd., (Shanghai, China) in analytical pur-
ity and used directly without any further purification.
SDS and OTMAC were used as the anionic and catio-
nic surfactants to modify the attapulgite surface. All
the reagents were prepared with deionized water.
1-naphthol was used as an adsorbate and its selected
properties were listed in Table 1. The sample of

Y. Tai et al. / Desalination and Water Treatment 57 (2016) 12118–12134 12119



natural attapulgite was obtained from Xuyi county
(Jiangsu, China). The natural attapulgite is not pure
and contains some components as non-attapulgite
fractions, which involves quartz and montmorillonite,
as well as other metal oxides (Table 2). It was milled
through a 200-mesh screen and dried in an oven at
105˚C for 2 h prior to its use in the experiments.

2.2. Preparation of organo-attapulgites

The natural attapulgite was treated with
1.0 mol L−1 HCl for 12 h to prepare acid-activated atta-
pulgite. Then the resulting acid-activated attapulgite
was washed by deionized water to neutral pH. The
Na-APT was prepared by stirring acid-activated atta-
pulgite for 24 h with a 1.0 mol L−1 aqueous solution of
NaCl. Excess NaCl and other exchangeable cations
were removed from the exchanged attapulgite by fil-
tering, and it was washed with deionized water until
chloride could not be detected using 0.1 mol L−1

AgNO3. Then Na-APT was dried at 105˚C for 2 h to
eliminate the free water and used to prepare organo-
attapulgites. Na-APT was characterized with respect
to its CEC using an ethylenediamine complex of Cu
[30], and the CEC of Na-APT was found as
0.385 mmol g−1, higher than that of natural APT
(0.278 mmol g−1).

OTMAC-attapulgite (OTMAC-APT): 2% Na-APT
suspension was pretreated by ultrasonic wave to
improve the dispersion of Na-APT. The OTMAC was
added into the suspension until the ratio of OTMAC/
Na-APT was 0.77 mmol g−1. The mixture was

transferred to a microwave reactor, which was
equipped with the magnetic stirring system. Then the
mixture was stirred and irradiated by microwave at
800 W for 5 min. The final attapulgite was separated
from water by vacuum filtration and washed with
deionized water for several times until chloride could
not be detected using 0.1 mol L−1 AgNO3. The sample
was dried at 80˚C for 4 h and sieved through a
200-mesh screen.

SDS-attapulgite (SDS-APT): SDS was added into
2% Na-APT suspension until the ratio of SDS/Na-APT
was 0.77 mmol g−1. The solution pH was adjusted to
1.0 with 0.1 mol L−1 HCl. The reason why the solution
pH was adjusted to pH ~1.0 for SDS-APT is to keep
the grafted SDS on the surface of attapulgite more
stable. Similar method could be seen in the prepara-
tion of SDS-montmorillonites [31]. Then the mixture
was placed into a microwave reactor. The mixture
was stirred and irradiated by microwave at 800 W for
5 min. The final attapulgite was separated from water
by vacuum filtration and washed with deionized
water for several times. The sample was dried at 80˚C
for 4 h and milled through a 200-mesh screen.

OTMAC/SDS-APT: OTMAC and SDS were added
into 2% Na-APT suspension simultaneously. The ratios
of OTMAC/Na-APT and SDS/Na-ATP were 0.77 and
0.385 mmol g−1, respectively. The mixture was put into
a microwave reactor and irradiated at 800 W for 5 min.
Then the mixture was separated from water by vac-
uum filtration and washed with deionized water for
several times. The sample was dried at 80˚C for 4 h
and milled through a 200-mesh screen.

Table 1
Chemical structure and selected properties of 1-naphthol applied in this studya

Chemical structure M S Kow BP MP pKa

1-naphthol
OH

144.17 866 501 555 328 9.34

Notes: M: molecular weight, g mol−1; S: aqueous solubility, mg L−1; Kow: octanol–water partition coefficient; BP and MP are boiling and

melting point temperature (unit is K), respectively; pKa: acid dissociation constant.
aRef. [13].

Table 2
Chemical composition of natural attapulgite

Component MgO Al2O3 SiO2 Fe2O3 K2O CaO Na2O TiO2 MnO

Content (%) 8.66 16.98 62.55 5.83 1.64 1.52 0.35 0.64 0.40
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2.3. Material characterization

The elemental analysis (Vario EL III Elemental
Analyzer, Germany) was performed to determine the
contents of C, N, and S in organo-attapulgites. XRD
was performed on a Rigaku D/Max diffractometer
with Cu Kα radiation (λ = 0.15418 nm). The diffracted
intensities were recorded from 3 to 70 2θ-angles and
the XRD device was operated at 40 kV and 100 mA.
FT-IR was carried out on FT-IR spectrophotometer
(Nicolet 67), using the KBr disk method. The morphol-
ogy and size of the samples were studied with a field
emission scanner (FE-SEM, JEOL JSM-6700F). N2

adsorption–desorption isotherms (at 77.3 K) were
obtained using a Tristar II 3020 automatic surface area
and pore analyzer. The adsorption data were then
employed to determine surface area using the Bru-
nauer, Emmett, and Teller (BET). Zeta potentials of
organo-attapulgites in solid/water suspensions were
measured using a Zeta potential analyzer (Zetasizer
Nano ZS90, Malvern Co., UK).

2.4. Removal of 1-naphthol by adsorption

The adsorption experiments were carried out
under ambient conditions using batch technique in
10 mL glass centrifuge tubes and conducted with alu-
minum foil-lined Teflon screw caps to prevent
degradation of 1-naphthol during adsorption experi-
ments. The stock suspensions of 1-naphthol solution,
NaCl solution, and adsorbents were added into the
glass centrifuge tubes to achieve the desired concen-
trations of different components. The pH of the mixed
suspensions were adjusted to achieve the desired
values by adding negligible volumes of 0.01 or
0.1 mol L−1 HCl or NaOH. The concentration of back-
ground electrolyte (NaCl) in each glass centrifuge tube
was 0.01 mol L−1. For adsorption kinetic study experi-
ments, the contact time was in the range of 1–120 min
and the pH was chose to 6.5 ± 0.1. For the pH effect
experiments, the initial concentration of 1-naphthol
was 50 mg L−1 and the initial pH were set over a
range of 2–11. For adsorption isotherm experiments,
the range of 1-naphthol concentration was 10–
150 mg L−1 and the initial pH of the suspensions were
adjusted to 6.5 ± 0.1. Prior to initialing an adsorption
experiment, a certain amount of adsorbents was trans-
ferred to a glass centrifuge tube to obtain a solid con-
tent of 2.0 g L−1. The centrifuge tubes were
equilibrated for 120 min in a reciprocating shaker at
150 rpm. After reaching adsorption equilibrium, the
glass centrifuge tubes were centrifuged at 9,000 rpm
for 30 min to separate the solid from the liquid
phases. The supernatant was filtered through 0.45 μm

cellulose acetate membrane filter and analyzed to
determine the concentration of 1-naphthol by UV–vis
spectrophotometer, which was operated at the wave-
length of 290 nm. The detection limit using this proto-
col was approximately 0.05 mg L−1.

The amounts of 1-naphthol adsorbed by Na-APT
and organo-attapulgites were calculated from the dif-
ference between the initial and equilibrium solution
concentrations; solid-phase loading of 1-naphthol, qe
(mg g−1) was calculated from the mass balance: qe = V
(C0 − Ce)/m, where C0 and Ce are the initial concentra-
tion and equilibrium concentration (mg L−1), respec-
tively, and m is the added dose of adsorbent (mg), V
is the volume of the suspension (mL). The distribution
coefficient (Kd (mL g−1) = (C0 − Ce) × V/(Ce × m)) were
also calculated from the difference between Ce and C0.
All experimental data were the averages of duplicate
or triplicate experiments. The relative errors of the
data were about 5%.

2.5. Data analysis

2.5.1. Kinetic study

For kinetic study, three common kinetic models
including (1) intraparticle diffusion model, (2) pseudo-
first-order model, and (3) pseudo-second-order model
have been tested for goodness of fit for the experimen-
tal data using the correlation coefficient (R2) as a mea-
sure of the agreement between the experimental data
and the three proposed models. Each of the models is
briefly discussed below.

The intraparticle diffusion model was used to
study the rate of adsorbate adsorption onto
adsorbents, and it could be expressed as Eq. (1) [32]:

qt ¼ kit
0:5 þ C (1)

where t (min) is the contact time, qt (mg g−1) is the
amount of adsorbate adsorbed on adsorbents at time t,
C (mg g−1) is a constant, and ki (mg g−1 min−0.5) is the
diffusion rate constant which is obtained from the
slope of plot of qt versus t0.5.

The pseudo-first-order model can be written as Eq.
(2) [33]:

dqt
dt

¼ kðqe � qtÞ (2)

After integration, the linear form of Eq. (2) becomes:

lnðqe � qtÞ ¼ ln qe � kt (3)
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where qe (mg g−1) is the amount of adsorbate
adsorbed on adsorbents at the equilibrium time, k
(min−1) is the rate constant of the pseudo-first-order
adsorption.

The pseudo-second-order model consists of all the
steps of adsorption including external film diffusion,
adsorption, and internal particle diffusion, which can
be written as Eq. (4) [34]:

t

qt
¼ 1

Kq2e
þ 1

qe
t (4)

where K (g mg−1 min−1) is the pseudo-second-order
rate constant. The values of K and qe can be calculated
by plotting t/qt versus t and extracting information
from the least-squares analysis of slope and intercept
and substituting into Eq. (4).

2.5.2. Isotherm modeling

Three well-known adsorption models, Langmuir,
Freundlich, and linear models were employed to
simulate the adsorption isotherms.

The Langmuir isotherm model is commonly used
to describe the monolayer adsorption process onto
surfaces. Its form can be expressed by the following
equation (Eq. (5)) [35]:

qe ¼ KLqmCe

1þ KLCe
(5)

Eq. (5) can be expressed in linear form:

Ce=qe ¼ 1=KLqm þ Ce=qm (6)

where qm (mg g−1), the maximum adsorption capacity,
is the amount of adsorbate at complete monolayer
coverage, qe (mg g−1) is the equilibrium adsorption
capacity, and KL (L mg−1) is the Langmuir constant
that relates to the heat of adsorption process.

The Freundlich isotherm model allows for several
kinds of adsorption sites on the solid and represents
properly the adsorption data at low and intermediate
concentrations on heterogeneous surfaces. The model
can be represented by the following equation (Eq. (7))
[36]:

qe ¼ kFC
n
e (7)

Eq. (7) can be expressed in linear form:

log qe ¼ log kF þ n logCe (8)

where kF (mg1–n Ln g−1) represents the adsorption
capacity when the equilibrium concentration of adsor-
bate is equal to 1, and n represents the degree of
dependence of adsorption with equilibrium concentra-
tion.

The linear form of the linear isotherm model can
be presented as Eq. (9):

qe ¼ KPCe þ b (9)

where qe (mg g−1) is the mass of solute adsorbed per
unit mass of adsorbent, Ce (mg L−1) is the equilibrium
aqueous-phase solute concentration, KP (L g−1) is the
partition coefficient, and b is a constant.

2.5.3. Thermodynamic study

The thermodynamic parameters (ΔH˚, ΔS˚, and
ΔG˚) for adsorbate adsorption on adsorbents can be
obtained from the temperature-dependent data. The
free energy change (ΔG˚) is calculated by Eq. (10):

DG� ¼ �RT lnK0 (10)

where K0 is the sorption equilibrium constant. Values
of ln K0 are obtained by plotting ln Kd versus Ce and
extrapolating Ce to 0 (Kd is the distribution coefficient)
[37]. Its intercept with vertical axis gives the value of
ln K0. Standard entropy change (ΔS˚) and average
standard enthalpy change (ΔH˚) can be calculated
from the slope and intercept of the plot of ln K0 versus
1/T using the following equation (Eq. (11)):

lnK� ¼ DS�

R
� DH0

RT
(11)

where R (8.314 J mol−1 K−1) is the ideal gas constant
and T (K) is the temperature in Kelvin.

3. Results and discussion

3.1. Characterization of organo-attapulgites

The elemental analysis results of C, N, and S con-
tents for Na-APT, SDS-APT, OTMAC-APT, and
OTMAC/SDS-APT are presented in Table 3. It can be
found that the C content of Na-APT is 0.25%, which is
close to zero, suggesting that the organic carbon is
virtually nonexistent. The C contents of the four stud-
ied samples increase obviously after modification with
OTMAC, SDS, and the mixture of OTMAC and SDS.
The C content of SDS-APT (4.24%) is much lower than
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that of OTMAC-APT (13.88%), suggesting that the SDS
molecules are more difficult to be adsorbed on the sur-
face of attapulgite, compared to OTMAC molecules, as
the negatively charged SDS has an electrostatic repul-
sion effect to the negatively charged surface of atta-
pulgite. It is of interest to note that the C content of
OTMAC/SDS-APT (14.56%) is higher than that of
OTMAC-APT (13.88%). The result suggests that the
loading of SDS and synergistic effect between anionic
and cationic surfactants make a contribution on the
increase in C content of OTMAC/SDS-APT [38]. More-
over, the ratios of C/N for OTMAC-APT and C/S for
SDS-APT from elemental analysis results are 17.57 and
4.76, respectively, which are very close to the theoreti-
cal values of C/N and C/S. From the N and S contents
for SDS-APT, OTMAC-APT, and OTMAC/SDS-APT in
Table 2, one can figure out the grafting efficiencies of
OTMAC/SDS on the three different samples. Com-
pared with the added surfactants, the grafting efficien-
cies of OTMAC/SDS on SDS-APT, OTMAC-APT, and
OTMAC/SDS-APT are 39.2, 86.3, and 71.8%/51.6%,
respectively. From the results, it can be found that the
grafting efficiency of SDS on SDS-APT is obviously
lower than that of OTMAC on OTMAC-APT. The rea-
son is that the grafted SDS in SDS-APT is less stable
than OTMAC in OTMAC-APT at neutral pH [31].
These results confirm that the modification of atta-
pulgite with OTMAC and SDS are accomplished.

The XRD patterns of Na-APT, SDS-APT, OTMAC-
APT, and OTMAC/SDS-APT are presented in Fig. 1.
It can be observed that attapulgite is the main compo-
nent phase in the clay used in this study, with appre-
ciable amounts of montmorillonite and quartz. The
characteristic d-spacing corresponding to (1 1 0),
(0 4 0), and (1 6 1) reflections of Na-APT are about
10.5, 4.5, and 2.5 Å, respectively. After organic modi-
fication with OTMAC, SDS, and the mixture of
OTMAC and SDS, all of the above d-spacing values
for the attapulgite almost have no change, indicating
that the surfactant molecules are only adsorbed on the
surface of attapulgite fibers [39,40].

The FT-IR spectra of Na-APT, SDS-APT, OTMAC-
APT, and OTMAC/SDS-APT are shown in Fig. 2. In

the FT-IR spectrum of Na-APT, the peaks at 3,620,
3,560, and 3,425 cm−1 correspond to the stretching
vibrations of hydroxyl groups in Al–OH, Fe–OH, and
zeolitic water, respectively. The peak at 1,655 cm−1 is
associated with –OH bending vibration of zeolitic
water. The peaks at 1,018 and 475 cm−1 are attributed
to Si–O–Si bonds, the peak at 800 cm−1 may be corre-
sponding to the stretching vibration of Al–O–Si [41].
The characteristic peaks appearing around 3,000–
2,800 cm−1, due to symmetric and asymmetric stretch-
ing of –CH2 group of organic molecules [42], are
observed in the FT-IR spectra of three organo-atta-
pulgites. However, they cannot be found in the spec-
trum of Na-APT. The results indicate that Na-APT has
been modified by surfactants and the surface proper-
ties of Na-APT have been changed evidently.

The SEM images of Na-APT, SDS-APT, OTMAC-
APT, and OTMAC/SDS-APT are shown in Fig. 3. It
can be observed that Na-APT (Fig. 3(A)) presents in
the form of dispersive fibers with a high length-di-
ameter ratio. But for the three organo-attapulgites,
they present in the form of fiber aggregates and the
surfaces of them become rough which are due to the
fibers that are bound together by surfactant molecules.

Table 3
C, N, and S contents of the organo-attapulgites

Sample C (%) N (%) S (%) C/N(S) C/N(S)the

Na-APT 0.25 – – – –
SDS-APT 4.24 – 0.89 4.76 4.49
OTMAC-APT 13.88 0.79 – 17.57 17.99
OTMAC/SDS-APT 14.56 0.67 0.55 21.73 (26.47) –

Note: C/N(S)the: theoretical value of C/N or C/S.
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The surfactant molecules coating on the surfaces of
organo-attapulgites can provide hydrophobic surfaces,
which can improve the affinity for hydrophobic
organic pollutants.

Fig. 4 shows the N2 adsorption–desorption iso-
therms of Na-APT, SDS-APT, OTMAC-APT, and
OTMAC/SDS-APT. As can be seen, the isotherms of
the four samples are similar and belong to typical type

II in the IUPAC classification [43]. Results for the
textural properties are given in Table 4. Compared
with Na-APT, the BET surface areas of three organo-
attapulgites decrease to different extent. This is attrib-
uted to the formation of packed aggregates, which
caused by interparticle hydrophobic interactions, and
the aggregated structure can be observed by SEM (see
Fig. 3). The total pore volumes of the three organo-
attapulgites increase due to the formation of a new
void in the aggregates. In addition, the pore volumes
do not increase proportionally with surface areas
which might result in the increase in average pore
diameters [28].

The zeta potential can reflect the surface charge
properties and electrokinetic properties of solid fine
particles in an aqueous solution. As depicted in Fig. 5,
the zeta potentials of Na-APT, SDS-APT, OTMAC-
APT, and OTMAC/SDS-APT were observed over the
pH range of 1.0–11.0, and the pHpzc (point of zero
charge) of the four samples were determined by plot-
ting zeta potential values of particulate suspension
(2.0 g L−1) versus pH. The zeta potential values of
OTMAC-APT at the whole pH range are positive,
indicating that there are amounts of positively charged
cations coating on the surface of Na-APT. The con-
stantly negative charged value of SDS-APT can be
explained by surface modification of SDS as an anionic
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Fig. 2. FT-IR spectra of Na-APT, SDS-APT, OTMAC-APT,
and OTMAC/SDS-APT.

Fig. 3. SEM images of Na-APT (A), SDS-APT (B), OTMAC-APT (C), and OTMAC/SDS-APT (D).
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surfactant, which supplies sulfo group. In the pH
range of 1.0–11.0, it can be found that only the pHpzc

of Na-APT and OTMAC/SDS-APT can be determined,
and the pHpzc of Na-APT and OTMAC/SDS-APT are
about 4.5 and 8.0, respectively. The zeta potential val-
ues of OTMAC/SDS-APT are always lower than that
of OTMAC-APT at the whole pH range. This could be
related to the neutralization of SDS, which is nega-
tively charged.

3.2. Effect of initial pH

Solution pH is an important parameter in control-
ling adsorption process. Fig. 6 shows the effect of ini-
tial pH on the adsorption of 1-naphthol on Na-APT,
SDS-APT, OTMAC-APT, and OTMAC/SDS-APT.
From Fig. 6, it can be observed that the adsorptions of
1-naphthol on the four adsorbents have no significant
variations and maintain a high level at the pH range
of 2–8 and decrease gradually at pH >8. This decre-
ment in adsorption due to changes of initial pH,
which can be attributed to both the surface charge

behavior of adsorbents and the dissociation chemistry
of 1-naphthol changed with initial pH [42].

For attapulgite, the Si–OH and Al–OH groups
existing on its external surface are subjected to pro-
tonation or deprotonation depending on pH values. In
the pH range of 2–11, the Si–OH and Al–OH groups
should have a protonation–deprotonation transition,
and it appears that such a transition has a significant
effect on the adsorptive affinity of attapulgite toward
1-naphthol. At low pH value, the main species of
1-naphthol is neutral nondissociated molecule, while
dissociated anion is the main existing species of
1-naphthol at high pH. At high pH, the surfaces of
adsorbents can be negatively charged or less positively
charged, which can be demonstrated from the zeta
potentials of four samples (see Fig. 5). Meanwhile,
1-naphthol can be dissociated to anions when
pH > pKa (9.34) [13]. In this way, the electronic repul-
sion force between the dissociated species of adsorbate
and negatively charged adsorbents will result in an
adsorption decrease [44]. Sarkar et al. [42] have
investigated the effect of pH on adsorption of
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Fig. 4. N2 adsorption–desorption isothermal curves of
Na-APT, SDS-APT, OTMAC-APT, and OTMAC/SDS-APT.

Table 4
Textural characteristics of Na-APT, SDS-APT, OTMAC-APT, and OTMAC/SDS-APT

Sample BET surface area (m2 g−1) Pore volume (cm3 g−1) Average pore diameter (nm)a

Na-APT 185.86 0.32 6.89
SDS-APT 125.25 0.33 10.54
OTMAC-APT 99.62 0.42 16.86
OTMAC/SDS-APT 78.39 0.39 19.90

aAverage pore diameter calculated using the relationship 4 × pore volume/BET surface area.
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organopalygorskites for p-nitrophenol and similar
observation was also found.

3.3. Adsorption kinetics

Fig. 7 demonstrates the adsorption kinetics of
1-naphthol on Na-APT, SDS-APT, OTMAC-APT, and
OTMAC/SDS-APT. The plots represent the adsorbed
1-naphthol on the four adsorbents versus time at an
initial concentration of 50 mg L−1. It can be seen that
the adsorption of 1-naphthol on the four adsorbents
increase rapidly at the first 10 min of contact time,
and then slow down gradually, reach equilibrium at
around 60 min, beyond which no significant increase
in adsorption can be found.

Three kinetic models, pseudo-first-order model,
pseudo-second-order model, and intraparticle diffu-
sion model were applied to simulate the experimental
data. According to Eqs. (1), (3), and (4), the linear
forms of three kinetic models are shown in Fig. 8 and
the corresponding parameters of each kinetic model
are presented in Table 5. Based on Fig. 8(A) and
Table 5, it can be concluded that the correlation coeffi-
cients of the pseudo-second-order equation for 1-naph-
thol are very close to 1 (>0.995) and greater than that
of other two kinetic models, which indicates that the
kinetic adsorption of 1-naphthol on the four adsor-
bents can be well described by the pseudo-second-
order model.

For intraparticle diffusion model, the values of ki
and C can be calculated from the slope of the plots of
qt versus t0.5 (Eq. (1)). Fig. 8(B) shows that plots of qt
against t0.5 consist of two separate linear regions. It
can be seen that the correlation coefficients for intra-
particle diffusion model are all above 0.94, indicating
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that intraparticle diffusion model can also simulate the
adsorption of 1-naphthol on the four adsorbents well.
The values of intercept show some information about
the boundary layer thickness, i.e. the larger the inter-
cept, the greater the boundary layer effect [45]. From
Table 5, it can be seen that the values of C are not zero
but large values, and the value of C decreases in the
order of OTMAC/SDS-APT > OTMAC-APT > SDS-
APT > Na-APT. The two separate linear fitting of
intraparticle diffusion model also indicates that the
kinetics are of typical characteristics of two-step rate
control, i.e. at the first stage, the external surface
adsorption sites of adsorbents are occupied quickly by
1-naphthol owing to hydrophobic interaction; when
the adsorption sites of adsorbents are wholly occu-
pied, the boundary layer diffusion may be the rate-
limiting step in the adsorption process for the four
adsorbents [46].

Compared with intraparticle diffusion model,
pseudo-second-order model, pseudo-first-order model
seems to be the worst fitting result from the correla-
tion coefficients listed in Table 5. The rate constant (k1)
and equilibrium adsorption capacity (qe) of 1-naphthol
adsorption by different adsorbents are calculated from
the linear plots of ln(qe − qt) versus t (figure not
shown) and also listed in Table 5. An obvious differ-
ence of equilibrium adsorption capacity (qe) between
the experiment and calculation can be found, which
suggests a poor pseudo-first-order fit to the experi-
mental data.

3.4. Equilibrium isotherms

The equilibrium isotherm of adsorption is the most
important information, which describes how adsorbate
molecules are distributed between the liquid phase
and solid phase when the adsorption process reaches
equilibrium. Fig. 9 shows the adsorption isotherms of
1-naphthol on Na-APT, SDS-APT, OTMAC-APT, and
OTMAC/SDS-APT at three different temperatures,
respectively. It can be found that the values of qe are
the lowest at T = 338 K and the highest at T = 298 K

for four adsorbents, which indicates that the adsorp-
tion of 1-naphthol on four adsorbents are enhanced
with decreasing temperature.

Langmuir, Freundlich, and linear models were
employed to simulate the adsorption isotherms, and
the fitting curves are also shown in Fig. 9. According
to Eqs. (6), (8), and (9), the fitting parameters derived
from the Langmuir, Freundlich, and linear isotherm
models are listed in Tables 6–8. From the fitting curves
shown in Fig. 9 and the correlation coefficients listed
in Tables 6–8, it can be seen that linear model can
simulate the experimental data of 1-naphthol adsorp-
tion on SDS-APT at three different temperatures best
among the three models, while the Langmuir and
Freundlich models can simulate the experimental data
of 1-naphthol adsorption on Na-APT, OTMAC-APT,
and OTMAC/SDS-APT better than linear model. The
difference of fitting results among four different adsor-
bents reveals the different adsorption mechanisms. To
the best of our knowledge, there are two adsorption
mechanisms, i.e. adsorption and partition, associated
with the interfacial behavior of organic compounds in
the system of organo-attapulgite/water [26]. The linear
and Langmuir type of isotherms are assigned to
describe the contribution by partition and adsorption,
respectively. The linear model simulates the experi-
mental data of 1-naphthol adsorption on SDS-APT
well, suggesting that the adsorption of 1-naphthol on
SDS-APT is a linear adsorption process, and the con-
tribution of partition is obviously more than that of
adsorption. In contrast to SDS-APT, the adsorption of
1-naphthol on Na-APT, OTMAC-APT, and OTMAC/
SDS-APT can be simulated well by Langmuir and
Freundlich models, indicating that the adsorption is
the dominated effect during the process, and all three
adsorbents are covered by a monolayer of 1-naphthol
molecules and the surfaces of three adsorbents are
heterogeneous. It is worth to note that the correlation
coefficients of OTMAC/SDS-APT for three models are
very close to one another, revealing that the removal
of 1-naphthol by OTMAC/SDS-APT from aqueous
solutions is the combination of adsorption and

Table 5
Kinetic parameters for the adsorption of 1-naphthol on Na-APT, SDS-APT, OTMAC-APT, and OTMAC/SDS-APT

Adsorbents qe,exp

Pseudo-first-order
model

Pseudo-second-order
model

Intraparticle diffusion
model

k qe,cal R2 K qe,cal R2 ki C R2

Na-APT 4.25 0.09 1.75 0.891 1.15 4.27 0.999 0.605 2.82 0.951
SDS-APT 9.06 0.13 4.23 0.878 0.11 9.16 0.998 0.986 6.05 0.940
OTMAC-APT 15.90 0.11 7.98 0.895 0.23 15.96 0.999 0.852 14.14 0.963
OTMAC/SDS-APT 17.88 0.04 8.56 0.916 0.07 17.98 0.997 0.905 15.08 0.945
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partition. From the fitting results of three models, it
can be seen that the adsorption of 1-naphthol by
organo-attapulgites fits reasonably well to Langmuir,
Freundlich, and linear isothermal models, which sug-
gests that the process is controlled by multiple mecha-
nisms.

In addition, from the experimental data shown in
Fig. 9 and Langmuir adsorption capacities (qmax) listed
in Table 6, the adsorption ability of four adsorbents
for 1-naphthol at T = 298 K is in the sequence of
OTMAC/SDS-APT (31.19 mg g−1) > OTMAC-APT
(27.09 mg g−1) > SDS-APT (21.60 mg g−1) > Na-APT
(8.70 mg g−1), which is corresponding to the sequence
of organic carbon contents of four adsorbents (see
Table 3). The results suggest that the organic carbon
content has a significant influence on the adsorption
ability of four adsorbents toward 1-naphthol. To the
best of our knowledge, the surface of attapulgite is
hydrophilic, it is natural that attapulgite has little
affinity toward hydrophobic 1-naphthol. However,
when attapulgite is modified with OTMAC, SDS, and
the mixture of OTMAC and SDS, the surface of atta-
pulgite becomes hydrophobic which due to the
adsorbed surfactant phases and the hydrophobic inter-
face will have an increasing affinity toward hydropho-

bic organic compounds. Sarkar et al. [42] have studied
the adsorption of p-nitrophenol on organopaly-
gorskites, and they found that the adsorption capaci-
ties of palygorskites can be greatly improved after
modification with dimethyldioctadecylammonium bro-
mide and cetylpyridinium chloride.

In order to verify the feasibility of using OTMAC/
SDS-APT as a potential adsorbent for organic
wastewater disposal, a comparison of Langmuir
adsorption capacity (qmax) of OTMAC/SDS-APT
(qmax = 31.19 mg g−1 for 1-naphthol) studied in this
work with that of other common adsorbents such as
oxidized MWCNTs (qmax = 30.58 mg g−1 for 1-naph-
thol) [13], XC-72 carbon (qmax = 83.54 mg g−1 for
1-naphthol) [47], and graphene nanosheets
(qmax = 331.59 mg g−1 for 1-naphthol) [14]. Although
XC-72 carbon and graphene nanosheets have higher
adsorption capacities for 1-naphthol, XC-72 carbon
and graphene nanosheets are not able to support wide
application because of their high raw material cost or
high synthetic cost, as well as its potential ecological
toxicity. In contrast, OTMAC/SDS-APT can be easily
synthesized by a simple preparation method and has
high adsorption capacity for 1-naphthol, no less than
oxidized MWCNTs.

Fig. 9. Adsorption isotherms of 1-naphthol on Na-APT (A), SDS-APT (B), OTMAC-APT (C), and OTMAC/SDS-APT (D)
at three different temperatures. Symbols denote experimental data, thick solid lines represent the model fitting of Lang-
muir equation, dotted lines represent the model fitting of Freundlich equation, and thin solid lines represent the model
fitting of linear equation.
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3.5. Adsorption thermodynamics

In order to gain insight into the possible mecha-
nisms involved in the removal process, the thermody-
namic parameters (ΔH0, ΔS0, and ΔG0) were calculated
from the adsorption isotherms of 1-naphthol on Na-
APT, SDS-APT, OTMAC-APT, and OTMAC/SDS-APT
at three different temperatures. The distribution coeffi-
cients as a function of solute final concentration at
298, 318, and 338 K are shown in Fig. 10. The values
of adsorption equilibrium constant (ln K0) are obtained
by plotting ln Kd versus Ce and extrapolating Ce to 0,
and the intercept is the value of ln K0 (see Fig. 11).
Constants of linear fit of lnKd versus Ce for the
adsorption of 1-naphthol on Na-APT, SDS-APT,
OTMAC-APT, and OTMAC/SDS-APT are listed in
Table 9. The slope of Eq. (11) is ΔH0/R and the inter-
cept is ΔS0/R. Thermodynamic parameters calculated
from Eqs. (10) to (11) are listed in Table 10.

All the samples present negative standard free
energy changes, negative average standard enthalpy
changes, and positive standard entropy changes. The
negative standard free energy changes indicate that
the degree of freedom increases at the solid–liquid
interface during the adsorption of 1-naphthol on the
four adsorbents. 1-naphthol in solution is surrounded
by a tightly bound hydration layer where water mole-
cules are more highly ordered than in the bulk water.
When a molecule of 1-naphthol comes into close
interaction with the hydration surface of adsorbents,
the ordered water molecules in these two hydration
layers are compelled and disturbed, thus increasing
the entropy of water molecules. Although the adsorp-
tion of 1-naphthol molecules on the four adsorbents
decreases the degree of freedom of 1-naphthol mole-
cules, it seems likely that positive entropy associated
with the adsorption of 1-naphthol on the four

Table 6
The parameters for Langmuir isotherms at three different temperatures

Adsorbents

298 K 318 K 338 K

qm KL R2 qm KL R2 qm KL R2

Na-APT 8.70 0.024 0.993 7.83 0.021 0.992 7.57 0.017 0.982
SDS-APT 21.60 0.028 0.953 18.19 0.026 0.943 16.41 0.025 0.955
OTMAC-APT 27.09 0.095 0.989 24.02 0.052 0.968 23.90 0.031 0.984
OTMAC/SDS-APT 31.19 0.089 0.971 29.61 0.060 0.959 27.83 0.048 0.961

Table 7
The parameters for Freundlich isotherms at three different temperatures

Adsorbents

298 K 318 K 338 K

kF n R2 kF n R2 kF n R2

Na-APT 0.489 0.569 0.972 0.348 0.612 0.960 0.285 0.626 0.979
SDS-APT 1.780 0.490 0.974 1.566 0.471 0.974 1.277 0.488 0.963
OTMAC-APT 4.571 0.406 0.885 2.834 0.453 0.904 1.424 0.582 0.917
OTMAC/SDS-APT 7.323 0.306 0.984 5.713 0.330 0.973 4.937 0.333 0.967

Table 8
The parameters for linear isotherms at three different temperatures

Adsorbents

298 K 318 K 338 K

KP b R2 KP b R2 KP b R2

Na-APT 0.047 1.897 0.891 0.040 1.572 0.873 0.038 1.223 0.922
SDS-APT 0.133 4.987 0.989 0.103 4.336 0.986 0.090 3.767 0.972
OTMAC-APT 0.196 10.08 0.760 0.159 7.176 0.870 0.141 5.556 0.856
OTMAC/SDS-APT 0.230 11.82 0.924 0.205 9.774 0.950 0.182 8.454 0.956
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adsorbents is due to the entropy increase in water
molecules overweighing the entropy decrease in
1-naphthol molecules [13].

Negative standard free energy changes and nega-
tive average standard enthalpy changes indicate that
the adsorptions of 1-naphthol on the four adsorbents
are general spontaneous and exothermic process. The

absolute values of ΔG˚ for the four adsorbents at the
same temperature are in the sequence of OTMAC/
SDS-APT > OTMAC-APT > SDS-APT > Na-APT, indi-
cating that the adsorption process is more favorable
when the organic carbon content of the adsorbents is
higher. In the adsorption process, the values of bind-
ing energy caused by different forces are shown in
Table 11 [48]. The negative values of ΔH0 (ranging
from −15.48 to −8.35 kJ mol−1) also the physical nature
of the adsorption process, involving hydrophobic
interaction forces, van der Waal’s forces, weak forces
of electrostatic attraction, dipole bond forces, and
hydrogen bond forces [49]. Huang et al. [21] studied
the adsorption properties of OTMAC-modified atta-
pulgite for phenol, and similar results were also
reported.

3.6. Mechanisms of 1-naphthol removal

By integrating all the above-mentioned analysis
together, it can be inferred that the mechanism of
1-naphthol removal is a combination of surface
adsorption and partitioning mechanism [26]. But for
the four different adsorbents, there are some differ-
ences of 1-naphthol adsorption processes according to
differences in their active surface properties.

Fig. 10. Linear plots of ln Kd versus Ce for the adsorption of 1-naphthol on Na-APT (A), SDS-APT (B), OTMAC-APT
(C), and OTMAC/SDS-APT (D) at three different temperatures.
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Compared with other three adsorbents, the adsorp-
tion of 1-naphthol on OTMAC/SDS-APT is highest. It
is known that aluminosilicate minerals modified with
cationic surfactants and anionic surfactants such as
HDTMA and SDS can substantially enhance the
adsorption of ionizable organic solutes from aqueous
solutions, because the mixture of anionic and cationic
surfactants can form mixed micelles, which can pro-
duce synergies solubilization to organic compounds
[27]. In this work, one of the interaction mechanisms
is described as a hydrophobic partitioning process into
the organic solvent-like hydrophobic phase created by
the C-18 chain of OTMAC and C-12 chain of SDS. This
mechanism is of London-van der Waals type, and is
deemed to operate analogously as described by
Fig. 12(A). In the case of 1-naphthol removal by
OTMAC/SDS-APT, the pH value of the basic solution
was 6.5 and the part of 1-naphthol exists as anionic
form C10H7O

−. On this basis the ion–dipole interaction
between dipole charges of anion C10H7O

− and nitro-
gen atoms of head groups of the cationic surfactant
(OTMAC) may be considered as a probable

mechanism of 1-naphthol adsorption (see Fig. 12(B)).
It is further suggested that, when interacting with each
surfactant layer, the hydrophobic benzene ring of
1-naphthol molecules would point to the inside of the
hydrophobic phase of OTMAC/SDS, because this ori-
entation allows the hydrophobic interaction between
the benzene ring of 1-naphthol and the C-18/C-12 tail
of OTMAC/SDS to come about and thus strengthens
the retention of 1-naphthol [50]. Moreover, neutral
1-naphthol may also interact with the positively
charged head of OTMAC through the oxygen atoms
of a phenol compounds capable of donating electrons
(Fig. 12(C)), but this coordination interaction would be
much weaker than ion–dipole interaction. Another
possible interaction mechanism is the hydrogen bond-
ing of 1-naphthol with Si (or Al)–O on attapulgite sur-
faces (Fig. 12(D)). This interaction mechanism cannot
be ignored because Na-APT has the certain adsorption
capacity for 1-naphthol from the previous experimen-
tal data. The discussions above show four probable
interaction models for 1-naphthol removal, where
model A represents hydrophobic partitioning

Table 9
Constants of linear fit of ln Kd versus Ce (ln Kd = B + ACe)

Adsorbents

298 K 318 K 338 K

A B R2 A B R2 A B R2

Na-APT –0.011 5.175 0.957 –0.010 4.936 0.984 –0.009 4.746 0.939
SDS-APT –0.013 6.240 0.905 –0.012 5.980 0.875 –0.012 5.841 0.871
OTMAC-APT –0.024 7.467 0.858 –0.018 6.897 0.840 –0.013 6.433 0.947
OTMAC/SDS-APT –0.027 7.720 0.756 –0.021 7.257 0.788 –0.019 7.016 0.761

Table 10
Thermodynamic parameters of 1-naphthol adsorbed on four adsorbents

Adsorbents

ΔG˚ (kJ mol−1)

ΔS˚ (J mol−1 K−1) ΔH˚ (kJ mol−1)298 K 318 K 338 K

Na-APT –12.82 –13.05 –13.34 13.03 –8.93
SDS-APT –15.46 –15.81 –16.41 23.74 –8.35
OTMAC-APT –18.50 –18.23 –18.08 10.09 –15.48
OTMAC/SDS-APT –18.98 –19.26 –19.80 22.62 –12.13

Table 11
Values of binding energy caused by different forces

Forces
Hydrophobic
interaction forces

van der Waal’s
forces

Dipole bond
forces

Hydrogen bond
forces

Chemical
adsorption forces

Value of binding energy
(kJ mol−1)

~4 4~10 2~29 2~40 >60
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mechanism, model B represents ion–dipole interaction,
model C represents coordination interaction, and
model D represents hydrogen bonding interaction.

For OTMAC-APT, the adsorption capacity for 1-
naphthol is lower than that of OTMAC/SDS-APT. The
difference of adsorption capacity for 1-naphthol may
mainly result from partitioning mechanism, i.e. model
A in Fig. 12. For SDS-APT, model A and model D
may be the possible interaction models for 1-naphthol
adsorption because there are no positive nitrogen
atoms existing on the surface of SDS-APT. By analyz-
ing and comparing the removal mechanisms for 1-
naphthol among the four adsorbents, it can be seen
that the organic modification of attapulgite is of sig-
nificant influence for the removal of 1-naphthol, as an
example of ionizable organic pollutants.

4. Conclusions

In summary, the organo-attapulgites were pre-
pared with different surfactants by microwave-assisted
technique and characterized by elemental analysis,
XRD, FT-IR, SEM, N2 adsorption–desorption, and zeta

potential technology. The obtained organo-attapulgites
were used for the removal of 1-naphthol from aqueous
solutions. The experimental results showed that the
adsorption of 1-naphthol on the prepared organo-atta-
pulgites were quickly to achieve adsorption equilib-
rium within 60 min and could be well fitted by
pseudo-second-order model and intraparticle diffusion
model. The adsorption of 1-naphthol by organo-atta-
pulgites fit reasonably well to Langmuir, Freundlich,
and Linear isothermal models, indicating that the pro-
cess is controlled by multiple mechanisms such as
hydrophobic partitioning, ion–dipole interaction, coor-
dination interaction, and hydrogen bonding interac-
tion. Thermodynamic parameters (ΔH˚, ΔS˚, and ΔG˚)
calculated from the temperature dependent adsorption
isotherms indicated that the adsorption on organo-
attapulgites were spontaneous and endothermic
processes. By comparing the adsorption capacities for
1-naphthol among different organo-attapulgites, it
could be seen that OTMAC/SDS-APT might be a suit-
able material for the removal of ionizable organic
pollutants from aqueous solutions in environmental
pollution management.

Fig. 12. The probable interaction models of 1-naphthol removal by OTMAC/SDS-APT. (A), (B), (C), and (D) represent
four different interaction models.
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