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ABSTRACT

Sepiolite was selected and studied for the adsorption of octenylsuccinate in the waste
solution resulting from the production of octenylsuccinic starch. Scanning electron
microscopy showed that sepiolite had a high surface area, and Fourier transform infrared
spectroscopy indicated the formation of bonds between sepiolite and octenylsuccinate. The
effects of reaction temperature, initial octenylsuccinate concentration, pH, adsorption time,
and sepiolite dosage on adsorption efficiency (%AE) were examined by single-factor
experiments. Significant parameters were further optimized by Box–Behnken response
surface methodology. The theoretical optimum value of 100% was obtained when the initial
octenylsuccinate concentration, pH, adsorption time, and sepiolite dosage of 20 mL solution
were 0.048 mol/L, 3.12, 5.40 h, and 771.32 mg, respectively. Under these optimum
conditions, the real %AE was 99.07%.
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1. Introduction

Activated carbon is currently the most widely used
adsorbent for a range of compounds in solution, but
its high cost in replacement and regeneration is pro-
hibitive of larger scale use in industry [1]. Currently,
several mineral adsorbents such as sepiolite, zeolite
[2], bentonite [3], tremolite amianthus [4] are consid-
ered to be efficient alternatives to activated carbon as
economical adsorbents for the removal of hazardous
substances from aqueous solutions [5–7]. Sepiolite is a
natural clay mineral with a unit-cell formula (Si12)
(Mg8)(O30)(OH)4(OH)2·8H2O [8]. Advantageous quali-
ties of sepiolite include its micro-fibrous structure, giv-
ing a theoretically high surface area, along with high

chemical and mechanical stability, contributing to
strong adsorption capacity [9,10]. Due to its low cost
and abundance [1], sepiolite is widely used as an
adsorbent in wastewater treatment, such as adsorption
of copper (II) ions [11] and removal of a textile dye
[12].

Octenylsuccinic starch (OS starch) is a modified
starch that has been altered chemically in order to
impart amphiphilic properties on hydrophilic native
starch [13]. OS starch is used as an emulsifier and col-
loidal stabilizer in products such as beverages and
salad dressings [14]. Normally, OS starch is prepared
by the esterification of granular native starch with
octenylsuccinic anhydride (OSA, Fig. 1(a)) catalyzed by
basic conditions, followed by filtering and washing
from the system [15]. As a consequence, octenylsuccinic
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acid (OS acid, Fig. 1(b)) and octenylsuccinic sodium
(OS-Na, Fig. 1(c)) can remain in reaction solution after
pH adjustment. In this study, OS acid and OS-Na are
replaced by octenylsuccinate.

In order to achieve environmentally sustainable
industrialized production, the octenylsuccinate in waste
solution needs to be reclaimed. To our knowledge,
however, octenylsuccinate is not readily biodegradable
in the environment. Compared with conventional
methods like biological fermentation [16,17], chemical
adsorption would be a more economical choice and the
chemical oxygen demand value of waste solution
would also be effectively decreased. To achieve this,
sepiolite after grinding and sieving was selected to
adsorb octenylsuccinate [18].

Despite that sepiolite has been widely used in the
removal of dyes and metal ions from wastewater [1],
relatively few studies are concerning the adsorption of
octenylsuccinate in waste solution. The objective of the
present study was to investigate the adsorption effi-
ciency (%AE) of sepiolite in removing octenylsuccinate
from the waste solution of OS starch. Sepiolite was
characterized by X-ray fluorescence (XRF), scanning
electron microscope (SEM), and Fourier transform
infrared (FT-IR). The effects of reaction temperature,
initial octenylsuccinate concentration, pH, adsorption
time, and sepiolite dosage were examined, and the %
AE was evaluated and optimized by response surface
methodology (RSM).

2. Materials and methods

2.1. Materials

The OSA reagent was supplied by Energy Chemical
Co., Ltd. (Shanghai, China). Sepiolite was provided by
Jiacheng nonmetal mining industry Co., Ltd. (Zhejiang,
China). HPLC grade acetonitrile was purchased
from SayFo Technology Co., Ltd. (Tianjing, China).

Trifluoroacetic acid (TFA) was obtained from
Sinopharm Chemical Reagent Co., Ltd. HPLC grade
purified water was purchased from Wahaha Group
Co., Ltd. (Hangzhou, China). Other chemicals were of
analytical grade.

2.2. Characterization of sepiolite

The specific surface area of the sepiolite derived
from N2 adsorption isotherms was measured at liquid
nitrogen temperature using a Micromeritics ASAP
2020 M instrument.

Particle-size analysis was done by laser diffractome-
try using a Particle Size Analyzer (Microtrac S3500,
America) by suspending sepiolite sample in ethanol
and decanting through the analyzer beam.

The chemical composition of the sepiolite sample
was determined by XRF spectrometer (ZSX Primus II)
after pelleting.

According to the previous studies [19,20], SEM
(Hitachi S-4800) was performed at 5.0 kV to investi-
gate the surface morphology of sepiolite. Samples
were sputter-coated with a thin layer of carbon before
microscopic observation.

The FT-IR spectra were collected with 2.0 mg of
sample in KBr pellets using a Tensor 27 spectrometer
(Bruker Optik GmbH, Ettlingen, Germany) applying a
RT-DLaTGS internal detector in the region of 400–
4,000 cm−1, with a resolution of 4 cm−1. The mass of
each sample was 2.0 mg.

2.3. Adsorption experiments

An octenylsuccinate solution was applied to simu-
late the waste solution of OS starch. OSA (1~3 g) was
weighed into a 500 mL brown bottle, which contained
200 mL of distilled water. The solution was stirred
overnight with a magnetic stirring bar to ensure
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Fig. 1. Structures of OSA (a), octenylsuccinic acid (OS acid) (b), and octenylsuccinic sodium (OS-Na) (c).
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complete hydrolysis of OSA. Sodium hydroxide
solution (1 N) and hydrochloric acid (1 N) were used
to adjust the pH of the solution at 3.0~7.0 by a pH
meter (Model ZD-2, Shanghai INESA and Scientific
Instrument Co., Ltd). After the pH was stable for
30 min, the octenylsuccinate solution could be used
for adsorption.

Sepiolite was dried at 150˚C in an oven for 2 h,
and then cooled and collected in a bottle. For adsorp-
tion, sepiolite (300~900 mg) was weighed accurately in
the sampling bottle to adsorb 20 mL of the octenyl-
succinate solution at different concentrations and pH
values. The sampling bottle was placed in a constant
temperature oscillator (Model DKZ-2, Shanghai
Jinghong Laboratory Equipment Co., IL) during the
adsorption.

Reaction temperature, initial concentration, pH,
adsorption time, and sepiolite dosage were considered
to be the important parameters of adsorption behav-
ior, according to the literature [8].

To compare different temperatures, OSA (2 g) was
dissolved with 200 mL distilled water (the concentra-
tion was 0.048 mol/L). The pH was controlled at 4.0,
and then the solution (20 mL) was absorbed by
600 mg sepiolite. During the adsorption (4 h), the
solution was heated at 25, 30, 35, 40, and 45˚C,
respectively.

To compare different concentrations of octenyl-
succinate, 0.024, 0.036, 0.048, 0.060, and 0.072 mol/L
octenylsuccinate solutions were prepared by dissolv-
ing different weights of OSA (1.0, 1.5, 2, 2.5, and 3 g)
in 200 mL distilled water. The different octenylsucci-
nate solutions (20 mL) were absorbed by 600 mg
sepiolite for 4 h at pH 4.0 in 35˚C water bath.

In order to compare different pH, the pH of
octenylsuccinate solution (0.048 mol/L) was controlled
at 3.0, 4.0, 5.0, 6.0, and 7.0, respectively. Then the
octenylsuccinate solution (20 mL) was absorbed by
600 mg sepiolite at 35˚C for 4 h.

To compare different adsorption times, the pH of
octenylsuccinate solution (0.048 mol/L) was main-
tained at 4.0. Then the solution (20 mL) was absorbed
by 600 mg sepiolite at 35˚C for different time (2.0, 3.0,
4.0, 5.0, and 6.0 h).

In order to compare different sepiolite dosages,
octenylsuccinate solution (0.048 mol/L) was prepared
and the pH was controlled at 4.0. The solutions were
absorbed by 300, 450, 600, 750, and 900 mg sepiolite,
respectively. During the adsorption (4 h), the solution
was heated at 35˚C.

For the RSM experiments, OSA (1, 2, and 3 g) was
dissolved with 200 mL distilled water (the concentra-
tions were 0.024, 0.048, and 0.072 mol/L). The pH was
adjusted to 3.0, 4.0, and 5.0, respectively. The solution

(20 mL) was absorbed by sepiolite (300, 600, and
900 mg) at 35˚C for various times (2, 4, and 6 h). Dif-
ferent concentrations of octenylsuccinate after adsorp-
tion were obtained and measured to study the
adsorption of sepiolite.

2.4. High-performance liquid chromatography (HPLC)
analysis

The HPLC system was a Dionex Ultimate 3000
Series (DU, Sunnyvale, California) consisting of a
LPG-3400A pump, an automatic injector with a 20 μL
loop, and a diode array detector (DAD-3000) equipped
with a work station computer. An Extend C18 column
(5 μm, 250 × 4.6 mm; Aglient) was employed at 30˚C.
The HPLC conditions were the same as our previous
work [21]. The HPLC standard curve of octenylsucci-
nate in the range of 0.08–2 μg octenylsuccinate was
employed in Eq. (1):

Y ¼ 1:756X þ 18:911 (1)

where Y was total peak area (mAU*s), and X was
octenylsuccinate content (mol). The correlation coeffi-
cient value of the equation was 0.9996, indicating the
best-fitting curve.

2.5. Determination of octenylsuccinate by HPLC

The determination of octenylsuccinate referred to
the previous method with some modifications [21].

The octenylsuccinate solution (20 mL) was pre-
pared for adsorption. After adsorption, the solution
was centrifuged and 5 mL of supernatant was
collected and pipetted into a 50 mL volumetric flask,
filling with water (pH 3, prepared by distilled water
with 1.0 mol/L HCl). The solution was then analyzed
by HPLC, yielding total peak area (Y) and the
corresponding weight of octenylsuccinate (X, mol) by
Eq. (1).

The adsorption efficiency (%AE) of octenylsucci-
nate on sepiolite was calculated by Eqs. (2) and (3):

C ¼ 104X

20� 10�3
(2)

%AE ¼ Co � C

Co
� 100% (3)

where C was the concentration of octenylsuccinate after
adsorption (mol/L), Co was the initial concentration of
octenylsuccinate (mol/L), 104 was the dilution factor,

K. Zhang et al. / Desalination and Water Treatment 57 (2016) 8765–8775 8767



20 × 10−3 was the volume of the octenylsuccinate
solution (L).

2.6. Experimental design for response methodology

Key parameters were identified based on the
results of single-factor experiments. Levels of the key
parameters, including initial octenylsuccinate concen-
tration, pH, adsorption time, sepiolite dosage, and
interactions between variables, were analyzed
and optimized by Box-Behnken RSM with four factors
and three levels, including three central points. The
high, middle, and low levels of each variable were
coded as +1, 0, and −1, respectively [22–24]. Experi-
mental design was shown in Table 1. A, B, C, and D
were the coded values for concentration, pH, time,
and sepiolite dosage, respectively.

The effectiveness of this model was evaluated by
the coefficient of determination (R2) and analysis of
variance (ANOVA).

2.7. Statistical analysis

Experiments were performed in triplicate. Data
were analyzed by an ANOVA procedure using soft-
ware Design-Expert (Version 8.0.5, State-Ease Inc.,
Minneapolis, Minnesota, USA). Tukey’s studentized
range (HSD) was done by SAS version 9.2 (SAS Insti-
tute, Inc., Cary, NC).

3. Results and discussion

3.1. Characterization results of sepiolite

The BET surface area was measured to be
44.74 m2/g from N2 adsorption isotherms. Besides, the
sepiolite sample yielded an average particle size (Dv50)
of 7.86 μm.

XRF was performed to determine the chemical
composition of the sepiolite, which was listed in
Table 2. It showed a high proportion of SiO2 and MgO
while other minerals were present in trace amounts.

As seen in Fig. 2, sepiolite had a fibrous shape and
polyporous surface which indicated high surface

areas. Hence, sepiolite offered a potential for adsorp-
tion of octenylsuccinate from the washing solution of
OS starch [25].

Fig. 3 shows the FT-IR spectra of natural sepiolite
(a), sepiolite after adsorption (b), and OSA (c). Sepio-
lite (771.32 mg) adsorbed 20 mL of the octenylsucci-
nate solution under optimum conditions of initial
octenylsuccinate concentration 0.050 mol/L, pH 3.12,
adsorption time 5.40 h, followed by vacuum freeze-
drying to get the sepiolite after adsorption. As shown
in Fig. 3(a), bands at 3,693 cm−1 were corresponding
to the vibrations of the Mg-OH group [20]. Bands at
1,433, 1,016, and 460 cm− 1 originated from Si–O–Si
vibration [7]. In comparison with natural sepiolite (a),
sepiolite after adsorption (b) had five additional
bands. The bands occurring at 2,938, 2,925, and
2,856 cm−1 were due to the C–H stretching vibration
of chain methylene (-CH2-) [26], supporting the
intercalation of the side chain of OSA (c). Carboxylate
bands occurring at 1,560 and 1,458 cm−1 were indica-
tive of the new chemical bond formation of octenyl-
succinate and sepiolite, showing the typical chemical
adsorption of octenylsuccinate [27].

3.2. Factors affecting adsorption

3.2.1. Effect of temperature on adsorption process

Fig. 4(a) shows that there are few changes on %AE
at the temperatures from 25 to 40˚C, and %AE was
lower in 45 than in 40˚C. Tsai et al. found that the
higher temperature could weaken the attractive force
between adsorbate and adsorbent [8,28,29]. However,
there was no significant effect on %AE in the tempera-
ture range of 25–45˚C in this study (Values are not
significantly different (p < 0.05)). Considering the
convenience of experimental operation, 35˚C was
selected as the following experimental condition.

3.2.2. Effect of initial octenylsuccinate concentration on
adsorption process

As shown in Fig. 4(b), when the initial octenyl-
succinate concentration increased from 0.024 to

Table 1
Factors and levels of Box-Behnken experiment design

Level

Factor

Concentration A (mol/L) pH B Time C (h) Sepiolite dosage D (mg)

−1 0.024 3.0 2.0 300
0 0.048 4.0 4.0 600
1 0.072 5.0 6.0 900
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0.060 mol/L, the %AE remained stable in the range of
94~96%, suggesting that the unsaturated adsorption
sites kept the high %AE. However, the %AE
decreased to 85% when the concentration was
0.072 mol/L. The sharp drop of %AE could be
explained that an excessive of initial octenylsuccinate
concentration increases the saturation of adsorption
sites during the adsorption process [30]. The
corresponding adsorption capacity q (mol/g), the
amount of octenylsuccinate adsorbed on sepiolite,
increases from 7.59 × 10−4~2.00 × 10−3 mol/g with the
change of the initial octenylsuccinate concentration
(0.024~0.072 mol/L).T
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Fig. 2. SEM image of sepiolite.
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Fig. 3. FT-IR images of natural sepiolite (a), sepiolite after
adsorption (b), and OSA (c).
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3.2.3. Effect of pH on adsorption process

Adsorption of octenylsuccinate onto sepiolite was
investigated in the range of pH 3–7. Due to the avail-
ability restraint of Extend C18 column, pH that was
lower than 3 was not involved. The %AE of sepiolite
decreased with increasing pH and the optimum pH
was 3 (Fig. 4(c)). In previous study, Uğurlu et al.
reported that hydrogen ions (H+) in the solution chan-
ged the specific surface charge of activated sepiolite
[12]. Under these experimental conditions, more
H+ will be available at lower pH. The surface of sepio-
lite becomes more positively charged, thereby increas-
ing the electrostatic attractions between negatively
charged octenylsuccinic ions and positively charged
adsorption sites, which lead to an increase in the
octenylsuccinate adsorption [12,15,31,32]. With the
gradual increase of pH, less positive charge develops
on the surface of sepiolite, resulting in electrostatic
repulsion between negatively charged sepiolite surface
and negatively charged octenylsuccinic ions. Thus, the
increase in concentration of H+ (low pH) contributes
to the increase in %AE of sepiolite.

3.2.4. Effect of adsorption time on adsorption process

Fig. 4(d) shows that an increase in time (2~6 h)
resulted in a slight increase in the %AE (94.5~97.0%).
The maximum %AE of sepiolite was observed after

Table 3
Box-Behnken experimental design matrix

No. A B C D %AE

1 −1 −1 0 0 98.08
2 −1 1 0 0 84.43
3 1 −1 0 0 95.05
4 1 1 0 0 51.68
5 0 0 −1 −1 69.90
6 0 0 −1 1 95.08
7 0 0 1 −1 85.28
8 0 0 1 1 93.08
9 −1 0 0 −1 97.06
10 −1 0 0 1 97.81
11 1 0 0 −1 46.86
12 1 0 0 1 95.69
13 0 −1 −1 0 98.11
14 0 −1 1 0 97.15
15 0 1 −1 0 56.54
16 0 1 1 0 59.72
17 −1 0 −1 0 97.98
18 −1 0 1 0 97.57
19 1 0 −1 0 71.90
20 1 0 1 0 89.13
21 0 −1 0 −1 75.48
22 0 −1 0 1 98.20
23 0 1 0 −1 57.86
24 0 1 0 1 59.08
25 0 0 0 0 90.88
26 0 0 0 0 89.41
27 0 0 0 0 88.32

Table 4
ANOVA for quadratic model

Source Sum of squares df Mean square F value Prob > F Significance

Model 7,256.82 14 518.34 20.86 <0.0001 Significant
A 1,252.97 1 1,252.97 50.43 <0.0001 Significant
B 3,096.37 1 3,096.37 124.63 <0.0001 Significant
C 87.59 1 87.59 3.53 0.0849
D 945.19 1 945.19 38.04 <0.0001 Significant
AB 220.82 1 220.82 8.89 0.0115 Significant
AC 77.79 1 77.79 3.13 0.1022
AD 577.92 1 577.92 23.26 0.0004 Significant
BC 4.28 1 4.28 0.17 0.6853
BD 115.56 1 115.56 4.65 0.0520
CD 75.52 1 75.52 3.04 0.1068
A2 6.53 1 6.53 0.26 0.6174
B2 574.18 1 574.18 23.11 0.0004 Significant
C2 0.72 1 0.72 0.029 0.8673
D2 154.13 1 154.13 6.20 0.0284 Significant
Residual 298.13 12 24.84
Lack-of-fit 294.83 10 29.48 17.86 0.0541 Not significant
Pure error 3.30 2 1.65
Cor total 7,554.95 26

Notes: Values of “Prob > F” less than 0.050 indicated that model terms were significant. C.V. %: 6.02; R-squared: 0.9605; adjusted

R-squared: 0.9145; Pred R-squared: 0.7742.
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5 h, beyond which there was no further increase in
adsorption. The point corresponding to the maximum
adsorption capacity was defined as the adsorption
equilibrium time [33,34]. Doğan [9] reported the
strong chemical binding of methylene blue dyes to

sepiolite required a long contact time for the
attainment of equilibrium, which supports the current
finding that adsorption of octenylsuccinate by sepiolite
also requires extended contact time in order to achieve
a high %AE.

Fig. 5. Response surface plots of various parameters on adsorption efficiency (%AE): effect of concentration and pH on %
AE (a); effect of concentration and time on %AE (b); effect of concentration and sepiolite dosage on %AE (c); effect of pH
and time on %AE (d); effect of pH and sepiolite dosage on %AE (e); effect of time and sepiolite dosage on %AE (f).
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3.2.5. Effect of the sepiolite dosage on adsorption
process

Fig. 4(e) presents the effect of the amount of sepiolite
on the octenylsuccinate removal. As seen in Fig. 4(e),
the %AE increased from 82 to 96% with increasing
sepiolite dosage from 300 to 600 mg. It is because the
number of available adsorption sites remains unsatu-
rated due to the increase in adsorbent dosage, which
boosts the %AE [30]. However, the %AE had no signifi-
cant increase and tended to be stable in 96% within the
range of sepiolite dosages (600~900 mg). One important
reason is that an increase in sepiolite dosage decreases
the adsorption density during the adsorption process,
thereby enhancing the electrostatic interactions [11].
Another reason may be ascribed to the aggregation of
sepiolite particles when the adsorbent concentration is
high, resulting in a decrease in total surface area of
adsorbent (sepiolite).

3.3. Design and results of tests analysis

Experimental results of RSM were shown in
Table 3. The software Design-Expert was used to get
the regression equation of %AE in Eq. (4):

% AE ¼ 89:54� 10:22A� 16:06Bþ 2:70Cþ 8:88D
� 7:43ABþ 4:41ACþ 12:02ADþ 1:03BC

� 5:37BD� 4:35CDþ 1:11A2 � 10:38B2

� 0:37C2 � 5:38D2 (4)

where %AE was the response value, and A, B, C, D
were the coded values of initial octenylsuccinate con-
centration, pH, adsorption time, sepiolite dosage,
respectively.

The significance of quadratic model was analyzed
by ANOVA. The results were given in Table 4.

The fitness of the model was checked by the
coefficient of determination (R2). The higher R2 value
indicated the aptness of the model [35]. The statistical
significances of independent variables and their
interactions were evaluated based on p-values. The
model of the p-value was smaller than 0.0001, pointing
to the accuracy of the model. Meanwhile, the R2 for
the response was 0.9605 which showed only 3.95% of
the total variations could not be explained by the
model. In addition, the value of lack-of-fit was 17.86
and the corresponding p-value was 0.0541 (>0.05),
indicating that lack-of-fit was not significant. There-
fore, all the results showed that the model had a
good-fit of the experiment.

A (initial octenylsuccinate concentration), B (pH),
and D (sepiolite dosage) were significant factors to the

adsorption process of sepiolite (p-value < 0.0001).
However, the p-value of time was 0.0849 (>0.05) which
implied the time was not a significant factor. Besides,
there were significant interaction between A and B
(initial octenylsuccinate concentration and pH), A and
D (initial octenylsuccinate concentration and sepiolite
dosage) whose p-value was 0.0115 (<0.05) and 0.0004
(<0.05). B2 (the square of pH) and D2 (the square of
sepiolite dosage) were also significant model terms
(p < 0.05).

3.4. Analysis of responsive surface plots

The optimum value of various parameters was
represented in the three-dimensional surface plots. The
%AE of sepiolite altered significantly by changing in
pH from 3 to 7. In Fig. 5(a, d, e), it decreased with the
increase in pH. The maximum efficiency was obtained
at the lowest pH (pH 3) and the minimum efficiency
occurred at the highest pH (pH 5). For sepiolite dosage,
%AE increased with increasing sepiolite, which was
shown in Fig. 5(c, e, f). It demonstrated that the higher
amount of sepiolite facilitated the adsorption behavior
ranging from 300 to 900 mg. In Fig. 5((a)–(c)), increas-
ing the concentration was followed by the decrease in
%AE, indicating that the concentrated solution was not
beneficial for the %AE. In Fig. 5(b, d, f), time had no
significant impact on the %AE. In summary, the con-
centration, pH, and sepiolite dosage were the signifi-
cant parameters of %AE of sepiolite.

According to the software Design-Expert, maxi-
mum %AE (100%) was obtained with initial octenyl-
succinate concentration of 0.050 mol/L, pH of 3.12,
time of 5.40 h and sepiolite dosage of 771.32 mg.
Under these optimum conditions, the real %AE was
99.07%, indicating effective optimization.

4. Conclusions

Sepiolite had a considerable potential to remove
octenylsuccinate in adsorption system as an adsorbent
because of its high surface area, which was confirmed
by high specific surface area (44.74 m2/g) and SEM
analysis. FT-IR spectroscopy showed that sepiolite had
five additional bands after adsorption, indicating that
new chemical bond formation of octenylsuccinate and
sepiolite.

The %AE of the adsorption of octenylsuccinate
onto sepiolite was investigated at different tempera-
tures, initial octenylsuccinate concentrations, pHs,
adsorption times, and sepiolite dosages. Based on the
single-factor experiments, selected conditions were
optimized by RSM, and a well-fitted mathematical
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model was established. At 35˚C, the optimum condi-
tions were determined as follows: initial octenylsucci-
nate concentration of 0.050 mol/L, pH of 3.12,
adsorption time of 5.40 h, and sepiolite dosage of
771.32 mg, respectively. The real %AE was 99.07%,
which was close to the theoretical value (100%).

In summary, sepiolite was successfully used as a
low-cost material for the removal of octenylsuccinate
from the de facto waste solution of OS starch. How-
ever, the adsorption model and reclaiming of octenyl-
succinate in waste solution requires further researches.
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The supplementary material for this paper is
available online at http://dx.doi.10.1080/19443994.2015.
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[22] S. Çoruh, S. Elevli, Optimization of malachite green
dye removal by sepiolite clay using a central compos-
ite design, J. Global Nest. 16(2) (2014) 339–347.

[23] J. Lu, X.M. Feng, Y.Q. Han, C.H. Xue, Optimization of
subcritical fluid extraction of carotenoids and chloro-
phyll a from Laminaria japonica Aresch by response
surface methodology, J. Sci. Food Agric. 94(1) (2014)
139–145.

[24] D.P. Veetil, G. Mercier, J.F. Blais, M. Chartier, Opti-
mization of operating parameters for the selective
flotation of heavy metals from contaminated fine sedi-
ment using response surface model, Soil. Sediment.
Contam. 23(2) (2014) 107–125.

8774 K. Zhang et al. / Desalination and Water Treatment 57 (2016) 8765–8775

http://dx.doi.10.1080/19443994.2015.1026277
http://dx.doi.10.1080/19443994.2015.1026277


[25] H.X. Cheng, K.F. Zeng, J.T. Yu, Adsorption of ura-
nium from aqueous solution by graphene oxide
nanosheets supported on sepiolite, J. Radioanal. Nucl.
Chem. 298(1) (2013) 599–603.

[26] X.F. Liang, Y.M. Xu, G.H. Sun, L. Wang, Y.B. Sun, Y.
Sun, X. Qin, Preparation and characterization of mer-
capto functionalized sepiolite and their application for
sorption of lead and cadmium, Chem. Eng. J. 174(1)
(2011) 436–444.

[27] Y. Bai, Y.C. Shi, D.L. Wetzel, Fourier transform infra-
red (FT-IR) microspectroscopic census of single starch
granules for octenyl succinate ester modification, J.
Agric. Food Chem. 57(14) (2009) 6443–6448.

[28] W.T. Tsai, C.W. Lai, K.J. Hsien, Adsorption kinetics
of herbicide paraquat from aqueous solution onto
activated bleaching earth, Chemosphere 55(6) (2004)
829–837.

[29] D. Singh, Effect of different factors on the adsorption
of phosphamidon on two different types of Indian
soil, Adsorpt. Sci. Technol. 16(8) (1998) 583–594.

[30] E. Demirbas, M.Z. Nas, Batch kinetic and equilibrium
studies of adsorption of Reactive Blue 21 by fly ash
and sepiolite, Desalination 243(1–3) (2009) 8–21.

[31] S. Karcher, A. Kornmüller, M. Jekel, Anion exchange
resins for removal of reactive dyes from textile
wastewaters, Water Res. 36(19) (2002) 4717–4724.

[32] A. Bousher, X.D. Shen, R.G.J. Edyvean, Removal of
coloured organic matter by adsorption onto low-cost
waste materials, Water Res. 31(8) (1997) 2084–2092.

[33] M.S. Chiou, H.Y. Li, Equilibrium and kinetic modeling
of adsorption of reactive dye on cross-linked chitosan
beads, J. Hazard. Mater. 93(2) (2002) 233–248.

[34] G. Han, Y. Huang, G. Li, Y. Zhang, T. Jiang, Detailed
adsorption studies of active humic acid fraction of a
new binder on iron ore particles, Miner. Process Extr.
M. Rev. 35(1) (2014) 1–14.

[35] F. Amin, H.N. Bhatti, S. Rehman, Optimization of
growth parameters for lipase production by Ganoderma
lucidum using response surface methodology, Afr. J.
Biotechnol. 10(28) (2011) 5514–5523.

K. Zhang et al. / Desalination and Water Treatment 57 (2016) 8765–8775 8775


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Characterization of sepiolite
	2.3. Adsorption experiments
	2.4. High-performance liquid chromatography (HPLC) analysis
	2.5. Determination of octenylsuccinate by HPLC
	2.6. Experimental design for response methodology
	2.7. Statistical analysis

	3. Results and discussion
	3.1. Characterization results of sepiolite
	3.2. Factors affecting adsorption
	3.2.1. Effect of temperature on adsorption process
	3.2.2. Effect of initial octenylsuccinate concentration on adsorption process
	3.2.3. Effect of pH on adsorption process
	3.2.4. Effect of adsorption time on adsorption process
	3.2.5. Effect of the sepiolite dosage on adsorption process

	3.3. Design and results of tests analysis
	3.4. Analysis of responsive surface plots

	4. Conclusions
	 Supplementary material
	Acknowledgments
	References



