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ABSTRACT

The chemical properties of the acid-thermal-modified sepiolite were investigated. At the
same time, the adsorption behaviors of direct red brown onto modified sepiolite were stud-
ied. The pHZPC of the raw sepiolite and the acid-thermal-modified sepiolite was 7.32 ± 0.1
and 6.44 ± 0.1, respectively. The results indicated that the acid-thermal modification increased
the surface acidity of the sepiolite and the available surface sites for adsorption. According
to the X-ray powder diffraction and Fourier transform infrared spectra, the results showed
that the modification improved the purity of the sepiolite. The amount of the direct red
brown adsorbed increased from 15.34 to 62.42mg/g onto the modified sepiolite, as initial
dye concentration increased from 50 to 200mg/L. The amount of direct red brown adsorbed
decreased from 18.96 to 13.76mg/g, as the initial pH of the dye solution increased from 2 to
8. The direct red brown onto modified sepiolite was best described by the pseudo-second-
order kinetic model. The experiment data were calculated by the Box-Behnken, and the opti-
mum adsorption conditions were following: the adsorbent dosage 2.53 g/L, pH 4.70, and
reaction time 4.46 h. The decolorization rate performed in the optimum adsorption
conditions was 91.5%. The initial pH, adsorbent dosage, reaction time, the interaction of
adsorbent dosage and reaction time were significant factors for the adsorption.

Keywords: Direct red brown; Acid-thermal-modified sepiolite; Response surface
methodology; Adsorption

1. Introduction

Dyes and pigments are used in industries such as
textiles, leather, printing, food and plastics, etc [1].
Colored wastewater and dyes can cause a lot of envi-
ronmental problems in the receiving media [2]. It can

create esthetic problems, limit the possible use of water,
and obstruct light penetration and oxygen transfer into
water bodies, hence affecting the aquatic life [1]. In
addition, it contains many chemicals which are toxic,
carcinogenic, and mutagenic [3]. Direct red brown,
which is characterized by nitrogen to nitrogen double
bond (–N=N–), is widely used for dyeing textile fabric
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and leather. It is difficult to biodegrade because it has
complex aromatic molecular structure [4]. Conventional
methods for removal of dyes from wastewater include
chemical oxidation, adsorption, electrolysis, chemical
coagulation, photocatalysis, membrane, and biodegra-
dation [3,4]. Adsorption has been found to be an effi-
cient method for the removal of dyes from wastewater
because it has a high removal efficiency and does not
involve sophisticated instruments, as well offers the
potential for regeneration and recycling of the adsorb-
ing material [3,4]. However, the adsorption process is
limited by high cost of adsorbents [4]. Therefore, cheap
and efficient adsorbents materials have been used
including bentonite, sepiolite, fly ash, and so on [4–6].
Sepiolite is a clay mineral with an ideal formula
Mg8Si12O30(OH)2 [7]. The structure of sepiolite is
formed by alternative building of blocks and tunnels,
which grows up in the fiber direction [8]. High adsorp-
tion capacity and corrosion resistance properties of
sepiolite are due to this unique fibrous structure. For
this reason, sepiolite is widely applied in many fields
for the removal of heavy metals, dyes, nitrite, ammonia,
and phosphorus [4]. However, the studies about
adsorption properties and optimal adsorption condi-
tions of modified sepiolite are limited, while the modifi-
cation and optimization are important for practical
adsorption applications. Response surface methodol-
ogy (RSM) is a useful mathematical and statistical tech-
nique for designing experiments, building models, and
determining optimum conditions for desirable
responses [9,10].

In this work, the influence of several parameters
such as initial dye concentration, initial pH of dye
solution, and adsorbent dosage i.e. amount of direct
red brown adsorbed onto the acid-thermal-modified
sepiolite was firstly investigated. Secondly, the
three-factor and three-level Box-Behnken RSM was uti-
lized for modeling and optimizing the adsorption con-
ditions, in which the decolorization rate was selected
as response value, while pH, adsorbent dosage, and
reaction time were chosen as influential factors.

2. Materials and methods

2.1. Materials

Sepiolite samples were obtained from the Jingteng
Mineral Processing Plant in Hebei, China. Direct red
brown was purchased from Chunlin Dye Industrial
Co., Ltd., in Shangdong, China and was used without
purification. All reagents used, including H2SO4 and
NaOH, were of analytical grade and all solutions were
prepared with distilled water.

2.2. Preparation of the acid-thermal modified sepiolite

First, 10 g of raw sepiolite was added into 100mL
0.5M H2SO4 and was stirred for 6 h at room tempera-
ture for activation. Then the acid sepiolite was rinsed
to neutral pH with distilled water and dried at 105˚C
for 2 h [11]. After the acid-modified sepiolite was
calcined at 600˚C for 2 h in muffle furnace, the
acid-thermal-modified sepiolite was prepared.

2.3. Characterization of the sepiolite samples

The zeta potential of the sepiolite suspensions was
measured using a zeta meter (Malvern). The struc-
tures and the mineralogical compositions of the raw
sepiolite and the acid-thermal-modified sepiolite
samples were characterized by the X-ray diffraction
patterns with Cu Ka radiation under operation condi-
tions of 40 kV and 50mA [12]. The chemical bonds on
the surface of samples were recorded in the region
4,000–400 cm�1 on a spectrum one Fourier transform
infrared spectra (FTIR) spectrometer at a resolution of
4 cm�1. The Brunauer–Emmett–Teller (BET) surface
area measurements of the raw sepiolite and the acid-
thermal-modified sepiolite were determined by
adsorption of nitrogen at 77K using a Micromeritics,
ASAP 2020 surface area analyzer.

2.4. Batch adsorption experiments

Batch adsorption experiments for the removal of
direct red brown were performed in a thermostatic
shaker at 150 rpm to study the effects of parameters,
such as initial dye concentration (50–200mg/L), initial
pH (2–8), and adsorbent dosage (1.0–2.5 g/L). The
samples were taken at preset time intervals and the
concentrations of direct red brown were rapidly
measured. The concentrations of direct red brown in
the supernatant solutions before and after adsorption
were determined using a T6 spectrophotometer at
480 nm. The adsorption capacity at time t, Qt (mg/g),
was calculated by:

Qt ¼ ðC0 � CtÞV=W ð1Þ

Here, C0 and Ct (mg/L) were the concentrations of
direct red brown at initial time and at any time,
respectively. V was the volume of the solution (L) and
W was the mass of acid-thermal-modified adsorbent
used (g).

In addition, the adsorption data were analyzed
using pseudo-second-order and intraparticle diffusion
kinetic models.
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2.5. Box-Behnken experimental design

A Box-Behnken experimental design with three
factors and three levels was used to fit a second-order
response model [13]. Three factors affecting direct red
brown adsorption onto acid-thermal-modified
sepiolite: the dosage of adsorbent (X1), pH (X2), and
reaction time (X3) were selected as the independent
variables. The decolorization rate (Y) was considered
as the dependent variable. The initial dye concentra-
tion was kept constant at 50mg/L, and the volume
was 200mL at room temperature. Experimental range
and levels of independent variables for direct red
brown decolorization were presented in Table 1. The
experimental results were analyzed using Design
Expert 7.0 and Minitab 15.0 software [14].

3. Results and discussion

3.1. The characterization of the samples

The study of the electrochemical properties of the
sepiolite interface is important to understand the
adsorption mechanism. The variation of the zeta
potential with equilibrium pH of the sepiolite sus-
pensions is shown in Fig. 1. The zeta potential value

of the acid-thermal-modified sepiolite suspensions
decreased as the equilibrium pH increased. The
isoelectrical point of the raw sepiolite and the acid-
thermal-modified sepiolite appeared in the pH of
7.32 ± 0.1 and 6.44 ± 0.1, respectively. The results
show that the pHZPC of the sepiolite reduced after
acid-thermal modified process, which demonstrated
that the stability and quantity of the surface of the
core acid are increased by modification [15,16]. While
after acid-thermal modification, the alkaline of sepio-
lite decreased due to surface of the part functional
group replaced by protons. More adsorption sites
were formed and they were useful for direct red
brown adsorption onto the modified sepiolite. Mean-
while, the modified could make the sepiolite internal
channel connected and increased the surface area of
sepiolite [15]. The BET surface area of the raw

Table 1
Experimental range and levels of independent variables

Independent variable Factor Range and
levels

�1 0 1

The adsorbent dosage (g/L) X1 1 2 3

pH X2 4 6 8

Reaction time (h) X3 2 4 6
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Fig. 1. Variation of zeta potential with equilibrium pH of
raw sepiolite and modified sepiolite.
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Fig. 2. FTIR spectra of the raw sepiolite (a) and
acid-thermal-modified sepiolite (b).
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sepiolite and the acid-thermal-modified sepiolite was
14.15 and 88.99m2/g, respectively.

The bands in the FTIR spectra of raw sepiolite
(Fig. 2) could be summarize as follows [4,17]: (a) the
band of group Si–OH stretch at 3,737 cm�1, (b) the
band of the triple bridge group Mg3OH stretch at
3,676 cm�1, (c) the stretch at 3,435 cm�1 was associated
with zeolitic water, (d) the bands of Si-O combination
stretch at 1,144, 1,098 cm�1 and the bands of O–Si–O
bend at 508 cm�1, (e) the basal plane of the tetrahedral
units exhibiting the Si–O–Si plane vibrations at
1,020 cm�1 and the Si–O–Mg of the octahedral–tetrahe-
dral linkage vibrations at 448 cm�1, (f) the band of
dolomite impurities at 1,427 cm�1. As the raw sepiolite
was altered to acid-thermal-modified sepiolite,
changes in the FTIR spectra of the sample were noted
at 3,435 and 1,427 cm�1. The broad band at 3,435 cm�1

is due to the zeolitic water disappeared on acid-ther-
mal-modified process. Also the band at 1,427 cm�1

was disappeared because the modification process
improved the purity of sepiolite and made the sepio-
lite internal channels connected.

The X-ray powder diffraction (XRD) patterns of
raw sepiolite and acid-thermal-modified sepiolite are
presented in Fig. 3. The XRD results showed that the
acid-thermal-modified process had caused structural
changes in the sepiolite sample. The characteristic
diffraction peaks of calcium carbonate (2h= 29.4˚) were
disappeared and the characteristic diffraction peaks of
SiO2 were more strengthen [4]. They indicated that the
purity of sepiolite was improved by the acid-thermal-
modified process. At the same time, a part of magne-
sium ion was separated [4]. Therefore, the internal pore

of sepiolite was opened and the surface area was
increased by the acid-thermal-modified process.

3.2. Effect of initial dye concentration on adsorption

The plots of adsorption capacity vs. time at initial
dye concentration are shown in Fig. 4. When the
initial dye concentration increased from 50 to 200mg/
L at a total volume of 200mL, 2.5 g/L adsorbent, and
room temperature, the amount of direct red brown
adsorbed increased from 15.34 to 62.42mg/g onto the
acid-thermal-modified sepiolite. Obviously, the initial
dye concentration was an important factor for the
adsorption process. When the concentration of direct
red brown solution was increased, the speed of the
direct red brown molecules through the liquid phase
and adsorption on the surface of the adsorbent accel-
erated, thus increasing adsorption rate. In addition,
with the increasing concentration of direct red brown,
the active sites on the adsorbent were gradually occu-
pied, so adsorption capacities were varied with the
increasing dye concentration.

The linear plot of t/Qt vs. t, as shown in Fig. 5,
has a good agreement between the experimental and
the calculated Qe values [18,19]. At the same time, the
linear plot of Qt vs. t

1/2 is shown in Fig. 6. The corre-
lation coefficients for the pseudo-second-order kinetic
model were greater than 0.979 for all the direct red
brown concentrations, indicating the applicability of
the pseudo-second-order kinetic model to describe the
adsorption process of direct red brown onto the
acid-thermal-modified sepiolite. Because the pseudo-
second-order kinetic model contained all of the
adsorption, such as external liquid film diffusion,
surface adsorption, and intraparticle diffusion, the
model was more realistic and fully reflected the
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Fig. 4. Effect of initial concentration on adsorption onto the
acid-thermal-modified sepiolite.
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Fig. 3. The X-ray diffraction patterns of the samples ((a)
raw sepiolite, (b) modified sepiolite).
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adsorption mechanism of direct red brown on the
modified sepiolite [18–21].

3.3. Effect of pH on adsorption

The variation of direct red brown adsorption in
initial pH range 2–8 at a volume of 200mL, initial dye
concentration of 50mg/L, and adsorbent concentra-
tion of 2.5 g/L is shown in Fig. 7. The highest direct
red brown adsorption capacity was experimentally
observed at pH 2, this capacity decreased for higher
pH values. When the pH value increased from 2 to 8,
the amount of direct red brown adsorbed decreased
from 18.96 to 13.76mg/g. In addition, when the pH
value was 2, the adsorption rate was faster than 6 and

8. This result was related to the surface charge of the
modified sepiolite and the dye anions [5]. At lower
pH values, more hydrogen ions would be available to
protonate the surface of the acid-thermal-modified
sepiolite and change the Si–O into Si–OH, thus
increasing the electrostatic attractions between nega-
tively charged dye anions and positively charged
adsorption sites [3,5]. Therefore, pH was an important
factor in pursuing a high efficiency of the removal of
direct red brown using the modified sepiolite.

3.4. Effect of adsorbent dosage on adsorption

The effect of adsorbent dosage on the amount of
direct red brown adsorbed was investigated by adding
200mL of dye solution with initial dye concentration
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Fig. 5. Pseudo-second-order kinetics for adsorption at
different concentration.
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Fig. 6. Intraparticle diffusion kinetics for adsorption at
different concentration.
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Fig. 7. Effect of initial pH on adsorption onto the
acid-thermal-modified sepiolite.
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Fig. 8. Effect of adsorbent dosage on adsorption onto the
acid-thermal-modified sepiolite.
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of 50mg/L using test solution at pH 6 and room tem-
perature. The plots of dye adsorption capacity vs. time
at different adsorbent dosage are shown in Fig. 8. As
seen from these figures, the amount of direct red
brown adsorbed decreased from 34.00 to 16.44mg/g
with the adsorbent dosage increasing from 1.0 to
2.5 g/L. The decrease in the amount of direct red
brown adsorbed with increasing adsorbent dosage was
due to adsorption sites remaining unsaturated during
the adsorption process [4]. The adsorption kinetic was
well described by the pseudo-second-order kinetic
model for both dyes.

3.5. Response surface modeling

3.5.1. Experimental design and quadratic model

Fifteen designed batch runs were performed
according to Box-Behnken design (Table 2). A function
of the decolorization rate based on the experimental
results was evaluated and is given in Eq. (2).

Y ¼ 75:8þ 14:6X1 � 22:7X2 þ 10:5X3 � 13:2X1X1

þ 2:5X1X2 � 9:9X1X3 � 4:6X2X2 þ 8:1X2X2

þ 8:1X2X3 � 4:0X3X3 ð2Þ
Fig. 9 shows the relationship between the actual

and predicted values of Y for adsorption of direct red
brown onto the modified sepiolite. It can be seen in
Fig. 9 that the developed model was adequate because

Table 2
Response surface design arrangement and experimental
results

Run Coded variables Yexp (%) Ypre (%)

X1 X2 X3

1 0 �1 �1 86.6 87.5

2 0 1 �1 31.1 25.9

3 0 0 0 76.1 75.8

4 1 0 1 81.0 73.9

5 0 0 0 75.5 75.8

6 �1 0 1 61.5 64.4

7 �1 1 0 20.1 18.2

8 0 �1 1 87.1 92.3

9 1 1 0 44.4 52.5

10 0 0 0 75.8 75.8

11 1 0 �1 75.6 72.7

12 0 1 1 64.1 63.2

13 �1 �1 0 76.6 68.5

14 1 �1 0 90.9 92.8

15 �1 0 �1 16.5 23.6

Fig. 9. Normal probability plot of standardized residuals.
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the residuals of the responses were less than 10%. The
normal probability plot showed how the set of
observed values closely followed the theoretical distri-
bution and the residuals tended to be close to the
diagonal line [13]. At the same, the experimental
points were reasonably aligned, suggesting a normal
distribution. The model coefficient of determination
(R2) value was 0.9631. It could provide a well explana-
tion of the relationships between the independent
variable and the response [10].

Analysis of variance (ANOVA) tests the signifi-
cance and the adequacy of the regression model and
are presented in Table 3.The model F-value of 14.5
implied that the model was significant for decoloriza-
tion of direct red brown [22]. The values of prob> F
less than 0.0500 indicated that the model terms were
significant, whereas the values greater than 0.1000
were not significant [10]. In the case, the p-value of
the model was 0.004. It indicated the model term was
significant at 95% of probability level [13]. The signifi-
cance of each independent variable was also evaluated
according to its p-value [22]. The results indicated that

the decolorization of direct red brown was signifi-
cantly affected by the adsorbent dosage (p= 0.0033),
the initial pH (p= 0.0005), and reaction time
(p= 0.0131). And the pH had a more significant effect
in comparison to adsorbent dosage and reaction time.

Table 3
ANOVA for response surface quadratic model

Source Sum of
squares

Mean
square

F-
value

p-value,
prob>F

Model 8113.02 901.45 14.5 0.0044

X1 1716.98 1716.98 27.61 0.0033

X2 4117.78 4117.78 66.22 0.0005

X3 879.9 879.9 14.15 0.0131

X1X2 25 25 0.4 0.5539

X1X3 392.04 392.04 6.3 0.0538

X2X3 264.06 264.06 4.25 0.0943

X2
1

642.13 642.13 10.33 0.0236

X2
2

78.55 78.55 1.26 0.3121

X2
3

57.97 57.97 0.93 0.3786
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Fig. 10. The response surface plot of the decolorization rate of direct red brown as a function of (a) the absorbent dosage
with pH; (b) the absorbent dosage with reaction time; (c) reaction time with pH.
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Table 3 also indicates that the interactive effects of
adsorbent dosage and reaction time (p= 0.0538) had
significant influence, while the interactive effects of
adsorbent dosage and initial pH had a slight effect on
the decolorization of direct red brown onto the
modified sepiolite (p= 0.5539) [23].

3.5.2. Response surface analysis and optimization
conditions

Three-dimensional response surfaces were investi-
gated by the interactive effect of two variables on
direct red brown decolorization rate (Fig. 10). The
response surface of adsorbent dosage and pH value is
shown in Fig. 10(a). It could be infer that the effects of
the dosage adsorbent were positive and the pH was
negative when changing from level �1 to level +1. In
addition, pH had a greater effect on decolorization
rate, as was evident that the pH of surface slope was
greater than the other factors [21]. The pH value of
the initial solution was an important factor as it
usually affects the physical and chemical properties of
the solution. Fig. 10(b) shows the effects of adsorbent
dosage and reaction time on direct red brown decolor-
ization. The interaction of adsorbent dosage and
reaction time was a significant factor. It took an
important effect on direct red brown adsorption onto
acid-thermal-modified sepiolite. By increasing the
adsorbent dosage, higher decolorizaiton rates were
expected because it increased the adsorbent dosage,
hence the availability of more active surface sites of
direct red brown for adsorption. Fig. 10(c) shows the
effects of reaction time and pH on direct red brown
decolorization. As shown in Fig. 10(c), pH had a
significant effect on decolorization efficiency of direct
red brown; however, the decolorization efficiency was
less affected by the reaction time. In the choice of test
range, it could be seen that decolorization rate
increased with increasing reaction time and decreas-
ing pH [24]. Adsorption after 4 h, the adsorption
capacity of direct red brown onto the modified
sepiolit nearly achieved adsorption equilibrium.
Therefore, an insignificant enhancement in adsorption
was effected in 6 h as compared to that in 4 h.

The studies of the contour plot also revealed the best
optimal values of the process conditions that the adsor-
bent dosage 2.53 g/L, pH 4.70 and reaction time 4.46 h.
Predicted decolorization rate of 91.5% could be
achieved under the optimum conditions. To test the
validity of predicted model, additional three runs were
performed under the optimum conditions obtained
through Box-Behnken RSM. The average decolorization
rate was 89.4%. The error of the model predicted and
experimental value was 2.1%.

4. Conclusions

The results of the present study showed that the
acid-thermal modification could improve the purity
and the adsorption capacity of the raw sepiolite. The
direct red brown adsorbed onto the modified sepiolite
was best described by the pseudo-second-order kinetic
model. The Box-Behnken RSM experimental design
was effective and reliable for optimizing the adsorption
conditions of direct red brown onto the acid-thermal-
modified sepiolite. The determinate coefficient of model
was 0.9631 and the p-value was 0.0044. The optimum
conditions were that the adsorbent dosage 2.53 g/L, pH
4.70, and reaction time 4.46 h. The predicted decoloriza-
tion rate of 91.5% could be achieved under the opti-
mum conditions. Hence, the acid-thermal-modified
sepiolite could potentially be used as a low-cost mate-
rial for the removal of the direct red brown in aqueous
solutions.
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