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Abstract: Kinetic study was applied for sodium bentonite (Na-B) and hexadecylpyridinium bentonite (HDP-B) under different
amounts, namely 50% (50HDP-B), 100% (100HDP-B), and 200% (200HDP-B) with respect to cation exchange capacity (CEC). Pseudo
first-order and pseudo second-order kinetic models were performed to optimize the sorption of Congo red (CR) dye from aqueous
solution. The experimental data fit the pseudo second order kinetic model well. The sorption capacity (qe) of CR dye by the
organo-bentonites at equilibrium was 36.0 mg g−1 (72.1%) for 50HDP-B, 48.05 mg g−1 (96.1%) for 100HDP-B, and 49.2 mg g−1 (98.4%)
for 200HDP-B. These results were considerably higher than that found by Na-B. Response surface methodology with three-
variable, three-level Box–Behnken design was applied for 100HDP-B to describe the removal of CR dye. The effects of three
variables, namely temperature, adsorbent dosage, and initial dye concentration, were studied. Predicted values of adsorption
efficiency were found to be in good agreement with the obtained experimental values (R2 = 0.97). A second-order polynomial
model successfully described the effects of independent variables on the CR dye removal. At the optimized condition, the toxic
azo dye could be quantitatively removed from aqueous solution. The results of the present study suggest that the organo-
bentonite can be used as an efficient sorbent for dye removal from aqueous solution.
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Résumé : Nous avons mené une étude cinétique sur la bentonite sodique (Na-B) et des bentonites modifiées par
l’hexadécylpyridinium (HDP-B) de différentes compositions, soit 50 % (50HDP-B), 100 % (100HDP-B) et 200 % (200HDP-B), afin
d’examiner leur capacité d’échange cationique (CEC). Nous avons utilisé les modèles cinétiques de pseudo-premier ordre et de
pseudo-second ordre pour optimiser la sorption du colorant azoïque rouge Congo (RC) en solution aqueuse. Les données
expérimentales concordaient très bien avec le modèle cinétique de pseudo-second ordre. La capacité de sorption (qe) du RC par
les organobentonites à l’équilibre était de 36,0 mg g−1 (72,1 %) pour la 50HDP-B, de 48,05 mg g−1 (96,1 %) pour la 100HDP-B et de
49,2 mg g−1 (98,4 %) pour la 200HDP-B. Ces résultats étaient considérablement plus élevés que ceux observés pour la Na-B. Nous
avons appliqué la méthode des surfaces de réponse couplée à un plan de Box-Behnken à trois facteurs et à trois niveaux pour
décrire l’élimination du colorant RC par la 100HDP-B. Pour ce faire, nous avons étudié les effets de trois variables, soit la
température, la quantité d’adsorbant et la concentration initiale de colorant. Nous avons constaté une bonne concordance entre
les valeurs calculées de l’efficacité d’adsorption et les valeurs expérimentales (R2 = 0,97). Un modèle polynomial de second ordre
permet de décrire adéquatement les effets des variables indépendantes sur l’élimination du colorant RC. En conditions optimi-
sées, ce colorant azoïque toxique peut être éliminé quantitativement d’une solution aqueuse. Les résultats de la présente étude
permettent de penser que cette organobentonite peut être utilisée comme sorbant pour l’élimination efficace de colorants en
solutions aqueuses. [Traduit par la Rédaction]

Mots-clés : organobentonite, colorant rouge Congo, étude cinétique, méthode de Box–Behnken.

Introduction
The use of synthetic dyes in the food, pharmaceutical, cosmet-

ics, textiles, paper, dyeing, and plastics industry has been growing
since the beginning of the century, favoring the emergence of
numerous clinical manifestations. World production is estimated
at 700 000 tonnes year−1, of which 140 000 tonnes are discharged
into the effluents during different stages of application and con-
fection.1,2 Azo-compounds are the most important family in terms

of application, accounting for more than one-half of the dyes
prepared worldwide. These structures are characterized by the
azo (–N=N–) functional group uniting two identical or different
alkyl or aryl radicals.3,4 This dye category is currently the most
widely used in terms of application, accounting for more than 50%
of global dye production.5,6 It is estimated that 10%–15% of the
initial quantities are lost during dyeing procedures and are dis-
charged without prior treatment in the effluents.6 The azo bond is
the most labile portion of these molecules and can easily break
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under the enzymatic action of mammalian organisms, including
humans, to become a carcinogenic amino compound.7,8 These
carcinogenic organic compounds are resistant to treatment and
biodegradation.9

To remove dye contaminants that damage the ecosystem and
water supply (used for drinking water supply, water industry
needs, agriculture, etc.), numerous processes are implemented,
including adsorption,10 ozonation,11 coagulation/flocculation,12

membrane separation,13 advanced oxidation processes,14,15 and
biological treatment.16,17 Adsorption has been recognized as the
most popular treatment process for dye removal in aqueous solu-
tion and has the advantages of high efficiency, simple operation,
and easy recovery and reuse of adsorbent.18 In the current work,
Congo red (CR) dye was selected as the target molecule for adsorp-
tion because this molecule is the subject of many other studies
on the removal of azo dye pollutants.19–21 Various reports have
shown that organo-modified clays are cost-effective in the sorp-
tion of several contaminants as a result of being hydrophobic and
organophilic, readily available, and environmentally stable. The
present paper reports the preparation of hexadecylpyridinium
intercalated clay from the natural bentonite of Maghnia, north-
western Algeria. The investigation focuses on the use of modified
clay and the adsorption kinetics and optimization process of CR
dye from aqueous solutions. An attempt is also made to optimize
the process parameters such as temperature, adsorbent dosage,
and initial dye concentration using statistical experiment design
based on the Box–Behnken matrix to study the linear, square, and
interactive effects of process parameters on the removal of CR dye
from aqueous solution by a selected organo-bentonite sample.

Materials and methods

Chemicals and reagents
The sample clay used in this study came from Maghnia with a

mineralogical composition of about 80 wt.% montmorillonite, 10%
quartz, 3.0% cristobalite, and less than 1% beidellite. Its chemical
composition was as follows: 62.48% SiO2, 17.53% Al2O3, 1.23%
Fe2O3, 3.59% MgO, 0.82% K2O, 0.87% CaO, 0.22% TiO2, 0.39% Na2O,
and 0.04% As, with 13.0% loss on ignition at 950 °C.22

The surfactant hexadecylpyridinium chloride monohydrate HD-
PCl (C21H40ClNO) (purity of > 99%) and the CR dye (C32H22N6Na2O6S2)
(purity of >99%) were purchased from Biochem. The chemical struc-
tures of the CR and HDPCl are given in Scheme 1.

Preparation of HDP-B samples and characterization
methods

The natural bentonite used in this study was processed to
< 2 �m size fraction by sedimentation in deionized water. It was
purified and converted to sodium bentonite (Na-B), using the
method described by Makhoukhi et al.23 The cation exchange
capacity (CEC) of sodium bentonite was calculated by using
the methylene blue adsorption method24 and was found to be
93 meq/100 g.

HDP-intercalated bentonite samples were prepared by interca-
lation of the pyridinium cation into the Na-B suspension follow-
ing a previously described procedure.25 Briefly, 25 g of the samples
was mixed with 500 mL of cationic surfactant HDPCl solutions
with various amounts corresponding to 50%, 100%, and 200% of
the CEC of the Na-B. The mixture was agitated for 24 h at room

temperature and then centrifuged at 3000 rpm for 15 min. Next,
the suspension was filtered, washed several times with distilled
water (until negative chloride test with 0.1 mol/L AgNO3 was ob-
tained), and dried at 70 °C for 24 h. The materials obtained were
designated as 50HDP-B, 100HDP-B, and 200HDP-B.

The HDP-B samples were compared with Na-B with Fourier
transform infrared (FTIR) spectroscopy. Infrared spectra were re-
corded over the range 4000–500 cm−1 with a Perkin Elmer FTIR
spectrophotometer.

Adsorption procedure
A stock solution of the CR dye with a concentration of 1000 mg L−1

was prepared in distilled water. From the stock solution, various
concentrations were prepared by dilution. In kinetic studies,
batch adsorption experiments were carried out in a 100 mL Erlen-
meyer flask by adding 25 mg of sorbent to 25 mL CR solution
(50 mg L−1) at a natural pH of 6.6 and a room temperature of 20 ±
1 °C on a thermostatic shaker with a shaking speed of 250 rpm.
The samples were withdrawn at different times until 180 min. The
suspensions were then centrifuged and analyzed using Analytik
Jena SPECORD 210 Double Beam UV–vis spectrophotometer at
�max = 498 nm. The amount (mg) of dye adsorbed per gram of
adsorbent at the time t (qt), the adsorption capacity (mg g−1) at
equilibrium (qe) and percent removal (% removal) were calculated
using the following equations:

(1) qt � (C0 � Ct)
V
m

(2) qe � (C0 � Ce)
V
m

(3) % removal � �1 �
Ct

C0
�100

where C0 (mg L−1) and Ce (mg L−1) are the initial and equilibrium
concentrations of CR dye, respectively, m (g) is the amount of
adsorbent, and V (L) is the volume of the aqueous solution.

Two types of kinetic models were used to test the experimental
data of the adsorption of CR dye onto organoclays: pseudo first-
order equation26 and pseudo second-order equation models.27

These models can be expressed in an integrated and linearized
form using the following equations:

(4) log(qe � qt) � log qe � � k1

2.303
�t

(5)
t
qt

�
1

k2qe
2

�
1
qe

t

where k1 and k2 are the equilibrium rate constants of pseudo
first-order (min−1) and pseudo second-order model (g mg−1 min−1),
respectively.

The initial sorption rate, h (mg g−1 min−1), at t ¡ 0 is defined as

(6) h � k2qe
2

Scheme 1. (a) Structure of CR dye and the (b) structure of HDPCl.

NN

N

N

H2N

S

NH2

S

O

O
O

O

O

O

Na

Na

a)

N

CH3

Cl

b)



To study the effect of temperature on the sorption capacity of
dye by 100HDP-B sample, adsorption experiments were carried
out with 50 mg L−1 of CR dye (m/V = 1 g L−1) by varying the temper-
ature (20, 40, and 60 °C).

The effects of initial dye concentration (50–500 mg L−1) and
solid–solution ratio (0.1–2 g L−1), on the amount of adsorbed dye
both on Na-B and 100HDP-B were obtained at a constant temper-
ature of 20 ± 1 °C. The contact time was set to 120 min (equilibrium
time).

Experimental design
Experimental design methods are a very powerful tool for the

improvement and optimization of processes and can also be very
useful in establishing statistical control of a process. Their appli-
cations can also play a major role in technical design activities,
where new products are developed and existing products are
improved. The operational variables such as temperature, solid–
solution ratio, and initial dye concentration of the CR sorption
process using 100HDP-B were optimized based on the Box–
Behnken design. The percent removal of dye (Y) is selected as a
response for the combination of independent variables, which is
fitted by a second-order polynomial model:

(7) Y � �0 � �i�1

n
�iXi � �i�1

n
�iiXi

2 � �i�1

n�1�j�2

n
�ijXiXj

where Y is the predicted percent removal, Xi and Xj are the input
variables that affect the response, n is the number of independent
variables, �0 is a constant, and �i, �ii, and �ij are the coefficients
estimated from regression and represent the linear, quadratic,
and cross products of variables on response, respectively. The
experimental data were processed by using the Statgraphics Cen-
turion XVI software.

A Box–Behnken design matrix with three factors and three levels
was examined to not only investigate the main and interactive
effects of the process variables, but also obtain the optimum op-
erational variables for the CR dye removal. The range and level of
experimental variables are shown in Table 1.

Results and discussion

FTIR spectroscopy analysis
The FTIR spectra of Na-B and the HDP-B samples are shown in

Fig. 1. From the IR spectra of adsorbents, a band around 3630 cm−1

was attributed to the Al2OH group of the octahedral layer.28 The
broad bands around 3420 and 1045 cm−1 can be associated with
the overlapping symmetric and asymmetric hydroxyl group
stretching vibration of water molecules on the external layer and
to asymmetric stretching vibration of Si–O–Si tetrahedra in the
montmorillonite, respectively.29,30 A comparison of the FTIR spec-
tra of HDP-B with that of Na-B exhibits significant changes in some
of the peaks. The intercalation of the surfactant in the bentonite
showed the role of the siloxane group resulting in the displace-
ment of the peak from 1045 to 1024 cm−1.31 From the IR spectra of
the organo-modified clay (HDP-B), the absorption bands observed
at 2800–3000 cm−1 corresponded to –CH– stretching vibration.
These bands are absent for Na-B, which shows that hexadecylpyri-

dinium is well incorporated into the bentonite. Additionally, the
band at 1474 cm−1 was ascribed to the aromatic C=C vibrations.32

Adsorption kinetics
The effect of contact time on the adsorption of CR dye using

sodic bentonite and synthesized organo-bentonites was examined
in Fig. 2a. The adsorption yield of dye on adsorbent samples in-
creases with the increase of contact time to reach a maximum
sorption percentage at 60 min for Na-B and 200HDP-B. For the
others (50HDP-B and 100HDP-B), the adsorption equilibrium was
reached after 120 min of stirring.

Also, the rate of CR dye removal with modified bentonite adsor-
bents is primarily rapid in the first stages of contact time, and
then, it is gradually slowed until reactions reach equilibrium. The
rapid adsorption observed during the first stage of process was
attributed to the abundance of free active sites on the HDP-B
surface and easy availability of them for CR dye molecules.

As seen from Fig. 2b, the maximum percent removal adsorption
at equilibrium time (te) of dye with pyridinium modified benton-
ite adsorbents 50HDP-B, 100HDP-B, and 200HDP-B was 72.1%,
96.1%, and 98.4%, respectively, whereas the adsorption yield of
Na-B was 14.6%. It can be observed that the magnitudes of CR dye
on all organo-modified bentonite are larger than that on Na-B,
which can be ascribed to the hydrophobic effect and electrostatic
attraction. This can be explained by the highly polar and hy-
drophilic of both the CR dye and modified bentonite. The inter-
calation of HDP onto bentonite not only provides a higher
hydrophobicity to the adsorbent, but also changes the bentonite
character from hydrophilic to hydrophobic, which enhances the
electrostatic attraction between its surface and the dye molecules.
This change is responsible for the improved adsorption efficiency
observed in this study.33,34

As shown in Fig. 2b, CR dye adsorption on HDP-B increased with
increasing pyridinium surfactant dose (%CEC) compared with
only 7.37 mg g−1 adsorbed on Na-B, suggesting that the increase
in HDP content significantly enhanced the removal rate of CR
dye from solution. When the amounts of HDP on HDP-B increased
from 50% to 100% of the CEC values, the adsorbed CR dye increased
from 36.07 to 48.05 mg g−1. However, when HDP increased to 200%,
the amount of CR dye sorbed increased slightly to 49.21 mg g−1,
suggesting that HDP on the bentonite was overloaded when the
pyridinium surfactant dose was over 100%. The organo-modified
bentonites demonstrated higher adsorption efficiency compared
with the unmodified bentonite. The high sorption capacity of CR

Table 1. Codification and levels of the three independent variables
considered for the sorption of CR dye.

Range and levels

Variable Low (−1) Medium (0) High (+1)

Temperature, X1 (°C) 20 40 60
Solid–solution ratio, X2 (g L−1) 0.1 0.55 1
Initial dye concentration, X3 (mg L−1) 50 275 500

Fig. 1. IR spectra of sodium bentonite (Na-B) and hybrid bentonites
(50HDP-B, 100HDP-B, and 200HDP-B). [Colour online.]



dye on hexadecylpyridinium modified bentonite adsorbents can
be attributed to the high electrostatic attraction between the an-
ionic SO3

− group in CR dye and the positive head of the surfactant
and (or) the van der Waals interaction between the dye molecules
and surfactants.35 Similar trends were reported by Xia et al.36 in
theadsorptionofCRdyeontohectoritemodifiedwithcetyltrimeth-
ylammonium bromide and Li et al.37 in the removal of Reactive
Violet K-3R and Acid Dark Blue 2G onto cationic-polymer/bentonite.

The pseudo first-order and the pseudo second-order linear plots
of CR dye adsorption kinetics data have been depicted in Fig. 3.
Table 2 presents the results of the experimental data. It can be
seen that the correlation coefficients (R2 = 0.99) values are larger
and the experimental values of adsorption capacity (qe,exp) agreed
with the calculated values (qe,cal) in the pseudo second-order
model. This indicates that the pseudo second-order model is the
most suitable in describing the adsorption kinetics of CR dye on
sodic bentonite and pyridinium-modified bentonites samples.
The same result was found by Chitrakar et al.38 in the adsorption
of perchlorate ion onto montmorillonite modified with hexade-
cylpyridinium chloride and Zohra et al.39 in the removal of Direct
Red 2 on bentonite modified by cetyltrimethylammonium bro-
mide.

Effect of adsorbent dosage (solid–solution ratio)
A comparison of Na-B and 100HDP-B on the CR dye adsorption at

an initial dye concentration of 50 mg L−1 and an initial pH of 6.6

for different adsorbent dose intervals is depicted in Fig. 4a. The
removal of anionic dye was low in the presence of sodic bentonite.
However, it can be seen that the percent dye removal increased
from 0.8% to 21.9% and 24.4% to 98.6% when the Na-B and
100HDP-B dosages were increased in the range of 0.1–2 g L−1, re-
spectively. The dye removal efficiency of the modified clay re-
mains substantially constant at m/V ratios of ≥ 1 g L−1. Such results
clearly demonstrate the improved CR dye adsorption efficiency of
bentonite after modification through the alkyl pyridinium surfac-
tant.

Effect of initial dye concentration
The adsorption of CR dye by Na-B and 100HDP-B was investi-

gated by varying its initial concentrations (50–500 mg L−1) at the
adsorbent dosage of 1 g L−1 and initial pH of 6.6 (Fig. 4b). For the
100HDP-B material, the yield is highest (96.1%) in initial dye con-
centrations ranging from 50 to 100 mg L−1 (appearance of a bear-
ing). When the initial CR dye concentration was increased from
150 to 500 mg L−1, the CR dye removal efficiency decreased from
91.9% to 54.6%. The reason for this result can be explained by the
fact that the adsorbent has a limited number of active sites, which
become saturated above a certain CR dye concentration. Similar
observations were also reported in the literature for other adsor-
bates and different surfactant-modified clays.40,41 For the Na-B
adsorbent, low removals were obtained; the maximum is ob-

Fig. 2. (a) Kinetics curve of CR dye adsorption by using modified
bentonites (HDP-B) and sodium bentonite (Na-B). pH = 6.6, C0 =
50 mg L−1, m/V = 1 g L−1, T = 20 ± 1 °C. (b) The effect of pyridinium
surfactant dose (% CEC) on the percent removal and equilibrium
adsorption capacity of CR dye at te = 120 min. [Colour online.]

Fig. 3. Modeling of CR dye adsorption kinetics on Na-B and HDP-B
samples. (a) pseudo first-order kinetic plot and (b) pseudo second-
order kinetic plot. [Colour online.]



served at a concentration of 150 mg L−1 (23.2%), which then de-
creased to 0.8% when the initial concentration increased to
500 mg L−1.

Effect of temperature
The effect of temperature on the adsorption of CR dye was

examined at an initial concentration of 50 mg L−1 and m/V ratio of
1 g L−1. It seems that the sorption process is affected within the
range of 20–60 °C. The dye removal efficiency of CR increased
slightly from 96.1% to 99.6% with increasing temperature from 20
to 60 °C, respectively. These results indicate the endothermic na-
ture of the sorption process of the CR dye onto 100HDP-B.

Optimization of CR dye sorption process
The effect of process variables such as temperature, solid–solution

ratio, and initial dye concentration on the sorption of CR dye onto

100HDP-B was investigated using response surface methodology
according to Box–Behnken design. The codified values of three
important factors (X1, X2, and X3) together with their correspond-
ing response values were listed in Table 3.

Multiple regression analysis of the experimental data yielded
the following regression equation for the percent removal of CR
dye. Table 4 shows the analysis of variance (ANOVA) model for the
percent adsorption of dye using pyridinium-modified bentonite.
ANOVA is required to test the significance and adequacy of the
model.42 This analysis makes it possible to test the relevance of
the variables involved in the experimental design and graphically
represent the importance of each parameter on the response ob-
tained. The principle consists in comparing the variance of the
experiments to evaluate whether they differ from the average or
not. Then, it is necessary to compare the variance of various rep-
licates of a sample with the variance of means between all sam-

Table 2. Kinetic parameters for CR dye sorption.

Pseudo first-order model Pseudo second-order model

Adsorbent Removal qe,exp k1 qe,cal R2 k2 (×103) qe,cal R2 h

Na-B 14.69 7.35 0.063 5.97 0.88 22.280 7.59 0.99 1.28
50HDP-B 72.13 36.07 0.020 14.64 0.67 3.217 39.42 0.99 4.99
100HDP-B 96.10 48.05 0.018 15.71 0.92 4.361 49.11 0.99 10.52
200HDP-B 98.43 49.21 0.080 7.98 0.92 37.934 49.38 0.99 92.50

Note: Removal (%), qe,exp (mg g−1), qe,cal (mg g−1), k1 (min−1), k2 (g mg−1 min−1), and h (mg g−1 min−1).

Fig. 4. Effect of (a) adsorbent dosage and (b) initial dye
concentration on the removal efficiency of CR dye.

Table 3. Box–Behnken design matrix along with predicted and exper-
imental values of percent removal of CR dye.

Factor level Removal (%)

Run X1 X2 X3 Experimental Predicted

1 −1 0 −1 95.11 96.21
2 −1 −1 0 40.56 34.39
3 −1 1 0 71.83 71.81
4 −1 0 1 37.69 42.78
5 0 1 −1 97.28 96.19
6 0 1 1 67.45 62.38
7 0 −1 1 23.83 24.91
8 0 −1 −1 60.64 65.71
9 1 0 −1 97.58 92.49
10 1 −1 0 50.23 50.25
11 1 0 1 72.42 71.32
12 1 1 0 74.60 80.77
13a 0 0 0 84.72 84.61
14a 0 0 0 85.28 84.61
15a 0 0 0 83.82 84.61

aThree additional tests at the central point (0, 0, 0) for the calculation of the
Student and Fisher’s tests.

Table 4. Statistical parameters of Box–Behnken design for the CR dye
sorption process.

Term Coefficient
Sum of
squares Df

Mean
square F ratio p value

Constant 84.606 — — — — —
X1:T 6.205 308.016 1 308.016 8.31 0.0345a

X2:m/V 16.987 2308.6 1 2308.6 62.31 0.0005a

X3:C0 −18.652 2783.33 1 2783.33 75.13 0.0003a

X1
2 −5.950 130.754 1 130.754 3.53 0.1191

X1 X2 −1.725 11.9025 1 11.9025 0.32 0.5953
X1 X3 8.065 260.177 1 260.177 7.02 0.0454a

X2
2 −19.350 1382.6 1 1382.6 37.32 0.0017a

X2 X3 1.745 12.1801 1 12.1801 0.33 0.5912
X3

2 −2.955 32.2595 1 32.2595 0.87 0.3936
Total error 185.246 5 37.0492
Total (correlation) 7330.94 14 308.016

Note: df, degrees of freedom.
aSignificant variable.



ples.43 The relationship between these two variances is called the
F ratio. The F ratio value depends on the number of degrees of
freedom (df) involved in the model and represented in the P value
column at a 95% confidence level by reference to a statistical table.
As a result, effects less than 0.05 in this column are considered to
be statistically significant. In this case, the linear effects of tem-
perature, solid–solution ratio, and initial dye concentration are
more significant. The square effects of adsorbent dosage and its
interaction with temperature were also found to be statistically
significant on the adsorption of CR dye onto 100HDP-B.

Following this statistical study, a Pareto chart diagram (Fig. 5a)
representing the different effects in a standardized way could be
drawn up to highlight the most significant effects in order of
importance for each variable (linear, interaction, and quadratic
effects). The crossbar represents the minimum amplitude at
which the effects will be considered statistically significant for the
response studied, considering a 95% confidence level. The inter-
pretation of this chart demonstrates that the adsorbent dosage
and initial dye concentration are highly significant. An increase in
adsorbent dosage increases the sorption efficiency; however, the
initial CR dye concentration has a net negative effect on percent
removal. The interaction of temperature and initial dye concen-
tration effect was very small in comparison with linear effects but
it was also significant at a 95% confidence level. The lack of influ-
ence of cross-product effects (X1X2 and X2X3) suggests the weak
influence of the interactions between the variables in the studied
experimental domain. Moreover, the correlation coefficient (R2 =
0.97) was very high, indicating a very good agreement between the
observed results and predicted response, which shows good adap-
tation of the statistical model (Fig. 5b). After the elimination of the
insignificant parameters (p > 0.05) and the substitution of the
coefficients in eq. 7 with their values from Table 4, the best-fitting

equation in terms of coded factors for CR dye adsorption was
described as follows:

(8) % removal � 84.606 � 6.205X1 � 16.987X2 � 18.652X3

� 8.065X1X3 � 19.350X2
2

Response surface plots of the model were drawn to show the effect
of the independent factors on the dependent factors. This was
done by varying two factors within the experimental range and
holding the other one constant. Figure 5c is the response surface
plot showing the effect of temperature and solid–solution ratio on
the CR dye removal at the fixed initial concentration of 275 mg L−1

(X3 = 0). The polynomial equation of the second degree is also used
to define optimal adsorption conditions. The mathematical equa-
tion was derived for each variable studied giving first-degree equa-
tions. The procedure involves equalizing the derivatives to 0 and
solving the equation to give optimal conditions in coded values.
These values are then decoded, based on the experience plan in
real values. The optimal values of the parameters affecting the
quantitative adsorption were calculated and are 44 °C for the
temperature, 0.74 g L−1 for the adsorbent dosage, and 100 mg L−1

for the initial dye concentration. All of these optimal values are
within the experimental range of factors considered in this study.

Conclusion
As a result, the kinetics and optimization process indicate that

the modified bentonite at different amounts of a surfactant allows
us to increase the adsorption capacity. The series of modified
bentonite were successfully prepared using the intercalated pro-
cess. The adsorbed amounts of CR dye on modified bentonite

Fig. 5. (a) Pareto chart of standardized effects, (b) comparison of predicted and observed percent removal of CR dye, and (c) surface plot of the
percent removal of CR dye as a function of temperature and adsorbent dosage at the fixed initial dye concentration (X3 = 0). [Colour online.]



with HDP of different surfactant doses (50HDP-B, 100HDP-B, and
200HDP-B) are considerably higher than that on Na-B. Kinetic
studies indicated that the adsorption of CR dye onto HDP-B adsor-
bents or Na-B was found to follow the pseudo second-order reac-
tion. Response surface methodology with three-variable, three-
level Box–Behnken design of utmost importance to reduce the
number of experiment variables and provide useful information
about the effect of the factors and their possible interactions, as
well as to optimize the conditions for dye treatment. The effect of
three variables such as temperature, adsorbent dosage, and initial
dye concentration onto 100HDP-B from aqueous solutions was
studied. The statistical analysis confirmed that the dye removal
efficiency was enhanced by an increase in adsorbent dosage and
temperature and a decrease in initial dye concentration. It is also
observed that the interactive effect of temperature and initial dye
concentration, as well as the square effect of adsorbent dosage,
were found to have a significant influence on dye adsorption. The
optimum values of temperature, adsorbent dosage, and initial dye
concentration were found to be 44 °C, 0.74 g L−1, and 100 mg L−1 for
the complete removal of CR dye, respectively. The present results
show that modified bentonite with the HDP is a promising adsor-
bent for removing CR dye from aqueous solution.
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