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ABSTRACT

The dye sorption of Basic Yellow 28 (BY 28) in an adsorption process was optimized by
varying three independent factors (initial pH, temperature, and ionic strength) using a cen-
tral composite design, which is an experimental design that is useful in response surface
methodology. The quantitative relationship was measured between the amount of the
adsorbed dye (q, mg g−1) and the economical adsorbent, sepiolite, and the effect of initial
pH, temperature, and ionic strength on the adsorption process was evaluated using the qua-
dratic model. The model adequacy was tested by the analysis of variance, and the model
was shown to be highly significant. The model showed that each of the independent factors
was significant at the 5% significance level, revealing that the dye adsorption in the aqueous
solution was affected by all three factors that were studied. The predicted maximum
amount of adsorbed dye (31.54mg g−1) was found using a solution pH of 6, a temperature
of 25˚C, and an ionic strength of 0.00mol L−1 within 30min of contact time with the sepio-
lite. The activation energy was 19.11 J mol−1 for the adsorbed dye onto the sepiolite. The
pseudo-second-order kinetic model appears to be the most efficient in describing the
adsorption kinetics that were obtained from 20 to 60˚C.
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1. Introduction

The recent technological developments that have
occurred in the textile and dye industries have made a
positive contribution to the industries, but have also
produced new and significant environmental problems
[1]. The textile industry produces wastewater with
heavy pollution levels. In the textile industry, approxi-
mately 40–65 L of wastewater is produced per kg of
products. The textile dyes, which are used extensively
in the textile industry, are a major pollutant in the

textile effluents [2]. The textile industry produces
7 × 105 tons of dyes per year, and 10–15% of these
dyes are released to the environment [1,3]. There are
many structural varieties of dyes, such as acidic, basic,
disperse, azo, diazo, anthraquinone-based, and metal
complex dyes [4].

The cationic dyes, which are also known as basic
dyes, are widely used in acrylic, nylon, silk, and wool
dyeing processes. The basic dyes can cause allergic
dermatitis, skin irritation, cancer, and mutations [5].
Therefore, the removal of the basic dyes from the pro-
cess effluent is environmentally important. The most
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common methods for dye removal from aqueous
solutions are aerobic and anaerobic microbial degrada-
tion, coagulation and chemical oxidation, solvent
extraction, filtration, membrane separation, flotation,
electrolysis, ion exchange, and sorption. Adsorption is
one of the most suitable methods for dye removal
because it is a simple and useful process [6].

The dyes can be effectively removed in an adsorp-
tion process, but the optimization of the process
requires many experiments. Response surface meth-
odology (RSM) is widely used for the optimization of
process parameters, especially in adsorption pro-
cesses. This methodology evaluates the interactions
among the process variables through a relatively
small number of experiments that can reduce time
and cost [7–17]. The advantages of RSM over the
other available design methods are that it involves a
minimum number of experiments and aids in the
evaluation of the relative significance of the variables
that influence the process. RSM is useful for model-
ing, analysis, and optimization of responses that are
influenced by several variables. There are numerous
experimental designs that can be applied in the
adsorption process to analyze and optimize the
adsorption conditions. These designs include the cen-
tral composite design (CCD), the Doehlert matrix,
and the Box–Behnken design. In the CCD method,
the primary effects and interactions among the
variables are estimated.

Activated carbon is the most widely used adsor-
bent for dye removal because it has a high adsorption
capacity and a large surface area for organic
compounds. However, the use of activated carbon is
typically limited due to its high cost [18]. Therefore, in
recent years, many researchers have investigated
alternative adsorbents that are efficient and economi-
cal for the removal of the dyes from wastewaters
[19–23].

The use of clays in adsorption studies involving
dye removal from wastewater is reported in the litera-
ture [24–26]. The sepiolite, which is one of the clay
adsorbents, is a good alternative to activated carbon
because it exhibits a high surface activity, a high
porosity, and a high specific surface area [27]. The
sepiolite is a phyllosilicate that contains a continuous
two-dimensional tetrahedral sheet and differs from
other layer silicates in that it lacks continuous octahe-
dral sheets. The sepiolite is characterized by its tetra-
hedral–octahedral–tetrahedral (TOT) layer-fibrous
structure that contains fragments of the TOT struc-
tures that extend along the axis [28]. The silanol
groups on the surface of the sepiolite are typically
accessible to organic species and act as neutral adsorp-
tion sites. In addition, certain isomorphic substitutions

occur in the tetrahedral sheet of the lattice of the min-
eral form of sepiolite leading to negatively charged
adsorption sites that are occupied by exchangeable
cations. The sepiolite is a powerful sorbent for organic
molecules and cations because of these characteristics
[29].

The sepiolite is an efficient natural adsorbent that
is obtained from local resources and from economical
materials for the removal of hazardous dyes. Several
studies that are related to the removal of dyes using
sepiolite have been reported in the literature [10,30–
34]. No studies were found in the literature by our
research group that was related to Basic Yellow 28
(BY 28) adsorption onto the sepiolite using RSM.
Therefore, in our present study, the sepiolite
(Eskişehir, Turkey) was chosen as the sorbent and a
basic dye (BY 28), which is used in Turkey’s textile
industry in Bursa was used as the model pollutant.
The dependence of the adsorption capacity of the dye
on contact time, concentration, temperature, adsorbent
doses, and pH of the solution was studied. RSM was
used for the optimization of the conditions for the
maximum removal of the dye. The evaluation of the
adsorption kinetics and thermodynamics was also
performed.

2. Materials and methods

2.1. Materials

The sepiolite samples that were used in this study
were obtained from Aktaş Lületaşı Co. (Eskişehir,
Turkey). The chemical composition of the sepiolite
determined by XRF is 53.47% SiO2, 0.19% Al2O3,
0.16% Fe2O3, 0.71% CaO, 23.55% MgO, and 0.43% NiO
and exhibited a 21.49 loss that was exhibited upon
ignition. The clay sample was ground and sieved
75 μm size fraction. Then, it was dried at 105˚C for 24
h and used for further experiments. The mineralogical
compositions of the sepiolite samples were determined
by a Rigaku Ultima IV X-ray diffractometer using cop-
per K alpha (CuKα) radiation generated at 40 kV, 30
mA, and a scan speed of 1˚/min. The XRD pattern of
the sepiolite (Fig. 1) contains the sepiolite peaks at
6.97, 20.31, 27.85, 34.71, and 39.61 (2θ), which are the
most characteristic peaks of the sepiolite [18,25]. On
the basis of XRD peak intensities, the amount of the
dolomite (at 30.94 (2θ)) appears to be small compared
to the sepiolite.

The chemical and the electrokinetic characteristic of
the sepiolite were described in previous articles
[35–37]. The specific surface area of the sepiolite
was 342m2 g−1, as measured by the BET nitrogen
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adsorption technique using the Micromeritics
FlowSorb II-2300 equipment. The cationic exchange
capacity (CEC) of the sepiolite using the ammonium
acetate method was determined to be 25.0meq/100 g.
The sepiolite had an isoelectric point at a pH˚of
approximately 6.6. The BY 28 (purity, 95%) textile dye
was obtained from Dystar, Turkey, and was used with-
out further purification. The structure of the dyes and
their properties are given in Fig. 2 and Table 1.

2.2. The adsorption experiments

For the experiments on the adsorption kinetics, a
1.25 sepiolite sample was added to 2 L of a BY 28
solution at the desired ionic strength, temperature,

and pH. The initial concentration of the BY 28 solution
was 4 × 10−5 mol L−1. A preliminary experiment
showed that the adsorption process reached the equi-
librium concentration after approximately 60min. The
mixture was continuously agitated by a mechanical
stirrer at 400 rpm for 60min.

The effect of the solution pH on the dye removal
was studied in the pH range from 3 to 9. The pH was
adjusted using 0.1 mol L−1 HCl and 0.1mol L−1 NaOH
solutions using a NeoMet pH-200 l pH meter with a
combined pH electrode. The pH meter was standard-
ized with NBS buffers before each measurement was
obtained. The effect of the ionic strength on the
adsorption rate was studied using an NaCl concentra-
tion range of 0.0–0.1 mol L−1. The experiments were
performed at temperatures ranging from 20 to 60˚C in
a constant temperature bath. Four milliliters of the
samples was removed from the adsorption system at
certain time intervals. The samples were centrifuged
for 15 min at 4,000 rpm, and the dye concentration
remaining in the supernatant solution was determined
using a UV–Vis spectrophotometer (Shimadzu UV-
2450) at the wavelength of 438.79 nm.

At any time t, the adsorbed dye amount, qt, was
calculated from Eq. (1):

qt ¼ ðC0 � CtÞV
m

(1)

where C0 is the initial concentration of the BY 28 solu-
tion, and Ct is the liquid-phase concentration of the
BY 28 solution at any time, t (mg L−1); m is the sepio-
lite mass (g); V is the volume of the BY 28 solution
(L); and qt is the BY 28 concentration that is adsorbed
on the sepiolite at any time, t (mg g−1).

2.3. The experimental design

The analysis of the statistical quality of the experi-
mental results prior to their evaluation is essential
because if the quality of the results is not statistically
significant, then the analysis of the design will pro-
duce misleading conclusions [38]. The experimental
design involves the estimation of the coefficients in a
mathematical model that predict the response and test
the adequacy of the model. The response model may
be expressed using Eq. (2):

y ¼ fðX1:X2:X3. . .XnÞ � e (2)

where y is the response, f is the response function, Xi

represents the independent variables, and ε is the

Fig. 1. The XRD pattern of the sepiolite (S: sepiolite, D:
dolomite).
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Fig. 2. Molecular structure of BY 28.

Table 1
Property of BY 28 dye

Commercial name Astrazon Gelb GLE

λmax (nm) 438.79
Type Cationic
MW (gmol−1) 433.52
Azo group 1
Solubility 90˚C, 80 g/L; 60˚C, 60 g/L; 30˚C, 40 g/L
pH stability 3–10
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experimental error. The response function, f, depends
on the nature of the relationship between the response
and the independent variables. The RSM aims to at
approximate the value of f using a suitable polynomial
in a region of the independent process variables [39].

The experimental data can be evaluated for the
analysis of the responses (y) using the following sec-
ond-order polynomial equation as a function of the
independent variables (Eq. (3)):

y ¼ b0 þ
Xk

i¼1

bi xi þ
Xk

i¼1

bii x
2
i þ

Xk

1� i� j

bij xi xj þ e (3)

where x1, x2, … xk are the input variables that have an
influence on the response y; β0, βi (i = 1, 2, … k) βii, and
βij (i = 1, 2, … k; j = 1, 2, … k) are intercept, linear, qua-
dratic, and interaction constant coefficients, respec-
tively, and ε is a random error [40]. The CCD method
was used to develop the response model and the
desirability function in the optimization of the
affecting parameters (initial pH, temperature, and

ionic strength) to produce the highest amount of
adsorbed dye. The levels that are defined for the
parameters are listed in Table 2 and were selected
according to preliminary experiments.

The factorial design matrix and the observed
response (qe, mg g−1) of the adsorption of the BY 28
dye that was obtained for each factorial experiment
are given in Table 3, where the levels are those speci-
fied in Table 2. The qe value was determined to be
average, with three replicates for each of these experi-
ments. The order in which the experiments were con-
ducted was randomized to avoid systematic errors,
and the statistical program package, Minitab-16, was
used for the analysis of the data that were obtained
and for the estimation of the coefficient of the regres-
sion equation.

3. Results and discussion

3.1. Statistical analysis

The RSM was used to investigate the influence of
the variables (initial pH, temperature, and ionic
strength) on the amount of the dye that was adsorbed
and to find the most suitable combination of the vari-
ables that would result in a maximum amount of
adsorbed dye. The analysis of variance (ANOVA)
model was used for the graphic analysis of the data to
obtain the interaction between the process variables
and the responses. In addition, with the aid of the
model, the optimal response can be estimated by cal-
culating the derivatives of the model. The terms of the
fit polynomial model were evaluated by the P-value
(probability) with a 95% confidence level and by the
ANOVA model (Table 4).

The probability values of less than 0.05 are consid-
ered to be significant evidence that the coefficient is
not zero. Any p-values that is lower than 0.05 indicate
that the model and the model terms are statistically
significant. All of the linear (X1, X2, X3), the squares of
the pH (X2

1), and the T × I (X2X3) interaction coeffi-
cients (p < 0.05) were significant at the 5% significance
level for the amount of the adsorbed dye (qe). Table 4
shows the statistical analysis of the model that was
performed to evaluate the ANOVA.

Table 2
Experimental range and levels of independent variables

Factors
Range and levels

–α (–1.68) –1 0 +1 +α (+1.68)

X1: Initial pH 3.0 4.2 6.0 7.8 9.0
X2: Temperature (T), ˚C 20 28 40 52 60
X3: Ionic strength (I), mol L−1 0.00 0.02 0.05 0.08 0.10

Table 3
CCD matrix of three variables in coded and actual levels
along with the observed response for the adsorption of BY
28 dye

Run
Coded and actual level of variables

qe (mg g−1)
pH T (˚C) I (mol L−1)

1 4.2 (–1) 28 (–1) 0.02 (–1) 30.91
2 7.8 (+1) 28 (–1) 0.02 (–1) 31.05
3 4.2 (–1) 52 (+1) 0.02 (–1) 31.36
4 7.8 (+1) 52 (+1) 0.02 (–1) 30.71
5 4.2 (–1) 28 (–1) 0.08 (+1) 30.02
6 7.8 (+1) 28 (–1) 0.08 (+1) 29.46
7 4.2 (–1) 52 (+1) 0.08 (+1) 30.86
8 7.8 (+1) 52 (+1) 0.08 (+1) 30.77
9 3.0 (–1.68) 40 (0) 0.05 (0) 30.91
10 9.0 (+1.68) 40 (0) 0.05 (0) 30.60
11 6.0 (0) 20 (–1.68) 0.05 (0) 30.62
12 6.0 (0) 60 (+1.68) 0.05 (0) 31.66
13 6.0 (0) 40 (0) 0 (–1.68) 31.23
14 6.0 (0) 40 (0) 0.10 (+1.68) 31.09
15 6.0 (0) 40 (0) 0.05 (0) 31.01

2026 N. Tekin et al. / Desalination and Water Treatment 54 (2015) 2023–2035



A quantitative reduced model equation for the
adsorbed dye amount (qe) can be expressed using
coded units in terms of the statistically significant
effects, as Eq. (4):

qeðmg g�1Þ ¼ 30:98� 0:12 X1 þ 0:30 X2 � 0:23 X3

� 0:16 X2
1 þ 0:26 X2X3 (4)

The quality of the fitted model was evaluated by the
coefficient of determination, R2. This value represents
the percentage of the response variation that is
explained by the model, that is, how well the model
fits the data. An R2 value that is larger than 0.9 is typi-
cally required for an adequate approach [41]. The
value of the adjusted R2 (98.52%) suggested that only
approximately 1.48% of the total variation cannot be
explained by the model. A model is valid when it has
good predictability [42]. The low value for PRESS
(0.1552) and the high predicted R2 value (98.33%)
showed the high predictive ability of the model.

This function describes how the experimental vari-
ables and their interactions influence the BY 28
adsorption. Temperature (X2) had the greatest effect
on qe followed by temperature–ionic strength
interaction (X2X3), ionic strength (X3), and pH (X1).
The positive values of these effects reveal that the
increase in these parameters increased qe. Conversely,

the negative values of the effects decreased the
response (qe). The effects of pH and ionic strength are
negative, that is, a decrease in qe is observed when the
factor changes from low to high. In addition, pH had
a smaller effect on qe than temperature and ionic
strength. The slight effect of pH on dye removal as
well as the stable final pH of the suspensions is
mainly determined by the nature of the large pH buf-
fer capacity of the sepiolite suspension.

Therefore, pH is not a critical limiting factor in
pursuing a high efficiency of dye removal using sepio-
lite, and no rigid pH control is needed. That is an
important advantage for sepiolite application because
dye removal using conventional adsorbents or chemi-
cal coagulants is strongly pH-dependent; therefore, an
optimal pH condition should be maintained to achieve
a satisfactory result [43].

Increasing the ionic strength of the solution causes
a decrease in the adsorption of BY 28 onto sepiolite.
The amount of adsorbed BY 28 by the sepiolite sample
decreases with the increase in the ionic strength of the
medium. This result can be explained by the reduction
in the positive surface potential of the sepiolite sample
[44].

Increasing the temperature causes an increase in
the adsorption of BY 28 onto sepiolite. Increasing the
temperature increases the rate of diffusion of adsor-

Table 4
Estimated effects and coefficients for qe (mg g−1) at coded units

Term Coefficients Standard error T-value p-value

Constant 31.03 0.0691 449.13 0.000
pH (X1) –0.12 0.0458 –2.68 0.010
T (X2) 0.30 0.0458 6.44 0.000
I (X3) –0.23 0.0458 –5.05 0.000
pH × pH (X2

1) –0.17 0.0446 –3.81 0.000
T T (X2

2) –0.04 0.0446 0.79 0.434
I × I (X2

3) –0.03 0.0446 –0.61 0.548
pH × T (X1X2) –0.04 0.0599 –0.68 0.501
pH × I (X1X3) –0.02 0.0599 –0.31 0.757
T × I (X2X3) 0.26 0.0599 4.28 0.000
Values for the reduced model with significant coefficients: S = 0.04819, PRESS = 0.1552, R2= 98.65%, R2(pred)= 98.33%,

R2(adj)= 98.52%
Analysis of variance for suggested quadratic model

Source DF SS MS F-ratio p-ratio

Regression 5 9.147 1.829 787.8 0.000
Linear 3 6.385 2.129 916.4 0.000
Square 1 1.188 1.188 511.4 0.000
Interaction 1 1.574 1.574 677.6 0.000
Residual error 54 0.125 0.002
Total 59 9.273

Notes: S: standard deviation (SD), PRESS: predicted residual sums of squares, R2: coefficient of determination, R2(pred): predicted coeffi-

cient of determination, R2(adj): adjusted coefficient of determination, DF: degrees of freedom, SS: sum of square, MS: mean of square.
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bate molecules across the external boundary layer and
in the internal pores of the adsorbent particle due to
the decrease in the viscosity of the solution. In
addition, changing the temperature will change the
equilibrium capacity of the adsorbent for a particular
adsorbate [45]. This type of temperature dependence
of the adsorbed amount of the dyes may reflect the
increase in the case, in which the dye penetrates into
the sepiolite because of its larger diffusion coefficient.
In fact, a possible mechanism of interaction is the reac-
tion between the hydroxyl end groups of the sepiolite
and the cationic group in the dye molecules; such a
reaction could be favoured at higher temperatures
[46].

A display of the predicted model equation can be
obtained by plotting the surface response. The three-
dimensional surface plots and their respective contour
plots were obtained for the adsorbed dye amount
based on the effects of the three factors (pH, tempera-
ture, and ionic strength) at five levels. To represent
the response surface graphically, the amount of the
adsorbed dye (mg g−1) was plotted vs. the pH levels,
the temperature and the ionic strength. Fig. 2 shows
the combined effect of temperature and ionic strength
with a significant interaction coefficient (X2X3) on the
adsorption of the dye at a constant initial pH (5).
According to the main effects of each parameter on
the dye adsorption, increasing the temperature causes
the increase in the adsorption of BY 28 onto sepiolite,
but according to interaction effects for temperature,
and ionic strength, an increase in the temperature
within the experimental range showed a slight
decrease in the amount of adsorbed dye. The increase
in the temperature complicates the sorbate transport
within the pores of the sorbent, which may explain
the decrease in adsorption with the increasing temper-
ature. In addition, the adsorption of the dye on the
sepiolite decreased upon addition of small quantities
of salt. In addition, Fig. 3 shows that at low tempera-
tures and at a pH of 5 the amount of the adsorbed
dye in the ionic strength range of 0.00–0.10mol L−1

NaCl decreased with an increase in ionic strength.
When there are attractive electrostatic forces between
the adsorbent surface and the adsorbate, as in this sys-
tem, then an increase in the ionic strength will
decrease the adsorption capacity.

The two-dimensional contour plot provides infor-
mation so that predictions can be made for combina-
tions that are not experimentally evaluated. The
contour plot, presented in Fig. 4, shows how a
response variable relates to two factors based on a
model equation. This plot shows that the amount of
the adsorbed dye is related to the temperature and the
ionic strength at pH 5. The maximum adsorption on

the plot was found at a low temperature and a low
ionic strength. However, the experimental maximum
adsorption was found at the highest temperature and
the highest ionic strength due to the interaction effect
of the temperature and ionic strength on the adsorp-
tion of the dye.

3.2. Adsorption kinetics

Many mathematical models are used to describe
the adsorption kinetics. The first-order reaction rate
model, known as the Lagergren kinetic equation, is
one of those mathematical models. The pseudo-first-
order equation is generally expressed according to
Eq. (5) [47,48]:

dqt
dt

¼ k1ðqe � qtÞ (5)
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Fig. 3. The surface plots obtained using COD.
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After integrating and applying the boundary condi-
tions for qt = 0 at t = 0 and qt = qt at t = t, the linear form
of the pseudo-first-order model is given in Eq. (6):

lnðqe � qtÞ ¼ ln qe � k1t (6)

where k1 is the rate constant (mg−1), qe is the amount
of the BY 28 that was adsorbed at equilibrium (mg
g−1), and qt is the amount of the BY 28 that was
adsorbed at time t (mg g−1).

The pseudo-second-order equation is expressed
according to Eq. (7) [47,48]:

t

qt
¼ 1

k2q2e
þ 1

qe
t (7)

where k2 is the rate constant of the pseudo-second-
order model for the adsorption process (gmg−1 min−1).

To obtain the rate parameters, the plots of ln
(q1−qt) vs. t, t/qt vs. t, and qt vs. t

1/2 were used for the
Lagergren first-order model, the pseudo-second-order
model, and the intra-particle diffusion model, respec-
tively.

The kinetic parameters of the BY 28 adsorption
onto the sepiolite were calculated using these plots,
and the parameters are shown in Table 5. The coeffi-
cient of determination, R2, for the pseudo-second-
order adsorption model has a high value (>0.99),
which indicates that BY 28 adsorption onto sepiolite

samples follows the pseudo-second-order rate expres-
sion. According to the literature, the pseudo-second-
order kinetic model includes different sorption mecha-
nisms, such as surface complexation and ion
exchange. The model is based on the assumption that
the rate-limiting step may be chemical sorption or
chemisorption involving valence forces through the
sharing or exchange of electrons between the sorbent
and the sorbate [47,49]. Similar results were observed
in the adsorption of cationic dyes onto sepiolite
[5,6,30,45].

Because temperature has the greatest effect on qe,
the effect of temperature on the adsorption kinetics
was also studied. Table 6 lists the results of the rate
constant studies for different temperature by the
pseudo-first-order and pseudo-second-order models.
As shown in Table 6, when the temperature increases
from 20 to 60˚C, the second-order kinetic rate constant,
k2, increases from 3.74 × 10−2 to 9.99 × 10−2 g/mgmin.
This finding suggests that a high temperature favors
BY 28 removal by adsorption onto sepiolite.

The pseudo-first-order and pseudo-second-order
kinetic models may not reveal information on the dif-
fusion mechanism in the adsorption process; therefore,
the kinetic results from this study were analyzed
using the intra-particle diffusion model [50]. Gener-
ally, any sorption process involves three main succes-
sive transport steps, which are (i) film diffusion, (ii)
intra-particle or pore diffusion, and (iii) sorption onto
interior sites. Among the three steps, the last step is

Table 5
The results of the kinetic analysis of the adsorption experiments

Run qe (mg g−1)
Results

Lagergren first-order rate
expression

Pseudo-second-order kinetic model
equation

R2
1 k1× 101 (min−1) R2

2 k2× 102 (gmg−1 min−1)

1 30.91 0.9034 0.679 0.9999 3.97
2 31.05 0.9505 1.39 0.9999 5.98
3 31.36 0.9680 1.63 0.9999 7.24
4 30.71 0.9852 1.47 0.9999 9.48
5 30.02 0.9309 0.840 0.9999 4.74
6 29.46 0.9620 1.17 0.9999 5.17
7 30.86 0.9693 1.46 0.9999 9.87
8 30.77 0.8704 0.673 0.9999 7.99
9 30.91 0.9854 0.890 0.9999 3.95
10 30.60 0.9908 1.41 0.9999 7.67
11 30.62 0.9571 0.673 0.9999 3.74
12 31.66 0.9903 1.49 0.9999 9.99
13 31.23 0.9613 1.72 0.9999 6.05
14 31.09 0.9464 1.01 0.9999 6.36
15 31.01 0.8979 0.122 0.9999 6.16
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considered negligible, as it is assumed to be rapid,
and the rate of sorption is controlled by either film
diffusion or pore diffusion depending on which step
is slower [51]. Weber and Morris [52] stated that if
intra-particle diffusion is the rate-controlling factor,
uptake of the adsorbate varies with the square root of
time. Thus, rates of adsorption are usually measured
by determining the adsorption capacity of the adsor-
bent as a function of the square root of time [53].

The initial rate of the intra-particle diffusion can be
obtained using Eq. (8) [48]:

qt ¼ fðt1=2Þ (8)

The rate parameter (kint) for the intra-particle diffusion
can be defined by Eq. (9):

qt ¼ kintt
1=2 þ C (9)

where kint is the intra-particle diffusion rate constant
[(mg(gmin1/2))−1]. The slope of the linear portion of
the curve in the plot of qt vs. t

1/2 gives the rate con-
stant that is controlled by intra-particle diffusion.

The intra-particle diffusion plots for the effect of
temperature on the adsorption of BY 28 onto sepiolite
are shown in Fig. 5. From this figure, it is observed that
there are two linear portions. The intra-particle diffu-
sion constants kint,1 and kint,2 (mg/gmin1/2) are calcu-
lated using Eq. (9) from the slope of the corresponding
linear region of Fig. 5. The calculated kint,1 and kint,2 val-
ues for different solution temperatures are given in
Table 6. The kint,1 and kint,2 express the diffusion rates of
the different stages in the adsorption [54]. Considering
a solid–liquid adsorption process, the adsorbate trans-
fer is characterized by either boundary layer diffusion
or intra-particle diffusion, or a combination of both
[5,6]. Fig. 5 shows two linear portions. The first part is

attributed to boundary layer diffusion (external mass
transfer), whereas the final linear part indicates the
effect of intra-particle diffusion. The intercept value
gives an idea about the boundary layer thickness, such
as the larger the intercept is the greater the boundary
layer effect [6,18,30]. The slope of the linear portion
indicates the rate of the adsorption. The lower slope
corresponds to a slower adsorption process. If these
lines pass through the origin, then intra-particle diffu-
sion is the rate-controlling step. When the plots do not
pass through the origin, then intra-particle diffusion is
not the only rate-limiting step, and other kinetic models
may also control the rate of adsorption, all of which
may be operating simultaneously [6]. In this study, nei-
ther plot passed through the origin. It was suggested
that this occurs when external diffusion is dominant
and intra-particle diffusion is not a rate-limiting step.
When the reaction orders and adsorption mechanisms
were compared, similar results were found for basic
dyes on sepiolite in the literature [6,30,45].

Table 6
The results of the kinetic analysis of the adsorption experiments at various temperatures

T (˚C)

Lagergren
first-order rate expression
(k1 × 101) (min−1) R2

Pseudo-second-order
kinetic model equation (k2 × 102)
(gmg−1 min−1) R2

Intraparticle
diffusion
equation
(mg g−1

min−1/2) R2

(kint,1) (kint,2) (kint,1) (kint,2)

20 0.673 0.9571 3.74 0.9999 1.997 0.368 0.9817 0.9687
30 1.15 0.9867 5.01 0.9999 1.949 0.243 0.9730 0.7509
40 0.122 0.8979 6.16 0.9999 1.803 0.280 0.9919 0.8958
50 0.946 0.9417 7.39 0.9999 1.746 0.215 0.9629 0.8932
60 1.49 0.9903 9.99 0.9999 1.619 0.185 0.9349 0.8869

24

25
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27

28

29

30

31

32
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pH      6.0
I (M)  0.05
T (K)  293

Fig. 5. Intra-particle diffusion plots for the adsorption of
BY 28 onto sepiolite.
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3.3. The adsorption isotherms

The adsorption isotherm is critical in optimizing
the use of adsorbent because it can be used to not
only assess the adsorption capacity of the adsorbent
but can also describe how the adsorbate interacts with
the adsorbent [55]. The Langmuir and Freundlich iso-
therm models were applied to simulate the experi-
mental data.

The Langmuir model assumes that a monomolecu-
lar layer is formed when adsorption occurs without
any interaction between the adsorbed molecules. Gen-
erally, the Langmuir isotherm [56] is represented in
the linear form, which is expressed in Eq. (10):

Ce

qe
¼ 1

qmKL
þ Ce

qm
(10)

where Ce is the equilibrium concentration of the BY
28, KL is the Langmuir constant (Lmg−1) that is
related to the free energy of adsorption, qm (mg g−1) is
the monolayer capacity of the BY 28, and qe (mg g−1)
is the amount of the adsorbed BY 28. The slopes and
intercepts of the straight lines of the plot of Ce/qe vs.
Ce are used for the calculation of qm and KL.

The Freundlich model involves equilibrium on a
heterogeneous surface where the sorption energy is
not homogeneous for all sorption sites. The Freundlich
isotherm is expressed in the following equation [57]:

qe ¼ KFC
1=n
e (11)

The logarithmic form of Eq. (11) is expressed in
Eq. (12):

ln qe ¼ lnKF þ 1

n
lnCe (12)

where (1/n) is the adsorption intensity, and KF is an
approximate indicator of the adsorption capacity. The
KF and (1/n) values can be determined from the linear
plot of ln qe vs. ln Ce.

Freundlich parameters (KF and n) indicate whether
the nature of adsorption is either favorable or unfavor-
able. The intercept and slope are indicators of adsorp-
tion capacity and intensity, respectively.

The parameters of the Langmuir and Freundlich
isotherm models that were determined are shown in
Table 7. The Langmuir model fits the experimental
data (correlation coefficient, R2 > 0.99) better than the
Freundlich model (correlation coefficient, R2 < 0.99).
Thus, the sorption behavior of BY 28 onto sepiolite is
considered to be representative of sorption onto a

monolayer [6]. Additionally, both qL and KL increased
with increasing temperature, indicating that bonding
between the dye and the active sites of the adsorbent
become strong at higher temperature and the adsorp-
tion process is endothermic. High temperatures
increased the kinetic energy of the dye and therefore
enhanced the mobility of the dye ions. This led to a
higher chance of the dye being adsorbed onto the
adsorbent and an increase in its adsorption capacity.
This agreed well with the findings in literature [58].

The Freundlich parameters at different tempera-
tures for the adsorption of BY 28 onto sepiolite are
shown in Table 7. The Freundlich constant KF indi-
cates the adsorption capacity of the adsorbent. The
other Freundlich constant n is a measure of the devia-
tion from the linearity of the adsorption. If a value for
n is equal to unity the adsorption is linear. But if a
value for n is below unity, this implies that the
adsorption process is chemical, but a value for n is
above unity, adsorption is favorable as a physical pro-
cess [31]. The highest value of n at equilibrium is at
60˚C, which represents favorable adsorption at high
temperature.

3.4. The activation thermodynamic parameters

The KL value is the equilibrium constant and is
dependent on the temperature. Therefore, this value
can be used to estimate certain thermodynamic
parameters, such as the standard free energy (ΔG*),
the enthalpy (ΔH*), and the entropy (ΔS*), all of which
are associated with the adsorption process. The ther-
modynamic parameters for the adsorption process
were determined by Eqs. (13) and (14):

�G� ¼ �RT lnKL (13)

lnKL ¼ ��G�

RT
¼ ��H�

RT
þ�S�

R
(14)

The plot of ln KL as a function of 1/T (Fig. 6) yields a
straight line. The ΔH* and ΔS* values were calculated
using the slope and the intercept, respectively, from in
this plot. The linear regression coefficient was 0.9968.

The Gibbs free energy of adsorption (ΔG*) can be
found using the following equation:

�G� ¼ �H� � T�S� (15)

The results obtained using Eqs. (13)–(15) are given in
Table 8. The ΔG* values were negative for all of the
temperatures that were studied, indicating that the
adsorption process was spontaneous. The change in
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the free energy for the physisorption process is typi-
cally –20 and 0 kJ mol−1, whereas that for the chemi-
sorption process is in the range of −80 to –400 kJ mol−1

[59]. The overall free energy change during the
adsorption process was negative for the experimental
range of temperatures (Table 8), corresponding to a
spontaneous physical process of BY 28 adsorption.

The positive value of ΔH* suggests the endothermic
nature of the adsorption process. The upper limit of the
change of enthalpy for physisorption is generally 80 kJ
mol−1; the chemisorption is in the range of 80–420 kJ
mol−1 [60]. The positive value of the enthalpy change

(+24.53 kJ mol−1) indicates that the adsorption process
is endothermic, and this value also indicates that the
adsorption follows a physisorption mechanism in nat-
ure involving weak forces of attraction between the
adsorbed dye ions and sepiolite.

The reorientation or restructuring of the water mole-
cules around the nonpolar solutes or surfaces is very
unfavorable in terms of entropy because it disturbs the
existing water structure and imposes a new and less
ordered structure on the surrounding water molecules
[61]. The number of water molecules surrounding the
dye molecules decreases due to the adsorption of BY 28
onto the sepiolite, and thus, the degree of freedom of
the water molecules increases. Therefore, the positive
value of ΔS* suggests that an increased randomness at
the solid/solution interface occurred during the
adsorption of BY 28 onto the sepiolite.

The pseudo-second-order rate constants were also
determined using the different temperature values.
The value of the rate constants increased from 3.74 ×
10−2 to 9.99 × 10−2 gmg−1 min−1 with an increase in the
solution temperature from 20 to 60˚C (Table 6), indi-
cating that the adsorption of BY 28 onto the sepiolite
was rate controlled.

The Arrhenius activation energy (Ea) can be calcu-
lated by Eq. (16) [30]:

Table 7
Isotherm constants for BY 28 adsorption onto sepiolite (at I = 0.05mol L−1 NaCl and pH 6)

T (˚C)
Langmuir isotherm Freundlich isotherm

qm (mg g−1) KL (L mg−1) R2 n KF R2

20 25.19 5.84 0.9995 11.36 30.14 0.9777
30 25.97 8.19 0.9995 13.28 29.92 0.9497
40 26.81 11.66 0.9954 15.90 29.87 0.9892
50 27.62 14.48 0.9990 18.87 30.38 0.9420
60 28.01 19.83 0.9960 22.08 30.10 0.9441
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ln
K

L

Fig. 6. Plot of ln KL vs. 1/T for BY 28 adsorption onto sepi-
olite.

Table 8
Thermodynamic parameters calculated from the Langmuir
isotherm constant, KL, for the adsorption of BY 28 onto
sepiolite

T (˚C) ΔG* (kJ mol−1) ΔH* (kJ mol−1) ΔS* (J mol−1 K−1)

20 –60.45 24.53 206.28
30 –62.51
40 –64.57
50 –66.63
60 –68.69

9

9,5

10

10,5

11

2,9 3 3,1 3,2 3,3 3,4 3,5

1/T x103 (K-1)

ln
k 2

Fig. 7. Arrhenius plots for adsorption of BY 28.
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ln k2 ¼ lnA� Ea

RT
(16)

where A is the Arrhenius factor, and R is the gas con-
stant. A linear plot of ln k2 vs. 1/T for the adsorption
of BY 28 onto the sepiolite was constructed to generate
the Ea value from the slope (Fig. 7), resulting in an Ea

value of 19.11 J mol−1 with a linear regression coeffi-
cient of 0.9911.

The magnitude of the activation energy indicates
whether the adsorption is primarily a physical or a
chemical process. A low activation energy value
(5–40 kJ mol−1) is characteristic of a physisorption
process, whereas a high activation energy value
(40–800 kJ mol−1) suggests a chemisorption process
[62]. The Ea value that was obtained for the adsorption
of BY 28 onto the sepiolite indicates that the
adsorption has a potential barrier, corresponding to a
physisorption process (Fig. 6). Therefore, the affinity
of the BY 28 for the sepiolite may be ascribed to
electrostatic attractions, van der Waals forces, or
hydrogen bonds between the dye and the surface of
the particles.

3.5. Comparison of adsorbents for BY 28 adsorption

The maximum adsorption values for the adsorp-
tion of the BY 28 onto the sepiolite in the present
study were compared with other adsorbents that are
listed in Table 9. The results in Table 9 reveal that the
sepiolite shows good potential as an adsorbent for the
removal of the BY 28 from aqueous solutions.

4. Conclusions

The process conditions for the adsorption of the
BY 28 dye onto the sepiolite as an economical sorbent
were determined using RSM. The aim of this study
was to investigate the interactive and primary effects
of the initial pH, temperature, and ionic strength

parameters on the amount of adsorbed dye. The plan-
ning of the experiments and the analysis of the results
were performed by CCD. In this batch process, the
interaction between the temperature and the ionic
strength played an important role in the adsorption of
the dye. The proposed quadratic model agrees well
with the experimental data and with the determina-
tion coefficient (R2 adj) of 98.52%. The optimum condi-
tions were identified as an initial pH of 6 and a
temperature of 25˚C. The adsorption of the BY 28 onto
the sepiolite was not affected by an ionic strength of
up to 0.1 mol L−1 NaCl. The predicted amount of the
adsorbed dye was 31.54 ± 0.05 (mg g−1) at a 5% signifi-
cance level. It was found that the qe values calculated
from the factorial experiment given in Table 3 show
very low variation. Therefore, the adsorption process
of BY 28 onto the sepiolite surface can be performed
with natural pH levels, in dye solutions without salt,
and at room temperature. After kinetic evaluation, the
pseudo-second-order kinetic reaction model was
found to be the better correlation of the data for dye
removal. The intra-particle diffusion model was
applied and it was found that external mass transfer
is only significant for the initial period of time. Intra-
particle diffusion controlled the adsorption rate at the
final stage. The isotherm data were correlated better
by the Langmuir isotherm model, and the maximum
adsorption capacities were calculated in the range of
25.19–28.01mg/g at different temperatures. Thermo-
dynamic parameters suggested that the dye uptake by
sepiolite was endothermic in nature. Based on the
results, it was concluded that sepiolite has significant
potential for removing basic dye from wastewater
using the adsorption method.
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Morán, E.M. Ramı́rez-López, Sorption mechanism of
anionic dyes on pecan nut shells (Carya illinoinensis)
using batch and continuous systems, Ind. Crops Prod.
48 (2013) 89–97.

[20] R. Fonseca-Correa, L. Giraldo, J.C. Moreno-Piraján,
Trivalent chromium removal from aqueous solution
with physically and chemically modified corncob
waste, J. Anal. Appl. Pyrolysis 101 (2013) 132–141.

[21] N. Gupta, A.K. Kushwaha, M.C. Chattopadhyaya,
Adsorption studies of cationic dyes onto Ashoka (Sa-
raca asoca) leaf powder, J. Taiwan Inst. Chem. Eng. 43
(2012) 604–613.

[22] S. Mona, A. Kaushik, C.P. Kaushik, Biosorption of
reactive dye by waste biomass of Nostoc linckia, Ecol.
Eng. 37 (2011) 1589–1594.

[23] C.-Y. Tan, G. Li, X.-Q. Lu, Z.-L. Chen, Biosorption of
Basic Orange using dried A. filiculoides, Ecol. Eng. 36
(2010) 1333–1340.
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