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The main aim of this investigation was to evaluate the efficacy of the cetyltrimethylammonium bromide
(CTAB) modified montmorillonite (MMT) nanomaterial for the adsorption of Acid orange 7 (AO7) as an
anionic dye in aqueous solutions. The decolorization efficiency (%) was first increased from 52.74% to
94.08% with increasing cation exchange capacity (CEC) from 0.5 to 1.0 CEC and then decreased to 74.89%
with increasing the amount of added CTAB to 1.5 CEC. Response surface methodology (RSM) based on
central composite design (CCD) was used to evaluate the effect of various operational parameters on the
adsorption of AO7. Predicted values of decolorization efficiency were found to be in good agreement with
obtained experimental values (R? = 0.9649). The maximum decolorization efficiency was predicted to be
87.19% at an AO7 concentration of 49 mg/L, adsorbent dosage of 0.8 g/L, reaction time of 27 min and
initial pH of 6. The results of isotherm study fit the Freundlich model (R? > 0.9). Moreover, the adsorption
of AO7 onto modified MMT was increased with increasing temperature which could be explained by the
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endothermic nature of the adsorption process.
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1. Introduction

The presence of organic dyes in aqueous environments can
cause harmful effects on human beings and aquatic life as a result
of their toxicity. Moreover, discharging effluents containing
organic dyes into receiving water results in preventing light
diffusion into aqueous phase [1-3]. Various treatment technolo-
gies have been used for removing organic dyes from aqueous
solutions including biological process, ultrafiltration, electrochem-
ical degradation and advanced oxidation processes (AOPs).
Already, colored wastewaters are usually treated by physical or
chemical processes due to low biodegradability of organic dyes
[1,2,4,5]. Among various physico-chemical processes, adsorption
process has been considered as a promising and effective method
for the decolorization of colored wastewater owning to its low cost,
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insensitivity to toxic substances, simplicity and ease of operation
irrespective of its high capacity for removing organic dyes [4,6,7].
Moreover, adsorption process results in the formation of no
hazardous substances [4]. However, the application of available
and effective alternative adsorbents such as clay derivatives is
required because of the high regeneration cost of activated carbon,
as the most widely used adsorbent, and increasing industrial
effluents [6]. Among the studied clays for the adsorption of organic
dyes, expandable layered silicates for instance montmorillonite
(MMT) with negative charge have received much more attention,
because they are available, relatively cheap, easily extracted, non-
toxic and mechanically and chemically stable [6,8-10]. However,
the application of pure MMT clay is not efficient for removing
anionic organic dyes such as Acid orange 7 (AO7) from aqueous
media; thus, chemical modification of pure MMT with an
appropriate chemical agent would be favorable to reach suitable
surface charge in order to increase adsorption capacity of the clay
[11]. The modification of MMT surface by using cationic surface
active substances such as cetyltrimethylammonium bromide
(CTAB) can change its surface properties such as surface charge,
hydrophobicity and cation exchange capacity [10,12]. Therefore, in
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the present investigation, the adsaorption of an anionic acid dye
using MMT modified with CTAB was considered in aqueous
solutions. The application of nano-sized MMT was considered
because of particular surface characteristics of a nanostructured
material along with its large surface area compared to its original
size. To the best of our knowledge, there is no report on the
application of CTAB modified nano-sized MMT for removing AQ7
as an anlonic dye from aqueous media. To vigorously evaluate the
effect of various operational parameters including the dye
concentration, adsorbent dosage, reaction time and initial pH on
the adsorption of AO7 onto CTAB modified MMT nanomaterial,
response surface methodaology (RSM) based on central composite
design (CCD) was used due to its advantages compared to the one-
factor-at-a-time statistical approach [13-16]. RSM is an effective
experimental design approach to determine the efficiency of an
experimental system [17]. Using RSM, various parameters are
simultaneously examined with a minimum number of experi-
ments, which indicates that the study processed by RSM is less
expensive and time consuming than the conventional strategy
[13,18,19]). Additionally, the isotherm study was carried out to
achieve a better understanding of the adsorptive characteristics of
the CTAB modified MMT for subsequent use in full-scale
applications.

2. Materials and methods
2.1. Chemicals

The MMT nano-clay was K-10 grade purchased from Sigma-
Aldrich Co. (USA) with a surface area of 220-270 m?fg. The cation-
exchange capacity (CEC) of the clay (60 meq/100¢g) was deter-
mined by the ammonium acetate method [20,21]. All chemicals
and reagents were of analytical grade purchased from Merck,
Germany. The dye, :acid orange 7, was purchased from Shimi
Boyakhsaz Company, Iran and used as received. The specifications
of the AQ7 along with CTAB are given in Table 1.

2.2, Preparation of CTAB modified MMT nanomaterial

To synthesize surfactant modified MMT nanomaterial, 1 g MMT
was first dispersed in 100 mL distilled water and stirred for 10 h at
a stirring speed of 250 rpm to swell and to reach homogeneity.
Then a desired amount of CTAB was slowly added. The
concentrations of surfactants were 0.5, 1.0, 1.5 and 2.0 times
CEC of pure MMT. The mixture was stirred for 1 h, then stirring was
stopped and the resulting CTAB modified MMT was filtered and
washed with distilled water for several times to remove excess
salts, and then dried at 90 °C in an oven. The product was ground
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and sieved using standard sieves to obtain chemically modified
adsorbent [11,22,23]. The hypothetical simulating of the modifi-
cation of MMT with CTAB is depicted in Fig, 1.

2.3. Experimental system and analysis

The adsorption experiments were performed using 100-mL
glass-stoppered round-bottom flasks immersed in a thermostatic
shaker bath as batch experimental reactors. The supernatant was
withdrawn and centrifuged for 5 min at 6000 min~" to determine
the final concentration of AO7 in the solution at the end of
experimental run, The final concentration of AO7 was measured
spectrophotometrically using a Varian Cary 100 UV at A, of
485 nm, It was found that the supernatant from the adsorbent
samples did not exhibit any absorbance at this wavelength. The
calibration curve was very reproducible and linear over the
concentration range used in this study. The amount of AO7 adsorbed
was calculated from the difference between the concentrations in
the solution before and after adsorption. Decolorization efficiency
(%) of AO7 was calculated through Eq. (1):

Decolarization efficiency (DE (%)) =[1 — (C/Cp)] x 100 (1)

where (g and C are the dye concentration (mg/L) at time 0 and ¢,
respectively [17,24). A WTW inolab pH meter {WIW Inc,
Weilheim, Germany) was applied to measure the initial pH
adjusted with concentrated HCl and NaOH solutions. Field
emission scanning electron microscopy (FE-SEM) was conducted
by a Mira microscope (Mira3, Tescan, Czech Republic) to study
surface morphology of the adsorbent. XRD measurements of the
raw and CTAB modified clay samples were performed using Rigaku
2200D{Max-IC (Rigaku Corporation, Tokyo, Japan). SEM images
were further supported by energy dispersive X-ray (EDX)
microanalysis to provide direct evidence for the purity, existence
and distribution of specific elements in a solid sample. FT-IR
spectra of the adsorbent samples before and after the adsorption of
AO7 were run on a Perkin Elmer Model 1600 FT-IR spectropho-
tometer (USA) using KBr pellets. Each sample was finely ground
with oven-dried spectroscopic grade KBr and pressed into a disc.
All sammples were dried at 120 °C in an oven to remove physisorbed
water. Then, the spectra were recorded at wavenumber range
between 400 and 4000 cm™. The point of zero charge (pHpzc) of
the maodified MMT nanomaterial was measured using the method
described by Besselkhouad et al. with some modifications [25]. In
this approach, 500 mL 0.01 M NaCl was prepared and divided into
five solutions with pH ranging from 3 to 10 adjusted by HCl and
NaOH with suitable molarity. Hundred milligram adsorbent was
added to each solution. Finally, the final pH of each solution was
measured after 24 h and plotted against initial pH to determine

Table 1
Characteristics of acid orange 7 (A07} and cetyltrimethylammonium bromide (CTAB),

Cl name Chemical structure Maolecular formula M., (g/mol) pKa Anax (D)

Acid orange 7 (AO7) °v° CygHy1NaNa04s 35032 114 485

¥
Na* O~ \©\ oH
X
Cetyltrimethylammonium bromide \ef {CrgHa3)N{CHz)aBr 36445 - -

~
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Fig. 1. A schematic flow diagram of the modification of MMT with CTAB.

PH.pc of the adsorbent which is the crossing point of the line of final
pH and initial pH. Zeta potentials of unmodified and modified MMT
at natural pH were measured by using a Zeta Meter 3.0+ (Zeta-
Meter, Inc., Staunton, VA, USA) at the unadjusted pHs.

2.4, Experimental design

Central composite design (CCD) was applied to carry out
experimental design of the adsorption of AO7 on CTAB modified
MMT nanomaterial. Design-Expert software was used for estimat-
ing DE (%) of AO7 and obtaining optimized operational parameters
to achieve the maximum DE {%). Four main parameters influencing
DE (%), including initial AO7 concentration (mgjL), adsorbent
dosage (g/L), reaction time (min) and initial pH were chosen to
perform an experimental design based on CCD. Prior to the
experimental design, some pretests were carried out to reach a
better understanding of the potential of the adsorbent for
removing AO7 and to perform a reliable experimental design
with justifiable ranges and levels of the operational parameters.
Accordingly, the ranges and levels of the selected parameters are
represented in Table 2. On the basis of the number of operational
parameters, the number of experimental run was calculated
through the following equation:

Ne= 2% 2k 2, (2)

where N is the number of experiments, k is the number of
parameters and x, is the number of central points, respectively.
Therefore, the total number of experimental run was 31 (k=4,
Xp= 7). The selected parameters (X;) were coded as x; through Eq. (3):

X = (X — Xo)/8x (3)

where x, and dx are the values of x; at the center point and step
change, respectively [26,27]. The coded parameters for axial points
were calculated through Eq. (4):

1/4
o =n (4)

Table 2
Ranges and levels of the experimental parameters for the adsorption of AO7 on
CTAB-modified nano-MMT.

Parameter level

—2() -1 0 H +2(a)

Runno, Code Parameter

1 Xq Dye concentration 20 40 60 80 100
{mgjL)
2 X2 Adsorbent dosage 0.1 03 05 07 0.9
{g/L)
3 X3 Reaction time 5 15 a5 35 45
) (min) _ _
ot ot s o i S I BH, PP [N APUPIR N 1.

where ng,, is the number of assays of Factorial design 24 [28]. The
experimental data were fitted to a quadratic model, as shown in

Eq. (5):
Y (predicted DE (%)) = bg + b1x1 + baxa + baxz + baxy

+ biaX1X2 + braxiXs + braxixy

+ bazXaXs + bagxaxy + bagXaxy

+ bu1ad + D223 - baaxd + basxl (5)
where by is constant (regression coefficients), x;, xz, X3 and x4 are
the coded operational parameters; by, iz, b3 and b, are the linear

effect terms; bq1, bao, b33 and b4 are the quadratic effect terms; and
by2, bz, P14, bas, bog and bs, are the interaction effect terms [24].

3. Results and discussion
3.1. Adsorbent characteristics

Fig. 2 illustrates the XRD patterns of pure MMT and CTAB/MMT
with different amounts of CTAB (0.5, 1.0, 1.5 and 2.0 CEC of MMT).

A typical diffraction peak of pure MMT is placed at 7.1°
corresponding to a basal spacing of 1.21 nm. After intercalation
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Fig. 2; XRD patterns of pure MMT-and CTAB-medified MMT with various amounts of
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with CTAB, the position of this peak altered. The movement of the
typical diffraction peak of pure MMT to lower angle (6.1°),
responding to a basal spacing of 1.44 nm, indicates the formation
of the intercalated nanostructure with CTAB content of 0.5 CEC.
The intensity of the peak disappeared with further increasing of the
amount of CTAB, implying the formation of the dominantly
exfoliated nanostructure in CTAB/MMT for CEC of 1.0. With the
increase of the concentration of swelling agent, the stack density of
organic cations in the interlayer space increases and the
arrangement of organic cations changes. The heterogeneity of
charge on various layers may be the crucial factor for different
arrangements coexisting [23]. This happening can be seen from 1.5
and 2.0 CEC of MMT, especially for 2.0 CEC.

SEM analysis was carried out to evaluate surface morphology of
the unmodified and modified MMT and the results are depicted in
Fig. 3. As shown, both unmadified and modified MMT had uneven
structure with non-uniform size distribution. In the SEM image of
MMT sample some phase separations and cracks are seen which
like generally as a heterogeneous surface morphology. It can be
also seen in Fig. 3(a) that pure MMT is comprised of fine particles,
while the introduction of CTAB leads to large particles and coarse
porous surface, which may be due to the penetration of dye
molecules into the galleries of CTAB-MMT, resulting in an increase
in the adsorption capacity of CTAB/MMT for the adsorption of AO7
(see Fig. 3(b)-(e))[11,29]. Based on the EDX micrograph (Fig. 3(f)),
the major portion of the modified MMT nantornaterial is composed
of 5i compounds, which are suitable for the adsorption of various
organic pollutants such as organic dyes from aqueous solution.
The weight percent (wt%) of 5i, Q, Al, C, Fe, Mg and K compounds
within the adsorbent was 44.42, 32.50, 9.10, 8.46, 3.23, 1.57 and
0.70%, respectively. In addition to EDX analysis, FT-IR spectra of
pure MMT, CTAB modified MMT nanomaterial, before and after
the adsorption of AQ7, were recorded in the wavenumber range
between 400 and 4000 cm™~! (Fig. 4).

As shown in Fig. 4, the infrared spectra of modified MMT
nanomaterial before and after the adsorption of dye show the
strong bands at 2932 and 2854 cm™~! attributed to asymmetric and
symmetric stretching vibrations of C-H groups. The lack of these
peaks in the spectrum of pure MMT indicates the incorparation of
the surfactant into the structure of MMT. In addition, a sharp peak
located at 1472 cm™" can be related to bending vibrations of NH*",
supporting the intercalation of surfactant molecules between the
silica layers. In the case of pure MMT, the band in the region of
950~1104 cm~?! (stretching vibration of Si-Q group divided into a
sharp band at 1059 cm™' and a shoulder around 1104cm™)
attributed to perpendicular 5i-O stretching. The band shape
changed and its frequency shifted to lower wavenumber after the
modification of MMT. The absorption band of ~OH bending
vibration of HoO of MMT shifts significantly from 1650 cm ™! {pure
MMT) to low frequency of 1640 cm™" after the modification of
MMT nanomaterial with CTAB, which indicates the removal of
water molecules and the change in the hydrophobicity of MMT
nanomaterial. On the other hand, CTAB produces more adsorption
sites for enhancing the adsorption capacity of MMT nanomaterial
for sequestering an anionic dye like AO7 [30}]. This confirmed
appropriate surficial structure of the adsorbent as well as
successful modification of pure MMT with CTAB [30-361.

FT-IR spectrum of AO7 is presented in Fig. 4. Asitis obvious, the
major differences can be observed at 1624, 1599, 1572, 1555 and
1452 crn™?, which are linked to C=C aromatic skeletal vibrations,
The peak located at 1402 ¢cm~—" can be assigned to O-H bending
vibrations, while those located at 1198 cm~! (shoulder) and
1304 cm™! are due to the symmetric and asymmetric vibrations of
the sulfonate groups, respectively. The strong bands at 1239, 1166,
and 1042 em™, attributed to 5=0 stretching, diminished after the

assigned to ~N=N- stretching, reduced after the adsorption. The
results indicated that the —-N=N- and -503 groups of AO7 are
involved in the adsorption process. Furthermore, the peaks at
1505, 1447 and 1402 em™?, attributed to aromatic skeletal
vibrations, have been shifted, broadened, and reduced after the
adsorption. The bands at 830, 745, 702 cm™!, assigned to the
characteristic adsorption of aromatic skeletal groups, have been
also reduced after the adsorption [31]. Moreover, the IR spectra
of CTAB/MMT before and after the adsorption showed that the
wide absorption band at 3435cm™', corresponding to -OH
stretching vibration of HzO of MMT, broadened and strength-
ened after the adsorption. The absorption bands at 1640 cm™?,
assigned to the absorption band of —OH stretching vibration of
H30 of MMT, strengthened and shifted to lower wavenumber of
1636 cm~? [31]. The results of IR analysis suggested that AO7 on
CTAB/MMT is held by physical adsorption. It can be explained by
the fact that the hydrophobic surface of modified MMT has more
preference for the dissociated species of AO7 in aqueous
solution. In addition, there is an electrostatic attraction between
the cationic centers in modified MMT and the anionic SO3 group
in AQ7 molecule. The van der Waals interaction between the
phenyl ring of AQ7 and ~CH,~ group of modified MMT through
hydrogen bonds can be another mechanism for the adsorption
of AO7 onto CTAB-modified MMT.

3.2. Effect of the amount of CTAB on the adsorption capacity of
modified MMT nanomaterial

To determine the optimum amount of CTAB for the chemical
modification of MMT nanomaterial, four concentrations of CTAB
were used for the modification to produce CECs of 0.5, 1.0, 1.5 and
2.0 CEC of pure MMT nanomaterial, For this set of experiments,
initial AQ7 concentration, adsorbent dosage and temperature were
constant at 30 mg/L, 0.4 g/L and 298 K, respectively, Fig. 5 shows
that the pure MMT nanomaterial is not efficient enough to remove
AQ7 from aqueous solutions (DE of 17.04%) as expected. As
exhibited in Fig, 5, the DE (%} of AO7 was increased from 52.74% to
87.28% with increasing CTAB from 0.5 to 1.0 CEC, within a reaction
time of 30 min But increasing CTAB content to 1.5 and 2 CEC
resulted in decreasing DE (%) to 74.89% and 79.63%, respectively.
The surfactant orientation at interlayer galleries of clay particles
depends on the surfactant loading [32], It can be stated that the
interactions between CTA' ions and the negative centers on the
montmorillonite surface occur through weak and electrostatic
interactions. The decrease in DE after 1.0 CEC may be the result of
increasing of the tendency of dye molecules to escape from the
surface to bulk solution due to orientation of CTA* ions in the basal
spaces. To assess the effect of chemical modification on the
surface characteristics of the adsorbent, zeta potential of the
pure nano-MMT and modified MMT nanomaterial was measured.
The zeta potential of pure MMT nanomaterial and CTAB modified
MMT nanomaterial at 1.0 CEC was obtained to be —30.7 and
7.88 mV, respectively, indicating that the adsorption of dye
molecules does not mainly occur through electrostatic interactions
and also the presence of weak forces between the adsorbate
molecules and adsorbent may be expected. Moreover, the pHy,e of
CTAB modified MMT nanomaterial at 1.0 CEC was obtained to be
4.5, Thus, organoclay nanomaterial carries negative charge on its
surface and AO7 exists in anionic form resulting in no adsorption
taking place on the adsorbent, as both have the same charge [33].
Therefore, enhanced adsorption of AO7 onto CTAB-modified
MMT nanomaterial can be attributed to the interaction between
AQ7 and CTAB not surficial functional groups of the pure MMT
nanomaterial. Overall, CTA* is first attached firmly in the interlayer
of MMT through electrostatic attraction with the negative surface
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Fig. 4. FI-IR spectra of the AQ7, pure MMT and CTAB modified MMT before
and after the adsorption of AD7,

partly electrostatic interactions or hydrogen bonding interactions
may be suggested to operate in such cases irrespective of the
adsorption of AO7 as an anionic dye by anionic exchange with
bromide ions of the CTAB molecules [31]. The following experi-
ments were conducted with CTAB modified-MMT nanomaterial on
1.0 CEC of the pure MMT.

3.3, CCD results
The experimerts were carried out and the obtained DE (%) for

each experimental :run was written down according to the
experimental design:accomplished by CCD. A mutual relationship

100
~
g 80+
2
=
8
2 sl
l‘ﬁ 60
=
2
" A
8 a0}
2 —e—Pure MMT —&— 0.5 CEC —%— 1.0 CEC
g 1,5 CEC 2.0 CEC
20+ R
. * * & ad
0 L 1 L 1 1-
o 5 10 15 20 7 30
Time (min)

Fig. 5. Effact of the amount of C'I'AB in terms of cannn exchange capacn:y on the

-

hetween the response {DE (%)) and the operational parameters was
obtained, which is shown in Eq. (6):

Y (DE (%)) = 58.96 — 10.16x; + 11.86x3 4+ 1.69x3 — 1.24x4
— 2.17x9%3 + 0.46x, %3 + 1.28x1x5 + 1.25%%3
— 1.50%3%4 — 0.053%3%4 + 1.10x7 — 1.10x3
—1.13x% +1.3342 {(6)

The obtained quadratic model equation was used to predict the
optimum value for each parameter within the specified range to
achieve maximum DE (%), Moreover, it would he beneficial to
clarify the interaction effects between various operational
parameters [17]. According to Eq. (G), the experimental paths
and corresponding experimental conditions together with experi-
mental and predicted DE (%) is displayed in Table 3. One of the
most important approaches to evaluate the suitability and
significance of the statistical model is performing analysis of
variance (ANOVA) [27}; thus, ANOVA was carried out for the
adsorption of AO7 on CTAB modified MMT nanomaterial and the
results are shown in Table 4. On the basis of the obtained high
correlation coefficient (R?=0.9640), which indicates a good
agreement between the predicted and experimental results for
DE (%). the significance of the applied model was favorahle
(Fig. 6(a)). The correlation coefficient indicated that the model
does not explain only 3.51% of the variations, The value of R? was
calculated through Eq. {7):

R2 =1- (Ssresidual/ssmodel - Ssresidual) (7)

where S5 is the sum of the square, Furthermore, the adjusted R?
rectifies the value of R? for the sample size and the number of terms
using the degrees of freedom on its computations. Adjusted R? was
calculated via Eq. {8):

Adjusted R2=1—((n—1)/(n - p)(1 =R (8)

where n is the number of experiments and p is the number of
predictors in the applied mode! [34]. A smaller obtained adjusted
R? compared to the R? can be due to the presence of many terms in
the applied model together with not very large sample size {35].
But adjusted R? was close to the value of R?, indicating a good
fitness between the predicted and experimental DE {%). A similar
result was reported by Singh and coworkers during optimization of
the adsorption of a textile dye on a magnetic nanocomposite using
RSM based on CCD [26]. As depicted in Table 4, the high value
obtained for adequate precision {22.42) along with low value for
the coefficient of variation (CV=6.41%) demonstrated a good
reliability for the experiments. In addition, the significance of the
model can be assessed by the obtained residuals. The evaluation of

_the residuals can be an appropriate tool to exhibit how well the

model satisfies the assumptions of the ANOVA [17]. The residual
for each experimental run was calculated via determining the
difference between the experimental and the predicted DE (%)
(Table 3).Fig. 6(b)shows the plot of normal (¥) probability versus
residuals. As depicted in Fig. 6{b), the obtained datapointsareona
relatively straight trend line with no obvious dispersal, which
suggests normal disteibution of the residuals, The residuals versus
the predicted DE (%) and the run number were illustrated in
Fig. 6(¢)and (d), respectively, demonstrating a random dispersal of
the residuals towards predicted DE (%) and run number,

Finally, the significance of the model was verified by the
obtained F-value and p-value for the model terms. The larger the
quantity of the F-value and smaller p-value, the more significant
the corresponding coefficient {14]. The p-value less than 0.05 and
greater than 0.1 imply that the model term is significant and not
significant, respectively. Thus, the obtained F-value of 31.39 and

T “the pevalirerof20:000 T indicated the suitability*and-adequacy™ R



M. Kiransan et ol fJournal of the Taiwan Institute of Chemical Engineers 45 (2014) 2565-2577 2571

Table 3

Experimental and predicted results for the adsorption of AO7 on CTAB-modified nano-MMT optimizad by CCD.

Run no. Coded parameters Actual parameters Decolorization efficiency (%)
X\ Xa X3 Xy X, Xz X3 Xy Experimental Predicted Residuals
1 4] 0 +2 0 60 0.5 45 7 61.70 57.82 3.880
2 +2 0 - 0 0 100 0.5 25 7 43.60 43.02 0.580
3 -1 +1 +] +1 40 0.7 35 9 82,00 81.76 0.240
4 0 0 0 1] 60 0.5 25 7 57.44 58.96 -1.52
5 +1 -1 +1 -1 80 03 35 5 3727 38,71 —1.44
G 0 li] 0 0 2] 0.5 25 7 56,95 58.96 =201
7 +1 +1 -1 +1 80 0.7 15 9 52.84 53.88 -1.04
8 -1 -1 +1 +] 40 0.3 a5 g 51,78 54,20 -2.41
9 +1 -1 -1 -1 80 0.3 15 5 34,42 36.82 —2.40
10 0 1} 0 0 60 0.5 25 7 55.15 58.95 -3.81
11 -2 0 0 0 20 05 25 7 85.88 83.67 2210
12 Q 0 0 -2 60 05 25 3 67.78 66.76 1.020
13 -1 -1 -1 +1 40 0.3 15 9 51.75 54.35 2,61
14 +1 -1 +1 +1 80 0.3 35 9 41.58 41.69 -0.11
15 -1 +1 -1 +1 40 0.7 15 9 701 76.91 0.800
16 0 0 o] +2 GO 0.5 25 11 £3.59 61.82 1.770
17 Q +1 0 0 GO 09 25 7 79.88 78.28 1.600
18 0 0 (] 0 GO 05 25 7 55.82 58.96 -3,14
19 -1 -1 +1 -1 40 0.3 35 5 5522 56.33 -1.11
20 0 0 0 a GO 0.5 25 7 60.86 58.96 1.900
21 +1 +1 +1 +1 80 0.7 35 9 57.20 60.57 - . —-3.37
22 +1 -1 -1 +1 80 03 15 9 4219 40.02 2170
23 o} -2 o] Q 60 0.1 25 7 32.03 30.84 1.190
24 +1 +1 +1 -1 80 0.7 35 5 64,05 63.60 0.450
25 1} 0 a 0 60 0.5 25 7 5748 5896 —1.48
26 1} 0 ~2 0 60 05 5 7 49,98 51.07 -1.09
27 +1 +1 -1 -1 80 0.7 15 5 58.47 56,69 1.780
28 -1 +1 =1 -1 40 0.7 15 3 82.80 84.84 ~2.04
29 -1 1 +1 -1 40 0.7 35 5 87.10 89.91 -2.81
30 -1 -1 -1 -1 40 0.3 15 5 59,02 56.28 2,740
3 0 1] Q 0 &0 0.5 25 7 69.00 58.96 10.04

the model to describe the adsorption of AO7 on CTAB modified
MMT nanomaterial (Table 4). The “Lack of Fit F-value” of 0.40
irnplies that the Lack of Fit is not significant, which is desirable
(Table 4). Moreover, the obtained F- and p-value for each
operational parameter can be used as efficient tools to evaluate the
importance of each operational parameter against the other
parameters [14,16].

According to Table 5, the adsorbent dosage (x2) produces the
largest effect on DE (%) (F-value=235.41 and p-value < 0.0001),
while the initial pH (x4) (F-value=2.56 and p-value =0.1293)
produces the least effect on DE (%). Among various interactive
effects between studied parameters, the interactive effect of
initial AO7 concentration and adsorbent dosage (F-value = 5.26
and p-value < 0.0357) produced the largest effect on DE (%).

3.4. Interactive effect of various operational parameters

The application of three-dimensional (3-D) response surface
graph and corresponding contour graph was considered to specify
the interactive effects of studied operational parameters, in this
manner, 3-D surface graph and contour graph of two different
operational parameters were depicted, while the other two
parameters were constant. This can be helpful to understand both

the main and the interactive effects of two independent
parameters [17,26].

3.4.1. Interactive effect of initial AO7 concentration and reaction time

As it is obvious from Fig. 7, increasing the initial AO7
concentration from 20 to 100 mg/Lled to an evident drop in DE (%),
while increasing elapsed time caused a gentle increase in DE (%) at
constant adsorbent dosage of 0.5 gfL and initial pH of 7. A fast
adsorption is predictable for initial stages of the process, while
reaching equilibrium results in a slower adsorption [11,33],
Similar result was reported by Sharma et al. in the case of the
adsorption of Acid Red 151 processed by CCD [17]. The lower DE (%)
of AO7 at high initial dye concentration may be due to low number
of vacant adsorption sites available for adsorbing dye molecules
which results in decreasing DE (%) of AQ7.

3.4.2. Interactive effect of adsorbent dosage and reaction time

By keeping the initial pH and dye concentration constant, the
interactive effect of adsorbent dosage and reaction time was
depicted in Fig. 8. As shown, an increase in adsorbent dosage
resulted in a sharp increase in DE (%), indicating that the adsorbent
dosage produces a major effect on DE (%). It confirms with the
higher obtained value of F-value for the adsorbent dosage compared

Table 4

Analysis of variance (ANOVA} for the adsorption of AO7 on CTAB-modified nano-MMT.
Source Sum of squares Degree of freedom Mean square F-value p=value
Regression 6300.68 14 450,05 31.38 0.0001 Significant
Residuals 229,43 16 14.34
Lack of Fit 92,10 10 9.21 0.40 0.9023 Not significant
Pure error 13733 8 2289
Total 6530.11 30
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Fig. 6. The plot of predicted versus experimental decolorization efficiency (a) and corresponding residual plots (b-d}.

to the other parameters (Fable 5), But, similar to Fig. 7, increasing
reaction time resuited in an insignificant increase in DE (%). The
reason for this behavior may be the fact that increasing adsorbent
dosage gives more surface area and more binding sites for the
adsorption of the dye onto the adsorbent [24]. A similar result has
been reported for the adsorption of an anionic dye by modified-KSF-
montmorillonite [8]. As depicted in Table 5, F-value of reaction time
was obtained to be 4,75, which was lower than that of obtained for
initial AQ7 concentration or adsorbent dosage,

3.4.3. Interactive effect of initial pH and the other operational
parameters

Three-D response surface plot and corresponding contour plot
of the interactive effect of the initial pH and initial AO7

Table 5
Estimated regression coefficiant and corresponding - and p-values obtained during
central composite design for the adsarption of AO7 on CTAB-modified nano-MMT.

conceniration are shown in Fig. 9(a) and (b), respectively. Overail,
the plots exhibited that decreasing initial pH, with respect to
neutral or basic values, resulted in high increase in DE (%). This can
be confirmed by the negative value of “coefficient estimate” for the
initial pH (Table 3), implying that decreasing initial pH causes
increase in DE (%). A similar behavior has been reported by Zohra
et al. in the case of the adsorption of Direct Red 2 an CTAB
intercalated bentonite {33]. The pH of the solution influences the
surface charge and the dissociation of the functional groups of the
adsorbent along with the degree of ionization of the adsorbate [8].
As can be observed in Fig. 9, the removal of AO7 was favored in
acidic conditions (pH 3-5), reached an optimum around at pH 5
and slightly decreased at high pH. These results confirm the great
influence of pH on AQ7 adsorption by modified clay which already
was evidenced in previous studies [36]. The pHzpc value for
modified-clay was determined 4.5. This value confirms the ranges
of optimal pH values far dye removal from aqueous solutions. The
pHzpc of adsorbent indicated that the surface of adsorbent is
positively charged at pH less than 4.5 and negatively charge at pH

Coefficient Coefficient Standard F-value p-Value values above 4.5. At pH 3, a significantly high electrostatic
estimate error attraction exists between negatively charged anionic AO7 and the
X 58.96 1.43 31.39 0.0001 positively charged surface of the adsorbent because of the
x -10.16 0.77 172,80 0.0001 protonation of adsorbent surface. As the pH of the system
:2 11'23 g;; 233;; g'gggé increases, the number of negatively charged sites increased due
xj 124 077 256 0.1293 to deprotonation of adsorbent surface, which can adversely affect
Xiz _217 0.95 526 0.0357 the adsorption of anionic dyes because of the electrostatic
X 0.46 0.95 0.24 0.6341 repulsion [8,37]. Also, increasing pH values leads to increasing
14 128 0.95 1.83 0.1949 the amount of OH™ ions competing with anionic dye for the
i: Jgg 3:3; ;;g gﬁg’g adsorption onto CTAB modified MMT [31,38]. As illustrated in
%4 —0.053 0.05 0.003 0.9559 Fig, 9(¢c)and (d}, unlike adsorbent dosage, the effect of initial pH on
m 1.10 071 240 0.1409 the adsorption was insignificant. As depicted, the effect of
X2z —:-:g g-;} ;-gl g-}gg}s’ adsorbent dosage was higher than that of initial pH in which
X -1 A .. . H " H = H
x:: DT on 355 . 00780, increasing the adsorbent dosage caused a rapid increase in DE (%).

=~ * -As shown-in-Table: -5; this-restilt-cari-be*provén‘by-the‘obtained-~ =~ =
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Fig. 7. The response surface plot (a) and corresponding counter plot (b) for the adsorption of AO7 as the function of initial dye concentration {mg/L} and reaction time (min).

smaller F-value for the initial pH in comparison with the other
parameters,

3.5, Optimization

The numerical optimization was selected to determine desir-
able values for each parameter to reach the maximum DE (¥). The
possible ranges that can be selected for the response (DE (%))
include, maximum, minimum, equal, target or none. Whereas each
input parameter was given full range. The response (DE (%)) was
designed to the maximum value. So, the maximum DE (¥%) was
87.19% at an initial AQ7 concentration of 42 mg/L, adsorbent
dosage of 0.8 g/L, reaction time of 27 min and initial pH of 6. To
validate the obtained results, additional experiments were carried
out under optimum operational parameters to confirm predicted
DE (%). The experimental value for DE (%) was obtained to be
86.63%, which is very close to the predicted DE (%), indicating the
suitability and accuracy of the applied model for predicting DE (%)
of AO7 under different operational conditions.

3.6. Effects of temperature

Temperature, is an important parameter for the adsorption
process. A plot of the AO7 uptake as a function of temperature (293,
313 and 333 K) is shown in Fig. 10. The results reveal that
decolorization efficiency increases with increasing temperature,
The adsorption of dye at high temperatures was found to be greater
than that at a [ower temperature showing that this process is
endothermic [39]. This may be a result of increase in the mobility

Decelorization efliciency (%o)

of the dye with increasing temperature [40]. An increasing number
of molecules may also acquire sufficient energy to undergo an
interaction with active sites at the surface. Furthermore, increasing
temperature may produce a swelling effect within the internal
structure of the CTAB modified ¢lay enabling large dye to penetrate
further [41]. Bouberka et al. have reported that the amount of
yellow 4GL (acid dye) adsorbed on modified clays increases with
the increasing of temperature from 313 to 323 K [42]. Hameed et
al. also have reported that the adsorption capacity of activated
palm ash for acid green 25 at 30, 40, and 50°C increase with
increasing the temperature {43).

The thermodynamic parameters such as change in standard
free energy (AG), enthalpy (AH) and entropy (AS) were deter-
mined by through Eqgs. (9) and (10):

AS AH

InKe =2 -2 (@

AGads = AHads - TAsads (10)

where R (8.314 J/mol K} is the ideal gas constant, T (K) the absolute
temperature (K) and K. (L/g) is the standard thermodynamic
equilibrium constant defined by g./C.. By plotting a graph of In K,
versus 1T {figure not shown) the values AH and AS can be
estimated from the slopes and intercepts. The negative values of
AG and positive AH indicates that the AO7 dye adsorption process
is a spontaneous and an endothermic {Table &). The positive value
of AS suggests increased randommness at the solidfsolution
interface occurs in the internal structure of the adsorption of
AO7 dye onto CTAB modified clay [44]. It is accepted that if

Decolorization efficiency (%)

43—

33

2% —;
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I
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magnitude of enthalpy change is less than 84 kJ/mol, adsorption
process occurs physically. However chemisorption takes place in
the range from 84 to 420 kJ/mol. The adsorption behavior of
molecules in the solid-liquid system was determined by a
combination of two processes [45]: (i) the desorption of the
molecules of solvent previously adsorbed, and (ii) the adsorption of
adsorbate species. For the adsorption of AO7 dye molecules on
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Fig. 10. Experimental isotherm of AO7 adsorbed onto CTAB modified MMT at

- “diffefenit-temperatutes: = " s gt

CTAB/MMT nanomaterial, more than one water molecule should
be replaced due to its large molecular size and decreasing of
surface energy. This phenomena might have occurred in the
endothermicity of the adsorption process. The magnitude of
enthalpy change (+27.54 kJjmal) indicated that the adsorption of
AO7 onto CTAB-modified MMT is physical in nature [45]. Thisis in
agreement with the results of adsorption isotherm study as
follows.

3.7. Adsorption isotherms

In order to determine the mechanism of the adsorption of AQ7
on CTAB modified MMT at 293, 313 and 333 K, the experimental
data were applied to the Langmuir, BET, Freundlich, Temkin,
Dubinin-Radukevischh (D-R), Halsey, Harkins-Jura, Smith and
Henderson isotherm models. The constant isotherm parameters
were calculated by regression using the linear form of the
isotherm equations and SPSS 10.0 software, The results of isotherm
study are given in Table 7. The results did not fit the Langmuir and
BET isotherm models, indicating no strong interactions between
the adsorbent and adsorbate molecules [4G]. The Freundlich

Table &
Thermodynamic parameters of AO7 dye adsorption on CTAB modified nano-MMT.

Temperature (K) Thermodynamic parameters

AG (kjjmal) AH (K]jmol) AS (KJ/molK)
293 —43.95 27.54 0.056
313 —45.07
33 . 74620
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Tabte 7
The results of {isotherm study for the adsorption of AD7 onto CTAB-modified nano-MMT.
Isotherm models Equation Parameters 293K 313K 333K
Langmuir Clg=1/kqm + (1/)C m - - -
k - - -
R 0.2922 0.2615 0.7072
Freundlich Ing=Ink+ninC n 1.3765 1,5015 0.6893
k 1.7137 21737 18.6622
R? 0.9404 0.9G89 0.9689
BET C/q(1 — C) = 1/{gok) + [(k — 1/gmk))C Im -188.736 —106.388 ~117.64
k —-1.432 —3.357 17
R? 0.3769 0.6284 0.6819
Dubinin-Radukevisch Ing = Ke2 + Ingpy K —4.9883 —-4.1668 -1.2211
Qor 0.1638 6.3885 1.3412
R 0.9313 0.9761 0.9244
E 0.3165 0.3454 0.6398
Halsey Ing = (1/m)nk — {1 /m[n{1/C)) n 0.2964 0.2457 04027
k 1.7499 21129 23781
R? 0.9299 09524 09373
Harkins=jura 1/g* = (B/A) - (1/A)log € B ~0,8970 -1.036 ~1,2143
A 0.0105 0.0113 0.0205
s 0.8801 0.8455 0.9203
Smith =W, -Win(l1-0) w 4811 7.506 85192
W, —0.0899 —0.1283 0.1254
R? 0.92 0.9587 0.9116
Henderson In[-In(1 - C)] = Ink+nlng T on 0.7145 0.6673 1.3825
k 0.1994 0.1330 0.1097
R? 0.9398 09677 0.9394
Temkin g, = {RT/br)lnar + (RT/b)In Ce br 5369.19 4561.80 $287.71
ar 26,57 3291 179.24
R* 0,883 0,944 0.8633

isotherm is an empirical equation that can be used for the
heterogeneous adsorptive sites with interaction between the
adsorbed molecules onto surface of the adsorbent {47]. As shown
in Table 7, high R? values were obtained for Freundlich isotherm
model for all studied temperatures. Moreover, the values of k (a
measure of adsorbent capacity) and n{a measure of the intensity of
adsorption) for the adsorption of AO7 onto CTAB modified MMT
were increased with the increase in temperature. This suggests
endothermic nature of the adsorption process. The results of
Halsey, Harkins-Jura, Smith and Henderson isotherm models for
the adsorption of AO7 onto CTAB modified MMT at different
temperatures are given in Table 7. As exhibited in Table 7, the
values of the correlation coefficients (R?) indicate that all of the
above-mentioned models fit the adsorption of AO7 onto CTAB
maodified MMT (R? > 0.91), except for Harkins-Jura model at 293
and 313K (0.8 <R*> < 0.9).

All these equations are suitable for multilayer adsorption of
adsorbate onto the adsorbent. In particular, the fitting of these
equations can be seen in hetero-porous solids [48]. Conversely, this
situation may imply the probability of adsorption of aggregated
ions onto the adsorbent surface because the probability of
multilayer adsorption for this system is weak. Like Freundlich
isotherm model, the Temkin isotherm model considers the
interactions between the adsorbed molecules on adsorptive sites,
assuming that the adsorption heat of all molecules decreases
linearly when the layer is covered and that the adsorption has a
maximum energy distribution of uniform bond. A plot of g, versus
In C, enables to tabulate Temkin isotherm constants, which are
shown in Table 7. As shown, by and ar are constants related to
the heat of adsorption and equilibrium binding constant corre-
sponding to the maximum binding energy, respectively [49].
The obtained values for ar and by are exhibited in Table 7. Based on

- ‘the -obtained - correlation—-coefficient for--Temkin - model; - the -

adsorption of AO7 onto CTAB modified MMT is characterized by
a uniform distribution of binding energies up to some maximum
binding energy and the increasing of temperature probably
leads to changing of uniformity [49,50]. The D-R model was used
to determine the characteristic porosity and the apparent free
energy of the adsorption process. The linear form of D-R isotherm
model is as Eq. (11) [44,51]:

Ing. =Ke? +Ingp_p (11)

where g, is the amount of adsorbed dye at equilibrium
concentration {mg/g), go_g is D-R maximum adscrption capacity
(mg/g), Kis the D-R constant (mol*/[?) and & is the Polanyi potential
which can be calculated through Eq. {12):

g=RTIn(1+1/Ce) (12)

where C, is the equilibrium concentration of the dye (mgfL), R is
the gas constant (8.314 Jjmol K), and T is the temperature (K). The
D-R constant (K) can give valuable information about the mean
energy of adsorption and estimation of the mechanisms of the
adsorption process using Eq. (13):

E=1/(-2k)" (13)

where E is the mean adsorption energy. The magnitude of E
arranged as E>8KJfmol and E < 8k]}/mol propose that the
adsorption is chemical or physical interaction, respectively, As
can be seen from Table 7, the values of E were found to be lower
than 8 kJ/mol for all of the studied temperatures, demonstrating
that the adsorption of AO7 onto CTAB modified. nano-MMT occurs
- through-physieal interactions {52]. - R - ‘
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4. Conclusions

In the present investigation, the application of surfactant
modified nano-sized montmorillonite was considered for the
adsorpticn of a textile dye in aqueous phase. The results indicated
rapid removal of dye from aqueous solution within 10 min where
the cation exchange capacity (CEC) of the modified MMT
nanomaterial was 1.0 CEC of pure MMT nanomaterial. To optimize
the operational parameters influencing dye removal, central
composite design based on the numerical optimization was
applied. The maximum decolorization efficiency of 87.19% was
predicted at an AO7 concentration of 49 mg/L, adsorbent dosage
of 0.8 g/L, reaction time of 27 min and initial pH of 6. Additionally,
the results of isotherm study showed that all of the studied model
can be suitable for describing the adsorption of AO7 onto the
modified MMT except for Langmuir and BET models. Based on the
obtained mean adsorption energy (E) of D-R model, the adsorption
of AO7 onto modified MMT nanomaterial occurs through a
physical interaction especially at low temperatures,
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