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� NaAmw was completely formed within
15 min of ageing time.
� NaAmw shows better performances

compared to NaAconv.
� Adsorption of MB onto NaAmw takes

place as monolayer adsorption.
� Adsorption of MB onto NaAmw was

controlled by both physi- and chemi-
sorption.
� NaAmw was still stable after five

cycling runs.
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In this study, microwave rapid synthesized NaA (NaAmw) was used to adsorb a methylene blue (MB) from an
aqueous solution. The adsorption was optimized under four independent variables including: pH, adsor-
bent dosage, initial concentration, and ageing time based on central composite design (CCD) with response
surface methodology (RSM). A period of 15 min was determined to be the optimum microwave ageing time
for the synthesis of NaAmw, which is about sixteen times shorter than using conventional heating technique.
An amount of 1.0 g L�1 NaAmw demonstrated the optimum dosage for adsorption of 120 mg L�1 MB, with
predicted adsorption uptake of 53.5 mg g�1, at pH 7 within 1 h of contact time at room temperature. This
result approximated the laboratory result, which was 50.7 mg g�1. The experimental data obtained with
NaAmw best fits the Langmuir isotherm model and exhibited a maximum adsorption capacity (qmax) of
64.8 mg g�1, and the data followed the first-order kinetic equation. The intraparticle diffusion studies
revealed that the adsorption rates were not controlled solely by the diffusion step. Thermodynamic studies
showed that the adsorption is endothermic, non-spontaneous in nature, and favor at high temperature.
These results confirm that the adsorption process of MB onto NaAmw was controlled by both physisorption
and chemisorption. The reusability study shows that the NaAmw was still stable after five cycling runs. These
results indicate that NaAmw efficiently adsorbed MB, and could be utilized as a cost-effective alternative
adsorbent for removing cationic dyes in the treatment of wastewater.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction pollution. Most of these dyes, including methylene blue, are toxic
The recent rapid increase in the use of the synthetic dyes, espe-
cially in the textile industry, is a major contributor to water
and must be removed from wastewater before discharge into
water bodies, to ensure they remain safe for living organisms [1].
Adsorption on activated carbon is a popular method for removing
dyes on the industrial scale [2,3]. However, activated carbon is still
considered expensive and thus, much research is conducted into
exploring the development of low-cost adsorbents, such as natural,
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agricultural, and industrial byproduct waste [4–6]. Clay materials,
such as: bentonite, montmorillonite, kaolinite, and zeolite [7–13]
have received much consideration due to their unique structural
and surface properties, which offer high chemical stability and spe-
cific surface area that leads to high adsorption capacities [14]. Of
these clays, zeolite has received the greatest attention and recogni-
tion as a good adsorbent.

NaA zeolite is an aluminosilicate with a small pore size of 4 Å, has a
unit cell formula of Na12[(AlO2)12(SiO2)12]�27H2O and a crystalline
structure, which is generally synthesized by a heating method, such
as in situ hydrothermal synthesis or secondary growth [15–17]. Re-
cently, a technique of NaA synthesis using microwave heating has
been intensely studied due to its rapid and uniform heating that leads
to a short crystallization time and homogeneous nucleation [16–18].
The unique framework and high cation exchange capacity of NaA
make it able to adsorb various gaseous and heavy metal ions
[17,18]. However, the report of NaA on adsorption of dyes is still in
a nascent stage. Therefore, in this study we report an efficient removal
of methylene blue dye using microwave rapid synthesized NaA. The
microwave synthesis time was shortened by sixteen times compared
with the conventional method. The detailed objectives of our investi-
gation were: (i) to prepare the NaA by microwave technique and to
compare its properties with NaA synthesized by conventional meth-
od (NaAconv) using X-ray diffraction (XRD), field emission scanning
electron microscopy coupled with energy dispersive X-ray (FE-SEM/
EDX), and Brunnauer–Emmett–Teller surface area analysis (BET);
(ii) to study the feasibility of NaAmw as an adsorbent for MB dye,
and optimize the adsorption using a central composite design-based
(CCD) response surface methodology (RSM) under four independent
variables including pH, adsorbent dosage, initial concentration, and
ageing time; (iii) to determine the applicability of various isotherm
models (i.e., Langmuir, Freundlich, Temkin, and Dubinin–Radushke-
vich) to establish the best-fit isotherm equation; (iv) to evaluate the
usefulness of various kinetic models (i.e., pseudo-first-order, pseu-
do-second-order, and intraparticle diffusion models); (v) to study
the thermodynamic properties (free Gibbs energy, enthalphy, and
entrophy); and (vi) to study the reusability of the NaAmw.
2. Material and methods

2.1. Materials

Colloidal silica (30% SiO2 and 0.32% Na2O, Ludox HS-30), sodium
aluminate (Sigma–Aldrich Laborchemikalien GmbH), and sodium
hydroxide pellets (Grade AR, QReC™) were used as received. So-
dium hydroxide (NaOH), hydrochloric acid (HCl), and methylene
blue (C.I. 52015 for microscopy) were obtained from QReC™. All
reagents were of analytical grade and were used as received.
Deionized water was used for the preparation of the pH solution
and adjustments to the pH were performed using a 0.1 M HCl
and NaOH solution.
2.2. Preparation of NaA

The colloidal solution used for the synthesis of NaA by both
hydrothermal and microwave methods was prepared as follows:
Solution A was prepared by dissolving 1.88 g of NaOH in 75 mL
deionized water and mixed with 2.4 mL of Ludox. Solution B was
prepared by dissolving 5.64 g NaOH in 25 mL of deionized water
and mixed with 7.12 g of NaAlO2. Both of the solutions were pre-
pared at room temperature and stirred vigorously for 10 min. Then,
these two solutions (A and B) were mixed together for 1 h at 368 K
to give a clear homogeneous solution. The molar composition of
the resulting colloidal solution was: 1.0 Al2O3:1.96 SiO2:3.165
Na2O:128 H2O.
For the hydrothermal method (NaAconv), the solution of mixed A
and B was transferred into a 100 mL Teflon vessel and placed in an
oven at 378 K for 4 h, prior to being filtered and washed until the
solution pH < 9. For the microwave method (NaAmw), the 100 mL
Teflon vessel containing the mixture of solutions A and B was radi-
ated in a conventional microwave (100 W) for 15 min and then re-
ceived the same work-up procedure as in the hydrothermal
method. Both of the crude catalysts were oven dried overnight at
378 K before being calcined at 823 K for 3 h to produce a white
powder of NaA.

2.3. Characterization of NaA

The NaA were characterized using differential analytical tech-
niques. The XRD patterns of the NaA were obtained and recorded
on a D8 ADVANCE Bruker X-ray diffractometer using Cu Ka radia-
tion at a 2h angle ranging from 3� to 90�. The phases were identi-
fied with the aid of the Joint Committee on Powder Diffraction
Standards (JCPDS) files. The topological properties as well as
semi-quantitative determination were observed by field emission
scanning electron microscopy coupled with energy dispersive X-
ray spectrometer (FE-SEM/EDX) (JSM-6701F). FTIR (Perkin Elmer
Spectrum GX FTIR Spectrometer) was performed using the KBr
method with a scan range of 400–4000 cm�1. The specific surface
area was determined from nitrogen adsorption–desorption iso-
therms at the temperature of liquid nitrogen using a Micromeritics
ASAP 2010 instrument. The surface area was calculated with the
BET method. Prior to measurement, all the samples were degassed
at 383 K to 0.1 Pa. The absorbance measurement of the dye decol-
orization was monitored by a double-beam UV–vis spectropho-
tometer (Agilent Technologies Cary 60 UV–vis).

2.4. Adsorption experiments

Adsorption experiments were performed by adding 0.05 g of
NaA to a 100 mL conical flask containing 50 mL of a 10 mg L�1

methylene blue (MB) solution under pH 7 for 1 h at room temper-
ature (303 K). The pH of the working solution was adjusted to the
desired value with HCl or NaOH. The mixtures were prepared under
constant stirring at a rate of 300 rpm at room temperature (303 K)
to reach equilibrium. The samples were then withdrawn at appro-
priate time intervals and centrifuged at 3500 rpm for 15 min. The
residual MB concentration was determined using a UV–vis spectro-
photometer at 664 nm. At any time, t, the adsorption capacity of MB
adsorbed (qt) and the removal percentage of MB onto NaA was cal-
culated by the following mass-balance equation:

Adsorption uptake=capacityðmg g�1Þ : qt ¼
ðCo � CtÞV

W
ð1Þ

Removal ð%Þ :
Co � Ct

Ct

� �
� 100 ð2Þ

where C0 and Ct (mg L�1) are the liquid-phase concentrations of dye
at time zero and at time t, respectively. V (L) is the volume of the
solution and W (g) is the mass of NaA used.

2.5. Experimental design and optimization (DOE)

The effects of the operating parameters were optimized using
response surface methodology (RSM). RSM is a set of mathematical
and statistical methods for: designing experiments, constructing
models, evaluating the effects of variables, and seeking optimum
conditions of variables to predict targeted responses. It also can
determine a region where the factors of a certain operating speci-
fication are met. The application of statistical experimental design
techniques in adsorption processes could result in: improved
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Fig. 1. FE-SEM images of NaA zeolite prepared by (a) conventional method, and microwave at (b) 5 min, (c) 10 min, (d) 15 min and (e) The EDX analysis of elemental
composition of NaAmw.
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adsorptive capability, reduced process variability, closer confirma-
tion of the output response to nominal and targeted requirements,
as well as reduced development time and overall costs [19]. In this
paper, central composite design (CCD) was chosen for the RSM in
the experimental design, which is appropriate for fitting a qua-
dratic surface and usually works well for process optimization.
The CCD is an effective design that is ideal for sequential experi-
mentation and allows a reasonable amount of information for test-
ing lack of fit, whilst not involving an unusually large number of
design points [20]. Therefore, central composite non-factorial sur-
face design with four factors was applied using Statistica 6.0 Stat-
Soft without any blocking. The bounds of the factors are initial pH:
5–9, adsorbent dosage: 1–10 g L�1, initial concentration: 10–
120 mg L�1, and ageing time: 5–15 min, and were chosen based
on the results of preliminary studies that have been conducted.
The performance of the adsorption was evaluated by analyzing
the response of the affinity of NaAmw for the MB. The adsorption
uptake of the affinity of NaAmw was chosen as the response value.
3. Results and discussion

3.1. Characterization of the adsorbent material

FE-SEM images show a cubic-type crystalline structure with a
well-defined edge of the NaA particles (Fig. 1). The structures of
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Fig. 2. (a) XRD patterns of NaA zeolite prepared by conventional method and microwave at 5 min, 10 min, 15 min and (b) FTIR spectra of NaAmw and MB adsorbed NaAmw.

Fig. 3. Pore size distribution curves of NaAmw and MB adsorbed NaAmw and the
inset table is the specific surface area analysis of NaA zeolite.
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NaAconv (Fig. 1a) are similar to those of NaAmw (Fig. 1b–d), but
NaAmw radiated for 15 min in a microwave (Fig. 1d) shows more
complete formation of NaA (cubic-type crystal). From the analysis,
we can estimate that the particle size of the product was around
0.2–2 lm. The symmetrical and uniform size of NaA is expected
to provide high active sites and thus, allow the dye’s molecules
to easily adsorb onto the surface [21]. The EDX analysis (semi-
quantitative) was employed to determine the composition of the
NaAmw (Fig. 1e). The peaks of Na, Al and Si were corresponded to
zeolitic product, whereas Pt and C originated from the coated
material as well as the platform of the holder sample. No other ele-
ment was detected, indicating that NaAmw is free from other
impurities.

The XRD patterns of the prepared NaA were compared for both
NaAconv and NaAmw, and the results are shown in Fig. 2a. The peak
intensity of NaAmw increased as the time of microwave irradiation
was increased. A series of characteristic peaks were observed at:
7.2� (200), 10.1� (220), 12.4� (222), 16.1� (420), 21.6� (600),
23.9� (622), 27.1� (642), 30.0� (644) and 34.1� (640), which was
in agreement with the JCPDS data of card No. 39-0222 [21]. How-
ever, no other diffraction peaks were detected, indicating the pur-
ity of the prepared NaA.

FTIR spectroscopy is a very useful technique for obtaining vibra-
tional information about the species in materials. Therefore, NaAmw
and MB absorbed NaAmw were subjected to FTIR analysis and the
results are shown in Fig. 2b. Several characteristic bands are ob-
served: those at 1022 cm�1 correspond to the internal vibration
of (Si, Al)–O asymmetric stretching; those at 564 cm�1 correspond
to the external vibration of double four-rings; those at 689 cm�1

correspond to the internal vibration of (Si, Al)–O symmetric
stretching; and those at 467 cm�1 correspond to the internal vibra-
tion of (Si, Al)–O bending. The band related to OH also appeared at
about 1653 cm�1 [21,22]. A broad absorption peak was observed at
3475 cm�1, which was assigned to the OH stretching vibration in
the hydroxyl groups. The increase in intensity of OH stretching
vibration at 3475 and 1653 cm�1 after adsorption, suggests the
possibility that an interaction occurred between the NaAmw and
MB.

The surface area analysis data obtained from the BET method
can be used to verify this result (inset table in Fig. 3). The decrease
in NaAmw surface area after adsorption signifies that MB was at-
tracted towards the NaAmw surface, via hydrogen bonding or elec-
trostatic interaction. However, this phenomenon led to a high
concentration of MB on the NaAmw surface, resulting in pore block-
age and thus, reduces the surface area of NaAmw and decreases the
adsorption activity due to saturation, as well as contamination of
the NaAmw surface. The adsorption of MB onto the NaAmw surface
was also confirmed by the pore blockage, which is shown in Fig. 3.

3.2. Response surface modeling

As there only have three levels for each factor, the appropriate
model is the quadratic model as below,

Y ¼ b0 þ
Xk

j¼1

bjXj þ
Xk

j¼1

bjjX
2
j þ

Xk

i<j

bijXiXj ð3Þ

where Y = response, Xi and Xj = variables, b0 = constant coefficient,
bj, bjj, and bij = interaction coefficients of linear, quadratic and sec-
ond-order terms, respectively, and k is the number of studied fac-
tors. The quality of the fit of polynomial model was expressed by
the value of correlation coefficient (R2). The main indicators demon-
strating the significance and adequacy of the model used include
the model F-value (Fisher variation ratio), and P-value (Probability
value) [23].

3.2.1. Experimental design and quadratic model
Four factors: the pH, adsorbent dosage (AD), initial concentra-

tion (IC), and ageing time (AT) have been optimized by RSM using
Statistica 6.0 StatSoft for removal of MB by NaAmw. The list of exper-
iments designed by RSM and the value of response (adsorption



Table 2
ANOVA for analysis of variance and adequacy of the quadratic model.

Source Sum of
squares

Degree of
freedom

Mean
square

F-
value

Prob > F

XAD 1650.42 1 1650.42 271.23 0.000000
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uptake, mg g�1) for each sample obtained for the corresponding
experimental conditions, are shown in Table 1. The regression anal-
ysis was performed to fit the response, and the final regression
function for response in terms of the coded factors used in generat-
ing the statistical model is given below:
XAD
2 176.27 1 176.27 28.97 0.000223

XIC 1337.96 1 1337.96 219.88 0.000000
XADXIC 930.95 1 930.95 152.99 0.000000
Regression 4121.90 14 294.42 27.88 –
Residual 116.17 11 10.56 – –
Total 4238.07 25 – – –

*F-value (27.8791) calculated > F-value (2.7186) from F-table.
*R2 = 0.9842; R2

adj = 0.9641.
Yðadsorption capacity; mg g�1Þ ¼ �1:83786þ 2:25428XpH

� 4:25352XAD þ 0:45268XIC

� 0:24208XAT � 0:01643XpHXAD

þ 0:00374XpHXIC

þ 0:04015XpHXAT

� 0:03762XADXIC

� 0:02575XADXAT

þ 0:00122XICXAT � 0:18787X2
pH

þ 0:41518X2
AD � 0:00084X2

IC

þ 0:00692X2
AT

Table 2 shows the analysis of variance (ANOVA) of the regres-
sion parameters of the predicted response surface quadratic model.
Because the model value F = 27.8791 exceeded the table value
F(14,11,0.05) = 2.7186 and a low probability value (P > F < 0), the Fish-
er F-test demonstrated that the experimental results fitted well
and indicates that the model was significant. In addition, the values
Table 1
Experimental design and response value for different conditions at 60 min.

Run
no.

Factor Response (adsorption
uptake)

XpH XAD XIC XAT Actual
(mg g�1)

Predicted
(mg g�1)pH Adsorbent

dosage
(g L�1)

Initial
concentration
(mg L�1)

Ageing
time
(min)

1 5 1 10 5 4.73 4.97
2 5 1 10 15 4.86 5.80
3 5 1 120 5 37.1 36.2
4 5 1 120 15 38.4 38.2
5 5 10 10 5 0.994 2.51
6 5 10 10 15 0.962 1.02
7 5 10 120 5 4.04 3.30
8 5 10 120 15 3.62 2.91
9 9 1 10 5 3.75 4.35
10 9 1 10 15 5.66 6.79
11 9 1 120 5 36.9 37.0
12 9 1 120 15 42.4 40.5
13 9 10 10 5 0.991 1.30
14 9 10 10 15 0.951 1.42
15 9 10 120 5 4.46 3.43
16 9 10 120 15 4.48 4.65
17 5 5 50 10 5.34 5.10
18 9 5 50 10 5.43 5.62
19 7 1 50 10 22.2 22.2
20 7 10 50 10 4.75 4.72
21 7 5 10 10 1.29 3.99
22 7 5 120 10 9.73 15.0
23 7 5 50 5 5.81 5.74
24 7 5 50 15 6.81 6.83
25 (C) 7 5

50 10
6.03 6.11 26 (C) 7

5 50

10
6.03 6.11

*Contact time and temperature were constant at 1 h and 303 K, respectively.
of P > F less than 0.05 indicate that the model terms are significant,
while values greater than 0.10 indicate that the model terms are
not significant [23].

3.2.2. Effects of model components and their interactions on dye
adsorption

To study the interaction between all four factors, three-dimen-
sional response surface curves were plotted. The combined effect
of IC and AD on the adsorption uptake of NaAmw (mg g�1) is shown
in Fig. 4a as response surface plots and Fig. 4b as contour plots. The
adsorption uptake increased up to 53.5 mg g�1, with increased IC
and decreased AD. In contrast, pH and AT did not show any inter-
action between either IC or AD. In addition, when pairing these two
factors with respect to IC and/or AD, a flat response surface plot
was produced indicating that pH (Fig. 4c and e) and AT (Fig. 4d
and f) had no significant effect on adsorption uptake of NaAmw

(mg g�1). The pareto chart also verified that IC and AD were the
most significant factors affecting the adsorption uptake of NaAmw

(Fig. 5).

3.2.3. Model validation
The mathematical model generated during RSM implementa-

tion was validated by conducting experiments for a given optimal
medium setting. An amount of 1.0 g L�1 NaAmw was found to be the
optimum dosage for 120 mg L�1 MB, with predicted adsorption up-
take of 53.5 mg g�1, at pH 7 using 15 min ageing time NaAmw. The
experiment was conducted based on these appropriate conditions
to confirm the actual value. The laboratory results gave
50.7 mg g�1, which is very close and fitted well with the optimized
value generated by the RSM tools. The experimental measure-
ments show that NaAmw gave better performance compare with
NaAconv (Table 3). It was suggested that a high surface area (inset
table in Fig. 3) was activated when applying microwave radiation
to NaAmw, which results in high adsorption uptake. The appropriate
conditions generated by RSM were taken into consideration and
were used for further studies on adsorption equilibrium isotherms,
kinetics, and thermodynamics.

3.3. Adsorption equilibrium studies

In this study, the equilibrium experimental data were fitted
with four commonly used isotherm models: the Langmuir, the Fre-
undlich, the Temkin and the Dubinin–Radushkevich, to describe
the interaction between the MB molecules and the surfaces of
the NaAmw, and to analyze the distribution type of MB in the liquid
and solid phases [24–26]. Identification of the best-fit isotherm
model is essential for optimization of the adsorption process de-
sign. The non-linear regression of those isotherm models can be
represented by the expression [27],
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Fig. 4. Response surface plots for adsorption uptake of NaAmw showing interaction between (a) initial concentration and adsorbent dosage (c) initial concentration and pH (d)
initial concentration and ageing time (e) adsorbent dosage and pH (f) adsorbent dosage and ageing time, and (b) contour plots for adsorption uptake of NaAmw as a function of
initial concentration and adsorbent dosage (1 h contact time).
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Langmuir isotherm : qe ¼
qmKLCe

1þ KLCe
ð4Þ

Freundlich isotherm : qe ¼ KFC1=nF
e ð5Þ
Temkin isotherm : qe ¼ B lnðACeÞ ð6Þ

Dubinin—RadushkevichðD—RÞ : qe ¼ qm expð�KDRe2Þ ð7Þ

e ¼ RT lnð1þ 1=CeÞ



(3) Initial Concentration (mg L-1)(L)
(2) Adsorbent Dosage (g L-1)(L)

2Lby3L
Adsorbent Dosage (g L-1)(Q)

Initial Concentration (mg L-1)(Q)
1Lby2L
1Lby4L
3Lby4L

Ageing Time (min)(Q)
pH (Q)

(1) pH (L)
(4) Ageing Time (min)(L)

1Lby3L
2Lby4L

p=.05

Fig. 5. Pareto chart of standardized effect estimate (absolute value).

Table 3
Optimization results of adsorption uptake NaA zeolite.

Preparation method Adsorption uptake (mg g�1)

Predicted by RSM model 53.5a

Microwave 50.7a

Conventional 34.7b

pH 7; 1.0 g L�1 NaA; 120 mg L�1 MB.
a 15 min.
b 4 h ageing time.
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where Ce is the MB concentration at equilibrium (mg L�1), qe is the
adsorption capacity at equilibrium (mg L�1), qm is the maximum
adsorption capacity (mg L�1), KL is the Langmuir constant (mg L�1),
KF is the Freundlich adsorbent capacity, nF is the heterogeneity fac-
tor, A is the Temkin equilibrium binding constant (L g�1), B is the
Temkin constant, KDR is D–R constant (mol2 kJ�2), e is the Polanyi
potential (J mol�1), R is gas constant (8.314 J mol�1 K�1), and T is
absolute temperature (K).

The plots of these isotherm models are illustrated in Fig. 6a and
all of their coefficients are listed in Table 4. The essential character-
istics of the Langmuir isotherm can be expressed in term of the
dimensionless constant separation factor, RL, which is given by
the following equation:
RL ¼
1

1þ KLC0
ð8Þ

The RL parameter is considered a more reliable indicator of the
adsorption [28], which indicates the shape of the isotherm to be
either unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or
irreversible (RL = 0).

The Langmuir was observed to be the best-fit model for the
experimental data due to the highest regression coefficient
(R2 = 0.999) compared with the other isotherm models. This result
suggests that the adsorption of MB onto the surface of NaAmw takes
place as monolayer adsorption. The RL value was 0.219, which indi-
cates that the adsorption is a favorable process. The correlation
coefficient of the Temkin model was also high (R2 = 0.994), which
indicates good linearity. The Temkin adsorption potential (B ln A)
was 16.4 kJ mol�1, illustrating that the bond between the MB mol-
ecules and the NaAmw is quite weak [29]. In addition, the E value
represented by the D–R isotherm was 0.129 kJ mol�1, which is in
the range of the physisorption process [30]. Thus, these results
confirm that the adsorption of MB onto NaAmw was controlled by
the physisorption process.
3.4. Comparison of NaA with other adsorbents

Other researchers have also reported a Langmuir model for the
adsorption of cationic dyes [31]. As shown in Table 5, the maxi-
mum adsorption capacity (qm) of NaAmw for MB is comparable,
and was found to be the higher than that of many corresponding
adsorbents reported in the literature [31–45]. According to the re-
sults obtained, NaAmw has a potential to be employed as a cost-
effective adsorbent and could be considered as an alternative to
commercial activated carbons for the removal of color.

3.5. Kinetic studies

It is important to study the adsorption kinetics in the treatment
of aqueous effluent because it provides valuable information on
the efficiency and mechanism of the adsorption process. Three
commonly used models to describe the adsorption behavior of pol-
lutants on solid surfaces are the pseudo-first-order, pseudo-sec-
ond-order and intraparticle diffusion models [25,46]. The non-
linear forms of pseudo-first and -second order, and linear form of
intraparticle diffusion models are given as:

Pseudo-first-order equation : q ¼ qeð1� e�k1tÞ ð9Þ

Pseudo-second-order equation : q ¼ q2
e k2t

1þ qek2t
ð10Þ

Weber—Morris equation : qt ¼ kidt1=2C ð11Þ

For the non-linear regression method, the experimental data of
the dye uptake, q, versus time, t, were fitted to those models by
using the solver add-in with Microsoft’s Excel spreadsheet (Micro-
soft) and the results are shown in Fig. 6b [47]. Table 6 lists their
rate constants (k1 and k2) and the corresponding linear regression
correlation coefficient values (R2). At all the initial concentrations
studied, the values of R2 for the pseudo-first-order model were
greater (R2 = 0.999), and the theoretical qe.calc values obtained from
this model were also closer to the experimental qe,exp compared
with the values obtained from the pseudo-second-order model.
These results indicate that the adsorption of MB onto NaAmw could
be better explained based on the pseudo-first-order kinetics mod-
el, and this result is in agreement with the isotherm data, verifying
that the adsorption occurred through a physisorption process [24].

The plots of the intraparticle diffusion model of Weber–Morris
at different initial concentrations are shown in Fig. 6c. It seems that
the plots are separated into three steps for low concentrations of
MB at 5 and 10 mg L�1, two steps for 40 mg L�1, and become linear
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Fig. 6. (a) Equilibrium isotherm (Langmuir, Freundlich, Temkin, Dubinin–Rad-
ushkevich model); (b) Pseudo-first order and pseudo-second order kinetic models;
and (c) Intraparticle diffusion model of adsorption of MB removal onto NaAmw

(pH = 7, AD = 1.0 g L�1, IC = 120 mg L�1, AT = 15 min, t = 1 h, 303 K).

Table 4
Isotherm parameters for removal of MB on NaAmw.

Isotherm Parameters Values

Langmuir qm (mg g�1) 64.8
KL (L mg�1) 2.97 � 10�2

R2 0.999
RL 0.219

Freundlich KF 6.55
n 2.22
R2 0.975

Temkin A (L mg�1) 0.310
B 14.0
R2 0.994

Dubinin–Radushkevich qm (mol g�1) 39.6
B (mol2 J�2) 3.0 � 10�5

R2 0.948

E (1=
ffiffiffiffiffiffi
2b

p
) (kJ mol�1) 0.129

Table 5
Comparison of maximum adsorption capacities of various adsorbents for methylene
blue.

Adsorbent Maximum adsorption
capacity (mg g�1)

Ref.

NaAmw 64.8 This work
Zeolite fly ash (ZFA) 14.3 [32]
Silica 11.2 [33]
Fly ash 1.30 [33]
Pure kaolin 15.6 [34]
Clay 58.2 [31]
Coir pith carbon 5.87 [35]
Acid activated carbon 60.6 [36]
Activated carbon 109 [37]
Activated olive stone 16.1 [38]
Activated sewage char 12.0 [39]
Chrome sludge 0.51 [40]
Coffee husks 90.1 [41]
Lemon peel 29.0 [42]
Banana peel 20.8 [43]
Yellow passion fruit waste 44.7 [44]
Luffa cylindrical fibers 47.0 [45]

N. Sapawe et al. / Chemical Engineering Journal 229 (2013) 388–398 395
for high concentrations of 80 and 120 mg L�1 of MB. However, the
linear plots did not pass through the origin, suggesting that
intraparticle diffusion is not the only rate-determining step for
those concentrations [28]. The plots became sharper with an in-
crease in initial concentrations, illustrating the increase in the rate
of adsorption (Table 6). The final stage of the 5 and 10 mg L�1 plots
exhibit a slowdown demonstrating that equilibrium was achieved
as most of the adsorption sites became saturated. At lower concen-
trations, higher numbers of available active sites on the NaAmw sur-
face may allow the MB molecules to be adsorbed slowly with
multi-steps of reactions, involving the diffusion of MB from the
external liquid-film boundary layer to the external NaAmw surface
sites. This is then followed by the intraparticle diffusion of MB
within the pores of the NaAmw and finally, the attachment of MB
onto the NaAmw at available adsorption sites [46]. However, at high
concentrations, the interaction between the large number of MB
ions in the solution and limited active sites on the NaAmw surface
may occur rapidly, and the first and third steps of the process could
be neglected. Therefore, the linear lines at high concentrations may
correspond to the intraparticle diffusion of MB ions within the
pores. These kinetics results verify that the adsorption is a physi-
sorption process.

3.6. Thermodynamics studies

Thermodynamics parameters were evaluated to investigate the
nature of the adsorption. The effect of temperature on the adsorp-
tion of MB onto NaAmw was studied over the temperature range of



Table 6
Kinetic parameters for the adsorption of MB onto NaAmw at different initial concentrations.

C0 (mg L�1) qe,exp (mg g�1) Pseudo-first-order kinetic model Pseudo-second-order kinetic model Intraparticle diffusion

k1 � 10�2 (min�1) qe.cal (mg g�1) R2 k2 � 10�4 (g mg�1 min�1) qe.cal (mg g�1) R2 kid (mg g�1 min0.5) C R2

5 8.04 12.4 8.09 0.999 8.87 8.87 0.996 0.713 3.39 0.719
10 14.6 8.99 14.0 0.999 16.9 16.9 0.996 1.55 4.03 0.818
40 33.6 6.45 32.9 0.999 42.6 42.6 0.998 4.20 3.61 0.927
80 45.1 3.68 44.3 0.999 75.8 75.8 0.996 6.67 5.97 0.998
120 50.7 3.45 52.7 0.999 112.4 112 0.975 7.99 11.0 0.999

Table 7
Thermodynamic parameters for the adsorption of MB onto NaAmw.

Temp
(K)

qe

(mg g�1)
Kc � 10�2 DGo

(kJ mol�1)
DHo

(J mol�1)
DSo

(J mol�1 K�1)

303 50.7 4.42 7.86
323 100 9.13 6.43 34.5 87.7
343 216 22.0 4.32
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303–343 K. The thermodynamics parameters, including the free
Gibbs energy (DGo), enthalphy (DHo) and entrophy (DSo) were cal-
culated using the equations below:

Free energy change : DGO ¼ �RT ln KC ð12Þ
Equilibrium constant : KC ¼
CeðadsorbentÞ
CeðsolutionÞ ð13Þ

van’t Hoff equation for enthalpy and entrophy : ln KC

¼ DSO

R
� DHO

RT
ð14Þ

The values of the thermodynamics parameters obtained are
listed in Table 7. It was observed that the adsorption capacity of
the MB increased with increasing temperature, indicating the pro-
cess was endothermic. A positive sign and a decrease in the mag-
nitude of overall standard free energy change with an increase in
the temperature, indicates that the process was non-spontaneous
in nature and favor at high temperature, respectively [48]. The po-
sitive value of DHo confirms the endothermic nature of the overall
adsorption process, and its magnitude (34.5 J mol�1) below
20.9 kJ mol�1 is in the heat range of the physisorption process
[49]. This fact was in agreement with the isotherm and kinetic
experiments. However, the adsorption process may also involve
both physisorption and chemisorption due to the endothermic nat-
ure of the system [50]. At higher temperatures, the surface activity
(a)

Fig. 7. The reusability of adsorption of MB removal onto NaAmw (pH = 7, AD
and kinetic energy of MB were increased, which results in more
available active sites on the NaAmw surface to enhance the adsorp-
tion of MB. The positive value of DSo (87.7 J K�1 mol�1) corre-
sponds to an increase of the randomness at the solid-solute
interface, and suggests good affinity of MB toward the NaA. Similar
findings were also reported in [6,28].

3.7. Regeneration study

A repeat experiment was performed with NaAmw to study the
stability of the NaAmw for MB decolorization (Fig. 7). The initial
concentration of MB was maintained constant (10 mg L�1 and
100 mg L�1) at pH 7 for 1 h of contact time, and the NaAmw was
recycled after filtration before undergoing two different methods
of treatment, via calcination at 823 K for 3 h and/or microwave
heating at 300 W for 15 min, at every cycle. It can be observed that
after five repeated experiments, the NaAmw was still active which
shown by a slightly decrease in decolorization percentage of
10 mg L�1 MB with 7.1% and 17.3% for calcination and microwave
heating, respectively. Similar trend was also observed for
100 mg L�1 MB with only 5.6% and 12.5% of decolorization percent-
age drop for the former and latter treatment, respectively. It is sug-
gested that the heat treatment most probably induced NaAmw

aggregation after several recycles, which resulted in a decrease of
surface area (inset table in Fig. 3), and subsequently led to a de-
crease in decolorization efficiency [51–55].

3.8. Energy and cost estimation

Energy and cost estimation is a well formulated prediction of
the probable production cost to propose a specific budget of mate-
rial used. In this study, the total energy and cost that were con-
sumed for the production of approximately 5.0 g per batch NaA
zeolite was estimated and listed in Table 8. It could be observed
that the microwave synthesis time was shortened by 16 times
(b)

= 1.0 g L�1, IC = 10 mg L�1 and 100 mg L�1, AT = 15 min, t = 1 h, 303 K).



Table 8
Energy and cost estimation for the production of NaA zeolite.

Factor NaAmw NaAconv

Time consumed (min) 15 240
Power (W) 100 2000
Total cost ($USD) 0.003 1.16

*Malaysia tariff rates of electricity, $0.14 USD/kW h.
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and used 20 times less energy compared to the conventional meth-
od. The estimated electricity cost for production of NaAmw is totally
far cheaper than NaAconv. Similar economical preparation of adsor-
bent was reported by Shah et al. emphasizing the low cost con-
sumption in converting waste to useful material [56]. Both above
findings lead to potential cost-effective adsorbents for removing
dyes from industrial wastewater, which contribute in low-energy
and -cost consumption for green sustainability.
4. Conclusions

The present study investigated the adsorption of MB from aque-
ous solutions by using microwave rapid synthesized NaA (NaAmw).
NaAmw has been demonstrated to be highly effective within 1 h of
contact time at room temperature. The best-fit adsorption iso-
therm was achieved with the Langmuir model, indicating that
adsorption occurs by monolayer coverage. The positive enthalpy
change for the adsorption process confirms the endothermic nat-
ure of the adsorption. The kinetic calculations show that the
adsorption followed the pseudo-first-order model with a multi-
step diffusion process. These results finally confirm that the
adsorption of MB onto NaAmw is controlled by both physisorption
and chemisorption process. In addition, the laboratory results
(50.7 mg g�1) obtained were closer and fitted well with the opti-
mized value given by the RSM analyzes (53.5 mg g�1).The reusabil-
ity study shows that the NaAmw was still stable after five cycling
runs. The cost-effective and abundance of NaAmw make this mate-
rial particularly promising for the removal of cationic dyes in
industrial wastewater treatment.
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