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ABSTRACT

NaX zeolites were prepared via an alkali fusion-hydrothermal method from coal gasification fly ash.
The effects of the adsorbent dosages, initial dye concentrations, adsorption temperatures and pH
values on the adsorption capacity of methylene blue (MB) onto the NaX zeolites were evaluated in
batch mode. The maximum adsorption capacity of MB onto the NaX zeolites is 127.13 mg/g, which
is higher than the recently reported values using similar adsorbents. The adsorption isotherm data
fitted well to the Langmuir model, and the adsorption kinetics followed the pseudo-second-order
model. Negative changes in Gibbs free energy (AG°) and enthalpy (AH®), and a positive change
in entropy (AS°), suggested that the adsorption of MB onto the NaX zeolites is an exothermic and

spontaneous process.
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1. Introduction

Dyestuff wastewaters generated in several industries,
such as the food, paper, textile, pulp mill, leather and plastic
industries, have caused severe problems for the environ-
ment and public health [1-5]. The dyes, even at trace lev-
els, can lead to significant environmental pollution. For
instance, dyes can deteriorate water quality by spreading
odor and color contaminants, blocking sunlight and impair-
ing the photosynthesis of aquatic plants [6]. Moreover, many
dyestuffs in wastewater are toxic or even carcinogenic [7,8].

Methylene blue (MB), a typical cationic dye, is mainly
used for dyeing silk, cotton, and wool. MB can cause
tachycardia, hyperhemoglobinemia, expiratory dyspnea,
spasm, eye burn and skin irritation [9]. In recent decades,
MB has been widely studied because of its strong adsorption
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capacity onto solids, enabling its removal from polluted
water [10]. Several methods, such as biodegradation [4],
adsorption [11] and photodegradation [12], have been used
for the removal of dyes from wastewater. In these reported
methods, adsorption is considered to be the most effec-
tive method because of its low-cost and nontoxicity [13,14].
Zeolites [15], molecular sieves [16], activated carbon [17] and
clay [18] have been applied to adsorb dyes from contami-
nated water.

As a by-product of coal power plants and gasification
plants, fly ash (FA) occupies a large amount of cultivated land
and consumes a considerable amount of ash-removing water.
In addition, the secondary dust of FA is harmful to the ecolog-
ical environment [19,20]. Extensive measures have been taken
for the long-term use of FA due to the increasing conflict
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between international energy demand and environmental
protection. The conversion of FA to zeolites was considered
a promising method is given that amorphous aluminosilicate
is the major component of FA (approximately 80%) [21-25].

There are two methods, one-step and two-step processes
using solid wastes such as silica-alumina to synthesize
zeolite materials. The one-step process, such as the tradi-
tional hydrothermal synthesis [26], aims to synthesize zeo-
lites from the whole solid silica without any pretreatment.
However, the crystals of FA, such as quartz and mullite,
are difficult to dissolve in alkali solutions. In contrast, the
two-step method, such as two-step hydrothermal synthesis
[27], requires the separation of solid residue after dissolv-
ing most of the silica and alumina in the alkali solution.
Ruen-ngam et al. [28] proposed a new synthesis process by
introducing an alkaline fusion step prior to the traditional
synthesis process of zeolites, known as the fusion method.
This method significantly improved the zeolitization pro-
cess, affording single-phase and high-crystalline zeolites
such as zeolites A and X. To our knowledge, FA-derived
zeolite is an effective sorbent to adsorption heavy metals
from wastewater, but the use of FA-derived zeolite synthe-
sized by a fusion method in the removal of organic cationic
dyes have rarely been investigated.

In the present work, the NaX zeolites were synthesized
from coal gasification FA by an alkali fusion-hydrother-
mal method. The removal behaviors of MB onto NaX zeo-
lites were investigated as well as their adsorption isotherm,
kinetics, and thermodynamics. The results showed that
the adsorption capacities of MB onto the NaX zeolites are
obviously higher than the recently reported values using
similar adsorbents.

2. Experimental setup
2.1. Materials

The FA used in this work was obtained from a gasifier
of the Longyu Coal Chemical industry in Yongcheng city,
Henan Province, China. Analytical grade sodium hydrox-
ide was purchased from Xiqiao Chemical Co. Ltd, (Foshan
city, China). Hydrochloric acid and MB were purchased
from Sinopharm group chemical reagent Co. Ltd (Beijing,
China).

2.2. Preparation of NaX zeolites

A fusion method followed by a hydrothermal treatment
was used to synthesize the NaX zeolites. Briefly, sodium
hydroxide was ground and mixed with FA to in a sodium
hydroxide mass ratio of 1:1, 1:1.5, and 1:2. The above mix-
tures were added to a porcelain boat and then fused in a
furnace for 60 min at temperatures varying from 550°C to
750°C. Afterward, the fused mixtures were ground into a
powder and mixed with deionized water at a mass ratio of
1:8 (fused mixtures: water) affording slurries. The slurries
were stirred constantly at 300 rpm for 2 h at room tempera-
ture, and then added to a Teflon hydrothermal reactor and
crystallized at 60°C-120°C for 12-48 h to afford crystals.
Finally, the crystals were filtered and washed with deionized
water until the pH of the filtrate was reduced to 8-9, and
then dried overnight at 105°C affording the NaX zeolites.

2.3. Characterization

The powder X-ray diffraction (XRD) patterns of the FA
and NaX zeolites were obtained in the 20 ranging from
5° to 40° with 2°/min scanning rate using an XRD diffractom-
eter (Simens D5000, Germany) equipped with Ka Cu radi-
ation (A = 1.54056 A) at 30 mA and 40 kV. An FEI Quanta
TM 250 (FEI Company, USA) scanning electron microscope
(SEM) was used to characterize the morphology of the NaX
zeolites. The chemical compositions of FA and NaX zeolites
were determined by X-ray fluorescence spectrophotometry
(Philips, model PW2400, Netherlands). The specific surface
area, pore size, and pore volume were determined by an
N, adsorption-desorption technique using the Brunauer—
Emmett-Teller (BET) method. The concentrations of MB
in aqueous solutions by an ultraviolet spectrophotometer
(TU-1901, Beijing, China).

2.4. Batch adsorption experiments

A storage solution of 1,000 mg/LMB was first prepared,
and working solutions were obtained by dilution with deion-
ized water. Adsorption experiments were carried out in a
200 mL beaker containing 100 mL of MB solutions with initial
concentrations ranging from 20 to 140 mg/L and 0.1 g of NaX
zeolite at 25°C, and pH = 7. To identify the effect of adsor-
bent dosage on the adsorption capacity of MB, 0.04-0.16 g
of NaX zeolite was added, and the mixtures were shaken at
room temperature for 24 h. To investigate the effect of pH
on the MB adsorption capacity, different pH values (3.0-12.0)
of the 100 mg/L MB solution were prepared. The remaining
concentrations of MB in the solution after adsorption were
determined by a UV-Vis spectrophotometer.

The amount of MB adsorbed at time ¢, g, (mg/g), and the
adsorption capacity at equilibrium, g, (mg/g), were deter-
mined by Egs. (1) and (2), respectively, and the removal ratio
of MB (1) was calculated by Eq. (3) [29,30].
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where m (g) is the adsorbent dosage and V (L) is the vol-
ume of adsorption solution. C;, C, and C, (mg/L) are the MB
concentrations initially, at time ¢ and at adsorption equilib-
rium, respectively.

2.5. Adsorption isotherm and kinetic models

Adsorption isotherms are used to estimate the maximum
adsorption capacity of adsorbed materials and evaluate the
suitability of the adsorption process as a unit operation. In
addition, the nature of adsorption can be determined from
the fit of the isotherm models to the experimental data
[30]. There are three typical adsorption isotherm models,
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Langmuir, Freundlich, and Dubinin-Radushkevich (D-R)
isotherms, which predict the status of adsorbate molecules
distributed on the solid/liquid interface and provide the
equilibrium adsorption capacity. The equations and parame-
ters of the isotherm models are shown in Table 1.

2.6. Adsorption thermodynamics

To determine the influence of temperature and inves-
tigate the feasibility of MB adsorption onto NaX zeolites,
experiments were carried out with initial MB concentra-
tions of 100 mg/L at 25°C, 35°C, and 45°C, respectively.
Thermodynamic parameters were determined by the follow-
ing equations [31].

q
K, =1 4
p=C 4)
AG=-RTLnK, (5)
AS AH
LnK, =—-== 6
8 = T RT ©

where K, AH (kJ/mol), AG (k]J/mol), AS (J/kmol), T (K) and
R (8.314 J/kmol) are the equilibrium partition constant,
enthalpy change, Gibbs free energy change, entropy change,
temperature, and universal gas constant, respectively. The
values of AS and AH were determined from the slope and
intercept of the plot of InK, vs. 1/T, respectively, and the

Table 1
Linear forms of kinetic and isotherm models

Model = Name Equation
— quLCe
1. 1+K,C,
Langmuir
Isotherm _ 1
" 1+K,C,
Freundlich q.= KFC,%F
2
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In(g, —qg,)=Ing, -kt
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Kinetic Pseudo- ' 1 ¢

—_— = —
second-order g, kg, q,

g, and g, are the equilibrium and maximum adsorption capacity,
respectively; K, and R, are Langmuir constant and separation factor,
respectively; K, and 7, are Freundlich constants; k, and k, are pseu-
do-first-order and pseudo-second-order adsorption rate constants,
respectively.

values of AG were determined from the K values for each
temperature.

3. Results and discussion
3.1. Characterization of materials

As shown in Table S1, the SiO,/Al O, ratio of the FA was
2.75, providing the possibility to produce faujasite [27]. The
XRD patterns showed that FA is an amorphous phase and
that the NaX zeolite exhibits good crystallinity without any
impurities (Fig. 1). The peaks at 6.09° (111), 9.98° (220), 15.3°
(311), 20.08° (440), 21.50° (531), 23.12° (442), 26.6° (642), 30.2°
(660), 30.8° (555), 32.98° (664), 34.2° (913) are typical diffrac-
tion peaks of NaX zeolite according to the Joint Committee
on Powder Diffraction Standards [32-34]. As shown in
Fig. 2, the FA particles show a globular shape with a smooth
surface, while NaX zeolite particles are octahedral crystal
structures.

Fig. S1a shows that the N, adsorption and desorption iso-
therms of both FA and NaX zeolites display a combination
of type I and type IV characteristics, implying the presence
of micropores and mesopores [35], which is consistent with
their pore size distribution curves (Fig. S1b). However, the
adsorbed volume of the NaX zeolite is significantly greater
than that of FA. Table 2 shows that the total specific surface
area of FA is 4.51 m?/g, while the specific surface area of the
NaX zeolite is 556.23 m?/g, which suggested that NaOH acti-
vation with high-temperature calcination opened the previ-
ously-inaccessible pores, created new pores and enlarged
the original pores in FA.

3.2. Effects of preparation parameters on the crystallinity of NaX
zeolite

Fig. 3a shows that the XRD diffraction peak intensities
of NaX zeolites increase with the increase of FA/NaOH mass
ratio. An increase in the FA/NaOH mass ratio results in a
decrease in the mole ratio of Na,O to A1,O, in the silica gel.
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Fig. 1. XRD patterns of FA and NaX zeolite.
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Fig. 2. SEM images of FA (a) and NaX zeolite (b).

Table 2
Textural properties of FA and NaX zeolite

Sample Sper (M%/g) V., (cc/g) Ve (cc/g) Pore size (nm)
FA 451 0.025 0.004 22.13
NaX zeolite 556.23 0.345 0.126 2.48
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Fig. 3. Effect of the preparation parameters on the crystallinity of NaX zeolites: (a) the mass ratio of FA to NaOH, (b) fusion tempera-

ture, (c) crystallization temperature, and (d) crystallization time.

This is conducive to the depolymerization of silicon alumi-
num gel and an increase in nucleation, resulting in the nucle-
ation rate greater than the crystal growth rate. According to
the study of Molina et al. [36], although the high mole ratio
of Na,0O to A1,0, is beneficial to reduce the particle size, it

results in the transcrystallization of zeolites and the forma-
tion of other crystalline zeolites.

Fig. 3b shows that the XRD diffraction peak intensities
of NaX zeolites decrease with increasing fusion temperature,
and a new diffraction peak appears at 750°C. Therefore, the
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melting temperature of 550°C is more suitable for the syn-
thesis of NaX zeolite. Fig. 3c shows that the XRD diffraction
peak intensity of the NaX zeolite obtained at a crystalliza-
tion temperature of 80°C is the strongest, and there is a single
crystalline phase, indicating that a low temperature is not
enough for crystallization, while a high-temperature results
in the formation of other crystalline phases. Therefore, the
optimum crystallization temperature is 80°C. Fig. 3d shows
that the crystallinities of NaX zeolite increase with the reac-
tion time, while the diffraction peak intensities decrease sig-
nificantly after 24 h of crystallization. Therefore, the optimal
crystallization time is 24 h.

3.3. Adsorption of MB onto the NaX zeolites

To determine the optimum dosage of NaX zeolite, a series
of experiments were carried out with different amounts of
adsorbents (40-160 mg) in 100 mL of 100 mg/L MB solutions
at pH = 7. As shown in Fig. 4a, the adsorption capacities of
MB decrease and the removal ratios increase with increasing
NaX dosage, which is ascribed to the fact that the equilibrium
concentrations of MB decrease with increasing zeolite dosage.

As shown in Fig. 4b, the g, values increase with increas-
ing initial MB concentration. The equilibrium adsorption
capacities of MB increase from 20 to 93.95 mg/g when the
initial MB concentration ranges from 20 to 140 mg/L. The
increase in the initial adsorbate concentration promoted
the driving force of mass transfer and the probability of col-
lision between MB and the active sites, resulting in higher
adsorption capacity of MB onto zeolite [37].

The pH value of the solution is a crucial factor in the
adsorption of dye contaminants [38]. MB is positively

359

charged in solution, therefore, the adsorption capacity of
MB increases with increasing pH from 3 to 7, and the max-
imum adsorption efficiency is 88.17% at pH = 7, while it
decreases with increasing pH when the pH value is more
than 7 (Fig. 4c). According to the study of Sljivi¢ et al, [39]
the pH,,,. (point of zero charges) of zeolite is 7.5 in distilled
water, and adsorbents will be negatively charged at pH val-
ues higher than pH_, . and positively charged at pH values
lower than pH,,.. However, the faujasite zeolites, includ-
ing NaX zeolite, are not stable in strongly acidic media due
to the dissolution of Al atoms, causing damage to the zeo-
litic framework. As shown in Fig. S3, the NaX zeolite still
retains a relatively complete octahedral crystal structure
after adsorption experiments at pH = 5, while the crystal
structure of the NaX zeolite decomposes into an amor-
phous state after adsorption experiments at pH = 3. These
results are similar to those reported by Lin et al [40] and
Naudi et al [41].

Due to the decrease in the solution viscosity with increas-
ing temperature, the diffusion rate of adsorbate molecules
across the external boundary layer and the internal pores
of the adsorbent particle increase with increasing tem-
perature. However, an increase in temperature decreases
the equilibrium capacity of a particular adsorbate onto the
adsorbent [42]. As shown in Fig. 4d, the adsorption capac-
ity of MB decreases with increasing adsorption tempera-
ture. The MB molecules on the surface of the adsorbent
are more active at high temperatures, so further increasing
temperature favors the desorption of MB.

Table 3 lists the maximum adsorption capacities of the
NaX zeolites obtained in this work and previous references
[43-48]. The NaX zeolite in this work has a reasonably high
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Fig. 4. Effect of adsorption conditions on MB adsorption capacities onto the NaX zeolite: (a) adsorbent dosage, (b) initial MB

concentration, (c) pH, and (d) temperature.
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adsorption capacity for MB, indicating that it is a potentially
excellent adsorbent for MB removal.

3.4. Adsorption isotherm

The Langmuir isotherm model assumes that the adsorp-
tion process occurs on a homogeneous surface and that the
molecules exhibit an adsorbate monolayer on the surface of
adsorbent saturating the pores and preventing transmigra-
tion [49]. As shown in Fig. S2, a g, value of 93.34 mg/g is
obtained from the Langmuir isotherm, which is consistent
with the experimental value of g, (93.97 mg/g). The value
of R? (0.991) indicated that the experimental data were well
fitted to the Langmuir isotherm model. As an important
parameter of the Langmuir isotherm, the value of the sepa-
ration factor (R,) implies the isotherm is irreversible (R, = 0),
favorable (0 <R, <1), linear (R, = 1), or unfavorable (R, > 1)
[50]. The values of R, in the concentration studied (80-
140 mg/L) are between 0.044 and 0.025, suggesting that the
adsorption process is favorable in the MB-NaX zeolite sys-
tem. The decrease in the R, value with increasing initial MB
concentration implies that the adsorption is more favorable
for adsorption at high concentrations.

The Freundlich isotherm model is an empirical equation
used to describe heterogeneous systems with interactions
among the molecules adsorbed. The values of the heteroge-
neity factor (,) imply that the adsorption process is physical
(n, > 1), linear (n, = 1) or chemical (1, < 1) adsorption [51].
In addition, 1/n, > 1 suggests cooperative adsorption, and 1/
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n, <1 implies a normal Freundlich isotherm. The values of
n, and 1/n, in the MB-NaX zeolite system are 1.45 and 0.69,
respectively, indicating that the adsorption of MB onto NaX
zeolite occurs by physical adsorption and that the normal
Langmuir isotherm is favorable. As shown in Fig. S2, the fit-
ting of the Freundlich isotherm to the experimental data is
not very good (R*=0.973).

The D-R isotherm provides important information on
the free energy involved in the nature of adsorption [52].
The value of R? (0.986) for the D-R isotherm is also lower
than that for the Langmuir isotherm (Table 4). The value of
K, ; (8.89 x 107) indicates that the process of MB adsorption
onto the NaX zeolite follows the chemisorption mechanism.
Table 4 lists the parameters of the three isotherm models
studied for the MB-NaX zeolite system.

3.5. Kinetics studies

Both the pseudo-first-order model and the pseudo-
second-order model were applied to simulate the adsorp-
tion kinetics of MB onto the NaX zeolite using the data from
Fig. 4. The equations of the two models are listed in Table 1.
Fig. 5 shows the linear fits of pseudo-first-order and pseudo-
second-order models to the MB adsorption. As listed in
Table 5, the R? value for pseudo-first-order kinetics (0.935)
is lower than that for pseudo-second-order kinetics (0.996),
and the q,, , value is consistent with the experimental value
(4,,,)- Therefore, the process of MB adsorption onto the NaX
zeolite is well fit by the pseudo-second-order kinetics.

Table 3

Adsorption maxima of MB onto various zeolites in literatures
Zeolite material T (°C) Adsorptive capacity (mg/g) Reference
NaX zeolite 25 127.13 This work
Natural zeolite 25 16.37 [43]
Zeolite NaA (purely synthesized) 30 64.80 [44]
ZSM-5 (commercial) 25 8.67 [45]
Zeolite-P2 (purely synthesized) 25 16.86 [46]
MCM-22 (purely synthesized) 30 51.19 [47]
Zeolite synthesized from coal FA 20 37.04-50.51 [48]

Table 4

Parameters of Langmuir and Freundlich isotherm models

Langmuir model Freundlich model D-R model

9, (mg/g) K, (L/mg) R, R? K, (mg/g)(L/mg)"" np R R? Ko
93.34 0.271 0.025-0.044 0.991 37 1.45 0.973 0.986 8.89 x 10

Table 5

Parameters and determination coefficients of the kinetic models for MB adsorption onto NaX zeolite

Pseudo-first-order Pseudo-second-order

Tpexp (ME/B) k, (min™) e (MB/8) R k, (min™") y2en (MS/8) R
88.2 0.0043 74.44 0.935 0.0076 100 0.996
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Fig. 5. Linear fits of pseudo-first-order (a) and pseudo-second-
order models (b) to the MB adsorption.

Table 6
Thermodynamic parameters for the MB adsorption onto the
NaX zeolite

T (°C) AG (KJ/mol) AH (KJ/mol) AS (J/mol k)
25 ~75.49

35 -75.63 -71.33 13.97

45 -75.77

3.6. Adsorption thermodynamic

As shown in in Fig. 54, the values of AS and AH were
determined from the intercept and slope of a plot from
InK, vs. 1/T, and AG was evaluated using Eq. (4). Table 6
shows that both AH and AG were negative, indicating that
the adsorption of MB onto the NaX zeolite is exothermic
and spontaneous. The positive value of AS suggested the
affinity between MB and the NaX zeolites, and the random-
ness nature of the adsorption process at the solid/solution
interface.

4. Conclusions

NaX zeolites were successfully synthesized from FA
by using an alkali fusion-hydrothermal method. The opti-
mal synthetic conditions are as follows: a mass ratio of FA/
NaOH, 1:2; activation temperature, 750°C; crystallization

temperature, 80°C and crystallization time, 24 h. The syn-
thesized NaX zeolites possess single characteristic peaks, a
microporous structure, and a high surface area. The maxi-
mum adsorption capacity of MB onto the NaX zeolite is
127.13 mg/g, implying that the NaX zeolite synthesized by
the alkali fusion-hydrothermal method from FA can be a
good candidate for the treatment of MB-containing waste-
water. The adsorption process can be simulated with the
Langmuir isotherm model and pseudo-second-order reac-
tion model. Additionally, the adsorption of MB onto the NaX
zeolite is a spontaneous and exothermic process.
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Supplementary information

Table S1

Chemical composition of FA

Major oxides (wt.%)

Trace elemental
concentrations (ppm)

SiO, 53.77 P 269
ALO, 19.55 Ba 130
CaO 8.23 Sr 106
Fe,0, 3.42 S 73
K,0 2.27 Zn 67
MgO 1.55 Pb 42
Na,O 1.12 Mn 35
TiO, 1.09 Zr 25
Si0,/ALO, 2.75 Cu 22
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