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Abstract
The present study aimed to synthesize Na-X zeolite from coal gangue powder (CGP) via the alkali fusion hydro-
thermal method. The optimal synthetic conditions were investigated, the mass ratio of CGP/NaOH(s) was 1:1.25, and
crystallization reaction time was 12 h. X-ray powder diffraction, scanning electron microscopy energy-dispersive X-
ray spectrum, and Fourier transform infrared spectrometer techniques were used to test the properties of resultant
zeolite product, which was highly identical to that of commercial zeolite. The efficiencies of the synthetic zeolite for
Pb2+ adsorption were analyzed on factors including solution pH, adsorbent dosage, temperature, and contact time.
Compared with the pseudo-first-order, Elovich, Freundlich, and Temkin models, the pseudo-second-order and
Langmuir models were fitted more satisfactorily with the dynamic data and adsorption equilibrium data, respectively.
The maximum Pb2+ adsorption capacity of synthetic zeolite (457 mg/g) could be reached when the pH, contact time,
temperature, and initial Pb2+ concentration was 6, 40 min, 45 °C, and 200 mg/L. The adsorption capacity was higher
than many of the natural and synthetic zeolites reported in previous literature.
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Abbreviations
CGP Coal gangue powder
XRF X-ray fluorescence
XRD X-ray diffraction
SEM Scanning electron microscopy
EDS Energy-dispersive X-ray spectroscopy
FTIR Fourier transform infrared
FAAS Flame atomic adsorption spectrophotometer
LOI Loss on ignition

Introduction

Lead (II) (Pb2+), one of the toxic heavy metal pollutants, is
released into the environment, including soil, surface water,
and groundwater (Ibrahim et al. 2010). The sources of lead
pollution include discarded batteries, painting materials, and
lead-containing pesticides (Barbosa et al. 2014). Lead is non
degradable and detrimental to living beings, uniquely human
(Zanin et al. 2016). For instance, it can interfere with hemo-
globin synthesis, causing intellectual impairments
(Gassowska et al. 2016). Many methods have been applied
to remove Pb2+ mainly from aqueous solution, including sol-
vent extraction, micro-biological degradation, reverse osmo-
sis, electro-dialysis, and adsorption (Al-Harahsheh et al.
2015). Remediation through the adsorption method is one of
the most effective techniques among these methods. It is im-
perative to select a suitable adsorbent for large-scale applica-
tion, considering the cost and efficiency. Low-cost and high-
efficient adsorbents are always preferred (Bortone et al. 2013).

Coal gangue is a hazardous and complex solid by-product
produced in the coal mining and washing process, being one
of the most significant industrial residues. The average pro-
duction of coal gangue is about 15% of total coal production,
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and almost 27% of the world’s energy consumption is from
coal combustion (Qin and Gao 2019; Bhuiyan et al. 2010).

The massive accumulation and improper disposal of coal
gangue pose many harmful effects on the ecological environ-
ment, such as polluted water, soil, and atmosphere (Haibin
and Zhenling 2010; Liu et al. 2020). The disposal of such a
large amount of coal gangue efficiently is a worldwide severe
and meaningful problem, especially for China, because China
contributes 50.72% of the total world coal consumption in
2017 (Li and Wang 2019). However, the utilization rate of
coal gangue is still lower, although researches have been done
to investigate the reuse of coal gangue. For instance, in China,
the overall utilization rate of coal gangue is 64% in 2014, and
they were mainly used to yield building material and generate
electricity (Wang et al. 2016; Zhou et al. 2014).

Coal gangue contains a large quantity of Si and Al, which
has the potential to be used in the synthesis of zeolite, one of
the high-value-added inorganic porous materials (Gao et al.
2015). Above all, the Si/Al molar ratio in coal gangue is usu-
ally from 1 to 2, which is quite close to the Si/Al molar ratio in
faujasite zeolite and divided into two types. Both of them have
the same crystal structure but the different chemical composi-
tion, namely Na-X zeolite with Si/Al = 1.0–1.5 and Na-Y ze-
olite with Si/Al = 1.5–3.0 (Zhang et al. 2013). So coal gangue
can be viewed as the primary industrial raw material to syn-
thesis zeolite. Besides, various techniques, such as ultrasonic
or microwave-assisted technique, hydrothermal treatment,
and in-situ crystallization technique, have been used to pre-
pare zeolite from fly ash (Sivalingam and Sen 2018; Miyake
et al. 2008; Wei et al. 2019; Aldahri et al. 2016). Among these
methods, melting hydrothermal synthesis is a conventional
and mature technique that has excellent potential for the prod-
uct on a large scale (Murayama et al. 2002). As OH¯ produced
by NaOH solution weakens the binding between SiO2 and
Al2O3 in the kaolinite of coal gangue and destroy the bond
structures of SiO2 and Al2O3, causing thermodynamically un-
stable states, which induce soluble amorphous Si and Al
(Yang et al. 2019a, b). It is also noted that Na+ has positive
influences on the crystallization and nucleation during the
zeolite synthesis process (Doyle et al. 2017). Although several
studies have reported about the preparation zeolite from coal
gangue, most of the final products are always A-type zeolite
(Qian and Li 2015; Zhou et al. 2020). Very few researches
consider the synthesis of Na-X zeolite from coal gangue with
a convenient and straightforward method and evaluation of
synthetic zeolite in the application.

These are the defects that prevent practical large-scale ze-
olite synthesis via conventional hydrothermal route. Due to
this background, the primary purpose of this study was to
activate coal gangue using moderate NaOH(s) followed by
the hydrothermal route to synthesize zeolite from coal gangue.
Therefore, the main objectives of the present study are (1) A
simple technique of synthetic Na-X zeolite using coal gangue

as a raw material without calcination-pickling pretreatment
was revealed; (2) optimum synthesis conditions of pure and
single-phase Na-X zeolite were determined; (3) the synthetic
zeolite is characterized using XRF, XRD, SEM, and FTIR
techniques; (4) the performance of synthetic zeolite for the
adsorption of Pb2+ in aqueous solution was investigated.
This work is conducive to the recycling of mining solid waste.

Material and methods

Coal gangue and chemicals

The raw coal gangue used in this experiment was obtained from
the Longquan coal mine in Loufan County, Shanxi Province,
China. All chemical reagents (e.g., NaOH and Pb(NO3)2) pur-
chased from the Tianjin Hengxing Chemical Preparation
Corporation were analytical grade. The purity levels of the ana-
lytical grade NaOH and Pb (NO3)2 are 96% and 99%, respec-
tively. Among them, Pb (NO3)2 was used for the adsorption
experiment. NaOH was used to synthesize zeolite. Deionized
water with a conductivity of 2.7 μs/cm was used in this study.

Preparation of Na-X zeolite

The raw coal gangue samples were crushed into different
particle sizes. Then, they were milled and passed through
a 150-mesh sieve to gain the coal gangue powder (CGP)
for the next step. Subsequently, the 2 g CGP was mixed
and ground with a certain mass of NaOH(s) in a mortar
for 5 min to obtain a homogeneous mixture. After that,
the homogeneous mixture was packed in the crucible and
placed in the muffle furnace under an air atmosphere at
850 °C for 2 h to activate CGP and remove unburned
carbon. After being cooled to room temperature, the fused
samples were placed into the mortar, ground into powder,
dissolved with 15 mL deionized water, stirred for 0.5 h,
and then crystallized in a hot air oven at 90 °C for 4, 8,
12, and 24 h, respectively. The product was separated
through vacuum filtration with deionized water several
times until the pH reached 8, dried 105 °C for 6 h before
characterization and adsorption experiment. Figure 1
shows the detailed process.

Material characterization

The chemical composition of CGP and zeolite samples
was examined by X-ray fluorescence analyzer spectrom-
eter (XRF). The identification of CGP and zeolite prod-
uct was checked by power X-ray diffraction (XRD) with
Cu Ka radiation generated at 40 kV and 40 mA. The
functional groups of the samples were determined by
Fourier transform infrared spectroscopy (FTIR) using
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the standard KBr disk method, the microstructure and
morphology of CGP, and zeolite samples were examined
by scanning electron microscopy and energy-dispersive
X-ray spectroscopy (SEM-EDS). The flame atomic ab-
sorption spectrophotometer (FAAS) was used to deter-
mine the Pb2+ concentration.

Pb2+ adsorption experiments

Pb2+solution was prepared by dissolving lead nitrate in
deionized water. Then, the influence of pH value on the
Pb2+ adsorption was investigated in the range of 2–8 by
adding appropriate 0.01 M HNO3 or 0.01 M NaOH solu-
tion. 0.02 g Na-X zeolite powder was added to 150 mL
Erlenmeyer flasks with 50 mL Pb2+ solution, sealed and
shaken at 160 rpm for 40 min. To investigate the influ-
ence adsorbent addition and temperature, various dosage
(0.0025, 0.005, 0.010, 0.015, 0.020, 0.025, and 0.030 g)
were added into the Pb2+ solution shaken at different tem-
perature (25, 35, and 45 °C), respectively, shaking at
160 rpm and pH = 6 for 40 min. To determine the effect
of contact time on the Pb2+ adsorption, the experiment
was kept at 160 rpm, 45 °C, and pH = 6 with the varying
time periods (5, 10, 15, 20, 30, 40, 50, 60 min). The
solution was collected and centrifuged at 8000 rpm for
10 min after the reaction. Residual Pb2+ concentration
was detected by the flame atomic absorption spectropho-
tometer (FAAS).

The Pb2+ adsorption capacity was calculated by Eq. (1):

qe ¼
C0−Ceð ÞV

m
ð1Þ

In which, qe (mg/g) is the Pb2+ adsorption amount per
unit mass of adsorbent. C0 (mg/L) and Ce (mg/L) represent
the initial and equilibrium Pb2+ concentration in solution,
respectively. V (L) denotes the solution volume, and m (g)
stand for the mass of adsorbent. All experiments were per-
formed in duplicate.

Results and discussion

Composition analysis of CGP and synthetic zeolite

As shown in Table 1, the CGP used in this study is mainly
composed of 60.52 wt.% SiO2 and 33.02 wt.% Al2O3. This
CGP is different from other coal gangue because it has a high
content of silicon and alumina (more than 90 % of SiO2 and
Al2O3) (Doyle et al. 2017; Zhou et al. 2020). There is only
2.09 wt% of K2O and less than 2 wt% of Fe2O3, which can be
negligible. Other contents such as CaO and TiO2 are almost
zero. SiO2/Al2O3 molar ratio of the coal gangue samples (n
(SiO2)/n (Al2O3) = 3.1) is close to the optimal SiO2/Al2O3

molar ratio of the reaction mixture (n (SiO2/Al2O3) = 2.9)
(Yang et al. 2019a, b). That is to say, Al2O3 and SiO2 that
can provide aluminum and silicon sources respectively in coal
gangue are the primary raw materials for zeolite synthesis.
The Na-X zeolite synthesis here was obtained at 90 °C be-
cause the high crystallization temperature generally results in
hydroxyl sodalite development and energy consumption
(Qian and Li 2015).

Based on the results of the XRD pattern (Fig. 2(a)) of CGP,
the predominated mineral phase of coal gangue is kaolinite
and silicon dioxide. The SEM image (Fig. 2(b)) illustrated in
the surface of raw coal gangue is blocky, dense, and blurred.
EDS demonstrates that the contents of Al and Si were high,
which is consistent with the results of the XRF mentioned
above.

Na-X zeolite obtained here at 90 °C and CGP/NaOH(s) =
1.25 for 12 h contains SiO2 48.73%, Al2O3 28.57%, and Na2O
18.97%. It shows Na:Al:Si molar ratio of 1.09:1:1.45, which

Table 1 Chemical composition of CGP and synthetic Na-X zeolite by
XRF (%, w) LOI loss on ignition

Sample SiO2 Al2O3 Fe2O3 Na2O CaO TiO2 K2O LOI

CGP 60.52 33.02 1.73 < 0.1 0.42 1.03 2.09 20.7

Na-X zeolite 48.73 28.57 1.57 18.97 0.41 0.73 0.77 18.3

Fig. 1 Process for Na-X zeolite
synthesis from coal gangue
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is close to the molar ratio of the theoretical formula
(Na2Al2Si3.3O10.6·7H2O, as identified in Fig. 3).

Effect of CGP to NaOH(s) mass ratio

To scientifically investigate the effect of alkalinity, Fig. 3 ex-
hibits the XRD patterns of the synthetic product using different
CGP/NaOH(s) mixing ratio (1:1.1, 1:1.25, 1:1.4, 1:1.55), a crit-
ical factor for the zeolite synthesis. Other influence factors re-
main unchanged. The XRD patterns of synthetic zeolite illus-
trate peaks at the ranges of 2θ = 6.2°, 15.5°, 23.4°, 26.8°, 31.2°,
which correspond to the diffraction peaks of standard JCPDS
card 12-0228 (Reinoso et al. 2018). It can be observed from
Fig. 3(a) the mixture powder still exist amorphous status when
the NaOH(s) content is relatively low, because NaOH provides
insufficient amounts of OH— for CGP activation and hydro-
thermal reaction (Murayama et al. 2002). As the ratio increase,
amorphous status disappears. However, some peaks

corresponding to Na-A zeolite can be seen from Fig. 3(d). So
it is necessary to keep the amount of the NaOH(s) at appropriate
ratio since low NaOH content is not beneficial to the crystalli-
zation, while high content can promote the formation of other
kind of zeolite (Liu et al. 2013). The optimal mixing ratio
should be controlled at about 1:1.25 to achieve the high purity
Na-X zeolite in the following study.

Effect of crystallization time

XRD patterns of Na-X zeolite synthesized at various crystal-
lization times (4, 8, 12, and 24 h) at 90 °C are presented in Fig.
4(a–d), respectively. Very weak peaks of Na-X zeolite in
Fig. 4(a) at 4 h show that the zeolite phase began to appear.
With the increase of crystallization time (from 4 to 24 h), Na-
X zeolites became the predominated crystalline phase and the
XRD intensities of them also improved, which is consistent
with other literatures (Yang et al. 2019a, b; Lee et al. 2018;
Wang et al. 2008). This finding suggests that it is necessary to
extend crystallization time for the aim of preparing the high

Fig. 4 XRD patterns of zeolite synthesized at different crystallization
time: 4h (a), 8h (b), 12h (c) and 24h (d)

Fig. 2 (a) XRD pattern of CGP. (b) SEM image and EDS analysis of CGP

Fig. 3 XRD patterns of the products prepared under different CGP/
NaOH mass ratio: 1:1.1 (a), 1:1.25 (b), 1:1.4 (c) and 1:1.55 (d). The
letters A and X represent the characteristic peaks of Na-A and Na-X
zeolite, respectively
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specific surface area and good crystallized Na-X zeolite.
Moreover, compared with XRD pattern of Na-X synthesized
at crystalline time 12 h (Fig. 4(c)), as the crystalline time
extended to 24 h (Fig. 4(d)), diffraction peaks changed very
slightly. Hence, considering the economical requirement and
technical requirement, the optimal crystalline time was con-
trolled at 12 h.

Comparison with commercial Na-X zeolite

SEM analysis

The corresponding SEMmicrographs of Na-X zeolite synthe-
sized at different reaction times and commercial-grade zeolite
are illustrated in Fig. 5(a–f). When the crystallization time was
too short such as 4 h (Fig. 5(a)) and 8 h (Fig. 5(b)), the poorly
developed Na-X zeolite would be obtained probably because
the amorphous silicon-aluminum gel components dispersed in
the hydrothermal system dominated. Figure 5(c) and (f) show
particle size for synthetic and commercial zeolite particles are
about 12–17 μm and 2 μm, respectively. As the synthetic
reaction time extended, the particle size enlarged.
Octahedron particles were well homodispersed and predomi-
nate in the final products (Fig. 5(c), (d)). Figure 5(e) represents
a high-power microscope image of the synthetic Na-X zeolite
at crystallization 12 h, which presents more regular and dis-
tinct pyramidal octahedron structures.

FTIR analysis

The FTIR spectra of the commercial-grade and synthetic zeolite
under the optimal artificial conditions (CGP/NaOH(s)) =1:1.25,
crystalline time = 12 h) is presented in Fig. 6. Both of them have
almost identical transmittance peaks, which mean functional
groups are the same in both samples. In this study, narrow bands
centered at 977.73 cm−1 and 1644.38 cm−1 were attributed to Si-
OH and H-OH bands, respectively (Reynolds et al. 2001; Liu
et al. 2016). The group near 565.04 cm−1 was considered as the
Al-OH stretch vibration (Liu et al. 2010). The peak occurred at
755.69 cm−1 was ascribed to the stretching modes of tetrahedral
atoms (Nekhunguni et al. 2017). The influential bands at
671.1 cm−1 and 462.83 cm−1 were assigned to the symmetric
stretching vibration and bending vibration modes of Si–O or
Al–O bands, respectively, which was matched with
commercial-grade zeolite very well (Faghihian et al. 2012).
Besides, the broadband at 3467.38 cm−1 confirmed the stretching
mode of hydrogen-bonded OH (Ojha et al. 2004). Therefore, the
results of XRD, SEM, and FTIR indicate that the CGP is suc-
cessfully and efficiently converted into Na-X zeolite.

Pb2+adsorption experiment

Pb2+ adsorption by the prepared zeolite with different initial
pH is detected in Fig. 7. It can be observed that as pH increases
from 2 to 6, Pb2+ adsorption capacity rises. Subsequently, it

Fig. 5 SEM images of the synthetic Na-X zeolite at crystallization time 4h (a), 8h (b), 12h (c), 24h (d), the high power microscope image of the synthetic
Na-X zeolite at crystallization time 12h (e) and commercial grade zeolite (f)
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decreases slightly at pH = 7 and 8. Hence, the maximum Pb2+

adsorption capacity occurs at pH = 6. This finding agrees well
with that reported by Pankaj K. et al. which showed that the
highest Pb2+ adsorption capacity of Na-X zeolite could be
achieved at the pH = 6 (Pandey et al. 2015). Our finding also
matches well with Zahra Shariatinia et al., who found that the
modified Na-Y zeolite adsorption could be more selective for
Pb2+ at pH = 6 (Shariatinia et al. 2018). Because there is a
competition between H3O

+ and Pb2+ in the solution at pH
below 6, which limited exchange sites of synthetic zeolite
(Murayama et al. 2002). Especially under strong acid condi-
tion (pH = 2), more positive H3O

+ species are available. The
performance of Pb2+ adsorption capacity is very poor (only
56.87 mg/g). When Pb2+ cations predominate in the solution
at pH of 3~6, Pb2+ is drastically adsorbed as result of the
surface hydroxyl groups generated by the zeolite surface with
water could neutralize the H3O

+ (Liu et al. 2018). Moreover,
at pH above 7, the mild decline is probably due to the increase
of Pb(OH)2 that cannot enter in zeolite by ion exchange.

To enhance the interactions between Pb2+ and adsorp-
tion sites of zeolite products, optimum additional dosage
and temperature were investigated. Figure 7 (b) illustrates
that Pb2+ removal is promoted with the increase of adsor-
bent dosage from 0.0025 to 0.02. However, further rising
the adsorption dose to 0.025 g or 0.03 g results in a slight
rise in the Pb2+ removal. So it is almost constant, and the
adsorption dose of 0.02 g is consequently chosen as opti-
mization. Besides, as the temperature rises from 25 to
45 °C, the Pb2+ adsorption capacity on synthetic zeolite
also increases. Due to that, this process is endothermic
adsorb sites and ions exchange can be promoted by higher
temperatures (Liu et al. 2018; Shariatinia and Bagherpour
2018). To evaluate the effect of adsorption time on the
Pb2+ removal, 0.02 g of zeolite was used to identify the

best condition for this factor at pH = 6.0. It is found from
Fig. 7c that Pb2+ adsorption capacity can be enhanced by
increasing the adsorption time. Besides, after 40 min, the

Fig. 7 The influence of pH (a), adsorbent dosage (b), temperature (b),
and contact time (c) on the Pb2+ removal using synthetic zeolite

Fig. 6 Infrared analysis of commercial and synthetic zeolite
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Pb2+ removal becomes approximately constant, which in-
dicate 40 min is the optimum adsorption time.

It is worth noting that although the increase of contact time
or zeolite dose could continually promote Pb2+ removal, in the
real application, the operating cost would be relatively high.
This weakens the economic advantages of coal gangue–based
zeolite. So the zeolite dose and adsorption time should be set
based on the requirement of both technology and financial.
Furthermore, Because Na-X zeolite has a uniform pore size
from 0.8–1.2 nm and the Pb2+ hydrated ionic radius is about
0.4 nm, Na-X zeolite has a high Pb2+ removal percentage
under the specific conditions.

Adsorption kinetic study

The kinetics of Pb2+ adsorption can be analyzed according to
pseudo-first-order, pseudo-second-order, and Elovich models.
These models can be expressed by Eqs. (2)–(4) in Table 2
(Zhao et al. 2010; Liu et al. 2016), where qe (mg/g) and qt
(mg/g) are the adsorbed amounts of Pb2+ at equilibrium and
at any time t (min), respectively. k1 (min−1) and k2
(g mg−1 min−1) donate the pseudo-first-order and the pseudo-
second-order rate constant, respectively. β (g mg−1) and α
(mg g−1 min−1) are the desorption rate and initial adsorption
constant, respectively. The plots and corresponding fitting non-
linear curves of three kinetic models are presented in Fig. 8 at
initial Pb2+ concentration of 100 mg/L, 150 mg/L, and 200 mg/
L. Table 5 illustrates the fitting kinetic parameters and correla-
tion coefficient (R2). qe cal and qe exp are the calculated and
experimental adsorption capacity of the synthetic zeolite, re-
spectively. The Pb2+ adsorption capacity of synthetic zeolite
raised as adsorption time goes on. The adsorption process can
be divided into an initial rapid adsorption phase and a subse-
quent slow phase.

The best fitting of the data with the pseudo-second-order
model and higher correlation coefficient (R2 > 0.99) can be

observed in Fig. 8, which confirms that the Pb2+ adsorption
accords with the pseudo-second-order model. The R2 (< 0.97)
of the pseudo-first-order and R2 (< 0.975) of Elovich verify
these two models are kinetically unsuitable. Moreover, the
experimental value of qe exp is closer to the calculated value
of qe cal by the pseudo-second-order model than using the
pseudo-first-order and Elovich model. Similar results are
found for Pb2+ adsorption by other synthetic and natural zeo-
lites in previous literature (Ren et al. 2016; Alijani and
Shariatinia 2017). Hence, it can be concluded that the kinetic
Pb2+ adsorption mechanism of Na-X zeolite is well described
by pseudo-second-order model, suggesting that chemisorp-
tions by ion exchange, surface complexation, and(or) precip-
itation predominate the adsorption of Pb2+ onto this adsorbent.
The chemical reaction is the rate-controlling step. Adsorption
efficiency depends strongly on the number of active sites on
the adsorbent (Alijani and Shariatinia 2017; Li et al. 2016).

Adsorption isotherms

To recognize the sorption mechanism, adsorbent affinity and
its surface properties are decided by the adsorption equilibri-
um isotherm constants (Li et al. 2016). Figure 9 and Table 3
illustrate the adsorption isotherms of Pb2+ and the experimen-
tal fitting results, respectively. It can be noticed that synthetic
zeolite obtained from coal gangue has a high Pb2+ adsorption
efficiency. Hence, nonlinear equations of Langmuir,
Freundlich, and Temkin isotherm models are demonstrated,
respectively in Eqs. (5)–(7), where qe, Ce, qm, and KL are the
Pb2+ amount adsorbed at equilibrium (mg/g), the equilibrium
concentration (mg/L), the maximum adsorption capacity (mg/
g), and Langmuir equilibrium constant, respectively; KF and n
stand for the Freundlich equilibrium continuous and adsorp-
tion strength endless, respectively (Alijani et al. 2015; Alijani
et al. 2014); respectively. B = RT/bT, where bT is the Temkin
constant related to the heat of adsorption (J mol−1), KT is the

Table 2 Kinetics models and their parameters for the Pb2+ removal

Kinetics model Linear equation Number Parameter Pb2+concentration
100 mg/L 150 mg/L 200 mg/L

qe.exp (mg/g) 227 345 457

Pseudo-first-order model qt ¼ qe 1−e−k1 t
� �

(2) k1 (min
−1) 0.560 0.519 0.603

qe.cal (mg/g) 212.1 326.7 434.1

R2 0.967 0.963 0.961

Pseudo-second-order model qt ¼ k2q2e t
1þk2qet

(3) k2 (g/(mg min)) 0.00421 0.00271 0.00227

qe.cal (mg/g) 220.1 348.0 462.5

R2 0.991 0.994 0.992

Elovich model qt ¼ 1
β ln βαt þ 1ð Þ (4) α (mg·g−1 min−1) 2060.9 6289.0 2541.1

β (g·mg−1) 0.0331 0.0173 0.0209

R2 0.972 0.968 0.961
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Temkin isotherm equilibrium binding constant (L g−1), R is
the ideal gas constant (8.314 J/(mol K)). T is the absolute
temperature in Kelvin.

Figure 9(a) and (b) and Table 3 demonstrated the plots,
constant values, and fitting degree of Langmuir, Freundlich,
and Temkin functions for Pb2+ adsorption, respectively. For
the Langmuir model, the correlation coefficients (R2) belong

to the range of 0.995–0.997, proving the Pb2+ removal accords
with this isotherm model. Concerning the Freundlich and
Temkin isotherm model, the R2 is at the range of 0.82–0.87
and 0.89–0.93, respectively, which also prove that the adsorp-
tion mechanism is mainly controlled by chemical reactions.
Besides, bound adsorbate molecules interact independently.

Fig. 9 Langmuir (a), Freundlich (b), and Temkin (c) for the Pb2+ adsorp-
tion using synthetic zeolite as adsorbents at various temperatures (25 °C,
35 °C, 45 °C, respectively)

Fig. 8 The pseudo-first-order (a), pseudo-second-order (b), and Elovich
(c) kinetic models for the Pb2+adsorption
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Moreover, the results show that almost all the sorption sites
are equivalent, and the adsorption belongs to homogenous and
monolayer (Zhang et al. 2017).

Adsorption thermodynamics

The thermodynamic parameters of Pb2+ adsorption on Na-X
zeolite are calculated at pH = 6 at 298, 308, and 318 K.
Equations (8)–(10) can express the standard Gibbs free energy
(ΔG0), entropy (ΔS0), and enthalpy (ΔH0) changes:

Kd ¼ qe
Ce

ð8Þ

ΔG0 ¼ −RT lnρwKd ð9Þ

lnρwKd ¼ −
ΔH0

RT
þ ΔS0

R
ð10Þ

In which Kd is the equilibrium constant (L mg−1) and can
be obtained from the intercept of Khan and Singh plots of
lnqe/Ce versus qe (Krishna et al. 2000). ρw is the water density
(mg L−1). A straight line will occur using the plot of
(ln(ρwKd)) versus (1/T), the slope of the straight line stands
for (-ΔH0/R), and the intercept represents (ΔS0/R); Table 4
illustrated the calculated ΔH0 and ΔS0.

The negative value of ΔG0 indicates that nature of Pb2+

adsorption on synthetic Na-X zeolite is spontaneous. The
values are − 17.78, − 19.24, and 20.41 kJ/mol at 298, 308,

and 318 K, respectively. All the ΔG0 values are lower than
− 15 kJ/mol but higher than − 30 kJ/mol, which suggest that
chemisorption rather than physisorption dominates the ad-
sorption process (Al-zboon et al. 2011). With the increase of
temperature, the decrease ofΔG0 shows that the adsorption is
more favorable at higher temperatures. This is well in agree-
ment with the effect of temperature (Fig. 7). The positive value
ofΔH0 (21.5 kJ/mol) explains that the Pb2+ adsorption on the
Na-X zeolite is an endothermic process (Li et al. 2015). The
positive value ofΔS0 (131.88 J/(mol K)) not only shows that
some structural changes at the solid-liquid interface exist but
also indicates that the randomness increases with the removal
of Pb2+ by Na-X zeolite (Saltali et al. 2007). This result also
explains that chemical interactions (covalent and ionic) play
the predominant roles in the adsorption of Pb2+ onto Na-X
zeolite (Donat et al. 2005).

Comparison of various zeolite adsorbents

Comparative research for Pb2+ adsorption using the synthetic
zeolite and other zeolite sorbents reported previously is re-
vealed in Table 5. For example, Pb2+ adsorption capacity of
Australia natural zeolite is 20.7 mg/g when 200 mg natural
zeolite was added into 20 mg/L Pb2+ solution for 200 min at
pH = 6 (Wang and Ariyanto 2007). So the Pb2+ adsorption
capacity of the synthetic zeolite in this study is much higher
than the Australia natural zeolite. Another instance, 100 mg of
magnetic 4A zeolite could adsorb 100 mg/L of Pb2+ within
100 min at pH = 4 and the adsorption capacity was measured
equal to about 100 mg/g (Xie et al. 2018). As another work,
10 mg of Na-Y zeolite was used for adsorption of 100 mg/L
Pb2+ during 60 min at pH = 6, and adsorption capacity of
454.5 mg/g was achieved (Shariatinia and Bagherpour
2018). Hence, compared with the synthetic zeolite, Na-Y ze-
olite has almost the same adsorption capacity, but the time to
reach equilibrium is longer.We can conclude that the synthetic
zeolite exhibit satisfactory adsorption characteristics consider-
ing all parameters affecting the adsorption efficiency.

Table 3 Isotherms parameters obtained for the Pb2+ removal using synthetic zeolite as at various temperatures (25 °C, 35 °C, 45 °C) respectively

Isotherm model Linear equation Number Parameter Temperature 25 °C, 35 °C, 45 °C

Langmuir qe ¼ KLCeqm
1þKLCe

(5) KL 0.0604 0.0867 0.105

qmax (mg/g) 369.0 421.9 465.1

R2 0.995 0.995 0.997

Freundlich qe ¼ K FC1=n
e (6) KF 186.1 141.7 116.5

1/n 0.167 0.201 0.211

R2 0.8211 0.828 0.8633

Temkin qe = B log(CeKT) (7) KT 5.232 3.710 1.565

B 152.1 143.3 128.2

R2 0.8974 0.901 0.926

Table 4 Thermodynamic parameters for Pb2+ adsorption on the
synthetic zeolite

T (K) ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (J/(mol·K))

298 − 17.78
308 − 19.24 21.5 kJ/mol 131.88

318 − 20.41
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Conclusion

Na-X zeolite was successfully synthesized from coal gangue
via alkali fusion hydrothermal method. The synthetic process
reveals the advantages of simple operation and easily obtained
raw materials and has excellent potential to be implemented at
a massive scale. CGP was directly melted with NaOH (mass
ratio = 1:1.25) at 850 °C for 2 h, then ground for 5 min, stirred
for 30 min and crystallized at 90 °C for 12 h under hydrother-
mal conditions. Compared with commercial zeolite, the prod-
uct has the same microstructure and functional groups as in-
dustrial zeolite. For 50 mL 200 mg/L Pb2+ solution, when the
optimal pH, contact time, temperature, and adsorbent dosage
are 6, 40 min, 45 °C, and 0.02 g respectively, the adsorption
capacity of synthetic zeolite reaches 457mg/g, which is higher
than some natural and other synthetic zeolites reported in pre-
vious literature. Kinetic studies show that Pb2+ adsorption
followed pseudo-second-order model. Besides, Langmuir
models are found to be better in the description of adsorption
equilibrium data. It can be used as an excellent adsorbent for
Pb2+ removal.
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