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AbstractCarbon/P-zeolite composites (CPZCs) were synthesized by high-temperature activation followed by hydro-
thermal crystallization using waste coal gasification fine slag as the raw material and NaOH as the activator. Methylene
blue was selected as a dye pollutant for the adsorption experiment to investigate the adsorption property of the carbon/
P-zeolite composites. It was found that the structure of CPZCs mainly depended on the mass ratio of NaOH to the
coal gasification slag. At a proper NaOH to the coal gasification fine slag mass ratio of 1.0, the as-synthesized CPZC-
1.0 exhibited a typical Na-P zeolite structure with a relatively high specific surface area of 200 m2/g and pore volume of
0.21 cm3/g. CPZC-1.0 showed excellent performance on methylene blue adsorption, with the adsorption capacity
reaching 130 mg/g with removal efficiency of 81.6% at 303 K for the 100 mg/L initial methylene blue solution. The cal-
culation results of adsorption thermodynamics indicated that the adsorption process to methylene blue by CPZCs was
a spontaneous and entropy-driven endothermic process. Based on the above research, it is speculated that the adsorp-
tion mechanism of CPZCs to methylene blue might be due to the van der Waals force, intermolecular hydrogen bond
and electrostatic attraction between Na-P zeolite and methylene blue.
Keywords: Coal Gasification Fine Slag, Zeolite, Methylene Blue, Adsorption

INTRODUCTION

With the rapid development of human society and economy,
human production activity has produced a large number of pollut-
ants, resulting in air, water and land pollution, which seriously threat-
ens human health and future development [1]. In particular, in-
dustrial water pollution endangers the ecological environment and
our quality of life, in which dye wastewater is considered to be one
of the most serious pollution sources [2]. Methylene blue (MB), as
a cationic dye, is widely used in the preparation of chemical indi-
cators, industrial and biological dyes, and medical drugs. MB is
difficult to degrade naturally due to its stable molecular structure.
Thus, if dye wastewater containing MB is discharged into natural
water without purification, it will cause long-term water pollution
and health threat. Therefore, the effective treatment of dye waste-
water is of great significance to environmental protection and sus-
tainable development.

The current methods for dye wastewater purification mainly
include biological, chemical and physical methods. Biological and
chemical treatment methods mainly refer to the degradation of dyes
catalyzed by organisms [3,4], molds [5] and metals [6], which is diffi-
cult to popularize on a large scale owing to the long treatment cycle
and high cost. Physical adsorption methods [7], which mainly use

various porous materials to realize the adsorption of pollutants in
water, have the advantages of high processing rate, extensive sources
for adsorbent synthesis, and recyclability, and thus have been regarded
as one of the most effective technical methods for water pollution
treatment [8-10]. Common adsorbents include various carbona-
ceous materials and porous metal and non-metal oxides such as
silica gel, alumina, zeolite, and natural clay. Among these, carbona-
ceous materials usually exhibit excellent adsorption properties be-
cause of their large specific surface area. Also, zeolites generally have
strong cation exchange value and adsorption characteristics [11],
which show excellent adsorption capacity on organic matters and
thus are widely used for the separation and purification of cationic
organic dye wastewater.

Coal gasification technology provides a driving force for the clean
utilization of coal resources. Coal gasification fine slag (CGFS) is the
by-product of the coal gasification process, which has a huge annual
output in China [12]. In China, more than 200 million tons of coal
are used for coal gasification every year [13], resulting in tens of
millions of tons of CGFS, which once reached 30 million tons in
recent years [14]. However, the existing treatment schemes are basi-
cally direct landfill, which not only wastes this “resource”, but also
brings serious environmental pollution. The basic composition of
coal gasification fine slag is residual carbon, alumina oxide, silica
oxide, and a small amount of other metal oxides. Among them, alu-
mina oxide and silica oxide are the basic raw materials for the syn-
thesis of zeolites, and thus the coal gasification fine slag has the
potential to prepare porous materials containing zeolite and porous
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carbon structures via proper technical methods. In recent years,
acid and alkali treatment methods have been investigated to im-
prove the pore structure of CGFS to enhance its adsorption ability
[15,16]. For example, Lin et al. [17] reported that H2SO4-treated
CGFS was used as an adsorbent to remove MB dyes from aque-
ous solutions, and the result showed that H2SO4 treatment signifi-
cantly improved the specific surface area and adsorption capacity
of CGFS. Alkali treatment can activate the inert components in
CGFS and improve its porosity [18]. Gao et al. [19] reported that
NaOH activation could destroy the polymer silicate glass slag, sol-
uble SiO2 and polymer silicate into oligomer silicate, and the spe-
cific surface area was improved to twice the original CGFS. However,
the adsorption value of CGFS is limited via simple acid and alkali
treatment methods, which hinders their large-scale application.

The synthesis of zeolites using CGFS as the raw material has also
been tried to obtain better structure and adsorption performance.
For example, Zhao et al. [20]. prepared pure Na-X zeolite by alkali
melting hydrothermal method with CGFS as the raw material and
carried out MB adsorption experiments, with the maximum ad-
sorption value reaching 127 mg/g. Furthermore, the residue car-
bons contained in CGFS are also considered to have adsorption
performance based on their porous structure formed during the
high-temperature gasification, and the synthesis of zeolite with the
retention of carbon components can maximize the utilization of
CGFS. Wu et al. [21] prepared a zeolite/carbon composite via the
removal of impurities in CGFS, such as iron and calcium, using
hydrochloric acid washing followed by mixing and stirring with
NaOH solution, which showed a good adsorption performance on
crystal violet in the experiment. The above research confirms that
CGFS has a great potential to prepare zeolites and porous carbon
structures, while the structure of synthesized zeolites is generally
irregular due to the complexity of raw materials, and the synthesis
process is relatively complex with the consumption of a lot of chemi-
cal reagents. Therefore, new, efficient and energy-saving prepara-
tion technologies still need to be further studied.

In this paper, a new alkali melt-hydrothermal method was devel-
oped to synthesize carbon/P-zeolite composites from CGFS. P-
zeolite was successfully synthesized based on the silicon oxide and
aluminum oxide in CGFS and the residue carbons in CGFS were
well retained. The adsorption performance of the as-synthesized
carbon/P-zeolite composites was evaluated based on the adsorp-
tion experiments of MB dye wastewater. The adsorption kinetics,
isothermal, and thermodynamics were studied, based on which the
adsorption mechanism of the carbon/P-zeolite composite on MB
was speculated. It is hoped that this study can provide an effective
way for the high-value development of coal gasification fine slag,
and be applied to the treatment of polluted wastewater to realize
the development concept of treating waste with waste.

MATERIAL AND METHODS

1. Raw Material
The CGFS used in the experiment comes from the GSP gasifi-

cation equipment of a coal gasification company in Ningxia, China.
Table 1 lists the proximate and ultimate analysis results of CGFS,
and Table 2 shows the XRF analysis results. After the high-tempera-
ture coal gasification, the remaining CGFS is mainly composed of
ash and a certain proportion of carbon residue. It can be seen from
Table 2 that the main components of CGFS are SiO2 and Al2O3,
which are the basic components for the synthesis of zeolites. Also,
the CGFS contains some metal oxides, such as MgO, K2O, Fe2O3

and CaO. Before the experiment, CGFS was ground and sieved
through a 300-mesh sieve and then dried in a drying oven at 105 oC
for 24h. All the chemical reagents used in this study, such as NaOH,
HCl and methylene blue, were of analytical grade.
2. Synthesis of Carbon/P-zeolite Composites

For the synthesis of carbon/P-zeolite composites (CPZCs), NaOH
was used as an activator for the synthesis of zeolite and fully mixed
with CGFS at a certain mass ratio. Fig. 1 displays the overall syn-
thesis process for carbon/P-zeolite composites. The specific experi-
mental steps are as follows: first, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2 and 4.8 g
of NaOH was dissolved in 50 mL deionized water, and then 3 g of
CGFS was added and stirred on a heating magnetic stirrer to evapo-
rate the water. After that, the obtained mixture was transferred to
an atmosphere tubular furnace (SK-G08123K-610). The furnace
was heated from room temperature to 800 oC at a rate of 10 oC/
min under an N2 flow rate of 300 mL/min and maintained at this
temperature for 90 min to ensure a sufficient reaction. Then, the fur-
nace was cooled to room temperature under the protection of N2.
The obtained materials were ground and screened with a 300-mesh
sieve. Subsequently, the screened materials were mixed with deion-
ized water at a mass ratio of 1 : 5 and transferred to a stainless steel
autoclave for hydrothermal treatment at 90 oC for 18h. The obtained
materials were then washed with deionized water several times
until the pH was stable, and the carbon/P-zeolite composites were
finally obtained. Then, the obtained carbon/P-zeolite composites
were placed in a drying oven at 105 oC for 24 h, and then ground
and sieved with a 300-mesh sieve and sealed for reserve. The car-
bon/P-zeolite composites synthesized with different mass ratios of
NaOH to CGFS were named CPZC-x (x is the mass ratio of NaOH

Table 1. Proximate and ultimate analysis of CGFS

Sample
Ultimate analysis (wt%) Proximate analysis (wt%)

C H Odiff
a N S Ash Volatile Fixed carbon

CGFS 16.33 0.71 0.76 0.08 1.51 80.61 6.96 12.43
aCalculated by difference method

Table 2. Chemical composition analysis of CGFS

Sample
Compositions (wt%)

SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO
CGFS 59.04 16.95 7.60 6.02 2.06 2.49 3.48
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to CGFS).
3. Characterization Methods

The morphology of the samples was characterized by a field emis-
sion scanning electron microscopy (SEM, Quanta 400FEG, FEI)
to analyze their microstructure. X-ray diffraction patterns of these
samples were obtained by an X-ray diffractometer (XRD, Smart
Lab (3 KW), Rigaku) in the 2 range of 5-90o to determine their
qualitative composition and structure. X-ray photoelectron spec-
troscopy (XPS, Thermo ESCALAB 250XI, Thermo) was used to
characterize the surface chemistry of samples and determine the
chemical composition and relative content. N2 adsorption-desorp-
tion isotherms were measured at 77 K using a fast specific surface
area and porosity analyzer (BET, 3Flex, Micromeritics). According
to the Brunauer-Emmet-Teller equation, the specific surface area
(SBET) and total pore volume (VT) of the samples were calculated
based on the nitrogen adsorption value at a relative pressure of P/
P0=0.99. The specific micropore surface area (Smic) and micropore
volume (Vmic) were calculated by the t-plot method. The meso-
pore area (Smes) and volume (Vmes) were obtained by the Barrett-
Joyner-Halenda (BJH) method based on the adsorption branch,
and the pore size distribution of the sample was calculated by the
density function theory (NLDFT). A Fourier transform infrared
absorption spectrometer (FT-IR, Nicolet iS50 FT-IR, Thermo) was
used to analyze the surface functional groups of the samples before
and after the adsorption experiment, and the spectra were recorded
in the range of 4,000 to 550 cm1.
4. MB Adsorption Experiment

First, different concentrations of MB solutions were prepared.
Specifically, a certain amount of dry MB was put into a certain vol-
ume of deionized water, and stirred thoroughly until completely
dissolved to prepare a 200 mg/L MB solution for later use. Then, the
obtained 200 mg/L MB solution was diluted with different volumes
of distilled water to prepare 40-160 mg/L MB solution for adsorp-
tion experiments. In the experiment, a certain mass of CPZC-x was
mixed with the required volume and concentration of MB solu-
tion, and the mixed solution was transferred to a 200 mL conical
flask with a cap which was then oscillated in a constant tempera-

ture shaking bath (Spring SHZ-B) at 140 rpm and a preset tempera-
ture. The clear liquid was sampled by a needle filter at a specified
time, which was then detected at the 665 nm wavelength of an
ultraviolet spectrophotometer (Mapada, UV-1800) to determine its
concentration; the adsorption value at the corresponding time was
calculated. In the experiment, the adsorption value (qt) at time t is
obtained according to Eq. (1), and the removal efficiency of MB
(t) is calculated based on Eq. (2).

(1)

(2)

where, C0 (mg/L) and Ct (mg/L) are concentrations of MB solu-
tion at the initial time and time t; V (L) is the volume of MB solu-
tion; w (g) represents the mass of CPZC-x.

RESULTS AND DISCUSSION

1. Characterization of CPZC Samples
The XRD patterns of CGFS and the CPZCs were obtained to

further confirm their crystal compositions, as displayed in Fig. 2.
The main crystals of CGFS were quartz (SiO2) and mullite (3Al2O3∙
2SiO2). However, the diffraction peaks of quartz and mullite disap-
peared in CPZC-x samples and new crystal diffraction peaks ap-
peared. CPZC-0.4 exhibited obvious diffraction peaks at 21, 23.1,
27.3, 29.7, 31.0, 34.8 and 38.5o, corresponding to the existence of
nepheline (JCPDS, No. 76-1858). This was due to the lower mass
ratio of NaOH to CGFS resulting in insufficient activation of inert
components and insufficient alkalinity of the hydrothermal crys-
tallization reaction system. The synthesized CPZC-1.0 exhibited
significant diffraction peaks at 12.4, 17.6, 21.6, 28.1 and 33.8o, which
corresponded to the formation of Na-P zeolite (JCPDS, No. 80-
0699) [22]. By further improving the alkalinity of the hydrother-
mal system, the XRD pattern of CPZC-1.6 exihibited very similar
diffraction peaks of Na-P zeolite to that of CPZC-1.0, while the

qt  
C0   Ct 

w
-------------------- V

t  
C0    Ct 

C0
-------------------- 100%

Fig. 1. Schematic illustration of the overall synthesis process for carbon/P-zeolite composites.
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intensity of the peaks at each position was obviously weakened,
indicating that high alkalinity was not suitable for the crystalliza-
tion of Na-P zeolite in the hydrothermal system, and part of the
crystal phase was transformed into other amorphous substances.
At the same time, obvious diffraction peaks of Fe0 (JCPDS, No.
87-0721) were detected at 44.6o in all these three samples, indicat-
ing that the carbon in CGFS had a reduction reaction with Fe2O3.

Fig. 2. XRD patterns of the CGFS, CPZC-0.4, CPZC-1.0 and CPZC-
1.6.

Fig. 3. SEM images of (a) CGFS, (b) CPZC-0.4, (c) CPZC-1.0 and (d) SEM images of CPZC-1.6.

It has been reported that NaOH can also act as an activator for the
preparation of activated carbons via chemical etching [23], and
therefore the residue carbon in CGFS may also be activated during
the activation process. Thus, CPZC-1.0 may have a porous struc-
ture containing both the Na-P zeolite and porous carbon structures.

Fig. 3 illustrates the SEM images of CGFS and three typical CPZC
samples of CPZC-0.4, CPZC-1.0 and CPZC-1.6. As shown in Fig.
3(a), the raw CGFS contains a large number of SiO2 microspheres
and some amorphous metal oxides. During the synthesis of CPZCs,
the SiO2 microspheres undergoes destruction and recrystallization,
resulting in significant changes in their morphology. The micro-
structure of CPZC-0.4 presents an irregular thick plate and colum-
nar shape, as shown in Fig. 3(b), which is the nepheline structure
generated under the low mass ratio of NaOH to CGFS. From Fig.
3(c), the shape and structure of CPZC-1.0 become regular, show-
ing a unified polyhedral crystal shape. The crystals grow on the
outer surface of large particles and belong to Na-P zeolite. Com-
pared with CPZC-1.0, CPZC-1.6 exhibits a similar shape, as illus-
trated in Fig. 3(d), while the structural characteristics of zeolite in
CPZC-1.6 become weaker and some zeolite crystals are converted
into other substances.

The XPS spectrum of CPZC-1.0 is shown in Fig. 4(a) to investi-
gate its surface elemental composition. The peaks at around 75 and
103 eV are attributed to the existence of Al2p and Si2p [24], and
the peaks at 530 and 1,072 eV correspond to O1s and Na1s. Thus,
it can be concluded that the four elements constituting Na-P zeo-
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lite are well reflected in the corresponding positions of the XPS
spectrum [25]. At the same time, a high-intensity peak correspond-
ing to C1s appears at around 285 eV, which further confirms that
the carbon in CGFS is retained in CPZC-1.0.

Fig. 4. (a) XPS spectrum of CPZC-1.0. (b) N2 adsorption-desorp-
tion isotherms and (c) pore size distributions of CPZC-0.4,
CPZC-1.0 and CPZC-1.6.

Table 3. Porosity parameters of the CPZC samples
Sample SBET (m2/g) Smic (m2/g) Smes (m2/g) VT (cm3/g) Vmic (cm3/g) Vmes (cm3/g) Dav (nm)

CPZC-0.4 055 06.0 49.0 0.10 0.01 0.09 6.98
CPZC-1.0 200 36.0 164 0.20 0.02 0.18 4.07
CPZC-1.6 210 86.0 124 0.24 0.04 0.20 4.50

The N2 adsorption-desorption isotherms of CPZC-0.4, CPZC-
1.0 and CPZC-1.6 are depicted in Fig. 4(b). The N2 adsorption
capacity of CPZC-1.0 and CPZC-1.6 increase sharply at a very low
relative pressure region, which indicates that there are many micro-
pores in the structure. However, much weaker low-pressure adsorp-
tion is observed for CPZC-0.4, indicating that CPZC-0.4 possesses
fewere microporous structures. It can be inferred that NaOH only
participated in the reaction with SiO2 and Al2O3 when NaOH was
insufficient, and the residual carbon was not activated into porous
carbon. However, when sufficient NaOH was provided, NaOH par-
ticipated not only in the reaction with SiO2 and Al2O3 but also in
activation of residual carbon, and therefore porous carbon could
be formed containing a large number of micropores. The adsorp-
tion-desorption isotherms of the three samples do not overlap, but
hysteresis loops were formed related to the presence of mesoporous
structures. According to the classification of IUPAC, the hysteresis
loops of the three materials (P/P0 range between 0.46 and 0.99) cor-
respond to type IV with H3 hysteresis loops. The micropore filling
at low relative pressure and capillary condensation of P/P0 at about
0.4 indicates a similar micro-mesoporous structure between CPZC-
1.0 and CPZC-1.6. In addition, the typical H3 hysteresis loops of
CPZC-1.0 and CPZC-1.6 did not reach equilibrium when the rel-
ative pressure approached the saturated steam pressure, demon-
strating that the material contained slit-shaped pores, which is a
typical feature of the zeolite pore structure [26]. The difference in
the hysteresis loop between CPZC-1.0 and CPZC-1.6 may be due
to the inconsistency of crystal type and crystallinity. Fig. 4(c) illus-
trates the pore size distribution of the three samples, showing that
the pore structure of the three samples is mainly mesoporous. CPZC-
0.4 mainly contains mesopores, which is generally attributed to
nepheline crystallization. Due to the low crystallinity and under-
developed pores of nepheline, the SBET of CPZC-0.4 was only 55
m2/g, as shown in Table 3. Both CPZC-1.0 and CPZC-1.6 possess
the Na-P zeolite structure [27,28], and thus they have a large num-
ber of mesopores at around 3.7 nm [29]. In comparison, CPZC-
1.0 with higher crystallization purity of Na-P zeolite exhibits more
centralized pore size distribution, and the SBET reached 200 m2/g
and the VT reached 0.20 cm3/g. For CPZC-1.6, part of the crystal
form is transformed into mesoporous amorphous materials with
larger pore size, and thus there is a certain number of pores at 5-
17 nm. However, the specific surface area of CPZC-1.6 is even
higher than that of CPZC-1.0 due to the sufficient activation, and
its SBET and VT reach 210 m2/g and 0.24 cm3/g, respectively.
2. Effect of the Mass Ratio of NaOH to CGFS on Adsorption

The adsorption performance of CPZC-x synthesized under dif-
ferent mass ratios of NaOH to CGFS for dye wastewater was
explored using MB as a model pollutant. The dynamic adsorption
process was recorded, and the results show that the adsorption pro-
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cess had two stages with different adsorption rates, including the
rapid adsorption stage at the beginning and the subsequent slow
stage. The adsorption equilibrium was generally reached at about
900 min in all experiments. The adsorption value at 1,440 min was
selected as a reference to compare the maximum adsorption value
of CPZC-x samples under the same conditions. Seven groups of
CPZC-x (0.05 g) with mass ratios of 0.4, 0.6, 0.8, 1.0, 1.2, 1.4 and
1.6 were used as adsorbents in the experimental groups, and the
raw CGFS (the mass ratio of NaOH to CGFS was 0) was also used
as control group. 80 mL of MB solution (100 mg/L) was used as
the adsorbent in each test, and the experiment was carried out in a
constant temperature shaking bath at 298K and 140rpm. The exper-
imental results are shown in Fig. 5. The adsorption values of CPZC-x
were significantly improved when the mass ratio increased from
0.4 to 1.0, and values were significantly higher than that of CGFS.
Under high-temperature conditions, the inert components such as
quartz and mullite in CGFS were activated by NaOH [30]. Nephe-
line crystals were formed by hydrothermal crystallization at the
mass ratio of 0.4, and the adsorption capacity was significantly im-
proved in comparison with that of CGFS. By further increasing the
amount of NaOH, Na-P zeolite began to form, which significantly
improved the adsorption performance of CPZCs. The maximum
adsorption capacity of 129 mg/g was achieved by CPZC-1.0. How-
ever, further increase of NaOH mass ratio leads to the excessive
alkalinity of the hydrothermal system, which may inhibit the for-
mation of Na-P zeolite. Therefore, the adsorption capacity signifi-
cantly decreases if the NaOH mass ratio is over 1.0 due to the
reduction of Na-P zeolite structures in the CPZCs. As a consequence,
1.0 was considered to be the appropriate mass ratio of NaOH to
CGFS for the synthesis of Na-P zeolite in this work. In addition,
Na-P zeolite without carbon (P-1.0) was prepared as the control
group of CPZC-1.0 by activation (the mass ratio of NaOH to CGFS
is 1.0) in an air atmosphere followed by the same hydrothermal
method. By comparing the adsorption capacity of CPZC-1.0 and
P-1.0, it can be found that the adsorption capacity of P-1.0 is 74
mg/L, which is much lower than that of CPZC-1.0. It is specu-
lated that the adsorption performance of porous carbon in CPZC-
1.0 may be even higher than that of Na-P zeolite with the same

quality. CPZC-1.0 was selected as the best adsorbent for subse-
quent adsorption experiments.
3. Effect of Initial pH on Adsorption

It is reported that the pH of a solution is an important factor
affecting the adsorption capacity. In this work, the effect of the ini-
tial pH of MB solution on the adsorption value of CPZC-1.0 was
studied in the pH range of 1.0-13.0 to explore the adaptability of
CPZC-1.0 adsorption capacity to pH. In the experiments, 80 mL
of MB solution with a concentration of 100 mg/L was selected, and
the amount of CPZC-1.0 was 0.05 g. The experimental tempera-
ture was controlled at 298 K and the adsorption time was 1,440
min. The experimental results are shown in Fig. 6. At a low pH
range, Si-OH and Al-OH groups on the surface of the zeolite were
protonated into Si-OH2+ and Al-OH2+, while MB was an alkaline
dye and its chromogenic group was positively charged [31]. There-
fore, the MB molecules were electrostatically repulsed with the pro-
tonated surface groups of CPZC-1.0, resulting in a decrease in the
adsorption capacity. With the gradual increase of pH, Si-OH and
Al-OH groups were deprotonated into Si-O and Al-O, which
increased the density of negatively charged adsorption sites on the
zeolite surface. Thus, the combination of the MB and CPZC-1.0
surface groups was promoted with the increase of pH value to im-
prove the adsorption capacity.
4. Isothermal Adsorption Experiment

To further analyze the relationship between the equilibrium con-
centration and equilibrium adsorption capacity of CPZC-1.0 to MB
solution, isothermal adsorption experiments were carried out at
293, 303 and 313 K. 80 mL MB solution was used in each experi-
ment at the concentrations of 40, 60, 80, 100, 120, 140 and 160
mg/L. 0.05g of CPZC-1.0 was used in each experiment; the experi-
mental results are recorded in Fig. 7. Ce and qe represent the con-
centration and adsorption capacity when the adsorption reached
equilibrium, respectively. The number of MB molecules increased
with the increase of soulution concentration, and the adsorption
capacity increased rapidly at low concentrations based on the suf-
ficient adsorption sites. By further increasing the concentration of
MB solution, the increase of the adsorption capacity slowed and

Fig. 5. Adsorption capacity of CPZC-x with different mass ratios of
NaOH to CGFS and P-1.0. Fig. 6. Relationship between adsorption capacity of CPZC-1.0 and

initial pH of MB solution.
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tended to be flat, which was affected by the relatively limited ad-
sorption sites at high concentrations. The removal efficiency was
calculated according to Eq. (2). The removal efficiency of MB in
the adsorption process decreased with the increase of concentra-
tion, which may be due to the decrease in the ratio of adsorption
sites to MB molecules, causing competitive adsorption on the sur-
face of CPZC-1.0 [32].

The Langmuir and Freundlich isothermal adsorption models were
used for fitting analysis [33]. Fig. 7 compares these two isothermal
adsorption fitting models and the obtained isothermal adsorption
parameters are listed in Table 4. The qm represents the theoretical
monolayer saturated adsorption capacity, KL is the Langmuir equi-
librium constant, RL is the dimensionless constant, KF is the Freun-
dlich constant, n is the Freundlich constant, and R2 is the correlation
coefficient. The R2 of the Langmuir model is higher than that of
the Freundlich model, indicating that Langmuir isothermal adsorp-
tion model is more suitable for describing the adsorption of MB
by CPZC-1.0. The Langmuir model is based on the monolayer
coverage of adsorbate molecules on the uniform surface of adsor-
bent with energy equivalent adsorption position, indicating that
the adsorption of MB on CPZC-1.0 should be uniform monolayer
adsorption. Also, the calculated value of RL is between 0 and 1,
which indicates that the Langmuir isotherm is an ideal adsorp-
tion type according to the Langmuir model theory. Although the

fitting degree of the Freundlich model is lower than that of the
Langmuir model, it can also be used as a reference since its R2

reaches 0.9. The Freundlich index n is more than 1, suggesting that
CPZC-1.0 is favorable to the adsorption process of MB in the Fre-
undlich model theory. In addition, the isothermal adsorption test
results show that the adsorption efficiency and adsorption capac-
ity increased with the increase of temperature, which may be due
to the higher temperature promoting the intermolecular movement
and speeding up the contact and adsorption between adsorbate and
adsorbent. The temperature effect was further analyzed by subse-
quent adsorption thermodynamic calculation.
5. Adsorption Thermodynamics

The occurrence degree and driving factors of CPZC-1.0 adsorb-
ing MB were studied by calculating three important parameters of
adsorption thermodynamics, including standard Gibbs free energy
(Go, kJ/mol), standard adsorption enthalpy (Ho, kJ/mol), and stan-
dard adsorption entropy (So, kJ/mol∙K). The three parameters were
calculated based on Eq. (3) and Eq. (4).

(3)

(4)

where, R (8.314 J/mol∙K) represents the general gas constant, Ko

is the adsorption thermodynamic equilibrium constant, and T (K)
is the absolute temperature of thermodynamics.

Table 5 lists the three thermodynamic calculation results. The
spontaneous adsorption of MB by CPZC-1.0 was further confirmed
by the negative values of Go [34]. With the increase of tempera-
ture, the value of Go decreases, indicating that heating is a favor-
able driving factor for the adsorption process [35], which is also
consistent with the results obtained in the isothermal adsorption
experiments, that is, the equilibrium adsorption capacity increases
with the increase of temperature. The positive value of H verifies
that the adsorption behavior is endothermic [36], and the positive
promotion of temperature on the adsorption is further confirmed
[37]. The positive value of So reflects that interaction between
MB and the adsorption sites of CPZC-1.0 enhances the random-
ness of the solid-liquid interface and the degree of chaos. Also, the
positive So of the system indicates that the adsorption process
tends to be stable and is an entropy-driven.
6. Adsorption Kinetics

An adsorption kinetics experiment was carried out to explore
the influencing factors of adsorption equilibrium time and adsorp-
tion rate. 80 mL of MB solutions with initial concentrations of 100
and 40 mg/L were used, and 0.05 g of CPZC-1.0 was used. The
experimental temperature was controlled at 303 K, and the adsorp-
tion values at different moments were recorded within 1,440 min.

Go
   RT Koln

Ko
   

Ho

RT
----------  

So

R
--------ln

Fig. 7. Isothermal adsorption and Langmuir and Freundlich fitting
models.

Table 4. Isothermal parameters for adsorption of MB onto CPZC-
1.0

Isotherms Parameters
Temperatures

298 K 298 K 298 K

Langmuir

qm (mg/g) 121 132 146
KL (L/mg) 0.496 0.504 0.527
RL 0.0198 0.0195 0.0186
R2 0.989 0.993 0.997

Freundlich
KF (mg/g(L/mg)1/n) 64.1 67.7 73.3
n 6.63 6.20 5.81
R2 0.903 0.898 0.891

Table 5. Thermodynamic parameters for adsorption of MB onto
CPZC-1.0

T (K) Go (KJ/mol) Ho (KJ/mol) So (KJ/mol∙K)
293 K 6.89
303 K 7.61 5.84 0.41
313 K 8.59
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The results are displayed in Fig. 8(a), showing that the adsorption
process can be divided into two stages. At the initial stage, the
adsorption capacity of CPZC-1.0 to MB increases rapidly, and the
adsorption of 100 and 40 mg/L MB solutions begins to enter the
second stage at 180 and 60 min, respectively. The second stage is
the slow adsorption stage, the increase of adsorption capacity slows
and reaches adsorption saturation at 900 and 120 min, respectively.
The final adsorption capacity of 40 mg/L MB solution was 63 mg/
g with the removal efficiency of 98.9%, while the final adsorption
capacity of 100 mg/L MB solution was 130 mg/g with the removal
efficiency of 81.6%.

The rate-limiting steps of the adsorption process were analyzed
by the pseudo-first-order (PFO), pseudo-second-order (PSO), and
intraparticle diffusion (ID) model [38], as shown in Fig. 8(b). Table
6 summarizes the fitting kinetic parameters. The PFO and PSO
kinetic fitting models are shown in Fig. 8(a). qe, exp is the adsorp-
tion capacity recorded in the experiment, qe, cal is the adsorption
capacity calculated by the model, k represents the adsorption rate
constant, Kid is the diffusion rate constant. The value of the influ-
ence degree of the boundary layer on the adsorption rate is repre-

sented by c, and R2 is the correlation coefficient. It can be seen that
the R2 fitted by the PSO kinetic model is higher than that of the
PFO kinetic model, and qe, cal of the PSO model is also closer to
qe, exp. Thus, the PSO model is more suitable for describing the ad-
sorption process of MB by CPZC-1.0. The PSO kinetic model is a
hypothetical model controlled by the chemical adsorption mecha-
nism in the adsorption process. The highly consistent PSO kinetic
model with the adsorption process reveals that the adsorption rate-
limiting step is mainly influenced by the chemisorption mecha-
nism. More specifically, it is mainly influenced by the number of
adsorption sites on CPZC-1.0, which involves electron sharing or
electron transfer between MB and the adsorption sites [34,39]. In
addition, according to Weber and Morris’s ID model theory, the
particle diffusion process in the adsorption process can be divided
into two stages, including the process of adsorbate diffusion to the
outer surface of the adsorbent (membrane diffusion), and the pro-
cess of adsorbate transfer from the outer surface to the inner sur-
face through the pores of the adsorbent (intra particle diffusion).
According to the result of the ID kinetic fitting model in Fig. 8(b),
the adsorption process is fitted as two straight lines without pass-
ing through the origin, proving that the adsorption process includes
membrane diffusion and intraparticle diffusion. The first linear part
is the membrane diffusion of MB molecules from the liquid phase
to the surface of CPZC-1.0, and the large slope corresponds to a
fast membrane diffusion rate. The second linear part is the pro-
cess of MB molecules entering CPZC-1.0 channels from the sur-
face. When MB molecules on the surface of CPZC-1.0 diffuse into
the channels and gradually accumulate, the increase of diffusion
resistance slows the adsorption, and the adsorption process gradu-
ally reaches the equilibrium state. At the same time, by comparing
the adsorption process of MB solution with the initial concentra-
tion of 100 and 40 mg/L, it was found that the Kid of MB solution
with higher concentration was faster, which was attributed to the
increase in the proportion of adsorbate and adsorbent by the higher
concentration of MB solution, thus enhancing the mass transfer
process.
7. Adsorption Mechanism

The large specific surface area and pore volume of CPZC-1.0
show that it has an excellent pore structure, which is conducive to

Fig. 8. Adsorption kinetics: (a) PFO and PSO fitting model; (b) ID fitting model.

Table 6. Kinetic parameters of PFO, PSO and ID model fitting

Kinetics Parameters
CPZC-1.0

100 mg/L 40 mg/L

PFO

qe, exp (mg/g) 130 62.6
qe, cal (mg/g) 120 60.4
k1 (1/min) 0.0335 0.0653
R2 0.828 0.871

PSO
qe, cal (mg/g) 127 62.8
k2 (1/min) 0.000390 0.00160
R2 0.95313 0.97261

ID

Kid, 1 (mg/g min1/2) 7.06 3.77
c1 (mg/g) 28.9 20.7
R1

2 0.983 0.982
Kid, 2 (mg/g min1/2) 0.753 0.0613
c2 (mg/g) 104 60.3
R2

2 0.924 0.999
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the contact between adsorbate and adsorbent and provides suffi-
cient adsorption sites. The pore structures of CPZC-1.0 mainly
come from the Na-P zeolite and porous carbon structures in CPZC-
1.0. The porous carbon structures mainly play a part in physical
adsorption. As the main adsorbent, Na-P zeolite provides chemical
adsorption to MB, and chemical adsorption is generally accompa-
nied by the change of functional groups. Therefore, the fresh CPZC-
1.0 and spent CPZC-1.0 separated after the adsorption experi-
ment (CPZC-MB) are characterized by FT-IR, as shown in Fig. 9,
and the mechanism of chemical adsorption was investigated by
comparing their functional groups. The obvious changes in func-
tional groups mainly occurred at 3,400, 1,000 and 700 cm1. The
absorption peaks of the two samples near 3,400 cm1 are attributed
to the O-H group of Si-OH.

Since the O-H groups on CPZC-1.0 easily lose H+ in the solu-
tion and become negatively charged groups, which absorb posi-
tively charged MB+ by electrostatic attraction, leading to the wider

Fig. 9. FTIR comparison of CPZC-1.0 before and after adsorption.

Fig. 10. The adsorption mechanism of MB adsorbed by CPZC-1.0: van der Waals force, electrostatic attraction and intermolecular hydrogen
bond.

and stronger O-H adsorption peak in FI-IR. The possible adsorp-
tion mechanism is shown in Fig. 10. Also, the adsorption perfor-
mance of CPZC-1.0 as a function of pH indicates the hypothesis
of electrostatic adsorption. Another possible adsorption mecha-
nism is that the O-H groups on CPZC-1.0 produce hydrogen bond-
ing with the N atom of the MB molecule, thus shifting its tensile
vibration frequency to the direction of low wavenumber, as shown
in Fig. 10. Electrostatic attraction and hydrogen bond generation
are also consistent with the electron pair sharing and transfer men-
tioned in the chemical adsorption mechanism mentioned in the
previous kinetic analysis. The fingerprint region of the infrared spec-
trum is between 400 and 1,300 cm1, which changes with a slight
change in the molecular structure. The peak at around 1,000 cm1

corresponds to the vibration of Si-O-Si in the Na-P zeolite struc-
ture. The molecular structure of CPZC-1.0 changes after the adsorp-
tion of MB, resulting in the deviation of the peak strength and
location. Similarly, the movement and enhancement of the Si-OH
bond absorption peak near 700 cm1 are also due to the change of
molecular structure after adsorption.

CONCLUSIONS

A new method for the synthesis of carbon/P-zeolite composites
from coal gasification fine slag was designed via NaOH activation
and subsequent hydrothermal crystallization. The structure of the
as-synthesized composites was significantly influenced by the mass
ratio of NaOH to CGFS. A nepheline structure was generated under
the low mass ratio range of NaOH to CGFS, while part of the zeo-
lite was transformed into an amorphous substance with a larger
pore size at an excessively larger mass ratio range. CPZC-1.0 with
the NaOH to CGFS ratio of 1.0 exhibits an excellent Na-P zeolite
structure with the best adsorption performance in this work. The
specific surface area of CPZC-1.0 reached 200 m2/g with the pore
size distribution mainly at around 3.5 nm. For the 100 mg/L MB
solution, the adsorption capacity of CPZC-1.0 reached 130 mg/g
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with the removal efficiency of 81.6% at 303 K. The best fitting of
the PSO and Langmuir model indicated that the adsorption pro-
cess was mainly controlled by the chemical adsorption mecha-
nism. The fitting results of the ID model proved that the adsorption
process included membrane diffusion and intraparticle diffusion,
and the adsorption rate was mainly limited by the membrane dif-
fusion rate. Through thermodynamic analysis, it was confirmed that
adsorption was an entropy-driven spontaneous process, in which
the increase of temperature was conducive to the adsorption. Elec-
trostatic attraction and hydrogen bond generation are supposed to
be the main mechanism for the adsorption of methylene blue.
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Novelty Statement
The concept of treating waste with waste is of great significance

to the sustainable development of human society. A feasible and
scalable strategy for the synthesis of carbon/P-zeolite composites
(CPZCs) was designed in the work using the waste coal gasifica-
tion fine slag as the precursor and NaOH as an activator. At a
NaOH to the coal gasification slag mass ratio of 1 : 1, a typical Na-
P zeolite and porous carbon composite (CPZC-1.0) was success-
fully synthesized with a relatively high surface area. The great poten-
tial of CPZC-1.0 in the purification of dye wastewater was con-
firmed through methylene blue adsorption. The adsorption capac-
ity of CPZC-1.0 reached 130 mg/g, with a high removal efficiency
of 81.6% at 303 K for a 100 mg/L initial methylene blue solution.
This work provides a new example for the conversion and treat-
ment of industrial inorganic solid wastes such as coal gasification
fine slag to prepare high-value functional materials.
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