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Low-cost Y-type zeolite/carbon porous composite
from coal gasification fine slag and its application in
the phenol removal from wastewater: fabrication,
characterization, equilibrium, and kinetic studiest
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As an industrial solid waste, coal gasification fine slag (CGFS), which consists of many elements, such as
silicon, aluminum, and carbon, could be used as an important resource. Therefore, this solid waste was
used as a raw material to prepare high-value-added adsorption material for the treatment of industrial
wastewater in this study. A hydrothermal synthesis method was applied to convert CGFS into a Y-type
zeolite/carbon porous composite. The effects of time and temperature on the synthesis were studied.
XRD, SEM, and other techniques were used to analyze the material and its physicochemical properties.
Additionally, the adsorption performance of the material for phenol was studied. The results showed that
the composite has better adsorption capacity for phenol than CGFS. The Freundlich model and pseudo-
second-order kinetics well fitted the adsorption behavior of the composite, which demonstrated that the
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1. Introduction

Coal gasification is the leading technology for clean coal
conversion, which can help alleviate the pressures from high
energy consumption and high pollution in traditional indus-
tries.' Among the many coal gasification technologies,
entrained flow gasification technology is widely used due to its
high temperature and good adaptability to coal types. Coal
gasification fine slag (CGFS) is a solid waste discharged in the
process of entrained flow gasification. It is produced by the
filtration of some unreacted carbon due to the short residence
time of coal particles in the gasifier and fly ash entering the
black water system with the air flow. Therefore, besides the high
content of silicon and aluminum, the CGFS also contains an
amount of carbon.?

At present, the annual discharge of CGFS is about tens of
millions of tons, but the main disposal method is still accu-
mulation and landfill.* Many CGFSs are piled in the slag yard,
where it is prone to not only easily be blown away by the wind to
form dust pollution in the air, but also occupies a lot of space.
In addition, there are many metal elements in the slag, which
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adsorption of phenol was dominated by chemical adsorption.

can cause some pollution to the soil, reduce land utilization,
and pollute groundwater.* Therefore, the harmless treatment
and resource utilization of CGFS is desired. Research in recent
years has shown that CGFS has good physical and chemical
properties and has good promise for application in many fields.
Chen et al.® synthesized geopolymer composites based on coal
gasification fly ash, and the prepared composites could be used
as construction materials in civil engineering. Dai et al®
explored the combustibility of high carbon CGFS and found
that the combustion property of CGFS was consistent with high
ash coal and was suitable for pressurized furnace combustion.
Zhang et al” prepared composite conductive materials by
covering Sb-SnO, with CGFS porous microspheres as a matrix.
The results showed that the volume resistivity of the prepared
materials was 2.60 x 10°> Q cm, with excellent conductivity. Liu
et al® used coal gasification fine slag as a raw material to
prepare a mesoporous silicon material through a simple
process. This material had potential application value in the
field of adsorption. Miao et al.® prepared activated carbon by
CGFS. The prepared material had an interconnected macro-
pores, mesopores, and micropores structure and high adsorp-
tion performance for CO,. Overall, CGFS is usually used as a raw
material for the production of construction materials, mixed
combustion material of boilers, and high-value-added mate-
rials. Among these latter types, the preparation of porous
materials by CGFS can realize the high-value utilization of
CGFS. However, previous reports investigated either the utili-
zation of mineral elements or carbon. The elements in CGFS are
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not fully utilized. Therefore, the comprehensive utilization of
carbon, silicon, and aluminum is worth studying further.

Coal chemical wastewater is an organic wastewater produced
in coal chemical processes, such as coal gasification, coal
liquefaction, and coal coking. As a typical industrial wastewater
with high concentration, severe toxicity, and poor biodegrad-
ability,” the composition of the wastewater is quite complex.
Among the components, phenol, as a protoplasmic poison, is
one of the highly toxic substances in coal chemical waste-
water.'® Biological," catalytic," electrochemical,’ and physical
adsorption methods™ are several basic methods for treating
phenol-containing wastewater, among which adsorption is the
most used method and has greater research value. Porous
activated carbon and zeolite are two important materials used
in the field of wastewater adsorption. Franco et al.'* prepared
a novel activated carbon from fruit waste as an adsorption
material, and the results showed that it had a good adsorption
effect on phenol. Ektefa et al.”* explored the removal effect of
phenol in water by several different types of zeolites, such as
BEA, FAU, MFI, and MOR, and considered that zeolite has
a uniform and nano-porous nature and has prospects in the
adsorption of phenol. However, only a few reports have inves-
tigated the utilization of carbon, silicon, and aluminum in
CGFS to prepare porous composites for wastewater treatment.*®
Hence, it is necessary to study the preparation of cheap and
available carbon and zeolite adsorption materials to effectively
remove phenol from wastewater.

In this study, CGFS was used as a source of silicon,
aluminum, and carbon to synthesize a Y-type zeolite/carbon
porous composite by a hydrothermal synthesis. The effects of
crystallization time and temperature on the synthesis of the
materials were studied, and the optimum preparation condi-
tions were obtained, and the structures of the materials were
characterized in detail by various methods. At the same time,
the adsorption properties of Y-type zeolite/carbon composites
for phenol in wastewater under different adsorption conditions
were investigated in detail and the adsorption kinetics and
adsorption isotherm were analyzed to clarify the adsorption
mechanism of the composites for phenol. The research aims to
make waste profitable and provide an avenue for the green
recycling of waste.

2. Materials and methods

2.1. Raw materials

The coal gasification fine slag (CGFS) was taken from a coal
gasification company in Ningxia, China. The proximate and
ultimate analyses of the CGFS are shown in Table S1.1 The CGFS
was dried at 105 °C for 12 h and ground, sieved with a 60-120
um sieve, and stored in a dryer for further use.

2.2. Synthesis of the composite

Acid-base pretreatment process. The CGFS was mixed with
3 mol L' HCI at 80 °C for 2 h. Then, the sample was washed to
neutral and dried at 105 °C for 12 h, and the acid-washed fine
slag was named as HCGFS. A mixture of 4.41 g HCGFS and
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1.13 g solid NaOH was ground and then placed in a tube furnace
at 600 °C for 150 min. The activated product was named HCGFS-
HH.

Synthesis of the Y-type zeolite/carbon composite. First,
2.54 g of NaOH and 1.00 g of NaAlO, were dissolved in 8.55 g of
deionized water. Next, 8.40 mL water glass was added to the
solution and stirred for 30 min, and then the solution was aged
at 28 °C for 24 h to obtain the directing agent. Afterwards, 0.47 g
of NaAlO, and HCGFS-HH were dissolved in 12.96 g of deion-
ized water to synthesize the gel, and then 1.74 g of the directing
agent was added and the mixture was stirred at 28 °C for 12 h.
The sample was crystallized in the reactor at 100 °C for 36 h.
After filtration, the sample was dried at 105 °C for 12 h and was
named as the Y-type zeolite/carbon composite.

2.3. Samples characterization

The phase analysis of the samples was characterized by X-ray
diffraction (D8 ADVANCE A25, Bruker, Germany). The porous
structure of the materials was determined by a physical
adsorption instrument (ASAP2460, Micromeritics, USA) with N,
as the adsorbate. The chemical structure of the carbon in
materials was analyzed by a laser Raman spectrometer (DXR,
Thermo Fisher, USA). The microstructure of the materials was
obtained by field emission scanning electron microscopy
(Regulus8100, Hitachi, Japan) and tungsten filament scanning
electron microscopy (EVO18, Carl Zeiss, Germany). The frame-
work structure of the materials was measured by Fourier
transform infrared spectroscopy (Spectrum Two, PerkinElmer,
American). The thermogravimetric analysis of the materials was
carried out by a thermogravimetric analyzer combined with
quadruple mass spectrometry (STA449F3/QMS-403, Netzsch,
Germany). Solid-state >’Al and >°Si MAS NMR spectra were ob-
tained on an AVANCE III 600 spectrometer (BRUKER, Germany).
The surface charges were measured by a zeta potential analyzer
(Zetasizer Nano ZS90, Malvern, UK).

2.4. Adsorption experiments

Phenol was used as a model compound in the phenol-
containing wastewater to assess the adsorption capacity of the
zeolite/carbon composites. The phenol solution (100 mg L)
with 0.1 g sample was shaken by a constant temperature oscil-
lating shaker (THZ-24-M-C, Jiangsu XingChunLan Science
Instrument Co., Ltd.) at 28 °C for a certain time. Then, 2 mL of
the supernatant was taken using an injector with a 0.22 pm filter
membrane. The concentration of phenol was determined by 4-
aminoantipyrine spectrophotometry at a maximum absorption
wavelength of 510 nm using a T9 series double beam UV-Vis
spectrophotometer (Beijing PURKINJE General Instrument
Co., Ltd.). The effects of the initial concentrations of phenol
(10-300 mg L"), amount of sorbent (0.01-0.3 g), and initial pH
(1-12) of the solution on the adsorption performance were
investigated, respectively.

The calculation method for the equilibrium adsorption
amount (g., mg g ') is shown in eqn (1), and the phenol
removal ratio Re (%) was obtained by eqn (2):

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ge = (Co — C)Vim (1)
Re = [(Cy — C.)/Cy] x 100 2

where C, (mg L") and C. (mg L") are the initial and equilib-
rium concentrations of solution, V (L) is the volume of the
solution, and m (g) is the mass of the sample.

2.5. Reusability experiments

When phenol was adsorbed by the composites completely, the
desorption process proceeded. The composites were soaked in
HCI (1 mol L™") and stirred for 30 min to remove the phenol.
The treatment process was repeated three times and washed
with deionized water to neutral. These adsorption—-desorption
cycles were carried out five times.

3. Results and discussions

3.1. Characteristics of CGFS, HCGFS, HCGFS-HH

The element composition analysis of CGFS before and after acid
leaching is shown in Table 1, from which it could be seen that
the untreated CGFS contained impurity elements such as iron,
magnesium, and calcium, which would affect the crystallization
and synthesis of the zeolite.”” Hydrochloric acid leaching could
remove most acid-soluble mineral elements in CGFS.
Compared with CGFS, the contents of iron, calcium, and
magnesium in HCGFS decreased significantly, and the content
of aluminum was slightly reduced, while the content of silicon
increased to 77.89%.

The XRD patterns of the materials are shown in Fig. 1. It is
known that the diffraction peak of CGFS is only the weak
diffraction peak of quartz, and here there were no other
diffraction peaks, which indicated that CGFS had a high
disorder, the amorphous material was mainly amorphous
carbon and aluminosilicate, and the small amount of crystalline
phase in the CGFS was mainly quartz.'® After hydrochloric acid
leaching, some acid-soluble minerals were removed. According
to its element composition (Table 1), it mainly consisted of
amorphous aluminosilicate and carbon. After further activation
by the alkali fusion of sodium hydroxide, there were obvious
diffraction peaks of sodium aluminate and sodium silicate,
indicating that CGFS had fully reacted with the alkali, and its
structure had been obviously damaged."

The SEM images of the solids is shown in Fig. S1,} from
which it can be seen that the micro morphology of CGFS was
a mixture of flocculent residual carbon and spherical inorganic
minerals. Based on the element composition in Table 1, the
inorganic minerals in CGFS were spherical particles containing

Table 1 Element composition analyses of CGFS and HCGFS

Composition (wt%)

Sample SiO, AlLO; Fe,O;3 CaO Na,0O K,0O MgO Others
CGFS 59.04 16.95 7.60 6.02 2.06 2.49 3.48 2.36
HCGFS 77.89 10.62 2.25 2.56 1.72 1.60 2.20 1.16

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 XRD patterns of the materials.

silicon and aluminum, while other metal minerals were mixed
with them, and fine particles were distributed on the surface of
the spherical particles.”® After acid leaching, the micro
morphology of HCGFS did not change significantly compared
with CGFS. Owing to the removal of some acid-soluble minerals,
the fine particles on the surface of the spherical particles van-
ished, and the surface became relatively smooth. After activa-
tion by alkali fusion, the spherical inorganic mineral particles
disappeared completely and formed a mass mixture, indicating
that the inorganic minerals had fully reacted with the alkali. In
addition, the flaky carbonaceous fraction became more porous,
which was favorable for the subsequent synthesis of porous
composites.

3.2. Effect of the synthesis conditions on the composite
materials

Fig. S27 exhibits the XRD patterns of the materials at different
crystallization times. Also, the analysis showed that the crys-
tallinity of the sample increased with time in a certain period.
When the crystallization time was 12 h, a weak characteristic
peak of the Y-type zeolite appeared at 23°, 26.7°, and 31°. As the
crystallization time increased to 24 h, characteristic peaks
appeared at 6°, 9.8°, and 15.4°, but the crystallinity of the
product was low. When the time became 36 h, the product was
highly crystalline and free of impurity peaks. Further extension
of the time thereafter resulted in ¢rans-crystallization of the
product and a reduced crystallinity.

The XRD patterns of the materials with different synthesis
temperatures are exhibited in Fig. S3.1 It can be seen that the
types of synthesized zeolite were quite different when the
reaction occurred at different temperatures. When the crystal-
lization temperature was 90 °C, the synthesized samples
showed the characteristic peak of the Y-type zeolite, but the
crystallinity was low. As the synthesis temperature increased to
100 °C, the obtained sample was still a Y-type zeolite, which was
highly crystalline and free of spurious peaks. However, as the
synthesis temperature continued to rise, the product crystalline

RSC Adv, 2022, 12, 6715-6724 | 6717
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transformation occurred and a P-type zeolite was formed.
Especially when the crystallization temperature was 120 °C,
the product was completely a P-type zeolite. Therefore, the
optimum crystallization condition was 100 °C for 36 h. The
XRD diffraction pattern of the composites synthesized under
the optimum conditions was consistent with the standard
card of the Y-type zeolite (PDF # 80-2463), and had fine
crystallinity.

3.3. Characteristics of the composite

3.3.1. SEM analysis. Fig. 2 exhibits the SEM images of the
synthesized Y-type zeolite/carbon composites, from which it can
be seen that the spherical particles in CGFS disappeared
completely, and its micromorphology was a flower cluster with
a large number of octahedral crystals gathered on the carbo-
naceous matrices. During the crystallization process, the
soluble aluminosilicate generated by the alkali fusion of inor-
ganic minerals in CGFS formed silica alumina gels in aqueous
solution with sodium ions and hydroxyl ions, and a large
amount of the gels were deposited on the carbonaceous
matrices, forming flower-cluster-like composites, and the octa-
hedral crystal shape of the Y-type zeolite was clearly visible.**
From the EDS analysis, the main elements in the composite
were oxygen, carbon, silicon, and aluminum. The mapping
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image shows the distribution of the different elements. It was
confirmed that silicon, aluminum, and oxygen mainly existed in
the composites, and each element was evenly distributed. The
distribution of these three elements was consistent, which
reflects the element distribution of the Y-type zeolite in the
composites. The distribution of carbon was embedded in the
silicon, aluminum, and oxygen. It was verified that the synthe-
sized material was a composite of the Y-type zeolite and carbon.

3.3.2. N, adsorption analysis. Fig. 3 shows the N, adsorp-
tion-desorption isotherm curves and pore-size distribution of
the samples. It can be seen that around P/P, = 0, the adsorption
capacity of the composite material was much better than that of
CGFS, indicating that there were more microporous structures
in the synthesized composites. With the increase in relative
pressure, the adsorption and desorption curve showed a slow
upward trend, which was a combination of type I curve and type
IV curve, proving that the sample had a porous structure.”
When the P/P, was in the range of 0.4-1.0, an H4 type hysteresis
loop curve appeared, which proved that the sample contained
mesopores.** Meanwhile, it could be clearly seen from the pore-
size distribution that the composite had a hierarchical pore
structure of micropores (0.72 and 1-2 nm) and mesopores (2-10
nm). It could be seen from Table S2+ that compared with CGFS,
the Y-type zeolite composite had a more abundant porous

Fig. 2 SEM images (a), EDS analysis (b), SEM-EDS mapping pattern (c), and C (d), O (e), Si (f), Al (g) mapping images of the composite.
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Fig. 3 N, adsorption—desorption isotherm and pore-size distribution of the samples.

structure, and the Sger of the composite increased from 111.09
m?> g " t0 439.68 m> g ', and the Viy increased from 0.14 cm®
g 't00.35cm® g .

3.3.3. FT-IR analysis. The FT-IR spectra of the samples are
shown in Fig. S4.7 The vibration peaks near 3500 cm ' belong
to the O-H vibration peaks in the skeleton of Y-type zeolite,
while the vibration peaks near 1640 cm ™" were caused by the
shear vibration of H protons in the lattice water molecules. The
vibration peaks around 1050 and 730 cm™ ' were ascribed to the
asymmetric and symmetric stretching inside the TO, (T = Si, Al)
tetrahedra.?* The vibrational peaks near 580 cm ' were the
characteristic peaks of the double six-membered ring (D6R) of
the Y-type zeolite. The presence of these characteristic peaks
proved that the synthesized sample had an FAU-type zeolite
skeleton structure.*

3.3.4. Raman analysis. Fig. S5t shows the Raman spectra of
the samples. In general, there were two distinctive peaks in the
first order region (2000-800 cm™") of the Raman spectra of the
carbonaceous materials, which were the D band and the G
band, respectively.*® The relative intensity of the D peak in the
range of 1470-782 cm™ " reflected the disorder of the crystalline
carbon structure, and the G peak in the range of 1959-
1470 ecm™ ' corresponded to the vibrational mode (Ey
symmetry) of an ideal graphite lattice.”” The integrated area
ratio of the peaks is often used as a parameter of the structural
change of the sample, and the ratio of I, to I is used to
quantitatively describe the degree of ordering of the carbon
structure of the sample, whereby the lower the ratio, the higher
the degree of ordering.”® The peak fitting results of the curves
showed Ip/Ig of 1.652 and 1.464 for the raw material and
composite, respectively, which indicated that the carbon
structure in CGFS was less ordered and had a more amorphous
carbon structure.

3.3.5. Thermogravimetric analysis. The TG and DTG curves
of CGFS and the composite are exhibited in Fig. S6,f and the
results indicated that there were two stages of weight loss in the
Y-type zeolite/carbon composite compared to CGFS.*® The first
stage was related to the moisture loss. The dehydration rate of
the composite was faster between 100-200 °C, which mainly

© 2022 The Author(s). Published by the Royal Society of Chemistry

removed the free water from the zeolite, and the dehydration
rate decreased after 200 °C. The second stage was related to the
loss of carbon in the sample, which led to mass loss due to the
release of CO and CO, from the combustion of carbon at 500—
600 °C.%° After 700 °C, there was basically no change in weight.

3.3.6. 2°Si and *’Al NMR analysis. The solid-state nuclear
magnetic resonance (NMR) technique can provide an effective
method for analyzing the framework structure of materials. Fig. 4
depicts the >°Si MAS NMR and *>’Al MAS NMR of the samples. The
*°Si MAS NMR of CGFS had a signal ranging from —70 to
—130 ppm, which demonstrated its heterogeneous and glassy
nature. For the Y-type zeolite/carbon composite, five obvious
narrow peaks appeared at —84, —89, —93, —97, and —101 ppm,
corresponding to Si (4Al), Si (3Al), Si (2Al), Si (1Al), and Si (0Al),
respectively.®® The *’Al MAS NMR spectra of the CGFS showed
a broad diffraction peak from 80 to 30 ppm, which also indicated
the disorder and heterogeneity of the aluminum species in CGFS.
The ’Al MAS NMR peak of the composite moved to 64 ppm and
became strong and sharp, indicating that the aluminum in the
composite existed as four coordination skeleton aluminum.
These also proved the formation of the Y-type zeolite.>

3.4. Effect of different conditions on the adsorption
performance of the samples for phenol

The adsorption performance of the sample for phenol versus time
are shown in Fig. 5a. The curve shows that the g, value increased
rapidly in the first 30 min, which means that the adsorption
proceeded rapidly in the early stage. Then, g, reached a stable
value at about 60 min, indicating that the adsorbed molecules
occupied all the vacant active space of the adsorbent. When the
adsorption time was 120 min, the adsorption capacity of phenol
reached saturation. In addition, when the Y-type zeolite/carbon
composite reached adsorption equilibrium, the adsorption rate
of CGFS was only 32.8%, while the adsorption rate of the Y-type
zeolite/carbon composite was 50%, because compared with
CGFS, the Y-type zeolite/carbon composite had a larger specific
surface area, and more surface groups and active centers,
resulting in a better adsorption effect.

RSC Adv, 2022, 12, 6715-6724 | 6719


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08419d

Open Access Article. Published on 01 March 2022. Downloaded on 11/9/2025 7:23:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

.. Si(2Al
Y-type zeolite/carbon composite
~~~~~~~ Fitted curve

(@)

Si(3A1)

1 Si(1Al)

Si(4Al)

Si(0Al)

View Article Online

Paper

(b)

Y-type zeolite/carbon composite

CGFS

CGFS

r T T T T T T T T 1 f T T
-50 -60 -70 -80 -90 -100 -110 -120 -130 -140 140 120 100 80 60 40 20 0 -20

3 (ppm)

Fig. 4 2°Si NMR (a) and 2’Al NMR (b) of samples.

The pH of the phenol in wastewater can seriously affect the
adsorption process. The pH value affects the chemical proper-
ties of the solution itself, the surface charge of the sample, and
the degree of ionization of phenol.*® The zeta potential reflects
the strength of attraction or repulsion between an adsorbent
and adsorbate.* Fig. 5b shows the charge of zeta potential of
CGFS and the composite. As the solution became more alkaline,
the zeta potential gradually decreased. Fig. 5c illustrates the
effect of phenol adsorption capacity with the pH of the solution
(pH 1-12). It can be seen from the results that the g, as well as
the adsorption rate decreased gradually with increasing the pH,
and when the solution became alkaline, the adsorption capacity
decreased rapidly, and reached its optimum at pH 7. Such
results suggest that phenol will be better adsorbed under acidic
or neutral conditions compared to alkaline solutions. The
possible reason for this is that phenol exists mainly in the
molecular state in acidic or neutral solutions, which allows
better contact with the adsorbent, while in alkaline solutions,
phenol exists in the form of the phenol root ion (C¢Hs0),
which has an inhibitory effect on the adsorption process by
repelling each other with the negative charge on the zeolite
surface.*® Meanwhile, for CGFS, the smaller effect of phenol pH
on the adsorption effect was attributed to the smaller specific
surface area and fewer active sites of CGFS, which has a limited
capacity for phenol adsorption.

Fig. 5d exposes the effect of the initial concentration of the
phenol solution (10-300 mg L™ ) on the adsorption effect. When
the concentration was 10 mg L', the adsorption rate of the
composite reached 99%. As the initial concentration increased,
the adsorption rate gradually decreased and was only 34% at an
initial concentration of 300 mg L™"; and this pattern was also

6720 | RSC Adv, 2022, 12, 6715-6724

5 (ppm)

observed for CGFS. This is because when the initial concentration
is low, the number of adsorbed phenol molecules is lower than
the number of adsorption sites on the adsorbent surface, which
results in a high adsorption rate. However, as the concentration
increases, eventually the number of phenol molecules in the bulk
phase far exceeds the number of active sites on the adsorbent
surface, which leads to a serious shortage of adsorption sites and
the adsorption rate decreases significantly. In addition, it can be
seen from the adsorption rate curve that the adsorption rate
gradually decreased when the initial concentration was greater
than 100 mg L™, but the decrease was not obvious, so 100 mg L™*
was chosen as the experimental concentration.

The effects of different adsorbent doses (0.01-0.3 g) on the
adsorption effect were studied, and the results are shown in
Fig. 5e. It could be found that when the mass of solid changed
from 0.01 g to 0.1 g, the adsorption rate changed from 5.3% to
53.5% with the Y-type zeolite/carbon composite as the adsor-
bent and from 4.0% to 37.1% with CGFS as the adsorbent.
However, when the mass of solid was higher than 0.1 g, the
increase in phenol adsorption rate tapered off. The quantity of
adsorption sites increased with the increase in the solid, and
the adsorption rate increased rapidly at the beginning stage.
After reaching a certain limit, the increase in the adsorbent
dosage would lead to the aggregation of the adsorbent, which
will result in the decrease of adsorption sites, thus the
adsorption rate increased slowly.

3.5. Adsorption kinetics study

Fitting the calculation of the adsorption kinetics can allow an
insight into the adsorption mechanism of phenol on the
samples. A pseudo-first-order kinetic model (eqn (3)) and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pseudo-second-order kinetic model (eqn (4)) are generally used
to fit the adsorption process.*®

In(ge — q) = In g — kit (3)
t 1 t
_— 4
4 (kge®) g g
where, k; (h™") and &, (g mg~ ' min~") are the diffusion rate
constants of the two models, respectively, and g, (mg g~ ') is the
adsorption amount at time ¢ (min).

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 6 and Table 2 show the fitting curves and calculation
results, respectively. Based on the calculated results, the results
proved that the pseudo-first-order kinetic model was not
applicable to the adsorption process of both materials because
of the low R? values (0.365 and 0.869) and the small calculated
ge values (1.62 and 6.64 mg g '). In comparison, under the
pseudo-second-order kinetic model, the R* values for both
materials were relatively high (0.995 and 0.998) and the calcu-
lated g. values (8.36 and 12.45 mg g ') were close to the
experimental g. values (8.7 and 13 mg g~ '). These data prove

RSC Adv, 2022, 12, 6715-6724 | 6721


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08419d

Open Access Article. Published on 01 March 2022. Downloaded on 11/9/2025 7:23:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
3 16
. ® Y-type zeolite/carbon composite  (a) (b) @ Y-type zeolite/carbon composite
= CGFS 14 = CGFS
24
124
14 2"
= )
% <M
> £
E E 6
= [
X 44
-14
24
24 0
T T T T T T T _2 T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t (min) t (min)

Fig. 6 The pseudo-first-order (a) and pseudo-second-order plots (b) for phenol adsorption on the samples.

Table 2 Parameters of the adsorption kinetics

Pseudo first order

Pseudo second order

Adsorbents Gefexp) (Mg &™) e(can) (Mg g7 k; (min™) R® Gefean) (Mg g™ 1) k, (min™) R
CGFS 8.70 1.62 0.019 0.365 8.36 0.105 0.995
Y-type zeolite/carbon composite 13.00 6.64 0.021 0.869 12.45 0.265 0.998

that the adsorption processes followed a pseudo-second-order
kinetic model, which proved that the adsorption process was
controlled by a chemisorption mechanism that involved
adsorption steps, such as surface adsorption and liquid film
diffusion.*” In addition, the k value of the Y-type zeolite/carbon
composite was larger, indicating that the Y-type zeolite/carbon
composite had a larger Sggr and Vioa, which was conducive
to the diffusion of the adsorbent. This result is consistent with
the previous characterization findings.

3.6. Adsorption isotherms analysis

It is important to study the surface properties and affinity of the
adsorbent as well as the interaction between the adsorbent and
the adsorbate.®® Therefore, adsorption isotherm studies were
carried out under optimum adsorption conditions. Currently,
the most commonly used adsorption isotherm models are the
Langmuir isotherm model (eqn (5)) and the Freundlich
isotherm model (eqn (6)), and so these two models were used to
fit the adsorption process.*

C 1 1
== —C.+— 5
e dm kLQm ( )
1
In qe:InkF—kg In C, (6)

where, kp [(mg g*) (L mg™")*"] is the Freundlich constant, gpax

(mg g™ ) is the maximum adsorption amount, and & (L mg™ ") is
the Langmuir constant.

Fig. S7t1 shows the fitting of the adsorption process for the
samples and the calculated data are listed in Table 3. From

6722 | RSC Adv, 2022, 12, 6715-6724

these data, it can see that the R®> obtained by fitting the
Freundlich isotherm model was close to 0.999, which indicated
that the process of phenol adsorption on both adsorbents could
be represented by the Freundlich isotherm model, and it was
thus clear that the surface adsorption of phenol on the adsor-
bent was non-uniform multilayer adsorption. Meanwhile, in the
Freundlich equation, the n value responds to the difficulty of
adsorption, and 1/n < 1 in Table 3 indicates that n > 1, which
proved that the adsorbent had good adsorption capacity for
phenol.*

In the literature, several studies have addressed the removal
of phenol using different kinds of adsorbents. Compared with
most adsorbents, the composite had good adsorption perfor-
mance, as shown in Table 4. Comprehensive analysis of the
adsorption performance and preparation cost of the adsorbent
showed that the composite in this work has potential as
a material for removing phenol from wastewater.

3.7. Reusability experiments study

In order to better reduce the industrial application cost of
adsorbents, the reusability performance of an adsorbent is very
important, and the results are shown in Fig. 7. It can be seen
from the results that after 5 cycles, the adsorption rate
decreased from 53% to 47%, which still exhibited good reus-
ability. This might be mainly because HCI could increase the
polarity of the solvent and promote the solubility of phenol.
However, the eluent did not completely desorb phenol, and
some molecules still existed in the pores, resulting in a lower
adsorption rate when cyclic adsorption was performed
compared to the previous one.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Freundlich Langmuir
Adsorbents Ky (mg g~ ")-(L mg—")"" 1/n R Gmax (Mg g™ ") Ky (L mg™) R?
CGFS 0.255 0.997 0.986 26.320 —0.001 0.968
Y-type zeolite/carbon composite 0.258 0.951 0.999 47.620 0.002 0.971

Table 4 Literature results of the adsorption of phenol by different
adsorbents

qmax
Adsorbents (mgg™') References
Y-type zeolite/carbon composite 47.62 This work
HFAU (5) 13.61 Chaouati et al.**
HFAU (60) 24.51 Chaouati et al.*!
Ni-NaY zeolite 89.20 Mohammed et al.**
Natural clays 10.00 Dehmani et al.*?
Porous carbon nanospheres aerogel ~ 104.20 Zhang et al.**
High-silica zeolite 5.00 Jiang et al.*®
Magnetic poly(ethylene glycol 33.83 Ozdemir et al.*®
dimethacrylate-n-vinylimidazole)
Fe;0,@Si0, 44.7 Yang et al.*”
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Fig. 7 Influence of the regeneration performance of the composite.

4. Conclusion

In order to realize the harmless and resource utilization of
CGFS, Y-type zeolite/carbon porous composites were synthe-
sized from CGFS. The structural characteristics of the Y-type
zeolite/carbon composites were studied, and their removal
effect and adsorption mode for phenol in solution were dis-
cussed. This study achieved the goal of converting waste into
valuable materials and disposing waste with waste. The main
findings are as follows:

(1) Taking advantage of the rich content of silicon aluminum
inorganic mineral and residual carbon in CGFS as a source of
silicon, aluminum, and carbon, a Y-type zeolite/carbon

© 2022 The Author(s). Published by the Royal Society of Chemistry

composite was prepared by means of a simple acid treatment,
alkali activation, and hydrothermal synthesis. The octahedral
crystalline Y-type zeolite aggregated around the flaky and
porous carbonaceous materials to form porous composites with
a large specific surface area (439.68 m> g~ '), ensuring that the
composite could be used as a good adsorbent.

(2) The optimum adsorption conditions were measured as
follows: solution pH, 7; adsorbent addition, 0.1 g; initial
concentration of phenol solution, 100 mg L; and resistance
time, 120 min. Compared with CGFS, the Y-type zeolite/carbon
composites had a better adsorption effect on phenol. The
pseudo-second-order kinetic model reflected the kinetic mech-
anism of the adsorption process, which was controlled by
a chemisorption mechanism. The adsorption isotherm fitting
results showed that the Freundlich isotherm model better
explained the mechanism between the adsorbent and the
adsorbate, and reflected that the surface adsorption of phenol
on the porous composite involved non-uniform multilayer
adsorption.
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