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The disposal of coal gasification fine slag (CGFS) and the treatment of dye wastewater present substantial
environmental pressures. Therefore, developing cost-effective adsorbents is crucial. In this study, CGFS-
based adsorbents, which are modified with dimethyl diethoxy silane (DDS-CGFS) and dodecyl trimethyl
ammonium chloride (DTAC-CGFS), were prepared and applied for the removal of rhodamine B (RhB)

organic dye. The adsorption performances were evaluated across different pH values, temperatures, and
contact time. Under optimal conditions (pH = 7, 328.15 K, 24 h), the DDS-CGFS adsorbent exhibited
a maximum adsorption capacity of 92.82 mg g~ for rhodamine B. Kinetic and isotherm analyses
revealed that the adsorption involved both physical and chemical processes. The intra-particle diffusion

model suggested that the adsorption kinetics were governed by boundary-layer and intra-particle

diffusions. Thermodynamic parameters (AG® < 0, AH® > 0, AS® > 0) indicated that the adsorption was

a spontaneous and endothermic process accompanied by an
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increase in entropy. Material

characterization and model fitting suggested a synergistic adsorption mechanism, potentially involving

interactions such as hydrogen bonding and - stacking. Overall, DDS-CGFS and DTAC-CGFS are low-
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1 Introduction

The widely employed coal gasification technology has contrib-
uted to unprecedented advancements in the current coal
chemical industry. Coal gasification fine slag (CGFS) is one of
the main by-products of coal gasification process; its annual
discharge has reached millions of tons in China and is
constantly increasing with the promotion of clean coal tech-
nology.” Because of the small particle sizes (0-150 pm) of CGFS,
its high ash content (about 84 wt%), and the presence of heavy
metals, such as Cr, Mn, and V, the traditional storage and
treatment method easily causes air pollution, land resource
waste, groundwater pollution and other environmental prob-
lems.? At the same time, the inhalation of the accumulated coal
cinder poses health risks to the human body.* Studies have
shown that the chemical composition of CGFS is dominated by
inorganic minerals, such as SiO,, Al,O; and CaO, and contains
a large amount of residual carbon, which provides a unique
advantage for its resource utilization.® Dye wastewater is a type
of industrial wastewater, which mainly originates from
printing, dyeing, and dye production processes. Organic dyes,
such as rhodamine B (RhB), malachite green (MG), methyl
orange (MO), methylene blue (MB), dispersed deep blue (H-GL),
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cost adsorbents for remediating dye wastewater. Due to their outstanding adsorption capacity, they
show potential as ideal adsorbents for dye wastewater treatment.

and reactive brilliant orange (K-GN), can cause harm to the
environment.*® Dye wastewater is difficult to degrade and
persists in water for a long time, posing harm to organisms and
making water quality evaluation difficult."®"* At present, the
common methods for removing dye wastewater are adsorp-
tion,” membrane separation,” electrochemical oxidation,*
ozone oxidation," etc. Among the many methods, adsorption is
considered the most effective owing to its advantages of simple
operation and high efficiency.’ At present, the materials
commonly used in adsorption are activated carbon,"
bentonite*® biochar," covalent organic frameworks/polymers,*
metal organic frameworks,** zeolites** etc. However, the use of
these materials is limited by their high cost. Therefore, the
development of high-performing and low-cost adsorbents using
CGFS is urgently needed.

In recent years, researchers have focused on transforming
CGFS into high-value-added materials for dye wastewater
treatment. Treated CGFS can be used as a high-efficiency
adsorbent for dye wastewater. For example, Huang et al.** con-
verted CGFS into adsorbents with high specific surface area,
large pore volume and abundant surface functional groups
(such as Si-OH and -COOH) via acid-base treatment. The
experimental results indicated that the adsorption capacity and
removal rate of RhB were greatly increased by CGFS treated at
298.15 K under neutral conditions. Shi et al.** converted CGFS
into mesoporous composites through K,CO; alkali melt

© 2026 The Author(s). Published by the Royal Society of Chemistry
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activation and exerted the best treatment effect on malachite
green at 298 K and pH = 6. The porous carbon-silicon
composite prepared by Qiao et al.>® using CGFS exhibited an
adsorption capacity of 208.44 mg g~ for MB. Although great
progress has been made, the effect of adsorbents derived from
CGFS is still not ideal, and there is still a lot of room for
improvement in terms of specific surface area, porosity,
adsorption capacity, etc. Therefore, according to the character-
istics of CGFS, CGFS-based adsorbents can be prepared to
improve adsorption capacity of CGFS, achieve high adsorption
effect on dye wastewater, and optimize the resource utilization
of CGFS, which is a low-cost, efficient and environmentally
friendly treatment method for printing and dyeing wastewater,
reflects the sustainable development concept of “treating waste
with waste”.

In this study, dimethyl diethoxy silane and dodecyl trimethyl
ammonium chloride were utilized to modify the surface of
CGFS, obtaining dimethyl diethoxy silane-modified CGFS (DDS-
CGFS) and dodecyl trimethyl ammonium chloride-modified
CGFS (DTAC-CGFS), respectively. Dimethyl diethoxy silane®®
was used to graft hydrophobic methyl groups onto the CGFS
surface to enhance hydrophobic interactions with the dye while
modulating the surface charge. Conversely, dodecyl trimethyl
ammonium chloride,”” a cationic surfactant, was selected to
form a self-assembled layer on CGFS, thereby creating a posi-
tively charged interface intended to interact with RhB through
a combination of charge-mediated and solvophobic effects.
While retaining the metal elements and chemical groups of
CGFS, the modifier is grafted onto its surface. The physical and
chemical structures of the modified CGFS were analyzed via
FTIR, XRD, BET and SEM. Then, adsorption comparison
experiments of the RhB, K-GN and H-GL dyes were conducted
via DDS-CGFS and DTAC-CGFS. The influence of different pH
values and temperatures on the adsorption performance of
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Fig. 1 Flowchart of the preparation of DDS-CGFS and DTAC-CGFS.
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RhB, which exerted the best adsorption effect among the dyes,
was examined. The adsorption kinetics, isotherms and ther-
modynamics were analyzed to further explain the adsorption
mechanism of RhB dyes. This study aimed to develop an effi-
cient dye adsorbent, provide a theoretical basis, and explore
potential approaches to developing low-cost adsorbents from
solid waste.

2 Materials and methods
2.1 Materials

Dimethyl diethoxy silane (DDS, 99.5%) was purchased from
Nanjing Youpu Chemical Co., Ltd, and dodecyl trimethyl
ammonium chloride (DTAC, 98%) was purchased from Sino-
pharm Group Chemical Reagent Co., Ltd. Coal gasification fine
slag was provided by Shaanxi Coal Industry Chemical Group
Yulin Chemical Co., Ltd.

2.2 Preparation of adsorbents

Due to the high moisture content of the raw coal gasification
slag, it was necessary to dry the raw coal gasification slag before
the experiment. The procedure was as follows: the wet slag was
rinsed with deionized water, then the filter was pumped several
times to wash away the dregs, and finally, the fine coal gasifi-
cation slag was oven-dried at 373.15 K for 12 h. After being
cooled to room temperature, it was sieved through a mesh
grinder to obtain the fine coal gasification slag (CGFS).

In a conical flask, 10 mL of DDS was added to 90 mL of
ethanol solution, maintaining a water/ethanol ratio of 1:100.
Then, 10.0 g of CGFS was weighed and added to the mixed
solution. In another conical flask, 10 mL of 0.04 mol L™! DTAC
solution was mixed with ethanol solution in the same propor-
tion, and 10.0 g of CGFS was added to the flask. The two conical
flasks were separately stirred to ensure thorough mixing and

Stirring Drying
i .
Suction filtration 100°C12h DD CCES
Stirring Drying
~artlitne. il
; . DTAC-CGFS
Suction filtration 100°C12h
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reaction between CGFS and the solution. Subsequently, the coal
gasification fine slag contained in the conical flask was sucked
and filtered and then repeatedly rinsed with deionized water.
Finally, the materials were oven-dried at 373.15 K. CGFS
modified with DDS is called DDS-CGFS, whereas CGFS modified
with DTAC is called DTAC-CGFS. The preparation processes of
DDS-CGFS and DTAC-CGFS are presented in Fig. 1.

2.3 Adsorption experiment

This study aimed to investigate the effects of pH value,
temperature, and adsorption time on the adsorption properties
of dyes, thereby enhancing our understanding of the adsorption
behavior of materials for three specific dyes. The experimental
procedure is outlined as follows: A 100 mL dye solution with
a concentration of 100 mg L~ " was added to a 250 mL conical
flask, with pH values adjusted in the range of 3 to 11. Then, 0.1 g
each of CGFS and modified coal gasification fine slag (DDS-
CGFS, DTAC-CGFS) were introduced into the solution. The
conical flask was placed in a shaker set at different water bath
temperatures (298.15-328.15 K), with a rotation speed fixed at
120 r min~" for a duration of 12 hours. After the reaction period,
the dye solution was allowed to stand for some time before
being filtered through a filter paper. The absorbance of each dye
solution was measured using a UV spectrophotometer at their
respective maximum absorption wavelengths. Corresponding
concentrations were determined based on absorbance readings
referenced against standard curves for each dye solution. The
formula used to calculate adsorption capacity is as follows:

0 =(Co— CYVim 1)

where Q, (mg g ') denotes the adsorption capacity of the
adsorbent at time ¢; C, (mg L"), the initial concentration of the
dye; and C, (mg L"), the concentration of the dye at time ¢.

The mathematical expressions of PFO, PSO and ID are as
follows:

4= qe x (1 — e (2)

4 = kag’tl(1 + kagel) (3)
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q =kt + ¢ (4)

where g. (mg g~ ') denotes the equilibrium adsorption capacity;
k, (L min™') and &, (g mg ' min™'), the adsorption rate
constants of PFO and PSO, respectively; k;, the intra-particle
diffusion constant; c, the effect of the boundary layer on the
adsorption rate (the higher the value of c, the greater the effect).

The mathematical expressions of the Langmuir, Freundlich
and Dubinin-Radushkevich (D-R) models are as follows:

de = queKL/(l + KLCe) (5)
1

ge = KrCen (6)

In Q. = In ¢, — ke’ (7)

where C. (mg L") denotes the equilibrium concentration; Q.
(mg g™ "), the equilibrium adsorption capacity; g, (mg g~ '), the
saturated adsorption capacity; K (L mg '), the Langmuir
adsorption constant; Ky, the Freundlich equation constant; and

1 . . .
=) the magnitude of the adsorption strength. &, ¢ is the param-

eter of the D-R adsorption isotherm. The mathematical
expressions of the adsorption thermodynamic models are as
follows:

Ky = q/Ce (8)
In K4 = AS/R—-AH/RT (9)

AG=—RTInK,4 (10)
where Ky denotes the thermodynamic equilibrium constant and
R (8.314 J mol~" K™') is the universal gas constant.

2.4 Characterization

The composition of surface functional groups was analyzed via
Fourier transform infrared spectroscopy (FTIR, Nicolet iS50) in
the wavelength range of 4000-500 cm™"'. The mineral phase
composition on the surface of the material was analyzed via X-
ray diffraction (XRD, Rigaku D/max2200pc). CuKa was used as
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(a) XRD and (b) FTIR spectra of CGFS, DDS-CGFS and DTAC-CGFS.
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the target material. The scanning range was 5-90°, and the
scanning speed was 8° min~'. The nitrogen adsorption-
desorption isotherm was measured using a physical adsorption
analyzer to determine the specific surface area and pore struc-
ture of the sample. The BET adsorption-desorption isotherm
was used to determine the specific surface area and pore
structure of the sample. The surface morphology of the sample
at different magnifications was observed using an emission
scanning electron microscope (SEM, JSM-6460) to capture
detailed microstructure characteristics. The elemental compo-
sition and content were analyzed via EDS.

3 Results and discussion
3.1 Structural characterization of materials

3.1.1 XRD analysis. Fig. 2(a) presents the comparison of the
XRD patterns of CGFS, DDS-CGFS, and DTAC-CGFS. The main
inorganic minerals of CGFS are quartz (SiO,)*® and a small
amount of hematite (Fe,O3), cubic magnesite (MgO) and
corundum (Al,03). For DTAC-CGFS and DDS-CGFS, the XRD
patterns did not significantly change; only the diffraction peak
intensity exhibited a slight different. Compared with the XRD
patterns of the original fine slag samples, the characteristic
peaks remained the same, and no new miscellaneous peaks
appeared.

3.1.2 FTIR analysis. Fig. 2(b) shows the FTIR spectra of
CGFS, DDS-CGFS, and DTAC-CGFS. After heat treatment at
373.15 K, CGFS produced a wide absorption peak at about
3440 cm ™, which was inferred to be the ~-OH group, mainly due
to the tensile vibration of adsorbed water. The peak was also
more susceptible to the influence of absorbed water in the
surrounding environment. At about 2944 and 2827 cm ™", there
were two weak absorption peaks generated by the vibration of
the -CHj groups. The peak at about 1633 cm ™" was generated by
the stretching vibration of the C=C group and represented the
aromatic structure. The higher the content of the aromatic
structure, the better the thermal stability. The peaks at about
1068 cm ™" were caused by the asymmetric stretching of Si-O-Si.
For DTAC-CGFS, compared with the original slag, new FTIR
bands appeared at 530 cm !, which was derived from the
bending vibration of Si-O. The peaks in the range of 1480 and
2900-3450 cm ™" corresponded to the stretching vibration of the
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—-CH and -OH groups, and the intensity of FTIR bands was
enhanced, which indicated that the modification was successful
and dodecyl trimethyl ammonium chloride cations appeared on
the surface of the fine slag. The absorption peaks of DDS-CGFS
at 3434 cm ™" indicated that the Si-OH produced by hydrolysis
of silane coupling agent had a condensation reaction with the
Si-OH on the surface of the fine slag, suggesting that the silane
agent was grafted on the surface of the fine slag in the form of
chemical bond. The peak at 1100 cm™ " was caused by the
stretching vibration of the Si-O-C bond, whereas the peak in
the range of 1035-1080 cm ™ * indicated the presence of the Si-
O-Si bond. All these proved that dimethyl diethoxy silane
successfully modified coal gasification fine slag and organic
silane was successfully grafted. By comparing before and after
adsorption, a new FTIR peak appeared at 1330-1390 cm ',
which could be the characteristic peak of RhB, indicating that
RhB was successfully adsorbed.

3.1.3 Pore structure analysis. Fig. 3(a) shows the N,
adsorption-desorption isotherms of CGFS, DDS-CGFS and
DTAC-CGFS. The adsorption amount of N, by DDS-CGFS and
DTAC-CGFS rapidly rose in the low relative pressure range and
increased with the increase in relative pressure, indicating the
existence of a micropore filling effect and a micropore structure
inside the material. In the region with high relative pressure (P/
P, > 0.4), type VI hysteresis rings appeared in all materials,
indicating a rich mesoporous structure. The hysteresis rings
appeared as the capillary condensation enabled the N, mole-
cules to condense and fill mesoporous channels under normal
pressure. The adsorption and desorption isotherms did not
overlap as the adsorption and desorption processes started at
different liquid levels. The shape of the hysteresis loop is
consistent with the classification of the International Union of

Table 1 Pore structure parameters

Specific surface  Average aperture Total pore volume

Adsorbents  area (m®g ) size (nm) (em®g™)
CGFS 109.19 4.78 0.13
DDS-CGFS 100.58 4.39 0.11
DTAC-CGFS 59.16 5.59 0.08
b) 5
"E 0.20 —o— DTAC-CGFS
S DDS-CGFS
E —o—CGFS
=0.15
=
>
2
g 0.10
2
=0.05
=
2
> 0 00 RML . 1
Z 0.
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(a) N, adsorption—desorption isotherms and (b) pore-size distribution of CGFS, DDS-CGFS and DTAC-CGFS.
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Theoretical and Applied Chemistry (IUPAC), which belongs to
the H4-type hysteresis loop, suggesting that the material has
a rich mesoporous structure. The pore-size distribution shown
in Fig. 3(b) indicates that the pore sizes of CGFS, DDS-CGFS and
DTAC-CGFS are mainly distributed in the range of 0~-7 nm, and
there are abundant mesoporous and microporous structures. As
shown in Table 1, the specific surface area of DDS-CGFS is about
2 times that of DTAC-CGFS, which is more conducive to dye
adsorption.

3.1.4 Morphological analysis. Fig. 4(al-c2) presents SEM
images of CGFS, DDS-CGFS and DTAC-CGFS. Fig. 4(al, a2)
shows the surface morphology of CGFS. The particle size is
uneven, the shape is mainly amorphous, and there are some
relatively fine glassy spheroids, which may be SiO,, with
a particle size of about 12-15 pm. Fig. 4(b1, b2) presents the
SEM image of DDS-CGFS. After modification, the overall
microscopic morphology of DDS-CGFS does not significantly
change, but it can be observed that the surface of the material
becomes rough, and some finer substances and flocculent
substances appear, which exactly indicates the successful
preparation of DDS-CGFS. Fig. 4(c1, c2) presents the SEM image
of DTAC-CGFS, similar to DDS-CGFS, the overall microscopic
morphology slightly changes, but the material surface is
smooth.

View Article Online

Paper
Table 2 Atomic percentages of CGFS and DDS-CGFS
Element CGFS DDS-CGFS
C 42.72 77.16
o 45.78 20.69
Si 6.41 1.33
Fe 0.86 0.05
Al 2.16 0.21
Ca 0.61 0.05
Other 1.46 0.51

Fig. 4(d) shows the EDS element mapping of DDS-CGFS,
whereas Table 2 shows the atomic percentages of CGFS and
DDS-CGFS. The C, O, Si, Al and Ca elements are uniformly
distributed within the carbon framework, and Ilocal co-
abundance regions of silicon and oxygen can be observed
simultaneously. The C/Si of CGFS is 6.66%, whereas that of
DDS-CGFS is 58.01%. This indicates that carbon-containing
organic groups were successfully implanted on the surface of
CGFS.

3.2 Adsorption performance analysis

3.2.1 Effect of dye type on adsorption performance.
Fig. 5(a) shows the adsorption effect diagrams of three

Fig. 4 SEM images of the (al, a2) CGFS, (b1, b2) DDS-CGFS and (cl1, c2) DTAC-CGFS samples at different magnifications. (d) EDS element

mapping images of DDS-CGFS.
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Fig. 5 Effect of (a) dye-type and (b) time on the adsorption performance of adsorbents. Molecular structural formulas of (c) RhB, (d) K-GN, and

(e) H-GL.

adsorbents for different dyes, with the solution temperature
being 278.15 K and the solution pH value being 7. It can be
observed from the figure that the adsorption capacity of the
modified coal gasification fine slag for dyes is markedly
enhanced. The adsorbents have different adsorption capacities
for the three dyes, and all exhibit a selective order of RhB > K-GN
> H-GL. This may be because the molecular weight of RhB,
enabling it to easily reach the internal active sites through the
pore structure of the adsorbent. Fig. 5(c)-(d) show the molecular
structures of the three dyes, the molecular weights of the three
dyes, from smallest to largest, are all RhB, K-GN, H-GL. Among
the three adsorbents, the most effective one was DDS-CGFS,
with an adsorption capacity of 83.81 mg g ' for RhB. The
second was DTAC-CGFS, which reached an adsorption capacity
of 73.84 mg g~ ". The adsorption capacities of both adsorbents
increased by 114.68% and 89.14%, respectively, compared with
CGFS. This experiment shows that the modified adsorbent had
the best adsorption effect on RhB. Therefore, subsequent
experiments continued to explore the influence of different
factors on the adsorption effect of RhB.

It can be found that the specific surface area of DDS-CGFS
and DTAC-CGFS both decreased after modification; however,
their adsorption capacity for RhB markedly increased. This
suggests that the enhancement of performance mainly stems
from the alteration of surface chemical properties rather than
the optimization of physical structure. First, the surface of DDS-
CGFS was grafted with dimethylsiloxane chains. This modifi-
cation not only enhances affinity with the RhB aromatic ring but
also consumes part of the surface hydroxyl groups, optimizes
the interface charge, and thereby weakens the electrostatic
repulsion with the RhB cation. Synergistic enhancement of the
hydrophobic effect and electrostatic attraction was achieved,
and an adsorption layer characterized by long alkyl chains and

© 2026 The Author(s). Published by the Royal Society of Chemistry

cation groups was formed on the DTAC-CGFS surface. The long
alkyl chain forms a hydrophobic micro-region at the interface,
and RhB molecules can effectively localize within this area.
Although the cationic group causes the surface to carry a strong
positive charge and generate electrostatic repulsion with RhB,
the hydrophobic distribution effect is sufficient to overcome
this repulsive force and becomes the main driving force for
adsorption.

Fig. 5(b) shows the adsorption properties of three materials
for RhB under the influence of different time. As shown in the
figure, the adsorption capacity of the three dye materials grad-
ually increases over time. The maximum adsorption capacity of
CGFS for RhB is 49.94 mg g ', whereas the minimum is
39.05 mg g . For RhB, the adsorption capacity of DDS-CGFS
increased from 71.81 to 83.81 mg g~ ', whereas that of DTAC-
CGFS increased from 63.05 to 73.84 mg g~ ', corresponding to
increases of 16.71% and 17.11%, respectively.

3.2.2 Effect of pH. In adsorption experiments, pH is an
important factor that influences the surface charge of the
adsorbent in the solution as well as the ionization and molec-
ular structure of RhB.*® The adsorption effect of the adsorbent
on RhB under the influence of different pH values is presented
in Fig. 6(a). In this figure, the adsorption capacity variation
trends of the three samples are similar. With the increase in pH,
the adsorption capacities of DDS-CGFS, DTAC-CGFS, and CGFS
gradually decreased to 97.36, 77.47, and 39.05 mg g ', respec-
tively, reaching the maximum value at pH = 3. Meanwhile, at
pH = 11, they decreased to 17.34%, 22.73% and 35.95%,
respectively. At pH = 3, RhB exists in the form of cations and
monomer molecules. RhB cations enter the adsorbent through
electrostatic attraction and are more easily captured. As the pH
value increases, RhB exists in the form of an amphoteric ion,

RSC Adv, 2026, 16, 7120-7131 | 7125
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DDS-CGFS and DTAC-CGFS.

hindering its entry into the pore structure of the adsorbent,
thereby leading to a decrease in adsorption capacity.

3.2.3 Effect of temperature. Fig. 6(b) shows the adsorption
properties of three materials under the influence of different
temperatures. As shown in the figure, with the increase in
solution temperature, the adsorption capacities of the three
materials for the RhB dye also increase, indicating that the
adsorption process is an endothermic reaction. CGFS, DDS-
CGFS and DTAC-CGFS reached their maximum values at
328.15 K, which were 49.94, 80.45 and 92.82 mg g ', respec-
tively. Compared with the minimum values, they increased by
27.88%, 8.95% and 11.42%, respectively. This may be because
as the temperature rises, the rate of molecular movement
gradually increases, and resistance to molecular movement
decreases, making it easier for dye molecules to combine with
the adsorption sites in the adsorbent, thereby enhancing the
adsorption capacity of the adsorbent.

3.2.4 Adsorption recoverability. To verify the cycling
stability of DDS-CGFS and DTAC-CGFS, three cycling adsorption
tests were conducted on the adsorbents. Under the conditions
of 298.15 K and pH = 7, 0.1 g of the adsorbent was dispersed in
100 mL of dye solution (100 mg L") for 24 hours. As illustrated
in Fig. 6(c), after three cycles, DDS-CGFS and DTAC-CGFS still
demonstrated good adsorption capacity for RhB, suggesting

7126 | RSC Adv, 2026, 16, 7120-7131

that these two adsorbents have good cycling stability and
recyclability.

3.2.5 Adsorption kinetics. To elucidate the key factors
affecting adsorption rate and mechanism, pseudo-first-order
kinetics (PFO) and pseudo-second-order kinetics (PSO) models
as well as intramolecular diffusion (ID) models were used to fit
the adsorption processes of CGFS, DDS-CGFS and DTAC-CGFS.
Table 3 summarizes the dynamic parameters obtained by
fitting. The fitting results of PFO and PSO are presented in
Fig. 7(a and b). In the PSO model, the correlation coefficient (R?)
of DDS-CGFS and DTAC-CGFS for the RhB reached 0.99, which
was significantly higher than that of the PFO model and was
extremely close to 1, whereas the RSME of PSO was lower than
that of PFO. The theoretical adsorption capacity of DDS-CGFS
for RhB was 84.49 mg g ', which was very close to the experi-
mental adsorption capacity of 83.81 mg g '. The results indi-
cated that the adsorption process of DDS-CGFS for the RhB was
more consistent with the PSO model. Similarly, the adsorption
process of RhB by DTAC-CGFS was consistent with the PSO
model. Moreover, the RSME of PSO was lower. This result
suggests that the adsorption process may involve electrostatic
force, electron transfer and other mechanisms.?*3* The
adsorption process of RhB by CGFS is more consistent with the
correlation coefficient of the PSO fitting curve (The R* of PSO is
large). However, it must be emphasized that the PSO model is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Adsorption kinetic parameters fitted based on the PFO, PSO and ID models
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Model Parameters CGFS DDS-CGFS DTAC-CGFS

PFO ge(cal)/(mg g™") 47.79 + 1.89 80.54 + 1.13 71.59 + 0.87
k;/(mg min g ) 0.09 + 0.01 0.22 + 0.02 0.17 + 0.01
R? 0.5423 0.7741 0.8983
RMSE 3.55 3.59 2.65

PSO ge(cal)/(mg g™") 53.03 + 2.47 84.49 + 0.29 75.57 + 0.28
k,/(mg min g ) 0.002 + 0.0009 0.005 4 0.0001 0.004 4+ 0.001
R? 0.7809 0.9916 0.9939
RMSE 2.46 0.69 0.65

D Kp(mg/(g min''?) 2.85 £ 0.75 4.00 £ 0.65 4.46 + 0.85
Ci 25.71 4+ 4.57 54.62 + 3.33 42.42 + 4.33
R? 0.8194 0.8626 0.9688
RMSE 1.5242 3.13 4.06
K,(mg/(g min'/?)) 0/52 + 0.26 0.32 £ 0.02 0.17 £ 0.01
C, 44.63 + 2.29 79.22 4 3.29 71.31 4+ 0.12
R? 0.7965 0.7926 0.9795
RMSE 0.1878 0.14 0.06

empirical, and its good fit alone cannot serve as conclusive
evidence of chemical adsorption. The final determination of the
adsorption mechanism requires a comprehensive assessment
by combining the isotherm model, thermodynamic parameters
and spectroscopic characterization.

Fig. 7(c) shows the linear fitting results of the ID model of
CGFS, DDS-CGFS and DTAC-CGFS. The entire adsorption

process can be fitted with two straight lines that do not pass
through the origin, which suggests that the entire adsorption
process is limited not only by surface diffusion but also by intra-
particle diffusion.*” The first straight line represents the diffu-
sion of the dye from the liquid phase to the surface of the
material, whereas the second straight line represents the intra-
particle diffusion of the dye into the pores of the material.*®* The
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Fig. 8 Adsorption isotherm model of CGFS, DDS-CGFS and DTAC-CGFS: (a) Langmuir and Freundlich and (b) D—R models.

higher slope of the first line indicates a faster diffusion rate on
the outer surface; thus, intra-particle diffusion is the main rate-
limiting step in the adsorption process. In the ID model, the C,
value is greater than the C, value, indicating that the influence
of boundary layer on the adsorption rate is more significant.
The good fitting of the pseudo-second-order kinetic model
indicates that the adsorption rate may be controlled by the
interaction between the active sites on the adsorbent surface
and the adsorbate, and this process involves electron sharing or
exchange.

3.2.6 Adsorption isotherm. The Langmuir, Freundlich and
Dubinin-Radushkevich (D-R) models were used for adsorption
isotherm fitting. The fitting curve is presented in Fig. 8 and the
parameters in Table 4. According to the data in the table, the

Table 4 Adsorption isotherm parameters of DDS-CGFS and DTAC-
CGFS

Model Parameters  CGFS DDS-CGFS DTAC-CGFS

Langmuir K (Lmg™) 0.38+0.06 0.91+0.02 0.98 4 0.03
gm/(mg g™") 59.59 + 1.39 96.08 + 0.19 81.70 + 0.15
R? 0.9572 0.9991 0.9986
RMSE 1.64 0.23 0.14

Freundlich K 31.87 £ 0.69 72.29 +2.14 64.19 £ 0.74
1/n 0.16 £ 0.007 0.07 £ 0.01 0.06 £ 0.003
R? 0.9946 0.9657 0.9882
RMSE 0.58 1.35 0.34

D-R E (K] molfl) 3.95 £+ 0.01 4.53 + 0.05 4.37 + 0.05
R? 0.8951 0.9771 0.9684
RMSE 0.01 0.01 0.01

adsorption processes of RhB are more consistent with the
Langmuir isotherm model, and the correlation coefficient R” is
higher. This suggests that the Langmuir model is more suitable
for describing the adsorption of DDS-CGFS and DTAC-CGFS on
RhB, indicating that the adsorption process is monolayer
adsorption, that is, each adsorption site is occupied by only one
dye molecule. For CGFS, the R* of the Freundlich model is
greater than that of the Langmuir model, suggesting that the
Freundlich model is more suitable for describing this adsorp-
tion behavior and confirming that the adsorption of RhB by
CGFS is multilayer adsorption. In the Freundlich model, 1/n
denotes the favorability of the adsorption; a 1/n value greater
than 0.5 indicates that the adsorption is easy to perform,
whereas a 1/n value greater than 2 indicates otherwise. In this
experiment, the 1/n values were all less than 0.5, indicating that
adsorption is easy to perform. Table 3 shows that the average
adsorption energy E of all samples is significantly lower than
8 k] mol ™. E values below 8 k] mol " usually indicate that the
adsorption process is dominated by physical adsorption,**
suggesting that adsorption may mainly occur through van der
Waals forces or micropore filling. This seems to have a surface
contradiction with the good fitting of the PSO model. However,
this reflects the complexity of the real adsorption system: the
PSO model may describe the rate-limiting steps of surface
binding or diffusion, whereas the D-R energy reflects the
average intensity of the overall adsorption interaction. The two
describe the adsorption process from different dimensions and
are not completely mutually exclusive.

3.2.7 Adsorption thermodynamics. We further analyzed
adsorption mechanism from the perspective of adsorption

Table 5 Thermodynamic parameters for the adsorption of dyes by DDS-CGFS and DTAC-CGFS

AG (KJ mol ™)

Adsorbents 298.15 K 308.15 K 318.15 K 328.15 K AH (KJ mol ™) AS (KJ mol ™)
CGFS —8.979 —10.252 —11.525 —12.798 6.0912 0.0541
DDS-CGFS —-3.98 —4.71 -5.37 —6.98 24.63 0.09
DTAC-CGFS —-2.57 -3.03 —3.40 —3.86 10.02 0.04
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Fig. 9 Adsorption mechanism diagram.

thermodynamics. The thermodynamic parameters include AH
(enthalpy change), AG (Gibbs free energy) and AS (entropy
change); the specific values are shown in Table 5. The table
shows values ranging from 298.15 to 328.15 K. AG decreases
with the increase in temperature, and the negative values of AG
for RhB by DDS-CGFS and DTAC-CGFS indicate that the
adsorbents are highly adsorbent and the adsorption is sponta-
neous.* The AG value is between —20 and 0 KJ mol*, indi-
cating that the adsorption process is physical adsorption.*
When multiple forces (e.g., electrostatic attraction and
hydrogen bonding) coexist, the adsorption process may
conform to the proposed secondary kinetics; however, the
thermodynamic parameter AG may fall within the range of
physical adsorption. This apparent contradiction is due to the
synergy of multiple weak interactions. Therefore, the adsorp-
tion of dye by the two adsorbents is considered to be a syner-
gistic effect of physisorption and chemisorption. The AH and
AS values are positive, indicating that the adsorption process
absorbs heat and the interface disorder between the solution
and the adsorbent increases. With the increase in temperature,
the adsorption process is more favorable, suggesting that the
modified coal gasification fine slag can adsorb dye better at

Table 6 RhB adsorption capacity of different adsorbents
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a high temperature. The absolute value of the adsorption
enthalpy change AH is less than 40 k] mol ', indicating that the
adsorption force is mainly a physical action. Combined with the
analysis of D-R energy E, although the PSO model fits well,
thermodynamic and isotherm evidence is more supportive of
the physical-chemical mixed adsorption mechanism.

3.2.8 Adsorption mechanism. After a systematic study of
the influencing factors of adsorption, combined with the results
of adsorption kinetics, isothermal models, thermodynamic
analysis and characterization, we believe that the adsorption
process of dyes by modified CGFS involves the joint contribu-
tion of physical and weak chemical effects. Taking the adsorp-
tion of RhB by DDS-CGFS as an example, its adsorption
mechanism can be reasonably explained as follows: physical
adsorption is mainly reflected in the processes of molecular
diffusion and pore filling, which is supported by the intra-
particle diffusion model. DDS-CGFS has a large specific
surface area and rich multi-level pore structure (mainly micro-
pores and mesopores), which is conducive to the progress of
molecular diffusion and pore filling, and may exert a capillary
effect, thereby promoting RhB adsorption. FTIR analysis
revealed that there are oxygen-containing functional groups

Absorbent Gmax (Mg g™ References
DDS-CGFS 92.82 This work
DTAC-CGFS 80.45 This work
Based on graphene oxide and molecular sieves (GO/4A-3 material) 62.81 37
Molecular sieves prepared using CGFS (ZMS-5 material) 23.00 38
Hydrothermal conversion of bamboo shoot shells into biochar (BHC-800 material) 85.80 39
Activated carbon treated with NH,Cl and NaOH (ZBAC-3 material) 1375.8 40
Pyridine-based covalent organic framework (TAPP-DBTA-COF material) 1254 41
Metal-organic skeleton (MIL-68(Al) material) 227 42

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(such as -OH) and siloxane structures (Si-O~) on the material
surface. RhB exhibits cationic characteristics under experi-
mental conditions; thus, there may be hydrogen bond interac-
tions and electrostatic attraction between the dye cations and
negatively charged sites. Meanwhile, both the adsorbent and
dye molecules contain aromatic structures, and the contribu-
tion of w-m stacking interactions cannot be ruled out. It should
be noted that the above mechanism explanations are based on
existing characterizations and model analyses. Among them,
the pore structure parameters and diffusion models provide
relatively direct evidence for physical adsorption, whereas the
electrostatic and hydrogen bond interactions are mainly based
on reasonable inferences of surface chemistry and dye proper-
ties. -7 stacking, on the other hand, is a reasonable specula-
tion that awaits further direct verification. Overall, the
adsorption process is extremely likely the result of the syner-
gistic action of multiple mechanisms. These mechanisms may
coexist and promote each other, jointly enhancing the adsorp-
tion effect of DDS-CGFS on RhB. Fig. 9 presents a schematic
diagram of these potential interactions.

To better evaluate the adsorption performance of the two
synthetic materials, Table 6 presents a comparison of their
adsorption capacity for RhB. Compared with adsorbents
exhibiting high adsorption capacity, such as ZBAC-3, the
synthesis methods of the two adsorbents synthesized in this
study are simpler, and the materials used are waste pollutants.
Comprehensively taking into account the adsorption capacity
and cost performance of the adsorbents, the application pros-
pects of the two materials synthesized in this study are better.

4 Conclusions

In this study, DDS-CGFS and DTAC-CGFS were successfully
prepared via surface modification of CGFS. These two materials
exhibit high adsorption capacity for RhB, particularly DDS-
CGFS. This is mainly attributed to the unique synergistic
effect of physical adsorption and chemisorption. Analysis of
structural properties revealed that the modified CGFS induces
no significant change in phase structure. In terms of chemical
structure, the Si-OH and Si-O-C FTIR bands are found in the
FTIR spectra of DDS-CGFS, and the -CH, and -CH groups
appear in the FTIR spectra of DTAC-CGFS. BET analysis revealed
that the specific surface area of DDS-CGFS was 100.58 m* g~
and that of DTAC-CGFS was 59.16 m” g~ . DDS-CGFS possessed
a higher specific surface area, favoring dye adsorption. The
adsorption kinetics and thermodynamics showed that the
adsorption of dyes by DDS-CGFS and DTAC-CGFS was mainly
physical and chemical, which may involve electrostatic force
and other mechanisms. The adsorption process is endothermic
and spontaneous. The adsorption of dyes by the two materials
mainly depends on the interaction of the hydrogen and m-m
bonds. In addition, physical adsorption exerted a significant
effect. This study provides theoretical basis and practical value
for the resource utilization of CGFS and the treatment of dye
wastewater. Future studies should continue to focus on the
resource utilization of CGFS and its practical application in the
treatment of dye wastewater.
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