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Mechanism of one-step
hydrothermal nitric acid treatment
for producing high adsorption
capacity porous materials from coal
gasification fine slag

Yunxuan Luoyang?, Hua Wang¥?*, Jian Li%, Bi Chen?, Xia Li' & Zhang Guotao*

The increasing amount of coal gasification fine slag (CGFS) necessitates its resource utilization. CGFS,
mainly composed of porous carbonaceous particles and partially fused spherical or agglomerated ash
particles, is an inexpensive and high-quality raw material for preparing adsorbent materials. However,
the challenge remains in developing a simple, low-cost, and environmentally friendly method to
produce high-performance porous materials from CGFS. In this study, a one-step treatment method
using 2 mol/L nitric acid under hydrothermal conditions was proposed for CGFS. The adsorbent
material (CGFS-2 M) prepared under a solid-liquid ratio of 2:5 and an initial concentration of 200 mg/L
methylene blue (MB) exhibited an equilibrium adsorption capacity as high as 210.20 mg/g. The
excellent adsorption performance of CGFS-2 M can be attributed to several factors: acid leaching for
mineral removal and pore formation, resulting in a specific surface area and total pore volume 2.2 and
1.6 times that of untreated CGFS, respectively, and an optimized mesoporous pore size distribution
favorable for MB adsorption; optimal mineral removal and a well-defined carbon microcrystal
structure providing more space for MB adsorption; nitric acid treatment increasing the surface oxygen
content and hydrophilicity, enhancing its ability to remove MB. The synergistic effect of pore structure
improvement and surface modification indicates a feasible research direction for enhancing the
performance of CGFS-based adsorbent materials. These results provide theoretical support for the
development of efficient CGFS-based adsorbents.
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With the continuous advancement of coal gasification technology, the production of coal gasification fine slag
(CGFS), a significant by-product, has been steadily increasing'. The urgent necessity of efficiently utilizing
CGFS must be addressed promptly. CGFS primarily consists of aluminosilicates and residual carbon, with a
high amorphous content, rendering it an ideal precursor for the preparation of porous adsorbent materials?.
Nevertheless, CGFS exhibits complex and diverse physicochemical properties, and research on its utilization
technologies remains relatively underdeveloped. At present, the methodologies for producing high-performance
porous adsorbent materials from CGFS are not sufficiently mature®. To streamline the production process, reduce
preparation costs, and overcome existing technological bottlenecks, it is imperative to undertake comprehensive
and systematic research and optimization efforts.

Several reports have been published on the preparation of adsorbent materials from CGFS. For example, a
highly efficient adsorbent for carbon dioxide capture was successfully prepared through flotation desilication
followed by high-temperature alkali activation®. Another study used calcination desilication followed by chitosan
composite for the removal of hexavalent chromium and RhB from water’. Additionally, a high-performance
crystal violet adsorbent was prepared by first two-step acid desilication and then alkali activation®. MCM-41
mesoporous silica adsorbent was also prepared using alkali desilication solution®. However, these methods
typically involve cumbersome experimental procedures and large amounts of chemical reagents, making the
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preparation process complex and posing a high risk of environmental pollution, which is not conducive to
industrial production. Although some scholars have also used simple acid leaching or alkali treatment to modify
CGFS’, they have focused solely on improving the pore structure without detailed discussions on the mechanism.
Few studies have reported the synergistic enhancement of adsorption performance by simultaneously increasing
pore structure and active sites. Therefore, there is an urgent need to explore a new method for preparing porous
materials based on CGFS that considers factors such as process simplicity, low energy consumption, and envi-
ronmental friendliness. This research aims to not only ensure excellent adsorption performance but also promote
the high-value utilization of CGFS resources, which will be of great significance for theoretical innovation and
technological progress in related fields.

The hydrothermal method is a commonly used approach for materials synthesis, promoting chemical reac-
tions and crystal growth under high temperature and pressure conditions®. Nitric acid is a commonly used
demineralization agent with strong oxidizing ability’. Due to the strong corrosiveness and oxidizing nature
of nitric acid, this study proposes a strategy for the one-step hydrothermal acid leaching of coal gasification
fine slag to prepare porous adsorbent materials, aiming to achieve simultaneous pore formation and surface
modification of the materials. Moreover, this method does not employ the traditional atmospheric pressure
treatment with nitric acid; instead, it uses a nitric acid treatment process in a hydrothermal closed environment.
This choice enhances the dual effects of nitric acid treatment efficiently and promotes environmentally friendly
experimental conditions.

Based on the unique structural composition of CGFS, this method fully utilizes the strong corrosiveness of
nitric acid to effectively leach out some metal oxides in CGFS, thereby releasing the internal pore structure of
residual carbon particles and etching the surface of some spherical ash particles to form a rich pore network.
Furthermore, this method utilizes the strong oxidizing property of nitric acid to oxidize organic carbon and
inorganic components in CGFS during the "pore formation" process, thereby altering the surface properties of the
material and increasing active adsorption sites. Through the synergistic effect of structure and surface properties,
a one-step method for preparing high-performance adsorbent materials is achieved. Compared with traditional
processes, this method simplifies the process, reduces environmental risks and energy consumption, achieves
synergistic optimization of pore structure and active sites, and has good industrial potential.

Materials and methods

Materials and reagents

Gasification slag samples were obtained from Qingshui Industrial Park, Yulin, Shaanxi. The gasification slag
was dried and sieved through a 200-mesh sieve, and the resulting sample was labeled as CGFS. The chemical
composition of the sample after high-temperature de-ashing of CGFS is shown in Table S1. Nitric acid and MB
were procured as analytical reagent grade from Tianjin Kemi Chemical Reagent Co., Ltd. The experimental
water was deionized water.

CGFS hydrothermal acid leaching test and adsorption experiment

The flow of the nitric acid hydrothermal acid leaching experiment is shown in Figure S1. The conditions of
hydrothermal acid leaching with nitric acid were optimized using leaching rate as the test index. The opti-
mized process parameters were acid concentration (1-10 mol/L), temperature (360—480 K), solid-liquid ratio
(1:10-1:20) and time (60—150 min). The optimized experimental results are shown in Figure S2. Because the acid
concentration has the greatest effect on the leaching rate, the subsequent discussion in this paper will focus on
the effect of acid leaching concentration on the structure and composition of CGFS. The acid leach residue after
acid leaching of CGFS with different concentrations of nitric acid was recorded as CGFS-X, where X represents
the concentration of nitric acid used.

Precisely weigh specified amounts of CGFS-X samples (X=1 M, 2 M, or 4 M) and introduce them into a
solution with an initial MB concentration of 200 mg/L, maintaining a solid-to-liquid ratio of 2:5. Subject the
mixture to agitation at room temperature. At designated intervals, withdraw samples for analysis and determine
the MB concentration in the solution.

Sample analysis and structural characterization

The mineral phase composition of the samples was analyzed by X-ray diffraction (XRD, Bruker D8 Advance)
using a Cu Ka radiation source with a scan range of 10° to 80° and a step size of 0.02°. Scanning electron micros-
copy (SEM, SIGMA 300) was employed to observe the surface morphology of the samples at various magnifica-
tions to capture detailed microstructural features. The composition of the surface functional groups was analyzed
by Fourier-transform infrared spectroscopy (FTIR, Bruker Tensor 27) in the wavenumber range of 4000 cm™ to
400 cm™! with a resolution of 4 cm™. The surface composition of the samples was examined by X-ray photoelec-
tron spectroscopy (XPS, Thermo Scientific K-Alpha) with an analysis chamber pressure below 2.0x 1077 mbar
and using a non-monochromatic Al Ka X-ray source. The full-spectrum scanning flux energy was 150 eV, with
a step of 1 eV; the narrow-spectrum scanning flux energy was 50 eV, with a step of 0.1 eV. Raman spectroscopy
(Raman, Horiba LabRAM HR Evolution) was utilized to determine the microstructure of carbon with a laser
excitation wavelength of 532 nm and a spectral resolution better than 1 cm™. Inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES, Agilent 5110) was applied to analyze the elemental composition of CGFS
and CGFS-X, with sample digestion carried out in a microwave-assisted system and using a standard addition
method for quantification.The specific surface area, pore size, and volume of the samples were determined by
a nitrogen adsorption and desorption analyzer (ASAP 260) at 77 K, sing the BET (Brunauer-Emmett-Teller)
method for monolayer adsorption capacity and the BJH (Barrett-Joyner-Halenda) method for pore size distribu-
tion analysis. The absorbance of Methylene Blue (MB) was measured at 664 nm using a visible spectrophotometer
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(Elite Technology Instrument Co., Ltd. 722N), with a calibration curve prepared over a concentration range of
0-10 mg/L to ensure accuracy.

Results and discussion

Impact of hydrothermal nitric acid treatment on the composition of CGFS

Impact on elemental composition

Table S2 presents the concentrations of more than 60 inorganic ash-forming elements detected in CGFS and
CGFS-X. The analysis results indicate that, aside from Si, which shows an enrichment trend in CGFS-X, only
a few elements, such as Ag in CGFS-2 M and CGFS-4 M, Bi in CGFS-2 M, and In and Se in the CGFS-1 M,
exhibit enrichment. Conversely, all other elements display a significant leaching trend, suggesting that nitric acid
hydrothermal leaching is effective the extraction of minerals.

To ensure data consistency in the classification of the 60 elements with concentrations above the detection
limit, we standardized the raw data. Based on this standardized data, hierarchical clustering was performed.
The results, depicted in the dendrogram in Fig. 1, categorize the data into two clusters, labeled A and B. Cluster
A includes up to 45 elements, whose leaching rates do not improve significantly with increasing nitric acid
concentration. In contrast, Cluster B comprises 15 elements, whose leaching rates show a marked increase with
higher nitric acid concentrations.

Comparative analysis of the two clusters reveals differences in their response to changes in nitric acid con-
centration. This variability can be attributed to the distinct modes of occurrence of these elements in the original
gasification slag'’. Elements in Cluster A are more likely to be associated with aluminosilicate, carbonate, and
sulfate minerals, whereas elements in Cluster B are probably present as iron oxides or phosphates!’. This differ-
entiation underscores the influence of the initial mineralogical composition on the leaching efficiency of nitric
acid hydrothermal treatment.

The impact on the phase composition

The XRD patterns of CGFS and CGFS-X (X=1 M, 2 M, 4 M, 10 M) are illustrated in Fig. 2. The primary
inorganic minerals detected in CGFS include gehlenite (Ca,Al,SiO;), quartz (SiO,), hematite (Fe,O3), and
magnetite (Fe;O4). With increasing nitric acid concentration, the characteristic diffraction peaks of Ca,Al,SiO;
in CGFS-2 M, CGFS-4 M, and CGFS-10 M nearly disappear, while the characteristic diffraction peaks of SiO,
increase. This indicates that higher concentrations of nitric acid lead to the precipitation of more free SiO, from
Ca,Al,Si0,"2, which is consistent with the increase in Si content with rising nitric acid concentration as shown
in Table S2. Furthermore, the characteristic diffraction peaks of Fe;0, also diminish with increasing nitric acid
concentration. This is due to Fe;O,, being a basic oxide, undergoing redox reactions with the strong oxidizing
acid nitric acid. After the dissolution of Fe;O, by nitric acid, the remaining nitric acid oxidizes Fe*" in the acid
leachate to Fe’*'3. The characteristic diffraction peaks of Fe,O; and SiO, do not show significant enhance-
ment with increasing nitric acid concentration, indicating that concentrations above 2.0 mol/L do not markedly
improve the leaching efficiency of Fe,O5 and SiO,.

As the concentration of nitric acid increases, CGFS-X exhibits distinct "bread-like" peak structures in the
diffraction angle range of 20 =20-30°, suggesting the presence of substantial amorphous substances in these acid
leaching residues'. The evolution of amorphous substances in CGFS-X is associated with the partial degradation
of inorganic minerals (such as Ca,Al,SiO; and Fe;O,) and the formation of poorly crystalline or non-crystalline
materials'®. In addition to containing amorphous aluminosilicates and SiO,, CGFS also includes a significant
amount of amorphous carbon.

Impact of hydrothermal nitric acid treatment on the microstructure of CGFS
Impact on the microscopic surface morphology
As shown in Fig. 3, SEM images of the CGFS and CGFS-X samples illustrate their microstructural characteris-
tics. In Fig. 3a, the untreated CGFS is observed to comprise several components: partially clogged porous char
particles (A), smooth-surfaced fully molten inorganic components (B), and rough-surfaced partially molten
agglomerated inorganic components (C). After nitric acid demineralization treatment, the smooth spherical
inorganic components in the CGFS-X (X=1 M, 2 M, 4 M) samples are almost entirely absent (Fig. 3b—d). This
disappearance can be attributed to two major factors: first, some of these spheres consist of metal oxides (such as
Ca, Mg, Na) that are readily dissolved by nitric acid'®; second, the leaching of soluble metal elements from these
spheres renders their surfaces rough and porous (as seen in D), rather than smooth. The partially molten agglom-
erates, enriched with acid-insoluble elements (such as Si and Al), remain even after treatment with nitric acid.
Compared to CGFS, the CGFS-X samples obtained after nitric acid treatment exhibit a more open pore
structure. As the acid concentration increases, the extent of surface agglomeration decreases, leading to a more
developed porous structure with a noticeable reduction in pore size. Figure 3¢ shows that the surface of the
residue treated with 2.0 mol/L nitric acid is the smoothest, with the least residual agglomerated inorganic com-
ponents. However, when the concentration of nitric acid is increased to 4.0 mol/L, the severe corrosiveness of
the acid significantly erodes the char framework, resulting in denser pore channels, thinner carbon layers, and
arougher surface.

Influence on the microstructure of carbon crystals

Raman spectroscopy is extensively employed for the structural characterization and defect analysis of carbo-
naceous materials'’. Figure S3 displays the Raman spectra of CGFS and CGFS-X (X=1M, 2 M, 4 M) samples.
Prominent D and G peaks are observed in the first-order region (1100-1800 cm™), along with comparatively
weaker vibrational peaks of C-H and other groups in the second-order region (2200-3400 cm™)8. A higher
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Fig. 1. Clustering dendrogram of elements.

D band, located between 1327and 1350 cm™’, indicates a greater content of amorphous carbon in the residual
material, whereas the G band, observed at 1579-1598 cm™, is attributed to the stretching vibrations of aromatic
layers in the graphite structure!®. This implies that a stronger G band signifies a higher degree of graphitization.

It is highlighted that the overlap between the D and G bands can lead to the loss or neglect of characteristic
information pertaining to highly disordered carbonaceous materials when relying solely on the D and G band
Raman spectra®. Therefore, further deconvolution (peak fitting) of the Raman spectra of coal is necessary to
extract hidden information about the skeletal carbon structures in the overlapping region. To achieve precise
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Fig. 2. XRD patterns of CGFS and CGFS-X. (Mineral abbreviations: Q = quartz, G = gehlenite, H=hematite,
M =magnetite.)

spectral parameters, particularly the integral intensity ratio, the Raman spectra were deconvoluted into five peaks
(D,, D,, D3, D, G) according to the method proposed by Sadezky et al.!, as depicted in Fig. 4.

The D, band typically represents defect structures and is associated with the planar vibrations of sp* carbon
atoms with structural defects, edge carbon atoms, and impurity atoms?. The D, band appears as a shoulder of the
G band and corresponds to the E 2 g vibrational mode at the surface of graphite layers?. The G peak arises from
the vibrations of the ideal graphite lattice. The D, peak corresponds to sp?>-bonded amorphous carbon, including
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Fig. 3. SEM images of (a) CGEFS, (b) CGFS-1 M, (c) CGFS-2 M, and (d) CGFS-4 M.

organic molecules and functional groups?. The D, peaK’s formation is attributed to sp-sp® hybrid bonds or C-C
and C=C stretching vibrations at the periphery of microcrystallites, forming structures similar to polyolefins .

Using the peak intensity ratio I,/I as an indicator for evaluating the structural order of carbon in the samples,
an increase in the Ip/I ratio suggests a higher degree of disorder in the carbon microcrystalline structure and a
lower degree of graphitization'®. As shown in Table 1, the I;,/I; ratios for CGFS-X are all lower than that for CGFS,
indicating that the degree of graphitization of CGFS has improved following hydrothermal nitric acidacid leach-
ing. The I,/I ratio of CGFS-2 M is lower than those for CGFS-1 M and CGFS-4 M, suggesting that CGFS-2 M
has the highest degree of graphitization. When the concentration of nitric acid increases from 2.0 to 4.0 mol/L,
the Ip/I; value increases. This is because, during the acid leaching process, the increasing concentration of nitric
acid can etch the carbon structure and expand the spacing within the carbon network, leading to a decrease in
the degree of graphitization for CGFS-4 M.

Aps.pa/ Ay can be used to indicate the active site of carbon, the higher the ratio, the more active site'’. Ap,,/
Ag is related to the degree of disorder in the carbon microcrystalline structure®, Ap,/A  can be described as the
relative number of cross-linking bonds, and Aps/Ag,p,.ps is used to characterize the degree of amorphousness in
the carbon microcrystalline structure'®. CGFS-4 M showed an increase in Ap,/Ag and Ap,,py,p3.p4/ Ag compared
to CGFS, implying that acid leaching with 4.0 mol/L of nitric acid could change the microstructure of CGFS. In
contrast, CGFS-2 M exhibited lower Ap,/A values, indicating that the carbon microcrystalline structure of CGFS
acid-impregnated with nitric acid concentration of 2.0 mol/L had a low degree of disorder. CGFS-X showed a
decrease in all Ap;/Ag,p,.ps ratios as compared to CGFS, with the smallest ratio of 0.2370 for CGFS-2 M This
indicates that nitric acid has a significant effect on the amorphous carbon structure of CGFS, with 2.0 mol/L of
nitric acid having a more pronounced effect on the degree of crystallinity of the carbon microcrystalline structure.
Additionally, since nitric acid treatment of CGFS resulted in a significant increase in Ap;,p,/A,y, it illustrated
that nitric acid also had a significant impact on the active sites of carbon.

Effect of hydrothermal nitric acid treatment on pore structure

N, adsorption/desorption isotherm analysis

As shown in Fig. 5a, N, adsorption/desorption isotherms of CGFS and acid-impregnated slag CGFS-X are simi-
lar to the type IV isotherms. In the lower relative pressure (P/P,) interval, the adsorption/desorption isotherm
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Fig. 4. Raman spectra of the CGFS and CGFS-X.
Samples Ip/lg Aps/Asn | Apd/Asn | Apsipd/Asn | Aps/Acinzips | Apiip2isnd/Ac | Api/Ag
CGFS 11837 |0.2293  [0.2800 | 0.0002 0.4889 4.8449 1.4662
CGFS-1M | 11533 |0.1340 | 04147 | 0.5486 0.3754 53340 1.4480
CGFS-2M | 1.0044 |0.1014 | 02934 |0.3954 02370 33340 1.2044
CGFS-4M | 1.0745 |0.1658 | 0.4108 | 0.5767 0.4502 5.6363 1.4649
Table 1. Carbon microstructure parameters of samples.
curves of CGFS-X basically overlap and show a significant upward bulge, a phenomenon that implies that the
surface of CGFS-X is dominated by monolayer adsorption. The turning point at this bulge marks the saturation
point of monolayer adsorption, which in turn indicates the presence of microporous structure, in agreement with
the discussion in the literature®®. With the increase of P/P, to approximately 0.4, the phenomenon of hysteresis
loops appears, which marks the transition from monolayer adsorption to multilayer adsorption, as well as the
accompanying generation of a large number of mesopores.

In the high P/P, region, CGFS-X undergoes capillary coalescence, which is manifested by a sharp rise in
isotherms. The presence of a small amount of macroporous formation can be inferred at conditions close to the
unit relative pressure?. It is noteworthy that the isotherms of the desorption process do not replicate the trajec-
tory of the adsorption process, which is mainly due to the adsorption hysteresis phenomenon caused by capil-
lary coalescence®. This deviation reflects the irreversible character of the adsorption and desorption processes
and implies a significant influence exerted by the microstructure of the material on its adsorption properties.
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Fig. 5. (a) N, adsorption/desorption isotherms and (b) pore size distribution of CGFS and CGFS-X.

In N, adsorption/desorption isotherm analyses of the four samples, it was observed that the nitrogen adsorp-
tion at consistent relative pressure points showed a clear sequential ordering, from high to low, of CGFS-4 M,
CGFS-2 M, CGFS-1 M, and CGFS.This ordering revealed a trend: as the concentration of the nitric acid treat-
ments increased, the pore structure of the samples became progressively more developed, and accordingly, the
specific surface area also increased significantly. This phenomenon characterizes the significant influence of nitric
acid concentration on the pore characteristics and specific surface area of the materials, suggesting that nitric
acid treatment plays a key role in optimizing the pore structure and enhancing the adsorption performance of
the materials.

Pore size distribution analysis

Figure 5b demonstrates the pore size distribution diagrams of the four materials, revealing that all of these mate-
rials exhibit a hierarchical porous structure of macropores, mesopores and micropores, with a high distribution
density especially at the mesopore level. According to the statistical results of the porous structure parameters of
the materials in Table 2, the specific surface area and total pore volume of the acid-impregnated residue showed
an increasing trend with the increase of nitric acid concentration, while the mean pore diameter showed a
decreasing trend. Specifically, the specific surface area and total pore volume of the 4 mol/L acid-impregnated
residue were 2.39 and 1.74 times that of the original gasified fine residue, respectively; while its mean pore
diameter was 0.73 times that of the original gasified fine residue.

It is crucial to note that as the concentration of nitric acid increases, the specific surface area and total pore
volume of CGFS-X exhibit an increasing trend. For example, when the nitric acid concentration was raised from
1 to 2 mol/L, these parameters increased by 175.18 m?/g and 0.122 cm®/g, respectively. However, with a further
increase in concentration from 2 to 4 mol/L, the increments in specific surface area and total pore volume were
only 44.01 m?/g and 0.053 cm?/g, respectively. Additionally, when the nitric acid concentration increased from
1 to 2 mol/L, the pore diameter decreased by 0.36 nm. In contrast, when the concentration increased from 2
to 4 mol/L, the pore diameter did not decrease but instead increased by 0.1 nm. This observation suggests that
excessive nitric acid concentrations may compromise the carbon structural skeleton during the process of intense
pore etching, corroborating the results of SEM analysis.

Pore fractionation characterization

Using low-temperature nitrogen adsorption data, the fractal Frenkel-Halsey-Hill (FHH) model was used to cal-
culate the fractal dimension values (D) that could reflect the degree of pore development of the four materials®.
The fractal dimension values were calculated as Egs. (1) and (2)*:

Sample Specific surface area (m?/g) | Aperture diameter (nm) | Total pore volume (cm?/g)
CGFS 234.82 4.92 0.289
CGFS-1M 342.21 3.84 0.328
CGFS-2M 517.39 3.48 0.450
CGFS-4 M 561.40 3.58 0.503

Table 2. Specific surface area and pore distribution of CGFS and CGFS-X.
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where V is the volume of N, adsorbed at the equilibrium pressure P, and P, represents the saturation pressure
of N,. A is the power-law exponent dependent on the fractal dimension (D), and b is a constant. D takes values
between 2 and 3.

N, adsorption/desorption curves at low (P/P,<0.4) and high (P/P,> 0.4) pressures showed significant differ-
ences, and their fractal dimensions had different physical interpretations in different pressure intervals. Therefore,
a critical point was set at P/Py=0.4, and the curves were linearly fitted by the least squares method, respectively,
and the fitting results are shown in Fig. 6. In the low-pressure interval, the calculated fractal dimension reflects the
roughness of the microporous surface or the complexity of the microporous structure; while in the high-pressure
interval, the fractal dimension reflects the roughness and complexity of the mesoporous and macroporous pore
surfaces™. The low and high pressure fractal dimension values (denoted as D, and D,, respectively) were calcu-
lated according to the fitted equations, and the results are shown in Table 3.

From the analysis presented in Table 3, it is evident that the fitted correlation values for various materials
across different pressure stages are all greater than 0.9000, indicating a strong fit. Nitric acid treatment signifi-
cantly enhances the D, value and exhibits an increasing trend with higher acid leaching concentrations, suggest-
ing that nitric acid treatment facilitates the development of micropores in CGFS. This treatment also increases
the roughness and structural complexity of the microporous surface, with the improvement effect intensifying
with higher nitric acid concentrations. Regarding the D, value, nitric acid treatment similarly enhances the
development of mesopores and macropores, although this improvement diminishes with excessive increases in
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Fig. 6. Representative plots of CGFS and CGFS-X of InV versus In (In (Py/P)) on the basis of the N, adsorption
isotherms.
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P/P,=0~0.4 P/P,=0.4~1.0
Sample A, D, R A, D, R,?
CGFS -0.1839 |2.8161 | 0.96 —0.4658 | 2.5342 | 0.9995

CGFSs-1 -0.1287 |2.8713 |0.9732 |-0.3629 |2.6371 |0.9935
CGFS-2 -0.1111 |2.8889 |0.9853 |-0.3288 |2.6712 |0.9919
CGFS-4 —-0.1098 |2.8902 |0.9048 |-0.4476 |2.5524 |0.9974

Table 3. Fractal dimensions of FHH model for CGFS and CGFS-X.

nitric acid concentration. For instance, when the nitric acid concentration was elevated from 2 to 4 mol/L, the
D, value markedly decreased. This indicates that a moderate nitric acid concentration is beneficial for enhanc-
ing the development of mesopores and macropores, thereby improving their surface roughness and structural
complexity. The findings on the impact of nitric acid treatment on the pore structure of gasification slag align
with the previous analysis in Section "Impact on the microscopic surface morphology". Specifically, while higher
concentrations of nitric acid treatment promote micropore etching, excessive treatment may compromise the
stability of the carbon skeleton structure, adversely affecting the mesoporous and macroporous structures.

Effect of hydrothermal nitric acid treatment on the surface composition of CGFS

Effect on the composition of surface functional groups

The FTIR profiles of CGFS and CGFS-X are shown in Fig. 7a. The peak positions were attributed as follows:
3444 cm™ corresponds to the stretching vibration of ~-OH?'; 1612 cm™! corresponds to the stretching vibration
of C=C%? the peak at 1380 cm™ is the stretching vibration of ~CHj, **; the range from 1073 cm™ to 1050 cm™ is
the stretching vibration of Si-O-Al or Si-O-Si **; 789 cm™ corresponds to the symmetric stretching vibration
of Si-O%; and 464 cm™! corresponds to the symmetric stretching vibration of Si—-O-Si*. By comparing CGFS
and the sample CGFS-X after nitric acid treatment, it can be found that nitric acid treatment (especially under
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Fig. 7. (a) FTIR spectra and (b) XPS survey scan spectra of the CGFS and CGFS-X.
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2 M and 4 M treatment conditions) significantly enhanced the vibrational strengths of functional groups such
as —OH, Si-O-Al, and Si-O-Si in the sample. This indicates that the nitric acid treatment can effectively promote
the formation or exposure of these functional groups.

Influence on surface elemental binding states

Figure 7b presents the full-spectrum scans of CGFS and CGFS-X, while Table 4 lists the atomic percentages of the
major elements on the surface of each sample. With increasing concentrations of hydrothermal nitric acid treat-
ment, the O/C ratio significantly increases, indicating that the strong oxidative properties of nitric acid facilitate
the incorporation of oxygen-containing functional groups into CGFS. The atomic percentage of Si also shows
a substantial increase with higher nitric acid treatment concentrations, which is consistent with the analysis in
Section "Impact on elemental composition”. This suggests that hydrothermal nitric acid treatment is ineffective at
leaching silicate-based inorganic materials. In contrast, elements such as Fe, Al, and Ca are more readily leached
by nitric acid, with even a 1 mol/L nitric acid treatment showing a notable leaching effect.

Figure 8a shows the deconvolution fitting results of the C 1 s high-resolution spectra for CGFS-X and CGFS.
The peak positions correspond to non-oxidized carbon (C-C/C=C/C-H: 284.8 eV)*, oxygenated carbon (C-O:
285.4 €V)*, and carboxyl carbon (O-C=0: 289.2 eV)*. Among these, C-C/C=C/C-H is typically considered
to be hydrophobic hydrocarbon chain functional groups*’. Compared to CGFS, the content of C-C/C=C/C-H
in CGFS-X is reduced, with CGFS-2 M exhibiting the lowest content at just 24.00%. This indicates that the
hydrophobicity of CGFS decreases following nitric acid treatment, with the most significant reduction observed
in CGFS-2 M.

The fitting results of the O 1 s spectra of the sample in Fig. 8b revealed the presence of the following chemical
bonds: inorganic oxygen (such as Fe-0O, i.e., at 530.3 eV)*!, carbonyl (C=0, at 531.4 eV)*, hydroxyl (C-OH, at
532.5 eV)*®, and ether (C-O-C, at 533.5 eV)*. Compared to the original CGFS, the inorganic oxygen content
of CGFS-1 M increased by 0.73%, indicating that the nitric acid treatment can dissolve the iron oxides encap-
sulated in the carbon. As shown in Table 5, compared to CGFS, the CGFS-X series samples exhibited increases
in the contents of C=0, C-OH, and C-O-C. Among them, the increase in C-OH was the most significant, with
increases of 7.01%, 15.35%, and 20.92%, respectively, suggesting that the nitric acid treatment can significantly
increase the content of acidic functional groups on the CGFS surface, thereby enhancing the hydrophilicity of
the material and its affinity for polar organic compounds.

The fitting results of the Fe 2p spectra shown in Fig. 8c indicate that the iron element exists in both divalent
and trivalent chemical states*”. Compared to the original GGFS sample, the relative content of trivalent iron in
the GGFS-1 sample increased, which may be attributed to the strong oxidizing effect of nitric acid. In the CGFS
sample treated with 2 mol/L nitric acid, the Fe 2p peak was barely observed, reflecting the excellent dissolution
ability of nitric acid towards iron oxides.

The fitting results of the Si 2p XPS spectra in Fig. 8d show peaks at 102.7 and 103.5 eV, corresponding to
aluminosilicates and silicon dioxide (SiO,)*, respectively. With the increase in nitric acid concentration, the
SiO, content on the CGFS surface gradually increased, and the CGFS-4 M sample exhibited the highest SiO,
content of 13.38%. Furthermore, the aluminosilicate content on the CGFS-X sample surface first increased and
then decreased, with the CGFS-2 M sample having the maximum aluminosilicate content of 9.19%. This suggests
that when the nitric acid concentration is increased to 2.0 mol/L, it effectively extracts aluminosilicates from the
pores and carbon-encapsulated regions. At a concentration of 4.0 mol/L, the nitric acid treatment further leaches
these species, enhancing the purification of the material.

Influence of nitric acid concentration on the adsorption performance of MB

As illustrated in Figure S4, CGFS-X significantly enhances the removal efficiency for MB, achieving a removal
rate that is 2.7 to 2.9 times greater than that of untreated CGFS. To further investigate the effect of hydrothermal
nitric acid treatment concentration on the adsorption performance of CGEFS, the adsorption capacity (q,) and
removal rate (R) of MB by CGFS-X were compared under the same experimental conditions, as illustrated in
Fig. 9. It is evident that, after 30 min of adsorption, CGFS-2 M exhibits the highest removal performance for
MB, whereas the differences between CGFS-1 M and CGFS-4 M after 60 min of adsorption are not significant.
In the first 30 min of adsorption, the trend line for the removal rate of MB by CGFS-4 M shows the steepest
slope, indicating the fastest adsorption rate, which is attributed to its largest specific surface area. The slope of
the removal rate trend line for CGFS-2 M is the second highest, while CGFS-1 M demonstrates the steepest slope
within the first 20 min, but this slope decreases significantly between 20 and 30 min. After 30 min of adsorption,
the adsorption rate of the CGFS-2 M sample significantly slowed down. At an adsorption duration of 150 min,
CGFS-2 M demonstrated exceptional adsorption capacity and removal efficiency, achieving maximum values of

Element mass fraction (%)

Samples Cls |O1l1s |[Fe2p |Si2p |Ca2p |Al2p
CGFS 63.87 | 14.93 |0.08 2.79 0.17 1.89
CGFS-1M 52.51 |23.79 |0.50 6.17 0.08 0.38
CGFS-2M 4391 |28.54 |0.06 10.66 | 0.03 0.38
CGFS-4 M 38.18 | 33.69 |0.04 13.77 |0.02 -

Table 4. The atomic percentage of the main elements on the surface of CGFS and CGFS-X.
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Fig. 8. XPS spectra of (a) Cls, (b) Ols, (c) Fe2p, and (d) Si2p in CGFS and CGFS-X.

CGFS 42.92 29.47 521 5.65 6.25 5.27 0.96
CGFS-1M 33.00 24.57 4.56 5.03 12.06 10.18 1.53
CGFS-2M 24.00 25.19 3.52 9.36 18.85 6.34 E—
CGFS-4 M 28.19 11.74 4.90 6.88 22.87 9.60 e

Table 5. Functional group content of CGFS and CGFS-X.
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Fig. 9. Adsorption of Methylene Blue by CGFS-X (X=1M, 2 M, 4 M).

210.20 mg/g and 82.78%, respectively, which are significantly superior to those of the CGFS-1 M and CGFS-4 M
samples. Additionally, the adsorption capacity of CGFS-2 M also outperformed various adsorbents derived from
industrial waste reported in the literature (Table 6).

Exploration of the mechanism of hydrothermal nitric acid treatment of CGFS

Surface and composition modification by nitric acid treatment

Under hydrothermal conditions, nitric acid undergoes a series of chemical reactions with the carbon materials
and minerals in CGFS. Nitric acid acts as a strong oxidizing agent and undergoes oxidation reactions with the
carbon in the carbon materials to produce oxygen-containing functional groups such as carboxyl, hydroxyl and
nitro groups (as described in 3.4). These functional groups increase the polarity and chemical activity of the
carbon surface, enabling it to form hydrogen bonds or electrostatic interactions with the pollutant molecules®,
thus improving the adsorption efficiency. The specific chemical reaction equations are as follows.

C + 2HNO3; — CO, + 2NO; + H,0 (1)
R+ HNOs; — R — OH 4 NO, + H,0 )
R+ 2HNO; — R — COOH + 2NO, + H,0 3)
R+ HNO; — RC = O + NO, 4+ H,0 (4)

Nitric acid undergoes acid-base neutralization reaction with alkaline components (e.g., oxides, carbonates)
in CGFS to produce corresponding nitrates and water.

X
MOX/Z —|—XHNO3 — M(NO3)X + EHZO (5)
where M represents a metal ion.

CaCO3 4+ 2HNO3 — Ca(NO3), + CO, + H,O (6)
Precursor for adsorbent The highest adsorption capacity (mg/g) | References
Steel converter slag 41.62 7
Composite foams containing alkali-activated blast furnace slag and lignin | 39.5 8
Blast furnace slag 60.35 *
Fly ash 28.65 0
Coal gasification slag 19.18 o
Coal gasification fine slag 140.57 52
Coal gasification fine slag 210.20 This study

Table 6. Reported MB adsorption capacities of adsorbents prepared from wastes in the literature.
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Silicates and nitric acid can also undergo a variety of chemical reactions in hydrothermal environments, such
as the acidolytic reaction of nitric acid on silicates®, the generation of different forms of silicon oxides, and the
gelation reaction of silicates. The possible reaction equations are as follows:

NaySiO3 + 2HNO3 — H3SiO3 + 2NaNOs3 (7)
Na,SiO3 + 2HNO3; — SiO; + 2NaNO3; + H,O (8)
H,Si03 — SiO, e nH,O (9)

These reactions contribute to the transformation of silicates, which can have an effect on the structure and
properties of the material through the SiO, and other products generated.

Mechanisms of porous structure formation

Based on the analysis of elemental composition and micro-morphology, it can be concluded that chemical etch-
ing is the key factor in the formation of a porous structure. The strong oxidizing properties of nitric acid lead to
the oxidation and etching of the surface of carbon materials, thereby increasing the pore structure. Additionally,
nitric acid can generate micropores and mesopores within the residual carbon and silica and silicate by leaching
out some of the inorganic components in the gasification slag. The oxidative decomposition of organic matter
and the dissolution of inorganic matter not only increase the specific surface area of the material but also create
more active adsorption sites within the material.

Under hydrothermal conditions, the gases generated by the nitric acid reaction (e.g., CO, and NO,) generate
pressure inside the carbon material, leading to swelling and cracking. While this process generates new pores, it
may also cause the collapse of the carbon structure due to excessive force, as described in Section "Impact on the
microscopic surface morphology". Therefore, proper control of the nitric acid treatment concentration, duration,
and temperature is crucial. The optimal hydrothermal nitric acid treatment conditions are provided in Figure S2.

Nitric acid treatment disrupts the lattice structure of carbon materials, leading to an increase in amorphous
carbon and the formation of defect sites, as described in Section "Influence on the microstructure of carbon
crystals”. These amorphous carbon and defect sites contribute to the formation of a porous structure and pro-
vide more active sites for adsorption. Nitric acid treatment also significantly affects the lattice structure of the
inorganic components, influencing the adsorption properties of the material during the mineral morphology
transformation process. Therefore, the conditions of nitric acid treatment need to be carefully controlled to
achieve the optimal preparation of adsorbent materials.

Structure-property correlation mechanism

Nitric acid treatment significantly enhances the adsorption performance of CGFS-X. This treatment markedly
increases the specific surface area of the material by generating a porous structure, thereby providing more
active sites for the adsorption process. Additionally, nitric acid treatment introduces a substantial number of
oxygen-containing functional groups (such as carboxyl, hydroxyl, and nitro groups), which increase the polarity
and chemical reactivity of the carbon material, thereby facilitating more efficient adsorption of polar pollutants.
Moreover, nitric acid treatment leads to an increase in the amorphous carbon content and the formation of defect
sites within the carbon matrix. These defect sites act as active centers, significantly enhancing the adsorption
capacity and selectivity of the material. By precisely controlling the concentration of nitric acid and treatment
conditions, the pore size distribution of the material can be tailored to better accommodate the adsorption of
molecules or ions of specific dimensions. Through the synergistic effects of these mechanisms, hydrothermal
nitric acid treatment significantly improves the adsorption performance of CGFS-X for MB removal.

Conclusion

This study employed a one-step hydrothermal nitric acid treatment of CGFS to successfully prepare porous
materials with significantly enhanced adsorption performance for MB. Advanced characterization techniques,
including N, adsorption/desorption experiments, XRD, SEM, FTIR, XPS, and Raman spectroscopy, were utilized
to comprehensively analyze the pore structure characteristics, mineral phase composition, surface morphology,
surface functional group composition, and carbon microstructure of the samples.

The experimental results revealed that nitric acid treatment not only promoted the development of the pore
structure of CGFS, increasing the specific surface area and total pore volume, but also effectively removed partial
metal oxides and introduced abundant oxygen-containing functional groups and defect sites on the material’s
surface. These defect sites, acting as active centers, significantly enhanced the material’s adsorption capacity
for MB. Notably, the CGFS-2 M sample, obtained by treatment with 2 mol/L nitric acid, exhibited the optimal
adsorption performance with an equilibrium adsorption capacity of up to 210.20 mg/g. This result is attributed
to the synergistic effect of the optimized porous structure, increased surface active groups, and defects in the
carbon crystal microstructure.

The hydrothermal nitric acid treatment method used in this study not only simplifies the preparation process
and reduces the preparation cost but also significantly enhances the performance of CGFS-based porous adsorp-
tion materials without increasing the environmental burden. By precisely controlling the concentration of nitric
acid and treatment conditions, this study provides an effective strategy for the high-value utilization of CGFS.

Based on the previous comparison of the removal effects of CGFS-X (1 M, 2 M, 4 M) on MB and coupled with
structural analysis, it can be concluded that multiple strategies should be employed to develop high-performance
adsorbent materials. These strategies include enhancing the specific surface area of the materials, optimizing
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the pore size distribution, and increasing the number of adsorption sites within the materials. For complex
solid wastes such as CGFS, it is essential to simultaneously optimize both organic and inorganic components to
maximize adsorption performance.

Data availability
The data involved in this study can be found within the main text and the supplementary information files.
For any further inquiries or requests regarding the data, please contact Hua Wang at email 99452715@qq.com.
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