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Abstract

Activated carbon is a carbon material with good adsorption and catalytic properties, and coal is the
primary raw material for its production. In this study, anthracite is used as the raw material, and
carbon dioxide is used as the activating agent to prepare activated carbon. Utilizing synchrotron in-
situ small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) simultaneous
measurement techniques, the entire continuous process of carbonization, activation, and cooling
during activated carbon preparation is monitored in situ, revealing changes in pore and carbon skeleton
structures. The results show that the preparation process of anthracite-based activated carbon exhibits
distinct stages, with pore structure changes including the expansion of micropores, and the formation
of mesopores and macropores. The specific surface area increases significantly, and the degree of
graphitization of the carbon skeleton increases with rising temperature, while the lamellar stacking
height and lamellar lateral size gradually decrease. The finally prepared activated carbon possesses a
developed pore network structure and high specific surface area, providing a structural foundation for
improving its adsorption performance.

Keywords: Anthracite; Activated carbon; Microstructure; Small-angle X-ray scattering (SAXS); Wide-angle X-
ray scattering (WAXS).

1. Introduction

Activated carbon is a porous material widely used in fields such as adsorbents, electrode
materials, and catalysts [*1. Among them, coal-based activated carbon is one of the main
types, favored for its abundant raw material sources, low production cost, high adsorption
efficiency, strong tunability, and good high-temperature resistance [*1. The organic matter
core of coal consists of aromatic rings, and the higher the coal rank, the more complete its
graphitic microcrystalline structure [21, The arrangement of aromatic groups and functional
groups in coal forms pores, making coal a porous substance [21. Various types of coal can be
used to prepare activated carbon ['1, Anthracite, a high-rank coal, is particularly noteworthy
due to its high carbon content and low volatile matter content, and the activated carbon pre-
pared from it exhibits high purity, uniform pore structure, high adsorption efficiency, high
stability, and renewability [21, The micropore specific surface area constitutes the majority of
the activated carbon's surface area and largely determines its adsorption capacity. Mesopores
provide adsorption sites for larger molecules that cannot enter micropores, causing capillary
condensation at higher relative pressures. Macropores serve mainly as channels for adsorbate
molecules to reach micropores and mesopores, having little impact on the adsorption process [31.

The primary processes for preparing activated carbon from coal include carbonization and
activation [31, Carbonization involves the low-temperature pyrolysis of coal, heating it to about
500-600°C in an inert atmosphere to remove volatile matter, reduce non-carbon elements,
and form char (semi-coke). During this process, non-carbon elements are released as coal
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gas and tar, leaving behind a carbon atom framework that forms the initial pore structure, the
precursor of activated carbon. Activation, often achieved through physical activation, involves
heating the char to 800-1000°C in an oxidizing atmosphere, where multi-phase reactions fur-
ther etch the char framework, remove tar substances and uncarbonized material, open
blocked pores, enlarge existing pores, and create new ones, thus forming a developed pore
structure, increasing specific surface area and activity. The commonly used carbon dioxide
activation method focuses more on pore development, especially the formation of microporous
structures. The narrow micropore size distribution tends to have molecular sieve properties,
thereby enhancing the adsorption capacity and catalytic efficiency of the activated carbon [1],

Coal and activated carbon have always been focal points in carbon material research [2],
However, producing high-performance activated carbon from coal remains a challenging task.
Despite extensive research on coal and activated carbon, understanding the structural trans-
formation characteristics and mechanisms of coal-based activated carbon preparation is still
inadequate, primarily due to the complexity of the system structure and the lack of powerful
in-situ characterization techniques.

Coal and activated carbon are common porous materials [2], suitable for studying their pore
and skeleton structures using small-angle X-ray scattering (SAXS) and wide-angle X-ray scat-
tering (WAXS) [5-71, SAXS can measure pore structure, such as specific surface area, porosity,
pore size, and distribution, and assess the electron density heterogeneity and interface blur-
riness in samples [8l, Compared to other methods [®]1, SAXS sample preparation is simple,
suitable for both dry and wet samples, and provides statistical structural information. WAXS
measures graphitic microcrystalline structures, including lamellar spacing, lamellar lateral
size, and lamellar stacking height [1°1, The information is crucial for understanding the struc-
ture and performance of coal and activated carbon.

SAXS and WAXS have been widely used in static structural studies of coal and activated
carbon [11-13]1 35 well as in a few dynamic studies on coal carbonization [14-16]1 but there have
been no reports of their use in in-situ studies of the entire preparation process of coal-based
activated carbon, including carbonization and activation. This study, based on advanced syn-
chrotron facilities, uses SAXS-WAXS simultaneous measurement techniques to conduct in-situ
studies on the entire continuous process of carbonization, activation, and cooling during acti-
vated carbon preparation from coal, obtaining information on simultaneous changes in pore
and carbon skeleton structures.

2. Experiment
2.1. Raw material

The raw material for the coal-based activated carbon in this study is anthracite, sourced
from the Zhaogu No. 2 Mine in Jiaozuo, Henan Province, China. To evaluate the coal quality,
proximate and ultimate analyses were performed on the raw coal. These tests were completed
at the Shanxi Institute of Coal Chemistry, Chinese Academy of Sciences.

2.2, In-situ SAXS-WAXS

A small piece of raw coal was polished into a thin circular slice with a diameter of about 10
mm and a thickness of 1 mm for in-situ testing. The in-situ heating furnace for the sample
was self-developed by us [17],

The in-situ simultaneous SAXS-WAXS testing during the preparation of activated carbon
from anthracite was conducted at the SAXS experimental station of the 1W2A beamline at the
Beijing Synchrotron Radiation Facility (BSRF) [18] as shown in Figure 1. During the experi-
ment, the electron beam energy in the storage ring was 2.5 GeV, the electron beam current
was 250 mA, the injection mode was up-top, the incident X-ray wavelength was 0.154 nm,
and the photon flux at the sample position was approximately 5.5x1011 phs/sec. The SAXS
detector used was a Pilatus 1MF, with a beam spot size of 1.4x0.2 mm?2 on the detector, and
the sample-to-detector distance was 1749 mm. The WAXS detector was a Mar165 CCD, placed
at an angle, i.e., the detector was inclined at 79.70° relative to the direct beam. This setup
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increased the measurable angle range, high-angle intensity, and statistical accuracy. The ver-
tical distance from the sample to the detector was 48.53 mm, and the distance along the
beam path from the sample to the lower end of the detector was 221.41 mm. This configura-
tion allowed the measurement of the 26 angle range from 12.66° to 48.38°.

Figure 1. Photo of the in-situ SAXS-WAXS experiment for the preparation of activated carbon from an-
thracite conducted at the SAXS experimental station of the 1W2A beamline at the Beijing Synchrotron
Radiation Facility (BSRF).

The sample was heated from room temperature to 600°C under a nitrogen atmosphere and
then carbonized by holding at 600°C for 1 hour. Next, carbon dioxide was introduced, nitrogen
was stopped, and the temperature was raised to 900°C for 1 hour of activation. The sample
was then naturally cooled to room temperature under a carbon dioxide atmosphere. Through-
out the process, the gas flow rate was 1 L/min, and the heating rate was 10°C/min. During
the heating process, an exposure was taken every 25°C increase in temperature, every 2
minutes during the holding period, and every 25°C decrease during the cooling process, with
each exposure lasting 5 seconds. Standard samples SRM 3600 glassy carbon and polypropyl-
ene were tested under the same geometric conditions, each with a 5-second exposure time.
The former was used to calibrate the absolute scattering intensity and angle of SAXS [19]1 and
the latter to calibrate the WAXS angle [2°], Data processing involved using Fit2d software [21]
to convert SAXS and WAXS two-dimensional images into one-dimensional curves through rec-
tangular integration; using S.exe software [22] to normalize SAXS data, subtract the back-
ground, and calculate porosity, specific surface area, and fractal dimension; using McSAS
software [23] to calculate pore distribution; and using OriginPro2021 software to subtract the
background and fit WAXS peaks.

2.3. Apparent density

The apparent density of coal, char, and coke refers to the actual mass per unit volume of
the solid, excluding the volume of pores and cracks [24-251, Approximately 10 g of raw coal
powder with a particle size of <1 mm was taken, and using the same heating furnace as for
the in-situ tests, it was heated to 100°C, 300°C, 500°C, 700°C, and 900°C at the same heating
rate under the same gas flow rate, then naturally cooled to room temperature to produce
several offline samples at respective temperatures. After drying them in a 60°C oven for 12
hours, they were used for apparent density testing. The apparent density tests were completed
at the Beijing Physical and Chemical Analysis Testing Center using an AccuPyc 1330 fully
automatic apparent density analyzer with helium displacement method. The true densities at
other temperatures were obtained by interpolation. The true densities of these offline samples
were used to approximate the true densities of the corresponding products during the in-situ
process at respective temperatures.
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2.4. Nitrogen adsorption

To characterize the pore structure of the raw material and products and to compare with
SAXS structural data, nitrogen adsorption experiments were conducted on raw coal and of-
fline-prepared activated carbon sample. Approximately 2 g of raw coal powder with a particle
size smaller than 1 mm was used to prepare offline activated carbon samples in a tubular
furnace (OTF-1200X-S) following the same procedure as the in-situ experiments. The experi-
ments were carried out on the Syanjia Lab (https://www.shiyanjia.com/) using a Micromeritics
ASAP 2460 physical adsorption analyzer. The adsorption gas was nitrogen (77 K), with a de-
gassing temperature of 200°C and a degassing time of 8 hours.

3. Results and discussion
3.1. Properties of raw material and products

Table 1 presents the proximate and ultimate analysis results of the raw coal. This coal has
a low volatile matter content and a high fixed carbon content, indicating that it is highly met-
amorphosed. According to the classification principles of China's national standard for coal
classification, "GB5751-86," the volatile matter (Vdar) <10% shown in Table 1 classifies this
sample as typical highly metamorphosed anthracite. Anthracite is a high-rank coal character-
ized by high carbon content, low ash, and low volatile matter content [2],

Table 1. Proximate and ultimate analysis results of anthracite from Zhaogu No. 2 Mine.

Proximate analysis Ultimate analysis (ad, %)
Moisture (ad, %) 0.95 C 74.07
Ash (ad, %) 18.2 H 1.81
Fixed carbon (daf, %) 94.12 0] 1.83
Volatile matter (daf, %) 5.88 N 0.62
Caking index 2 S 2.53

Table 2. Apparent density of offline samples of anthracite tested at different temperatures.
Temperature (°C) 100 300 500 700 900

Apparent  density 4 gqy 1.829 1.814 1.825 2.001
(g9/cm?)
Table 2 presents the apparent density results of the offline samples of anthracite tested at
different temperatures. Before heating to 300-500°C, the decomposition of volatile matter
and the generation of some tar cause a certain degree of weight loss in the coal, and the
apparent density slightly decreases. After 500°C, the char undergoes further volumetric
shrinkage to form coke. When carbon dioxide is introduced into the system, the surface ma-
terial of the sample first reacts with carbon dioxide. At the initial stage of activation at 700°C,
the carbon structure is relatively stable, and the apparent density slightly increases. With
further activation, the degree of graphitization decreases first and then increases, a large
number of pores form internally, a transformation of pores from closed one to open one,
leading to a significant increase in apparent density. The apparent density results are used to
calculate the porosity and specific surface area of the samples [26-271,

Although this study focuses on in-situ SAXS experiments during the carbonization and ac-
tivation processes, no direct measurements of carbonization and activation yields were per-
formed. However, relevant data are available in the literature for anthracite-based activated
carbon prepared under similar carbonization conditions. The carbonization yield is reported to
be 91.67% [28], As for activation, the reported activation yield is 43.44%, though this value
was obtained using steam as the activating agent, rather than carbon dioxide as in this study [28],

It is well-known that steam is a stronger activating agent compared to carbon dioxide under
similar conditions, leading to higher porosity and activation yields. In contrast, carbon dioxide
provides a milder activation effect, which can better balance micropore and mesopore develop-
ment. These differences underline the exploratory nature of this study in investigating the
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structural evolution during CO2 activation and its potential to yield activated carbons with
unique characteristics.

3.2. In-situ SAXS

Some of the SAXS curves during the preparation of activated carbon from anthracite are
shown in Figures 2 and 3 as double logarithmic plots and Porod plots, respectively. The pores
in the samples are the primary scatterers, and the scattering curves mainly reflect the changes
in pore structure within the samples [*3:2°]1 Almost all scattering curves in Figure 2 exhibit
linear segments in both the low-q and high-q regions. Based on the slope analysis [29-30],
these segments correspond to surface fractals and pore fractals, respectively, with the
changes in fractal dimensions shown in Figure 4.
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Figure 2. Double logarithmic scattering curves of Figure 3. Changes in the Porod curves of in-situ
in-situ SAXS at several temperatures during the SAXS at several temperatures during the prepa-
preparation of activated carbon from anthracite ration of activated carbon from anthracite (curves
(curves have been shifted vertically for clarity). have been shifted vertically for clarity).

It can be seen that surface fractals and pore fractals are present throughout the entire
preparation process, indicating that a rich pore network structure and carbon matrix organi-
zation are formed in the system. The pore network and its surfaces exhibit self-similarity and
scale-invariant complex structural characteristics. From the raw anthracite to the final product
activated carbon, the surface fractal dimension increased from 2.69 to 2.92, and the pore
fractal dimension increased from 0.45 to 1.42, indicating that the pore network structure
gradually becomes more developed, and the pore surface becomes rougher, which is beneficial
for enhancing the adsorption activity of the product. During the activation stage, when the
temperature reaches 900°C, the scattering curves show a diffuse hump around Inq from -0.7 nm~1
to 0.2 nm™1, indicating a weakly ordered trend in the arrangement of channels with a spacing
of approximately 12.76 nm.

All scattering curves in Figure 3 exhibit positive deviations from Porod's law, indicating that
the skeleton structure of the raw material, intermediates, and products is heterogeneous [22:31-321
the carbonization is incomplete, and both graphitic microcrystalline and amorphous compo-
nents coexist. Impurities (adsorbate) also remain in the pores, creating micro electron density
fluctuations. These fluctuations generate additional scattering, superimposed on the scattering
from the main scatterers, the pores, resulting in overall positive deviations from Porod's law.
The degree of deviation can be quantitatively expressed by the slope of the deviation. By
correcting for the positive deviation [33], the scattering data of the pores can be obtained,
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allowing for the analysis of the pore structure, including porosity, specific surface area, and
pore size distribution.
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Figure 4. In-situ pore size distribution at several temperatures during the preparation of activated carbon
from anthracite.

The SAXS analysis results are shown in Figures 4 and 5. From the pore size distribution
histogram in Figure 4, changes in pore size can be observed. After the activation process
begins, the content of micropores increases significantly, and mesopores gradually develop
during the holding stage, indicating that carbon dioxide continuously etches the carbon skel-
eton structure to create pores throughout the activation process, further expanding the pores
through newly formed channels, and maintaining the overall pore structure stability during
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the cooling process. The fluctuations in the curves in Figure 5 reflect the destruction and
formation of pores throughout the reaction process.
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Figure 5. In-situ changes of SAXS structural parameters at several temperatures during the preparation
of activated carbon from anthracite. Parameters include porosity (P), specific surface area (Sv), fractal
dimensions (describing surface Ds and spatial complexity Dp), and average pore size (d), and slope of
positive deviation from Porod’s law (Slope).

From the raw anthracite to the final activated carbon product, within the measurable range
of this experiment, the pore size distribution spans from 2.98 nm to 100 nm, namely covering
small pores, mesopores, and some macropores. The smallest pores are the most developed,
with the most probable size around 3 nm. The content of small pores, mesopores, and
macropores all increase, the average pore size decreases from 18.35 nm to 12.33 nm, the
porosity increases from 0.019 to 0.076, and the specific surface area increases from 64.58
m2/cm3 to 234.23 m2/cm3. This indicates that the pore network structure becomes more
developed, and the specific surface area substantially increases, enhancing the adsorption
activity, successfully converting anthracite into activated carbon. The method for calculating
SAXS structural parameters is detailed in the literatures [8221, The changes in SAXS structural
parameters are discussed in detail below.

The structural parameters derived from SAXS analysis include porosity (P), specific surface
area (Sv), fractal dimensions (D), and average pore size (d). Porosity represents the fraction
of voids within the sample, indicating the extent of pore development. Specific surface area
quantifies the surface area available for adsorption, which is critical for material performance.
Fractal dimensions describe the complexity of the pore surfaces (surface fractal dimension Ds)
and the spatial arrangement of pores (pore fractal dimension Dp). Average pore size charac-
terizes the dominant pore size, reflecting the interplay between micropores, mesopores, and
macropores formed during the activation process.

3.3. In-situ WAXS

Figure 6 shows the in-situ WAXS curves at several temperatures during the preparation of
activated carbon from anthracite. The scattering curves mainly reflect the changes in the car-
bon skeleton structure within the samples [51. From the WAXS curves, the broad and high
peak between 20° and 30° represents the (002) peak of graphitic microcrystals in coal [10],
Graphitic microcrystals are composed of several stacked aromatic ring layers [21, The higher
and sharper the peak, the greater the aromatic carbon layer stacking height and the smaller
the interlayer spacing, indicating a more regular and oriented arrangement of the layers. The
asymmetry of the peak mainly arises from the superimposed influence of the y peak and n
peak at low angles, produced by carbon microcrystals attached to various alkyl side chains
and functional groups connected to the aromatic rings [21, The lower diffuse peak between 40°
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and 50° represents the (100) peak of gra-
phitic microcrystals in the sample, reflect-
ing the size of the aromatic carbon layers
™ Cooling 200°C [10]1 The higher and sharper this peak, the
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the degree of aromatic ring condensation.
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Figure 6. In-situ WAXS curves at several tempera- detail below. The method for calculating
tures during the preparation of activated carbon from WAXS structural parameters is detailed in
anthracite (curves have been shifted vertically for the literature [5:161,

clarity).

The WAXS-derived structural parameters provide detailed insights into the evolution of the
carbon skeleton. Lamellar spacing (doo2) reflects the degree of graphitization and structural
ordering of graphite-like microcrystals, with smaller values indicating more compact and or-
dered structures. Lamellar stacking height (Lc) describes the crystalline dimensions along the
c-axis, representing the vertical stacking height of aromatic layers. Lamellar lateral size (La)
represents the in-plane crystalline size of aromatic layers. Degree of graphitization (g) quan-
tifies the proportion of graphitic carbon, serving as an indicator of the structural order of the
carbon skeleton.

3.4. Carbonization

In this study, the basic carbonization process involves heating anthracite from room tem-
perature to 600°C under an inert nitrogen atmosphere, followed by one hour hold to produce
char. The inert atmosphere prevents the oxidation and combustion of anthracite. As shown in
Figures 5 and 7, the carbonization process of anthracite can be roughly divided into four
stages: physical desorption, mild thermal decomposition, intense thermal decomposition, and
thermal condensation.

(1) Physical desorption: At approximately 20~100°C, anthracite undergoes physical de-
sorption, releasing free gases, adsorbed gases, and most of the external moisture (free water)
within the pores [13]1 exposing a rough surface and freeing some pores. The proportion of
small pores increases, the average pore size decreases, and the surface fractal dimension,
pore fractal dimension, porosity, and specific surface area all increase. The release of gases
and steam rapidly reduces electron density fluctuations within the pores, significantly decreas-
ing the Porod slope. Due to thermal vibrations, lamellar spacing and lamellar stacking height
increase, the layers become more relaxed, lamellar lateral size increases, and graphitization
degree decreases as lamellar spacing increases.

(2) Mild thermal decomposition: At approximately 100~200°C, anthracite continues to
release adsorbed gases and begins mild thermal decomposition, releasing carbon dioxide and
some bound water [*3], producing a small number of small pores, and opening up individual
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mesopores and macropores, resulting in an increase in all pore sizes and rougher pore sur-
faces. The surface fractal dimension, porosity, and specific surface area all increase, while the
basic structure of the carbon skeleton remains stable, with the pore fractal dimension remain-
ing unchanged. The apparent density of coal slightly increases (Table 2). The release of bound
water increases electron density fluctuations within the pores, increasing the Porod slope.
Changes in the lamellar spacing, the lamellar stacking height, the lamellar lateral size and
graphitization degree are negligible. At approximately 200~400°C, anthracite continues to
release the majority of bound water and begins decomposing a small nhumber of unstable
oxygen-containing functional groups on the aromatic nuclei, releasing gases [1:3], Porosity and
specific surface area slightly increase. The basic structure of the aromatic nuclei in the carbon
skeleton remains intact, with fluctuations in the surface fractal dimension, pore fractal dimen-
sion, pore distribution, average pore size, Porod slope, and lamellar stacking height. The re-
leased gases open up the aromatic layers, causing lamellar spacing and lamellar lateral size
to fluctuate upward, and graphitization degree to fluctuate downward.
Time (min)
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Figure 7. Changes in the structural parameters of graphitic microcrystals during the preparation of acti-
vated carbon from anthracite. Parameters include graphitization degree (g), lamellar spacing (d002),
lamellar stacking height (Lc), and lamellar lateral size (La), calculated from WAXS.

(3) Intense thermal decomposition: At approximately 400~600°C, the thermal decom-
position of anthracite intensifies, breaking down the aliphatic side chains and functional groups
around the basic aromatic nuclei, producing coal gas, coal tar, and char [*:3]. More pores are
generated and opened within the solid carbon network, with an increase in small pores, mes-
opores, and macropores, leading to rapid increases in average pore size, surface fractal di-
mension, pore fractal dimension, porosity, and specific surface area. The continuous genera-
tion and release of coal gas and tar cause fluctuations in the Porod slope. Some free radicals
begin to combine, elongating the aromatic layers, increasing lamellar lateral size. The released
gases and liquids open up the aromatic layers, even causing them to misalign and split, in-
creasing lamellar spacing and decreasing graphitization degree and lamellar stacking height.

(4) Thermal condensation: During the 600°C holding period, the production of coal gas
and tar gradually decreases [*3l. Tar undergoes further decomposition and condensation,
while char starts to condense and rearrange as the pyrolysis weakens. Under combined ef-
fects, the char structure remains relatively stable. Fluctuations in pore distribution, average
pore size, surface fractal dimension, pore fractal dimension, porosity, specific surface area,
Porod slope, lamellar spacing, graphitization degree, and lamellar stacking height are minimal.
Free radicals combine, leading to the reorganization, connection, and growth of aromatic lay-
ers, increasing lamellar lateral size.

Pet Coal (2025); 67(2): 358-371
ISSN 1337-7027 an open access journal

366



Petroleum and Coal

In summary, during carbonization, the organic matter in anthracite undergoes pyrolysis,
carbonization, and reorganization, forming a porous network structure of char, which consti-
tutes the original structural form of activated carbon, namely, a graphitic-like basic microcrys-
talline structure [*3]1, Voids remain between the microcrystals [21, At this stage, due to the
precipitation and decomposition of tar substances, these voids are occupied or blocked by
disordered amorphous carbon. Therefore, the adsorption capacity of the carbonized product
is relatively low and requires activation to enrich the pore structure. Additionally, the structural
changes in the carbonized material during the holding period are minimal, indicating that the
holding time during the carbonization of anthracite can be shortened or even eliminated. The
decomposition of minerals during high-temperature carbonization reduces their influence on
the final structure of the activated carbon. Although mineral residues may have a minor effect
on scattering patterns and interlayer spacing during intermediate stages, the observed
changes in graphitic microcrystal spacing are predominantly attributed to the thermal and
chemical transformations of the carbon skeleton.

3.5. Activation

In this study, the basic activation process involves heating the char formed at 600°C from
the carbonization of anthracite in a carbon dioxide atmosphere to 900°C and holding for 1
hour. Carbon dioxide, as an oxidizing atmosphere, primarily functions to create pores [13], As
shown in Figures 5 and 7, the activation process of anthracite can be divided into three stages:
mild activation, intense activation, and stabilization.

(1) Mild activation: At approximately 600~700°C, the decomposition of volatile sub-
stances in the char continues, with the rate of pore blockage by coal gas and tar exceeding
the rate of pore opening by carbon dioxide and tar reaction [*3], The volumes of small pores,
mesopores, and macropores decrease, with reductions in average pore size, pore volume,
porosity, specific surface area, surface fractal dimension, and pore fractal dimension. The
Porod slope increases, lamellar spacing and lamellar stacking height increase, and graphitiza-
tion degree decreases as lamellar spacing increases. Microcrystals react with carbon dioxide
and are burned away, decreasing lamellar lateral size.

(2) Intense activation: At approximately 700~900°C, the release of volatile substances
in the char nears completion, and the reaction of carbon dioxide with tar, amorphous carbon,
and microcrystals becomes dominant [*31, Under carbon dioxide activation, tar and other sub-
stances within the pores, as well as disordered amorphous carbon, are removed, opening
previously blocked pores. Carbon dioxide diffuses into the initial pores, reacting and enlarging
them, sometimes causing the walls of adjacent pores to burn away and merge, increasing the
volumes of transitional pores and macropores. At this point, the surfaces of the basic micro-
crystals are exposed and react with the activating agent, causing burn-off. The burn-off of
microcrystals is uneven, occurring faster parallel to the carbon layers than perpendicular to
them, with a higher reaction rate at edges and defects, leading to the formation of new pores.
These reactions increase the volumes of small pores, mesopores, and macropores, with small
pores increasing the most, making the pore network more developed and complex. Thus, the
pore fractal dimension, porosity, specific surface area, and lamellar spacing increase rapidly,
while lamellar stacking height, lamellar lateral size, and graphitization degree decrease rap-
idly. Carbon dioxide first reacts with protruding active sites on the pore surface, decreasing
the surface fractal dimension; then, carbon dioxide burns off microcrystals, creating new small
pores, increasing the surface fractal dimension again. The disordered amorphous carbon grad-
ually decreases, reducing the Porod slope.

(3) Stabilization: During the holding period at 900°C, carbon dioxide continuously reacts
with the char, further developing and evolving the pore structure of the activated carbon %31,
Simultaneously, the skeleton undergoes a degree of crystallization, condensation, and rear-
rangement, gradually reaching equilibrium, forming a relatively stable structure of activated
carbon. Therefore, all mentioned structural parameters fluctuate during this holding period
but remain overall stable.
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During the activation process, the changes in the pore structure of activated carbon include
the expansion of small pores, the formation of mesopores, the generation of macropores, and
increases in surface area and fractal dimensions [1:3], The carbon skeleton structure undergoes
rearrangement, reorganization, cracking, and extension, and new functional groups may be
introduced or existing functional groups altered due to the activating agent. Additionally,
based on the changes in structural parameters, the structural changes of activated carbon
during the holding period are minimal, indicating that the holding time during the carbon
dioxide activation process of anthracite carbonized material can be shortened or even elimi-
nated. Both the carbon skeleton structure and porous characteristics could be changed from
600°C to 900°C. The changes were undoubtedly derived from both the heat treatment itself
and the reaction with activation gas. Additionally, in our previous study [51 on Jincheng an-
thracite under an inert nitrogen atmosphere, we observed similar trends in doo2: an initial
increase during heating, peaking at around 1000°C due to thermal expansion, followed by a
gradual decrease during cooling as the structure stabilized. The anthracite samples used in
that study and the present work have similar elemental compositions, and the consistency in
dooz trends highlights the generality of these thermal effects. These findings support the in-
terpretation that the observed doo2 changes in this study are driven by the combined effects
of thermal expansion and structural rearrangement. The separation and comparison of these
two effects need further study in the future.

In the activation process of coal-based activated carbon, CO2z activation and steam activa-
tion each have their own characteristics, and the process conditions, such as temperature,
also differ. As a result, different types of activated carbon with unique properties can be pre-
pared to suit various application scenarios. As an exploratory study on the in-situ preparation
of coal-based activated carbon, CO2 was chosen as the activation agent in this work mainly
due to its mild activation effect, aiming to achieve a balance in the development of small pores
and mesopores.

The activated carbon prepared in this study has a specific surface area of 234 m2/cm3,
which is relatively low. To further enhance pore development, future studies will consider
higher activation temperatures or the use of stronger activation agents, such as steam.

3.6. Cooling

In this study, after the activation holding period ends, heating is stopped, and the activated
carbon is naturally cooled in a carbon dioxide atmosphere. During this period, the structure of
the activated carbon may undergo the following changes [34-351;

(1) Release of residual gases: Some gases may remain from the high-temperature ac-
tivation process. During natural cooling, these residual gases will gradually be released, po-
tentially making some small pores in the channels more accessible or adjusting certain func-
tional groups on the surface.

(2) Stabilization of pore structure: The pore structure formed during high-temperature
activation may further stabilize during natural cooling. The size and distribution of the pores
may slightly adjust to adapt to the new environmental conditions, leading to the redistribution
and adjustment of small pores, which affects the pore structure characteristics of the activated
carbon.

(3) Stabilization of crystal structure: Under high-temperature conditions, some amor-
phous carbon may convert to crystalline carbon. During natural cooling, the crystal structure
of this crystalline carbon may further form and stabilize, affecting the crystalline structure
characteristics of the activated carbon.

(4) Adjustment of surface functional groups: During activation, some chemical func-
tional groups may form on the surface, such as hydroxyl or carbonyl groups. During natural
cooling, these surface functional groups may undergo adjustments, potentially increasing or
decreasing the number of functional groups, affecting the surface chemical properties of the
activated carbon.
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These changes cause fluctuations in all structural parameters calculated in this study but
remain overall stable. This indicates that the structure of activated carbon obtained from an-
thracite using the carbon dioxide activation method can be retained during natural cooling in
a carbon dioxide atmosphere without the need to change the cooling atmosphere.

3.7. Comparison between nitrogen adsorption and SAXS results

The nitrogen adsorption and SAXS results provide complementary insights into the pore
structure evolution from raw anthracite to activated carbon. Nitrogen adsorption primarily
measures open pores, while SAXS captures both open and closed pores, offering a more com-
prehensive view of the material's structural transformation.

The comparison of specific surface area between nitrogen adsorption and SAXS results is
summarized in Table 3, and the pore size distribution from nitrogen adsorption is shown in

Figure 8.
Table 3. Comparison of specific surface area between nitrogen adsorption and SAXS.

Sample BET (m?/g) SAXS (m?2/cm3)/(m?3/g)
Anthracite 13.58 64.58 / 35.88
Activated carbon 30.67 234.23/117.06
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Figure 8. Pore size distribution of anthracite and Figure 9. Schematical view of structural evolution
activated carbon obtained from nitrogen adsorp- from anthracite to activated carbon.
tion experiments.

As shown in Table 3, nitrogen adsorption results indicate that raw anthracite has a compact
structure with limited open pores, while SAXS reveals the presence of closed pores and/or ink
bottle-shaped pores. After activation, nitrogen adsorption detects a significant increase in
small pores and mesopores, as shown in Figure 8. SAXS further confirms the development of
a more complex pore network, with increased specific surface area and porosity.

However, SAXS results also reveal that the final activated carbon retains many closed pores
and/or ink bottle-shaped pores, which nitrogen adsorption cannot directly observe. These
pores may result from incomplete activation or structural characteristics that hinder gas pen-
etration. Their presence reduces the fully accessible surface area and may limit adsorption
performance.

The combined use of nitrogen adsorption and SAXS highlights the hierarchical pore struc-
ture evolution during activation and the potential for further process optimization to address
closed pores.

The structural evolution from anthracite to activated carbon can be schematically illustrated
as Figure 9. The structure evolution models can be referred in literature [361,
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4. Summary

In this study, anthracite from the Zhaogu No. 2 Mine in Jiaozuo, Henan Province, China,
was used as the raw material, and carbon dioxide was used as the activating agent to prepare
activated carbon. The entire reaction process was studied in situ using SAXS-WAXS based on
the Beijing Synchrotron Radiation Facility. The results show that during the preparation of
coal-based activated carbon, the structural changes of activated carbon exhibit clear stages.
The carbonization process can be roughly divided into four stages: physical desorption, mild
thermal decomposition, intense thermal decomposition, and thermal condensation. With in-
creasing temperature, small pores, mesopores, and macropores gradually form, significantly
increasing porosity and specific surface area. The activation process can be roughly divided
into three stages: mild activation, intense activation, and stabilization. Carbon dioxide further
develops the pores, making the pore network structure more complex and developed. Mean-
while, the degree of graphitization of the carbon skeleton decreases during carbonization,
decreases first then increases during activation. The cooling process mainly involves the rear-
rangement and stabilization of microcrystals and pore structures. These changes affect the
pore structure characteristics, crystal structure characteristics, and surface chemical proper-
ties of the final activated carbon, thereby influencing its adsorption performance and applica-
tion properties.

The final prepared activated carbon has a high specific surface area and developed pore
structure, providing a good structural basis for enhancing its adsorption performance. Addi-
tionally, the changes in structural parameters indicate that the holding time during carboni-
zation and carbon dioxide activation of anthracite can be shortened or even eliminated. The
structure of activated carbon after high-temperature activation can still be retained during
natural cooling in a carbon dioxide atmosphere without the need to change the cooling atmos-
phere. This study provides experimental insights and practical data support for optimizing the
process of preparing high-performance activated carbon from anthracite.
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