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ARTICLE INFO ABSTRACT

Keywords: Pressurized O2/H20 combustion is regarded as a promising high-efficiency CCS technology. In this study, char
Char combustion in a pressurized O2/H20 atmosphere was performed with a pressurized horizontal tube furnace. The
02/ HZQ . effects of pressure (0.1-1.3 MPa) and HyO concentration (0-60%) on char conversion, char physicochemical
z::jzgzanon structure and reactivity were investigated by means of XPS, Raman, temperature-programed desorption and TGA
Reactivity tests. The results show that both pressurization and HoO can promote char conversion and facilitate the for-

mation of carbon-oxygen bonds on the char surface. Pressure mainly affects the consumption and generation of
micropores, while the effect of H,O on the pore structure has no obvious selectivity. Pressurization reduces the
relative content of C—C, while HyO has the opposite effect. At low pressure (0.1-0.7 MPa) and low H20 con-
centration (0-40%), pressurization and HoO can promote the formation of C(O) on the surface of char. The
reactivity of char first decreased and then increased with increasing pressure and increasing HoO concentration.

1. Introduction

CO;, capture and storage technology has received extensive attention
for the purpose of coping with climate change [1,2]. Major countries in
the world have proposed carbon neutrality goals [3]. In China, coal-fired
power plants are the largest source of CO, emissions [4]. Although the
utilization of non-fossil energy has been paid attention, coal-fired power
generation will still exist for a long time as a guarantee of energy se-
curity [5]. In the context of carbon neutrality, CO2 capture during coal
combustion has become a research focus. For new coal-fired units, oxy-
fuel combustion technology is one of the effective CO, capture tech-
nologies, which can effectively increase the CO2 concentration in the
exhaust gas. For the purpose of achieving near-zero emissions from fossil
fuels, Solvador [6,7] proposed the latest third-generation oxy-fuel
combustion technology, namely O2/H20 combustion. This technology
uses HoO with a higher radiation than CO to enhance heat exchange in
the combustion chamber, and the high specific heat capacity to modify
the flame temperature. At the same time, the phase transition of HyO is
used to remove impurities and obtain high concentration of CO5. Con-
ventional oxy-fuel combustion technology is carried out at atmospheric
pressure, but in the oxy-fuel combustion power generation system, the
air separation unit before combustion and the gas treatment device after
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combustion are all in high-pressure operation [8-10]. The process of
changing system pressure leads to energy waste [11]. Besides, the re-
covery of latent heat from steam in flue gas can be possible, and the
components will be smaller, leading to reductions in capital cost [12].
Therefore, the gasification-combustion reaction of coal under pressur-
ized O2/H20 is of great significance.

At high temperature, H>O can promote the combustion of coal. As a
gasification agent, HoO reacts with char to promote a large amount of
CO and H;, precipitation and promote homogeneous combustion [13]. At
the same time, the H and OH radicals formed on the surface of char by
H50 can reduce the activation energy of char heterogeneous reaction
[14]. The thermochemical transformation properties of char are closely
related to its physicochemical structure [15,16]. Under the condition of
0,/H50, the char-H,0 gasification reaction occurs on the outer surface
of the inner pores of the char, which changes the pore physicochemical
structure of the char particles and directly affects the combustion
characteristics of the char [17]. Studies have shown that HyO plays the
role of opening micropores and expanding pores during the gasification
reaction. At lower char consumption, HoO opens the pores of the char
and forms micropores [18]. In the case of high H;O concentration or
high carbon conversion rate, HoO promotes the development of various
pores and provides diffusion channels for the gases involved in the
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reaction [19,20]. Previous studies have found that for the pyrolysis
process, pressurization will reduce the char reactivity [21-23]. In the
gasification reaction, pressurization can significantly promote the char-
Ho0 gasification reaction [24]. Less attention has been paid to the
reactivity of char in pressurized O3/H20 combustion. At present, only
Zhao et al. [25] have conducted a reactivity test on the residual char of
pressurized O/H30, but did not draw a link between the pressure and
the char reactivity. They argue that the reactivity of char coupled the
effects of pyrolysis and combustion processes on its structure.

During the gasification process, the combination of O atoms and C
atoms forms various oxygen-containing functional groups on the surface
of char to form active centers. However, during the reaction, its inherent
oxygen-containing functional groups were released during char con-
sumption as HyO facilitated the unzipping of the benzene ring. The
amount of oxygen-containing functional groups on the char surface is
jointly determined by the consumption of intrinsic functional groups
and the introduction of HyO gasification reaction [18]. Under the action
of Oy and OH radicals, C(O) complexes are formed on the char surface,
which is the precursor of the reaction site Cy. In the temperature-
programmed desorption experiment, it was found that the gaseous
product formed by the desorption of carbon-oxygen complexes formed
on the surface of char in a steam atmosphere was mainly CO [26,27].
Studies have shown that the amount of carbon-oxygen complexes on the
char surface is positively correlated with the reactivity of NO reduction
[28-30]. H20 can also affect the degree of char ordering by consuming
amorphous carbon and dissociating product H radicals to induce poly-
condensation of benzene rings [31,32].

However, the current research is based on atmospheric pressure, and
there is little exploration of the thermochemical conversion of char
under a pressurized Oy/H0 atmosphere. Our previous work focused on
the effects of pressurized O2/H20 atmosphere on N conversion during
Shenhua char combustion and Zhundong demineralized char’s structure
[25,33,34]. There are few reports on the evolution of char surface
chemical structure under a pressurized O,/H>0 atmosphere. Moreover,
the mechanism of HyO gasification reaction on char surface car-
bon-oxygen complexes and active sites under pressurized conditions is
not precise. Therefore, based on a novel pressurized horizontal tube
furnace, this study explored the effects of pressure and H,O concentra-
tion on char conversion, char physicochemical structure evolution,
carbon-oxygen complexes generation, and char reactivity.

2. Experimental samples and methods
2.1. Coal samples

The material is Shenhua bituminous coal with a particle size of
53-125 pm. Its proximate analysis and ultimate analysis results are
shown in Table 1.

2.2. Experimental methods

The pressurized pyrolysis char was first prepared, and then it was
burned under the corresponding pressure with an O2/H30 atmosphere.
Pyrolysis and combustion experiments were carried out using a pres-
surized horizontal tube furnace system, as shown in Fig. 1.

The gas distribution system includes reaction gas, equilibrium gas,
and protection gas. The reaction gas was premixed with deionized

Table 1
Proximate and ultimate analysis of coal.

Proximate Analysis (Wt%) Ultimate Analysis (wt%)

Mad Vad Aad FCaa Cad Haa Nad Sad Oad

4.14 27.84 9.15 58.87 71.99 4.16 1.26 0.36 8.94

Note: ad = air dry basis.

Fuel Processing Technology 237 (2022) 107469

water, Ar, and O,, heated until the water was in the gas phase, and
passed into the reaction tube. The equilibrium gas was Ar, and the flow
setting was the same as that of reaction gas to ensure the balance of
pressure inside and outside the reaction tube to prevent it from
rupturing. The protection gas was Ar used to purge at the connection
seal between the pushrod and the furnace body to prevent air from being
brought into the reaction tube during the propulsion process. The
electric propulsion system can realize the rapid entry of sample from the
low temperature area to the high temperature area for chemical reaction
and from the high temperature area to the low temperature area to stop
the reaction. The reaction time can be strictly controlled to facilitate
process analysis of char combustion. The low temperature at the front
end of the reaction tube was set as the initial position of the sample,
position 0, the central position of the furnace constant temperature zone
was set as position 1, and the cooling position at the rear end of the
reaction tube was set as position 2. The length of the constant temper-
ature zone is 200 mm, and the length of the quartz boat is 120 mm. The
quartz boat loaded with the sample was pushed from position 0 to po-
sition 1 for 1.32 s. The residence time was defined as when the sample
was on position 1 for chemical reaction. After the reaction, the quartz
boat was pushed from position 1 to position 2 for cooling within 1.48 s.
In the case of pressurized O2/H20 atmosphere, position 0, position 2 and
the back-pressure valve were heated to 200 °C by heating cable to ensure
that HyO maintained the gas phase under pressurized conditions, and at
the same time avoid chemical reaction of char due to excessive tem-
perature. In the preparation process of pyrolysis char, the temperature
was set to 1000 °C, the atmosphere was Ar, and the gas flow inside and
outside the reaction tube was 2 L/min. A back-pressure valve was
modified to set value (0.1/0.4/0.7/1.0/1.3 MPa) and remain stable. The
pushrod was used to push the quartz boat to position 1, then position 2
when ultimately pyrolysis after 40 min. The obtained pressurized py-
rolysis char was subjected to combustion experiments under the corre-
sponding pressure to explore the effects of pressure and H0
concentration (0/20/40/60%) on the char’s combustion process,
structure, and reactivity. The operating conditions are shown in Table 2.
A quartz boat spread with a 500 mg char sample was placed at position
0, and the system was sealed. When the furnace temperature rose to
1000 °C and the H20 preheating units to 200 °C, the water pump was
started. A 2.49 L/min reaction gas of O/H30/Ar and an equal flow rate
of Ar for equilibrium gas were introduced inside and outside the reaction
tube. The volume fraction of O; in the reaction gas was 10%, the dilution
gas was Ar, and the rest was HyO with a set volume fraction. The motor
was turned on after the pressure was increased to the set value and
remained stable by modifying the back-pressure valve. The quartz boat
was pushed from position 0 to position 1 for chemical reaction and then
moved to position 2 after 120 s. After the reaction, the system was
cooled, and the residual sample was removed.

2.3. Char characterization

2.3.1. Pore structure analysis

The pore structure of char was measured by a surface area and
porosimetry analyzer (ASAP 2460, Micromeritics, USA). N, was used as
the adsorption medium, and the adsorption capacity was related to the
relative pressure. Adsorption and desorption tests were carried out at
—195.85 °C after degassing at 250 °C, and the isotherm adsorption-
desorption curve with relative pressure between 0.01 and 0.978 was
obtained. The BET method calculated the specific surface area, and the
pore volume and pore size parameters were calculated by the BJH
method.

2.3.2. Raman spectroscopy analysis

The carbon skeleton structure of char samples was measured by a
Raman spectrometer (LabRAM HR Evolution, HORIBA, France). The
laser wavelength was 532 nm, the scanning range was 3000-200 cm ™,
and the spectral resolution was 1.8 cm™'. The 1800-800 cm ' band
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Table 2
Experimental conditions invested for char pressurized O»/H,0 combustion.

No. Pressure (MPa) 03 (%) H>0 (%) Ar (%) Residence time (s)

1 0.1 10 20 70 120

2 0.4 10 20 70 120

3 0.7 10 20 70 120

4 1.0 10 20 70 120

5 1.3 10 20 70 120

6 0.7 10 0 920 120

7 0.7 10 40 50 120

8 0.7 10 60 30 120

curve was subjected to peak fitting processing.

2.3.3. X-ray photoelectron spectroscopy analysis

The bonding of C on the char surface was measured by X-ray
photoelectron spectroscopy (ESCALAB 250Xi, ThermoFischer, USA).
The excitation source was Al ka ray (hv = 1486.6 eV), the passing-
energy was 30 eV, and the step size was 0.1 eV.

2.3.4. Temperature-programed desorption

The C(O) on the char surface was analyzed by TPD (temperature-
programmed desorption) method [35]. A 20 mg sample of burning re-
sidual char in a pressurized Oy/H20 atmosphere was placed in a Ny
atmosphere of 0.5 L/min, and the temperature was raised to 1200 °C at
5 °C/min to decompose the carbon-oxygen complexes on the char sur-
face thermally. The corresponding C(O) content on the char surface was
obtained.

2.3.5. Reactivity

The reactivity of the char was measured by a thermogravimetric
analyzer (TGA/SDTAS851¢, Mettler-Toledo, Switzerland). The mass of a
single sample was 6 mg, and the flow was controlled at 20 mL/min.
From room temperature to 500 °C stage, the carrier gas was Na. After
reaching 500 °C, it was switched to an atmosphere of 21% O and 79%
Ny, and the char burned out within 120 min.

2.3.6. Data processing
The equation for char conversion rate was shown in Eq. (1):

X = (mog—m)/[mo(1 — Xun) | x 100% 1)
where X is the conversion rate (%), mg is the mass of the original char
sample (mg), m is the mass of the unburned char obtained at the resi-
dence time of 120 s (mg), and X, is the proportion of ash (%) in the

char sample, which is obtained through the burnout experiment.

3. Results and discussion
3.1. Conversion rate of char

The effect of pressure (0.1/0.4/0.7/1.0/1.3 MPa) on char conversion
was investigated at 1000 °C, 10% O3, 20% H50, 70% Ar and 120 s
residence time. The effect of H,O on char conversion was studied at 0.7
MPa, 1000 °C, 10% O-, and 120 s residence time. The char conversion
rate under different pressure and HO conditions was shown in Fig. 2. It
can be seen from Fig. 2a that as pressure was increased, the char con-
version rate increased, and when the pressure increased from 0.1 MPa to
0.4 MPa, the char conversion rate increased by a larger amplitude, and
then the pressure effect tended to be flat. This showed that the pressure
effect promoted char-O2/H>0 combustion. The increase in pressure
promoted the adsorption of gas-phase reactants on the active sites of the
char surface, thus increasing the reaction rate [36,37]. However, the
increase in pressure led to a decrease in the pressure difference between
the inside and outside of the char, which was not conducive to the
outward diffusion of the gas generated inside the char, so the promotion
effect of pressure on char conversion was weakened. As shown in Fig. 2b,
the char conversion rate increased when H,O concentration increased
from 0% to 60%. Moreover, for every 20% increase in H,O concentra-
tion, char will be about 15% consumed. The increase of HyO strength-
ened char consumption in the gasification reaction [38,39].

3.2. Pore structure analysis

Fig. 3 shows the effect of pressure on the surface area and pores of
char at 20% H3O concentration. As shown in Fig. 3a, the External Sur-
face Area increased when the pressure increased from 0.1 MPa to 0.7
MPa. However, it decreased when the pressure increased from 0.7 MPa
to 1.3 MPa. Pressure had little effect on BET Surface Area and Micropore
Area, but the contribution of micropores to the specific surface area
(Micropore Area Ratio: Micropore Area / BET Surface Area) changed
with the increase of pressure, and there was an inflection point. When
the pressure increased from 0.1 MPa to 0.7 MPa, the Micropore Area
Ratio decreased from 0.78 to 0.57, and when the pressure increased to
1.3 MPa, it increased to 0.71. As shown in Fig. 3b, when the pressure
rose from 0.1 MPa to 0.7 MPa and 1.0 MPa, there were peaks in the
change of pore volume and pore size, respectively. The pore volume
reached the maximum at 0.7 MPa and 1.0 MPa, which are 0.195 cm®/g.
The pore size reached a maximum of 6.38 nm at 1.0 MPa. The influence
of pressure on the physical structure of char was mainly reflected in the
contribution of micropores to the pore structure. Pressurization pro-
moted Oz and HoO enter the pores to consume micropores, transforming
into mesopores and macropores, and expanding channels for gas [40].
Under 20% H3O trial, the expansion of char’s initial pores was fully
developed at 0.7 MPa. Under this trial, the proportion of micropore area
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Fig. 3. Char physical structure under different pressures.

to the total reached the minimum, while the pore volume to the
maximum. At higher pressures, the gasification reaction was signifi-
cantly enhanced. The etching effect of H;O opened pores on the char
surface and expanded into narrow micropores [18,40].

Fig. 4 shows the effect of HyO concentration on the physical structure
of char at 0.7 MPa. As shown in Fig. 4a, the BET Surface Area and
Micropore Area rose to peak values when the HpoO concentration was
increased from 0% to 40%. When the H,O concentration exceeded 40%,
both BET Surface Area and Micropore Area decreased with the
increasing HyO. The peak value of the External Surface Area appeared at
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Y] Micropore Area  —%— Micropore Area Ratio
400 7z 108 o
YL
& 300 - x| 106 g
i.g -
o
s 200 - 104 5
< g
2
100 H % {022

0 0.0

0 20 40 60

H,0 (%)

(a) Surface area

20% H50 concentration. When the H,O concentration increased from
0% to >20%, the Micropore Area Ratio dropped from 0.79 to about 0.6
and remained stable. As shown in Fig. 4b, when the H30 concentration
increased from 0% to 20%, the pore volume was significantly increased
from 0.047 cm®/g to 0.19 cm®/g. When the H,0 concentration exceeded
20%, the pore volume decreased slightly with the increase of H20. The
H0 concentration had little effect on the pore size.

Under pressurized conditions, the addition of HoO promoted the
diffusion of Oy and the development of char pore structure. Tomkow
et al. [19] found that during char-H»O gasification, the role of H>O led to
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Fig. 4. Char physical structure under different H,O concentration.



C. Bai et al.

the development of various pore structures in char. This explained why
the micropore area ratio and pore size were less affected by the HoO
concentration. The decrease in BET surface area under the 60% HyO
condition was due to the high char conversion.

3.3. Raman analysis

The skeleton structure of char was analyzed by Raman spectroscopy.
According to previous studies [23], the Raman spectrum was fitted with
5 bands. The position and assignment of each sub-peak were shown in
Table 3. Fig. 5 shows the curve fitting results by Peakfit of the sample
obtained from 0.7 MPa, 20% H30 concentration condition.

Parameters were calculated by the sub-peak area to characterize the
structure of char, as shown in Fig. 6. In;/Ip3 represents the ratio of large
aromatic rings (>6) to small aromatic rings (3-5), Ig/Iaj represents the
relative content of graphitized structure, and Ip1/Ig for the defective
structures. It can be seen from Fig. 6a that at 20% H5O concentration,
pressure had little effect on Ipy/Ig, while Ipy/Ips and Ig/Ia; decreased
slightly with the increasing pressure. This indicated that in the O3/H20
atmosphere, the pressurization promoted the decomposition of large
aromatic rings and decreased the degree of graphitization. Pressuriza-
tion promoted the penetration of O3 and H,O to the inner surface of the
char, resulting in the unzipping of the benzene ring structure. As shown
in Fig. 6b, under 0.7 MPa, Ip;/Ips was not significantly affected by H,O.
When the Hy0 concentration increased, Ig/Iaj rose in fluctuation, and
Ipy/I; decreased slightly. This was because the H radicals generated by
the dissociation of HoO under pressurized conditions can induce the
polycondensation of the benzene ring so that the disordered carbon
skeleton structure was gradually transformed into an ordered graphiti-
zation structure, the degree of aromatization and graphitization were
improved [35,41].

3.4. XPS analysis

The species and relative contents of carbon, oxygen, and other ele-
ments on the char surface were obtained by peak fitting of XPS spectra.
The deconvolution of Cls spectrum was divided into six sub-peaks,
namely, sp? hybrid C—C peak, sp°> bonded C—H peak of the carbon
atom, hydroxyl/ether bond or carbon atom connected with internal
lipid/ester bond C—O peak, carbonyl or carbon atom connected with
two hydroxyl/ether bonds C=0 peak, carboxyl or carboxylic anhydride
0O=C-O0 peak, and characteristic peak caused by aromatic or unsaturated
structure n*- vibration transition [34,42]. Taking the XPS analysis of
residual char under 0.7 MPa as an example, the peak position infor-
mation and peak separation results of carbon-containing functional
groups on char surface were shown in Fig. 7.

Fig. 8 summarizes the effect of pressure and HoO on the bonding of
carbon atoms on the char surface. As shown in Fig. 8a, in a 20% H,0
concentration atmosphere, with the increasing pressure, the C—C and
C—H contents decreased slightly, the C—O and C—=O0 contents increased
steadily, and the O-C=0 content fluctuated around 1.1%. The changes of
C—C and C—H contents indicated that the pressure effect promoted the
cracking of the aromatic ring structure by oxidizing substances [28], the
degree of graphitization of char decreased, and the adsorption of re-
actants on the defect sites was strengthened, which promoted the

Table 3
Parameters of fitted peaks from sample’s Raman spectrum.
No. Center Assignment
(em™)
D1 1350 Aromatic ring structure containing >6 benzene rings
D2 1620 Disordered graphite structure
D3 1530 Amorphous structure
D4 1200 Irregular arrangement of the carbon layer and the amorphous
structure caused by the substituent group on the aromatic ring
G 1580 Regular graphite carbon structure with a C—C bond structure.
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cleavage of the C—H bond connected to the aromatic ring. The influence
of pressure on the content of oxygen, phenolic hydroxyl, carbonyl, and
carboxyl group on the surface of the char indicated that the pressure
effect promoted the adsorption of oxygen on the surface of the char and
constructed carbon-oxygen groups. However, unlike the increase in
phenolic hydroxyl and carbonyl groups’ content, carboxyl’s stable
content was due to its weak thermal stability and easy decomposition to
generate CO». The weak fluctuation of its content was resulted from the
coupling effect of pressure on the construction of carbon and oxygen
groups and the promotion of combustion and decomposition. The effect
of Hy0 concentration on the carbon bonding on the char surface was
investigated at 0.7 MPa. As shown in Fig. 8b, with the increasing H,O
concentration, the contents of C—C and C—O increased, while C—H
decreased, while the rest have no apparent regularity. It showed that the
adsorption reaction between HyO and the defect structure on the char
surface led to the consumption of the defect carbon structure and the
deepening of the char’s aromatization degree. The adsorption of char to
form oxygen-containing intermediates was mainly phenolic hydroxyl
groups.

3.5. TPD analysis

C(O) on the surface of char particles contains various kinds of
functional groups, and their thermal stability are different [26]. In this
study, the temperature in the constant temperature zone of the furnace
was 1000 °C, while the char surface temperature was slightly higher
than the ambient temperature during char-Oz/H0 combustion [13].
Therefore, the final temperature of 1200 °C was set for TPD, and the
amount of C(O) that was easy to participate in the reaction was explored.
TPD was used to explore the effect of pressure under 20% H30O con-
centration and H5O concentration under 0.7 MPa on the amount of C(O)
on the char surface. The results were shown in Fig. 9.

As shown in Fig. 9a, when the pressure increased from 0.1 MPa to
0.7 MPa, the amount of C(O) desorbed increased first and then
decreased when the pressure increased to 1.0 MPa. Although the relative
content of carbon-oxygen functional groups of 1.0 MPa and 1.3 MPa
samples was relatively high in XPS analysis, the amount of desorbed C
(0) in the TPD test was more petite, indicating that the proportion of
easily decomposed carbon-oxygen functional groups were low below
1200 °C. As shown in Fig. 9b, when the H,O concentration increased
from 0% to 40%, the amount of C(O) increased significantly. H,O can
penetrate the inner layer of the char carbon matrix structure to promote
the bond breaking between carbon and alkali metals and the formation
of active functional groups on the char surface [43,44], and the etching
effect of HoO guides the formation of active sites on the char structure,
providing active sites for oxygen adsorption. However, when the H,O
concentration reaches 60%, the amount of C(O) decreased to close to the
0% Hy0 condition. This was because carbon’s 120 s residence time
conversion rate has reached 64.39% under 40% H5O concentration. At
this time, it began to enter the late stage of the reaction. Under 60% H50
concentration, the char conversion rate was as high as 80.31%, and the
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carbonization degree of char was high, the surface defect sites, aliphatic
chains and bridge bonds were consumed, the pores collapsed and
merged, the places that can provide active sites were reduced, so that the
amount of C(O) on the char surface was reduced.

3.6. Reactivity analysis

The reactivity of char was tested by thermogravimetric analysis. In
the above TPD experiments, it was found that CO was desorbed from the
char surface at 600 °C. Therefore, the reactivity test was carried out at
500 °C to reduce the influence on char structure.

The char reaction rate at 30% and 50% char conversion and
maximum reaction rate were analyzed. In order to explore the
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relationship between char structure and reactivity, the analysis was
performed in the early stage of the reaction with a minor change in char
structure. Among them, the maximum reaction rate of char occurs at the
initial stage. It can be seen from Fig. 10a that at 20% H>O concentration,
when the pressure increased from 0.1 MPa to 1.0 MPa, the reactivity of
char gradually decreased. When the pressure reached 1.3 MPa, the char
reactivity increased. As shown in Fig. 10b, at 0.7 MPa, when the Hy0
concentration increased from 0% to 40%, the char reactivity decreased,
but when H»0 concentration increased to 60%, the reactivity increased.
Zhang et al. [45] also found a similar phenomenon in char-H,O gasifi-
cation experiments. Raman analysis showed that HoO promoted the
graphitization degree of char and the consumption of defect structures,
while pressurization decreased the graphitization degree of char and the
decomposition of large aromatic rings. Besides, the development of char
pore structure had no noticeable effect on the reactivity. It indicated that
its carbon skeleton and physical structure did not determine the char
reactivity. Zhao et al. [23] found that the amorphous carbon and defect
structures in the pressurized pyrolysis char were consumed, and the
reactivity decreased. The combustion of pressurized pyrolysis char in
pressurized Oy/H,0 atmosphere was accompanied by an unsaturated
reaction between char surface active sites and oxygen. Although in the
char-O5/H50 in-situ reaction, the char reaction rate constant was pro-
portional to the amount of C(O) complexes on the char surface [28].
However, in the ex-situ reactivity test, the empty active sites were
generated by C(O) desorption. Therefore, the desorption of C(O) struc-
tures on the char surface was the rate-limiting step of the reaction.
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Fig. 8. Relative contents of surface functional groups determined from XPS Cls spectra.
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Fig. 10. Reactivity analysis of char.

4. Conclusions

1. Both pressurization and HyO promote char-O5/H50 combustion, and
the char conversion rate increased from 23.95% at atmospheric
pressure to 69.07% at 1.3 MPa, with a significant increase at 0.4
MPa. Compared with the char conversion rate of 35.05% without
H0, the char conversion rate increased by about 15% for every 20%
increase in the H,O concentration.

2. Pressure had a more apparent effect on micropores, while H,O
significantly affects various pores. Pressurization promoted the
adsorption of oxygen on the surface of char, primarily when it
increased from 0.1 MPa to 0.4 MPa, the aromatization degree of char
decreased, and the content of phenolic hydroxyl, carbonyl, and
aliphatic C—O on the surface increased. H,O promoted the aroma-
tization of char, the content of phenolic hydroxyl and carbonyl
increased, and the content of C—H and aliphatic C—O decreased.

3. Under the relative low pressure (0.1-0.7 MPa), with the increase of
pressure, the surface C(O) of char increased from 16.37 mmol/g to
20.00 mmol/g. At low H0 concentration (0-40%), C(O) increased
from 11.70 mmol/g to 26.78 mmol/g with the increase of HyO
concentration. The chemical structure of char played a major role in
its combustion reactivity at low temperature.
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