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AbstractThe impact of pressure on the carbon structure of a Chinese bituminous coal was investigated using a pres-
surized entrained-flow reactor in the temperature and pressure ranges of 700-900 oC and 0.1-4.0 MPa, respectively.
Pyrolysis pressure had a significant influence on the physiochemical and carbon structure of chars. The specific sur-
face area and the swelling ratio of chars reached their highest values at 1.0 MPa. Fourier transform infrared spectros-
copy (FTIR) analysis showed that higher pressures enhanced the decomposition of functional groups in chars. Raman
spectroscopy analysis results revealed that at elevated pressures, the organic matrix and functional groups were removed
from the char structure, leading to higher ordering of the carbon structure. During X-ray diffraction (XRD) analysis,
parameters such as the stacking height (Lc), interlayer spacing (d002) and lateral size of the graphite structures (La) were
used to evaluate the graphitic structures in chars. The results showed an increase in Lc, La, and the average number of
graphene sheets with pyrolysis pressure, indicating a more ordered carbon structure at elevated pressures. The d-spac-
ing of char was in the range of 3.34-3.37 Å, similar to typical graphitic structures.
Keywords: Pressurized Entrained-flow Pyrolysis, Carbon Structure, Raman Spectroscopy, Bituminous Coal, Carbon

Materials

INTRODUCTION

As the conventional use of coal for power generation becomes
increasingly less attractive due to its contribution to CO2 emissions,
smog formation, and global warming, new coal conversion con-
cepts and technologies need to be developed for efficient utilization
of abundant coal resources. These issues are especially critical for
countries that rely heavily on coal as the primary source of energy.
Production of coal-derived carbon materials as an alternative to coal
combustion has been recognized as one of the promising methods
for efficient and value-added utilization methods of coal. Coal-
derived carbon materials may become a valuable source for the
production of cost-effective electrode materials [1]. Synthesis of car-
bon materials from coal has previously been reported in the litera-
ture [2-5]. Relatively high surface area and electrical conductivity of
carbonized coal chars make them suitable as precursors for elec-
trode materials in Li- and Ca-ion batteries [6,7] and direct carbon
fuel cells [8,9]. These applications are reliant on the physiochemi-
cal and structural properties of chars such as carbon content, sur-
face area, carbon order, electrical conductivity, and morphology of
chars developed during pyrolysis/carbonization [10]. These prop-
erties are strongly influenced by the pyrolysis/carbonization pro-
cess conditions such as final temperature, particle heating rate, and
pressure. Although the influence of pyrolysis temperature and heat-
ing rate on the development of the char structure has been exten-

sively reported in the literature, a detailed understanding of the
impact of pressure on devolatilization and development of carbon
structure of char during pyrolysis has not been achieved.

Pyrolysis pressure has a profound impact on the physiochemi-
cal structure of char, therefore affecting its reactivity [11,12]. Wire-
mesh reactors [13,14], thermogravimetric analyzer (TGA) [15-18],
fixed-bed reactor [19], drop tube reactors [20,21], and pressurized
entrained-flow reactor [22] have been used to investigate the influ-
ence of pressure. Pressure may cause swelling and alter the physi-
cal structure of char [20,21,23]. Higher pyrolysis pressures may lead
to the formation of chars with lower surface area [12]. However, the
porous structure of char may also be affected by its rank and pyroly-
sis conditions of temperature, heating rates, and particle residence
times [15,20]. Tremel et al. [24] reported that the surface area of
chars decreased at elevated pressures. Roberts et al. [25] observed
that CO2 surface area of chars reached a maximum value at 10 atm
and decreased thereafter, while, N2 adsorption surface area of chars
showed a direct relationship with pyrolysis pressure. Zeng et al. [12],
on the other hand, reported an indirect relationship between the sur-
face areas of chars and pyrolysis pressure. Howaniec [15] used a pres-
surized TGA for pyrolysis of coal and observed that the surface
area of chars reached the highest value at 3.0 MPa. The variation of
these trends can be attributed to the difference in experimental con-
ditions and the properties of raw materials used in these studies.

Pyrolysis pressure may also affect the carbon structure of char,
which can be characterized by using a number of analytical methods
such as high-resolution transmission electron microscopy (HRTEM),
X-ray diffraction (XRD), and Raman spectroscopy. Raman spec-
troscopy and XRD provide structural information about char, which
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allows characterization of carbonaceous materials [19,26]. Char
structure evolution during pyrolysis at 300-1,000 oC and 2,600 oC
has been reported by Chabalala et al. [27] and Zaida et al. [28].
They showed that chars prepared at temperatures as low as 600 oC
have already developed ordered carbonaceous structures. Sheng
[29] used Raman spectroscopy to investigate the changes in the
microstructure of coal chars generated in a horizontal tube furnace,
muffle furnace, and drop tube furnace at temperatures of 910-
1,500 oC. It was observed that the structural order of char increased
at higher pyrolysis temperatures. Xiao et al. [30] used XRD to inves-
tigate the carbon structure of chars prepared during high-tempera-
ture pyrolysis and reported that the carbon crystallite structure of
coal char became more ordered with the increase of the tempera-
ture from 1,000 oC to 1,600 oC. The majority of these studies used
chars prepared at atmospheric pressure and literature data on the
impact of pressure on the carbon structure of chars are scarce.

A better understanding of the evolution of char structure during
pyrolysis is necessary for the development of efficient technologies
for the production of coal-based advanced carbon materials. Al-
though significant advancement is achieved in the understanding
of the structural evolution of char during pyrolysis, the major focus
has been on the physical structure development and subsequent
impacts on the gasification and combustion reactivity. However, the
influence of pyrolysis conditions, in particular pressure, on the car-
bon structure of chars has not been fully understood. Therefore,
rather than focusing on char reactivity, this study was conducted
to gain insight into the impact of pressure on the carbon structure
evolution of pyrolysis chars as precursors for coal-based carbon
materials. Pyrolysis experiments were carried out at pressures of
0.1-4.0 MPa and temperatures of 700-900 oC using a pressurized
entrained-flow reactor. The changes in char structure at elevated
pressures were systematically investigated by using analytical tech-
niques such as FTIR, Brunauer-Emmett-Teller (BET) surface area,
Raman spectroscopy, and XRD. The potential applications of the
chars prepared under pressurized pyrolysis conditions were also
proposed and discussed.

MATERIALS AND METHODS

1. Coal Sample Preparation
A bituminous coal from Shanxi Province of China was ground

and sieved to a particle size range of 75-125m. The properties of
the coal sample are shown in Table 1. Before pyrolysis experiments,
the coal samples were dried at 105 oC for 24 h to remove the mois-
ture from the coal sample.
2. Pressurized Entrained-flow Pyrolysis Experiments

A new pressurized entrained-flow reactor was used for investi-
gating the high-pressure pyrolysis behavior of coal (Fig. 1). The ex-

perimental setup was designed for investigating pyrolysis of solid
fuels at operating pressures and temperatures as high as 7.0 MPa
and 900 oC, respectively. Argon was used as the carrier gas during
pressurized pyrolysis experiments. The experimental setup consisted
of four sections: (1) gas supply system, (2) electrically heated en-
trained-flow reactor with feeding system and a char collector, (3)
pyrolysis gas treatment including condensation system, and (4)
pressure control with a subsequent gas exhaust system. The sam-
ple feeding system was comprised of a hopper and a screw feeder,
which allowed a feeding rate in the range of 0.5-6.44 g/min. The
feed gas was separated into two streams before the preheater. One
stream passed through the hopper to avoid any contact between
pyrolysis gas and the raw sample. The second gas stream passed
through gas preheater (set at 350 oC) and entered the reactor directly
above the heating section.

The entrained-flow reactor with an inner diameter of 14 mm
was heated in an electric furnace comprised of five heating zones,
each with a length of 300 mm, leading to a total heating zone of
1,500 mm. The char collector, which is located at the bottom of the
reactor, was electrically heated to 250 oC to prevent the condensa-
tion of volatiles. After leaving the char collector, the process gas, con-
sisting of purge gas and pyrolysis volatiles, passed through the particle
filter and subsequently a two-stage condensation system. The non-

Table 1. Proximate and ultimate analysis of pulverized bituminous coal sample
Proximate analysis in wt% Ultimate analysis in wt% (daf) HHV

(MJ/kg) FSI Fluidity
(ddpm)M (ar) Ash (db) VM (db) FC (db) C H N S O*

5.4 7.02 20.56 72.42 70.15 3.08 2.49 1.49 22.78 24.77 4.37 6800
*By difference; FSI: Free Swelling Index

Fig. 1. Schematic diagram of the pressurized entrained-flow reactor
for coal pyrolysis.
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condensable gases passed through a pressure control system before
being exhausted.

Pyrolysis experiments were carried out at 700, 800, and 900 oC
and pressures of 0.1, 1.0, 2.0, and 4.0 MPa. Temperatures of higher
than 700 oC were used in this study to ensure that pyrolysis reac-
tions were completed [31-33]. This is particularly important when
char is further used as precursors for production of carbon mate-
rials. The reactor and the feeder were purged with the carrier gas
for an hour prior to each experimental run. The outlet gas was
analyzed by an online flue gas analyzer (Tesco 350) to ensure that an
oxygen-free environment was achieved. The temperature of the gas
at the reactor outlet was measured during preliminary blank experi-
ments by a K type thermocouple inserted into the reactor from
the bottom (Fig. 1), and the results are shown in Table 2. As seen,
the outlet gas temperature generally followed the reactor wall tem-
perature. A slight decrease of around 20 oC in gas temperature was
observed at higher pressures, owing to the lower thermal conduc-
tivity of the gas at elevated pressures. For each experimental run,
about 20 g of dried coal sample was used. Before each experi-
ment, the temperature of the gas pre-heater and trace heating for
char collector was set at 350 and 250 oC, respectively. The reactor
was then pressurized to the desired value. Once the reactor tem-
perature and pressures reached a stable value and the reactor was
purged for 1 h, the coal feeding at a rate of 0.5 g/min was initi-
ated. This low feeding rate was selected to achieve a dilute phase
and single particle heating conditions, where the interaction between
the coal particles during heating is minimized. Once the experi-
mental run was completed, the reactor was depressurized and the
heating was switched off.

In this study, the stationary particle velocity was calculated ac-
cording to the approach of Haider and Levenspiel [34]. The drag
coefficient in the reactor was a function of sphericity and the Reyn-
olds number of particles and had a direct relationship with the ac-
celeration due to gravity. The superficial gas velocity was calculated
from the flow rate of the carrier gas and the cross-section area of
the reactor. The slip velocity of coal particles was then calculated as
the sum of the stationary particle velocity and the superficial gas
velocity [35]. Under the current experimental conditions, the resi-
dence time of the coal particle inside the heating zone of the reac-
tor was calculated to be around 4 s.
3. Characterization of Chars

The yield of volatile matter during pyrolysis was determined
using the ash tracer method [12]. The swelling ratio of char parti-
cles was calculated from the mean particle size of chars to that of
the feed coal (d/d0). The surface morphology of chars was analyzed

using scanning electron microscopy (SEM, ZEISS Sigma HD). The
internal surface area of char samples was measured by isothermal
N2 adsorption using a specific surface area and pore size analyzer
(Vsorb 4800 P). The surface area of chars was calculated by the
Brunauer-Emmett-Teller (BET) equation using N2 adsorption iso-
therms.

The chemical structure of coal and chars samples prepared under
different pyrolysis conditions was analyzed using a Thermo Fisher
Nicolet IS5 mid-FTIR spectrometer. Sample pellets were prepared
by finely grinding 1.5 mg of coal/char sample with 150 mg KBr.

The development of the carbon structure as a function of pyrol-
ysis conditions was investigated by Raman spectroscopy, using a
Horiba Jobin Yvon Xplora plus. A microscope equipped with a 50
X lens was used to focus the laser beam (532 nm Ar-laser) on char
particles, and the Raman spectra were taken randomly for each
sample. The diameter of the laser spot on char surface was around
1 μm, much larger than the carbon microcrystals, thus providing
the structural data of a large number of micro-crystallites [29]. For
each char sample, Raman spectra of three particles were randomly
recorded in the wavenumber range of 500-2,500 cm1. The acqui-
sition time for each spectrum was 3 min. Furthermore, the carbon
structure of chars was analyzed by X-ray diffraction (XRD) using
a Rigaku Ultima IV X-ray diffractometer. The X-ray patterns were
recorded with a steps-canning method in the range of 2=10-90o

at a rate of 3o/min.

RESULTS AND DISCUSSION

1. Effect of Pressure on Morphology and Physical Structure
of Char

The yield of volatile matter during pressurized entrained-flow
pyrolysis is illustrated in Fig. 2. The volatile matter yield decreased
with pyrolysis pressure at all pyrolysis temperatures studied. The
changes in the volatile matter yield in the pressure range of 0.1-1.0
MPa agreed with the results reported by Niksa [36] and Tomec-
zek and Gil [37]. The high volatiles release at 0.1 MPa suggested

Table 2. Gas temperatures at the outlet of the entrained-flow reac-
tor as a function of operating pressure and temperature

Reactor wall
temperature

Outlet gas temperature (oC)
0.1 MPa 1.0 MPa 2.0 MPa 4.0 MPa

600 oC 599 584 585 584
700 oC 698 689 681 676
800 oC 794 794 786 776
900 oC 896 890 886 881

Fig. 2. Volatile matter yield during pyrolysis of coal as a function of
pressure.
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that the internal particle pressure that determined the chemical reac-
tion rates of volatiles and volatile mass transport exceeded the reac-
tor pressure [37]. The decrease in the volatile yields at higher pressures
can be explained by the effect of pressure on vapor-liquid equilib-
rium and mass transport within the char particle [38]. The tar from
bituminous coal usually contains compounds with a wide distri-
bution of molecular weights. At elevated pressures, the vapor pres-
sure of tar precursors with high molecular weight was not sufficient
to overcome the particle exterior pressure. Thus, these tar precur-
sors were retained in char, leading to a lower yield of volatiles at
elevated pressures [12]. The mass transport of volatiles to the par-
ticle surface was also suppressed at higher pressures, resulting in
lower volatile matter yields [20].

The SEM images of chars prepared under different experimen-

tal conditions are shown in Fig. 3. It can be seen that the morphol-
ogy of char particles changed dramatically at elevated pressures. At
all temperatures studied, the chars produced at atmospheric pres-
sure had an irregular shape and showed signs of particle softening
under single particle fast pyrolysis conditions [39]. The formation
of large blow holes on the atmospheric chars was attributed to the
rapid escape of volatiles from the softened particle as the internal
particle pressure overcame the surface tension [12]. Fragmentation
of char particles at atmospheric pressure was believed to be caused
by fast heating rate and the escape of volatile from the particle
during devolatilization.

Apparent changes were observed in the morphology of chars pre-
pared at high pressures compared with those of atmospheric chars.
Blow holes and fragmentation of char particles were not observed

Fig. 3. Scanning electron microscopy (SEM) images of chars prepared at (I) 700 oC; (II) 800 oC; and (III) 900 oC and pressures of ((a), (b))
0.1 MPa; ((c), (d)) 1.0 MPa; ((e), (f)) 2.0 MPa; ((g), (h)) 4.0 MPa, where (a) and (b), (c) and (d), (e) and (f), (g) and (h) show different
magnifications of the same sample.
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in high-pressure chars. With increasing pyrolysis pressure, an intense
bubble formation was observed under particle surface, implying a
thin exterior wall [12]. The bubbles grew large during the plastic
stage of coal devolatilization to form larger and hollow char parti-
cles [40]. Solid char particles with dense structures were not ob-
served at elevated pressures, suggesting that the fraction of Group
III chars was negligible [22].

To gain more insight into the internal structure, some char parti-
cles were crushed intentionally and subjected to SEM analysis (Fig.
4). The chars prepared at atmospheric pressure showed a cenospheric
structure, while in the case of high-pressure chars bubble formation
was observed. Bubbles were more evenly distributed in chars pre-
pared at higher pressures. Also, the size of the bobbles in chars
decreased at higher pressures and the bubble walls became thinner.

The physical process during char structure evolution at elevated
pressure agreed well with the model proposed by Yu et al. [41].
The history of the swelling of the coal particle can be divided into
three stages: pre-plastic, plastic, and resolidified [41]. The plastic
stage and the bubble growth mechanism play a key role in the evolu-
tion of the char structure. At the early stages of devolatilization, proto-
bubbles responsible for transportation of volatiles to char surface
are formed. Potential bubble initiation sites are micropores in coal
porous structure [42]. In the next stage, volatiles evolution and dif-
fusion into the bubbles lead to the expansion of some bubbles near
the center of the particle, while those near the surface of the parti-
cle collapse and release the volatiles. Further growth of the bubbles
leads to the swelling of coal particle under pressure and a signifi-

cant change in the morphology, leading to the formation of spheri-
cal particles. Unlike the atmospheric pressure conditions where the
bubbles near the surface of the particle burst and released the vola-
tiles, eventually forming cenospheric structure (Fig. 4(a)), the release
of volatiles was limited under pressurized conditions due to the
lower partial pressure of volatiles compared with the particle exte-
rior pressure, resulting in lower volatile matter yields at higher pres-
sures as shown in Fig. 2. As a result, the bubbles inside the particle
further coalesced and grew into chars with a foam structure. Devel-
opment of bubble structure may lead to a higher porosity of chars
at elevated pressures [43]. The size and distribution of the bubbles
depended on the pyrolysis pressure. Higher pressures resulted in a
uniform distribution of smaller bubbles inside the particle by limiting
the bubble growth (Fig. 4(d)), while lower pressures allowed coales-
cence and growth of the bubbles to a larger size, where they were
unevenly distributed (Figs. 4(b) and 4(c)). The final structure of the
char depended on the stage at which the particle was resolidified [41].

The changes in the physical structure of chars in relation to pyrol-
ysis pressure are shown in Table 3. Chars prepared at 900 oC were
mainly composed of mesopores with average diameters of 8.41-
12.67 nm. With elevating the pressure from 0.1 MPa to 1.0 MPa,
the N2 surface area of chars increased by a factor of 9. However, a
decreasing trend occurred with further increasing pressure to 4.0
MPa. The total pore volume of the chars followed a similar trend
(Table 3). Roberts et al. [25] observed that for chars prepared under
pressurized entrained-flow conditions, the highest surface area was
obtained at 10 atm. Howaniec [15] reported that the chars pre-

Fig. 4. SEM images showing the internal structures of char particles as a function of pressure: (a) 0.1 MPa, (b) 1.0 MPa, (c) 2.0 MPa, (c) 4.0
MPa.
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pared at 3.0 MPa had the highest surface area. In contrast, Zeng
and Fletcher [12] found that the chars generated at higher pres-
sures had the least developed pore structure.

The swelling of chars during pyrolysis may influence the subse-
quent reactivity during gasification or combustion [44]. As shown in
Fig. 5, the highest swelling ratio of chars was obtained at 1.0 MPa.
Two competing phenomena may affect the swelling properties of
chars at elevated pressures. The enhanced fluidity of char and the
yield of light gases (due to secondary pyrolysis reactions) led to a
higher bubble growth rate, enhancing the particle swelling [22].
On the other hand, the higher external pressure exerted a force,

restraining the bubble growth and decreasing the particle swelling
[12]. These competing phenomena led to an optimum pressure of
1.0-1.5MPa at which the highest swelling was obtained. These results
are in agreement with those reported by Yu et al. [22, 41] and Wu
et al. [21]. The higher swelling of char at 1.0 MPa enhanced the
pore structure development, as shown in Table 3.
2. Effect of Pressure on the Chemical Structure of Char

Fig. 6 shows the IR spectra of chars as a function of pressure
and temperature. With increasing pyrolysis pressure, a significant
decrease in the intensity of the bands in 3,600-3,000 cm1 (-OH),
3,000-2,800 cm1 (C-H), 1,740-970 cm1 (C=O, C=C, O-CH3, C-O),
and 900-500 cm1 (C-H and C-C) regions occurred. These changes
indicated the decomposition of functional groups during pyroly-
sis [45,46], which resulted in the formation of light gases.

The decrease in the intensity of bands in the 3,600-3,000 cm1

(-OH) region indicated the loss of phenolic and alcoholic groups
at elevated pressures. The decrease in intensity of bands in the 3,000-
2,800 cm1 (C-H) region corresponding to alkyl and aliphatic hy-
drogen groups suggested that methyl radicals were removed from
the substituted aromatic rings, which may contribute to the gener-
ation of methane. The decrease in the intensity of bands in the
1,740-970 cm1 region (C=O, C=C, O-CH3, C-O) indicated the de-
composition of oxygen-containing functional groups [47]. The de-
crease in O-CH3 groups resulted in the formation of CH4, while
C-O decomposition contributed to the formation of CO and CO2.
The loss of C-H and C-C bands in the 900-500 cm1 region sug-
gested that changes in aromatic hydrogen structures occurred and
fused rings may have formed at higher pyrolysis pressures and tem-
peratures [47]. As discussed above, higher pressure decreased the
volatile matter release during pressurized pyrolysis, which was mainly
attributed to the retention of high molecular weight tar precursors
in char, owing to the vapor-liquid equilibrium effects. The FTIR

Table 3. Structural properties of porous chars measured by nitrogen adsorption at 77 K
Sample BET specific surface area (m2/g) Total pore volume (cm3/g) Average pore diameter (nm)

900 oC-0.1 MPa 02.44 0.007 11.93
900 oC-1.0 MPa 22.31 0.047 08.41
900 oC-2.0 MPa 05.91 0.019 12.67
900 oC-4.0 MPa 06.28 0.015 09.66

Fig. 5. Swelling ratios of chars as a function of pyrolysis pressure and
temperature.

Fig. 6. FTIR spectra of the raw coal and chars from atmospheric and pressurized pyrolysis of coal: (a) 700 oC, (b) 800 oC, (c) 900 oC.
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3. Effect of Pressure on Carbon Structure of Char
The Raman spectra of coal chars, which were prepared under

various experimental conditions, were analyzed and deconvoluted
into five bands. The Raman spectrum of pure graphite consists of
a strong band at around 1,580 cm1 (G band) [48]. In case of coal
char, additional bands appear at around 1,350 (D1), 1,620 (D2),
1,530 (D3), and 1,150 (D4) cm1 on the Raman spectra [29,49,50].

results indicated that the decomposition of functional groups such
as -OH, C-H, O-CH3, and C-O in coal structure was not hin-
dered at elevated pressures, possibly due to lower bond energies of
these groups, which were easily overcome at higher temperatures.
Similar results were reported by Li et al. [45]. The decomposition
of these functional groups resulted in the formation of light gases,
predominantly CH4, CO, H2, and CO2.

Fig. 7. (a) Typical normalized first-order Raman spectra of coal char as a function of pressure; (b) typical curve-fitting analysis of Raman
spectra of coal chars.

Fig. 8. Variation of band area ratios obtained from curve-fitting analysis of Raman spectra of chars as a function of pressure: (a) ID1/IG, (b)
ID2/IG, (c) ID3+D4/IG, (d) IG/IAll.
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The D1 band may be attributed to the defects in graphene layers
[51] and represents aromatic clusters with more than six rings [52].
The D2 band may be attributed to the disordered graphitic struc-
tures. The D3 band corresponds to the functional groups and
organic molecules and is commonly seen in Raman spectra of
poorly ordered chars [29,51]. The D4 band is attributed to Caromatic-
Calkyl and aromatic (aliphatic) ethers [52].

Fig. 7(a) shows normalized Raman spectra of 700 oC chars as a
function of pyrolysis pressure. Typical curve-fitting analysis results
are illustrated in Fig. 7(b) with R2=0.9984. Fig. 7(a) shows that the
G band was stronger than the D1 band in all samples, indicating
that a higher carbon order was achieved at elevated pressures. The
D2, D3, and D4 bands had lower intensities compared with D1
and G bands, suggesting the presence of amorphous carbon in the
char structure. In this study, the ratios of the integrated band areas
were used as parameters to investigate the changes in carbon order
of the char as a function of pressure.

Fig. 8 shows the band area ratios of ID1/IG, ID2/IG, ID3+D4/IG, and
IG/IAll as a function of pyrolysis pressure. As seen, the ID1/IG, ID2/IG,
and ID3+D4/IG ratios decreased at elevated pressures, while an in-
creasing trend was observed for IG/IAll. The decrease in ID1/IG sug-
gests that the average planar size of the graphitic micro-crystallites
was increased [53]. The higher ID3+D4/IG ratio at elevated pyrolysis
pressures indicates that the organic structures and functional groups
were removed and the order of carbon structure was increased.
This was also evident by higher IG/IAll ratios [29]. These results are
in good agreement with the FTIR results discussed above.

Fig. 9 shows the changes in (ID2+ID3)/ID1 ratio in relation to pyroly-
sis pressure. The ID2+ID3 bands were attributed to the amorphous
carbon with small aromatic rings (3-5 rings), while ID1 represents
developed aromatic systems containing more than six rings [54,55].
Thus, (ID2+ID3)/ID1 reflects the ratio of small to large aromatic sys-
tems. This ratio decreased in chars prepared at higher pressures,
suggesting that larger aromatic ring systems were formed, owing to
the hindering effect of pressure on the release of high-molecular-
weight tar precursors [12]. At elevated pressures, aromatic tar pre-
cursors with lower molecular weight were removed, while those
with high molecular weight were retained in the char.

The XRD analysis was carried out to gain a better understanding
of the changes in the carbon order of chars. The XRD patterns of
chars are shown in Fig. 10. At all temperatures studied, the intensity

of the (002) peak at around 2=26.6o corresponding to the graphitic
structures increased with pyrolysis pressure, indicating a better lattice
structure and a higher degree of carbon order in the chars obtained
at elevated pressures [45]. The XRD results were consistent and
showed a good agreement with Raman spectroscopy analysis results
(Fig. 8). The XRD peaks assigned to (100) and (101) peaks corre-
sponding to in-plane reflections were also detected [56]. Al- though
a higher carbon order was obtained for chars prepared at elevated
pressures, the XRD and Raman spectroscopy results indicate that the
char samples contained a significant amount of amorphous carbon.

The changes in the carbon structure of char samples as a func-
tion of pyrolysis pressure was further studied by analyzing the
XRD patterns using Debye-Scherrer equations to obtain the struc-
tural parameters [57]:

(1)

(2)

(3)

Lc  
0.9

002cos002
--------------------------

La  
1.94

100/101cos100/101
----------------------------------------

n  
Lc

d002
---------

Fig. 9. Integrated Raman (ID2+ID3)/ID1 band area ratio as a function
of pressure.

Fig. 10. XRD patterns of the chars as a function of pressure: (a) 700 oC, (b) 800 oC, (c) 900 oC.
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where Lc is the stacking height, La is the lateral size of the gra-
phitic structures,  is the full-width at half maximum (FWHM in
radians of ),  is the wavelength of the X-ray, n is the number of
graphene sheets, and d is the interlayer spacing. The FWHM val-
ues were obtained by curve-fitting analysis using the commer-
cially available OriginPro program. The Debye-Scherrer equations
are most suitable for calculation of Lc and La in highly graphitized
carbon but may be used as an estimate of carbon order in turbo-
stratic carbons such as coal char [57,58].

Fig. 11(a) shows the changes of the stacking height, Lc, of coal
chars in relation to the pyrolysis pressure. In general, the values of
Lc increased at elevated pressures and ranged between 1.34-1.89
nm in the char samples studied. The FWHM values of the chars
show an opposite trend to that of Lc with increasing pyrolysis pres-
sure (Fig. 11(b)). The interlayer spacing in char samples was calcu-
lated using the Bragg’s Law and ranged between 3.34-3.37 Å, which
were similar to the typical graphitic dimensions of 3.35 Å [57]. The
observation that the interlayer spacing, d002, did not change during

the heat treatment was also reported by Feng et al. [59]. The aver-
age number of graphene sheets in chars increased with pyrolysis
pressure and ranged between 3.98 and 5.68, as shown in Fig. 12,
indicating a higher degree of carbon order at elevated tempera-
tures.

The changes of La with pyrolysis pressure are shown in Fig. 13.
Similar to Lc, a monotonic increase in La was observed with increas-
ing pyrolysis pressure. The La values for chars ranged between 2.95
and 4.09 under the present experimental conditions. These results
indicated that the stacking height and lateral size of the graphitic
structures of the chars increased at elevated pressures, which was
accompanied by about 43% increase in the number of graphene
sheets. The increase of van der Waals forces between the layers may
be responsible for the growth of the carbon layer plane [60]. Larger
Lc and La led to the increase in the fraction of ordered carbon in
chars at elevated pressures.
4. Implications of Potential Applications of Porous Char

The unique morphology and physiochemical structure of coal
chars obtained from pressurized pyrolysis make them suitable as

Fig. 11. Changes of (a) Lc and (b) FWHM of coal char as a function of pyrolysis pressure.

Fig. 12. Change of the average number of graphene sheets of chars
with pyrolysis pressure.

Fig. 13. Changes of La of coal char as a function of pyrolysis pressure.
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precursors for the production of advanced carbon materials. The
implications of potential applications of chars derived from high-
pressure pyrolysis are illustrated in Fig. 14. One potential pathway
is the low-temperature catalytic graphitization of chars for convert-
ing the spherical char particles into graphite microbeads (GMBs).
Low-temperature graphitization of char can be realized under micro-
wave at a relatively low temperature as an alternative and energy-
efficient graphitization method [61,62]. GMBs may find broad ap-
plications as precursors for anode materials in Li-ion batteries [63]
as well as high-performance carbon materials [64]. The production
of low-cost coal-based carbon materials with unique morphology
and structure may pave the way for an alternative and efficient uti-
lization of abundant coal resources. The precise economic evalua-
tion of the proposed process has not been realized at this stage,
but requires a comprehensive energy evaluation and techno-eco-
nomic analysis of the process by considering several cost factors
such as total capital, operation and maintenance, labour, coal, and
total variable costs, as well as the scale and heat energy require-
ments of the pyrolysis reactor, water consumption, electricity, capi-
tal depreciation, taxes, insurance, and the cost of catalyst for low-
temperature graphitization of carbon microbeads [65,66].

CONCLUSIONS

The effect of pressure on the structural evolution of coal char
during fast pressurized entrained-flow pyrolysis was systematically
investigated. The results showed that pyrolysis pressure had a pro-
found impact on the morphology, swelling, internal structure, as
well as the carbon structure of chars. The following conclusions
were drawn:

1) Pyrolysis pressure had a significant influence on the volatile
matter yield and the morphology of chars. The swelling of chars
in- creased at elevated pressures and reached the highest value at
1.0 MPa.

2) The specific surface area and total pore volume of chars in-

creased with pressure and reached the maximum value at 1.0 MPa,
and decreased thereafter. This trend was in good agreement with
the changes of swelling ratio of chars, indicating that pressure
enhanced the development of the porous structure of char.

3) Raman spectroscopy results showed that with increasing of
char preparation pressure, the structural defects in carbon structure,
organic matrix, and functional groups in char were removed and
the amorphous carbon was turned into a more ordered structure.

4) The XRD results showed a good agreement with the Raman
spectroscopy analysis data. The interlayer spacing, d002, in chars
remained relatively unchanged at elevated pressures. However, the
stacking height, the lateral size of the graphitic structures, and the
average number of graphene sheets in chars increased with pyroly-
sis pressure, indicating an increase in the fraction of ordered car-
bon in chars.
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