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Abstract: In this study, wheat straw char was prepared at
500°C and used as a catalyst (at 500–700°C) to reform the
wheat straw volatiles. The char samples before and after
reforming were characterized in terms of N2 adsorption
(BET area), Raman spectroscopy, Fourier transform infrared
spectroscopy, proximate analysis, ultimate analysis, and
inductively coupled plasma measurements. The surface
morphology of the used char was analyzed by a scanning
electron microscope. The results have revealed that fol-
lowing the reforming process, the carbon content increased
from 69.2% to 71.7% (at 500°C), 73.9% (at 600°C), and
74.3% (at 700°C) and the fixed carbon content increased
from 64.6% to 68.7% (at 500°C), 71.4% (at 600°C), and
72.4% (at 700°C). In contrast, the higher heating value of
the used char remained unchanged. We observed a decrease
in specific surface area (from 112.67 to 7.93m2·g−1), but an
increase in char defects and functional groups following the
reforming process (at 600°C) served to maintain catalytic
activity, as shown in a second reforming test. Our results
suggest that surface defects and functional groups are the
main factors contributing to char reactivity.

Keywords: wheat straw char, volatile reforming, defects,
functional groups, reactivity

1 Introduction

Biomass pyrolysis is considered a viable technology for
obtaining products with increased value and wide-ran-
ging applications [1]. Pyrolysis is a chemical process
whereby biomass is thermally decomposed without a
supply of air or other oxygen to generate gaseous, liquid,
and solid products. The gas phase product has a high
calorific value [2], while the oily liquid products contain
water, alcohols, organic acids, ketones, aldehydes, ethers,
and phenols. As such, the liquid fraction is highly oxyge-
nated and acidic, making it unfavorable in terms of utili-
zation [3]. Given this technological constraint, extensive
research has been conducted on the conversion of pyro-
lysis liquids to permanent gases (such as CH4, CO, and H2)
or more stable deoxygenated oils. A progressive upgrade
of the pyrolysis products should involve the application of
catalysis [4].

Char is a porous carbonaceous by-product obtained
in pyrolysis. Char and char-supported metallic catalysis
have been the focus of recent studies [5–7] due to their
low cost, high-specific surface area, and flexibility in
determining product composition. The catalytic pyrolysis
process is complex as it involves the primary degradation
of biomass and secondary gas-phase and gas–solid reac-
tions [8]. Moreover, the char structure and the presence
of alkali, alkaline earth, and other metallic species (AAEMs)
can influence reactivity. Work to date has considered the
effect of AAEMs content on catalytic activity [9]. It has been
shown that Ca can react with the carboxyl groups present
on the char surface to form –(COO)2Ca species (Eq. 1),
which are very active in enhancing gasification [10,11].
The presence of K and Na can increase the breakdown of
large aromatic ring systems by enhancing the formation of
M–C–O and C(O) as reactive intermediates during the gasi-
fication of coke [12].

[ ( )] ( )+ − → − +
+ +Ca 2 COOH COO Ca 2H2

2 (1)

At higher temperatures, AAEMs evaporate [13], but
char still exhibits significant catalytic activity [14]. Con-
sequently, the role of char properties on the volatile–char
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processes requires further exploration to establish a quan-
titative relation between structure and performance in
order to enhance efficiency and extend applicability [15].
This is complicated by the possible variations in char char-
acteristics and volatile composition. We have taken the
approach of tracking the changes in the char after reaction
and the volatile composition with and without char.

To date, the majority of studies have focused on coal
[16], particularly the effects of volatile–char interactions
on the structure and reactivity of char during high-tem-
perature pyrolysis or gasification [17]. There is no reported
data on the influence of char on volatile composition. This
study examines the changes in char structural and com-
position characteristics and volatile composition to reveal
the possible reactions taking place during volatile–char
interactions. The biomass char prepared in advance from
pyrolysis (at 500°C) was subjected to volatile–char inter-
actions in a fixed-bed reactor with volatiles generated from
wheat straw pyrolysis, considering the effects of volatile–
char interactions over an extended temperature range
(500–700°C). The explicit purpose of this research is to
establish catalytic activity for pyrolysis char in the reforming
of pyrolysis volatiles as ameans of determining the potential

utilization of the char as a catalyst. We apply a range of
characterization techniques before and after the pyrolysis-
reforming process to monitor critical changes in char struc-
ture and composition.

2 Materials and methods

2.1 Materials

The wheat straw was supplied by Dittmannsdorfer Milch
GmbH in Kitzscher, Germany, and milled to pass through
a sieve of 1 mm. The proximate analysis, ultimate ana-
lysis, and higher heating value (HHV) of the wheat straw
sample are demonstrated in Table 1.

Pyrolysis of wheat straw in nitrogen was used to pro-
duce biomass char at 500°C; wheat straw samples were
heated from ambient temperature to 500°C at a rate of
10°C·min−1 and maintained at the final temperature for
0.5 h. The reforming experiments were conducted in a
fixed-bed reactor, as illustrated in Figure 1. The volatiles
produced from the pyrolysis reactor (at 500°C) contacted
the hot char in the reforming reactor.

The temperature of the reforming reactor was increased
to 500°C, 600°C, and 700°C. Four char samples were
obtained as shown in Table 2. PC-500 stood for the char
of wheat straw produced at 500°C. PRC-500, PRC-600, PRC-
700 stood for the PC-500 after reforming process at 500°C,
600°C, 700°C, respectively.

2.2 Gas analysis

After cooling down the reactor, the effluent gas was col-
lected into a gas bag and analyzed for H2, CO, CO2, CH4,

Table 1: Proximate analysis and composition of wheat straw sample
for pyrolysis

Proximate analysis (air dry basis, wt%)

Ma Ash Vb FCc

7.9 ± 0.23 5.2 ± 0.76 71.5 ± 1.21 15.4 ± 0.02

Ultimate analysis (air dry basis, wt%) HHV (air dry
basis,
MJ·kg−1)C H N O

45.0 ± 2.72 5.8 ± 0.12 0.3 ± 0.01 48.9 ± 0.96 17.7 ± 0.21

aWater content; bVolatile; cFixed carbon.

Figure 1: Diagram of the experimental apparatus.
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C2H6, C2H4, and C3H6 using an Agilent 7890A type gas
chromatography (GC; Agilent, USA) [18]. The gas yield
obtained from GC measurement is based on volume but
is expressed in terms of mass in this study.

2.3 Char characterization

2.3.1 Composition of the char

Char samples were analyzed with a Raman spectrometer
(Renishaw Ltd., UK) [19]. The laser power was set at ∼20mW.

The char samples were determined by Fourier transform
infrared (FTIR) spectroscopy (BrukerVertex 70, EQUINOXSS/
HYPER, Germany) in an Attenuated Total Reflectance
(ATR)mode. The FTIR data were subjected to OPUS soft-
ware (Bruker, Germany) analysis. The spectral region
570–4,000 cm−1 was recorded with a resolution of 0.5 cm−1.
The vibrational bands were identified using the FTIR data-
base [20] and standard compound measurements.

Elemental analysis of solids was performed in tripli-
cates using a Vario EL elemental analyzer (Elementar,
Germany) to obtain the C, H, and N content. The oxygen
content was derived by difference. The HHV was deter-
mined using an IKA C5000 bomb calorimeter.

To measure the concentrations of AAEMs and addi-
tional typical inorganic elements contained in the char, the
milled char samples were digested [21], in an ultra Clave-IV
high pressure microwave (MWS Vertriebs GmbH, Ger-
many), with 65% nitric acid at 250°C, 115 bar for 1 h for
biomass samples and at 260°C, 140 bar for 2 h for char sam-
ples. The resultant solution was stored at room temperature
and then analyzed by an ICAP 6300 inductively coupled
plasma (ICP)-OES (Thermo Scientific, USA).

2.3.2 Microstructure of char

The Brunauer–Emmett–Teller (BET) surface area, micro-
pore surface, external surface area, average diameter,
and total volume of the char samples were analyzed by

N2 adsorptionanddesorption isothermsonanASAP-2020M
analyzer (Micromeritics, USA).

The BET equation was used to calculate the specific sur-
face area. The pore size distribution by volume (dVpore/dVp)
was calculated according to the BJH theory [22]. The external
surface area (Sext) and micropore volume (Vmicro) were
obtained using the t-plot method [23]. The microporous
surface area (Smic) was determined based on the differ-
ences between SBET and Sext [24].

The surface morphology of char samples was ana-
lyzed using a field emission scanning electron micro-
scope (SEM) (Quanta 2000, FEI, USA).

2.4 Products and their yields

The effect of reforming temperature on product yield is
summarized in Figure 2. Gas yields increased but liquid
yields decreased with increasing process temperature. In
addition, the yield of all gases in the reforming process
was higher than that from the pyrolysis process. The
opposite trend was observed for the yield of liquids.

Figure 3 shows the effects of reforming temperature
on the yields of CO, CO2, H2, CH4, C2H4, and C2H6. It is
obvious that the yield of all gaseous products increases
after the reforming process. The yield of CO reached
11.6 wt% when the reforming temperature was 600°C,
and the yield of CO2 decreased over the temperature
interval of 500–700°C. This may be caused by CO2 reacting
with char to produce CO when the reforming temperature
was set at 600°C.

Table 2: Overview of the investigated char samples

Char
sample

Pyrolysis
temperature (°C)

Reforming
temperature (°C)

PC-500 500 no
PRC-500 500 500
PRC-600 500 600
PRC-700 500 700

Figure 2: The effect of reforming temperature on liquid and gas
yields.
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As the reforming temperature increased, the yields of
H2, CH4, and C2H4 also increased, but we observed a
decrease in the C2H6 yield. This response may be due to
thermochemical reactions between tar, char, and syngas
at higher temperatures [25].

( ( ) )+ → + + + − /−p p p m yC H H O C H CO 2 Hn m n p y2 2 (2)

( )+ → + /n n mC H CO 2 CO 2 Hn m 2 2 (3)

Char can react with syngas to generate other gases
(e.g., H2 and CH4). In addition, tar can be cracked into gas
components during a reforming process over the char.

2.5 Char characterization

2.5.1 Chemical analyses of char

The ultimate and proximate analysis and HHV of the char
samples are shown in Table 3. The results demonstrated
that the char was richer in FC, A, C, and HHV and poorer
in H and O after the reforming process. This may result from
the donation of H and O from the char to form H2O, H2, CO2,
alkanes (CH4, C2H6), and alkenes (C2H4, C3H6) during the
reforming process, which constitutes a large proportion of
the reforming gases and results in the enrichment of char
with carbon [26]. An increase in reforming temperature can
result in the release of H and O, leading to a higher FC, ash,
and C content; as a result, HHV remains largely unchanged
due to the balance of H loss and C increase. This phenom-
enon is in agreement with an increasing H2 concentration at
higher reforming temperatures [13].

The concentration of mineral elements is shown in
Table 4.

As shown in Table 4, K and Na content decreased
after the reforming process, mainly due to evaporation
at higher temperatures. In contrast, the content of Ca
and Si increased. In the case of PRC-500, all the elements
(with the exception of Si) showed a slight decrease com-
pared with PC-500, which may be due to incomplete
evaporation of volatile matter in the char and carbon
deposition on PRC-500. The elements Ca, Mg, Fe, and P
can evaporate to varying degrees along with volatiles
[27]. Higher reforming temperatures (600°C and 700°C)
should favor the evaporation of volatile matter.

After the reforming process, the fixed carbon of the
char samples was raised from 68.7% to 71.7%, falling
within the range of medium to high fixed carbon coal

Figure 3: The effects of reforming temperature on the yields of dif-
ferent gases: (a) CO and CO2; (b) H2 and CH4; (c) C2H4 and C2H6.
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(65.00–75.00%) [28]. Calcium carbide (CaC2) is an impor-
tant chemical source for acetylene (C2H2) and ethylene
(C2H4). In the industrial production of calcium carbide
(Eq. 1), metallurgical coke is the main raw material, con-
sisting of fixed carbon (>84%) and ash (<14%) [29].
Taking account of scarcity, associated pollution, and
the high price of coal, char from the reforming process
may serve as a substitute for metallurgical coke, following
some simple ash-washing processes. In order to increase
the fixed carbon content, the char may be washed using
the protocol reported previously [30].

+ → +CaO 3C CaC CO2 (4)

The HHV of the char was 25.12 kJ·g−1 or higher after
reforming, which is comparable to high calorific value
coal (>24.01 MJ·kg−1) [28]. With ultra-low total moisture
(≤6.0%) and low-medium ash (10.01–20.00%) [28], the
char is suitable for utilization as solid fuel.

2.5.2 Chemical structure of char

Guided by relevant literature [31–36], Raman spectra
were collected in the 800–1,800 cm−1 region and curve-
fitted with 10 Gaussian bands. An example of spectral
deconvolution is presented in Figure 5 for char prepared
from biomass pyrolysis in N2 at 500°C.

As displayed in Figure 4, peaks denoted as GR, G, VR,
VL, S, and D are the six main bands that provide structural

information for char. It has been well-documented [32]
that IG is the area of the G band that represents graphite-
like carbon, ID is the area of the D band that represents
defect structures composed of large aromatic ring systems
with at least six fused rings, and IS is the area of the S band
that represents sp3-rich structures, including alkyl–aryl
C–C and methyl carbon dangling from an aromatic ring.
In addition, I(GR+VL+VR) is the total area of the (GR +VL +VR)
bands that represent typical structures in amorphous
carbon, comprising small aromatic ring systems (less
than six fused rings).

Figure 5 demonstrates the Raman band ratios IS/IG,
I(VR+VL+GR)/ID, and ID/IG for the char sample from the
biomass pyrolysis and char samples at three different
reforming temperatures.

Taking the data in Figure 5b, the ratio I(VR+VL+GR)/ID is
a broad semi-quantitative reflection of the ratio of small-
to-large aromatic ring systems in char. The I(VR+VL+GR)/ID
ratio decreases as the reforming temperature increases.
This may be attributed to the fact that low temperatures
favor the incomplete polymerization of small aromatic
compounds with alkyl groups, resulting in a high amount
of small aromatic ring systems in amorphous char [32].
During the reforming process, smaller aromatic ring sys-
tems are replaced by larger aromatic ring systems [37–39].
At a reforming temperature of 500°C, the I(VR+VL+GR)/ID
ratio is higher relative to the pyrolysis char without the
reforming process. This may be attributed to the loss of
volatiles and the accumulation of tar molecules (small
aromatic ring structures).

Both IS/IG and ID/IG ratios pass through a maximum
with increasing reforming temperature, as demonstrated
in Figure 5a and c. The increase in IS/IG from 500°C to
600°C suggests an enhanced formation of alkyl–aryl C–C
bonds caused by crosslinking reactions, possibly following
decarboxylation or loss of other oxygen-containing func-
tional groups. The decline over the temperature interval of
600–700°C can be accounted for in terms of Calkyl–Caryl
structure formation that, in turn, generates small aromatic
ring systems.

Table 3: Chemical analyses of char samples

Char samples wt% Aromatic ratio HHV (kJ·g)

M (ara) V (ar) FC (ar) Ash (ar) C (db) H (d) N (d) Oc (d) H/C O/C

PC-500 4.0 16.0 64.6 15.5 69.2 2.9 0.8 17.1 0.50 0.25 26.03
PRC-500 3.2 8.9 68.7 19.2 71.7 2.4 0.8 14.4 0.40 0.20 26.13
PRC-600 2.7 6.4 71.4 19.5 73.9 1.7 0.9 12.5 0.28 0.17 25.12
PRC-700 2.8 4.6 72.4 20.2 74.3 0.9 1.1 11.9 0.15 0.16 25.75

a Water content; bDry basis; cDetermined by difference.

Table 4: The AAEMs and some typical inorganic element content of
char samples (wt%)

Element
treatment

Ca K Mg Na Fe P Si

PC-500 0.94 3.79 0.17 0.25 0.014 0.11 4.67
PRC-500 0.93 3.49 0.16 <0.02 0.013 0.09 5.94
PRC-600 1.03 3.05 0.17 <0.02 0.011 0.11 6.54
PRC-700 1.24 3.64 0.20 <0.02 0.015 0.12 6.49
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A similar increase in ID/IG over the temperature range
of 500–600°C indicates a relative increase in the concen-
trations of aromatic rings containing at least six fused
benzene rings. This can indicate the growth of aromatic
rings and dehydrogenation of hydroaromatics in the char
at this pyrolysis temperature range.

At 700°C, further ring condensation can generate
additional large aromatic ring systems (≥6 fused benzene
rings), characterized by the Raman D band. The accom-
panying decrease in “defect” structures, for example, due
to continuous ring expansion, serves to reduce Raman D
band intensity. The net effect is a decrease in ID/IG at the
higher reforming temperature, as shown in Figure 5c. The
ID/IG ratio can be used to characterize surface defect den-
sity, where a higher value reflects an increase in potential

active sites [40]. Theoretically, breaking a chemical bond
to generate atoms with lower coordination states is con-
ducive to the formation of active sites. As shown in Figure 5c,
the ID/IG of the char from reforming at 600°C is highest,
indicating that char left from the reforming process at
600°C bears the most active sites. The active sites, as
opposed to all surface sites, are responsible for heteroge-
neous catalytic reactions [41–43]. Surface defects allow the
increased exposure of active edge sites by forming cracks
on the surface, with a resultant marked enhancement of
catalytic performance [44]. The results suggest that char
formed during the reforming process at 600°C should
exhibit the highest catalytic activity.

2.5.3 Char functional groups

The FTIR results of the four char samples are displayed in
Figure 6.

At a reforming temperature of 500°C, there was little
change in the peaks except for a decrease in the conjugated
aromatic ring C]C stretching or conjugated aromatic car-
bonyl/carboxyl C]O stretching vibration (1,605 cm−1) [45].
In contrast, almost all the functional group peaks were
removed when the reforming temperature was elevated to
700°C. The loss of functionality and the decrease in the ratio
of small-to-large aromatic ring systems (and defect density,
as demonstrated in Figure 6b and c) indicate that high
reforming temperatures (≥700°C) can cause the char to
lose reactivity.

Following the reforming process at 600°C, a loss of
alcohol/phenolic –OH groups (at 3,348 cm−1 [50]) and
C]C or C]O groups (at 1,605 cm−1) was observed. This
implies that the C–OH and C]C or C]O linkages are not
stable, which may be explained by decarboxylation or
loss of oxygen-containing functional groups, as revealed
in Table 3. The bands for aliphatic chains, such as CH2

and CH3 groups (1,371 and 1,400 cm−1, respectively) [46],
and the bands corresponding to aromatic HCC (H–C–C)
rocking vibrations and aromatic bendingmodes in condensed
and aromatic ring systems (between 700 and 900 cm−1) [46]
remained largely unchanged. The increase in the band for
C–O or Si–O stretching vibration (1,074 cm−1) [46] is asso-
ciated with aldehydes and/or ketones since no detectable
hydroxyl –OH group band is found within the range
3,000–3,600 cm−1 [47,48]. These oxygen functional groups
play an important role in fixing tar molecules onto the char
surface by influencing dispersive/repulsive interactions.

The results of Raman and FTIR analysis indicate that
the char after use in the reforming process at 600°C still
exhibits high reactivity. To establish the reactivity of the

Figure 4: Curve-fitting of Raman spectra of the PC-500.

Figure 5: Raman band ratios as a function of reforming temperature
for the pyrolysis and reforming chars from wheat straw: (a) IS/IG, (b)
I(VR+VL+GR)/ID, and (c) ID/IG.
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used char after reforming at 600°C, the char that remained
in the reforming reactor was used as a catalyst again in a
subsequent new batch of volatile reforming reactions. The
results are presented in Figure 7.

As shown in Figure 7, when the char after reforming
at 600°C was reused, the resultant products changed very
slightly; for example, the gas yield only decreased from
44.3 to 43.3 wt% and the liquid yield increased from
25.1% to 26.4%. In the case of the gaseous products, we
observed a slight increase in CO2 yield (from 19.1% to
20.1%); the yields of CH4, CO, H2, C2H4, and C2H6 were
largely unchanged. These results establish that the char
after use at 600°C in the reforming process retained cat-
alytic reactivity for the volatile reforming process.

2.6 Microstructure of char

2.6.1 Char physical structure

The porosity characteristics of the char are presented in
Table 5. The BET surface area of pyrolysis char obtained
in this study is significantly higher than some commonly
employed natural materials (e.g., 5–20 m2·g−1 dolomites)
[36,49]. The total pore volume of the pyrolysis char is
0.0647 cm3·g−1, with a micropore volume of 0.0378 cm3·g−1.

According to the IUPAC definition, adsorbent pores
can be divided into three groups: macropores (>50 nm),
mesopores (2–50 nm), and micropores (diameter < 2 nm).
The average diameter of the pyrolysis char is 2.30 nm, sug-
gesting that it is composed of mesopores and micropores.

Considering the data in Table 5, BET surface (SBET),
micropore surface area (Smic), and external surface area
(Sext) decreased dramatically, with an accompanying drop
in Vmic and Vtotal but the average pore diameter (Daver)
increased. The reforming product yields displayed in
Figures 3 and 7 suggest that the liquid and gas yields
are more related to temperature than the char micro-
structure. However, PRC-600 has a relatively higher
Smic and Vmic and smaller Daver than PRC-500 and PRC-
700, indicative of a greater micropore and mesopore con-
tent. We note that the products changed little when the
char used at 600°C served again as a catalyst in the
reforming process. The results suggest that the BET surface
is not a dominant factor in the reactivity of the char.

Figure 8 shows the nitrogen adsorption/desorption
isotherm and pore size distribution of the char samples
before and after the reforming process. The adsorption/
desorption isotherm for PC-500 (Figure 8a) can be classi-
fied as a type I isotherm, typical of microporous mate-
rials. The open curve is indicative of a pores distribution
in the range of 2–10 nm where adsorption is facilitated
and desorption restricted. The adsorption/desorption iso-
therm for PRC-500 and PRC-600 can be classified as type
III, typical of weak interaction materials, and the H3 hys-
teresis loop suggests slit pore formation caused by the
accumulation of flaky particles. The adsorption/deso-
rption isotherm of PRC-700 can be classified as a type
VI, consistent with multilayer adsorption materials, and
the H4 hysteresis loop suggests slit pores produced by the
layered structure.

As shown in Figure 8a, the relative pressure covers
the range 0.05–0.99. The steep slope of the curve at a
lower relative pressure (p/p0 < 0.1) is followed by a

Figure 6: FTIR spectra of the raw char and char after the reforming
process.

Figure 7: Reforming yield and product distribution with char used
the first time and second time in the reforming process at 600°C.
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gradual uptake over the 0.1–0.9 range to attain a plateau
value. The initial (steep) part of the isotherm indicates
micropore filling (instead of surface coverage), while the
lesser slope to attain the plateau assumes the possibility
of multilayer adsorption on the external surface. The final
hysteresis loop is consistent with mesopore content. Thus,
the pyrolysis char can be considered a microporous solid
with a small external area.

As demonstrated in Figure 8b–d, both the surface
area and volume of the char significantly decreased after
the reforming process. It can also be noted that Smic/SBET
and Smic/Vtotal decreased along with the reduction of sur-
face area and volume. The average diameter of all the
reforming chars exceeds 9 nm and reaches mesopore
dimensions. This is mostly due to the destruction of small
pores, including micropores and some mesopores, during

Table 5: Porosity characteristics of the char samples

Sample SBET (m2·g−1) Smic (m2·g−1) Sext (m2·g−1) Vmic (cm3·g−1) Vtotal (cm3·g−1) Daver (nm)

PC-500 112.67 99.39 13.28 0.0378 0.0647 2.30
PRC-500 4.21 3.14 1.07 0.0015 0.0037 14.01
PRC-600 7.93 6.42 1.51 0.0029 0.0030 7.96
PRC-700 3.78 1.04 2.74 0.0018 0.0079 18.17

SBET, Smic, Sext, Vmic, Vtotal, and Daver represent BET surface area, micropore surface area, external surface area, micropore volume, total
volume, and average diameter, respectively.

Figure 8: Adsorption/desorption isotherms of N2 and pore distribution: (a) PC-500, (b) PRC-500, (c) PRC-600, and (d) PRC-700.
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the reforming process. Compared with the reforming char
at 500°C, the char reformed after 600°C has a slightly
larger surface area and volume, which we attribute to
the higher temperature facilitating evaporation (or oxida-
tion) of organic volatiles. The decrease in the surface
area and volume at a reforming temperature of 700°C
may be caused by carbon deposition with consequent
pore blockage.

The pore size distributions of the char samples are
also displayed in Figure 8, where the pores of sample PC-
500 are less than 5 nm (micropores; Figure 8a). Most of
the pores shown in Figure 8b distributed around 10 nm
are in the mesopore range. As shown in Figure 8c, most of
the pores are less than 10 nm, suggesting a micropore and
mesopore component. The data presented in Figure 8d
are consistent with pores between 10 and 30 nm, i.e.,
mesopores. These results suggest that mesopores were
readily formed during the reforming process.

2.6.2 Char morphology

Figure 9 shows SEM morphology images of the four dif-
ferent char samples. The samples exhibit four types of
surface morphology: large plane structures, laminated
fractures, abrasive surfaces, and clusters formed by the
accretion of small globular substances. SEM characteri-
zation illustrates that PC-500 is composed of a dense and
abrasive surface dispersed with some small clusters. After
the reforming process, the laminated fracture does not
feature and is replaced by an abrasive surface; the char
surfaces of PRC-500, PRC-600, and PRC-700 appear reg-
ular and fluffy. This is particularly apparent at the highest
reforming temperature (700°C). According to our studies,
PC-500 char can achieve a higher BET surface area
(112.67 m2·g−1), which may contribute to its laminated
fracture. The increase of abrasive surface character and
cluster structure may also increase surface area, but we

Figure 9: SEM micrographs of raw char and char after reforming process: (a) PC-500, (b) PRC-500, (c) PRC-600, and (d) PRC-700.
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observe a decrease in BET values after the reforming pro-
cess. This may be explained by the loss of laminated
fractures, which were more important in determining
area than abrasive surfaces and clusters.

3 Conclusions

The formation mechanism of pyrolysis char and reformed
char has been investigated in terms of structure and com-
position using a range of techniques (BET, SEM, Raman,
FTIR, chemical analyses [ultimate analysis, proximate
analysis, and HHV], ICP, and SEM-EDS). The conclusions
are summarized as follows:
1. The pyrolysis char exhibits a high surface area

(112.67m2·g−1)butafter the reformingprocess, itdecreases
to <8 m2·g−1. The char functionality includes nitrogen
functional groups (N]C), carbon functional groups
(C]C), and oxygen functional groups (C–O, C]O,
–OH, and Si–O). The char after reforming at 600°C
shows the highest ID/IG, suggesting a greater number
of active sites.

2. The AAEMs and inorganic element content in char
samples include Ca, K, Mg, Na, Fe, P, and Si. The
functional groups and AAEMs and other metallic ele-
ments (with the exception of Na) changed very little
before and after reforming at 500°C and 600°C.

3. The char after reforming at 600°C was used again in a
subsequent reforming process at 600°C, and the pro-
duct yield showed very little change. This implies that
the dominant factors determining catalytic reactivity
are the functional groups, the active sites, the AAEMs,
and other typical metallic elements during the reforming
process; the influence of the surface area appears to be
less significant.

4. Conducting the reforming process at 700°C resulted in
a loss of functional groups and a dramatic drop in ID/IG.
In order to retain catalytic activity and efficiency, the
reforming temperature should be set at 600°C.
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