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H I G H L I G H T S

• CO2 helps to modify properties of biochar made via pyrolysis.• Porosity of biochar can be improved when CO2 is used in the pyrolysis.• The modification approach can be applied to precisely engineer biochar for various applications.
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A B S T R A C T

Biochar is widely used for various environmental remediation strategies such as soil amendment because of its
intrinsic carbon negativity and porosity. Biochar is a charcoal-like material produced via pyrolysis of biomass. To
determine an effective method for modification of the porosity and morphology of biochar and establishment of
a more sustainable pyrolysis platform for biomass valorization, this study used CO2 as a reactive gas medium in
the biomass pyrolysis process. This study placed emphasis on elucidating the role of CO2 in the production of
biochar from different types of biomass, such as cellulose, xylan, lignin, grass, and oak wood. The surface area
and porosity of biochar were strongly related to the type of biomass. Under comparable pyrolysis conditions, the
surface area of biochar decreased in the following order: cellulose > xylan > lignin∼ oak wood > grass. The
use of CO2 as the gas medium in biomass pyrolysis affected the surface area and porosity of biochar samples
derived from biomass feedstock. For instance, the surface area and total pore volume of the oak-wood-derived
biochar produced in the CO2 environment were twice those produced in the N2 environment. Given that the
increases in the biochar surface area and porosity were attributed to the enhanced release of volatile organic
compounds (VOCs) from biomass, CO2 may have enhanced VOC release (removal) during pyrolysis. Therefore,
the use of CO2 in a pyrolysis platform is expected to be a strategic approach for biomass valorization.

1. Introduction

Global carbon emissions from the combustion of fossil fuels have
been regarded as one of the main contributors to global warming in that
the additional carbon inputs from this combustion are rapidly sur-
passing the planet’s full capacity to assimilate carbons via the natural
carbon cycle [1]. It is noteworthy that carbon inputs from fossil fuel
combustion reached up to ∼37 Gt in 2018 [2]. Accordingly, reduction
of the global consumption of fossil fuels is a strategic and practical
approach for alleviating the detrimental (environmental) impacts of

global warming [3]. Over the last two decades, a great deal of research
has been conducted on renewable energies in an effort to minimize
fossil fuel consumption, and unprecedented advances have been made
in this research field [4–6]. Among the various available renewable
energies, biofuels, i.e., biogas, bioethanol, and biodiesel, have drawn
considerable attention because they are the only carbon-based forms of
energy [7–9]. Accordingly, biofuels have been readily implemented and
commercialized as alternatives to fossil fuels because of their high
compatibility with the present energy infrastructure [10]. Specifically,
biofuels are being used in a simple manner, i.e., by being blended with
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fossil fuels, which provides great opportunities for these two forms of
energy to share existing energy distribution networks [11].

The concept of biorefinery for the production of chemicals from
carbon-neutral resources (biomass) has also drawn considerable atten-
tion as a strategic approach for mitigating global carbon emissions
[12,13]. Among the various available technical (biological, chemical,
and thermochemical) pathways for biorefinery, the thermochemical
pathway (e.g., pyrolysis and gasification processes) can be a viable
technical platform for biomass valorization in that biomass is fully
functionalized through long-term evolution to adapt to diverse en-
vironments [12,14–16]. Such a functionalized structural matrix of
biomass deteriorates the overall efficiency of the biorefinery process
[16]. On the basis of these rationales, we can consider biorefinery using
a thermochemical platform to be a technically viable option because
thermochemical processes are less sensitive to the type of biomass and
more suitable for mass production [16]. Pyrolysis is defined as the
thermolysis of a carbonaceous material in an oxygen-free environment; in
this process, carbons in carbon substrates are re-allocated into three
pyrogenic products: syngas, pyrolytic oil, and (bio)char [17]. Given
that all these pyrogenic products are flammable, they can be directly
used as biofuels [17,18]. Moreover, the gaseous and liquid pyrogenic
products, i.e., syngas and pyrolytic oil, respectively, can be utilized as
effective feedstock for biorefinery [19]. It should be noted that syngas is
chemically reactive [20].

Recently, biochar has gained considerable attention because of its
carbon negativity, which is attributed to its recalcitrant physicochem-
ical properties [21]. Biochar remains in soil for extremely long periods
without any degradation, and it can therefore sequester carbon in soils
for such long periods [22]. Thus, biochar has been extensively used in
various environmental applications (e.g., soil amendment and en-
vironmental remediation) [22]. Numerous studies have been conducted
to modify the surface morphology of biochar by various approaches,
e.g., control of the operational parameters, use of a reactive gas
medium such as steam, and utilization of a catalyst in the pyrolysis
process [23]. Given that biochar is a pyrogenic byproduct of the pyr-
olysis process, modification of the surface morphology of biochar must
be considered at the overall process level [24]. In short, it is desirable to
develop an effective method to modify all pyrogenic products through a
simple unit process for biomass pyrolysis.

In an effort to satisfy the aforementioned technical requirements
with the eventual aim of establishment of a more sustainable pyrolysis
platform, the present study used CO2 as a reactive gas medium in
biomass pyrolysis. N2 is commonly used to simulate oxygen-free con-
ditions [25]. Thus, this study placed great emphasis on elucidating the
mechanistic role of CO2 in the thermolysis of biomass. The thermolytic
behaviors of various types of biomass (i.e., cellulose, xylan, lignin,
grass, and lignocellulosic biomass) in a CO2 environment in comparison
to those in a N2 environment as reference were characterized thermo-
gravimetrically. Moreover, laboratory-scale pyrolysis of the five types
of biomass was performed by controlling the heating rates in the N2 and
CO2 environments in order to achieve morphological modifications of
biochar in CO2 as the reactive gas medium.

2. Materials and methods

2.1. Sample preparation and chemical agents

Cellulose (product #310697) and lignin (product #370959) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Xylan extracted
from corncob (product #X0078) was purchased from Tokyo Chemical
Industry (Japan). Grass was collected from Grand Children’s Park
(37.547691, 127.074234) in Seoul, Republic of Korea. Lignocellulosic
biomass (oak wood) was sourced from the Rural Development
Administration, Republic of Korea. Grass and lignocellulosic biomass
were dried in a drying oven (Ecocell 55, Revodix, Republic of Korea) at
80 °C for 24 h. The size of biomass samples was adjusted to ≤150 µm by

using a ball mill. Ultra-high-purity N2 and ultra-high-purity CO2 were
purchased from Kukje Industrial Gases (Anyang, Republic of Korea).

2.2. Thermogravimetric analysis of biomass

Mass decay of biomass as a function of the thermolytic temperature
was monitored using a thermogravimetric analysis (TGA) unit (STA 449
F5 Jupiter, Netzsch, Germany). For the TGA tests, 10 ± 0.01mg of
biomass was loaded into the TGA unit. The TGA tests was performed at
a heating rate of 10 °Cmin−1 in the range of 40–900 °C. The flow rate of
N2 or CO2 was controlled using mass flow controllers (MFCs) in-
corporated into the TGA unit. The total flow rate was 70mLmin−1

(protective gas: 20mLmin−1; purge gas: 50mLmin−1). Prior to each
TGA test, a reference TGA test was performed without sample loading
to compensate for any mass change induced by buoyancy effects. These
buoyancy effects were attributed to the density variation of N2 or CO2
by thermal expansion during the TGA test.

2.3. Laboratory-scale pyrolysis of biomass in CO2 environment using batch-
type tubular reactor

Prior to laboratory-scale pyrolysis of biomass, a batch-type tubular
reactor (TR) was assembled, as described in Fig. S1 (Supporting in-
formation). To prevent catalytic effects, quartz tubing (CGQ-0800T-68,
Chemglass) was employed as the main body of the TR; the dimensions
of the TR were 23mm (inner diameter)× 25.4mm (outer dia-
meter)× 0.6m (length). To tap the gas inlet and outlet systems, two
stainless Ultra-Torr Vacuum Fittings (SS-4-UT-6-600, Swagelok, USA)
were connected to each end of the TR. Furthermore, a Swagelok re-
ducing union (1–0.25 in) was connected to the stainless Ultra-Torr
Vacuum Fitting. Biomass (1 ± 0.001 g) was loaded at the center of the
TR. The flow rate of N2 or CO2 was set as 800mLmin−1; it was con-
trolled using the MFCs (5850 series E, Brooks Instruments, USA). A
tubular furnace (RD 30/200/11, Nabertherm, Germany) was used as an
external heating source. Prior to gas chromatography (GC) measure-
ments, a cold trap chilled with liquid N2 was used to collect the carbons
in condensable hydrocarbons. Then, pyrolytic gases released from the
TR were quantified using an online gas chromatograph (3000A Micro-
GC, Inficon, Switzerland). The concentrations of the pyrolytic gases (H2,
CH4, and CO) were calculated from their respective pre-calibrated plots
of peak area versus concentration.

2.4. Quantification, qualification, and characterization of pyrogenic
products

The calibration of the gas chromatograph was performed using the
natural gas standard (Agilent, USA). A field-emission scanning electron
microscope (FE-SEM; S-4300, Hitachi, Japan) equipped with an energy-
dispersive X-ray spectrometer was used for morphological and micro-
structural analyses of the biochar surface. N2 physisorption was con-
ducted to determine specific surface area, mean pore diameter, and
total pore volume of the biochar samples using BELSORP-mini
(MicrotracBEL Corp., Osaka, Japan). Non-local density functional
theory (NL-DFT) model was used to determine pore size distribution
with the assumption of slit-shaped pores.

3. Results and discussion

3.1. Characterization of thermolysis of grass and lignocellulosic biomass
(oak wood) in CO2

A series of TGA tests (biomass: 10 ± 0.01mg) were performed to
characterize the thermolytic behaviors of biomass in a CO2 environ-
ment. The TGA tests of biomass in CO2 (in comparison to those in N2 as
reference) were performed at a heating rate of 10 °Cmin−1 in the range
of 40–900 °C. The mass decay of biomass as a function of the
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thermolytic temperature is shown in Fig. 1. The thermal degradation
rate (differential thermogram (DTG)) is also depicted in this figure to
effectively identify any mass decay changes induced by CO2.

In a typical pyrolysis atmosphere (N2), there are three distinctive
mass decay patterns of grass (Fig. 1(a)). Mass decay first occurs near
100 °C, possibly because of dehydration. Mass decay of grass next oc-
curs at ≤430 °C, at which temperature volatilization occurs; this is
followed by random bond scissions of volatile organic compounds
(VOCs) from the polymeric backbone of biomass [26]. Thermal de-
gradation occurring at ≥430 °C (i.e., final mass decay) is possibly at-
tributed to dehydrogenation [27]. A difference is observed in the TGA
patterns between the N2 and CO2 environments at ≥720 °C. More grass
is thermally decomposed in the CO2 environment than in the N2 en-
vironment (final residual mass: ∼35wt% in N2 and ∼15wt% in CO2).
This is probably a result of the Boudouard reaction (C+CO2 ⇌ 2CO)
[26,27]. It is noteworthy that the Boudouard reaction is thermo-
dynamically favorable at ≥710 °C [28]. Thermolysis of lignocellulosic
biomass (oak wood) in N2 and CO2 was also characterized thermo-
gravimetrically. As can be seen from Fig. 1(b), the thermolytic

behaviors of lignocellulosic biomass are similar to those of grass
(Fig. 1(a)). An interesting observation here is that the final residual
mass of grass is higher than that of lignocellulosic biomass.

3.2. Characterization of thermolysis of cellulose, xylan, and lignin in CO2

The thermolytic behaviors of the main constituents of biomass
(cellulose, hemicellulose (xylan), and lignin) were characterized ther-
mogravimetrically in order to gain a fundamental understanding of the
mechanistic role of CO2 in the thermolysis of biomass. It should be
noted that all the experimental conditions for the characterization in
Fig. 2 were identical to those in Fig. 1. In brief, 10 ± 0.01mg of cel-
lulose, xylan, or lignin was thermally degraded in N2 or CO2 at a
heating rate of 10 °Cmin−1 in the range of 40–900 °C.

As can be seen in Fig. 2(a), the mass decay patterns of xylose and
lignin in CO2 are different from those in N2. Interestingly, at ≤720 °C,
larger amounts of xylan and lignin thermally degraded during TGA in
CO2 than in N2. The identical thermolytic patterns of cellulose in N2 and
CO2 may be a result of the high mass fraction of volatile matter in

Fig. 1. (a) Mass decay of grass as a function of
thermolytic temperature and its thermal degrada-
tion rate in N2 (black) and CO2 (red) and (b) mass
decay of lignocellulosic biomass (oak wood) as a
function of thermolytic temperature and its thermal
degradation rate in N2 (black) and CO2 (red). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Fig. 2. (a) Mass decay of cellulose as a function of thermolytic temperature and its thermal degradation rate in N2 (black) and CO2 (red); (b) mass decay of xylan as a
function of thermolytic temperature and its thermal degradation rate in N2 (black) and CO2 (red); and (c) mass decay of lignin as a function of thermolytic
temperature and its thermal degradation rate in N2 (black) and CO2. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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cellulose. Fig. 2 shows that the Boudouard reaction occurred only
during the thermolysis of lignin. It can be speculated that the occur-
rence of the Boudouard reaction is highly dependent on the char-
acteristics of biomass (i.e., the raw material of biochar). It has been
reported that different constituents of biomass have different sensitiv-
ities to CO2 in the pyrolysis process [29].

3.3. Pyrolysis of biomass in CO2

The series of TGA tests revealed important implications.
Nonetheless, it was desirable to monitor the gas evolution patterns in
order to support all hypotheses experimentally. Except the sample
loading and the flow rate of N2 or CO2, all the experimental conditions
were identical to the conditions in the TGA test. In brief, laboratory-
scale pyrolysis of biomass (1 ± 0.001 g) was performed at a heating
rate of 10 °Cmin−1 in the range of 40–710 °C. It should be noted that
the final temperature for the laboratory-scale pyrolysis was set as
710 °C to exclude any effects of the Boudouard reaction. The

concentration profiles of the main pyrolytic gases (H2, CH4, and CO)
evolved from the thermolysis of grass in N2 and CO2 environments were
plotted as a function of the thermolytic temperature, as shown in Fig. 3.

The concentration profile of H2 evolved from the thermolysis of
grass in N2 is in good agreement with the TGA test results (Fig. 1(a)). As
seen in Fig. 3, evolution of H2 from the thermolysis of grass in N2
commenced at ≥430 °C. As shown in Fig. 1(a), the thermolytic rate of
grass began to decrease at ≥430 °C. The H2 evolution pattern is con-
sistent with the typical trend observed during biomass pyrolysis; that is,
the degree of dehydrogenation is proportional to the thermolytic tem-
perature [30]. At 620 °C, the concentration of H2 began to decrease.
This behavior is probably a result of depletion of the H2 source caused
by a batch-type experimental setup (see Fig. S1).

In comparison with H2, CH4 began to evolve at ≥320 °C and at-
tained the maximum concentration (0.13mol%) at 490 °C. The earlier
evolution of CH4 than of H2 can be explained by the formation me-
chanisms of the former. The evolution of CH4 is attributed to the
thermal cracking of hydrocarbons [31]. Given that rapid mass decay

Fig. 3. Concentration profiles of main pyrolytic gases ((a) H2, (b) CH4, and (c) CO) evolved from thermolysis of grass (1 ± 0.01 g) in N2 and CO2 environments at a
heating rate of 10 °Cmin−1 in the temperature range of 40–720 °C.

Fig. 4. Concentration profiles of main pyrolytic gases ((a) H2, (b) CH4, and (c) CO) evolved from thermolysis of lignocellulosic biomass (oak wood; 1 ± 0.01 g) in N2
and CO2 at a heating rate of 10 °Cmin−1 in the range of 40–720 °C.
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caused by the release of VOCs was observed at ≤430 °C in the TGA test
of grass (Fig. 1(a)), it is appropriate to conclude that the earlier evo-
lution of CH4 occurred via the thermal cracking of the VOCs. However,
CH4 formation implies that thermal cracking of VOCs is possible only at
≥320 °C. After reaching the maximum at 490 °C, the concentration of
CH4 began to decrease because of the depletion of the VOCs in the grass
sample. The same explanations are also valid for the evolution of CO.
The relatively lower concentration of CO than of H2 and CH4 is at-
tributed to the cyclization and carbonization reactions. This observa-
tion is also in good agreement with the TGA test results in Fig. 1(a).

However, the concentration of CO evolved from the thermolysis of
grass in CO2 began to increase at ≥430 °C. It is noteworthy that mass
decay caused by the Boudouard reaction was observed at ≥720 °C
(Fig. 1(a)). On the basis of all these experimental findings, the enhanced
formation of CO in the CO2 environment cannot be explained without
consideration of an additional source of C and O. Thus, this enhanced
formation of CO during the pyrolysis of grass in the CO2 environment
can be explained by the release of VOCs from biomass during the
pyrolysis process. The concentration profiles of CH4 evolved from the
pyrolysis process in N2 and CO2 were similar, whereas a larger amount
of CO evolved in CO2 than in N2. This result also supports the enhanced
release of VOCs from the biomass sample during pyrolysis.

In order to generalize the experimental findings in Fig. 3, we per-
formed the same experiment with lignocellulosic biomass (oak wood) in
N2 and CO2 environments. As is clear from Fig. 4, the evolution patterns
of the main pyrolytic gases in N2 and CO2 are identical to those depicted
in Fig. 3. Thus, the same explanations provided for the results in Fig. 3
are also valid for the results in Fig. 4. However, in the experiment with
lignocellulosic biomass, enhanced CO formation was observed at
≥550 °C. This observation importantly suggests that the VOC removal
from biomass during the pyrolysis process is highly dependent on the
structural matrix of biomass.

3.4. Differences in biochar properties arising from use of CO2 in pyrolysis

In order to experimentally confirm the CO2-induced morphological
modifications of biochar, it was produced at 680 °C. The final tem-
perature of 680 °C was set to exclude any effects of the Boudouard re-
action. Given the fact that the heating rate is one of the important
operational parameters, biochar was produced by both slow pyrolysis
and fast pyrolysis. In detail, slow pyrolysis of biomass was performed at
a heating rate of 10 °Cmin−1 in the range of 40–680 °C; fast pyrolysis
was performed at a heating rate of 50 °Cmin−1 in the same temperature
range, after which the biomass sample was isothermally treated for

Fig. 5. FE-SEM images of (a), (b) grass biochar produced by pyrolysis in (a) N2
and (b) CO2; (c), (d) lignocellulosic biochar produced by pyrolysis in (c) N2 and
(d) CO2; (e), (f) cellulose biochar produced by pyrolysis in (e) N2 and (f) CO2;
(g), (h) xylan biochar produced by pyrolysis in (g) N2 and (h) CO2; and (i), (j)
lignin biochar produced by pyrolysis in (i) N2 and (j) CO2. In all cases, pyrolysis
of biomass was performed at a heating rate of 10 °Cmin−1 in the range of
40–680 °C.

Fig. 6. FE-SEM images of (a), (b) grass biochar produced by pyrolysis in (a) N2
and (b) CO2; (c), (d) lignocellulosic biochar produced by pyrolysis in (c) N2 and
(d) CO2; (e), (f) cellulose biochar produced by pyrolysis in (e) N2 and (f) CO2;
(g), (h) xylan biochar produced by pyrolysis in (g) N2 and (h) CO2; and (i), (j)
lignin biochar produced by pyrolysis in (i) N2 and (j) CO2. In all cases, pyrolysis
of biomass was performed at a heating rate of 50 °Cmin−1 in the range of
40–680 °C, after which the biomass sample was isothermally treated for 6min.
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6min.
The gas evolution patterns in Section 3.3 confirmed that the use of

CO2 as the reactive gas medium led to different thermolytic pathways.
We assumed that these different thermolytic pathways resulting from
the CO2 environment induced morphological modifications of biochar.
Figs. 5 and 6 show FE-SEM images of biochar samples produced by slow
pyrolysis and fast pyrolysis, respectively, of the different types of bio-
mass under different pyrolysis conditions. These FE-SEM images show
that these biochar samples have irregular and wrinkled surface
morphologies. No clear difference can be observed between these bio-
char samples. To determine the differences between the biochar sam-
ples derived from the different types of biomass in the CO2 environ-
ment, we performed a series of N2 physisorption measurements (using
20 different biochar samples); Table 1 summarizes the results of all the
N2 physisorption measurements.

Fig. 7 shows the surface area, total pore volume, and mean pore
diameter of grass biochar and lignocellulosic (oak wood) biochar, re-
spectively, produced by slow pyrolysis and fast pyrolysis in N2 and CO2,
and Table 1 lists the corresponding measurement results. It can be seen
from Fig. 7 that the surface area and total pore volume of grass biochar
produced in the CO2 environment are higher than those in the N2 en-
vironment. The CO2-induced morphological modifications of grass
biochar during fast pyrolysis (high heating rate of 50 °Cmin−1) are
insignificant compared to those during slow pyrolysis. It is known that
the removal of residual VOCs from biochar leads to an increase in the
surface area and porosity of biochar [32,33]. Therefore, the CO2-in-
duced modifications of the biochar properties during the pyrolysis
process (depicted in Fig. 7 and summarized in Table 1) are a result of

Table 1
Summary of surface area, mean pore diameter, and total pore volume of biochar
samples derived from different types of biomass.

Atmospheric
condition

Heating
rate
(°Cmin−1)

Biochar
feedstock

BET
surface
area
(m2 g−1)

Mean pore
diameter
(nm)

Total pore
volume
(cm3 g−1)

N2 10 Grass 6.5783 13.839 1.5114
CO2 Grass 21.253 13.545 4.8829
N2 50 Grass 11.662 9.329 2.6793
CO2 Grass 24.674 5.6429 5.6689
N2 10 Oak wood 231.15 1.9709 53.108
CO2 Oak wood 463.58 1.9969 106.51
N2 50 Oak wood 292.99 2.0646 67.316
CO2 Oak wood 386.76 1.8938 88.860
N2 10 Cellulose 507.53 1.6679 116.61
CO2 Cellulose 506.94 1.6643 116.47
N2 50 Cellulose 504.55 1.6678 115.92
CO2 Cellulose 515.04 1.6398 118.33
N2 10 Xylan 340.43 2.0224 78.216
CO2 Xylan 402.35 1.6324 92.441
N2 50 Xylan N.D. N.D. N.D.
CO2 Xylan N.D. N.D. N.D.
N2 10 Lignin 299.97 1.6624 68.918
CO2 Lignin 325.85 1.6365 74.865
N2 50 Lignin 360.31 1.6372 82.782
CO2 Lignin 402.35 1.6342 92.441

Fig. 7. Pore volume weighted pore size-distribution derived from N2 physisorption of (a) grass biochar and (b) oakwood biochar made via pyrolysis at different
heating rates in N2 and CO2.
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the enhanced release of VOCs induced by CO2, as discussed in the above
sections. It is pertinent to note that the aforementioned mechanistic role
of CO2 is not fully activated, because of the short thermolysis time (i.e.,
fast pyrolysis). The N2 physisorption measurement results of the lig-
nocellulosic (oak wood) biochar produced by slow and fast pyrolysis in
N2 and CO2 follow the same trends as those of the grass biochar. Thus,
the characterization results of the lignocellulosic biochar can be inter-
preted in the same manner as those of the grass biochar.

4. Conclusions

In this study, CO2 was used as a gas medium in biomass pyrolysis in
order to modify the surface area and porosity of the resultant biochar.
Five different types of biomass—cellulose, xylan, lignin, grass, and oak
wood—were used as biochar feedstock. Among the tested biochar
samples, cellulose biochar showed the highest BET surface area
(> 500m2 g−1) whereas grass biochar showed the lowest BET surface
area (6.6–24.7 m2 g−1). The use of CO2 in the pyrolysis process resulted
in an increased surface area and pore volume of biochar. For instance,
the BET surface area and total pore volume of the oak-wood-derived
biochar produced in the CO2 environment (463.6m2 g−1 and
106.5 cm3 g−1, respectively) were almost twice those of the oak-wood-
derived biochar produced in the N2 environment (231.2m2 g−1 and
53.1 cm3 g−1, respectively). These differences in the surface areas and
porosities of the different biochar samples are possibly attributable to
the enhanced release (i.e., removal) of VOCs from the biomass samples
caused by CO2 during the pyrolysis process.
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