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ARTICLE INFO ABSTRACT

Keywords: Cellulose and hemicellulose, the main components of biomass, undergo noticeable interactions during biomass
Biochar pyrolysis. In this study, biochar was produced by the co-pyrolysis of cellulose and hemicellulose. Three co-
Celh{lose pyrolysis parameters, namely, pyrolysis temperature (400-800 °C), residence time (5-30 min), and percentage
?;:2;;;1;“]0“ of cellulose (0-100 %), were investigated to optimize the properties of biochar, including the application of

response surface methodology in the experimental study. The analysis revealed that co-pyrolysis interactions
could improve the biochar yield by up to 41.37 % (567.74 °C, 19.52 min, 50 % cellulose percentage). The co-
pyrolysis interactions specifically enhanced the fixed carbon content, elemental carbon content, and higher
heating value of the biochar, with the most significant enhancements being 0.87 %, 3.60 %, and 3.85 %,
respectively, while simultaneously decreasing the volatile content, [H]/[C] ratio, and [0]/[C] ratio of the bio-
char, with the most significant reductions of —9.30 %, —10.81 %, and —26.71 %. Based on the observed decrease
in the intensity ratio of the D-band and G-band of biochar in the Raman spectra, greater co-pyrolysis interactions
increased the graphitization degree of the biochar. The analysis of X-ray photoelectron spectroscopy (XPS) in-
vestigations revealed that the interactions enhanced the contents of the C-C, C-O/C-O-C, aromatic, and OH
functionalities while reducing the number of COO-, COOH, and C—=0 functional groups. The results of this work
indicate that the co-pyrolysis interaction between cellulose and hemicellulose contributes to optimizing the
properties of biochar as a potential energy vector.

Response surface methodology

1. Introduction process, cellulose and hemicellulose have partially overlapping pyroly-

sis temperature ranges and produce some identical pyrolysis products,

Biomass is an important resource in the global energy system due to
its sustainability and ability to reduce carbon emissions (Wu et al.,
2023). As biomass consists of complex polymeric structures, its pyrolysis
process is complex and difficult to be directly used as the research
subject to comprehensively explore the principles of biomass pyrolysis
(Cai et al., 2024; Wang et al., 2023a). Biomass consists of three main
components: cellulose, hemicellulose, and lignin (Ma et al., 2024).
Compared to lignin, cellulose and hemicellulose have higher reactivity,
lower thermal stability, and can be more quickly decomposed into vol-
atile products (Chen et al., 2017; Zhu et al., 2024). During the pyrolysis
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leading to their interactions during the pyrolysis process (Hu et al.,
2024). Therefore, a deeper understanding of the interactions between
cellulose and hemicellulose is essential for a better understanding of the
pyrolysis principles.

In recent years, pyrolysis of cellulose and hemicellulose has been
extensively studied by many researchers. At low pyrolysis temperatures,
cellulose primarily undergoes depolymerization and dehydration re-
actions, resulting in products dominated by levoglucosan and other
dehydrated sugars (Zhao et al., 2024). With increasing temperature, the
chemical bonds of levoglucosan and other dehydrated sugars break
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down, generating numerous small molecular products (Liu et al., 2023;
Wang et al., 2024). While the pyrolysis processes of hemicellulose and
cellulose are similar, hemicellulose does not produce intermediate
products similar to levoglucosan at low temperatures and is more prone
to dehydration reactions in the subsequent pyrolysis stages.

Coubhert et al. studied the product distribution during co-pyrolysis of
cellulose and hemicellulose by pyrolysis gas chromatography-coupled
mass spectrometry (Py-GC/MS). The authors observed that the co-
pyrolysis interactions were the strongest at about 500 °C, weakened
slightly at about 600 °C, and strengthened again at about 700 °C
(Couhert et al., 2009). Hosoya et al. also found that the co-pyrolysis of
cellulose and hemicellulose resulted in a generation of cellulose
decomposition products such as glycolaldehyde, levoglucosan, and 1,
4:3,6-dianhydroglucopyranose that was lower than predicted (Hosoya
et al.,, 2007). In contrast, the yields of hemicellulose-related products
were higher than expected. To date, most of the published research on
the co-pyrolysis interactions between cellulose and hemicellulose has
primarily focused on the analysis of liquid products, while studies on
solid products and their physicochemical properties have been relatively
scarce.

The solid product of the co-pyrolysis of cellulose and hemicellulose is
biochar. The physicochemical properties of biochar determine its ther-
mal stability, combustion performance, and suitability as an energy
source (Mao et al., 2023; Wang et al., 2023b). Furthermore, the prop-
erties and yields of biochar are significantly influenced by factors such as
co-pyrolysis temperature, time, and the ratio of feedstocks (Yang et al.,
2023). During the pyrolysis process, elevated temperatures typically
cause biochar yields to decline, yet simultaneously enhance its thermal
stability (Guo et al., 2024). Shorter pyrolysis times can retain more
volatile components, while longer times promote the completion of
pyrolysis reactions, thereby producing more stable biochar. Addition-
ally, the ratio of cellulose to hemicellulose can influence the elemental
composition and properties of the resulting biochar. Conventional
analytical methods cannot simultaneously analyze the effects of the
above three pyrolysis parameters on biochar. Response surface meth-
odology (RSM) combines mathematical and statistical tools to optimize
experimental conditions and study the effect of interactions on the
outcomes of the experiment (Ba et al., 2023; Zalazar-Garcia et al., 2022).
This approach has been applied to study the interactions between
eucalyptus and sodium polyacrylate (Singh et al., 2020), as well as be-
tween purun tikus and plastic waste (Amrullah et al., 2024). Neverthe-
less, there are few reports on the effect of co-pyrolysis interactions on
yields and the physicochemical and structural properties of biochar from
cellulose and hemicellulose.

In this study, cellulose and hemicellulose were used as feedstock
materials to produce biochar through co-pyrolysis and to conduct pro-
cess optimization based on RSM. This study aims to evaluate the impact
of co-pyrolysis interactions between cellulose and hemicellulose on key
physicochemical properties of the resultant biochar, specifically tar-
geting fixed carbon content, elemental carbon content, and higher
heating value (HHV). The co-pyrolysis interaction not only improves the
yield of biochar but also optimizes its carbon content, providing a new
and theoretical basis for improving the performance of biochar in energy
applications.

2. Materials and methods
2.1. Materials

Microcrystalline cellulose from Sigma-Aldrich (product number
435236, white powder) and xylan (CAS no. 9014-63-5, white powder

from corn cob) from Aladdin Reagent Co., Ltd., were used in this study.
The basic properties of the specimens are presented in Table S1.
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2.2. Experiments and characterization

The experimental setup (VTL1200-1200, Bojunton, China) consist-
ing of a vertical furnace is shown in Fig. S1. The experiment was per-
formed under nitrogen as the protective gas with a flow rate of 300 mL
per minute. A crucible containing 4 g of the sample was placed at the top
of a quartz tube and exposed to a nitrogen atmosphere for 15 min. Once
the furnace temperature reached the preset value, the crucible was
slowly lowered into the pyrolysis zone in the middle of the quartz tube.
After completion of the experiment, the crucible was removed, and the
sample was allowed to cool. The biochar yield was determined by
calculating the ratio of the mass of the residual material in the crucible
to the initial feedstock mass.

This study uses the central composite design (CCD) method of RSM to
design the experiments. Three factors, namely, pyrolysis temperature
(A, 400-800 °C), residence time (B, 5-30 min), and cellulose percentage
(C, 0-100%) were examined. Table S2 provides the correspondence
between the coded and actual values of the experimental variables. The
experimental parameters and obtained biochar yields are listed in
Table 1. The HHV, proximate analysis, and ultimate analysis results of
the biochar obtained from the co-pyrolysis experiments are presented in
Table 2, while the [H]/[C] and [O]/[C] ratios are provided in Table S3,
and the XPS results are shown in Table S4. The analysis of variance is
provided in Table S5. Details of biochar characterization (ultimate
analysis, proximate analysis, HHV, Raman, and XPS) are provided in the
Supplementary Material.

The impact of co-pyrolysis interactions on biochar yield and its
characteristics is calculated using Eq. (1). The calculated value is ob-
tained using Eq. (2).

Xexp - Xc

SE(%) = 9 % 100% €}

cal
Xea = a0, + foy, 2

where SE represents the relative deviation between the experimental
and calculated values of biochar yield and its characterization. A posi-
tive relative deviation suggests that the co-pyrolysis interactions have a
beneficial effect on the biochar yields and its characteristics, whereas a
negative deviation suggests an inhibitory effect. Xy, and X, represent
experimental and calculated values of biochar yield and each charac-
teristic under different influencing factors. The mass proportions of
cellulose and hemicellulose in the raw material are represented by @ and
B, respectively. o, and w;, are performance data obtained by individual

Table 1
Experimental design matrix and obtained biochar yields.

Run  A: Pyrolysis B: Residence C: Percentage of Biochar

temperature (°C) time (min) cellulose (%) yield (wt%)
1 720 25 20 8.15
2 600 17.5 50 14.64
3 720 10 80 8.31
4 720 25 80 8.25
5 600 17.5 50 14.40
6 600 17.5 0 8.75
7 480 10 20 15.46
8 480 25 80 18.07
9 600 17.5 50 15.01
10 480 25 20 14.28
11 800 17.5 50 10.89
12 600 17.5 50 15.18
13 600 17.5 50 14.80
14 600 17.5 50 14.50
15 480 10 80 19.43
16 400 17.5 50 25.14
17 600 5 50 14.98
18 600 30 50 14.84
19 600 17.5 100 12.01

20 720 10 20 10.11
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Table 2
The HHV, proximate analysis, ultimate analysis, and Raman spectroscopy results
of biochar by co-pyrolysis experiment.

Run  HHV [C] [H] [O]* Volatiles Fixed In/Ig
wmJ/ (wt%, (wt%, (wt%, (wt%, carbon
kg) db) db) db) db) (Wt%,
db)

1 31.53 85.89 1.35 12.76 4.43 95.57 4.06
2 32.36 86.62 2.30 11.08 8.68 91.32 8.13
3 33.74 90.87 1.81 7.32 5.82 94.18 4.39
4 33.05 89.27 1.75 8.98 5.79 94.21 4.21
5 32.48 86.88 2.36 10.77 8.89 91.11 7.41
6 30.46 81.95 2.18 15.87 8.58 91.42 4.86
7 29.97 78.81 3.41 17.78 20.29 79.71 14.39
8 30.07 79.48 3.16 17.36 20.02 79.98 14.48
9 32.42 81.62 2.42 15.97 8.78 91.22 7.30

10 29.48 78.85 2.56 18.59 17.78 82.22 13.90

11 33.45 91.21 1.11 7.68 4.09 95.91 3.95

12 32.71 87.48 2.34 10.18 9.19 90.81 8.63

13 32.80 87.59 2.41 10.00 9.02 90.98 7.69

14 33.28 88.87 2.36 8.77 9.11 90.89 7.82

15 30.35 79.88 3.34 16.78 23.35 76.65 18.02

16 29.28 76.3 3.91 19.79 30.88 69.12 18.84

17 29.41 76.65 3.88 19.47 10.09 89.91 20.84

18 32.10 89.14 2.39 8.47 8.14 91.86 4.83

19 32.86 87.18 2.59 10.07 10.80 89.20 14.18

20 31.21 83.91 2.15 13.94 5.14 94.86 4.16

* Oxygen was estimated by the difference.

pyrolysis experiments of cellulose and hemicellulose, respectively. The
biochar yield, HHV, proximate analysis, ultimate analysis, Raman
spectroscopy, and XPS results of biochar obtained from the individual
pyrolysis of cellulose and hemicellulose are represented as Run X (1—-16)
and are presented in Tables S6 and S7.

Biochar yield SE(%) Biochar yield
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3. Results and discussion
3.1. Effect of co-pyrolysis interactions on biochar yield

Fig. 1(a)-(c) compares three different sets of conditions, each
resulting in a peak SE value, which indicates that these specific condi-
tions maximize the beneficial effect of co-pyrolysis on biochar yield.
Colors ranging from blue (lower relative deviations) to red (higher
relative deviations) represent different levels of relative deviations. The
color bar on the right indicates the numerical values of the relative
deviations (SE) of the biochar yields from the calculated values. The
highest SE value reflects the strongest positive impact of co-pyrolysis on
biochar yields. The co-pyrolysis interactions had a noticeable positive
impact on biochar yield. As shown in Fig. 1(a), SE reached its maximum
value of 41.37 % at a fixed cellulose percentage of 50 %, a temperature
of 567.74 °C, and a time of 19.52 min. As depicted in Fig. 1(b), with a
fixed time of 17.5 min, a cellulose percentage of 48.39 %, and a tem-
perature of 580.65 °C, the SE value reached its highest point at 40.93 %.
Similarly, as illustrated in Fig. 1(c), with a fixed temperature of 600 °C, a
time of 18.71 min, and a cellulose percentage of 45.03 %, SE had its
highest value at 40.73 %. These observations were similar to those re-
ported by Torres-Sciancalepore et al. (Torres-Sciancalepore et al., 2024).

These results can be attributed to the fact that hemicellulose is
thermally less stable than cellulose, leading to the formation of products
from feedstock in a molten state during pyrolysis at low temperatures
(Hosoya et al., 2007). These products cover the cellulose surface to form
liquid-solid interfaces, which inhibit the pyrolysis of cellulose into
small-molecule liquid and gaseous products and lead to an increase in
solid residues (Kawamoto, 2015; Xu et al., 2020a). As pyrolysis pro-
gresses, the formation of liquid cellulose subsequently triggers the
liquid-liquid interactions between molten hemicellulose and cellulose.
This dual interaction mechanism promotes the formation of biochar
(Zalazar-Garcia et al., 2024; Zhang et al., 2024).

SE(%) Biochar yield SE(%)
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Fig. 1. Effect of co-pyrolysis interactions on biochar yield at (a) temperature vs. time (50 % cellulose), (b) temperature vs. cellulose percentage (17.5 min), and (c)
time vs. cellulose percentage (600 °C); biochar yield 3D surface simulation at (d) temperature vs. time (50 % cellulose), (e) temperature vs. cellulose percentage

(17.5 min), and (f) time vs. cellulose percentage (600 °C).
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3.2. Effects of three co-pyrolysis factors on biochar yield

The impact of the three factors on the biochar yields from the co-
pyrolysis of cellulose and hemicellulose is shown in Fig. S2. The steep-
ness of the curves reflects the impact of each factor on biochar yield. The
analysis showed that factor A had the greatest effect, followed by factor
C, while factor B had the least impact on biochar yield. According to Eq.
(3), A and B had negative effects on biochar yield while C had a bene-
ficial effect.

Biochar yield = + 14.82 - 4.08 A - 0.3263B + 0.8644 C + 0.1043AB -
1.12AC + 0.2517BC + 0.8090 A% - 0.2887B* - 1.89 C* 3)

Fig. 1(d)-(f) depicts the effect of the three factors on biochar yield. As
illustrated in Fig. 1(d), when the cellulose percentage was 50 %,
increasing the temperature from 400 °C to 800 °C resulted in a decrease
in biochar yield with the yield dropping from 24.00 wt% to 9.68 wt% at
a pyrolysis time of 5 min and from 22.32 wt% to 9.17 wt% at a time of
30 min. The reduction in biochar production at higher temperatures is
due to the intensified cracking reactions of cellulose and hemicellulose,
producing more gaseous and liquid products (Xing et al., 2023; Yang
et al., 2007). Fig. 1(e) shows the impact of changes in temperature and
cellulose percentage on biochar yield at a fixed pyrolysis time of
17.5 min. When the pyrolysis temperature was 400 °C, the biochar yield
improved with increasing cellulose percentage, but when the pyrolysis
temperature was 800 °C, the change in cellulose percentage had a
negligible effect on biochar yield. As a reason for the smaller impact at a
higher pyrolysis temperature, both cellulose and hemicellulose undergo
nearly complete pyrolysis under these conditions, reducing the sensi-
tivity of the biochar yield to changes in cellulose content (Quan et al.,
2016). Fig. 1(f) indicated that changes in cellulose percentage and
residence time exhibited a minimal impact on biochar yield at a fixed
temperature of 600 °C. The maximum biochar yield at 13.93 min and a
cellulose percentage of 55.85 % was 14.99 wt%. At 18.23 min and a
cellulose percentage of 0.59 %, the maximum biochar yield was 8.09 wt
%.

3.3. Proximate analysis

Fig. 2(a)-(c) shows the impact of co-pyrolysis interactions on the
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volatile products of the pyrolysis. The SE values were negative under the
specified conditions, suggesting an inhibitory effect of the co-pyrolysis
interactions on the formation of volatile content. Specifically, the con-
ditions corresponding to these negative SE values were (1) a fixed cel-
lulose percentage of 50 %, a temperature range from 434.78 to 699.24
°C, and pyrolysis times from 5 to 30 min (Fig. 2(a)); (2) a fixed residence
time of 17.5 min, a temperature range from 438.48 to 713.04 °C, and
cellulose percentages from 0.74 % to 90.24 % (Fig. 2(b)); (3) a fixed
pyrolysis temperature of 600 °C, a residence time from 5 to 30 min, and
a cellulose percentage from 1.69 % to 77.39 % (Fig. 2(c)). Fig. 2(c)
shows that, with a fixed pyrolysis temperature of 600 °C, a residence
time of 21.94 min, and a cellulose percentage of 38.71 %, the SE value
reached its minimum at -9.30 %, indicating that the inhibitory effect on
volatile content production is the strongest under these conditions. This
can be explained by the fact that during pyrolysis, hemicellulose melts
before cellulose, wrapping cellulose and inhibiting the formation of
volatiles from cellulose (Hosoya et al., 2007).

Fig. 2(d)-(f) illustrates the effect of co-pyrolysis interactions on the
fixed carbon content of the biochar. The co-pyrolysis interactions had a
slight positive impact on the fixed carbon content of the biochar. The
three conditions corresponding to the strongest positive effect can be
summarized as (1) a fixed cellulose percentage of 50 %, a temperature of
606.54 °C, and a time of 21.13 min, resulting in an SE peak value of
0.87 % (Fig. 2(d)); (2) a fixed residence time of 17.5 min, a temperature
of 606.54 °C, and a cellulose percentage of 45.16 %, where the SE value
reached its highest point at 0.86 % (Fig. 2(e)); (3) a fixed pyrolysis
temperature of 600 °C, a residence time of 21.13 min, and a cellulose
percentage of 45.16 %, leading to a maximum SE value of 0.87 % (Fig. 2
(). As previously discussed, these interactions suppress the formation
of volatiles in the biochar, thereby indirectly promoting the accumula-
tion of fixed carbon in the biochar (Zhou et al., 2018).

Egs. (4) and (5) represent the models for predicting fixed carbon
content and volatile content, respectively. Based on the equations, in-
creases in A and B were found to have a favorable impact on the fixed
carbon content, while increasing C significantly decreased the fixed
carbon content. These trends of the three factors were opposite for the
volatile content since complete pyrolysis occurred as temperature and
time increased, resulting in the breakdown of a significant amount of
organic matter into smaller molecules. This led to the release of greater
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Fig. 2. Effect of co-pyrolysis interactions on volatile contents (a—c), and fixed carbon content (d-f): (a, d) temperature vs. time (cellulose percentage 50 %); (b, €)
temperature vs. cellulose percentage (17.5 min); (c, f) time vs. cellulose percentage (600 °C).
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quantities of volatile compounds (such as CO, CO3, H20, hydrocarbons,
alcohols, etc.) from the feedstock (Cen et al., 2022). Consequently, the
decreased volatile content in the biochar indicated that it was converted
into gaseous products rather than remaining in the biochar (Zhao et al.,
2018).

Fixed carbon = + 91.07 + 7.67A + 0.7186B — 0.8071C — 0.6261AB +
0.4002AC + 0.0172BC — 3.12A% - 0.1622B? — 0.3655C> 4)

Volatile contents = + 8.93 B — 7.67A — 0.7186B -+ 0.8071C + 0.6261AB
— 0.4002AC - 0.0172BC + 3.12A2 + 0.1622B? + 0.3655C? )

3.4. Ultimate analysis

3.4.1. Carbon content

Fig. 3(a)-(c) illustrates the effect of co-pyrolysis interactions on
elemental carbon. It could be concluded that the co-pyrolysis in-
teractions moderately improved the carbon content of the biochar. The
three conditions under which the interactions positively affected the
carbon content can be summarized as: (1) temperatures ranging from
400.00 to 786.84 °C and times from 8.07 to 27.07 min at a fixed cel-
lulose percentage of 50 %, resulting in positive SE values (Fig. 3(a)); (2)
at a fixed time of 17.5 min, temperatures ranging from 408.29 to 791.60
°C and cellulose percentages from 8.29 % to 98.67 %, where the SE
values were positive (Fig. 3(b)); (3) at a fixed pyrolysis temperature of
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600 °C, a residence time from 5.73 to 28.36 min and a cellulose per-
centage from 9.85 % to 99.03 % (Fig. 3(c)). Fig. 3(c) illustrates that,
with a fixed temperature of 600 °C, a time of 17.10 min, and a cellulose
percentage of 64.52 %, the SE value reached its maximum of 3.60 %,
indicating the strongest positive effect on the carbon content. This can
be attributed to the co-pyrolysis interactions, which promote cellulose in
the biochar better to retain its carbon content under pyrolysis condi-
tions, thereby increasing the proportion of carbon in the final product
(He et al., 2024). Eq. (6) represents the models of the carbon content in
biochar, revealing that increasing the pyrolysis temperature and resi-
dence time exhibits a favorable effect on carbon content while raising
the cellulose percentage has an adverse impact on carbon content.

Carbon content = + 68.45 + 2.85A + 0.153B — 4.81C — 0.0675AB —
0.0356AC — 0.3327BC — 1.6A% - 0.8860B? + 1.92C> (6)

3.4.2. [H]/[C] molar ratio

Fig. 3(d)—(f) illustrates the effect of co-pyrolysis interactions on the
[H]/[C] ratio. The [H]/[C] ratios are provided in Table S3. Co-pyrolysis
interactions led to a reduction in the [H]/[C] ratio of the biochar. The
conditions corresponding to negative SE values were (1) at a fixed cel-
lulose percentage of 50 %, a temperature range of 404.13-671.74 °C and
atime range of 13.69-28.90 min (Fig. 3(d)); (2) when the time was fixed
at 17.5min, temperature and cellulose percentage ranges of
404.13-687.39 °C and 1.70 %-98.53 %, respectively (Fig. 3(e)); (3) ata
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temperature of 600 °C, a time range of 12.23-30.00 min and a cellulose
percentage range of 0.40 %-99.18 % (Fig. 3(f)). According to Fig. 3(d),
when the cellulose percentage was 50 %, the SE value was the lowest at
-10.81 % at a temperature of 541.93 °C and a time of 21.13 min, indi-
cating the strongest inhibitory effect. Eq. (7) is a model for the [H]/[C]
ratio of the biochar. It was found that an increase in time and temper-
ature reduced the [H]/[C] ratio, while a higher cellulose percentage
increased the ratio. This suggests that the [H]/[C] ratio can be adjusted
by modifying the pyrolysis conditions, thereby altering the aromaticity
of the biochar to meet the needs of various applications (Wang et al.,
2022).

[H]/[C] = + 0.3270 — 0.1238A - 0.0551B + 0.0110C + 0.0037AB —
0.0110AC + 0.0282BC + 0.0111A2 + 0.0394B2 — 0.0012C> (@]

3.4.3. [0]/[C] molar ratio

Fig. 3(g)-(i) illustrates the effect of co-pyrolysis interactions on the
[O]1/[C] ratio. The [O]/[C] ratios are provided in Table S3. Co-pyrolysis
interactions led to a reduction in the [O]/[C] ratio of biochar. The
conditions corresponding to negative SE values were as follows: (1) at a
fixed cellulose percentage of 50%, a temperature range of
400.00-800.00 °C and time range of 5.56-30.00 min (Fig. 3(g)); (2) ata
time of 17.5 min, a temperature range of 459.79-764.35 °C and cellu-
lose percentage range of 9.68 %-98.53 % (Fig. 3(h)); (3) at a tempera-
ture of 600 °C, a time range and cellulose percentage range of
5.41-28.63 min and 0.74 %-98.22 %, respectively (Fig. 3(i)). According
to Fig. 3(g), the SE value was the lowest at —26.65 % for a cellulose
percentage fixed at 50 % when a temperature and time of 632.26 °C and
19.52 min was employed, indicating that at this time the co-pyrolysis
interaction had the strongest reduction impact on the [O]/[C] ratio.
Eq. (8) is a model for the [0]/[C] ratio of biochar. A rise in temperature,
time, and cellulose percentage resulted in a decrease in the [0]/[C]
ratio.

[01/IC] = + 0.0882 — 0.0378A — 0.0132B — 0.0161C + 0.0000AB —
0.0074AC + 0.0025BC + 0.0134A2 + 0.0152B2 + 0.0116C? )

In this study, a Van-Krevelen diagram was used to characterize the
[H]/[C] and [O]/[C] ratios of biochar, as shown in Fig. 4. The diagram
displays the [H]/[C] and [0]/[C] ratios of biochar pyrolysis samples
(Runs 1-20), where the samples located in the dashed box (Runs 3, 4, 5,
9,11, 12, 13, 14, 18, and 19) exhibited lower [0]/[C] ratios and mod-
erate [H]/[C] ratios. This suggested that these samples had lower oxy-
gen content and moderate hydrogen content, indicating their potential
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Fig. 4. Van-Krevelen diagram of biochar.
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as efficient energy carriers. In combination with the pyrolysis condi-
tions, higher pyrolysis temperatures (>600 °C) and cellulose percent-
ages (>50 %) resulted in samples with lower [O]/[C] ratios and
moderate [H]/[C] ratios, probably because higher pyrolysis tempera-
tures promote the decomposition of cellulose and hemicellulose,
releasing more gaseous and liquid products, which further increases the
carbon content in the biochar while reducing its oxygen content. A
higher cellulose content also contributes to the production of more
carbonaceous products in the biochar, thereby increasing the [H]/[C]
ratio and reducing the [O]/[C] ratio of the samples.

3.5. HHV analysis

The effect of co-pyrolysis interactions on HHV is shown in Fig. 5. Co-
pyrolysis interactions led to an increase in HHV. The three conditions
under which the interactions positively affected the carbon content can
be summarized as follows: (1) at a fixed cellulose percentage of 50 %,
temperatures ranging from 400.00 to 765.43 °C and times from 6.77 to
25.03 min (Fig. 5(a)); (2) at a fixed time of 17.5 min, temperatures
ranging from 400.00 to 779.34 °C and cellulose percentages from
14.57 % to 98.05 % (Fig. 5(b)); (3) at a fixed pyrolysis temperature of
600 °C, a residence time from 7.71 to 24.33 min and a cellulose per-
centage from 17.76 % to 98.05 % (Fig. 5(c)). As displayed in Fig. 5(c),
when the temperature was maintained at 600 °C, the SE value was the
highest at 3.85 % at a time of 30.36 min and a cellulose percentage of
32.63 %. The co-pyrolysis interactions led to the highest HHV under
these conditions because the interactions reduced the [O]/[C] ratio,
which is a critical factor affecting the HHV of biochar. The [0]/[C] ratio
and HHV are negatively correlated (Ahmad et al., 2012; Leng et al.,
2021).

Eq. (9) is the model of biochar HHV. Increasing all three factors can
contribute to a rise in HHV. The trends of the influence of the three
factors on HHV were opposite to those for the [0]/[C] ratio, further
illustrating the inverse relationship between HHV and the [0]/[C] ratio.
This suggests that by fine-tuning the pyrolysis conditions such as tem-
perature, residence time, and feedstock ratios, the [0]/[C] ratio of the
biochar, which in turn directly affects its HHV, can be manipulated. This
has notable implications for optimizing the energy characteristics of the
biochar, making it more suitable for use as an efficient fuel or for other
high-value applications.

HHV = + 32.67 + 1.21A + 0.2444B + 0.6594C + 0.0491AB -+ 0.3781AC
— 0.0982BC - 0.4571A% - 0.6728B2 - 0.3528C2 9)

3.6. Raman spectral analysis

In Raman spectroscopy analysis, the Ip/Ig ratio is an important in-
dicator, where Ip and I represent the intensities of the defect peak (D
peak) and the graphitic peak (G peak), respectively. The peak area ratio
(Ip/Ig) is used to assess the graphitization degree of carbon materials,
whereby a lower Ip/Ig ratio indicates a higher degree of graphitization.
Co-pyrolysis interactions led to a reduction in the Ip/Ig values of the
biochar. When the cellulose percentage was held constant while varying
temperature and time, co-pyrolysis interactions had a dominant
reducing effect on Ip/Ig. In contrast, when the time was constant and
both cellulose percentage and temperature were varied, the effect of co-
pyrolysis interaction on the reduction of Ip/Ig was secondary. As shown
in Fig. 6(a), when the cellulose percentage was fixed at 50 %, the tem-
perature was 541.94 °C, and the time was 22.74 min, the SE value was
the lowest at 21.20 %. This indicated that the co-pyrolysis interactions
under this set of conditions exhibited the strongest effect in lowering the
Ip/Ig ratio while promoting the graphitization degree of the biochar to
the greatest extent.

Eq. (10) is the model for the Ip/Ig ratio of biochar. An increase in



X. Lietal

Industrial Crops & Products 223 (2025) 120126

HHV SE(%) SE(%) SE(%)
(a)3 3550 (b) 0 3800 (€) 00 1 3.850
1581 F 2160 £ 2.106
25 s S
03875 2 05375 2 0.3625
= E E]
£ 20 2356 = 1094 % 1381
~ < Pt
2 435 S 275 ¢ 3125
Es g g -4.869
» 6204 £ 435 £ X
Q 3 S
8263 5 988 5 6.613
10 = -
1023 5 7619 O -8.356
= = 1220 0 9.250 of -10.10

400 450 500 550 600 650 700 750 800
A: Temperature (°C)

400 450 500 550 600 650 700 750 800
A: Temperature (°C)

B: Time (min)

Fig. 5. The effect of co-pyrolysis interactions on HHV: (a) Temperature vs. time (cellulose percentage 50 %); (b) Temperature vs. cellulose percentage (17.5 min); (c)
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temperature and time led to a reduction in the Ip/Ig values, while an
increase in the cellulose percentage led to an increase in the Ip/Ig ratio.
The rise in temperature and time causes hydrogen in the biochar to
escape more readily as volatile compounds, while carbon tends to form
stable backbone structures. This process contributes to the formation of
more aromatic ring structures. As a possible reason for this trend,
hemicellulose, which contains more complex and branched poly-
saccharides, tends to decompose into smaller molecules that can easily
rearrange into aromatic structures during pyrolysis with the increase in
temperature and time (Xu et al., 2020b). On the other hand, increasing
the cellulose percentage reduces the biochar’s aromaticity. In contrast,
cellulose is a linear polymer primarily composed of glucose units and
tends to form simpler, non-aromatic compounds during pyrolysis,
leading to lower aromaticity in the resulting biochar compared to the
biochar formed by hemicellulose (Gupta et al., 2016; Liao et al., 2022).

Ip/Ig = + 7.91 - 5.27A — 2.14B + 1.47C + 0.4603AB — 0.4701AC —
0.3846BC + 1.19A% +1.17 B2 + 0.1707C? (10)

The Raman spectra of biochar are shown in Fig. 6(d)-(), which
confirm the previous description. It can be concluded that raising the

temperature and extending the time of pyrolysis decreases the Ip/Ig
ratio of the biochar, while increasing the cellulose percentage increases
the Ip/Ig ratio. Additionally, changes in pyrolysis temperature had a
more significant effect on the Ip/Ig ratio than the variations in residence
time and cellulose percentage. This indicates that pyrolysis temperature
is the crucial factor for adjusting the aromaticity of biochar in practical
applications (Zabaleta et al., 2024).

3.7. XPS analysis

3.7.1. Cls Peaks

The C 1 s XPS spectra of the biochar under different conditions,
deconvoluted into three or four peaks, are shown in Fig. 7. The effect of
co-pyrolysis interactions on C-C/C-H (C 1 s Peak I, located at 284.4 eV)
is shown in Fig. 8(a)-(c) (Chen et al., 2022). The XPS C 1 s peaks results
are shown in Table S4. In Fig. 8(a), at a cellulose percentage fixed at
50 %, lowering the temperature and prolonging the time led to higher
SE values. This indicated that the co-pyrolysis interactions under these
conditions strongly enhanced C 1 s Peak L. Fig. 8(b) shows that at a time
of 17.5 min, raising the temperature and reducing the cellulose
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Fig. 7. C1 s XPS peaks of biochar: (a) different pyrolysis temperatures (17.5 min, with 50 % cellulose percentage); (b) different residence times (600 °C, with 50 %

cellulose percentage); (c) different cellulose percentage (600 °C, 17.5 min).

percentage resulted in higher SE values. In Fig. 8(c), when the temper-
ature was set at 600 °C, extending the time and decreasing the cellulose
percentage achieved higher SE values.

The effect of co-pyrolysis interactions on C-O/C-0-C (C 1 s Peak II),
whose peak was located in the range of 285.9-286.2 eV, is shown in
Fig. 8(d)—(f). Co-pyrolysis interactions led to an increase in the intensity
of the C 1 s Peak II of biochar at a constant cellulose percentage. When
the percentage of cellulose remained while time and temperature
changed, the positive influence of co-pyrolysis interactions on the C 1 s
Peak II was strong (Fig. 8(d)). At constant times and changing cellulose
percentages and temperatures, the positive effect of co-pyrolysis in-
teractions on the C 1 s Peak II was secondary (Fig. 8(e)). Under condi-
tions of 50 % cellulose percentage, a pyrolysis temperature of 529.03 °C,
and a residence time of 14.78 min, SE reached its highest value of
51.85 % (Fig. 8(d)). This indicated that under these conditions, the co-
pyrolysis interactions demonstrated the strongest positive influence on
C 1 s Peak II.

The effect of co-pyrolysis interactions on the C=0/COO- peak (Cls
Peak III), located in the range of 285.9-286.2 eV, is illustrated in Fig. 8
(g)-(). Co-pyrolysis interactions led to a reduction in the intensity of the
C1s Peak III of the biochar. When the time was kept constant and tem-
perature and cellulose percentage changed (Fig. 8(h)), the negative in-
fluence of the co-pyrolysis interactions on C 1 s Peak III was dominant
but only secondary when varying cellulose percentage and time at a
constant temperature (Fig. 8(i)). Among these conditions, i.e., a time of
17.5 min, a temperature of 438.71 °C, and a cellulose percentage of

50 % (Fig. 8(h)), the SE value was the lowest at 67.98 %, indicating that
the co-pyrolysis interactions exhibited the strongest negative impact on
Cls Peak III under these conditions.

The effect of co-pyrolysis interactions on the concentration of aro-
matic compounds (C 1 s Peak IV), whose peak was located between
288.8 eV and 289.5 eV, is shown in Fig. 8(j)—(1). It was observed that the
co-pyrolysis interactions led to an increase in the intensity of the C 1 s
Peak IV of the biochar. As depicted in Fig. 8(j), when the cellulose
percentage was fixed at 50 %, lowering the temperature and shortening
the time resulted in higher SE values, indicating that the co-pyrolysis
interactions increased the intensity of C 1s peak IV. In Fig. 8(k),
lower temperatures combined with higher cellulose percentages led to
increased SE values when the time was set at 17.5 min, suggesting a
stronger enhancement of C 1 s Peak IV. Fig. 8(1) demonstrated that at a
temperature of 600 °C, shorter times and higher cellulose percentages
resulted in elevated SE values, indicating a more significant promotion
of C 1 s Peak IV by the co-pyrolysis interactions.

The models for the four C 1 s XPS peaks of the biochar are repre-
sented by Egs. (11), (12), (13), and (14). Increased pyrolysis tempera-
ture reduced the intensity of peaks I and IV but increased those of peaks
IT and III. Longer residence times enhanced the intensities of peaks I and
III, while it reduced those of peaks II and IV. In contrast, an increase in
cellulose percentage reduced the intensity of peaks I and III and
increased the intensities of peaks II and IV.
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Cls Peak I=+ 76.26 — 0.7289A + 1.27B — 1.40C + 1.31AB — 0.2652AC —
1.04BC - 0.9019A2 - 0.7959B2 +0.7615C> 1)

Cls Peak II=+ 15.82 + 0.0129A — 1.99B + 1.38C — 1.09AB — 0.6740AC
+ 0.9735BC + 0.3305A2 + 0.4207B% — 2.15C2 12)

Cls Peak IlI=+ 1.03 + 0.8795A + 0.7406B — 1.11C + 0.9354AB +

0.8814AC — 0.1228BC + 1.21A% — 0.0539B2 + 0.5153C> (13)
Cls Peak IV=-+ 6.89 — 0.1645A — 0.0171B + 1.14C — 1.15AB +
0.0614AC + 0.1891BC -0.6398A% -+ 0.4261B% + 0.8734C> 14

3.7.2. Ols Peaks

The O 1 s XPS spectra of biochar under different conditions, decon-
voluted into three peaks, are shown in Fig. 9. The effect of co-pyrolysis
interactions on the C=0 peaks (O 1 s Peak I) located at 531.1 eV is
illustrated in Fig. 10(a)-(c) (Li et al., 2024). The XPS O 1 s peaks results

are shown in Table S4. The co-pyrolysis interactions exhibited varying
effects on the intensity of O 1 s Peak I under the three test conditions. As
shown in Fig. 10(a), when the cellulose percentage was fixed at 50 %,
the SE value was the lowest at -61.64 % for a temperature of 800 °C and
a time of 21.13 min, indicating that under these conditions, the
co-pyrolysis interactions had the strongest inhibitory effect on the for-
mation of C=0 functional groups. As depicted in Fig. 10(c), at a con-
stant temperature of 600 °C, a residence time of 5 min, and a cellulose
percentage of 3.23 %, SE reached its maximum value of 27.38 %.

The effect of co-pyrolysis interactions on the OH peak (O 1 s Peak II)
located at 532.6 eV is illustrated in Fig. 10(d)-(f). The conditions of the
highest SE values indicated by the strongest effect on the OH peak in-
tensity can be summarized as follows: (1) at a constant cellulose per-
centage of 50 %, a temperature of 554.84 °C, and a time of 17.90 min,
the SE value was the highest at 20.19 % (Fig. 10(d)); (2) at a constant
time of 17.5 min, a temperature of 567.74 °C, and a cellulose percentage
of 45.16 %, SE reached its highest value of 20.31 % (Fig. 10(e)); (3)
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when the temperature was fixed at 600 °C, SE reached its highest value
of 19.89 % at a time of 16.92 min and a cellulose percentage of 38.71 %
(Fig. 10(D).

The effect of co-pyrolysis interactions on the COOH peak (O 1 s Peak
III) located at 535.6 eV is illustrated in Fig. 10(g)-(i). The co-pyrolysis
interactions had an inhibitory effect on COOH formation, leading to a
decrease in peak intensity. When the cellulose percentage was held
constant while varying temperature and time, the co-pyrolysis in-
teractions had a strong reducing effect on the intensity of the O 1 s Peak
III (Fig. 10(g)). In contrast, when the time was constant and both cel-
lulose percentage and temperature were varied, the effect of co-pyrolysis
interaction on the intensity reduction of the O 1 s Peak III was secondary
(Fig. 10(h)). Among these conditions, when the cellulose percentage was
50 %, the SE value reached its lowest point at 72.79 % at a temperature
of 464.52 °C and a time of 30 min (Fig. 10(g)), indicating that under
these conditions, the co-pyrolysis interactions had the strongest inhibi-
tory effect on the formation of COOH functional groups.

The models for the three O 1 s XPS peaks of biochar are represented
by Egs. (15), (16), and (17). An increase in pyrolysis temperature
reduced the intensity of Peak II, while it enhanced the intensities of
Peaks I and III. Extending the residence time decreased the intensity of
Peaks I and III and enhanced that of Peak II. Raising the cellulose per-
centage reduced the intensity of Peaks II and III, while it increased that
of Peak L.
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O1s Peak I=+ 95.29 + 36.69A - 0.3075B + 0.5115C — 1.22AB +

0.2578AC + 0.7047BC — 22.51A% — 5.78B2 — 6.20C> (15)
O1s Peak II=+ 2.79 — 37.13A + 0.4362B — 0.2040C +1.13AB -
0.2504AC — 0.7341BC + 22.79A2 + 6.15B2 — 6.04C2 16)

Ols Peak IlI=+ 1.93 + 0.4421A - 0.1267B - 0.3070C + 0.0.872AB —
0.0061AC + 0.0331BC - 0.2802A2 — 0.37566B2 + 0.1582C> a7)

3.8. Optimizing biochar as a potential energy vector

Biochar has a wide range of applications, especially as an energy
vector. As indicated in previous sections, biochar produced by the co-
pyrolysis of cellulose and hemicellulose exhibited a lower [O]/[C]
ratio and a moderate [H]/[C] ratio. Furthermore, under the influence of
the interaction between cellulose and hemicellulose during co-pyrolysis,
the fixed carbon content, carbon content, and HHV of the biochar
increased by 0.87 %, 3.60 %, and 3.85 %, respectively, suggesting that
this interaction contributes to optimizing the properties of biochar as a
potential energy vector.

4. Conclusion

The results obtained in this study indicated that the interactions of
cellulose and hemicellulose during co-pyrolysis improved the yield and
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Fig. 10. Effect of co-pyrolysis interactions on (a)-(c) C=0 (O 1 s Peak I), (d)-(f) OH (O 1 s Peak II), and (g)-(i) COOH (O 1 s Peak III) for (a), (d), and (g) tem-
perature vs. time (cellulose percentage 50 %), for (b), (e), and (h) Temperature vs. cellulose percentage (17.5 min), and for (c), (f), and (i) time vs. cellulose per-

centage (600 °C).

performance of biochar. The co-pyrolysis interactions exhibited a posi-
tive impact on biochar yield, and the strongest positive influence
reached 41.37 % SE (567.74 °C, 19.52 min, cellulose percentage of
50 wt%). Furthermore, the co-pyrolysis interactions were also beneficial
for improving the fixed carbon content, carbon content, and HHV of the
biochar, while reducing the volatile content, as well as [H]/[C] and [0]/
[C] ratios. This was attributed to the melting of hemicellulose before
cellulose during pyrolysis, generating a unique structure of cellulose
covered by molten hemicellulose. This inhibited the production of cel-
lulose volatiles, leading to an increase in solid residues. Additionally,
Raman spectroscopy showed that the co-pyrolysis interactions nega-
tively affected the peak area ratio Ip/Ig, indicating that the interaction
enhanced the degree of graphitization of the biochar. XPS revealed that
the co-pyrolysis interactions promoted the formation of C-C, C-O/
C-0-C, aromatic rings, and OH functional groups while suppressing the
formation of COO-, COOH, and C=O0. These results indicated that the
co-pyrolysis interaction between cellulose and hemicellulose contrib-
uted to optimizing the properties of biochar as a potential energy vector.
This study provides a data foundation for applying biomass raw mate-
rials in the energy vector field.
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