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Abstract:

Biochar activation is widely used to improve its capability for environmental
application, while its impact on carbon sequestration potential is still unknown. Herein,
the oxidation-resistance stability of biochar with different activation processes was first
evaluated, which is crucial for the sustainable production of activated biochar. Thermal
activation enhanced the thermal stability of biochar with a higher Rso as 61.5-62.7%,
whereas a higher carbon loss of 15.2—-17.2% after chemical oxidation was found.
Physical activation of biochar failed to affect thermal stability, but it still weakened its
chemical stability. By contrast, chemical activation with H2SO4 improved the stability
for both chemical- (6.7% carbon loss) and thermal-oxidation (Rso as 66.2%). Further
analysis revealed that the thermal stability of activated biochar was controlled by
aromaticity, while the surface area was a vital factor for the chemical stability. Our
findings could serve as a reference to mediate the trade-offs between biochar stability

and other application.

Keywords: Activated biochar; Carbon sequestration; Carbon stability; Oxidation

resistance.
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1. Introduction

Biochar, a carbon-rich by-product from the biomass pyrolysis process, attracts great
interest as a valuable tool for carbon abatement in the last decade (Cross & Sohi, 2013;
Han et al., 2020). As a carbon-negative material, biochar production and application
could effectively reduce the total carbon emission (Lehmann, 2007; Leng & Huang,
2018; Leng et al., 2019). Moreover, various environmental applications (e.g., water
pollution control) can also be realized by biochar in the meantime (Ahmad et al., 2014;
Liet al., 2017; Shaheen et al., 2019), which improves the value of biochar utilization
with a win-win effect for the environment.

Although several studies find that the pristine biochar can effectively achieve water
and wastewater remediation, including toxic metals immobilization (Cao & Harris,
2010; Shaheen et al., 2019) and organic pollutants removal (Liang et al., 2019), its
capacity is restricted by the low surface reactivity of the un-activated biochar (e.g.,
surface area and surface functionality) (Cheng et al., 2017; Zhang et al., 2020). To
improve the performance of biochar for environmental remediation, various activation
methods are conducted for a higher surface reactivity (Ahmed et al., 2016; Cheng et al.,
2017; Sajjadi et al, 2019). Physical activation (e.g., steam activation and CO:
activation), chemical activation such as acid pre-treatment, and thermal activation were
widely used for biochar because of their convenience and remarkable improvement on
biochar activity (Cheng et al., 2017).

Different activation processes principally cause varying properties of biochar
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(Kazemi Shariat Panahi et al., 2020; Zhou et al., 2021). For physical activation, active
carbon atoms could be removed by the insert steam or CO> during high-temperature
pyrolysis (Eq.1-2) and led to an increased porosity and surface area (Sajjadi et al.,
2019). For example, a significantly higher surface area of activated biochar was found
after steam activation at both 300 °C and 550 °C compared with the pristine biochar
(189.2-397.1 m*> g ! > ~1 m?> g'!) (Lou et al., 2016). Meanwhile, the formed reducing
gas might further react with the carbon surface, contributing to different surface
chemistry (i.e., surface O-moiety) on biochar (Eq.3—4) (Anto et al., 2021; Kim et al.,
2021). Different from physical activation, chemical activation is usually conducted
before or after the pyrolysis process by mixing feedstocks or biochar with the active
agent. Acid activation with inorganic acids like H>SO4 and HNO3; was widely used to
improve the surface area and O-moieties of biochar (Hadjittofi et al., 2014; Iriarte-
Velasco et al., 2016). Moreover, using a high temperature (>800 °C) to thermal-activate
the biochar with the formation of graphitic and turbostratic char is also reported in
recent years (Sajjadi et al., 2019; Xiao et al., 2018; Ghodake et al., 2021). This kind of
biochar naturally contained a higher surface area with rich carbon defects, and it was
widely used for catalytic and electrochemical reactions (Huggins et al., 2015; Wan et

al., 2019; Xiao & Chen, 2017).

HO (g + C —- H> + CO Eq.1
C+CO2 — 2CO Eq.2
H; + =C-0 — C + HxO Eq.3
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CO+=C-0 - C+CO Eq.4
With the booming studies about biochar activation, a new question about the carbon
stability of these activated biochars emerged. Since all activation methods target the
improvement of the biochar’s surface reactivity, the carbon sequestration potential of
biochar could be affected. The higher surface area of activated biochar might result in
an increased chance of reacting with the oxidizing moiety (e.g., O2) in the environment,
which would probably decrease the long-term carbon sequestration potential of biochar
(Wang et al., 2020). Change of surface functionality and carbon structure would also
directly affect the stability of biochar (Kim et al., 2021; Leng & Huang, 2018; Spokas,
2010). Since long-term carbon stability is the major concern for the sustainable
production and application of biochar, the trade-off between carbon stability and
biochar surface reactivity should be considered before selecting proper activation
methods. Different activation methods might produce the activated biochar with distinct
properties and thus led to different carbon stability. However, the current study about
biochar activation mainly focused on the surface reactivity instead of the properties
related to carbon stability. The change of the carbon sequestration potential of biochar
during different activation processes was still unknown, and understanding the impact
of activation on biochar stability was vital for the sustainable production of biochar.
We hypothesize that the activation process would significantly affect the carbon
stability of the biochar for oxidation resistance. To test this hypothesis, we conducted

this study to (1) evaluate the stability of biochar produced from different activation
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methods and (2) identify the decisive factor of activated biochar for carbon stability.
Biochars with different pyrolysis temperatures from 450—950 °C and various activation
methods (steam activation, CO; activation, and acid activation) were prepared in this
study. Besides, the stability of activated biochar was evaluated by determining basic
properties and the “oxidation resistance” property. Two oxidation methods, including
chemical oxidation by a strong oxidant (i.e., K2Cr207) and thermal oxidation by heating
under air environment through Thermogravimetric Analysis (TG) (Leng et al., 2019;
Yang et al., 2018; Yang et al., 2016), were used to test the stability of activated biochar.
Overall, this study evaluates the impact of different activation methods on the stability

of biochar, guiding the production, activation, and selection of biochar in the future.

2. Materials and Methods
2.1 Chemicals and Raw Materials
Local light yard waste (LY W), collected from EcoPark in Hong Kong, was selected as
the raw biomass for this study. The biomass was dried at 60 °C in the oven for 24 h
before pyrolysis. All chemicals used in this study were of analytical grade.
2.2 Preparation of Biochar and Biochar Activation

The biochar used in this study was produced from LYW through slow pyrolysis

land a

under Na-atmosphere at target temperature with a heating rate of 10 °C min~
holding time of 60 min. Six temperatures as 450, 550, 650, 750, 850, and 950 °C were

used for the biochar preparation, and the resultant biochars were named BC-X, where
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X indicates the pyrolysis temperature. Higher pyrolysis temperatures (850 and 950 °C)
could be considered as the thermal-activation methods for biochar (Sajjadi et al., 2019),
while the other pyrolysis temperature mainly acted as the control.

Moreover, two physical activation and one chemical activation methods were used
for biochar activation. For steam activation, N> gas was used as the purging gas for
LY W pyrolysis to the target activated temperature (650, 750, and 850 °C) with a heating
rate of 10 °C min!. The steam feeding pump started 10 min before reaching the target
pyrolysis temperature, and then the steam would touch the heating zone with biochar.
This activation process will keep for 60 min, and the resultant biochar will be named
BCX-S, where X indicates the activation temperature. CO> activation was achieved by
using CO» as the purging gas for the pyrolysis directly. The highest temperature was set
as 650, 750, and 850 °C for LYW pyrolysis with the same heating rate and holding time
(10 °C min ' and 60 min). These activated biochars were denoted as BC650-C, BC750-
C, and BC850-C, respectively. Acid activation was realized by treating the LYW with
1 M H2SOy4 (solid to liquid ratio as 1:20) for 24 h. The acid-treated LYW was filtered
and dried at 60 °C for 24 h before pyrolysis. Only 750 °C was chosen as the pyrolysis
temperature (BC750-A), and the heating settings were the same as the other activation
process (10 °C min™! and 60 min). All biochars were crushed to pass a 120-mesh sieve
and stored in a dry container before further usage.

2.3 Biochar characterization

The surface area of different biochar was determined by N> adsorption-desorption
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isotherms obtained from a surface area analyzer at 77 K (BET, Quantachrome Autosorb,
USA). The ultimate elemental analysis (EA, Vario EL cube, Germany) was used to
estimate the CHONS content in the biochar samples. The atomic ratio of H/C and O/C
was calculated to identify the properties of biochar. Moreover, the aromatic index (Al),

representing the aromaticity of biochar, was also calculated based on Eq.5.

1+[C]-[0]-0.5[H]

Al == 5o

Eq.5

The X-ray photoelectron spectroscopy (XPS, Thermo Scientific Nexsa) with Al Ka
radiation was used to investigate the composition and chemical state of the elements on
the sample surfaces. The binding energy of all characteristic peaks was calibrated with
carbon Cls core level at 284.8 eV, and the component peaks were identified by
comparing their binding energies with the literature values (Xu et al., 2020; Yang et al.,
2016). To evaluate the surface functionality of biochar, the ratio of the O-moiety (sum
of -C-0, —C=0, and —COO) to —C=C was calculated.
2.4 Stability of biochar for thermal-oxidation resistance

The stability of biochar for thermal-oxidation resistance was evaluated by the TG
analysis under the air environment (Leng et al., 2019; Yang et al., 2016). Weight loss
associated with the thermal oxidation of all these biochars was detected in an air
environment using thermogravimetry/derivative thermogravimetry (TG/DTG). The
thermal analysis started at 30 °C with a ramping rate of 10 °C min' to 1000 °C. An

indicator (R50) was used to evaluate the oxidation recalcitrance of biochar during TG

analysis (Eq.6) with graphite as the reference.



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

T .
RSO biochar = 50 biochar X 100% Eq6
’ Ts5o graphite

T50 biochar and T'50 graphite are the temperature values corresponding to 50% weight loss by
oxidation of biochar and graphite, respectively.
2.5 Stability of biochar for chemical-oxidation resistance

The stability of biochar for chemical-oxidation resistance was identified by
K>Cr,07 oxidation methods (Leng et al., 2019; Nan et al., 2020; Yang et al., 2018).
About 0.1g biochar was added into a glass test tube with 40 mL of 0.1 M K>Cr2O7/2 M
H>SO4 solution. Chemical oxidation would be conducted at 55 °C for 60 h in triplicates.
The carbon loss amount was determined by the transition of Cr(VI) concentration
according to Eq.7, and the carbon loss proportion was calculated based on the carbon
content in biochar as detected by EA. The Cr(VI) concentration was detected by the
diphenyl-carbazide spectrophotometric method at 540 nm (Dong et al., 2011; Xu et al.,
2020).

2K>Cr207 +3C +8H2S04 — 2K2SO04 + 2Cr2(SO4)3 + 3CO2T + 8H0  Eq.7

2.6 Pearson Correlation Coefticient Analysis

The relationship between carbon stability for oxidation resistance and the basic
properties of biochar was evaluated byPearson Correlation Coefficient (PCC) analysis.
Rso and carbon loss by Cr(VI) oxidation were selected as the stability index to represent
the thermal-oxidation resistance and chemical-oxidation resistance, respectively. Basic
properties of biochar, including aromaticity (i.e., H/C ratio and AI), O-moiety content

(i.e., O/C ratio and O-moiety obtained from XPS analysis), carbon proportion from TG
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analysis, and surface area, were all involved during the relationship analysis.

3. Results and Discussions
3.1 O-moieties of activated biochars

O/C ratio obtained from EA was first adopted to reveal the change of functionality
of activated biochar (Figure 1a, Figure 1b, and Table 1). An apparent decrease of the
O/C ratio from 0.24 to 0.07 was found with the pyrolysis temperature from 450 °C to
750 °C, and it kept constant as 0.07—0.09 under the followed increasing temperature
(750—-950 °C). Increasing temperature from 450 °C to 750 °C could induce the decrease
of O-moiety (Manya et al., 2014; Xu et al., 2020), while no further change of O-moiety
was found under extremely high pyrolysis temperature (850—950 °C) for thermal
activation. Similar results were found by the O-moiety content detected by XPS
analysis (Figure 1a and Table 2). No noticeable alternation about the surface functional
group could be found under the high pyrolysis temperature over 750 °C, further
indicating the limited impact of thermal activation on biochar’s functionality compared
with the biochar produced with regular high temperature (i.e., BC750).

Unlike the thermal activation, a noticeable change of the O/C ratio was found with
steam and CO; activation (Figure 1b). Physical activation at relatively low
temperatures (i.e., 650 °C and 750 °C) increased the O/C ratio of the biochar, whereas
a slight decrease from 0.09 to 0.05—0.07 was found at 850 °C. Contrasting change of

the O/C ratio implied the different reactions between the low and high pyrolysis
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temperatures. At low pyrolysis temperature, the introduction of the O atom from H>O
and CO; into the carbon surface might be dominant (Eq.8—9) (Sajjadi et al., 2019),
which resulted in the increase of O-moiety on biochar. An increase of phenolic groups,
carboxylic groups, and the O/C ratio of biochar after the physical activation process
was also found by related research (Feng et al., 2017; Kwak et al., 2019) due to the
oxidizing capacity of steam and CO,. However, at the high activated temperature (i.e.,
850 °C), the reducing reaction among the gas and carbon surface became the primary
reaction, which led to the decline of O content (Eq.3—4) (Sajjadi et al., 2019). A
decrease of the O-content after activation at a high temperature (> 700 °C) was also
found by both Sun et al. (2020) and Yek et al. (2020) due to the reduction reaction with
the biochar surface. It is worth noting that a higher O/C ratio was found after steam
activation compared with CO» activation at the same activated temperature due to the
stronger reactivity of the steam (Liu et al., 2020b).
H,O + C - =C-0 + H» Eq.8
C+CO; — CO+=C-0 Eq.9
Interestingly, physical activation induced a high O-moiety on the surface of biochar
at all three activated temperatures based on XPS analysis (Figure 1b), which is different
from the EA results. The higher O-moiety/—C=C ratio as 0.17 after steam activation and
0.16—0.18 after CO; activation was found compared with the pristine biochar (0.15).
Since XPS analysis normally provides information about the surface of the biochar

(~3—5 nm), the high O-moiety detected by XPS evidenced the remarkable surface
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Chemical activation by HoSO4 also showed a noticeable impact on the O-moiety on
biochar that caused a higher O/C ratio (0.13) on BC750-A than the origin biochar and
physically activated biochar (BC750, BC750-S, and BC750-C, 0.07-0.11) (Figure 1b
and Table 1) due to the oxidation capacity of H>SO4 (Lau et al., 2017). However, the
surface O-moiety content (O-moiety/—C=C ratio as 0.15) was similar to BC750 (0.15).
Lower surface O-moiety content of acid-modified biochar (BC750-A) compared with
other modification methods (BC750-C and BC750-S) might be attributed to the surface
coverage with sulfate mineral and organic compounds, which was also found in the
relevant study (Chen et al., 2021; Liu et al., 2020a).

This different O/C ratio and surface O-moiety might contribute to the distinct
stability of the activated biochar. According to Spokas (2010), the lower O/C ratio
represented higher carbon stability of biochar, and the biochar with an O/C ratio lower
than 0.2 was perceived as the most stable, possessing an estimated half-life over ~1000
years. Based on this, activation under 650—750 °C might lead to lower stability on the
produced activated biochar, especially for the physically activated biochar at 650 °C
(O/C ratio as 0.25 for BC650-S and 0.20 for BC650-C).

3.2 Aromaticity of activated biochar

The aromaticity of biochar is also a critical indicator of its stability. H/C atomic

ratio and Aromatic Index (Al) were calculated based on the element content (Eq.5) to

evaluate the transition of the aromaticity during the activation process. As shown in

12
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Figure 1c and Table 1, higher pyrolysis temperature over 850 °C resulted in a lower
H/C ratio (0.10) and higher AI (1.10), both evidencing the increase of the aromaticity
with thermal activation (Xiao et al., 2018). Higher pyrolysis temperature, especially
over 700 °C (percolation temperature), will lead to the expansion of graphene regions
and aromatic clusters and thus formed biochar with high aromaticity (Manya et al.,
2014; Pignatello et al., 2017; Xu et al., 2020).

Similarly, physical and chemical activation also induced an increase in the
aromaticity of the biochar. A relatively lower H/C as 0.05—0.15 was detected on the
activated biochar compare with the pristine biochar (0.10—0.29) (Figure 1d).
Meanwhile, Al also slightly raised from 1.00—1.10 to 1.10—1.15 after the activation
process (Figure 1d). A similar decrease of the H/C ratio from 0.23—0.26 to 0.14—0.17
with the increase of aromaticity was also found by Kwak et al. (2019) after steam
activation for biochar at 700 °C. Higher aromaticity usually represented a stable carbon
structure in the biochar (Han et al., 2018). Therefore, results from the H/C ratio and Al
indicated that the activation process would enhance the stability of the biochar, which
contrasts with the results from the O/C ratio. To further identify the stability of biochar
for oxidation resistance, thermal oxidation and chemical oxidation methods were both
conducted in the following section.

3.3 Thermal-oxidation resistance
Thermal oxidation was conducted by TG analysis under air environment (Harvey

et al., 2012), and the results were shown in Figure 2 and Appendix. It could be found
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that weight loss of all activated biochar mainly happened around 400 °C and finished
at ~600 °C (Figure 2a, Figure 2b, and Appendix). Rso of each biochar was calculated
with the reference of graphite (Eq.6), and the results were shown in Figure 2¢ and
Figure 2d. It could be found that thermally activated biochar (BC850 and BC950)
obtained a higher Rso as 61.5-62.7% compared with the low-temperature produce
biochar (53.3—58.2%), and the Rso index of low-temperature produced biochar (<
750 °C) was similar to the thermal stability of biochar in the relevant study (56.2—60.5%)
(Liu et al., 2020c). However, no remarkable change of the Rso was found after steam
activation and CO; activation compared with the pristine biochar (Figure 2d). A similar
Rsoas 56.3—-57.2 %, 58.8—58.9 %, and 60.8—62.1% was shown for 650, 750, and 850 °C
activated biochar, respectively. Interestingly, chemical activation by H>SO4 gave an
apparent high Rso of 66.2% on the BC750-A, which might be attributed to the change
of minerals composition in biochar during the acid treatment (Liu et al., 2020c; Nan et
al., 2021). These results indicated that different activation methods offered distinct
stability for thermal oxidation resistance. It is worth noting that a high Rso could also
represent a lower carbon mineralization rate during the abiotic and biotic incubation
(Harvey et al., 2012).

Based on the TG analysis, carbon speciation could be divided into the following
species with different stability (Figure 3 and Appendix) (Leng et al., 2019; Leng et al.,
2018): volatile organic C (degradation range of 30—200 °C), labile organic-C (cellulose,

aliphatic-C, and carbohydrates with a degradation range of 200-380 °C), recalcitrant

14
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organic-C (lignin and aromatic C with a degradation range of 380475 °C), refractory
organic-C (poly-condensed forms of lipids and aromatic-C with a degradation range of
475-600 °C), and inorganic-C (elemental-C and carbonate with a degradation range of
600-1000 °C). As shown in Figure 3a, refractory organic C was the main form of the
carbon in biochar after thermal activation (73.0% for BC850 and 72.0% for BC950),
representing higher stability than low-temperature produced biochar which contained a
lower proportion of refractory organic-C (25.8-60.5%). However, physical activation
failed to change the speciation of carbon in all three activated temperatures (Figure 3b),
evidencing the marginal change of the stability of the physically activated biochar for
the thermal-oxidation resistance. A higher stable carbon fraction (refractory organic C)
as 85.9% was also found after chemical activation with H>SOg, further supporting the
higher thermal stability of BC750-A from the high Rso.

In short, for the thermal-oxidation resistance, thermal activation with high pyrolysis
temperature and chemical activation by H2SO4 could strengthen the carbon stability of
biochar, while limited change was found after physical activation by both steam and
COa..

3.4 Chemical-oxidation resistance

K2Cr207 (Cr(VI)) with HoSOs was used to oxidize different activated biochar
chemically, and the carbon loss proportion was calculated to evaluate the carbon
stability for chemical-oxidation resistance (Figure 4). Surprisingly, we found that

biochar produced with high pyrolysis temperature had a relatively higher carbon loss

15
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(15.2% for BC850 and 17.2% for BC950) during the Cr(VI) oxidation compared with
low-temperature biochar (2.6—12.7%) (Figure 4a). This result was different from the
previous studies that higher pyrolysis temperature usually caused higher stability for
the chemical-oxidation resistance (Han et al., 2018; Liu et al., 2020d; Nan et al., 2021).
The possible reason was that previous studies mainly focused on the biochar produced
lower than 700 °C, while the turning point in this study was within 650—750 °C. 700 °C
could be a crucial temperature for biochar production and activation due to the
appearance of graphene regions in biochar over this temperature (Pignatello et al.,
2017), thus providing a relatively higher reactivity and lower chemical-oxidation
resistance of the produced biochar (Xu et al. 2020). Similar to the thermal activation,
physical activation also alleviated the carbon stability of biochar for Cr(VI) oxidation.
Carbon loss increased from 2.6% to 5.8—6.7%, from 9.3% to 10.1-13.4%, and from
15.2% to 17.3—22.8% for activated temperature as 650, 750, and 850 °C, respectively
(Figure 4b). Steam-activated biochar had lower stability with a higher carbon loss than
COz-activated biochar due to the higher O-functionality (Figure 1b) caused by the
strong reactivity of steam (Liu et al., 2020b). The impact of physical and thermal
activation on the chemical-oxidation resistance was different compared with thermal-
oxidation resistance, which indicated a different decisive factor on the stability. By
contrast, chemical activation by HoSOg still enhanced the carbon stability for chemical-
oxidation resistance, which decreased the carbon loss proportion from 9.3% (BC750)

to 6.7% (BC750-A) (Figure 4b). Lower surface O-moiety content (Figure 1b) on the
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surface of BC750-A might contribute to the higher stability since the O-moiety might
be the main reaction site for oxidants (i.e., Cr(VI)) (Xu et al., 2020). The increased
stability of BC750-A for chemical-oxidation resistance was similar to the thermal-
oxidation resistance.

Consequently, thermal and physical activation decreased the biochars’ stability for
chemical-oxidation resistance, which was different from thermal-oxidation resistance.
Meanwhile, chemical activation with H2SO4 still increased the carbon stability of
biochar for chemical-oxidation resistance, similar to its impact on thermal-oxidation
resistance. These results implied the inconsistent influence mechanisms and decisive
factor of activated biochars’ stability for chemical and thermal oxidation resistance.
3.5 The decisive factor for activated biochars’ stability

To evaluate the decisive factor of activated biochar for thermal-oxidation resistance
and chemical-oxidation resistance, Pearson correlation coefficient (PCC) analysis
between the carbon stability index and different basic properties was conducted
(Appendix and Figure 5). Rso (Figure 2) and carbon loss by Cr(VI) oxidation (Figure
4) were selected as the index to represent the stability for thermal-oxidation resistance
and chemical-oxidation resistance, respectively. Basic properties of biochar including
aromaticity (i.e., H/C ratio and Al, Figure 1), O-moiety content (i.e., O/C ratio and O-
moiety obtained from XPS analysis, Figure 1), carbon proportion from TG analysis
(Figure 3), and specific surface area (SSA, Appendix) were all involved.

Based on the PCC analysis, no relationship could be found between chemical
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stability and thermal stability (PCC as 0.41 p>0.05), further indicating the distinct
decisive factor between them. The Rso of different biochar was positively related (p <
0.01) to refractory organic-C (0.98) or inorganic-C (0.84), whereas a negative
relationship (p <0.01) was also found with labile organic-C (-0.71) or H/C ratio (-0.78).
This result confirmed that aromatic carbon in the forms of refractory organic-C or
inorganic-C with higher thermal stability determined the activated biochar’s stability
for thermal-oxidation resistance (Leng & Huang, 2018). More aromatic carbon in the
activated biochar offered higher stability during thermal oxidation. However, no
significant relationship could be found between the C loss proportion by Cr(VI)
oxidation and surface O-moiety or aromaticity of activated biochar (Figure 5). The only
related factor was the surface area of the activated biochar (0.77, p < 0.01). This result
was inconsistent with the previous studies that the chemical oxidation stability of
biochar was negatively related to the O/C or H/C ratio (Chen et al., 2016; Han et al.,
2018; Liu et al., 2020c). The possible reason might be that the biochar used in the
previous studies was produced within 300—700 °C without activation (Chen et al., 2016;
Han et al., 2018). These biochars normally had a similar and low surface area compared
with the activated biochar, and thus the O/C and H/C ratio become the dominant factors.
It could be speculated that the higher specific surface area of activated biochar
facilitated the chemical oxidation process with oxidants and thus led to lower stability
for the chemical-oxidation resistance. The enhanced reactivity from the increased

surface area of activated biochar might be one decisive factor for the stability of
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chemical-oxidation resistance when high pyrolysis temperature is applied.
3.6 Future research perspective

Our study revealed that different activation methods would affect the carbon
sequestration potential of the produced biochar, which could serve as a critical reference
for the production of activated biochar as a sustainable and carbon-negative material.
However, future research based on the following issues and challenges was still needed
to accelerate the broad production and application of the activated biochar: (i) Techno-
economic prospects of activated biochar production considering feedstocks, the
conversion and activation technology, activation agent, energy input/output, and the
inclusion of carbon sequestration subsidies or carbon credits reflecting the value of
greenhouse gas mitigation; (i1) Long-term carbon stability and sequestration potential
of different activated biochar under practical application scenario; (ii1) Trade-off
between reactivity and carbon stability of activated biochar based on an overall concern
about the economic, environmental, and social aspects; (iv) carbon footprint of the
activated biochar application considering production process, activation process, and

the carbon loss of the activated biochar during the application.

4. Conclusions
The impacts of different activation processes on the carbon stability of biochar were
described in this study. Both thermal activation and physical activation weaken

biochar’s stability for chemical-oxidation resistance, while only the thermal activation
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enhanced the stability for thermal-oxidation resistance. By contrast, chemical activation
with H>SO4 improved the stability for both chemical and thermal oxidation. Further
analysis revealed the aromaticity controlled the thermal stability of activated biochar,
while the surface area was a vital factor to compromise the chemical-oxidation
resistance. This study could guide biochar production and activation to balance carbon

sequestration and other environmental applications.
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E-supplementary data for this work can be found in the e-version of this paper online.
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Table 1. Basic physicochemical properties of pristine and activated biochars

Element content (wz.%) Ash
Biochar Yield (%) H/C* O/C* Al
C H 0] N  (wt. %)

BC450 722 24 235 03 1.2 32.6 040 0.24 0.96
BC550 779 25 172 04 1.8 29.0 0.38 0.17 0.96
BC650 87.1 2.1 82 04 2.1 28.1 0.29 0.07 1.00
BC750 879 12 83 02 2.4 25.5 0.17 0.07 1.06
BC850 85.6 0.7 104 0.1 3.2 22.5 0.10 0.09 1.10
BC950 88.0 0.7 8.6 0.2 2.5 22.3 0.10 0.07 1.10
BC650-S  71.8 0.8 24.1 0.3 3.0 26.0 0.13 025 1.15
BC750-S 835 0.6 122 0.2 3.5 23.0 0.09 0.11 1.11
BC850-S 86.1 04 8.0 0.1 5.5 21.8 0.05 0.07 1.12
BC650-C 749 1.0 204 0.3 3.4 26.7 0.15 0.20 1.11
BC750-C  83.6 0.8 10.8 0.2 4.6 23.0 0.11 0.10 1.10
BC850-C 903 04 6.1 0.1 3.1 22.8 0.05 0.05 1.11
BC750-A 82.7 0.6 143 0.2 2.2 28.7 0.09 0.13 1.12

¢ Atomic ratio
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Table 2. C1s XPS results of pristine and activated biochars

O-moiety/

Biochar  C=C(%) C-0(%) C=0(%) COO(%) Carbonate(%)

—C=C
BC450 82.3 8.8 2.9 3.1 3.0 0.18
BC550 82.6 7.5 3.6 2.9 3.4 0.17
BC650 82.9 7.5 0.6 4.5 4.6 0.15
BC750 83.8 6.9 2.6 3.0 3.7 0.15
BC850 83.6 6.1 3.7 2.6 4.0 0.15
BC950 84.3 6.6 2.8 2.8 3.5 0.14
BC650-S 81.6 8.1 4.1 1.5 4.6 0.17
BC750-S 82.4 9.4 0.6 4.1 3.4 0.17
BC850-S 82.9 7.4 3.4 2.9 3.4 0.17
BC650-C 82.6 9.8 0.0 3.1 4.5 0.16
BC750-C 81.0 7.6 4.4 2.3 4.7 0.18
BC850-C 82.5 6.2 4.5 2.6 4.2 0.16
BC750-A 84.1 6.4 2.8 3.3 3.4 0.15
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550  Figure 1. O/C ratio and O-moiety ratio (—C—-O + —-C=0 + -COO/—C=C obtained from XPS analysis) of biochar produced from different pyrolysis
551  temperature (a) and activation methods (b); H/C ratio and Aromatic Index (Al) of biochar produced from different pyrolysis temperature (c) and
552  activation methods (d).
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554 Figure 2. TG analysis of biochar produced from different pyrolysis temperature and activation methods (a, c); Stability of biochar for thermal-
555  oxidation resistance indicated by the TG analysis (R50) (b, d)
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Figure 3. Carbon proportion of biochar produced from different pyrolysis temperature (a) and activation methods (b) obtained by the TG analysis.
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559  Figure 4. Chemical stability of biochar produced from different pyrolysis temperature (a) and activation methods (b) evaluated by K.Cr.O7

560 oxidation methods.
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562  Figure 5. Pearson correlation matrix of the carbon stability indicator and different

563  physiochemical properties of biochars produced from different temperature and
564  activation methods.
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