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Abstract: 1 

Biochar activation is widely used to improve its capability for environmental 2 

application, while its impact on carbon sequestration potential is still unknown. Herein, 3 

the oxidation-resistance stability of biochar with different activation processes was first 4 

evaluated, which is crucial for the sustainable production of activated biochar. Thermal 5 

activation enhanced the thermal stability of biochar with a higher R50 as 61.5−62.7%, 6 

whereas a higher carbon loss of 15.2−17.2% after chemical oxidation was found. 7 

Physical activation of biochar failed to affect thermal stability, but it still weakened its 8 

chemical stability. By contrast, chemical activation with H2SO4 improved the stability 9 

for both chemical- (6.7% carbon loss) and thermal-oxidation (R50 as 66.2%). Further 10 

analysis revealed that the thermal stability of activated biochar was controlled by 11 

aromaticity, while the surface area was a vital factor for the chemical stability. Our 12 

findings could serve as a reference to mediate the trade-offs between biochar stability 13 

and other application.  14 

 15 

Keywords: Activated biochar; Carbon sequestration; Carbon stability; Oxidation 16 

resistance. 17 
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1. Introduction 18 

Biochar, a carbon-rich by-product from the biomass pyrolysis process, attracts great 19 

interest as a valuable tool for carbon abatement in the last decade (Cross & Sohi, 2013; 20 

Han et al., 2020). As a carbon-negative material, biochar production and application 21 

could effectively reduce the total carbon emission (Lehmann, 2007; Leng & Huang, 22 

2018; Leng et al., 2019). Moreover, various environmental applications (e.g., water 23 

pollution control) can also be realized by biochar in the meantime (Ahmad et al., 2014; 24 

Li et al., 2017; Shaheen et al., 2019), which improves the value of biochar utilization 25 

with a win-win effect for the environment. 26 

 Although several studies find that the pristine biochar can effectively achieve water 27 

and wastewater remediation, including toxic metals immobilization (Cao & Harris, 28 

2010; Shaheen et al., 2019) and organic pollutants removal (Liang et al., 2019), its 29 

capacity is restricted by the low surface reactivity of the un-activated biochar (e.g., 30 

surface area and surface functionality) (Cheng et al., 2017; Zhang et al., 2020). To 31 

improve the performance of biochar for environmental remediation, various activation 32 

methods are conducted for a higher surface reactivity (Ahmed et al., 2016; Cheng et al., 33 

2017; Sajjadi et al., 2019). Physical activation (e.g., steam activation and CO2 34 

activation), chemical activation such as acid pre-treatment, and thermal activation were 35 

widely used for biochar because of their convenience and remarkable improvement on 36 

biochar activity (Cheng et al., 2017).  37 

Different activation processes principally cause varying properties of biochar 38 
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(Kazemi Shariat Panahi et al., 2020; Zhou et al., 2021). For physical activation, active 39 

carbon atoms could be removed by the insert steam or CO2 during high-temperature 40 

pyrolysis (Eq.1−2) and led to an increased porosity and surface area (Sajjadi et al., 41 

2019). For example, a significantly higher surface area of activated biochar was found 42 

after steam activation at both 300 °C and 550 °C compared with the pristine biochar 43 

(189.2−397.1 m2 g−1 > ~1 m2 g−1) (Lou et al., 2016). Meanwhile, the formed reducing 44 

gas might further react with the carbon surface, contributing to different surface 45 

chemistry (i.e., surface O-moiety) on biochar (Eq.3−4) (Anto et al., 2021; Kim et al., 46 

2021). Different from physical activation, chemical activation is usually conducted 47 

before or after the pyrolysis process by mixing feedstocks or biochar with the active 48 

agent. Acid activation with inorganic acids like H2SO4 and HNO3 was widely used to 49 

improve the surface area and O-moieties of biochar (Hadjittofi et al., 2014; Iriarte-50 

Velasco et al., 2016). Moreover, using a high temperature (>800 °C) to thermal-activate 51 

the biochar with the formation of graphitic and turbostratic char is also reported in 52 

recent years (Sajjadi et al., 2019; Xiao et al., 2018; Ghodake et al., 2021). This kind of 53 

biochar naturally contained a higher surface area with rich carbon defects, and it was 54 

widely used for catalytic and electrochemical reactions (Huggins et al., 2015; Wan et 55 

al., 2019; Xiao & Chen, 2017).  56 

H2O (g) + C → H2 + CO                     Eq.1 57 

C + CO2 → 2CO                         Eq.2 58 

H2 + ≡C−O → C + H2O                    Eq.3 59 
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CO + ≡C−O → C + CO2                     Eq.4 60 

With the booming studies about biochar activation, a new question about the carbon 61 

stability of these activated biochars emerged. Since all activation methods target the 62 

improvement of the biochar’s surface reactivity, the carbon sequestration potential of 63 

biochar could be affected. The higher surface area of activated biochar might result in 64 

an increased chance of reacting with the oxidizing moiety (e.g., O2) in the environment, 65 

which would probably decrease the long-term carbon sequestration potential of biochar 66 

(Wang et al., 2020). Change of surface functionality and carbon structure would also 67 

directly affect the stability of biochar (Kim et al., 2021; Leng & Huang, 2018; Spokas, 68 

2010). Since long-term carbon stability is the major concern for the sustainable 69 

production and application of biochar, the trade-off between carbon stability and 70 

biochar surface reactivity should be considered before selecting proper activation 71 

methods. Different activation methods might produce the activated biochar with distinct 72 

properties and thus led to different carbon stability. However, the current study about 73 

biochar activation mainly focused on the surface reactivity instead of the properties 74 

related to carbon stability. The change of the carbon sequestration potential of biochar 75 

during different activation processes was still unknown, and understanding the impact 76 

of activation on biochar stability was vital for the sustainable production of biochar.  77 

We hypothesize that the activation process would significantly affect the carbon 78 

stability of the biochar for oxidation resistance. To test this hypothesis, we conducted 79 

this study to (1) evaluate the stability of biochar produced from different activation 80 
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methods and (2) identify the decisive factor of activated biochar for carbon stability. 81 

Biochars with different pyrolysis temperatures from 450−950 °C and various activation 82 

methods (steam activation, CO2 activation, and acid activation) were prepared in this 83 

study. Besides, the stability of activated biochar was evaluated by determining basic 84 

properties and the “oxidation resistance” property. Two oxidation methods, including 85 

chemical oxidation by a strong oxidant (i.e., K2Cr2O7) and thermal oxidation by heating 86 

under air environment through Thermogravimetric Analysis (TG) (Leng et al., 2019; 87 

Yang et al., 2018; Yang et al., 2016), were used to test the stability of activated biochar. 88 

Overall, this study evaluates the impact of different activation methods on the stability 89 

of biochar, guiding the production, activation, and selection of biochar in the future.  90 

 91 

2. Materials and Methods 92 

2.1 Chemicals and Raw Materials 93 

Local light yard waste (LYW), collected from EcoPark in Hong Kong, was selected as 94 

the raw biomass for this study. The biomass was dried at 60 °C in the oven for 24 h 95 

before pyrolysis. All chemicals used in this study were of analytical grade. 96 

2.2 Preparation of Biochar and Biochar Activation 97 

The biochar used in this study was produced from LYW through slow pyrolysis 98 

under N2-atmosphere at target temperature with a heating rate of 10 °C min−1 and a 99 

holding time of 60 min. Six temperatures as 450, 550, 650, 750, 850, and 950 °C were 100 

used for the biochar preparation, and the resultant biochars were named BC-X, where 101 
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X indicates the pyrolysis temperature. Higher pyrolysis temperatures (850 and 950 °C) 102 

could be considered as the thermal-activation methods for biochar (Sajjadi et al., 2019), 103 

while the other pyrolysis temperature mainly acted as the control. 104 

Moreover, two physical activation and one chemical activation methods were used 105 

for biochar activation. For steam activation, N2 gas was used as the purging gas for 106 

LYW pyrolysis to the target activated temperature (650, 750, and 850 °C) with a heating 107 

rate of 10 °C min−1. The steam feeding pump started 10 min before reaching the target 108 

pyrolysis temperature, and then the steam would touch the heating zone with biochar. 109 

This activation process will keep for 60 min, and the resultant biochar will be named 110 

BCX-S, where X indicates the activation temperature. CO2 activation was achieved by 111 

using CO2 as the purging gas for the pyrolysis directly. The highest temperature was set 112 

as 650, 750, and 850 °C for LYW pyrolysis with the same heating rate and holding time 113 

(10 °C min−1 and 60 min). These activated biochars were denoted as BC650-C, BC750-114 

C, and BC850-C, respectively. Acid activation was realized by treating the LYW with 115 

1 M H2SO4 (solid to liquid ratio as 1:20) for 24 h. The acid-treated LYW was filtered 116 

and dried at 60 °C for 24 h before pyrolysis. Only 750 °C was chosen as the pyrolysis 117 

temperature (BC750-A), and the heating settings were the same as the other activation 118 

process (10 °C min−1 and 60 min). All biochars were crushed to pass a 120-mesh sieve 119 

and stored in a dry container before further usage.  120 

2.3 Biochar characterization 121 

The surface area of different biochar was determined by N2 adsorption-desorption 122 
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isotherms obtained from a surface area analyzer at 77 K (BET, Quantachrome Autosorb, 123 

USA). The ultimate elemental analysis (EA, Vario EL cube, Germany) was used to 124 

estimate the CHONS content in the biochar samples. The atomic ratio of H/C and O/C 125 

was calculated to identify the properties of biochar. Moreover, the aromatic index (AI), 126 

representing the aromaticity of biochar, was also calculated based on Eq.5.  127 

AI =
1+[𝐶]−[𝑂]−0.5[𝐻]

[𝐶]−[𝑂]−[𝑁]
                      Eq.5 128 

The X-ray photoelectron spectroscopy (XPS, Thermo Scientific Nexsa) with Al Kα 129 

radiation was used to investigate the composition and chemical state of the elements on 130 

the sample surfaces. The binding energy of all characteristic peaks was calibrated with 131 

carbon C1s core level at 284.8 eV, and the component peaks were identified by 132 

comparing their binding energies with the literature values (Xu et al., 2020; Yang et al., 133 

2016). To evaluate the surface functionality of biochar, the ratio of the O-moiety (sum 134 

of –C–O, –C=O, and –COO) to –C=C was calculated.  135 

2.4 Stability of biochar for thermal-oxidation resistance 136 

The stability of biochar for thermal-oxidation resistance was evaluated by the TG 137 

analysis under the air environment (Leng et al., 2019; Yang et al., 2016). Weight loss 138 

associated with the thermal oxidation of all these biochars was detected in an air 139 

environment using thermogravimetry/derivative thermogravimetry (TG/DTG). The 140 

thermal analysis started at 30 °C with a ramping rate of 10 °C min–1 to 1000 °C. An 141 

indicator (R50) was used to evaluate the oxidation recalcitrance of biochar during TG 142 

analysis (Eq.6) with graphite as the reference. 143 
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𝑅50,𝑏𝑖𝑜𝑐ℎ𝑎𝑟 =  
𝑇50 𝑏𝑖𝑜𝑐ℎ𝑎𝑟

𝑇50 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒
× 100%                Eq.6 144 

T50 biochar and T50 graphite are the temperature values corresponding to 50% weight loss by 145 

oxidation of biochar and graphite, respectively. 146 

2.5 Stability of biochar for chemical-oxidation resistance  147 

The stability of biochar for chemical-oxidation resistance was identified by 148 

K2Cr2O7 oxidation methods (Leng et al., 2019; Nan et al., 2020; Yang et al., 2018). 149 

About 0.1g biochar was added into a glass test tube with 40 mL of 0.1 M K2Cr2O7/2 M 150 

H2SO4 solution. Chemical oxidation would be conducted at 55 °C for 60 h in triplicates. 151 

The carbon loss amount was determined by the transition of Cr(VI) concentration 152 

according to Eq.7, and the carbon loss proportion was calculated based on the carbon 153 

content in biochar as detected by EA. The Cr(VI) concentration was detected by the 154 

diphenyl-carbazide spectrophotometric method at 540 nm (Dong et al., 2011; Xu et al., 155 

2020). 156 

2K2Cr2O7 +3C +8H2SO4 → 2K2SO4 + 2Cr2(SO4)3 + 3CO2↑ + 8H2O   Eq.7 157 

2.6 Pearson Correlation Coefficient Analysis 158 

The relationship between carbon stability for oxidation resistance and the basic 159 

properties of biochar was evaluated by Pearson Correlation Coefficient (PCC) analysis. 160 

R50 and carbon loss by Cr(VI) oxidation were selected as the stability index to represent 161 

the thermal-oxidation resistance and chemical-oxidation resistance, respectively. Basic 162 

properties of biochar, including aromaticity (i.e., H/C ratio and AI), O-moiety content 163 

(i.e., O/C ratio and O-moiety obtained from XPS analysis), carbon proportion from TG 164 
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analysis, and surface area, were all involved during the relationship analysis. 165 

 166 

3. Results and Discussions 167 

3.1 O-moieties of activated biochars 168 

O/C ratio obtained from EA was first adopted to reveal the change of functionality 169 

of activated biochar (Figure 1a, Figure 1b, and Table 1). An apparent decrease of the 170 

O/C ratio from 0.24 to 0.07 was found with the pyrolysis temperature from 450 °C to 171 

750 °C, and it kept constant as 0.07−0.09 under the followed increasing temperature 172 

(750−950 °C). Increasing temperature from 450 °C to 750 °C could induce the decrease 173 

of O-moiety (Manyà et al., 2014; Xu et al., 2020), while no further change of O-moiety 174 

was found under extremely high pyrolysis temperature (850−950 °C) for thermal 175 

activation. Similar results were found by the O-moiety content detected by XPS 176 

analysis (Figure 1a and Table 2). No noticeable alternation about the surface functional 177 

group could be found under the high pyrolysis temperature over 750 °C, further 178 

indicating the limited impact of thermal activation on biochar’s functionality compared 179 

with the biochar produced with regular high temperature (i.e., BC750). 180 

Unlike the thermal activation, a noticeable change of the O/C ratio was found with 181 

steam and CO2 activation (Figure 1b). Physical activation at relatively low 182 

temperatures (i.e., 650 °C and 750 °C) increased the O/C ratio of the biochar, whereas 183 

a slight decrease from 0.09 to 0.05−0.07 was found at 850 °C. Contrasting change of 184 

the O/C ratio implied the different reactions between the low and high pyrolysis 185 
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temperatures. At low pyrolysis temperature, the introduction of the O atom from H2O 186 

and CO2 into the carbon surface might be dominant (Eq.8−9) (Sajjadi et al., 2019), 187 

which resulted in the increase of O-moiety on biochar. An increase of phenolic groups, 188 

carboxylic groups, and the O/C ratio of biochar after the physical activation process 189 

was also found by related research (Feng et al., 2017; Kwak et al., 2019) due to the 190 

oxidizing capacity of steam and CO2. However, at the high activated temperature (i.e., 191 

850 °C), the reducing reaction among the gas and carbon surface became the primary 192 

reaction, which led to the decline of O content (Eq.3−4) (Sajjadi et al., 2019). A 193 

decrease of the O-content after activation at a high temperature (> 700 °C) was also 194 

found by both Sun et al. (2020) and Yek et al. (2020) due to the reduction reaction with 195 

the biochar surface. It is worth noting that a higher O/C ratio was found after steam 196 

activation compared with CO2 activation at the same activated temperature due to the 197 

stronger reactivity of the steam (Liu et al., 2020b).  198 

H2O + C → ≡C−O + H2                   Eq.8 199 

C + CO2 → CO + ≡C−O                    Eq.9 200 

Interestingly, physical activation induced a high O-moiety on the surface of biochar 201 

at all three activated temperatures based on XPS analysis (Figure 1b), which is different 202 

from the EA results. The higher O-moiety/−C=C ratio as 0.17 after steam activation and 203 

0.16−0.18 after CO2 activation was found compared with the pristine biochar (0.15). 204 

Since XPS analysis normally provides information about the surface of the biochar 205 

(~3−5 nm), the high O-moiety detected by XPS evidenced the remarkable surface 206 
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reactivity of the activated biochar.  207 

Chemical activation by H2SO4 also showed a noticeable impact on the O-moiety on 208 

biochar that caused a higher O/C ratio (0.13) on BC750-A than the origin biochar and 209 

physically activated biochar (BC750, BC750-S, and BC750-C, 0.07−0.11) (Figure 1b 210 

and Table 1) due to the oxidation capacity of H2SO4 (Lau et al., 2017). However, the 211 

surface O-moiety content (O-moiety/−C=C ratio as 0.15) was similar to BC750 (0.15). 212 

Lower surface O-moiety content of acid-modified biochar (BC750-A) compared with 213 

other modification methods (BC750-C and BC750-S) might be attributed to the surface 214 

coverage with sulfate mineral and organic compounds, which was also found in the 215 

relevant study (Chen et al., 2021; Liu et al., 2020a). 216 

This different O/C ratio and surface O-moiety might contribute to the distinct 217 

stability of the activated biochar. According to Spokas (2010), the lower O/C ratio 218 

represented higher carbon stability of biochar, and the biochar with an O/C ratio lower 219 

than 0.2 was perceived as the most stable, possessing an estimated half-life over ~1000 220 

years. Based on this, activation under 650−750 °C might lead to lower stability on the 221 

produced activated biochar, especially for the physically activated biochar at 650 °C 222 

(O/C ratio as 0.25 for BC650-S and 0.20 for BC650-C).  223 

3.2 Aromaticity of activated biochar  224 

The aromaticity of biochar is also a critical indicator of its stability. H/C atomic 225 

ratio and Aromatic Index (AI) were calculated based on the element content (Eq.5) to 226 

evaluate the transition of the aromaticity during the activation process. As shown in 227 
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Figure 1c and Table 1, higher pyrolysis temperature over 850 °C resulted in a lower 228 

H/C ratio (0.10) and higher AI (1.10), both evidencing the increase of the aromaticity 229 

with thermal activation (Xiao et al., 2018). Higher pyrolysis temperature, especially 230 

over 700 °C (percolation temperature), will lead to the expansion of graphene regions 231 

and aromatic clusters and thus formed biochar with high aromaticity (Manyà et al., 232 

2014; Pignatello et al., 2017; Xu et al., 2020).  233 

Similarly, physical and chemical activation also induced an increase in the 234 

aromaticity of the biochar. A relatively lower H/C as 0.05−0.15 was detected on the 235 

activated biochar compare with the pristine biochar (0.10−0.29) (Figure 1d). 236 

Meanwhile, AI also slightly raised from 1.00−1.10 to 1.10−1.15 after the activation 237 

process (Figure 1d). A similar decrease of the H/C ratio from 0.23−0.26 to 0.14−0.17 238 

with the increase of aromaticity was also found by Kwak et al. (2019) after steam 239 

activation for biochar at 700 °C. Higher aromaticity usually represented a stable carbon 240 

structure in the biochar (Han et al., 2018). Therefore, results from the H/C ratio and AI 241 

indicated that the activation process would enhance the stability of the biochar, which 242 

contrasts with the results from the O/C ratio. To further identify the stability of biochar 243 

for oxidation resistance, thermal oxidation and chemical oxidation methods were both 244 

conducted in the following section.  245 

3.3 Thermal-oxidation resistance 246 

Thermal oxidation was conducted by TG analysis under air environment (Harvey 247 

et al., 2012), and the results were shown in Figure 2 and Appendix. It could be found 248 
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that weight loss of all activated biochar mainly happened around 400 °C and finished 249 

at ~600 °C (Figure 2a, Figure 2b, and Appendix). R50 of each biochar was calculated 250 

with the reference of graphite (Eq.6), and the results were shown in Figure 2c and 251 

Figure 2d. It could be found that thermally activated biochar (BC850 and BC950) 252 

obtained a higher R50 as 61.5−62.7% compared with the low-temperature produce 253 

biochar (53.3−58.2%), and the R50 index of low-temperature produced biochar (< 254 

750 °C) was similar to the thermal stability of biochar in the relevant study (56.2−60.5%) 255 

(Liu et al., 2020c). However, no remarkable change of the R50 was found after steam 256 

activation and CO2 activation compared with the pristine biochar (Figure 2d). A similar 257 

R50 as 56.3−57.2 %, 58.8−58.9 %, and 60.8−62.1% was shown for 650, 750, and 850 °C 258 

activated biochar, respectively. Interestingly, chemical activation by H2SO4 gave an 259 

apparent high R50 of 66.2% on the BC750-A, which might be attributed to the change 260 

of minerals composition in biochar during the acid treatment (Liu et al., 2020c; Nan et 261 

al., 2021). These results indicated that different activation methods offered distinct 262 

stability for thermal oxidation resistance. It is worth noting that a high R50 could also 263 

represent a lower carbon mineralization rate during the abiotic and biotic incubation 264 

(Harvey et al., 2012).  265 

  Based on the TG analysis, carbon speciation could be divided into the following 266 

species with different stability (Figure 3 and Appendix) (Leng et al., 2019; Leng et al., 267 

2018): volatile organic C (degradation range of 30–200 °C), labile organic-C (cellulose, 268 

aliphatic-C, and carbohydrates with a degradation range of 200–380 °C), recalcitrant 269 
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organic-C (lignin and aromatic C with a degradation range of 380–475 °C), refractory 270 

organic-C (poly-condensed forms of lipids and aromatic-C with a degradation range of 271 

475–600 °C), and inorganic-C (elemental-C and carbonate with a degradation range of 272 

600–1000 °C). As shown in Figure 3a, refractory organic C was the main form of the 273 

carbon in biochar after thermal activation (73.0% for BC850 and 72.0% for BC950), 274 

representing higher stability than low-temperature produced biochar which contained a 275 

lower proportion of refractory organic-C (25.8–60.5%). However, physical activation 276 

failed to change the speciation of carbon in all three activated temperatures (Figure 3b), 277 

evidencing the marginal change of the stability of the physically activated biochar for 278 

the thermal-oxidation resistance. A higher stable carbon fraction (refractory organic C) 279 

as 85.9% was also found after chemical activation with H2SO4, further supporting the 280 

higher thermal stability of BC750-A from the high R50.  281 

In short, for the thermal-oxidation resistance, thermal activation with high pyrolysis 282 

temperature and chemical activation by H2SO4 could strengthen the carbon stability of 283 

biochar, while limited change was found after physical activation by both steam and 284 

CO2.  285 

3.4 Chemical-oxidation resistance 286 

K2Cr2O7 (Cr(VI)) with H2SO4 was used to oxidize different activated biochar 287 

chemically, and the carbon loss proportion was calculated to evaluate the carbon 288 

stability for chemical-oxidation resistance (Figure 4). Surprisingly, we found that 289 

biochar produced with high pyrolysis temperature had a relatively higher carbon loss 290 
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(15.2% for BC850 and 17.2% for BC950) during the Cr(VI) oxidation compared with 291 

low-temperature biochar (2.6−12.7%) (Figure 4a). This result was different from the 292 

previous studies that higher pyrolysis temperature usually caused higher stability for 293 

the chemical-oxidation resistance (Han et al., 2018; Liu et al., 2020d; Nan et al., 2021). 294 

The possible reason was that previous studies mainly focused on the biochar produced 295 

lower than 700 °C, while the turning point in this study was within 650−750 °C. 700 °C 296 

could be a crucial temperature for biochar production and activation due to the 297 

appearance of graphene regions in biochar over this temperature (Pignatello et al., 298 

2017), thus providing a relatively higher reactivity and lower chemical-oxidation 299 

resistance of the produced biochar (Xu et al. 2020). Similar to the thermal activation, 300 

physical activation also alleviated the carbon stability of biochar for Cr(VI) oxidation. 301 

Carbon loss increased from 2.6% to 5.8−6.7%, from 9.3% to 10.1−13.4%, and from 302 

15.2% to 17.3−22.8% for activated temperature as 650, 750, and 850 °C, respectively 303 

(Figure 4b). Steam-activated biochar had lower stability with a higher carbon loss than 304 

CO2-activated biochar due to the higher O-functionality (Figure 1b) caused by the 305 

strong reactivity of steam (Liu et al., 2020b). The impact of physical and thermal 306 

activation on the chemical-oxidation resistance was different compared with thermal-307 

oxidation resistance, which indicated a different decisive factor on the stability. By 308 

contrast, chemical activation by H2SO4 still enhanced the carbon stability for chemical-309 

oxidation resistance, which decreased the carbon loss proportion from 9.3% (BC750) 310 

to 6.7% (BC750-A) (Figure 4b). Lower surface O-moiety content (Figure 1b) on the 311 
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surface of BC750-A might contribute to the higher stability since the O-moiety might 312 

be the main reaction site for oxidants (i.e., Cr(VI)) (Xu et al., 2020). The increased 313 

stability of BC750-A for chemical-oxidation resistance was similar to the thermal-314 

oxidation resistance.  315 

Consequently, thermal and physical activation decreased the biochars’ stability for 316 

chemical-oxidation resistance, which was different from thermal-oxidation resistance. 317 

Meanwhile, chemical activation with H2SO4 still increased the carbon stability of 318 

biochar for chemical-oxidation resistance, similar to its impact on thermal-oxidation 319 

resistance. These results implied the inconsistent influence mechanisms and decisive 320 

factor of activated biochars’ stability for chemical and thermal oxidation resistance. 321 

3.5 The decisive factor for activated biochars’ stability 322 

To evaluate the decisive factor of activated biochar for thermal-oxidation resistance 323 

and chemical-oxidation resistance, Pearson correlation coefficient (PCC) analysis 324 

between the carbon stability index and different basic properties was conducted 325 

(Appendix and Figure 5). R50 (Figure 2) and carbon loss by Cr(VI) oxidation (Figure 326 

4) were selected as the index to represent the stability for thermal-oxidation resistance 327 

and chemical-oxidation resistance, respectively. Basic properties of biochar including 328 

aromaticity (i.e., H/C ratio and AI, Figure 1), O-moiety content (i.e., O/C ratio and O-329 

moiety obtained from XPS analysis, Figure 1), carbon proportion from TG analysis 330 

(Figure 3), and specific surface area (SSA, Appendix) were all involved.  331 

Based on the PCC analysis, no relationship could be found between chemical 332 
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stability and thermal stability (PCC as 0.41 p>0.05), further indicating the distinct 333 

decisive factor between them. The R50 of different biochar was positively related (p < 334 

0.01) to refractory organic-C (0.98) or inorganic-C (0.84), whereas a negative 335 

relationship (p < 0.01) was also found with labile organic-C (-0.71) or H/C ratio (-0.78). 336 

This result confirmed that aromatic carbon in the forms of refractory organic-C or 337 

inorganic-C with higher thermal stability determined the activated biochar’s stability 338 

for thermal-oxidation resistance (Leng & Huang, 2018). More aromatic carbon in the 339 

activated biochar offered higher stability during thermal oxidation. However, no 340 

significant relationship could be found between the C loss proportion by Cr(VI) 341 

oxidation and surface O-moiety or aromaticity of activated biochar (Figure 5). The only 342 

related factor was the surface area of the activated biochar (0.77, p < 0.01). This result 343 

was inconsistent with the previous studies that the chemical oxidation stability of 344 

biochar was negatively related to the O/C or H/C ratio (Chen et al., 2016; Han et al., 345 

2018; Liu et al., 2020c). The possible reason might be that the biochar used in the 346 

previous studies was produced within 300−700 °C without activation (Chen et al., 2016; 347 

Han et al., 2018). These biochars normally had a similar and low surface area compared 348 

with the activated biochar, and thus the O/C and H/C ratio become the dominant factors. 349 

It could be speculated that the higher specific surface area of activated biochar 350 

facilitated the chemical oxidation process with oxidants and thus led to lower stability 351 

for the chemical-oxidation resistance. The enhanced reactivity from the increased 352 

surface area of activated biochar might be one decisive factor for the stability of 353 
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chemical-oxidation resistance when high pyrolysis temperature is applied.  354 

3.6 Future research perspective 355 

Our study revealed that different activation methods would affect the carbon 356 

sequestration potential of the produced biochar, which could serve as a critical reference 357 

for the production of activated biochar as a sustainable and carbon-negative material. 358 

However, future research based on the following issues and challenges was still needed 359 

to accelerate the broad production and application of the activated biochar: (i) Techno-360 

economic prospects of activated biochar production considering feedstocks, the 361 

conversion and activation technology, activation agent, energy input/output, and the 362 

inclusion of carbon sequestration subsidies or carbon credits reflecting the value of 363 

greenhouse gas mitigation; (ii) Long-term carbon stability and sequestration potential 364 

of different activated biochar under practical application scenario; (iii) Trade-off 365 

between reactivity and carbon stability of activated biochar based on an overall concern 366 

about the economic, environmental, and social aspects; (iv) carbon footprint of the 367 

activated biochar application considering production process, activation process, and 368 

the carbon loss of the activated biochar during the application. 369 

 370 

4. Conclusions 371 

The impacts of different activation processes on the carbon stability of biochar were 372 

described in this study. Both thermal activation and physical activation weaken 373 

biochar’s stability for chemical-oxidation resistance, while only the thermal activation 374 
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enhanced the stability for thermal-oxidation resistance. By contrast, chemical activation 375 

with H2SO4 improved the stability for both chemical and thermal oxidation. Further 376 

analysis revealed the aromaticity controlled the thermal stability of activated biochar, 377 

while the surface area was a vital factor to compromise the chemical-oxidation 378 

resistance. This study could guide biochar production and activation to balance carbon 379 

sequestration and other environmental applications.  380 

 381 

Appendix 382 

E-supplementary data for this work can be found in the e-version of this paper online. 383 
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Table 1. Basic physicochemical properties of pristine and activated biochars 545 

Biochar 

Element content (wt.%) Ash 

(wt. %) 

Yield (%) H/Ca O/Ca AI 

C H O N 

BC450 72.2 2.4 23.5 0.3 1.2 32.6 0.40 0.24 0.96 

BC550 77.9 2.5 17.2 0.4 1.8 29.0 0.38 0.17 0.96 

BC650 87.1 2.1 8.2 0.4 2.1 28.1 0.29 0.07 1.00 

BC750 87.9 1.2 8.3 0.2 2.4 25.5 0.17 0.07 1.06 

BC850 85.6 0.7 10.4 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 0.25 1.15 

BC750-S 83.5 0.6 12.2 0.2 3.5 23.0 0.09 0.11 1.11 

BC850-S 86.1 0.4 8.0 0.1 5.5 21.8 0.05 0.07 1.12 

BC650-C 74.9 1.0 20.4 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 90.3 0.4 6.1 0.1 3.1 22.8 0.05 0.05 1.11 

BC750-A 82.7 0.6 14.3 0.2 2.2 28.7 0.09 0.13 1.12 

a Atomic ratio 
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Table 2. C1s XPS results of pristine and activated biochars 547 

Biochar C=C(%) C–O(%) C=O(%) COO(%) Carbonate(%) 

O-moiety/ 

–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 

548 
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 549 

Figure 1. O/C ratio and O-moiety ratio (–C–O + –C=O + –COO/–C=C obtained from XPS analysis) of biochar produced from different pyrolysis 550 

temperature (a) and activation methods (b); H/C ratio and Aromatic Index (AI) of biochar produced from different pyrolysis temperature (c) and 551 

activation methods (d).552 
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 553 

Figure 2. TG analysis of biochar produced from different pyrolysis temperature and activation methods (a, c); Stability of biochar for thermal-554 

oxidation resistance indicated by the TG analysis (R50) (b, d)555 
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 556 

Figure 3. Carbon proportion of biochar produced from different pyrolysis temperature (a) and activation methods (b) obtained by the TG analysis.  557 
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 558 
Figure 4. Chemical stability of biochar produced from different pyrolysis temperature (a) and activation methods (b) evaluated by K2Cr2O7 559 

oxidation methods. 560 
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 561 
Figure 5. Pearson correlation matrix of the carbon stability indicator and different 562 

physiochemical properties of biochars produced from different temperature and 563 

activation methods.  564 




