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Abstract 

The oxidation of biochar occurs due to both natural and human influences during the soil carbon sequestration 
process. Therefore, it is crucial to produce high-stability biochar to achieve carbon neutrality. Fly ash-doped biochar 
was obtained from fly ash and corn stalks by employing hydrothermal/pyrolysis treatment, along with alkali impreg-
nation at different temperatures. The microstructural characteristics and carbon sequestration potentials were studied 
as an essential performance parameter that was influenced by mineral doping and treatment temperature. The yield 
and carbon retention of P500-1:2 improved by 54.15% and 6.81%, respectively, and the carbon loss following H2O2 
oxidation was only 9.93% as depicted by the results. In comparison with hydrothermal biochar, pyrolysis biochar 
is superior in terms of its carbon sequestration potential. SiO2, Al2O3 and other components in fly ash continue to dis-
solve at high temperatures and react with carbon in biochar, promoting the formation of aromatic carbon and gen-
erating a physical protective layer to prevent biochar from oxidation, hence improving the chemical and thermal 
stability of biochar. High temperature and mineral interaction also contribute to high aromatic structure (H:C < 0.4) 
formation, significantly improving the specific surface area and thermal stability of biochar.

Highlights  
• Fly ash-doping is more effective in enhancing carbon retention and chemical oxidation resistance in pyrolysis bio-
char compared to hydrothermal biochar.

• Doping with fly ash improved the microstructure and promoted the aromatization of pyrolysis biochar, benefiting 
carbon retention.

• As the temperature increased, the carbon retention of fly ash-doped biochar gradually decreased, with the rate 
of change stabilizing.
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• The addition of fly ash facilitated the formation of Si-C/Al-C bonds, contributing to the chemical oxidation resistance 
of the biochar.
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Graphical Abstract

1  Introduction
Biochar can be produced under hypoxic conditions, 
using either hydrothermal or pyrolysis methods. The 
hydrothermal method typically occurs at temperatures 
between 180 ℃ and 250 ℃ under elevated pressure. In 
this process, water aids in the decomposition and polym-
erization of biomass, leading to biochar formation. Pyrol-
ysis, on the other hand, involves heating biomass to high 
temperatures (usually between 300 ℃ and 700 ℃) in an 
oxygen-deprived environment. This breaks down its 
organic components, converting the biomass into bio-
char. Biochar has attracted scientific attention owing to 
its potential to improve soil properties, increase crop 
yield, and stabilize pollutants (Yang et al. 2022; Majum-
der et  al. 2019; Zhou et  al. 2021; Wu et  al. 2024). Bio-
char has been suggested to mitigate climate change by 
sequestering carbon (Leng and Huang 2018; Kan et  al. 
2020; Shin et  al. 2021; Wang et  al. 2023). Accordingly, 
the cost of negative emissions for biochar from agricul-
tural and forestry wastes is capped at < 100 $ t−1 CO2 in 
China. Although biochar from crops and grass is more 
expensive due to high biomass purchasing cost, they are 
still more economic than other techniques, such as CO2 
fuels (0–670 $ t−1 CO2), DACCS (30–1000 $ t−1 CO2), 
and microalgae (230–920 $ t−1 CO2) (Babin et  al. 2021; 
Lane et al. 2021). Biochar application technology is both 
commercially feasible and economically favorable, sug-
gesting that biochar could be regarded as a relatively 

cost-effective material for carbon sequestration (Deng 
et al. 2024). The properties of biochar, including carbon 
content and stability, are indispensable factors affect-
ing the application of biochar in soil (Pereira et al. 2011; 
Johannes and Stephen 2012; Sun et  al. 2020; Tomczyk 
et al. 2020; Chen et al. 2024). The stability of biochar is 
primarily influenced by its aromatic chains, surface func-
tional groups and porous structure. These properties can 
be affected by the interaction between temperature and 
mineral doping during pyrolysis or hydrothermal treat-
ment (Han et  al. 2018; Zhao et  al. 2019; Lu et  al. 2020; 
Wang et al. 2022c). Hence, it is significant to devise strat-
egies for regulating pyrolysis and hydrothermal carboni-
zation to attain appropriate carbon retention and stability 
of biochar.

Minerals have a significant influence on biomass pyrol-
ysis and hydrothermal processes, catalyzing the reaction 
and affecting the conversion of biomass, thereby improv-
ing biochar stability and resulting in a more porous struc-
ture (Akanksha et al. 2022). The addition of silica in the 
biomass pyrolysis and hydrothermal process reduced 
the H/C and O/C atomic ratio of biochar, which contrib-
utes to the chemical oxidation resistance and thermal 
tolerance (Zhao et  al. 2019). Silicon participates in the 
formation of carbon structure by forming C-Si bonds, 
which improves the stability of biochar (Ahmad et  al. 
2019; Zhao et  al. 2019; Wang et  al. 2022a, b, c). Fly ash 
is a promising mineral additive due to its high silicon 
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content. The incorporation of mineral components in fly 
ash (e.g., Si and Al) and carbon from biomass promotes 
the porous structure and reducing the mineral crystal 
size, which contributes to the specific surface area and 
porosity of biochar. Fly ash itself may also form micropo-
res or mesoporous structures in biochar, especially when 
the pyrolysis temperature is high, the structure of fly ash 
may be partially melted and resolidified to form new 
pores (Yun et al. 2022). In addition, alkali, as well as alka-
line earth metals (K, Na, Ca, and Mg), have been shown 
to promote the cleavage of low molecular compounds in 
cellulose, and above certain levels of alkali metals, that 
can increase carbon yield (Williams and Horne 1994; 
Patwardhan et  al. 2010). Modified biochar with NaOH, 
dehydration of NaOH during carbonization led the car-
bon skeleton to aromatize, prevented the destruction of 
biochar structure and promoted the reduction of car-
bon, which in turn caused the aromatic ring structure 
and aromatic structure in the adsorbent to undergo (π-π) 
conjugation with each other (Liu et al. 2020a; Wang et al. 
2022a). The use of sodium hydroxide alkali fusion fly ash 
in biomass pyrolysis to produce biochar was previously 
investigated by our group and it was found that the yield, 
porosity, and specific surface area of biochar were con-
siderably improved by the method (Yun et  al. 2022). In 
our previous work, fly ash-doped biochar was success-
fully synthesized for Pb remediation (Ma et  al. 2024). 
However, further investigation is needed to understand 
the effects of pyrolysis/hydrothermal processes, mineral 
doping and alkali dipping on the properties of biochar.

The stability and carbon retention of biochar are 
strongly correlated with the fabrication temperature, 
which is a critical element influencing the characteris-
tics of biochar. Most research indicates that high-tem-
perature biochar includes a greater amount of aromatic 
carbon, which is more stable and difficult to biodegrade 
chemically, whereas low-temperature biochar contains 
more aliphatic carbon, which is more volatile and can 
be chemically broken down rather conveniently (Liu 
et  al. 2020a; Wang et  al. 2021a, b; Zong et  al. 2020). A 
kind of biochar co-pyrolyzed by wood and bentonite/
kaolin under 350 °C, 450 °C, and 550 °C was reported. 
According to the results, the carbon loss of the materials 
synthesized at 550 °C after hydrogen peroxide oxidation 
was decreased to no more than 19.2%, and the deposi-
tion index (R50) of biochar was enhanced to no less than 
0.89, 4.89 mg g−1 of dissolved organic carbon remained 
after reduction (Wang et al. 2022b). To produce biochar 
within a temperature range of 300 to 800 °C, the biochar 
yield and polarity exhibited a decreasing trend when the 
pyrolysis temperature was elevated (Fan et al. 2022). High 
pyrolysis temperature (> 500 °C) reduced the biochar 
yield, but increased the aromatic structure, pH value, 

pore size, and the number of C–C bonds, whereas the 
number of C-O and O–H bonds was found to decrease 
(Aktar et al. 2022; Ahmad et al. 2019).

Various studies have been conducted to investigate 
the impact of minerals and fabrication temperature on 
the carbon conversion process. The primary emphasis of 
these studies lies in examining the impact on the genera-
tion of reaction intermediates and the physicochemical 
characteristics of resulting products. Nevertheless, the 
current body of research on the impact of fabrication 
conditions and mineral interaction on carbon sequestra-
tion is quite scarce (Yang et al. 2018). However, there is 
only a limited volume of research examining the influ-
ence of temperature and mineral doping on the charac-
teristics of biochar, specifically in relation to its carbon 
structure and resistance to oxidation. In this study, corn 
stover biomass and fly ash, mixed with alkali impregna-
tion were pyrolyzed and hydrothermally treated slowly at 
300 °C, 500 °C, 700 °C and 150 °C, 200 °C, 250 °C to pro-
duce biochar. Synchronous thermal analyzer (TG-DSC), 
X-ray photoelectron spectroscopy (XPS), Fourier trans-
form infrared spectroscopy (FTIR), and additional tech-
niques were employed for the characterization of biochar. 
The manipulation of fabrication temperature and the 
introduction of mineral additives during the production 
process resulted in alterations to the physicochemical 
characteristics of biochar, thereby influencing its stability. 
The primary objectives of this work may be outlined as 
follows: (1) to investigate the impact of fabrication tem-
perature and the addition of fly ash on the microstruc-
tural characteristics of biochar; (2) to examine the impact 
of fly ash doping on the stability of biochar and explore 
potential strategies for enhancing stability; (3) compare 
the biochar synthesized through pyrolysis and hydro-
thermal treatment and valuate their carbon sequestration 
potential.

2 � Materials and methods
2.1 � Materials
Fly ash (FA) was collected from a coal-fired power plant 
in Shanxi Province, China. The fly ash sample was dried 
in an oven at 85 °C, screened through an 18-mesh sieve, 
and stored in a ziplock bag at room temperature for later 
use. Corn stover (CS) was planted under soil cover in a 
coal gangue dump in Changzhi, Shanxi Province, air-
dried, crushed through an 18-mesh sieve, and dried in an 
oven (85 °C).

2.2 � Biochar production
The pyrolysis process has been described briefly below. 
Initially, a mixture of FA and CS was prepared with 50% 
w/w and 20% w/w, respectively. A 5 mol L−1 NaOH solu-
tion was added to the mixture, with a solid–liquid ratio 
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of 1:10. The resulting mixture was subjected to oscilla-
tion at a speed of 150 r min−1 for 8 h, following which 
the mixture was filtered, dried and ball-milled for further 
process. Subsequently, CS and two mixes were intro-
duced into a tube furnace under a continuous flow of 
nitrogen gas. The furnace was heated at a rate of 10 °C 
min−1 until predetermined temperatures of 300, 500, and 
700 °C were reached and sustained for 2 h. The samples 
were subjected to a thorough cleaning process involving 
multiple rinses with deionized water until the pH value 
reached a steady state. The corn stover biochar obtained 
by the pyrolysis method was named P500-BC, and alkali-
impregnated fly ash biochar were named P500-1:2, P500-
1:5, P300-1:2, and P700-1:2, respectively.

The hydrothermal process was conducted as follows. 
First, Fly Ash (FA) and Corn stalk (CS) were mixed in 
ratios of 0:1, 1:2 and 1:5. This mixture was then com-
bined with 5 mol L−1 NaOH solution at a ratio of 1:10. 
The resulting mixture was stirred at 150 rpm for 8 h to 
ensure thorough mixing of FA mineral components and 
CS. Next, the mixture was placed in a steel reactor for 
hydrothermal treatment at temperatures of 150 °C, 200 
°C and 250 °C, respectively. After the hydrothermal reac-
tion, the slurry was cooled to room temperature, then 
filtered and washed with deionized water more than 3 
times until the pH stabilized. Finally, the alkaline hydro-
thermal FA-doped biochar was obtained by drying at 105 
°C in an oven for 12 h. The corn stover biochar obtained 
by the hydrothermal method was named H200-BC, and 
alkali-impregnated fly ash biochar were named H200-1:2, 
H200-1:5, H150-1:2, and H250-1:2, respectively (Table 1).

2.3 � Biochar characterization
Biochar yield at different temperatures was estimated 
according to the dry weight ratio of biochar to raw mate-
rial. The retention of carbon in the biochar following 

pyrolysis was computed according to the carbon content 
and yield.

where W1 and W2 are the dry weights (g) of biochar and 
its feedstock. C1 is the carbon content of biochar. C2 and 
C3 represent carbon contents of biomass and fly ash, and 
a, b are the mass ratio of biomass and fly ash, respectively.

Measurement of pH value was made in a deionized 
aqueous solution with a mixture ratio of 1:20 (w/v) and 
180 r min−1 oscillation. After 24 h of equilibrium, the pH 
of the supernatant is recorded using a pH meter (FE28-
Standard, Switzerland). The ash content was determined 
by heating at 815 ± 10 °C for 1 h. Elemental analyzer (Ele-
mentar UNICUBE, Germany) was used to analyze the 
amount of C, H, N, and S in all specimens. The results of 
the above indicators have been summarized in Table S1.

The microstructural details of the specimens were 
observed by scanning electron microscopy and an energy 
spectrum analyzer (Hitachi Regulus 8100, Germany), The 
powder samples’ specific surface area and pore size dis-
tribution were ascertained by utilizing a BET-N2 SA ana-
lyzer (ASAP 2460 microcrystallography (USA)). Using 
an X-ray diffractometer (Ultima IV, Japan) with a scan-
ning range of 5–80° and a scanning speed of 2° min−1, the 
sample’s crystal structure was examined. MDI Jade was 
used to assess the scanning results. Using Fourier trans-
form infrared spectroscopy (Nicolet iS 10, USA), the sur-
face functional groups of biochar were observed in the 
4000–400 cm−1 range and distinguished by FT-IR Spec-
tral Library. X-ray photoelectron spectrometer (Thermo 
Fisher ESCALAB, USA) was utilized to examine the sam-
ple’s valence state and molecular structures. The peaks 
fitting was achieved by using Thermo Scientific Avantage 
6.6.0.

2.4 � Analysis of antioxidant activity
The oxidation resistance of all biochar samples was stud-
ied to assess the stability of biochar, using two methods 
(chemical oxidation and TGA).

Thermogravimetric curves of biochar were obtained 
using TG-DSC (TA, USA). The analysis method is as fol-
lows. The sample was ground to be measured evenly. The 
sample (5 mg) was placed in the crucible, and put into the 
analysis chamber for analysis. The sample was subjected 
to thermal analysis in the temperature range of 30 °C to 
900 °C, the heating rate was 20 °C min−1, the carrier gas 
was N2, and the gas flow rate was 100 mL min−1.

The ratio of volatile organic-C (degradation range of 
30–200 ℃), labile organic-C (cellulose, aliphatic-C, and 

(1)Yield (%) = (W1/W2)× 100%

(2)Carbon retention (%) = [(C1 × Yield)/(aC2 + bC3)]× 100%

Table 1  Abbreviation and information

Abbreviation Fly ash/
biomass ratio 
(g/g)

Temperate (℃) Method

H200-BC 0:1 200 Thermal hydrolysis

H200-1:2 1:2 200

H200-1:5 1:5 200

H150-1:2 1:2 150

H250-1:2 1:2 250

P500-BC 0:1 500 Pyrolysis

P500-1:2 1:2 500

P500-1:5 1:5 500

P300-1:2 1:2 300

P700-1:2 1:2 700
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carbohydrates with a degradation range of 200–380 
℃), recalcitrant organic-C (lignin and aromatic C with 
a degradation range of 380–475 ℃), refractory organic-
C (poly-condensed forms of lipids and aromatic-C with 
a degradation range of 475–600 ℃), and inorganic-C 
(elemental-C and carbonate with a degradation range of 
600–1000 ℃) were calculated by the weight loss during 
TG analysis in their specific temperature sections (T1–
T2) Eq. (3).

Using H2O2 reagent, a chemical oxidation analysis was 
performed. H2O2 (5%, 35mL) was combined with 0.5 g of 
biochar in a 50 mL test tube and gently swirled for a min-
ute. The test tube was covered and left to sit in a water 
bath set at a constant 60 °C for 48 h. After the heating 
procedure was complete, the test tubes were placed in a 
drying oven set at 105 °C for 60 h, or until the biochar 
reaches a consistent weight and the H2O2 evaporates. 
Equation (4) illustrates how the total carbon before and 
following H2O2 oxidation is used to calculate the quantity 
of carbon lost.

Among them, C loss represents the carbon loss after 
5% H2O2 oxidation of biochar, %; C1 and C2 represent 
the carbon content of biochar before and after oxidation, 
respectively, %; M1 and M2 respectively represent the 
mass of biochar before and after oxidation, g. The aroma-
ticity index (AI) of biochar was also calculated based on 
Eq. (5).

2.5 � Statistical analysis
In this study, Microsoft Excel 2019 was used to statisti-
cally process the experimental data, Origin 9.5 software 
was used to map the processed data, and Jade 6.0 soft-
ware was used to analyze the XRD patterns. The correla-
tion and significance were analyzed by SPSS software.

3 � Results and discussion
3.1 � Effect of fly ash doping on basic physicochemical 

properties of biochar
In terms of yield, elemental content, pH, and other fac-
tors, Table  S1 compares and summarizes the physical 
and chemical properties of ten different types of biochar. 
The carbon content in both original biochar (P500-BC 
and H200-BC) is higher than that in corn straw biomass, 

(3)Closs=
CT1 − CT2

Ctotal

(4)Closs=
C1 × M1 − C2 × M2

C1 × M1

× 100%

(5)AI =
1 + [C]− [O]− 0.5[H]

[C]− [O]− [N]

indicating that converting straw biomass into biochar is 
beneficial for carbon sequestration. The organic element 
content in the original biochar is generally higher than 
that have fly ash added. This difference is attributed to 
the increased ash content from doped fly ash. During the 
carbonization process, biochar releases functional groups 
containing hydrogen and oxygen, while carbon is volatil-
ized as gas and liquid, leading to a significant reduction in 
the organic elements of C, H, O and N. It is important to 
note that the preparation temperature influences the car-
bon content of the biochar. As the temperature increases, 
the heating process intensifies, resulting in a decrease in 
carbon content (Liu et al. 2021).

Compared to the initial biochar, the yield increased 
with the addition of fly ash, which is influenced by the 
thermal stability of the raw materials. However, this 
trend does not apply to H200-1:5, likely due to the low 
proportion of fly ash, which is crucial for the formation 
of hydrothermal carbon. This low proportion results 
in increased gas and liquid production in hydrother-
mal products, leading to a decrease in yield. Regarding 
preparation temperature, the yield is negatively corre-
lated with hydrothermal temperature. However, when 
the temperature exceeds 200 ℃, the yield shows no sig-
nificant changes with the same feedstock and conditions, 
indicating that the mass of biochar does not significantly 
decrease beyond this temperature.

The breakdown of organic components in biochar dur-
ing pyrolysis at elevated temperatures is the primary 
cause of the loss in biochar output and increase in ash 
content that results from raising the pyrolysis tempera-
ture (Ren et al. 2018; Wang et al. 2022b). As can be seen 
from Table S1, while the pyrolysis temperature increased 
from 300 °C to 700 °C, the biochar yield of 50% fly ash 
doping decreased from 92.14% to 78.05%. The yield of 
biochar increased with the higher fly ash doping ratio, 
and the yield of P500-BC was only 29.10%, while the 
yield of P500-1:2 and P500-1:5 increased to 83.25% and 
79.59%, respectively. It shows that fly ash has a high 
resistance to thermal degradation (Ahmad et  al. 2019; 
Zhao et  al. 2019). According to the findings of the ele-
mental analysis, the mass ratio of the elements C, H, O, 
and N in AB dramatically dropped. Fly ash increases 
the number of inorganic components in biochar, which 
decreases the proportion of organic components; how-
ever, during pyrolysis, biochar releases functional groups 
containing hydrogen and oxygen, greatly reducing the 
amounts of hydrogen and oxygen elements  (Wang et al. 
2020b). All pyrolysis biochar were alkaline, the addition 
of fly ash resulted in a higher pH value. The alkalinity of 
the biochar tends to grow as the amount of fly ash used 
for doping increases because the alkaline oxides in the fly 
ash promote a rise in the biochar’s alkalinity (Bhardwaj 
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et  al. 2022). As the preparation temperature increases, 
the alkalinity of biochar also increases. When the prep-
aration temperature is 700 °C, the pH value of biochar 
reaches 11.53, which is due to the formation of alkaline 
functional groups under high-temperature conditions.

3.2 � Oxidation resistance of biochar
Figures  1a, b and S1a, b show the thermogravimetric 
and derivative thermogravimetric curves of biochar. 
Based on the TG analysis, carbon loss can be attributed 
to different species during various temperature intervals 
(Fig.  1c, d): volatile organic-C, labile organic-C, recalci-
trant organic-C, refractory organic-C and inorganic-C 
(Xu et al. 2021). The TG curves of hydrothermal biochar 
with different temperatures and fly ash doping ratios are 
different. The mass loss of the H200-BC is obvious with 
the increase in temperature because fly ash is not added. 
The H200-BC mainly goes through three stages: the first 
stage is from initial temperature to 300 ℃, which repre-
sents the dehydration of biochar. The mass loss depends 
on the water content of biochar, and its mass decreases 
slightly, about 7%–8% of the original mass. The second 
stage is 300 ℃ to 500 ℃, and the mass of hydrothermal 
biochar in this stage decreases rapidly, about half of the 
original mass is reduced, mainly because of the ther-
mal degradation of hemicellulose in biomass. Then the 
decomposition of cellulose and the volatilization of prod-
ucts occurred. The last stage is 500 ℃ to 900 ℃, the mass 
loss rate at this stage is low, and the TG curve is stable. 
The mass loss at this stage is caused by the volatilization 
of lignin decomposed products at higher temperatures. 
However, except that the TG curves of the H150-1:2 and 
the H200-BC show a rapid downward trend, the other 
TG curves are similar and smoother, while the mass loss 
is significantly reduced. The reason is that the addition 
of fly ash increases the aromatic species of biochar and 
improves thermal stability. The hydrothermal carbon 
prepared at low temperature (150 ℃) contains more ali-
phatic carbon, leading to more mass loss compared with 
other hydrothermal biochar, which is consistent with the 
analysis results of the Van-Krevelen diagram (Bhardwaj 
et al. 2022).

Pyrolysis biochar has a certain mass loss in the pro-
cess of temperature rise. Pyrolysis biochar is quite stable 
thermally as inferred by its mild mass loss (25% of ini-
tial biochar) when the temperature reached 900 °C. The 
stability of biochar is influenced to some extent by the 
temperature of pyrolysis. The thermal stability of biochar 
improved as the temperature increased, due to the forma-
tion of aromatic carbon, regardless of whether the fly ash 
doping ratio remained constant (Liu et  al. 2020b; Wang 
et al. 2020a; Zong et al. 2020). Furthermore, it is obvious 
that when subjected to the same pyrolysis temperature, 

the thermogravimetric curves of biochar produced with 
varying fly ash doping ratios demonstrate a high degree of 
similarity, except for the P500-1:5 sample. The derivative 
thermogravimetric curve indicates that P500-1:5 exhibits 
a significant reduction in mass above 500 °C. This phe-
nomenon can be attributed to the substantial presence 
of straw biomass in the composition of sample P500-1:5, 
leading to the thermal degradation of hemicellulose and 
cellulose present in the biomass (Dumanlı and Windle 
2012). A few studies have reported the use of chemical 
oxidants, for instance, potassium dichromate, potas-
sium permanganate, nitric acid, and hydrogen peroxide, 
to evaluate the oxidation resistant properties of biochar 
and determine its long-term stability (Ahmad et al. 2019; 
Ren et  al. 2018; Yang et  al. 2018). A comparison of the 
TG curves between hydrothermal and pyrolysis biochar, 
revealed that of biochar produced through pyrolysis had 
less mass loss. This is likely due to the lower temperature 
range used in the hydrothermal method (150–250 ℃). 
The higher temperatures of pyrolysis method (300–700 
℃) resulted in the formation of more stable aromatic car-
bon. This finding aligns with the results of H/C and O/C 
atomic ratio analysis.

The carbon loss rate of hydrothermal biochar after 
H2O2 oxidation is shown in Fig. 1e. As the temperature 
rises from 150 ℃ to 250 ℃, the carbon loss rate increases 
from 9.23% to 24.65% (H150-1:2, H200-1:2, H250-1:2). 
This indicates greater carbon loss and reduced chemi-
cal stability at higher hydrothermal temperatures. The 
increased carbon loss is likely due to the higher reaction 
rate between hydroxyl radicals and amorphous aromatic 
carbon at elevated temperatures  (Werner and Yao 1992; 
Li et  al. 2015). At higher hydrothermal temperatures, 
more amorphous aromatic carbon is generated compared 
to biochar produced at lower temperatures, making low-
temperature hydrothermal biochar more chemically 
stable. As hydrothermal temperature increases, the reac-
tion of carbon-containing organic matter in the biomass 
intensifies, leading to higher production of soluble sub-
stances and gases, which in turn causes greater carbon 
loss in the biochar. Under the same hydrothermal condi-
tions, H200-BC showed the highest carbon loss rate of 
16.21%, which gradually decreased as the proportion of 
fly ash increased. This suggests that adding fly ash helps 
protect biochar from H2O2 oxidation and improves its 
chemical stability.

For pyrolysis biochar, the P700-1:2 had a carbon loss 
rate of merely 8.56%. Moreover, it was observed that the 
carbon loss rate of biochar exhibited a notable reduc-
tion as the temperature increased, while maintaining a 
constant ratio of fly ash addition (Fig. 1f ). Nevertheless, 
it is important to note that the carbon loss rate of P500-
1:2 is 9.93%, albeit slightly lower than that of P700-1:2. 
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Fig. 1  TG curve of hydrothermal biochar (a) and pyrolysis biochar (b); Carbon loss proportion of hydrothermal biochar (c) and pyrolysis biochar (d) 
obtained by TG analysis; Carbon loss rate of hydrothermal biochar (e) and pyrolysis biochar (f) during 5% H2O2 oxidation process
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However, there is no significant difference between P500-
1:2 and P700-1:2 (p > 0.05), it can be concluded that the 
biochar produced at a temperature of 500 °C exhibits 
robust chemical oxidation resistance and offers certain 
energy conservation. Furthermore, it can be deduced that 
the carbon loss rate of biochar exhibits a reduction when 
the fly ash doping ratio increases. This finding suggests 
that fly ash has an indispensable role in enhancing the 
chemical stability of biochar (Wang et al. 2020a, 2021b). 
P500-1:5 and P500-BC are similar, possibly attributed 
to the addition of a small amount of fly ash which was 
mainly used as a catalyst to promote the hydrolysis of 
biomass, leading to the collapse of pore structure. Finally, 
biochar characterization verified the decline in carbon 
retention rate and chemical stability.

3.3 � Biochar structure and its relationship to carbon 
retention and stability

The SEM images of fly ash-doped hydrothermal biochar 
are shown in Fig. 2a-d. Biochar without fly ash exhibits a 
dense spherical porous structure, formed by hydrother-
mal process (Fig. S2a). After doping with fly ash, the pore 
structure on the biochar surface expanded, and the fly 
ash transformed into octahedral zeolite following alkali 
impregnation and hydrothermal treatment, consistent 
with the XRD analysis (Fig.  4d). The zeolite generated 
adheres to both the surface and internal structure of bio-
char, improving its pore structure. The fly ash coating 
helps reduce biochar oxidation. The hydrothermal tem-
perature significantly impacts biochar structure, with the 
zeolite expanding as the temperature increasing. At 150 
℃, the surface pores of hydrothermal carbon structure 
are blocked, likely due to incomplete reactions and lim-
ited microstructural changes. EDS mapping (Fig. S3a-e), 

was used to evaluate the elemental composition of bio-
char surfaces. Biochar without fly ash had the highest 
carbon content, which decreased significantly after fly 
ash doping. Sodium was also detected on the biochar 
surface, a result of the NaOH impregnation process.

P500-BC (Fig. S2b) demonstrates a smooth surface, 
porous structure and flat channel, while pyrolysis FA-
doped biochar demonstrates a rough surface with obvi-
ous folds, and collapsed pores (Fig. 2e-h). In accordance 
with Table S1 and Fig. S3, the biochar structure gradually 
transformed along with the temperature from a dense 
but small porous structure (P300-1:2) to one with clearly 
large pores (P700-1:2). However, the specific surface area 
and total pore volume decreased. It is hypothesized that 
under pyrolysis conditions, components like SiO2 and 
Al2O3 in fly ash react with carbon in biochar, causing the 
carbon layer to collapse and sag and altering the surface 
microstructure of carbon (Wang et  al. 2020a). Simulta-
neously, the mineral composition of fly ash envelops the 
surface of biochar, facilitating the generation of a physi-
cal protective layer around the biochar. This layer serves 
to diminish and impede the impact of external environ-
mental variations on the biochar, thereby restraining the 
decomposition and subsequent emission of carbon mole-
cules (Wang et al. 2022b). It is found in Fig. S3 that the C 
content of P500-BC and P500-1:5 is high, while the inor-
ganic components of the rest biochar account for a large 
proportion, indicating that the doped fly ash adheres to 
the surface of biochar or enters the pores of biochar.

The specific surface area, average pore size and pore 
volume characteristics of biochar prepared by the hydro-
thermal method are shown in Table  S1, the N2 adsorp-
tion/desorption curve and pore size distribution of 
hydrothermal biochar are demonstrated in Fig.  3a, b. 

Fig. 2  The scanning electron microscope (SEM) images of fly ash doped hydrothermal biochar (a, b, c, d) and pyrolysis biochar (e, f, g, h)
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Overall, the specific surface area (SSA), average pore 
diameter (APD) and pore volume (PV) of hydrothermal 
biochar did not change significantly. Different hydro-
thermal temperatures and fly ash doping ratios had a 
limited effect on the SSA of biochar. When the hydro-
thermal temperature was constant, the SSA of biochar 
slightly increased with higher fly ash addition, though 
the improvement in pore characteristics was minimal. 
Fly ash may have a catalytic activation effect during the 
hydrothermal process, leading to an increase in the bio-
char’s specific surface area. However, excessive fly ash 
addition can cause pore blockage. The SSA and pore 
volume of biochar are significantly influenced by hydro-
thermal temperature. It can be seen from Fig.  3a that 
when the preparation temperature reaches 250 ℃, the 
N2 adsorption capacity of the biochar decreases signifi-
cantly. This indicates a reduction in the SSA and PV of 
the hydrothermal biochar under these conditions, with 
values dropping to just 6.04 m2/g and 0.03 cm3/g, respec-
tively. The likely reason for this decline is that the high 

hydrothermal temperature causes pore blockage in the 
biochar (Wang et al. 2019).

The SSA and PV of pyrolysis biochar were both 
enhanced by fly ash doping during pyrolysis treatment. 
P500-1:2 exhibited an eight-fold increase in specific 
surface area and a nine-fold increase in pore volume 
compared to P500-BC (Table  S1). In contrast, biochar 
synthesized by hydrothermal method did not exhibit sim-
ilar changes after fly ash doping. This can be attributed 
to the catalytic effect of fly ash doping in the pyrolysis 
process, which promotes the opening and expansion of 
micropores, resulting in a significant increase in PV and 
SSA. Interestingly, although the APD increased, the SSA 
and total PV of biochar decreased as the pyrolysis tem-
perature rose. This contradicts most reported findings, 
and a possible explanation is that at higher temperatures, 
the pore size expands, leading to the collapse of pores 
and carbon layers (Rawal et al. 2016). The N2 adsorption 
and desorption curve of biochar shows a BET type IV 
isotherm with an H3 type hysteresis loop, indicating that 

Fig. 3  N2 adsorption and desorption curve of hydrothermal biochar (a) and pyrolysis biochar (c); pore size distribution of hydrothermal biochar (b) 
and pyrolysis biochar (d)
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the biochar consists of flaky particles or porous materials 
(Fig. 3c). The pore size of biochar ranges from 2 to 50 nm 
and is mainly composed of mesopores (Fig. 3d). The pore 
size distribution of P500-BC is narrow and significantly 
lower than that of fly ash-doped biochar. This indicates 
that fly ash plays a specific catalytic role during the pyrol-
ysis process, enhancing the specific surface area and pore 
volume of biochar, as supported by several published 
studies (Wang et al. 2020a; Bhardwaj et al. 2022).

As the temperature increases, the carbon retention 
of biochar gradually decreases with the rate of decrease 
becoming less pronounced at higher temperatures. With 
a fly ash doping ratio of 1:2, the carbon retention values 
for biochar are as follows: 55.03% (P300-1:2), 45.50% 
(P500-1:2), 37.80% (P700-1:2) and 24.84% (H150-1:2), 
15.81% (H200-1:2), 15.49% (H250-1:2) (Table  S1). This 
may be caused by the breakdown of alkyl groups in bio-
char with increasing temperature (Fig.  4b), indicating 
that the degree of aromatization of biochar continues to 
improve. In addition, the incorporation of fly ash signifi-
cantly enhanced the carbon retention of biochar, increas-
ing from 29.1% (P500-BC) to 83.25% (P500-1:2) and from 
30.72% (H200-BC) to 36.7% (H200-1:2) (Table S1). Dur-
ing the subsequent hydrothermal and pyrolysis stages, fly 
ash helps minimized the release of C, H, and O as small 
molecules, accelerates the dehydration of biomass, and 
limits the formation of L-glucan. These combined effects 

result in improved yield and carbon retention (Dumanlı 
and Windle 2012). Similar findings have been consist-
ently reported in many previous studies (Li et  al. 2014; 
Ren et al. 2018; Wang et al. 2022b). Thus, the most effec-
tive for producing biochar from raw materials, as demon-
strated in our previous studies, is NaOH-treated fly ash, 
which achieves a high yield and carbon retention rate, 
making it beneficial for carbon sequestration.

Compared with P500-BC, fly ash doped biochar con-
tains crystalline quartz (SiO2), mullite (3Al2O3·2SiO2) 
and other components (Fig.  4a; Sahoo et  al. 2013). It 
indicates that fly ash is successfully loaded on biochar. It 
is worth noting that the components of SiO2 and Al2O3 
in fly ash continue to dissolve as the temperature rises, 
only albite is generated at 300 °C and 500 °C, and sodium 
silica-luminate is generated at 700 °C. Furthermore, the 
peak of the biochar prepared at 700 °C is higher than 
the peaks of the biochar prepared at 300 °C and 500 °C, 
suggesting that high temperatures boost the degree of 
crystallization of the biochar. Regarding hydrothermal 
biochar (Fig.  4c), the absence of a diffraction peak in 
H200-BC indicates a lack of crystal formation, suggest-
ing that the composition is primarily amorphous. This 
finding implies that hydrothermal treatment may dissolve 
and leach inorganic components from the biochar (Fu 
et  al. 2019). When comparing H200-1:2 and H200-1:5, 
it is evident that a higher proportion of fly ash leads to 

Fig. 4  X-ray diffraction patterns of pyrolysis biochar (a) and hydrothermal biochar (d); Fourier transform infrared spectroscopy of pyrolysis biochar 
(b) and hydrothermal biochar (e); Van-Krevelen diagram of pyrolysis biochar (c) and hydrothermal biochar (f)



Page 11 of 17Li et al. Carbon Research            (2025) 4:23 	

stronger diffraction peak. To examine the impact of tem-
perature (150 ℃, 200 ℃ and 250 ℃) during hydrothermal 
treatment, different mineral fractions (i.e., sodalite and 
cancrinite) were detected. This indicates that higher tem-
peratures can disrupt the structure of fly ash and alter the 
structure and composition of biochar. The crystal struc-
ture becomes more pronounced as the temperature ris-
ing, as reflected by stronger diffraction peaks.

Figure 4b shows the absorption peaks of pyrolysis bio-
char appearing in FTIR spectra between 4000 cm−1 and 
500 cm−1. The peaks correspond to -OH (3400 cm−1), 
C-H (1452 cm−1), C = O/C = C (1629 cm−1), C-O (1031 
cm−1), and T-O-T/T-O (500–800 cm−1, where T rep-
resents Si or Al) (Nan et al. 2019). The presence of T-O 
and T-O-T indicates that the successful loading of SiO2 
and Al2O3 on biochar is consistent with the results of 
XRD observation. The stretching vibration of C-H, such 
as P700-1:2 and P500-1:2, weakens or even vanishes as 
the temperature and fly ash doping ratio rise, suggest-
ing that the addition of fly ash and rising temperatures 
can encourage the transformation and breakdown of ali-
phatic carbon (Wang et al. 2014). Although the peaks at 
C = C/C = O (1629 cm−1) and C-O (1031 cm−1) under-
went an indistinctive change in intensity after fly ash 
addition, the enhancement of aromatic carbon could be 
verified by the fine spectrum of C (Table  S4), indicat-
ing that fly ash might promote the formation of biochar 
aromatic carbon, which is conducive to improving the 
stability of biochar (Yang et  al. 2018; Awad et  al. 2018; 
Xiao et al. 2018). The absorption peaks of hydrothermal 
biochar are quite similar to pyrolysis biochar (Fig.  4e), 
contain stretching vibration peak of O–H (3400 cm−1), 
vibration peaks of T-O and O-T-O (near 1100 cm−1 and 
from 500 to 800 cm−1), stretching vibration of C-H (1452 
cm−1), and the stretching vibration of C = C/C = O (1640 
cm−1). Biochar without fly ash-doping exhibits weak 
absorption bands at 2860 and 2920 cm−1, corresponding 
to aliphatic C-H and asymmetric C-H stretching vibra-
tion, respectively. This suggests that the addition of fly 
ash reduces the amount of aliphatic carbon and enhances 
the stability. The stretching vibration of carboxylic acid 
functional groups appears at 1740 cm−1 (Bhardwaj et al. 
2022). Following the addition of fly ash, the stretching 
vibration of carboxylic acid functional groups in the bio-
char disappeared, which can explain the pH value of the 
hydrothermal biochar changed from acidic to alkaline 
after fly ash doping. This change is beneficial as it helps 
reduce the degradation and volatilization of hydrother-
mal biochar.

One of the most important metrics indicating the 
stability of biochar is the H/C and O/C atomic ratio, 
which can reveal the degree of aromaticity and hydro-
phobicity in the material (Leng and Huang 2018; Liu 

et  al. 2020a; Wang et  al. 2022b; Yang et  al. 2016). A 
lower H:C ratio indicates higher biochar stability as 
well as higher aromatization and carbonization (Chen 
et  al. 2008; Oleszczuk et  al. 2016; Xiao et  al. 2016). 
Figure 4c shows that AB is in the position of aromatic 
hydrocarbons and BC is in the position of lignin or 
carboxyl-containing fats. This suggests that adding 
fly ash to biochar can convert the aliphatic groups 
into aromatic compounds and increase the stability of 
pyrolytic carbon, which is accord with the findings of 
XPS and infrared spectroscopy (Fig. 4b; Table S3). The 
hydrothermal biochar without fly ash is located at the 
lignin or carboxyl-containing fat area (Fig.  4f ), which 
means the original hydrothermal biochar contains 
more aliphatic compounds. After the addition of fly 
ash, aliphatic compounds start converting to aromatic 
hydrocarbons (except H150-1:2), indicating that the 
addition of fly ash changes the chemical composition of 
hydrothermal biochar. The low aromaticity of H150-1:2, 
likely due to the lower preparation temperature, keeps 
it within the fat class region, highlighting the influence 
of preparation temperature on the stability of hydro-
thermal biochar.

Figure S4 is the corresponding XPS full spectrum 
of two biochar, the elemental percentages are listed in 
Table  S3. The original hydrothermal biochar contains 
four elements, C, O, N and Si. However, the silicon con-
tent is minimal, suggesting that the amount of internal 
minerals in the biochar is negligible. The stability of the 
biochar is primarily influenced by the doping of fly ash. 
In comparison to the original hydrothermal biochar, the 
O content in the fly ash-doped hydrothermal biochar 
increased significantly, while the C content decreased. 
Elements such as Si, Al, Ca, Mg appeared after fly ash 
doping. With the rising of temperature, the content of O 
element decreases and the content of C increases, indi-
cating that higher temperatures can enhance the carbon 
sequestration capacity.

The XPS fine spectrum of C, Si and Al enables a semi-
quantitative analysis of biochar`s surface functional 
groups and provides insights into its stability. The fitting 
results are shown in Figs. 5, S5, and S6 and Table S4. In 
the C1s fine spectrum, the peak at 284.8 eV corresponds 
to C-H/C–C/C = C, while 286.6 eV indicates hydroxyl 
C–OH/C–O–C. The peak at 288.5 eV is attributed to 
carbonyl C = O and carboxyl O = C-O, and the peak at 
289.5eV represents ester-COOR. 293.3eV is the peak of 
the halogenated hydrocarbon C-F3, and 296.1eV is con-
sidered to be the peak of the heteroatomic carbon bond 
C-X (Wanga et al. 2021). The peak at about 103 eV in the 
Si2p fine spectrum corresponds to the fitting peaks of 
Si2p1 and Si2p3 of SiO2. In the Al2p fine spectrum, the 
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Fig. 5  C1s in XPS peak fitting of hydrothermal biochar (a, b, c, d, e) and pyrolysis biochar (f, g, h, i, j)
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fitting peaks for Al2p1 and Al2p3 in Al2O3 are observed 
in the range of 73.5 to 75.5 eV.

The C1s fine spectrum of hydrothermal biochar reveals 
three characteristic peaks: C–C/C = C/C-H at 284 eV, 
hydroxyl C–OH/C–O–C at 286.6 eV, and carbonyl 
C = O/carboxyl O = C–C at 288.5 eV. Except for H150-
1:2, the addition of fly ash leads to a decrease in oxygen-
containing functional groups (C–OH and C–O–C) and 
an increase in C − C/C = C/C-H bonds, indicating an 
enhanced degree of aromatization in the biochar. How-
ever, with higher amounts of fly ash, the proportion of 
oxygen-containing functional groups, such as hydroxyl 
C–OH/C–O–C and carbonyl C = O/carboxyl O = C–C, 
increases. This may be due to reactions between oxide 
components (e.g., SiO2 and Al2O3) from the fly ash and 
carbon from the biochar at elevated temperatures, which 
results in the formation of more oxygen-containing func-
tional groups. The decrease in the C–C/C = C/C-H ratio 
suggests that adding excessive fly ash does not signifi-
cantly enhance the stability of the biochar. As the hydro-
thermal temperature rises, the ratio of C–C/C = C/C-H 
gradually increases, while the proportion of oxygen-con-
taining functional groups (e.g., hydroxyl C–OH/C–O–C 
and carbonyl C = O/carboxyl O = C–C) decreases, indi-
cating that higher temperatures promote the formation 

of aromatic carbon at the expense of aliphatic groups. 
The fine spectra of Si2p and Al2p show that temperature 
and the addition of fly ash do not significantly affect the 
peak intensities of SiO2 and Al2O3, suggesting that the 
morphology of silicon and aluminum remains stable.

Similar to hydrothermal biochar (Fig. S4, Table  S3), 
pyrolysis biochar primarily consists of C and O, with 
negligible amounts of Mg and Si. Compared with the 
original pyrolysis biochar, O content increased, C content 
decreased, and Al, Mg, Ca, and other elements appeared, 
presumably due to the doping of fly ash in biochar. Con-
sistent with the hydrothermal method, temperature is 
significant to the pyrolysis of biochar. With the increase 
of pyrolysis temperature, the O content of biochar 
decreases and the C content increases, indicating that 
higher pyrolysis temperature is conducive to improving 
the carbon sequestration capacity of biochar.

As shown in Figs. S5 and S6, the fine spectrum of Si 
2p and Al 2p indicates that the addition of fly ash signifi-
cantly affects the peak strength of the functional groups 
of SiO2 and Al2O3. The percentages of Si and Al increased 
from 2.35% and 0% in P500-BC to 12.25% and 6.74% in 
P500-1:2, respectively. Although the morphology of sili-
con and aluminum remains largely unchanged, as con-
firmed by the fine spectra, the XRD patterns revealed 

Fig. 6  Spearman correlation matrix of hydrothermal biochar and pyrolysis biochar
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the presence of different crystalline silicon compounds in 
the various biochar samples (Fig. 4a). A variety of func-
tional groups in P500-BC give rise to several distinctive 
peaks, such as C–C/C = C/C-H (284 eV), hydroxyl C–
OH/ether bond C–O–C (286.6 eV), and carbonyl group 
C = O/O = C–C (288.5 eV), as shown by the fine spectra 
of C1s (Fig. 4). The peaks corresponding to ester-COOR 
(289.5 eV), halogenated hydrocarbon C-F3 (293.3 eV) 
and heteroatomic carbon bond C-X (296.1 eV) were also 
detected. Compared with BC, the proportion of oxy-
gen-containing functional groups C–OH and C–O–C 
increased by 2.38%−13.78%. These findings suggest that 
the quantity of oxygen-containing functional groups on 
the surface rises with fly ash addition. Numerous studies 
have demonstrated that the addition of oxide-containing 
materials, such as clay, fatty acids, and iron oxide, can 
enhance the quantity of oxygen functional groups in 
biochar.

The C–C/C = C/C-H functional group ratio first 
increased and subsequently reduced along with the 
fly ash doping. The functional groups of biochar are 
impacted by the temperature during pyrolysis. The 
fraction of functional groups containing oxygen (i.e., 
hydroxyl C–OH/C–O–C and carbonyl C = O/carboxyl 
O = C–C) first rises and then drops with temperature, 
while C–C/C = C/C-H steadily increases (Table S4). This 
is presumably because fly ash injection plays a major part 
in lowering the temperature below 500 ℃. The abundant 
oxide components in fly ash contribute to strengthen-
ing the oxygen-containing functional groups within 
biochar. Above 500 °C, the pyrolysis temperature takes 
center stage, causing an increase in aromatic functional 
groups and a decrease in aliphatic functional groups like 
hydroxyl and carboxyl groups.

In summary, two production methods lead to different 
properties, energy consumption and carbon footprints 
of biochar. In our work, we focus on the characteristics 
that highly related with the effectiveness of soil carbon 
sequestration, such as stability and carbon retention 
(Gascó et  al. 2018; Taskin et  al. 2019; Luo et  al. 2023). 
To assess the key factors influencing biochar utilization, 
we conducted a Spearman correlation coefficient (SCC) 
analysis between various properties of biochar (Xu et al. 
2021). The values of carbon retention rate (CR) (Fig.  2) 
and carbon loss (CLO) by H2O2 oxidation (Fig.  4) were 
selected as the index to represent the potential for carbon 
sequestration and chemical-oxidation resistance, respec-
tively. All basic properties of biochar were considered, 
including aromaticity (H/C ratio and AI, Table S1), aver-
age pore diameter, A/B ratio (fly ash/biomass), pore vol-
ume (i.e., APD, PV, Table S1), carbon functional groups 
from XPS analysis (Fig.  5), specific surface area (SSA, 
Table S1).

The SCC analysis  (Fig.  6) showed no correlation 
between chemical stability and carbon retention rate in 
either hydrothermal or pyrolysis biochar (p > 0.05), indi-
cating that different factors influence each type. In hydro-
thermal biochar, CR was negatively correlated with the Si 
element (−0.9, p < 0.05), which contrasted sharply with 
pyrolysis biochar. For pyrolysis biochar, CR showed posi-
tive correlations with the A/B ratio (0.89, p < 0.05), PV 
(0.9, p < 0.05), SA (0.9, p < 0.05), and both Si (1.0, p < 0.01) 
and Al (1.0, p < 0.01) elements, indicating a significant 
enhancement in CR due to the addition of fly ash. This 
suggests that fly ash modification is more beneficial for 
pyrolysis biochar than for hydrothermal biochar. The 
CLO of hydrothermal biochar was negatively associ-
ated with the C = O/O = C-O groups (−0.9, p < 0.05) and 
the O/C ratio (−0.9, p < 0.05), while positively correlated 
with synthesis temperature (0.89, p < 0.05). This implies 
that higher temperatures result in lower O content and 
increased carbon loss during H2O2 oxidation. Conversely, 
the CLO of pyrolysis biochar was negatively correlated 
with the AI (−0.9, p < 0.05), APD (−0.9, p < 0.05), and 
pH (−0.9, p < 0.05). A higher AI suggests a greater pres-
ence of stable aromatic carbon, which enhances chemical 
oxidation resistance. Furthermore, the AI was positively 
correlated with the A/B ratio, further confirming the 
advantages of fly ash addition.

4 � Conclusion
In this study, fly ash was used as an additive to pre-
pare biochar materials by hydrothermal and pyrolysis 
methods. The effects of the preparation process and 
fly ash adding ratio were investigated by analyzing the 
physicochemical properties, microstructure charac-
terization, and stability of biochar. The findings demon-
strated that adding fly ash and raising the preparation 
temperature could improve the thermal and chemical 
stability of pyrolysis biochar. This is because the addi-
tion of fly ash and the raised preparation temperature 
encouraged the production of aromatic carbon as well 
as the breakdown and transformation of aliphatic car-
bon in biochar, thereby enhancing the stability of the 
material. Fly ash doping improves the specific sur-
face area and pore volume of biochar by promoting 
the formation of micropores and enlarging them into 
mesopores. According to SEM–EDS, XRD, and FTIR 
characterization, pyrolysis biochar contains crystalline 
quartz (SiO2), mullite (3Al2O3·2SiO2), and T-O/T-O-T 
stretching vibration (T: Si/Al), indicating that fly ash is 
successfully loaded on biochar. Furthermore, SiO2 and 
Al2O3 reacted with NaOH to produce albite, sodium 
silicaluminate, and other minerals that adhere to the 
surface of the material and shield it from oxidation. In 
contrast, while fly ash was successfully incorporated, 
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hydrothermal biochar did not show similar benefits in 
terms of carbon retention and chemical stability. Over-
all, it is assumed that fly ash-doped pyrolysis biochar 
offers enormous promise for soil carbon sequestration, 
and that fly ash as a mineral additive can enhance the 
ability of biochar to sequester carbon during pyrolysis. 
Future research should focus on the energy consump-
tion and carbon footprints of soil carbon sequestration 
induced by fly ash-doped biochar from its feedstock 
preparation to production and final application, includ-
ing the assessment of the cost and efficiency. The fly 
ash-doped biochar using in carbon sequestration is a 
promising negative emission technology that requires 
more investigation.
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