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Abstract

This study investigated the effects of bamboo age, bamboo parts, and pyrolysis temperatures on the physiochemical
properties of bamboo char throughout a series of pyrolysis processes spanning from 150 °C to 1000 °C. The results
indicated that as the pyrolysis temperature increased from 150 °C to 500 °C, the yield of bamboo char experienced

a rapid decline, settling at a maximum of 69%, with no significant impact from bamboo age and parts. Subsequently,
as the pyrolysis temperature continued to rise from 500 °C to 1000 °C, the yield stabilized at 25.74-32.64%. Besides,
fixed carbon (FQ), volatile matter (VM), and ash content were temperature-dependent, while the H/C, O/C, (N+O)/C,
and aromatic index kept constant after reaching 500 °C. Notably, 800 °C was confirmed to be a crucial turning

point for physiochemical properties, at which the graphitic structural changes occurred, pore collapsed, and potas-
sium salts released. Bamboo age was proved to enhance the stability. Pearson correlation coefficient (PCC) analysis
revealed that the pyrolysis temperature was positively correlated (p <0.01) with ash (0.76), FC (0.97), Al (0.81), R, (0.77),
and C-C/C=C/C-H (0.87). Conversely, negative correlations (p <0.01) were observed with VM (=0.91), O/C (0.88),

H/C (=0.95), N+ 0)/C (—0.87), Closs (—0.79), and labile organic-C (—0.78). Additionally, bamboo age was negatively
correlated (p<0.01) with C loss (—0.40), volatile organic-C (—0.63), labile organic-C (—=0.45), and recalcitrant organic-C
(—0.40), but positively associated with R (0.54), refractory organic-C (0.42), and inorganic-C (0.52). Bamboo parts did
not exhibit significant correlations with char properties.

Highlights
500 °C and 800 °C served as key turning points for the properties of biochar.

Bamboo age had a positive effect on thermal stability and chemical stability.
There was no significant difference in properties between different parts (internodes and nodes) of bamboo.
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1 Introduction

Biochar, a carbonaceous material derived from the pyrol-
ysis of biomass, has gained significant interest as a prom-
ising material with unique physicochemical properties
(Li et al. 2017; Shaheen et al. 2018; Weldon et al. 2019).
The physicochemical properties of biochar can be influ-
enced by several processing factors (Dong et al. 2023;
Lian et al. 2023; Wang et al. 2023b), with the pyrolysis
temperature considered a determining parameter (Prad-
han et al. 2020).

Temperature plays a crucial role in shaping the prop-
erties and potential applications of biochar (de Almeida
et al. 2022; Fan et al. 2023; Zhou et al. 2021). Biochar
shows varying degrees of carbonization due to variations
in pyrolysis temperature and possesses highly ordered
aromatic structures when the temperature exceeds 400 °C
(Kim et al. 2012). Furthermore, elevating the temperature
facilitates the transformation of biochar into a more gra-
phitic structure. On increasing the charring temperature
from 100 °C to 700 °C, biochar experienced four distinct
char phases and physical states in turn, including tran-
sitional char, amorphous char, composite char, and tur-
bostratic char (Keiluweit et al. 2010). Beyond 700 °C,
the structure of biochar further evolves, leading to the
formation of graphitized biochar (Zhang et al. 2021a).
This enhancement of graphitization level can not only
promote their electron transfer capacity and electrical

conductivity (Gabhi et al. 2020; Tonnoir et al. 2023) but
also influence its adsorption and catalytic activities (Wan
et al. 2021; Wang et al. 2023a). Additionally, increased
graphitization can stimulate microbial growth, thereby
facilitating anaerobic digestion capacity for waste (Zhang
et al. 2022a; Zhou et al. 2021). In a practical example,
Yang et al. (2018) utilized bamboo processing residues
to produce highly graphitized biochar with an impres-
sive sulfur removal rate of 96%. A higher degree of gra-
phitization results in a more ordered structure of biochar,
expanding the conjugated m electron system and further
increasing its adsorption capacity (Hou et al. 2021).
Moreover, increasing the pyrolysis temperature induces
dehydration, decarboxylation, and decarbonylation reac-
tions in biomass, leading to a reduction in H/C and O/C
ratios of biochar. These two ratios play a crucial role in
determining the chemical composition and reactivity of
biochar (Weber and Quicker 2018). The H/C ratio reflects
the hydrogen content relative to carbon, offering insights
into the carbonization and aromaticity. Meanwhile, the
O/C ratio indicates the oxygen content and influences the
hydrophilicity and thermal stability of biochar. By manip-
ulating these ratios through varying pyrolysis conditions
or feedstock types, properties of biochar can be tai-
lored to specific applications, such as soil improvement,
water treatment, and carbon sequestration. Remarkably,
biochar has demonstrated its effectiveness in reducing
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N,O emissions from soils, with the H/C ratio identified
as a crucial determinant of its N,O mitigation potential.
Biochars with H/C<0.3 have proven to be highly effec-
tive in this regard (Cayuela et al. 2015). Additionally,
biochar characterized by high aromatic carbon content
and low O/C and H/C ratios is more suitable for appli-
cations like soil carbon sequestration (Wang et al. 2015).
Meanwhile, the H/C and O/C ratios serve as essential
parameters for predicting the adsorption performance
of biochar. Research has reported that raising the pyro-
lytic temperature could increase the aromaticity and
hydrophobicity of biochar while expanding its surface
area, which facilitated its adsorption for various organic
compounds (Kearns et al. 2014; Shimabuku et al. 2016;
Sun et al. 2016). Zhao et al. (2019) demonstrated that the
higher hydrophobicity of biochar enhanced the atrazine
adsorption. Wei et al. (2020) established the H/C ratio as
a predictive parameter for the adsorption mechanism of
the herbicide metolachlor on biochar. Besides, extensive
work has clearly identified the crucial role of the aromatic
moiety in biochar for its stability (Han et al. 2020) and
efficiency in adsorbing polar and nonpolar hydrophobic
organic contaminants (HOCs) (Chu et al. 2019; Tan et al.
2015).

Furthermore, temperature exhibits a pronounced
impact on the surface roughness, micromorphology, and
porous structure of biochar (Gupta et al. 2019; Wang
et al. 2019). Meanwhile, it influences some parameters
such as electrical conductivity (EC) and pH (Chen et al.
2019; Meier et al. 2015). Viglasov4 et al. (2018) produced
bamboo biochar at 460 °C, with a specific surface area
of only 28 m? g~!, primarily characterized by macropo-
res and micropores. In contrast, Hien et al. (2020) inves-
tigated different pyrolysis temperatures and retention
times for bamboo biochar and found that higher tem-
peratures and extended retention times increased the
specific surface area and water-holding capacity. Zhang
et al. (2021b) investigated the influence of pyrolysis tem-
perature on the physicochemical properties of bamboo
material and revealed that bamboo biochar prepared
at 850 °C exhibited a surface area of 382.8 m? g—*. Col-
lectively, these research findings suggest that pyrolysis
temperatures exceeding 450 °C are necessary to produce
highly porous biochar with an enlarged surface area. In
a study by Suthar et al. (2018), the pyrolysis of bamboo
at different temperatures (300, 450, and 600 °C) unveiled
that bamboo biochar produced at 600 °C possessed the
highest specific surface area, reaching 247.2 m* g~ .

Bamboo offers several advantages over wood, such
as rapid growth, a short harvest cycle typically rang-
ing from 3 to 5 years (Iroegbu and Ray 2021), and lower
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ash content compared to rice husk biomass, making it
an ideal candidate for biochar production. Moreover,
bamboo forests possess a greater carbon sequestration
capacity than ordinary trees, being 1.46 times that of fir
forests (Cunninghamia lanceolata) and 1.33 times that of
tropical rainforests (Li et al. 1998; Ruan et al. 1997; Xu
et al. 2020; Yen and Lee 2011). The conversion of bam-
boo into biochar can further mitigate carbon emissions
and bolster its carbon sequestration potential (Li et al.
2018a; Nath et al. 2015). As bamboo grows, variations
in the accumulation of components may occur in differ-
ent parts of the bamboo. These may include differences
in the distribution of various forms of organic and inor-
ganic carbon, as well as the presence of other essential
elements. Such variations in components are likely to be
reflected in the biochar production process, significantly
affecting the physicochemical properties of the resulting
biochar. Studies have shown that the pyrolysis of bamboo
is influenced by the age of the bamboo (Cheng et al. 2015;
Hossain et al. 2022), with an extended growth period
resulting in reduced cellulose content and increased
lignin and ash content. Additionally, thermogravimetric
analyses have revealed distinct thermal degradation pat-
terns for different parts of the bamboo stem and leaves
(Liang et al. 2018). However, it is important to recognize
that most existing research has concentrated on pyrolyz-
ing bamboo under a single set of conditions to produce
biochar and has focused on evaluating its physicochemi-
cal characteristics or carbon stability (Chen et al. 2016;
Mu et al. 2023). There is an urgent need for comprehen-
sive studies to establish correlations among various fac-
tors determining the properties of the produced biochar.
This will favor the targeted production of biochars for
practical applications.

This work prepared a series of biochars using moso
bamboo (Phyllostachys pubescens) of varying ages (1, 2, 3,
and 4 years) at nine pyrolysis temperatures (i.e., 150, 250,
350, 500, 600, 700, 800, 900, and 1000 °C). Meanwhile,
it investigated the impacts of temperature, bamboo age,
and bamboo parts (internodes and nodes) on the phys-
icochemical properties of biochar. Additionally, it con-
ducted an in-depth analysis of the correlations between
these distinct physicochemical properties and the tem-
perature changes, bamboo age, and bamboo parts (inter-
nodes and nodes). The primary objectives of this study
were (1) to scrutinize how temperature, bamboo age, and
bamboo parts (internodes and nodes) affect the physico-
chemical attributes of biochar; and (2) to elucidate the
patterns of variation in H/C, O/C, and degree of gra-
phitization of the biochar. The findings of this study are
expected to enhance our understanding of how bamboo
age and bamboo parts shape the properties of biochar,
facilitating its effective utilization in diverse fields.
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2 Materials and methods

2.1 Materials

Moso bamboo (Phyllostachys pubescens) specimens were
collected from the Taiping Experimental Center of the
International Center for Bamboo and Rattan in Anhui
Province, China. The internodal samples were taken from
the bamboo at the 1.5 m position, while the nodal sam-
ples were obtained from the nearest nodes both above and
below the 1.5 m mark. Internodes and nodes were care-
fully harvested and cut into pieces of approximately 10 mm
(width) x 10 mm (thickness) x20 mm (length). Then, these
pieces were subjected to drying at 103+2 °C for 12 h until
they reached a constant weight. A two-step process involv-
ing dilute acid and enzyme lignin (DEL) treatments was
employed to prepare the original lignin of both bamboo
fiber cells and parenchyma cells. Subsequently, holocellu-
lose material was extracted from these bamboo cell types,
followed by the separation of hemicelluloses and cellulose
components from the holocellulose material.

2.2 Pyrolysis process

The specimen pieces underwent further processing with
pyrolysis in a resistance furnace at target temperatures
of 150, 250, 350, 500, 600, 700, 800, 900, and 1000 °C in a
controlled N, atmosphere for 2 h. Afterwards, the furnace
was allowed to naturally cool to room temperature. The N,
flow remained open throughout the entire pyrolysis and
cooling process to prevent oxidation of the samples at high
temperatures. The slow pyrolysis heating rate was set to
5 °C min™), starting at an initial temperature of 30 °C. The
resulting solid products, i.e., biochar, were stored in a desic-
cator and sealed in plastic bags. To facilitate distinction, the
biochar samples were labeled with an abbreviation followed
by the pyrolysis temperature. For example, “1Y-BC150-1”
represents the biochar obtained from the internode section
of 1-year-old bamboo pyrolyzed at 150 °C, while “BC150-
N” refers to the biochar sample derived from the bamboo
nodes at a pyrolysis temperature of 150 °C.

2.3 Biochar characterization

The specific surface area of the biochar was determined
by performing N, adsorption/desorption isotherms at
77 K using a surface area analyzer (Brunauer—Emmett—
Teller (BET), BELSORP-mini, Japan). The NLDFT was
used to calculate the pore size distribution. The proxi-
mate analysis, which included ash, volatile matter (VM),
and fixed carbon (FC) of the bamboo and biochars,
adhered to the national standard GB/T 28731-2012.
Elemental analysis (EA) (SDCHN435, Sundy, China) was
performed to estimate the CHON content in the biochar
samples. In addition, the atomic ratios of H/C, O/C and
(N+0)/C were calculated to characterize the properties
of the biochar. The aromaticity index (Al) of the biochar
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was also calculated using the following equation (Xu
et al. 2021; Zherebker et al. 2022):

A = LT [C1—[O] — 05[H] (1)
[C] = [O] = [N]

The composition and chemical state of elements on
the surfaces of the samples were analyzed using X-ray
photoelectron spectroscopy (XPS) with Al Ka radiation
(Thermo Fisher escalab, 250xi, USA). High-resolution
XPS spectra in the C 1s region were deconvoluted to
quantify different carbon forms, with the binding energy
of the spectra calibrated at 284.8 eV. Besides, the mor-
phologies of fabricated biochar were studied using a
scanning electron microscopy (SEM)/energy dispersive
spectrometer (EDS) (GeminiSEM360, Zeiss, Germany).
X-Ray diffractometer (XRD-6100, Shimadzu, Japan) was
employed to examine the crystalline structure of bio-
char. Additionally, the graphitization of the biochars was
probed by a transmission electron microscope (TEM,
Thermo Fisher Talos F200X, USA).

2.4 Evolved gas analysis
Evolved gas analysis involves measuring the gases
released during the heating of a sample by a thermal ana-
lyzer (Zeng et al. 2015). These gases can originate from
various processes, such as evaporation, boiling, separa-
tion, or the combustion/pyrolysis of material. It is often
performed using hyphenated techniques, where two or
more instruments are combined to significantly improve
analytical capabilities. This method not only deepens
the level of analysis but also optimizes time efficiency
by extracting more information in a single run. For this
study, a coupled TG and FTIR apparatus was used for the
pyrolysis experiments, with the parameters aligned with
those of the tube furnace. The focus was on analyzing the
gas composition during the pyrolysis of biomass samples,
specifically cellulose, hemicelluloses, and lignin. Thermo-
gravimetric analysis (TGA4000, PerkinElmer, USA) was
conducted in an inert (N,) atmosphere with a heating
rate of 5 °C min™", using approximately 10 mg of dried
bamboo powder, cellulose, hemicelluloses, and lignin
placed in the sample holder. The pyrolysis temperature
spanned from room temperature to 800 °C, and TG-DTG
curves were recorded within this range. Online FTIR
analysis was performed on the gases evolved during the
pyrolysis process. The transfer line (TL800, PerkinElmer,
USA) between the TGA and FTIR was maintained at a
temperature of 280 °C to prevent the condensation of
volatile substances.

The evolved gases were analyzed online by Fourier
transform infrared spectroscopy (Spotlight400, Perki-
nElmer, USA), which was conducted in the range of
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4000—400 cm™! with an interval of 1 cm™!. Pure nitrogen
was used as the carrier gas at a flow rate of 20 mL min™.
The FTIR absorption was recorded throughout the exper-
imental process, and finally, 3D FTIR absorption spectra
were established correlating pyrolysis temperature and
wavenumber. Specific compound absorption peaks such
as H,0O, CH,, CO,, CO, and compounds containing C=0
bonds were also extracted from the 3D FTIR spectra to
illustrate their variation throughout the pyrolysis process.

2.5 Stability of biochar for thermal-oxidation resistance
and chemical-oxidation resistance

The thermal-oxidation resistance of the biochar was
evaluated following established procedures as previously
reported (Leng et al. 2019; Yang et al. 2016). Weight loss
attributed to the thermal oxidation was monitored in
an air environment using thermogravimetry/derivative
thermogravimetry (TG/DTG). The thermal analysis was
initiated at 30 °C, with a ramping rate of 10 °C min™"' to
800 °C. An indicator (Rs,) was employed to gauge the
oxidation recalcitrance of biochar during TG analysis
(Eq. 2) (Harvey et al. 2012) with graphite as the reference.
It’s noteworthy that the fixed value for T, of graphite
is 886 °C (Harvey et al. 2012).

R _ TSO,biochar
50,biocahr = -

TSO,graphite @

The chemical-oxidation resistance of the biochar was
evaluated employing the K,Cr,O, oxidation method at
55 °C for 60 h in triplicates (Leng et al. 2019; Nan et al.
2020). Approximately 0.1 g of biochar was added into a
glass test tube containing 40 mL of 0.1 M K,Cr,0,/2 M
H,SO, solution. To determine the extent of carbon loss,
the transition of Cr (VI) concentration was monitored
using Eq. (3). Furthermore, the proportion of carbon loss
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was calculated based on the carbon content in the bio-
char detected by EA.

2K5Cry07 4 3C 4 8HpSO4 =2K3504 + 2Cry(SO4)3
+ 3CO3 1 +8H,0
3)

2.6 Pearson correlation coefficient analysis

IBM SPSS Statistics 26 software was utilized to conduct
Pearson correlation coefficient analyses, examining the
relationships between various pyrolysis temperatures,
bamboo ages, and bamboo parts (internodes and nodes)
concerning the fundamental properties of bamboo bio-
char. The study focused on assessing resistance to ther-
mal oxidation and chemical stability through R, values
and C loss. Additionally, other parameters, such as the
proximate analysis of biochars, H/C, O/C, (N+0)/C, Al
C-C/C=C/C-H ratios, and ratios of different carbon
types based on TG analysis, were included in the analysis.

3 Result and discussion

3.1 Yield and proximate analyses of biochars

The effects of pyrolysis temperature on the biochar yield
and TG analysis are presented in Fig. 1. The pyrolysis
temperature exerted a substantial influence on the bio-
char yield. As the temperature increased from 150 °C to
500 °C, there was a pronounced decrease in yield across
all samples, dropping from 99.19-100% to 31.28-32.64%
(Fig. 1a). However, there was no significant variation
within the temperature range of 500—-1000 °C, and the
yield remained 32.64—-25.74%. Zhang et al. (2017) studied
the pyrolysis of bamboo at a heating rate of 10 °C min™
from 200 °C to 800 °C, and the yield of biochar obtained
was similar to that of this study. Sahoo et al. (2021) also
obtained similar results in their research. This indicated
that the influence of pyrolysis temperature on yield is the
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Fig. 1 Vield of internodes and nodes of bamboo varies across different ages and temperatures (a). TG analysis of bamboo powder (BP), cellulose,
hemicelluloses and lignin (b). DTG curves of bamboo powder (BP), cellulose, hemicelluoses and lignin (c). 1Y-I and 1Y-N represent internodes

and nodes of 1-year-old, respectively, in (a)
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most significant factor. Notably, the yield showed no dis-
cernible difference with respect to bamboo age or bam-
boo parts (Fig. 1a). The TG/DTG curves depicting the
cellulose, hemicelluloses, lignin of bamboo, and bamboo
powder (BP) are displayed in Fig. 1b and c. The pyrolysis
processes of all three components and BP exhibited three
stages (Fig. 1c). As the samples were pre-dried, the weight
loss rate during the first stage (Stage I, 30-150 °C) was
very low (2.58-7.49%). During the second stage (Stage II,
150-400 °C), characterized by rapid decomposition, the
samples underwent thermal cracking reactions, resulting
in significant weight loss (42.74-79.89%). The third stage
(Stage IIT 400—800 °C) marked a slow thermal cracking of
the samples, ultimately yielding the biochar with yields of
4.64%, 11.36%, and 27.48% for cellulose, hemicelluloses,
and lignin, respectively.

Nevertheless, the thermal stability and thermogravi-
metric behavior of the three biomass components are
greatly different. Specifically, hemicelluloses demon-
strate the lowest initial thermal decomposition tempera-
ture (192.6-324.9 °C) with a sharp peak at 293.3 °C. In
contrast, cellulose takes place pyrolysis at relatively high
temperatures, with rapid thermal cracking reactions
occurring at 236.8-392.2 °C, accompanied by a sharp
peak at 361.9 °C, resulting in a weight loss of 79.9%.
In contrast to hemicelluloses and cellulose, the rapid
decomposition stage of lignin unfolds over a wide tem-
perature range (163.7-502.8 °C), exhibiting a relatively
lower weight loss rate of 42.9%. Lignin, with its intri-
cate and highly branched polymer structure, possesses
a complex three-dimensional arrangement that consists
of building blocks with benzene rings and the most sta-
ble chemical structure among these three biomass com-
ponents (Chen et al. 2022). Therefore, the biochar yield
experiences a rapid decline before reaching 500 °C and
tends to stabilize thereafter.

Figure 2a—c summarize the volatile matter (VM), fixed
carbon (FC), and ash content of both bamboo and bam-
boo biochar, as determined through proximate analysis.
Figure 2d-g present the TG-FTIR analysis of BP, cel-
lulose, hemicelluloses, and lignin. The figures revealed
that bamboo aged 1-4 years old predominantly con-
sisted of VM, FC, and a small amount of ash. Specifically,
VM content in both internodes and nodes ranged from
76.27% to 82.79% and 77.61% to 81.78%, respectively.
The FC content varied between 15.6% and 20.57% in the
internodes and 16.75% and 19.73% in the nodes. Addi-
tionally, the ash content fell within the range of 0.69% to
1.68% in the internodes and 0.62% to 1.56% in the nodes.
Compared to pristine bamboo, the VM content in the
biochar exhibited a significant decrease with increasing
temperature from 150 °C to 500 °C, while the FC content
demonstrated an opposite trend. Specifically, the VM
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content dropped from 76.2-82.79% to 13.83-15.14% in
the internodes and from 77.61-81.78% to 12.80-14.81%
in the nodes. When the temperature was controlled at
500-1000 °C, the VM content experienced a more grad-
ual decline, with the internodes registering a decrease
from 13.83-15.14% to 2.42-3.81%, and the nodes expe-
riencing a reduction from 12.80-14.81% to 1.77-4.47%.
Simultaneously, at the same temperature conditions,
the FC content in the internodes increased from 15.6—
20.57% to 78.69—-82.14% and rose from 16.75-19.73% to
80.17-82.79% in the nodes. Furthermore, at the range of
500-1000 °C, the FC content in the internodes enhanced
from 78.69-82.14% to 88.45-93.08%, and that in the
nodes rose from 80.17-82.79% to 88.72—-93.30% (Fig. 2a—
c). The TG-FTIR analysis (Fig. 2d—g) unveiled that the
predominant volatile gases identified included H,O, CO,,
CH,, CO, C,H,, among others, with the majority of these
gases being released before reaching 500 °C. The primary
mass loss during bamboo pyrolysis occurs in the devola-
tilization stage, between 200 and 550 °C, corresponding
to the main decomposition intervals of cellulose, hemi-
celluloses, and lignin (Wu et al. 2018; Zhang et al. 2022b).
And, this observation aligns with the significant decrease
in VM content observed before 500 °C. Subsequently, as
the temperature continued to rise (>500 °C), only CO,
was released.

As the temperature rose, the ash content presented
an increasing trend. At the range of 150-1000 °C, the
ash content of bamboo aged 1-4 years in internodes
increased from 0.69-1.68% to 3.54—5.92%, and that in
nodes rose from 0.62-1.56% to 3.64—5.51%. This obser-
vation suggests that elevated temperature can promote
the formation and accumulation of mineral elements in
the biomass, changing the ash content (Avila et al. 2018;
Nanda et al. 2015; Selvarajoo et al. 2022). However, it’s
noteworthy that under the same temperature and bam-
boo age, no obvious differences were observed in the FC
content, VM content, and ash content in biochar after

pyrolysis.

3.2 Ultimate analysis

The elemental analysis of both bamboo and biochars
was conducted to determine atomic ratios, enabling the
calculation of polarity and aromaticity. As depicted in
Fig. 3a, ¢, e, and g, the O/C ratio for internodes of bam-
boo aged 1 year was 0.72, while the H/C ratio was 1.49.
For nodes, the O/C and H/C ratios were 0.72 and 1.63,
respectively. With increasing bamboo age, there was
a corresponding rise in both the O/C and H/C ratios.
For bamboo internodes aged 2, 3, and 4 years, the O/C
and H/C ratios were higher by 0.03-0.04 and 0.04-0.25,
respectively, compared to those aged 1 year. As for nodes,
the O/C and H/C ratios for bamboo aged 2, 3, and 4 years
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Fig. 2 Proximate analysis (volatile matter (VM), fixed carbon (FC), ash and moisture content) of internodes and nodes of 1-year-old (a); internodes
of 1,2, 3, and 4-year-old (b); nodes of 1, 2, 3, and 4-year-old (c). TG-FTIR analysis of bamboo powder (BP) (d), cellulose (e), hemicelluloses (f)
and lignin (g)

were higher by 0.01-0.04 and 0.01-0.06 compared to
1-year-old bamboo, respectively.

The H/C and O/C ratios exhibited a rapid decrease
when the temperature was lower than 500 °C, followed
by a more gradual decline at 500-1000 °C. At 500 °C,
the O/C and H/C ratios of biochars experienced a sharp
decline, reaching 0.10-0.14 and 0.40-0.51, respectively.
As the temperature was further increased to 1000 °C,
decrease in O/C and H/C ratios slowed down, with the
ranges of 0.06—0.08 and 0.02—0.05, respectively. This phe-
nomenon was primarily attributed to dehydration, decar-
boxylation, and decarbonylation reactions in the biomass

(Chen et al. 2022; Rodier et al. 2019). The H/C ratios

below 0.3 indicated the presence of a condensed aro-
matic ring, signifying an enhancement in aromaticity (de
Almeida et al. 2022). Biochars with O/C ratios ranging
from 0.2 to 0.6 experienced a medium carbon sequestra-
tion potential, while those with O/C ratios exceeding 0.6
were associated with a low carbon sequestration poten-
tial (Ullah et al. 2019). Notably, for all samples, the H/C
and O/C ratios of the biochar were lower than those of
the raw bamboo, with no significant differences between
internodes and nodes.
Al was calculated using Eq. (1) to assess the evolu-
tion of aromaticity during the pyrolysis. As illustrated
in Fig. 3b, d, f, and h, higher pyrolysis temperatures
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Fig. 3 The Van Krevelen diagram, Al and (N+0)/C of bamboo biochar produced at different pyrolysis temperatures and different ages: 1-year-old
(a, b); 2-year-old (c, d); 3-year-old (e, f); 4-year-old (g, h)



Wang et al. Biochar (2024) 6:33

(>500 °C) resulted in elevated Al values (ranging of 1.00—
1.02), indicating that the aromaticity was enhanced dur-
ing pyrolysis. The (O +N)/C ratio defines the presence of
polar functional groups (Zhang et al. 2020c). As the tem-
perature rose to 500 °C, the polarity of biochar for bam-
boo aged 1-4 years sharply decreased from 0.83—0.87 to
0.12-0.17. Further increasing the temperature to 1000 °C
slowed down the decrease in polarity, with the range
reducing from 0.12-0.17 to 0.08-0.11. These results sug-
gest a decrease in the content of polar functional groups
but an enhancement in the hydrophobicity of the bam-
boo biochar.

On the other hand, the XPS analysis results
revealed a gradual increase in the relative content of
C-C/C=C/C-H functional groups in biochar as the
temperature increased, reaching a plateau at higher
temperatures (Additional file 1: Fig. S1). The content of
O-containing groups in biochar fluctuated remarkably at
a temperature of around 500 or 600 °C, which is consist-
ent with the observations in the Van Krevelen diagram
(Fig. 3a, ¢, e, and g). Dehydration and decarboxylation
processes predominated when the temperature was
below 500 °C, with dehydrogenation and demethylation
processes becoming dominant at higher temperatures
(>500 °C). Additionally, ketones and aldehydes in car-
bonyl groups tend to decompose at 400-600 °C, con-
tributing significantly to the variation in their contents.
Consequently, the H and O contents in biochar decrease
most rapidly with temperatures below 500 °C, with mini-
mal changes observed after reaching 500 °C (Zhang et al.
2020a, b).

3.3 Chemical-oxidation resistance and thermal-oxidation
resistance

The assessment of carbon stability and chemical oxi-
dation resistance of bamboo and biochar involved
calculating the proportion of carbon (C) loss dur-
ing chemical oxidation with K,Cr,O, and H,SO,. As
depicted in Fig. 4a, at lower temperatures (<350 °C), all
the samples underwent decomposition due to oxida-
tion. This behavior can be attributed to the inherent
chemical structure of the biomass itself. At temperatures
below 350 °C, the cellulose, hemicelluloses, and lignin
in biomass could not be fully decomposed to form sta-
ble carbon structures, rendering them highly susceptible
to oxidation by strong oxidizing agents. Biochars gener-
ated at temperatures above 350 °C displayed relatively
low levels of C loss during the oxidation, with internodes
and nodes experiencing C loss of 8.5-15.4% and 7.7—
10.9%, respectively (Fig. 4a). Within temperature range
of 350-800 °C, the internodes exhibited a higher level of
C loss compared to the nodes. However, such difference
became less pronounced after reaching 800 °C. At lower
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temperatures, the cellulose and hemicelluloses decom-
posed predominantly, resulting in the formation of a
higher proportion of amorphous carbon, which remained
in the biochar. As the temperature increased, the lignin
decomposed more obviously, contributing to the forma-
tion of high-stability aromatic carbon structures, thus
counteracting the oxidation caused by an increased
specific surface area and slowing down the C loss. Con-
sequently, biochars produced at higher pyrolysis temper-
atures exhibited enhanced chemical oxidation stability,
aligning with the results of elemental analysis, where bio-
char obtained at high temperatures (>500 °C) exhibited
a higher AL High temperatures contribute to the forma-
tion of stable aromatic C with high condensation, thereby
enhancing the antioxidative properties of biochar. These
results align with previous research indicating that a
higher pyrolysis temperature often imparts greater stabil-
ity for chemical oxidation resistance (Han et al. 2018; Liu
et al. 2020b; Nan et al. 2021).

Figure 4b illustrates the C loss of biochars from
1-4-year-old bamboo at 500-800 °C after chemical oxi-
dation. At 500 °C, the C loss of biochar from bamboo
aged 1 year was 15.42% for internodes and 8.97% for
nodes after oxidation. Biochar derived from 2 to 4 years
old bamboo exhibited lower C loss after oxidation, with
the values of 13.13%, 12.94%, and 13.41% for internodes,
and 6.87%, 7.21%, and 7.55% for nodes, respectively.
These results indicate that the biochar from 2 to 4-year-
old bamboo experienced reduced C loss compared to
biochar from 1-year-old bamboo, with nodes exhibit-
ing notably lower C loss than internodes. At 600 °C and
700 °C, the obtained biochar did not demonstrate sig-
nificant regularity, likely due to the combined effects of
temperature elevation. And higher temperatures enhance
the aromaticity of biochar, making its structure more
stable. Meanwhile, the increase in temperature results
in a higher specific surface area, which, in turn, elevates
the levels of C loss of biochar. At 800 °C, biochar from
1-year-old bamboo exhibited a C loss of 12.56% for
internodes and that of 8.87% for nodes. In contrast, the
C loss range in bamboo internodes of 2, 3, and 4-years
was 11.90-12.90%, while in bamboo nodes, it fell within
the range from 7.92% to 9.33%. Notably, there was no
substantial difference in C loss when comparing inter-
nodes and nodes of bamboo aged 1-4 years. Moreover,
Han et al. (2018) highlighted in their study that, in addi-
tion to aromaticity, ash content plays a role in enhancing
the antioxidative properties of biochar. The differences in
ash content observed among biochars derived at various
pyrolysis temperatures and bamboo ages contribute to
the variations in the antioxidative characteristics of bio-
char. In summary, this study demonstrated that temper-
ature had a greater influence on chemical stability than
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Fig. 4 Chemical-oxidation resistance of 1-year-old bamboo biochar (a). Chemical-oxidation resistance of biochar prepared from 1, 2, 3,
and 4-year-old bamboo at the range of 500-800 °C (b). Thermal-oxidation resistance of 1-year-old bamboo biochar (c). Thermal-oxidation resistance
of biochar prepared from 1, 2, 3, and 4-year-old bamboo at the range of 500-800 °C (d)

bamboo age, with minimal variations in C loss observed
among internodes of bamboo aged 1-4 years and no sig-
nificant differences among nodes. However, when com-
paring internodes and nodes of bamboo aged 1-4 years,
nodes exhibited approximately 3% lower C loss than
internodes, which could be attributed to the more intri-
cate structural characteristics of nodes.

TGA was employed to assess the thermal oxidation
stability (Harvey et al. 2012). The Ry, values of bamboo
and biochar were calculated using Eq. (2) with reference
to graphite, and the results are presented in Fig. 4c and
d. The bamboo treated below 350 °C exhibited lower
R;, values, which were 37.56-44.17% for internodes
and 38.77-41.09% for nodes. At lower temperatures,

the structures of cellulose, hemicelluloses, and lignin
remained relatively intact, making them more suscep-
tible to oxidation when exposed to air. However, as the
temperature increased to 500 °C, the Ry, values for inter-
nodes and nodes elevated to 55.34% and 54.50%, respec-
tively. This increase in temperature favors the formation
of stable carbon structures, thereby enhancing the car-
bon stability. However, with further temperature increase
to above 500 °C, the biochar presented a relatively small
increase in Ry, values. When the temperature exceeded
800 °C, the Ry, values of internodes ranged from 57.39%
to 61.03%, while those of nodes were from 55.53% to
61.66%. The Ry, values of biochar were similar to those
reported in a recent study (Liu et al. 2020a).
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Figure 4d illustrates the thermal oxidation stability of
bamboo internodes and nodes of varying ages at 500—
800 °C. At 500 °C, the R, values of biochar obtained
from 1-year-old internodes and nodes were 55.53% and
54.50%, respectively. In contrast, the R, values of inter-
nodes from bamboo aged 2, 3, and 4 years increased by
2.04, 1.51, and 5.37, respectively, while those of nodes
increased by 5.06, 1.96, and 6.27, respectively. Therefore,
it can be inferred that the Ry, value of biochar demon-
strates a changing trend accordingly with the increase
in bamboo age. As the temperature increased to 800 °C,
the Ry, values of biochar also experienced corresponding
increases. Specifically, the Ry, values for internodes and
nodes from 1-year-old bamboo were 57.39% and 55.53%,
respectively. And those for internodes from 2 and 4-year-
old bamboo increased by 6.12% and 12.65%, respectively.
Similarly, the R; values for nodes from 2 and 4-year-old
bamboo were elevated by 10.89% and 10.85%, respec-
tively. It suggests that the R, values possess a corre-
sponding rise with an increase in bamboo age overall.
However, there existed no remarkable difference in Rg,
values for internodes and nodes from 3-year-old bam-
boo compared to 1-year-old bamboo. Indeed, at the same
temperature, the increase in bamboo age also affects the
Rs, values of biochar. This indicates that the thermal sta-
bility of biochar is influenced not only by the pyrolysis
temperature but also by the bamboo age. However, this
augment of thermal stability is not always linear.

Based on different stabilities determined by the TG
analysis, carbon speciation can be divided into the fol-
lowing species (Fig. 5 and Additional file 1: Fig. S2): vol-
atile organic-C (degradation range of 30—200 °C), labile
organic-C (including cellulose, aliphatic-C, and carbohy-
drates, with a degradation range of 200—380 °C), recalci-
trant organic-C (comprising lignin and aromatic C, with
a degradation range of 380-475 °C), refractory organic-
C (consisting of poly-condensed forms of lipids and
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aromatic-C, with a degradation range of 475-600 °C),
and inorganic-C (comprising elemental-C and carbon-
ate, with a degradation range of 600—1000 °C) (Leng et al.
2019; Leng and Huang 2018).

Figure 5a illustrates that the primary composition of
the bamboo was labile organic-C. As the pyrolysis tem-
perature increased, there was a gradual reduction in the
content of labile organic-C, accompanied by significant
increment in contents of recalcitrant organic-C, refrac-
tory organic-C, and inorganic-C. This phenomenon can
be attributed to the conversion of certain alkali and alka-
line earth metals present in the bamboo material during
the pyrolysis. At temperatures of 600 °C and 700 °C, the
contents of recalcitrant organic-C, refractory organic-C,
and inorganic-C in nodes were notably higher in com-
parison to those in internodes. This observation can
explain the higher R, values (Fig. 4c) in nodes compared
to internodes at these two temperatures. Figure 5b and
¢ explicates that, at the same pyrolysis temperature, the
contents of recalcitrant organic-C, refractory organic-C,
and inorganic-C became more with increasing bamboo
age. This trend was consistent between internodes and
nodes, supporting the observed increase in R, values
(Fig. 4d) with increasing bamboo age at the same pyroly-
sis temperature.

3.4 Morphological analysis

Figure 6a—j present the SEM images of a series of bam-
boo biochars obtained at various pyrolysis temperatures.
Unlike the raw bamboo with intact cellular structures
and a distinct fibrous texture (Fig. 6a), a series of changes
occurred as the temperature increased from 150 °C to
350 °C. The cell walls gradually shrank and intercellular
spaces enlarged, primarily due to the dehydration reac-
tion with the increase in temperature. At 500 °C, the cel-
lulose and hemicelluloses were decomposed completely,
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leading to thinner cell walls, smoother cell lumens, and
a reduction in intercellular spacing (Fig. 6e). At 800 °C,
the resulting biochar exhibited numerous crystals on the
cell lumens and fiber surfaces, which were confirmed as
potassium salts through energy dispersive spectroscopy
(EDS) analysis (Additional file 1: Fig. S3).

In addition, the pyrolysis temperature influenced the
pore structure of biochars. Figure 6l presents the N,
adsorption/desorption isotherm of biochar produced at
500-800 °C. As pyrolysis was started, porous structures

emerged on the biochar surface due to the release of VM,
resulting in visible pores and cracks. The biochar gener-
ated at 500 °C and 600 °C possessed relatively low sur-
face areas of 0.62 m* g™! and 0.58 m* g~! (N, adsorption
at 77 K), respectively, as outlined in Additional file 1:
Table S2. Notably, it increased sharply to 217.21 m* g™
at 700 °C. This remarkable rise in specific surface area is
primarily due to the release of volatile gases during the
pyrolysis. As exhibited in Fig. 2d—g, the contents of CO,
continuously increased for cellulose, hemicelluloses, and
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lignin during the pyrolysis. Moreover, CO, exhibited an
activation effect at higher temperatures, further enlarg-
ing the specific surface area of the biochar. However, the
specific surface area of biochar produced at 800 °C expe-
rienced a notable decline, with a final value of 61.89 m?
g !. This reduction can be attributed to the potential
blockage of pores caused by ash crystals or the collapse of
the carbon matrix due to excessively high temperatures.
Yang et al. (2021) also indicated in their research that
excessively high pyrolysis temperatures could potentially
melt and damage the surface and pore structure of bio-
char, resulting in a reduction in specific surface area.

3.5 Crystals and graphitic structures of biochar

The degree of graphitization can be determined by
observing the stacking of graphitic basal planes in the
low-angle region [(002) peak] and the radial spread of
crystalline structures in the high-angle region [(100)
peak]. As given in Fig. 7a, b, the crystalline structure of
biochar was greatly different from that of the raw mate-
rials. Specifically, the internodes and nodes of untreated
bamboo showed at 16° and 22°. However, these two dif-
fraction peaks displayed obviously decreased intensity
with increasing pyrolysis temperature and were gradu-
ally transformed into one broad diffraction peak ranging
from 15° to 30°. This indicates that the crystalline phase of
cellulose is destroyed by high-temperature pyrolysis and
gradually degrades. Pyrolysis temperatures above 300 °C
led to the efficient destruction of the biomass structure.
There were several broad (002) (JCPDS 89-8487) peaks
centered around 26° with similar amplitude for the bio-
chars generated above 500 °C, indicating that their
structures were highly disordered. The characteristic dif-
fraction peak at around 43° corresponded to the (100)
(JCPDS 89-8487) and the (020) (JCPDS 74-2330) dif-
fraction peak of the graphite structure. However, biochar
obtained from 1-year-old bamboo did not present any
distinct characteristic peak in this region. These findings
aligned with the observations based on the TEM analy-
sis. The highly corrugated graphite-like planes are clearly
visible in Fig. 7e, which were typical characteristics of
turbostratic chars dominated by disordered graphitic
crystallites (Morstein et al. 2022; Toth 2021; Wei et al.
2022).

However, biochar derived from 2, 3, and 4-year-old
bamboo exhibited a distinct peak around 43°. As expli-
cated in Fig. 7c, the graphite peak showed a gradually
increased intensity and became sharper with increas-
ing temperature, indicative of the presence of graphitic
structures. HR-TEM analysis, as depicted in Fig. 7f-h,
revealed a favorable crystallinity of biochars derived
from 2, 3, and 4-year-old bamboo at 800 °C. The inter-
layer spacing of biochar from 2 and 4-year-old bamboo
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measured 0.219 nm and 0.253 nm at 800 °C, respec-
tively, aligning with the interlayer spacing of the (100)
(Li et al. 2018b; Zhang et al. 2022¢,) and (020) (Chen
et al. 2018, 2021) plane in graphite carbon, respectively.
Furthermore, biochar from 3-year-old bamboo at 800
°C displayed a lattice spacing of 0.341 nm. The XRD
spectrum suggested a broad peak around 23° (Fig. 7c),
indicative of the presence of the (002) (Liu et al. 2022;
Zhang et al. 2023; Zhao et al. 2022) plane of graphite
carbon and suggesting a layered structure. Therefore,
800 °C is a critical temperature point in preparing bio-
char with a graphitic structure.

The graphitization and crystal structure of the car-
bon materials were further studied through Raman
spectroscopy analysis. The I/l ratio can reflect the
degree of disorder degree and defect density of the
sample, with lower values indicating a higher degree
of graphitization (Ma et al. 2017; Tong et al. 2020). As
elucidated in Fig. 7d, the Raman intensity of biochar
obtained at varying temperatures exhibited distinc-
tive patterns. Specifically, for biochar originating from
1-year-old bamboo, the I/I; ratios were measured at
2.80 for internodes and 2.99 for nodes when pyrolyzed
at 500 °C. As the temperature was elevated to 800 °C,
the Ip/I; ratios for internodes and nodes increased to
3.41 and 3.40, respectively. This shift suggests a higher
proportion of sp? structures and an increase in biochar
defects. At 1000 °C, the I/I; ratios of biochar obtained
from 1-year-old bamboo decreased to 2.85 for inter-
nodes and 2.60 for nodes, indicating the promotive
role of higher temperatures in enhancing the ordered
structure of biochar. Remarkably, there was no signifi-
cant difference in the I/l ratios between internodes
and nodes, and both exhibited similar trends in I/l
changes with increasing temperature.

Figure 7d illustrates the Ij,/I; ratios of biochar from
2 to 4-year-old bamboo internodes and nodes at 500—
800 °C. At 500 °C, the I/l ratio for biochar originat-
ing from internodes aged 2—4 years ranged from 2.73 to
3.06, while that for biochar from nodes was within the
range of 2.58 to 2.79. Generally, biochar obtained from
nodes exhibited lower I,/I ratios than that from inter-
nodes, implying a greater degree of structural order
during the biochar preparation from nodes compared
to internodes. As the temperature was increased to
800 °C, the I/I ratios of biochar prepared from inter-
nodes of bamboo of aged 2, 3, and 4 years increased to
2.82-3.21, while that of biochar from nodes increased
to 2.86-3.74. These results indicate that with the
increase in temperature, the I,/I; ratios of biochar
prepared from bamboo of varying ages also increase
accordingly, which may be attributed to pore shrink-
age, leading to a less ordered structure. Furthermore,
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the increase in bamboo age was also associated with
elevated I/I ratios in the resulting biochar, indicating
that bamboo age also influences the degree of struc-
tural ordering in the biochar.

3.6 Decisive factors for biochar physicochemical
properties

To comprehensively assess the impacts of pyrolysis tem-
perature, bamboo age, and different bamboo parts on the
physicochemical properties of biochar, the PCC was uti-
lized to evaluate their correlations (Fig. 8 and Additional
file 1: Table S3). Various basic properties of biochar were
considered, including proximate analysis of biochars,
H/C, O/C, (N+0)/C, Al, C-C/C=C/C—-H, and different
carbon types of ratios based on the TG analysis. The Rq,
values and C loss were selected to assess the resistance to
thermal oxidation and chemical stability, respectively.
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The results revealed that pyrolysis temperature exhib-
ited significant positive correlations (p <0.01) with ash
content (0.76), FC (0.97), AI (0.81), Ry, value (0.77),
C-C/C=C/C-H functional groups (0.87), refrac-
tory organic-C (0.62), and inorganic-C (0.62). Fur-
thermore, significant negative correlations (p<0.01)
were observed with VM (—0.91), O/C ratio (0.88), H/C
ratio (—0.95), (N+O)/C ratio (-0.87), C loss (—=0.79),
and labile organic-C (—0.78). Additionally, a remark-
able negative association was found with recalcitrant
organic-C (—0.31, p<0.05). This confirmed that with
an increase in pyrolysis temperature, the volatilization
of organic components in biochar leads to an increase
in carbon content and ash content. Additionally, there
was an increase in the content of aromatic carbon
from recalcitrant organic-C or inorganic-C with high
thermal stability. This enhances the thermal oxida-
tion resistance stability of the biochar, consequently

(N+0)/C

C Loss

C-C/C=C/C-H
Volatile organic-C
Labile organic-C
Recalcitrant organic-C
Refractory organic-C
Inorganic-C
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reducing the C loss rate. The bamboo age was nega-
tively correlated (p<0.01) with C loss (—0.40), volatile
organic-C (—0.63), labile organic-C (—0.45), and recal-
citrant organic-C (—0.40). Conversely, it exhibited sig-
nificant positive correlations (p <0.01) with Ry, (0.54),
refractory organic-C (0.42), and inorganic-C (0.52).
The aforementioned correlations can be attributed to
variations in ash content, cellulose, hemicelluloses,
and lignin content among bamboo samples of different
ages (Hossain et al. 2022; Sadiku et al. 2016; Wang et al.
2016). However, no obvious association was observed
between the parts (internodes and nodes) of bamboo
and the physicochemical properties of biochars.

4 Conclusion

This study evaluated the impacts of pyrolysis temperature
on the physiochemical properties of bamboo biochar. The
findings highlighted the critical turning points at 500 °C
and 800 °C. At 150-500 °C, elevating the temperature
resulted in decreased contents of H and O, while increas-
ing the C content in the biochar. At 500-1000 °C, the
decrease rates in contents of H and O slowed down, and
notably, a graphite-like structure was observed at 800 °C.
Furthermore, bamboo age significantly influenced the
chemical and thermal stability of the biochar. Specifically,
as bamboo age increased, the biochar exhibited enhanced
chemical and thermal stability, accompanied by changes
in the proportion of different carbon types.

On the other hand, different parts of the bamboo
(internodes and nodes) did not exert a noticeable influ-
ence on the physicochemical properties of the biochar.
The findings highlighted the significant effects of temper-
ature and bamboo age on the physicochemical attributes
of bamboo biochar. This insight provided valuable guid-
ance for the targeted production and utilization of bam-
boo biochar in various fields such as water treatment, soil
carbon sequestration, and energy storage.
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