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Biochar quality is related to raw material, reactor type, and slow pyrolysis conditions. The
slow pyrolysis of biomass with internal heating is widely used for the polygeneration of
biochar and syngas because of its positive project value and market prospects. However,
research on the characteristics of biochar generated via this approach is lacking. Here, we
developed a novel cigar-type slow pyrolysis reactor with internal heating and reed straw
pellet feedstock, and investigated the influence of draft direction, pyrolysis temperature, air
distribution rate, and cooling type on the fixed carbon content, atomic ratios, specific surface
area (SSA), cation exchange capacity (CEC), and polycyclic aromatic hydrocarbon (PAH)
concentrations of biochar. The fixed carbon content of biochar fluctuated from 38.46% to
44.02% under different pyrolysis conditions; this fluctuation range was lower than that under
slow pyrolysis with external heating. The H/C (hydrogen-to-carbon) and O/C (oxygen-to-
carbon) ratios of biochar fluctuated within the ranges of 0.61-0.33 and 0.15-0.03,
respectively, with variations in pyrolysis conditions, and did not exhibit a continuous
decreasing trend as pyrolysis temperature rose. Pyrolysis conditions strongly influenced the
SSA; at a pyrolysis temperature of 650 °C, the SSA of biochar derived under downdraft, low
air distribution rate, and air insulation conditions was 1.46, 2.26, and 3.00 times that derived
under updraft, high air distribution rate, and water cooling conditions, respectively. The
biochar toxic equivalence quantity under all conditions was 0.39-5.68 ng/kg, far below the
international threshold (3 mg/kg). The PAH concentration of biochar was substantially higher
at a high air distribution rate than at a low air distribution rate and substantially higher with
water cooling than with air insulation. These findings can be used to optimize industrial slow
pyrolysis equipment and the large-scale production of biochar for agricultural applications.
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+ We developed an internally heated cigar-type pyrolyzer to explore biochar properties under varied pyrolysis conditions.
+ Biochar was characterized according to conventional, functional, and cleanliness indices and conversion efficiency.

+ The PAH concentration of biochar derived from cigar-type slow pyrolyzer was far below international thresholds.

+ Our results can be used to optimize the large-scale slow pyrolysis of biochar for agricultural applications.

* Correspondence: Hongbin Cong (conghongbinaape@qg.com)
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Slow biomass pyrolysis is a thermochemical reaction performed under
a moderate temperature (400-600 °C) and proper heating rate
(< 10 °C/min) in an oxygen-depleted environment!'., It is a promising
technology for high-value biomass utilization!?. Biochar is a carbon-
rich material with high chemical stability derived from biomass using
slow pyrolysistEl. Crop straw, wood chips, rice husks, and other
agroforestry residues are common feedstock materials produced
abundantly annually in Chinal®. Biochar stabilizes carbon in a form that
is highly resistant to biodegradation and mineralization, a state that
can be maintained for hundreds of years"; thus, biochar helps reduce
CO, emissions by acting as a soil carbon sinkl®. Furthermore, biochar
shows broad application prospects as a fertilizer and soil conditioner in
agriculturel”) owing to its carbon-rich property, porous structure, and
valuable nutrients!®.

Potential pollutants may form during biochar preparation, mainly
polycyclic aromatic hydrocarbons (PAHs) and heavy metalst®l. PAHs,
as a group of persistent organic contaminants, are predominantly
associated with the slow pyrolysis of biomass!'?. PAHs are character-
ized by high toxicity, lipophilicity, and persistence, posing a risk to
soil and water and representing teratogenic and carcinogenic
hazards to the human body!'".. Therefore, cleanliness is also a key
factor in biochar applications.

The conventional, functional, and cleanliness indices depend on
several factors, and these were investigated by relevant
scholars!'213], For example, biochars produced from five typical halo-
phytes were characterized according to their porous structure to
determine their agricultural valuel'4. The impacts of pyrolysis condi-
tions on the total nutrient and harmful element concentrations
in biochar were revealed, and its total value as a fertilizer was
determined!”l. Moreover, five typical solid wastes were pyrolyzed at
different temperatures to assess the PAH content and toxicity of the
resulting biocharl'5l, Other studies have analyzed biochar's prop-
erties and agricultural applications!'®. However, all these studies
employed batch slow pyrolysis with external heating, which differs
markedly from continuous slow biomass pyrolysis with internal
heating.

Although biochar has good potential to improve soil, its applica-
tion feasibility is limited by its high production costs!'”l. Compared
to fixed-bed processing, a moving-bed reactor has many advan-
tages, such as continuous production, product quality control, and
convenient operation!'”]; therefore, it represents a key area of tech-
nology development. Additionally, internal heating offers superior
heat transfer efficiency due to its direct mode of energy delivery.
Slow pyrolysis with internal heating has certain advantages regard-
ing conversion efficiency and associated costs!'819,
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Therefore, we addressed the characteristics of biochar produced
with an internally heated moving-bed pyrolysis reactor by develop-
ing a novel cigar-type pyrolyzer. The main purpose was to systemat-
ically study the impact of draft direction, pyrolysis temperature, air
distribution rate, and cooling type on biochar's conventional, func-
tional, and cleanliness indices and the approximate conversion effi-
ciency. Finally, we determined the agricultural value of biochar
derived from our novel pyrolyzer, which is beneficial for optimizing
industrial slow pyrolysis equipment and the large-scale application
of biochar to agriculture.

The feedstock biomass pellets were produced from reed straw, and
more than five million tonnes of reed straw are annually produced in
China, with Heilongjiang, Liaoning, Inner Mongolia, Xinjiang, and
Qinghai being the main production areas. If reed straw cannot be
harvested and cleaned in time, it can lead to eutrophication and other
pollutant emissions. The characteristics of the materials are listed in
Table 1. The lower heating values and ultimate analysis of the materials
and biochars were measured according to GB T 213 2008 and ASTM
D4239, respectively.

A schematic of the biomass slow pyrolysis experimental system with
an internally heated cigar-type pyrolyzer is shown in Fig. 1, which was
independently developed by our research team. The pyrolyzer was a

Table 1 Characteristics of raw material biomass pellets produced from reed
straw

Index Parameter
Nominal diameter (mm) 8
Bulk density (kg/m?) 580
Natural length (mm) 20-45
LHV (lower heating value) (MJ/kg) 15.65
Proximate analysis based on received basis (wt.%)
Volatile content concentration 62.47
Fixed carbon concentration 11.14
Ash concentration 20.64
Moisture concentration 5.75

Ultimate analysis based on dry and ash-free basis (wt.%)

Concentration of C element 51.34
Concentration of H element 7.01

Concentration of O element 40.89
Concentration of N element 0.77
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Fig. 1 Schematic diagram of the developed internally heated cigar-type pyrolyzer and photograph of the pyrolysis experimental system.

quasi-moving-bed reactor, and the heat required for pyrolysis
originates from the combustion of some of the material. The pyrolysis
temperature and heating rate can be adjusted by changing the air
distribution, and the residence time of the biochar can be adjusted by
changing the interlayer media of the cigar-type pyrolyzer. By switching
the air inlet valves, the combustion and pyrolysis areas move up layer
by layer, like a cigarette and a controllable moving-bed reactor.
Updraft and downdraft conditions can be achieved by exchanging air
inlets and syngas outlets. High-temperature syngas flows into a
purification system comprising multi-stage condensation, a gas
washer, and a moisture trap, and its flow rate and components are
monitored in real time.

The pyrolysis behaviour of biomass pellets was investigated according
to different pyrolysis conditions. Pyrolysis temperatures of 550, 600,
and 650 °C were selected based on pre-experiments and the desire to
balance product quality and production efficiency. Under downdraft
conditions, the heating rate was divided into two levels, controlled at a
high air distribution rate (24 L/min) or a low air distribution rate
(15 L/min). The residence time of the biochars was controlled by
changing the interlayer media, which used either air as a thermal
insulation medium or water as a cooling medium.

The specific surface area (SSA) was measured using a specific
surface analyzer (Micromeritics ASAP 2460, USA) according to the
Brunauer-Emmett-Teller (BET) standard. The pH value was measured
using a conductivity meter (SANXIN SX650, China) according to the
China National Standard (GB/T 7702.16). The concentration of PAHs
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of the biochars using a GC/MS (Agilent 6890-5975, USA) according
to the China Industry Standard (HJ 805-2016).

The toxic equivalence quantity (TEQ) of PAHs[20.211 was expressed
as follows!";

n
TEQg.,p = Zi:l PAH; XTEF pan; M

where, TEQg,p is the toxic equivalence quantity using BaP as the
baseline, PAH; is the concentration of a specific PAH in the pellet char,
and TEFpay; is the corresponding toxicity equivalency factor.

The energy conversion efficiency (i), representing the energy
recovery rate, was expressed as follows!'2l;

Qbiocharc + stngas + Qbio—oil
n= @
Qfeedstock
where, Quiochar Qsyngas' Qbio-oir AN Qfeedstock are the total latent heats of
the biochar, syngas, bio-oil, and feedstock, respectively. This study

ignored bio-oil's influence due to its relatively low yield rate.

The proximate analysis results of biochars on the as-received basis are
shown in Fig. 2. The concentration of ash increased continuously as
pyrolysis temperature rose from 550 via 600 to 650 °C under the three
control conditions owing to the increasing degree of devolatilization!'?
and increasing gasification of the fixed carbon??. The highest ash
concentration of the biochars reached 48.1%, which was also impacted
by the feedstock (Table 1). For biochar application as a fertilizer, the ash
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Fig. 2 Influence of (a) draft direction, (b) air distribution rate, and (c) cooling type on the fixed carbon and ash contents of biochar. Dd: downdraft
condition, Du: updraft condition, RI: low air distribution rate, Rh: high air distribution rate, Cn: air insulation, Cw: water cooling.

concentration is used as a performance index owing to the presence of
P, K, and trace elements for crop growth in some ash. The fixed carbon
concentration is also a key indicator for evaluating biochar quality. The
fixed carbon concentrations of the biochars produced under different
pyrolysis conditions did not fluctuate substantially, ranging from
38.46% to 44.02%.

Moreover, the fixed carbon concentration did not increase contin-
uously as the temperature rose from 550 via 600 to 650 °C. It even
decreased under the combined condition of updraft and a high air
distribution rate. This is in contrast to the phenomenon that the
fixed carbon content of biochar produced by externally heated
slow pyrolysis increases continuously with increasing pyrolysis
temperaturel?3]. This may be because a higher pyrolysis tempera-
ture results in higher devolatilization and increased carbon combus-
tion and gasification reactions under internally heated pyrolysis

conditions. Furthermore, although the reforming reaction in down-
draft pyrolysis consumes more carbon, this process is substantially
longer than that in updraft pyrolysis, allowing for deeper
devolatilization.

Atomic ratio

As shown in Fig. 3, a van Krevelen diagram was adopted to evaluate
the quality of biochar carbonisation. The O/C and H/C atomic ratios of
biochars produced under different pyrolysis conditions were 0.61-0.33
and 0.15-0.03, respectively. Like the fixed carbon concentration, the
atomic ratios did not decrease as the pyrolysis temperature rose from
550 via 600 to 650 °C. The H/C molar ratio characterizes the
performance of slow biomass pyrolysis, and 0.7 is regarded as the
upper limit of the H/C molar ratio to ensure that biochar is suitable for
carbon sequestration!?3!, A low O/C molar ratio means stable carbon,
and a ratio below 0.2 indicates an estimated half-life > 1,000 years?%,
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Fig. 3 (a) Van Krevelen diagram for pellets and their products. (b), (c) Probability density of O/C and H/C molar ratios.
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The results indicated that long half-lives were expected for all biochars
in this study, which would benefit carbon sequestration?*,

The SSA is a functional factor of biochar for amending and improving
soil. Figure 4 shows the SSA of biochars under different pyrolysis
conditions, which ranged from 2.48 to 15.56 m>/g. Owing to their
beneficial pore structure and SSA, biochar composites have great
potential for removing soil pollutants'®®. In our study, the SSA of
biochar increased continuously as the pyrolysis temperature rose from
550 via 600 to 650 °C, consistent with related studies' conclusions?’.,

The SSA of biochars decreased to different extents under updraft
or downdraft conditions, with a high or low air distribution rate, and
with water cooling or air insulation. For example, when the pyroly-
sis temperature was 650 °C, the SSA values of biochars derived
under downdraft, low air distribution rate, and air insulation condi-
tions were 1.46, 2.26, and 3.00 times higher than those under
updraft, high air distribution rate, and water cooling conditions,
respectively. Changes in the above pyrolysis conditions affect the
residence time to different extents, and the residence time is posi-
tively correlated with the SSAl'®,

Most biochars are alkaline, which can reduce the content of
exchangeable hydrogen ions or aluminium ions in the soil and
improve soil acidification. Figure 4 shows that the pH values of
biochars derived from different conditions fluctuated from 7.3 to 9.0,
lower than those derived from crop straw!??. Generally, biochar pH
increased continuously as pyrolysis temperature rose from 550 via 600
to 650 °C, indicating that carbonate and crystalline carbonate
accumulation increased'?”), At the same pyrolysis temperature, biochar
pH decreased to different extents under updraft or downdraft
conditions, with a high or low air distribution rate and water cooling or
air insulation. This may be partly because the biochar residence time
decreased to different degrees with changes in the above pyrolysis
conditions and was positively correlated with the accumulation of
carbonate and crystalline carbonate in the biochar.
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The CEC is also an important characteristic of biochar used for
improving soil, as it reflects the capacity for nutrient retention and the
level of anti-acidification!?). The CEC showed no clear trends according
to different pyrolysis conditions (Fig. 5); however, updraft conditions, a
high air distribution rate, and water cooling generally improved the
CEC of biochar. The CEC values of biochar produced under different
pyrolysis conditions ranged from 12.03 to 59.70 cmol/kg, with an
average value of 37.05 cmol/kg, which is lower than those of biochar
derived from rice straw using external heating?®, but substantially
higher than those of soil®®. This study's high CEC of biochar indicates
its potential for improving soil fertility.

The EC is defined as the total amount of salt in the soil, which reflects
nutrient availability and soil texture. The EC values of biochars
produced under different pyrolysis conditions (Fig. 5) ranged from 176
to 293 ps/cm. The ideal EC values for plant growth are typically
between 0.15 and 0.6 ms/cm%, and should not exceed 2.5 ms/cm
because overly high concentrations of soluble salts can damage plants
or cause root death. Although EC changes showed no clear trends
according to different pyrolysis conditions, they were consistent with
the crop growth requirements, indicating that the biochars produced
in the above conditions can be directly applied in agricultural
cultivation.

Sixteen priority PAHs associated with biochar are regulated by the
US-EPAB and used to evaluate the cleanliness of biochars in this
study. Figure 6 shows the PAH concentrations for biochars produced
under different conditions. Like other studies, a relatively high
proportion of PAHs included naphthalene, phenanthrene, fluorene,
and acenaphthene?. PAH concentrations fluctuated from 0.03 to
0.44 mg/kg, indicating that all were far below the threshold values
for biochar specified by the IBl and European Biochar Certificatel*3!,
The PAH concentration decreased substantially as the pyrolysis
temperature rose from 550 via 600 to 650 °C, except under water-
cooled conditions. This may indicate that a higher percentage of PAHs
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Fig. 4 Influence of (a) draft direction, (b) air distribution rate, and (c) cooling type at different pyrolysis temperatures on the specific surface area (SSA)
and pH of biochar. Dd: downdraft condition, Du: updraft condition, RI: low air distribution rate, Rh: high air distribution rate, Cn: air insulation, Cw: water

cooling.
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Fig. 6 Influence of (a) draft direction, (b) air distribution rate, and (c) cooling type on the polycyclic aromatic hydrocarbon (PAH) content and toxic
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evaporated at a higher pyrolysis temperature. However, high
temperatures can also accelerate PAH production. The PAH
concentrations of biochars were substantially higher under water
cooling conditions and at a high air distribution rate. At a pyrolysis
temperature of 550 °C, the PAH concentration at a high air distribution
rate was 2.66 times that at a low rate; at a pyrolysis temperature of
650 °C, the PAH concentration with water cooling was 6.89 times that
with air insulation. Moreover, the PAH concentration of biochar
derived from our novel internally heated cigar-type pyrolyzer was
substantially lower than that of rotary, tubular, and kiln pyrolysis
systemsP?, indicating that a suitable reactor and optimized process
can produce much lower PAH levels.

Toxicity analysis
The TEQ ranged from 0.39 to 5.68 ug/kg (Fig. 6), which was far below
the IBI threshold (3 mg/kg) for biochar®¥, indicating the premium
cleanliness of the biochars obtained in this study. The variation in TEQ
values according to different pyrolysis conditions was similar to the
PAH concentration.

Biochar conversion efficiency

Energy conversion efficiency
The low heating values (LHVs) and energy yield rates of biochar and
syngas were detected and calculated, as shown in Fig. 7. The LHVs of
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the biochar fluctuated slightly, ranging from 16.69 to 17.33 MJ/kg. The
LHVs of syngas increased as pyrolysis temperature rose from 550 via
600 to 650 °C, ranging from 5.33 to 7.27 MJ/Nm?3; these values were
higher than those for biomass gasification technology®¥. The slow
internal heating pyrolysis process adopted by our cigar-type pyrolyzer
includes two chemical reactions, pyrolysis and gasification, which help
improve the LHV of the syngas. The average energy conversion
efficiency was approximately 75.31%, higher than that of external
heating pyrolysis technology using a rotary kiln.

In summary, the updraft process showed certain advantages regarding
the CEC, energy conversion efficiency, and equipment production
capacity. The updraft process exploits the waste heat of the
combustion and pyrolysis sections to dry the upper-layer materials;
however, because part of the water vapour condenses in the upward
process, the biomass pellet is soaked and smashed, which has a serious
adverse effect on biochar quality. Moreover, the downdraft process
was advantageous for the SSA of biochar in this study. The purpose of
setting a high air distribution rate and water cooling is to improve the
production capacity. However, these conditions increase the heating
rate and reduce the residence time of biochar, which has a notable
adverse impact on the SSA and cleanliness properties of biochar.
Although the biochars produced by internal heating cigar-type
pyrolysis showed good comprehensive performance, there is still a
critical step to consider in the performance requirements of biochar for
different applications, coordinate the conversion efficiency, and
optimize the process parameters to determine the ideal conditions.

We developed a novel cigar-type slow pyrolysis apparatus with internal
heating, using reed straw pellets as feedstock. This study systematically
investigated the effects of draft direction, pyrolysis temperature, air
distribution rate, and cooling type on the conventional, functional,
cleanliness indices, and approximate conversion efficiency of biochar.

(1) Regarding the conventional properties, the fixed carbon
content varied with pyrolysis conditions (38.46%-44.02%) and was
substantially lower than that of slow pyrolysis technology with
external heating. The H/C and O/C atomic ratios also fluctuated
with pyrolysis conditions (0.61-0.33 and 0.15-0.03, respectively) and
did not exhibit a persistent decrease with increasing pyrolysis
temperature.

(2) Regarding the functional properties, the pyrolysis conditions
strongly influenced SSA and CEC. At a pyrolysis temperature of
650 °C, the SSA values of biochars derived under downdraft condi-
tions, with a low air distribution rate and air insulation, were 1.46,

Congetal. | Volume2 | 2026 | €011

2.26, and 3.00 times those of biochar derived under updraft condi-
tions, with a high air distribution rate and water cooling, respec-
tively. Overall, updraft conditions, high air distribution rates, and
water cooling improved the CEC of biochar.

(3) Regarding the cleanliness properties, the TEQs of biochar fluc-
tuated with pyrolysis conditions (0.39-5.68 pg/kg). Still, they were
far below the IBI threshold (3 mg/kg), indicating the premium clean-
liness of the obtained biochar. The PAH concentration increased
substantially with a high air distribution rate and water cooling.
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