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Abstract: Biomass is considered as a sustainable green

coal alternative, and its thermochemical

conversion—particularly hydrogen-rich gasification

technology—represents an effective pathway for achieving BEN L 9 \.)H\) 57 OC 00
h-‘ 1 2
high-value utilization. Co-gasification of biomass with coal Soybean straw High
L. . temperature
gangue enables synergistic utilization of carbon resources, o A o )
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Corn straw__ Ash fusion
hinders the mass
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offering significant potential for emission reduction and -
Coal gangue
efficiency enhancement. To elucidate how typical biomass
components govern the gasification process, three
feedstocks with distinct, dominant characteristics were selected: pine stick (high cellulose content, representing highly reactive
volatiles), soybean straw (high nitrogen, exemplifying feedstock prone to nitrogenous tar formation), and corn stover (high ash
with abundant K", reflecting catalytically active inorganics). Under fixed conditions (850 °C, steam flow rate of 2 mL/min, N,
flow rate of 75 mL/min), their co-gasification with coal gangue was investigated. Results indicated that the compositional
differences led to distinct synergistic patterns and product distributions. All systems achieved the highest hydrogen yield in the
syngas at a 5:5 raw material mass ratio. The high-cellulose pine stick system yielded the most H, (9.06 mmol/g) and H,+CO
yield (15.25 mmol/g), exhibiting a “three high, three low” advantage due to efficient volatile reforming. In contrast, the high-
ash/K" corn stover system showed the strongest synergy for CO (SI = 1.22, where the Synergy Index (SI) > 0 indicates a
synergistic promoting effect), promoted by the catalytic Boudouard reaction. The high-nitrogen soybean straw system, while
achieving an optimal H,/CO ratio (2.00), suffered from suppressed syngas yield due to the inhibitory effect of nitrogenous tars.
This study confirms that biomass composition-specifically cellulose, ash/K*, and nitrogen content-differentially regulates syngas
production and synergy by steering dominant reaction pathways, providing a theoretical basis for the targeted conversion of
waste resources.
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In the context of China’s “dual carbon” strategic goals,

the development of clean and renewable energy
technologies has become imperative. Biomass, as the sole
renewable carbon resource capable of being converted into

gaseous, liquid and solid fuels™, holds significant potential.

of the China Industrial Promotion Association shows that
China’s main biomass resources have an annual output of
about 34.94 billion tons, and the amount of biomass
resources used for energy is about 46.1 million tons®?,
however, the utilization rate remains below 20%, indicating

The Blue Book released by the Bioenergy Industry Branch substantial room for improvement. At the same time, the
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coal industry generates massive amounts of solid waste,
with coal gangue (CG) being a prominent example. Its
annual emission exceeds 700 million tons, leading to a
cumulative stockpile of over 4.5 billion tons, posing severe
environmental challenges® ™. The co-gasification of
biomass and coal gangue presents a promising pathway for
the synergistic and high-value utilization of these two solid
carbon-containing resources, enabling the simultaneous
reduction of waste and production of clean energy.

The physicochemical properties of the feedstocks have a
profound influence on the distribution and quality of
gasification products. Existing research has demonstrated
that key biomass characteristics, such as cellulose/lignin
content, ash composition, and nitrogen contentare critical
factors affecting gas yield and composition®®, For
instance, Zhang et al.! reported a significant synergy
during the co-gasification of low-ash coal and potassium-
rich biomass, attributing to the catalytic effects of alkali
metals. Gong et al.™ found that the high volatile of soybean
straw  provided intermediates  during co-
gasification, enhancing carbon conversion and syngas yield.
Furthermore, Li et al.”’ observed that both corn stover and
soybean straw significantly promoted the gasification
reactivity of biochar. Our previous work!"” also revealed
that alkali and alkaline earth metals (AAEMs) in pine wood
can catalyze the gasification of CG, while the high-
temperature environment sustained by the gasification of
fixed carbon in CG facilitates the cracking of biomass-
derived tars, creating a mutual synergistic enhancement.
Despite these valuable insights, systematic comparative
studies on the co-gasification of coal gangue with biomass
feedstocks possessing distinctly different representative
components remain scarce. The specific regulatory roles
and synergistic mechanisms of biomass components—such

reactive

as the catalytic effects of cellulose-derived volatile, the
inhibiting influence of nitrogen-containing compounds, and
the dual role of ash (as both a catalyst and an
inhibitor)—are not yet fully understood. In particular, a
comparative analysis of how these distinct biomass types
regulate syngas composition and hydrogen production
efficiency within the same co-gasification system is lacking.

To address this research gap, this study strategically
selected three representative biomass: pine wood
(characterized by high cellulose content), soybean straw
(characterized by high nitrogen content), and corn stover
(characterized by high ash content). The objective is to
systematically investigate their co-gasification with coal
gangue, focusing on the differences in syngas yield,
hydrogen selectivity, and synergistic effects. This work
aims to elucidate the underlying regulatory mechanisms
governed by biomass characteristics, thereby providing a
theoretical foundation for the targeted and efficient
conversion of waste resources.

1 Materials and methods

1.1 Raw materials

Experimental raw materials pine stick (labeled as PS)
was sourced from Baotou City, Inner Mongolia; Soybean
straw (SS) and corn stover (CS) were sourced from
Songyuan City, Jilin Province; CG was obtained from
Taiyuan City, Shanxi Province. All samples were crushed
using a jaw crusher, and screened through a 200 mesh sieve.
Tables 1 and 2 present the ultimate analysis, proximate
analysis, and compositional analysis of each experimental
feedstock, respectively.

Table 1 Ultimate analysis and proximate analysis of raw materials
Ultimate analysis w,,/% Proximate analysis w,,/%

Sample C H o N S FC v M A
PS 46.64 6.99 43.76 0.13 0.03 16.67 81.97 0.30 1.06
SS 48.00 6.10 42.15 1.43 0.12 13.39 76.30 3.68 6.63
CS 42.43 5.59 39.05 1.22 091 16.90 70.77 221 10.12
CG 21.02 2.06 11.35 0.32 0.27 22.47 14.21 1.22 62.10

Note: ad: air-dried basis; 0': calculated by difference.

Table 2 Compositional analysis of raw material

Ash composition/%

Sample Sio, AlLO, CaO MgO K,0 Na,O Fe, 0O, others
PS 1.20 0.50 30.50 22.00 0.04 0.05 0.10 45.61
SS 13.84 0.94 17.21 20.19 28.02 1.98 0.72 17.10
CS 41.20 7.55 12.01 6.96 7.32 2.15 5.80 17.01
CG 56.21 32.10 1.59 0.24 3.6 0.11 2.90 3.25
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1.2 Gasification process

As shown in Figure 1, the gasification experiment
employed a custom-built two-stage fixed-bed reactor. The
reactor was heated from room temperature to the target
temperature of 850 °C at a heating rate of 25 °C/min and
maintained at this temperature for the duration of the
experiment. The experiment employed high-purity N, as the
carrier gas at a flow rate of 75 mL/min. Deionized water
was injected using a syringe pump at a flow rate of
2 mL/min, vaporized in a pre-heating zone, and served as
the gasifying agent.

Before each experiment, the airtightness of the
experimental apparatus was verified by pressurizing the
system with N, and monitoring for pressure drop. The
biomass and coal gangue were thoroughly mixed at
predetermined mass ratios of 10:0, 7:3, 5:5,3:7 and 0:10.
For each run, a total mass of 5.0 g of the mixture was
accurately weighed and loaded into a quartz boat. The
quartz boat was then rapidly inserted into the constant-
temperature zone of the reactor once the target temperature
was stable. Rapid devolatilization of the feedstock occurred,
producing volatile matter and syngas. The gaseous products
passed through a series of condensers and a gas scrubber
filled with color-changing silica gel to remove condensable
tars and moisture. The resulting non-condensable dry gases
were collected in a gas sampling bag over a period of
10 min for subsequent composition analysis.

1. Nitrogen cylinder; 2. Rotameter; 3. Tube furnace; 4. Water
pump; 5. Water storage tank; 6. Quartz boat; 7. Temperature
control system; 8. Tar extraction system; 9. Drying bottle;
10. Gas collection bag.

Fig. 1 Experimental setup diagram

1.3 Data analysis

Gaseous products were analyzed using an Agilent 8890B
gas chromatograph (GC) equipped with TCD and FID
detectors for H,, CO, CO,, N, and hydrocarbons.
Experimental analysis of biomass-coal gangue co-
gasification primarily includes syngas yield (¥y,g,s), Syngas
ratio (H,/CO), higher heating value (HHV), carbon
conversion efficiency (CCE) and synergy index (SI).

Calculation formulas are as follows!'"):

Yo = (1= Cy,) X Vi, X1/ (Cy, xm) x 107 (1)

In equation (1), Y,,,s denotes the synthesis gas yield in
m’/kg; Cy, represents the volume fraction of N, in the gas
bag in %; V,, denotes the N, flow rate at 75 mL/min; ¢

indicates the gas collection time at 10 min; m represents the
mass of raw material used per experiment at 5.0 g.

Hz/Cozcﬂz/Cco (2)

In equation (2), H,/CO denotes the synthesis gas ratio,
and C; represents the volume fraction of gas i, expressed
in %.

HHV =12.63 X Ceo + 12.75 X Cyy, +39.82 X Coy, +
80X Ce.p, (3)

In equation (3), HHV denotes the higher heating value of
the gas, expressed in MJ/m’. Since the concentration of
C,H,, is relatively low, the calorific value of a typical
hydrocarbon (ethane or propane) is used as an approximate
value (80 MJ/m®).

(Yeo+ Yeo, + Yeu, + Ye,u,) X 107 x 12
- (4)
C

In equation (4), CCE denotes carbon conversion rate,
expressed in percent; Y; denotes the yield of gas i, expressed
in mmol/g.

CCE =

Xeaaaes = (1 — @) Xo6 + aX; (5)
SI — XExpcrimcma] - XCalculalcd ( 6 )
Xeacutaed

In equations (5) and (6), Xcaeuaea denotes the theoretical
gas yield during co-gasification, Xggerimena r€presents the
actual gas yield from co-gasification, « is the biomass mass
fraction in the CG-biomass mixture expressed as a
percentage, while X.; and X; denote the gas yields from
gangue and biomass gasification, respectively. SI denotes
the synergistic effect index for the co-gasification of CG
and biomass. SI > 0 indicates that co-gasification promotes
the production of the gas, while SI < 0 indicates that it
inhibits the gas production. A larger absolute value of SI
signifies a stronger influence.

2 Results and discussion

Under the established reaction conditions, this study
systematically conducted co-gasification experiments of
three typical biomass types (PS, SS and CS) with CG at
different blending ratios, and conducted an in-depth
analysis of their synergistic reaction mechanisms.

2.1 Co-gasification of PS and CG

PS is rich in cellulose and rapidly releases hydrogen-rich
volatiles within the low-temperature pyrolysis range
(300500 °C)!", supplying reactive oxygen species to CG.
The fixed carbon in CG undergoes steam reforming with
pine volatile under high-temperature steam conditions!"*.
Concurrently, mineral components such as Fe, K and Ca in
CG catalyze tar reforming!'?, significantly reducing coke
formation and enhancing overall syngas yield'". Figures 2
and 3 illustrate the composition and yield variations of
gaseous components in the co-gasification products of PS
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and CG as a function of their mass ratio. The high oxygen
content in PS consumes potential hydrogen sources,
forming H,O. Its high volatile matter requires substantial
steam for reforming to effectively convert into H,, hence the
H, volume fraction decreases with increasing PS proportion.
However, the H, yield exhibits a non-monotonic trend, first
increasing then decreasing, and reaching a maximum at the
mass ratio of 5:5. Both the CO volume fraction and yield
significantly increase with rising PS proportion, rising from
12% to 34% and from 0.41 to 7.22 mmol/g, respectively.
This phenomenon stems from the suppression of the water-
gas shift reaction within the co-gasification system'*!. CO,
yield reached its lowest point at a mass ratio of 5:5, where
synergistic effects effectively reduced carbon loss. This
outcome stems from the catalytic effect of minerals in CG
on tar cracking® and the promoting effect of PS volatiles
on coal gasification!"”.

Experimental results indicate that the total syngas yield
from CG gasification was 2.16 mmol/g, with a hydrogen
yield of 1.75 mmol/g. When PS was gasified alone, the
H,+CO yield reached 13.18 mmol/g, with a hydrogen yield
of 5.96 mmol/g. Notably, when PS and CG were co-gasified
at a 5:5 mass ratio, the total syngas yield reached a
maximum of 15.25 mmol/g, with the H, yield significantly
increased to 9.06 mmol/g. Compared to single CG
gasification, the co-gasification system achieved a 593%
increase in total syngas yield and a 417% increase in H,
yield. Compared to PS gasification alone, the co-
gasification system increased the total syngas yield by 15%
and the H, yield by 52%. This series of data clearly
demonstrates that the co-gasification process of PS and CG
produces a significant synergistic effect on both H, and total
syngas yields.

Figure 4 shows various gasification performance
parameters for co-gasification of PS and CG at different
mass ratios, including gas yield, syngas ratio, gross calorific
value, and carbon conversion rate. Experimental results
indicate: As the PS proportion increases, the Y, initially
increases and then decreases, peaking at 0.54 m’/kg at a
PS:CG mass ratio of 7:3, CO volume fraction significantly
improves, and syngas ratio demonstrates a monotonically
decreasing characteristic, the value decreased from 4.31 to
0.83. The gross calorific value peaks of 9.24 MJ/m® at a
mass ratio of 3:7, attributable to the synergistic effect
between the carbon-rich matrix provided by the high
proportion of CG and the active volatile matter introduced
by PS. This synergistic effect promotes increased CO
production and elevates the overall volume fraction of
combustible gases. At this ratio, the H,/CO yield was only
9.65 mmol/g, significantly lower than the peak yield of
15.25 mmol/g at the 5:5 mixture ratio (Figure 3), indicating
a non-synchronous optimization phenomenon between
HHV and yield. Carbon conversion rate data further
revealed the synergistic mechanism: pure pine gasification
(PS:CG=0:10), lacking mineral catalysis, underwent tar
polymerization reactions forming carbon deposits, resulting
in a low CCE of 6.66%; In contrast, within the 5:5 co-
gasification system, minerals in CG effectively catalyze tar
cracking, while PS volatile promote the pore development

in coal coke. This synergistic interaction drives efficient
conversion of carbon elements into gaseous products'), the
CCE was maximally increased to 43.92%, significantly
enhancing the carbon conversion in syngas.

B H, BN CO mmCO, Wm CH, mmCH,
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 —" A
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11% 6%

Raw material ratio (PS:CG)

5% 16%

0 20 40 60 80 100
Composition of syngas components/%
Fig. 2 Gas composition from co-gasification of PS and CG at
different mass ratios
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Fig. 3 Variation in gas yield from co-gasification of PS and
CQG at different mass ratios
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Fig. 4 Performance parameters of PS and CG co-gasification



NIU Yonghong et al.: Investigation of the synergistic mechanism during... ... /J Fuel Chem Technol, 2026, 54(5), 20250216 (5 of 10)

As shown in Figure 5, the co-gasification of PS and CG
produces positive synergistic effects on all gases, with the
most pronounced effect observed for hydrogen. The
synergistic effect indices for H, and CO both peaked at 1.75
and 0.91, respectively, when the mass ratio of PS to CG was
5:5. This aligns with the earlier conclusion that the total
syngas yield reached its maximum at this ratio. At a mass
ratio of 3:7 for PS and CG, the C,H,, synergistic index was
only 0.2. The co-gasification of PS and CG promoted the
cracking of tar"” effectively suppressing C,H,, production
and converting it into syngas. In summary, the optimal
feedstock ratio for producing syngas via the co-gasification
of PSand CGis 5:5.

2.2 (Co-gasification of SS and CG

Figures 6 and 7, respectively, reveal the influence
patterns of different mass ratios of SS and CG on the
volume fractions and yields of co-gasification products.
Experimental results indicate that as the SS proportion
increases, the H, volume fraction exhibits a non-monotonic
change pattern of first rising, then decreasing. The volume
fractions of CO and CH, show an overall downward trend.
Key product yield peaks exhibit distinct distributions: the
H, yield peak (8.66 mmol/g) occurs at a mass ratio of 5:5,
while the yield peaks for CO, CO, and CH, simultaneously
appear at a mass ratio of 7:3. The simultaneous peak in
multi-component yields at the 7:3 ratio is attributed to the
dual effect triggered by excess oxygen introduced at high
SS ratios. This promotes gasification oxidation reactions,
enhancing CO and CO, production, while increasing
hydrogen consumption in the methanation reaction (CO +
3H, — CH, + H,0), thereby indirectly inhibiting H,
accumulation!"®!,

Experimental results indicate: The syngas yield from CG
gasification alone is 2.16 mmol/g, with H, yield at
1.75 mmol/g. The syngas yield from SS gasification alone is
8.69 mmol/g, with H, yield at 4.99 mmol/g. When SS and
CG were co-gasified at a 5:5 mass ratio, the total syngas
yield significantly increased to 12.99 mmol/g, with an H,
yield of 8.66 mmol/g. Compared to single CG gasification,
the co-gasification system achieved a 490% increase in total
syngas yield and a 394% increase in H, yield. Compared to
pure SS gasification, the total syngas yield increased by
49% and the H, yield increased by 73%. These results
confirm that co-gasification of SS and CG exhibits a
significant synergistic enhancement effect on both syngas
and H, yields.

Figure 8 presents the comprehensive performance
parameters of co-gasification with varying mass ratios of SS
and CG, including syngas yield, syngas ratio, gross calorific
value, and carbon conversion rate. Experimental results
indicate that as the SS proportion increases, the CO volume
fraction continuously rises, while the Y, first increases
and then decreases, rising from 0.35 m*/kg for SS alone and
0.08 m’/kg for CG alone to 0.49 m*/kg at a 5:5 mass ratio

and peaking at 0.54 m’/kg at a 7:3 ratio. The oxygen-
enriched characteristics of biomass promote oxidation
reactions, leading to a monotonically decreasing H,/CO
ratio (with CO increasing at a higher rate than H,), the
H,/CO ratio decreased from 4.31 to 1.55, which is primarily
due to the high fixed carbon content in CG promoting the
occurrence of the Boudouard and water-gas reactions, while
the high ash content in SS leads to deterioration of the mass
transfer process.

2.0

-o-H, -e-CO
-o- CO, - CH,
1.6 F - CH,
2
g 12t
=]
g
)
5 0.8
=]
>
v
04+ //
00 I I I

3:7 5:5 7:3
Proportion (PS:CG)
Fig. 5 Synergy effect index of co-gasification with different
mass ratios of PS and CG
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10% 6%

[
9% 13%
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0 20 40 60 80 100
Composition of syngas components/%
Fig. 6 Gas composition from co-gasification of SS and CG at
different mass ratios
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Fig. 7 Variation in gas yield from co-gasification of SS and
CQG at different mass ratios
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Fig. 8 Gasification performance parameters of SS and CG

HHV peaked at 8.51 MJ/m® at a 3:7 mass ratio, this
indicates that at this SS:CG ratio, the mixed utilization
efficiency of the two feedstocks is the highest, and the
synergistic promoting effect is the strongest at this point.
The carbon-rich matrix of CG synergistically enhanced
combustible gas concentration with SS volatiles, though
H,+CO yield reached only 8.93 mmol/g at this ratio. The
CCE peaked at the 7:3 ratio. However, the high-oxygen
environment promoted the Boudouard reaction''”, diverting
carbon toward CO, formation. Consequently, both H,+CO and
H, yield were lower than the optimized values achieved at
the 5:5 ratio (¥, = 12.99 mmol/g, H,=8.66 mmol/g,
Figure 7).

Figure 9 displays the distribution of synergistic effect
indices for the co-gasification of SS and CG. The study
confirms that all gas components exhibit positive
synergistic effects, with hydrogen (H,) demonstrating the
most pronounced synergistic intensity. The synergy indices
for H, and CO peaked at a 5:5 mass ratio of SS to CG,
reaching 1.56 and 1.11, respectively. This phenomenon
directly corroborates the earlier conclusion regarding the
peak syngas yield. The synergistic effect of light
hydrocarbons C,H,, continuously increased with rising CG
proportion, peaking at 1.22 at a 7:3 ratio.

1.6k —--H, -e-CO
-o-CO, -e-CH,

14l - CH,

12+
1.0

0.8

Synergy index (SI)

0.6

0.4

3:7 5:5 7:3
Proportion (SS:CG)
Fig. 9 Synergistic effect index of co-gasification with different
mass ratios of SS and CG

This primarily resulted from minerals in CG effectively
catalyzing the cracking of light hydrocarbons derived from
SS hemicellulose tar. However, the high ash content of SS
tends to cover catalytically active sites, hindering mass
transfer processes”. Its inherently high nitrogen content
promotes the formation of pyridine-containing nitrogenous
tars, thereby inhibiting the depth of gasification
reactions”'??. Considering gas yield, H, selectivity and
synergistic effect intensity comprehensively, a 5:5 mass
ratio of SS to CG was established as the optimal co-
gasification mixture.

2.3 Co-gasification of CS and CG

Figures 10 and 11 systematically reveal the influence
patterns of different mass ratios of CS and CG co-
gasification on the volume fractions and yields of gas
components. The study indicates that the H, volume
fraction exhibits a continuous decreasing trend with
increasing corn stover proportion, dropping from 50% to
33%. However, the H, yield demonstrates a nonlinear
characteristic of first increasing and then decreasing,
reaching a peak of 8.75 mmol/g at a mass ratio of 5:5.

BN H, MM CO mm CO, mmCH, mECH,

Raw material ratio (CS:CG)

Composition of syngas components/%

Fig. 10 Gas composition from co-gasification of CS and CG at
different mass ratios
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H,+CO and total gas yield/(mmol-g")

(=]

Yield of each component of syngas/(mmol-g™")

0:10 3:7 5:5 7:3 10:0
Raw material ratio (CS:CG)

Fig. 11 Variation in gas yield from co-gasification of CS and
CQG at different mass ratios
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The significant increase in total syngas volume dilutes
the H, concentration but substantially enhances the H, yield.
Concurrently, the CO volume fraction increased from 12%
to 28% with rising corn stover proportion. Its yield peaked
at 5.63 mmol/g at a mass ratio of 7:3 and exhibited a
secondary peak of 5.29 mmol/g at 5:5, reflecting the
sustained promotion of oxidation reactions by biomass’s
oxygen-rich characteristics.

Experimental data indicate that the syngas yield from CG
gasification alone is 2.16 mmol/g, with an H, yield of
1.75 mmol/g; while CS gasification yielded 9.56 mmol/g of
synthesis gas and 5.22 mmol/g of H,.

When CS and CG were co-gasified at a 5:5 mass ratio,
synthesis gas yield peaked at 14.24 mmol/g, with H, yield
reaching 8.75 mmol/g. Compared to CG gasification alone,
this co-gasification system significantly increased syngas
yield by 559% and H, yield by 400%. Compared to CS
gasification alone, it increased syngas yield by 48% and H,
yield by 67%. These results confirm that co-gasification of
CS and CG exhibits significant synergistic effects on
hydrogen and syngas production.

Figure 12 shows the gasification performance parameters
for co-gasification of CS and CG at different mass ratios,
including gas yield, syngas ratio, gross calorific value, and
carbon conversion rate. As shown in Figure 12, Y, from
individual gasification of CS is 0.35 m’/kg. As the CS
proportion increases, Yy, increases up to a 7:3 mass ratio
and then declines, peaking at 0.53 m’/kg at a 7:3 ratio. The
nitrogen gas yield during co-gasification of CS and CG is
higher than when each is gasified separately. However, as
the corn stover proportion increases, CO production rises,
the H,/CO ratio decreased from 4.31 to 1.29, leading to a
monotonically decreasing H,+CO yield. The gross calorific
value peaks at a 5:5 mass ratio of CS to CG. The maximum
value is 8.41 MJ/m’, indicating the highest fuel efficiency at
this point. In Figure 12, the carbon conversion rate, reached
its maximum at a mass ratio of 7:3, with a peak value of
58.29%. However, the H,+CO yield at this ratio was lower
than that at a 5:5 ratio. This occurs because the 7:3 ratio
produces more CO and CO,; yet the hydrogen yield is lower
than at the 5:5 ratio. Considering all performance
parameters, the gasification performance was optimal when
the CS:CG ratio was 5:5.

Figure 13 shows the synergistic effect index diagram for
the co-gasification of CS and CG. The figure indicates that
the co-gasification of CS and CG produces positive
synergistic effects on all gases, with the most significant
positive synergistic effect observed for H,. The synergy
indices for H, and CO both peaked at 1.43 and 1.22,
respectively, when the mass ratio of CS to CG was 5:5.
This aligns with the earlier conclusion that the total syngas
yield reached its maximum at this ratio. Simultaneously, the
synergistic effect on CO, production is strong during co-
gasification, peaking at 1.15 when the CS to CG mass ratio
is 5:5. This occurs because K" in CS ash catalyzes the
Boudouard reaction™?, but ash sintering inhibits
secondary reactions®™ while simultaneously increasing

carbon loss™ . The synergistic effect of C,H,, increases
with higher CG ratios, peaking at 1.04 when the CS to CG
mass ratio is 7:3. In summary, the optimal feedstock ratio
for co-gasification of CS and CG to produce synthesis gas is
5:5.

10:0

7:3

5:5

3.7

Proportion (CS:CG)

0:10

10:0
7:3
5:5

3.7

Proportion (CS:CG)

0:10

HHYV syngas/(MJ-m™) CCE/%

Fig. 12 Gasification performance parameters of CS and CG

1.0 +

0.8 |

Synergy index (SI)

0.4+

3:7 5:5 7:3
Proportion (CS:CG)
Fig. 13 Synergistic effect index of co-gasification with
different mass ratios of CS and CG

3 Comparative analysis

As shown in Table 3, CS exhibits high ash content and
demonstrates the strongest promotion effect on CO
production during co-gasification with CG, making it
suitable for blending in industrial applications requiring low
synthesis gas ratios. SS exhibits high nitrogen and protein
content. During pyrolysis, proteins generate nitrogen-
containing radicals®®”, which are synergistically amplified
by minerals in CG during co-gasification. Consequently,
soybean straw possesses high C,H,, characteristics, which
are unfavorable for syngas production. However, it is
suitable for replacing chemical feedstocks™ and exhibits
the highest H,/CO ratio, making it suitable for blending in
industrial applications requiring high syngas ratios. co-
gasification of PS and CG exhibits “three highs” and “three
lows.”
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Table 3 Comparison of co-gasification performance of three
types of biomass at optimal proportions

Indicator PS:CG(5:5) SS:CG(5:5) CS:CG(5:5)
Yognges/(mmol-g ) 15.25 13.00 14.24
H, yield/(mmol'g ) 9,06 8.66 8.95
CO yield/(mmol-g ) 6.19 4.34 5.29
CH, yield/(mmol'g ) 239 1.95 1.50
CCE/% 43.92 35.40 42.64
H,/CO ratio 1.46 2.00 1.69
HHV/(MJ'm ) 8.82 7.74 8.41
SI(H,) 1.75 1.56 1.43
SI(CO) 0.97 1.11 1.22
SI(CO,) 0.77 0.64 1.15
SI(CH,) 0.70 1.44 1.02
SI(C,H,,) 0.20 0.92 0.82

The “three highs” refer to the highest syngas yield,
strongest synergistic effect on H, and highest carbon
conversion rate. The “three lows” denote the lowest
synergistic effect on C,H,,, the lowest synergistic effect on
methane, and the lowest CO, yield. This is attributed to
PS’s high cellulose content. During gasification, cellulose
hydrolysis produces light oxygenated intermediates that
efficiently ~generate H, via steam reforming™.
Simultaneously, lignin in PS releases phenolic radicals that
quench tar condensation chain reactions, suppressing tar
formation. This makes it suitable for syngas production and

=Si- Attack
%n OH

=Al- !
Q

el ease o]
I'ad f

clean hydrogen energy generation.

Figure 14 illustrates the synergistic mechanism of co-
gasification between biomass and CG, which originates
from the complementary physicochemical properties of
both materials and the synergistic effects of multi-step
reactions. Specifically, highly reactive free radicals (-H,
-OH) generated from cellulose pyrolysis in biomass™”
diffuse through the gas phase to the CG surface. These
radicals attack and break their inert Si-O and Al-O
bonds!, creating active sites. The newly formed radical
sites significantly enhance surface reactivity, promoting
oxidation, hydrolysis, and ion exchange reactions to activate
the CG. Concurrently, minerals like K and Ca in CG
catalyze tar reforming reactions®”, synergizing with
biomass volatiles to enhance coal-coke gasification and
effectively reduce coking. In reaction pathways, K*
preferentially catalyzes the Boudouard reaction to promote
CO production, while Ca®* tends to catalyze the water-gas
shift reaction to enhance H, generation, enabling targeted
regulation of syngas composition. However, synergistic
effects are constrained by biomass properties: nitrogen-rich
tar from high-nitrogen biomass pyrolysis readily coats
active sites™! while ash melting in high-ash biomass
impedes mass transfer, collectively inhibiting gasification
reactions. The co-gasification synergistic mechanism arises
from the coordinated action of multiple pathways, including
radical activation, targeted metal ion catalysis, and tar
cracking. Different biomass characteristics exert differential
control over the gasification process by influencing active
site availability and mass transfer efficiency.

OH
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Attack High HO Cc-0
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Fig. 14 Synergistic mechanism of biomass and coal gangue co-gasification

4 Conclusion

This study systematically investigated the co-gasification
of three representative biomass types—PS (high cellulose),
SS (high nitrogen), and CS (high ash)—with CG, revealing
the regulatory mechanisms of biomass characteristics on
syngas production and synergistic effects.
conclusions are as follows:

The main

co-gasification demonstrates significant synergy, with
optimal product distribution being precisely directed by

feedstock composition. All three systems achieved peak
syngas yields at a 5:5 mass ratio. However, their optimal
products differed substantially due to distinct key
components: The PS (high cellulose) system achieved the
highest hydrogen yield (9.06 mmol/g), H,+CO yield (15.25
mmol/g) and H, synergy index (SI=1.75), exhibiting a
“three highs and three lows” advantage. The CS (high
ash/K") system showed the strongest synergy for CO
production (SI=1.22), making it an ideal source for CO-rich
syngas. The SS (high nitrogen) system achieved an ideal
H,/CO ratio (2.00), although its high nitrogen content led to
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nitrogen-containing tar that suppressed the overall yield.

The synergistic mechanism originates from the
complementarity of physicochemical properties and
competition among reaction pathways. The synergy is
governed by multiple pathways: radical activation (biomass
pyrolysis radicals cleaving inert bonds in CG); directed
catalysis by AAEMs (K" preferentially catalyzing the
Boudouard reaction, while Ca®* promotes the water-gas
shift reaction); and catalytic tar cracking and its inhibition
(CG minerals cracking tars, while by-products from high-
nitrogen or high-ash biomass weaken this effect). The key
components of the biomass determine which of these
pathways becomes dominant.

This research clarifies the mechanism by which key
biomass components (cellulose, nitrogen, ash and AAEMs)
govern the distribution of products and the intensity of
synergy by regulating the dominant reaction pathways
during co-gasification, providing a theoretical basis for the
targeted conversion of waste resources.

Declaration of Competing Interest

The authors declare no conflict of interest.

References

[1] TEZER O, KARABAG N, ONGEN A, et al. Biomass
gasification for sustainable energy production: A review[J].
Int J Hydrog Energy, 2022, 47(34): 15419-15433.

[2] CHEN X. China’s biomass energy industry will embark on a
path of high-quality development[J]. Energy Conserv Environ
Prot, 2022, (6): 24-26.

[3] HUANG G, JI'Y, L1J, et al. Improving strength of calcinated
coal gangue geopolymer mortars via increasing calcium
content[J]. Constr Build Mater, 2018, 166: 760—768.

[4] QURESHI A A, KAZI T G, BAIG J A, et al. Exposure of
heavy metals in coal gangue soil, in and outside the mining
area using BCR conventional and vortex assisted and single
step extraction methods. Impact
Chemosphere, 2020, 255: 126960.

[5] MOLINO A, CHIANESE S, MUSMARRA D. Biomass
gasification technology: The state of the art overview[J]. J
Energy Chem, 2016, 25(1): 10-25.

[6] KAMBLE A D, SAXENA V K, CHAVAN P D, et al.
Petrographic and chemical reactivity assessment of Indian

on orchard grass[J].

high ash coal with different biomass in fluidized bed co-
gasification[J]. J Energy Inst, 2019, 92(4): 982—1004.

[71 ZHANG Y, ZHENG Y, YANG M, et al. Effect of fuel origin
on synergy during co-gasification of biomass and coal in
CO,[J]. Bioresour Technol, 2016, 200: 789—794.

[8] GONG X, ZHENG J, ZHANG H, et al. New insights into the
synergy and mechanisms during high-temperature co-

gasification of biomass and carbon-rich fly ash[J]. Int J
Hydrog Energy, 2025, 105: 1047-1056.

[91 LIS, SONG H, HU J, et al. CO, gasification of straw biomass

and its correlation with the feedstock characteristics[J]. Fuel,

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

.. /J Fuel Chem Technol, 2026, 54(5), 20250216 (9 of 10)

2021, 297: 120780.

NIU Y, HAN S, CHI Z, et al. Effect of La, Ce or Pr modified
Dol-C dual-support catalysts on the co-gasification of coal
gangue and biomass for the production of hydrogen-rich
gas[J]. Renewable Energy, 2026, 256: 124181.

MA Y, GE Z, ZENG M, et al. Steam co-gasification of
organic solid waste for hydrogen-rich syngas: Synergistic
performance and mechanism[J]. Int J Hydrog Energy, 2024,
88: 748—759.

HANDISO B, PAAKKONEN T, WILSON BP. Effect of
pyrolysis temperature on the physical and chemical
characteristics of pine wood biochar[J]. Waste Manag Bull,
2024,2(4):281-287.

XIONG Z, FAN R, DONG L, et al. Non-isothermal
pyrolysis of municipal
Experimental and ReaxFF molecular dynamic study[J]. J
Energy Inst, 2024, 112: 101449.

NIU Y, HAN S, HU Y, et al. Non-isothermal and isothermal
co-pyrolysis characteristics of coal gangue/coal slime and

mechanisms sludge extracts:

pine sawdust: Thermogravimetric analyzer and fixed bed
pyrolysis reactor study[J]. Int J Hydrog Energy, 2024, 59:
1230—-1243.

EDDI I, ALIHELLAL D, BELLAL A, et al
Thermochemical hydrogen production from biomass via the
water gas shift reaction and its purification: A review[J].
Chem Eng Res Des, 2025, 219: 367-387.

WEI J, WANG M, XU D,
transformation of alkali/alkaline earth metal species during

et al. Migration and
biomass and coal co-gasification: A review[J]. Fuel Process
Technol, 2022, 235: 107376.

MA M, BAI Y, WEI J, et al. Decoupling study of
volatile—char interaction during coal/biomass co-gasification
based on a two-stage fixed bed reactor: Insight into the role
of O-containing compound species[J]. Chem Eng Sci, 2023,
265: 118262.

NIU Y, HU Y, WANG W. Co-gasification of coal gangue
and pine sawdust on a self-made two-stage fixed bed: Effect
of mixing ratiop[J]. Int J Hydrog Energy, 2022, 47(51):
21713-21724.

QI J, YAO J, CHEN G, et al. Research progress on
synergistic reaction behavior in coal-biomass co-gasification
processes[J]. J Fuel Chem Technol, 2023, 51(8): 1060—
1072.

FENG Z, BAI J, VASSILEV SV, et al. The insight into the
fusion process and sintering behaviour of blended ash from
co-gasification of coal and biomass feedstock[J]. Fuel,
2025, 388: 134462.

LI'Y, MA J, HU X, et al. Nitrogen migration in coal during
the chemical looping gasification reduction process using a
nickel-based oxygen carrier[J]. J Anal Appl Pyrolysis, 2021,
159: 105331.

SONG X, LIU S, LI T, et al. Enriching pyrrole components
in bio-oil by nitrogen-rich pyrolysis of tobacco stem
employing ZIF-67/ZSM-5 dual-catalyst[J]. J Anal Appl
Pyrolysis, 2025, 191: 107212.

LIANG Y, TURSUN Y, GAO G, et al. Migration and
metals

transformation of alkali in biomass-coal co-

gasification processes[J]. J Fuel Chem Technol, 2025,


https://doi.org/10.1016/j.ijhydene.2022.02.158
https://doi.org/10.1016/j.conbuildmat.2018.02.005
https://doi.org/10.1016/j.chemosphere.2020.126960
https://doi.org/10.1016/j.jechem.2015.11.005
https://doi.org/10.1016/j.jechem.2015.11.005
https://doi.org/10.1016/j.joei.2018.07.007
https://doi.org/10.1016/j.biortech.2015.10.076
https://doi.org/10.1016/j.ijhydene.2025.01.391
https://doi.org/10.1016/j.ijhydene.2025.01.391
https://doi.org/10.1016/j.fuel.2021.120780
https://doi.org/10.1016/j.renene.2025.124181
https://doi.org/10.1016/j.ijhydene.2024.09.203
https://doi.org/10.1016/j.wmb.2024.11.008
https://doi.org/10.1016/j.joei.2023.101449
https://doi.org/10.1016/j.joei.2023.101449
https://doi.org/10.1016/j.ijhydene.2024.01.353
https://doi.org/10.1016/j.cherd.2025.05.057
https://doi.org/10.1016/j.fuproc.2022.107376
https://doi.org/10.1016/j.fuproc.2022.107376
https://doi.org/10.1016/j.ces.2022.118262
https://doi.org/10.1016/j.ijhydene.2022.05.004
https://doi.org/10.19906/j.cnki.jfct.2023007
https://doi.org/10.1016/j.fuel.2025.134462
https://doi.org/10.1016/j.jaap.2021.105331
https://doi.org/10.1016/j.jaap.2025.107212
https://doi.org/10.1016/j.jaap.2025.107212

NIU Yonghong et al.: Investigation of the synergistic mechanism during... ... /J Fuel Chem Technol, 2026, 54(5), 20250216 (10 of 10)

53(12): 1817-1829. electrical energy using solid oxide fuel cells[J]. Int J Hydrog
[24] PAN Y, ABULIZI A, TALIFU D, et al. Catalytic Energy, 2024, 87: 699-704.
gasification of biomass and coal blend with Fe,0Os/olivine in [29] SOOMRO A, CHEN S, MA S, et al. Elucidation of syngas
a decoupled triple bed[J]. Fuel Process Technol, 2019, 194: composition from catalytic steam gasification of lignin,
106121. cellulose, actual and simulated biomasses[J]. Biomass
[25] MALLICK D, MAHANTA P, MOHOLKAR V S. Co- Bioenergy, 2018, 115: 210—-222.
gasification of biomass blends: Performance evaluation in [30] WANG L, SONG Y, FENG J, et al. Research progress on
circulating fluidized bed gasifier[J]. Energy, 2020, 192: the mechanism of alkali/alkaline earth metals in biomass
116682. during co-gasification[J]. J Coal Sci Eng, 2021, 46(S1):
[26] SIOSTROM K, CHEN G, YU Q, et al. Promoted reactivity 495-502.
of char in co-gasification of biomass and coal: Synergies in [31] WANG Y, WANG C, LI X, et al. Role of H and OH radicals
the thermochemical process[J]. Fuel, 1999, 78(10): in breaking Si-O bonds on silica surface: A ReaxFF MD
1189-1194. study[J]. Chem Eng J, 2022, 435: 134857
[27] GUO S, WANG Y, YI J, et al. Influence of low-density [32] DU S. Study on the characteristics of biomass tar from the
polyethylene addition on nitrogen transformation during catalytic cracking of high-ash coal gangue semi-coke[D].
sludge protein pyrolysis[J]. Process Saf Environ Prot, 2024, China Univ Min Technol, 2022.
185:211-224. [33] WEI J, WANG M, WANG F, et al. A review on reactivity
[28] SHCHEKLEIN SE, DUBININ AM, MATVEEV AV, et al. characteristics and synergy behavior of biomass and coal Co-
Air conversion of pyrolysis products of hydrocarbon raw gasification[J]. Int J Hydrog Energy, 2021, 46(33):
materials into synthesis gas (H,+CO) for the production of 17116—-17132.

E W 5 EA A ESU KB RPLH B3

PRI B E A, R
(1. WEERHE K BEIR 50, WS 05k 0140105 2. NS RHE K 2E 7l SR 2B, N3 423k 014010;
3. SR I E Y IRRHE A BR A B, 32T 433k 0140605 4. N 52 RHE R TREIIZ 0, W5 43k 014010)

W OE AW N RS R A B SR R, b A R AR R AU R, R S A W R v (A R A RE
o W bW S AT A IS Ak, P ST ERR B IR 00 B A, ELE S R U HE R RO 1 o ANAIT AT Ay e B DG A A ) S 2 ) Yot
A R EE, iz‘E_EXTjﬁﬂﬁﬁ@#ﬂﬁi%ﬁﬂ’]ﬁﬂﬁﬁﬂ——*’ KRRz, BRI T L) . RO
(R 0, R A A 5 i) R KRS A (R R4 L & K, MR A AR A ) , 5T A g b S0 S8 . 7B 2 k78
A9 (2 mL/min) | Y& B (850 OC)&/EV:\(ILEWSmL/mm)E’J SRR, DR TR AE Y S A A SR A P R R . 2
WR, MY B A R R ST A B R 505 BEA AU RGR BN . Hh, B REMMAKREH 5
CO = #ig i, i 15.25 mmol/g, A A %4 9.06 mmol/g, M F LM A 25 417%, A AR$E R 52%, I« =5 =
&P BNE 258 & H, B RIS 8. E e is 4%, K C,H,, A= 1. I CH, B[R] 0 FIMR CO, HERL . 8 K43 B T K A AT 44
F N CO A= i (1) B [ 8% 1 H5e 5 (D3 6] 38 % ST=1.22), fif i 20 (9 K 22 G A1 8 & ) 3R 459 B 4 19 & S 4l ik B 1] (H,/COo
H=2.00), HE S HA 04— ERE LIS T AR S5, PR, AW RS HoOC A oy (4R & Koy
K4 @ oeE ) W ISR BN 42, S A AT R S AR E R T m . AR R T Y RS SR A ISR B
[FIAIL, A B 75 96 R I i (B A e A0 5 Y i B R A P SR 43 T B AR IS B AR S 4%

KEBIA: W IR SR AL DRI A R
FESZES: TK6 M EkFRIRED: A

fE&EET:

k4 (1977), T+, ##2, T+ E S,
WS IR X R EIEA = B IRAA, F
3¢5 18] 2 A W B A Ak Ak SR e A AR

niuyonghong@imust.edu.cn,

AB B (2003), A7+ WF 55 45, W55 5 1)k
Fe/Ce-CCG i1k 4 1 Jot 5 MEAT A <1k
il 7 B A A AT, 2373239188@qgq.

como,



https://doi.org/10.1016/j.fuproc.2019.106121
https://doi.org/10.1016/j.energy.2019.116682
https://doi.org/10.1016/S0016-2361(99)00032-0
https://doi.org/10.1016/j.psep.2024.03.005
https://doi.org/10.1016/j.ijhydene.2024.09.025
https://doi.org/10.1016/j.ijhydene.2024.09.025
https://doi.org/10.1016/j.biombioe.2018.05.002
https://doi.org/10.1016/j.biombioe.2018.05.002
https://doi.org/10.1016/j.cej.2022.134857
https://doi.org/10.1016/j.ijhydene.2021.02.162
mailto:niuyonghong@imust.edu.cn
mailto:2373239188@qq.com
mailto:2373239188@qq.com

	1 Materials and methods
	1.1 Raw materials
	1.2 Gasification process
	1.3 Data analysis

	2 Results and discussion
	2.1 Co-gasification of PS and CG
	2.2 Co-gasification of SS and CG
	2.3 Co-gasification of CS and CG

	3 Comparative analysis
	4 Conclusion
	Declaration of Competing Interest
	参考文献

