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A B S T R A C T

The co-gasification of sewage sludge and coal not only facilitates industrial decarbonization but also provides a 
promising approach for sludge treatment. In this study, the mechanisms of sewage sludge and bituminous coal 
were explored by the molecular dynamic simulation and the reactive force field. Synergy analysis revealed that 
the co-gasification process enhanced the production of H2 and CO by 2.1 % and 1.75 % respectively. The 
visualization results demonstrate that glyceryl triacetate, leucine, β-D-glucose and coal molecules decompose 
sequentially to produce fragments during the pyrolysis stage. In the initial gasification stage, a large number of 
OH radicals participate in the reactions, attacking the fragments into small-molecule highly reactive groups. 
While H radical is more readily react with the small reactive groups to generate gaseous products. Additionally, 
molecular cleavage is induced by high temperature and the interaction between OH radicals and molecular 
fragments is accelerated. More OH and H radicals are generated by using steam, further modulating the H2/CO 
ratio. This study offers valuable molecular insights for optimizing the co-gasification process of sludge and coal 
and decarbonization goals.

1. Introduction

The continuous use of fossil fuels has led to the accumulation of 
carbon emissions, thereby causing severe global climate change and 
environmental degradation [1]. In response to these critical realities, 
major countries such as the United States, the European Union, and 
Japan have committed to achieving carbon neutrality by 2050 [2]. 
China has also demonstrated its consistent commitment to peaking CO2 
emissions before 2030 and achieving carbon neutrality by 2060 [3]. As 
the cornerstone of traditional energy, coal’s reserve depletion is desta
bilizing energy supply systems [4], thereby developing the development 
of sustainable alternative energy sources a top priority. Focusing on the 
energy consumption structure, the industrial sector is one of the largest 
energy consumers. By 2021, it accounted for more than one-third of the 
global total final energy consumption, and 45 % of direct carbon dioxide 
emissions [5]. Therefore, industrial decarbonization is a significant 
challenge for these nations and a critical factor in achieving their carbon 
neutrality goals [6].

An effective industrial decarbonization strategy must consider the 
positive economic, social, and environmental impacts across a range of 
regions, including urban and industrial zones [7]. The sewage sludge 
(SS) generated from urban and industrial wastewater treatment has 
become a severe pollution issue [8]. In China alone, annual SS emissions 
approach 40 million tons [9]. SS consists of a large amount of organic 
substances, rich in various heavy metals and pathogens [10]. This 
complexity threatens ecological balance and health, while adding to the 
challenges of carbon management [11]. Traditional disposal methods 
such as landfills accelerate ecosystem pollution and miss opportunities 
for carbon recovery [12]. In recent years, thermochemical conversion 
technology has been widely applied in the field of sludge disposal. The 
inherent characteristics of SS, including low calorific value and high 
water content, restrict its combustion and pyrolysis processes [13]. In 
contrast, SS gasification efficiently converts sludge into gas fuel [14]. 
Therefore, co-gasification of SS and coal is a promising treatment 
method. It can partially substitute fossil fuels, which is of great signifi
cance for industrial decarbonization efforts [15].
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Most of the existing research on the co-gasification of SS and coal 
mainly focuses on the optimization of product distribution and process 
parameters. Researchers have investigated the co-gasification of SS with 
lignite [16], bituminous coal [17], and anthracite [18], exploring 
various influential factors such as blending ratios, temperature, and 
pressure. The results have demonstrated that the synergistic effects in 
co-gasification are highly significant. Thus, many researchers have 
employed traditional experimental approaches to elucidate the mecha
nisms. For example, through GC–MS and high-performance liquid 
chromatography (HPLC) detection experiments, Wang et al. [19] found 
that phenol disrupts the conjugated structure by interacting with poly
cyclic aromatic hydrocarbons, thereby inhibiting coke formation. Ma 
et al. [20] used GC–MS experiments to detect liquid products and 
combined FTIR experiments to analyze the functional groups of solid 
products. Their research demonstrated that the demethylation and 
dehydroxylation of intermediate products boost the gasification per
formance, and also made known the transfer mechanism of three-phase 
product during the co-gasification. However, traditional experimental 
methods are limited by spatiotemporal resolution and it is difficult to 
track the bond-breaking and radical evolution processes in real-time 
[21,22]. This limitation hinders the investigation of decarbonization 
potential in co-gasification processes.

In recent years, molecular dynamics (MD) simulation technology has 
been widely used in fields such as materials science and chemical en
gineering. For instance, Zhou et al. [23] revealed the performance of a 
Ni-coated MoS2 membrane, elucidating its catalytic mechanism and 
separating process by using MD simulation. Adela et al. [24] observed 
the semi-solid stratification mechanism of NaNO3 molten salt doped 
with SiO2 nanoparticles through MD simulation and explained the rea
sons for the unconventional Cp increment. Xia et al. [25] clarified the 
absorption process of Aspergillus oryzae lipase (AOL) on the surface of 
ZIF-8 through MD simulation. Notably, ReaxFF-MD simulations 
demonstrate unique advantages in the field of thermal conversion, 
enabling the precise capture of reaction kinetic characteristics at the 
atomic scale [26,27]. Taking previous research work as an example 
[28], the ReaxFF-MD method was employed to perform in-depth anal
ysis during the exploration of lignite and PE co-pyrolysis. This approach 
successfully revealed the synergistic mechanism among free radicals and 
offered insights for the efficient utilization of coal resources. Wang et al. 
[29] also achieved remarkable research results in the ReaxFF-MD 
simulation study of cationic resin SCWG. They elaborately disclosed 

the detailed decomposition process of cationic resin in supercritical 
water (SCW). Yu et al. [30] elucidated the N transformation pathways 
during coal/NH3 co-pyrolysis by using ReaxFF-MD. They found the re
action between NH2⋅and C atoms in coal is the primary path of N 
transfer. These research achievements fully demonstrate the powerful 
ability of molecular dynamics simulation technology in revealing 
microscopic mechanisms. However, MD simulation in the SS and coal 
co-gasification has not been systematically carried out. Specifically, the 
functioning mechanism of free radicals during the gasification process 
and their regulatory effects on product distribution remain unexplored.

In this study, the reaction mechanism of sludge and coal co- 
gasification was analyzed for the first time by using the ReaxFF − MD 
method. The key roles of OH and H radicals were revealed through 
analyzing the dynamic evolution of radicals. Additionally, we investi
gate the effect of different temperature and gasifier types on syngas 
product distribution. These findings not only fill the gaps of existing 
studies in the microscopic reaction paths during the co-gasification 
process, but also provide theoretical basis for the optimization and 
upgrading of SS and coal co-gasification technology. This holds signifi
cant importance for advancing the industrial deployment of low-carbon 
energy technologies.

2. Research methods

In this study, a combination of model construction, molecular dy
namics simulation and data analysis was used to explore the mechanism. 
The following sections elaborate on the methods in detail.

2.1. Model construction

The primary components of SS are cellulose, lipids and proteins, 
accounting for approximately 80 % [31]. It is difficult to analysis the 
gasification process using conventional methods [32]. In this study, 
three different monomers (β-D-glucose, triglyceride, and leucine) were 
chosen to represent cellulose, lipids, and proteins, as shown in Fig. 1 a-c. 
These monomers contain functional groups (such as carbonyl and 
carboxyl groups) and are key sites for reactions to take place [33]. 
Therefore, it is crucial to study the interactions of these monomer and 
coal.

Bituminous coal is characterized by high carbon content and low 
moisture content. This making it allow for more efficient conversion into 

Fig. 1. Molecular structure of components (a) monomeric β-D-glucose molecule; (b) glyceryl triacetate molecule; (c) leucine molecule; (d) bituminous coal molecule.
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synthesis gas. The bituminous coal model developed by Xu et al. [34] is 
employed in this study. Fig. 1(d) shows the molecular structure of 
bituminous coal with formula C192H167O14N3 and molecular weight of 
2737.

Different systems were constructed by using the Amorphous Cell 
module in Materials Studio. Systems density were set to 0.1 g/cm3 to 
prevent overlapping systems between atoms [35]. Table 1 presents the 
number and the mass fractions of molecules in each system, where the 
proportion of components in S1 is referenced from sludge sample from 
Djandja et al. [36]. The structure was then optimized using the Forcite 
module. The steepest descent and conjugate gradient methods were used 
to determine the lowest-energy conformations. Fig. 2 presents the four 
systems following optimization.

2.2. Simulation details

These systems were imported into the LAMMPS software to conduct 
MD simulations under periodic boundary conditions and an NVT con
ditions. Given the multi-element composition (C, H, O, N) of these sys
tems, the employment of the C/H/O/N ReaxFF reactive force field file 
developed by Mitchell A. Wood et al. [37] is justified. This file was used 
to accurately describe atomic interactions in the reactions of thermal 
conversions. For example, Hong et al. [38] employed this field to 

conduct a simulation study on the synergistic effect mechanism of H2 
generation during the co-pyrolysis of coal and NH3. During the simu
lation process, the Berendsen thermal bath method was employed to 
control the system temperature, with a time step set at 0.25 fs and a total 
simulation duration of 1325 ps. To ensure that the systems reached 
thermodynamic equilibrium, all systems underwent a relaxation time of 
25 ps at a relaxation temperature of 300 K.

The time scales simulated by ReaxFF-MD are on the order of pico
seconds, which is a smaller timescale than that of the actual chemical 
reactions. In accordance with the temperature-accelerated reaction ki
netics theory (TTS) [39] and Arrhenius’ law [40], elevating the tem
perature enhances reaction rates without modifying the reaction 
mechanisms. Meanwhile, prior investigations have demonstrated that 
thermal increases exert a negligible influence on reaction products and 
mechanistic pathways [41]. Consequently, the simulation temperature 
was raised to 2000 K-3500 K in this study. Multiple simulations were 
performed with randomized initial conditions (molecular positions and 
velocities) to minimize inherent uncertainties. Finally, the reaction 
process was observed using the visualization software VMD and the 
product files were analyzed using Python. Researchers may request the 
data by contacting the corresponding author.

Table 1 
The mass fraction of components in each system.

System β-D-glucose Glyceryl triacetate Leucine Coal Water CO2

S1 Number of molecules 10 20 28 0 819 0
Mass fraction 7.33 % 17.75 % 14.93 % 0 60 % 0

S2 Number of molecules 0 0 0 2 456 0
Mass fraction 0 0 0 40 % 60 % 0

S3 Number of molecules 6 11 16 2 921 0
Mass fraction 3.91 % 8.68 % 7.59 % 19.81 % 60 % 0

S4 Number of molecules 6 11 16 2 0 377
Mass fraction 3.91 % 8.68 % 7.58 % 19.81 % 0 60 %

(S1: Sludge Steam Gasification System, S2: Coal Steam Gasification System, S3: Sludge and coal steam co-gasification System, S4: Co-gasification system with CO2).

Fig. 2. Optimized model systems for gasification. (S1: Sludge Steam Gasification System, S2: Coal Steam Gasification System, S3: Sludge and coal steam co- 
gasification System, S4: Co-gasification system with CO2).
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2.3. Evaluation indicators

To evaluate the synergy of the co-gasification process, the following 
formula was used: 

Δn = ni,experiment − ni,theory(i = 1,2⋯)

where ‘i’ represents the various gases, ‘ni,experiment’ represents the actual 
amount of gas substance per kg in the SS and coal steam co-gasification 
system, and ‘ni,theory’ represents the theoretical amount of gas substance 
per kg in the same system. A positive value of Δn indicates a positive 
synergistic effect of the co-gasification reaction on the gas. The strength 
of the synergistic effect can be determined based on the magnitude of the 
value. All data provided corresponds to the dry ash-free basis.

3. Results and discussion

In this section, the models are verified, and the role of free radicals in 
the co-gasification process is clarified through the simulation data. 
These discussions and results are presented in the subsequent sections.

3.1. Model verification

To verify the accuracy and applicability of the SS model, the simu
lation results for S1 were compared with the gasification products ob
tained by Hu et al. [42] in their high-temperature steam gasification 

experiments on SS. Fig. 3 illustrates the changes in the volume fractions 
of the five main gas products (H2, CO, CH4, CO2, CnHm), which account 
for approximately 90 % of the total gas products. The trends of the main 
gas products obtained from the MD simulation results are in good 
agreement with the experimental results, thereby fully verifying the 
reliability of the simulation model [43]. Moreover, the volume fractions 
of the main gases produced in the two results are approximately equal. 
This finding further validates the reliability of the sludge model 
employed in this study.

3.2. Analysis of synergies

This section outlines the isothermal transition behaviors of the S1, 
S2, and S3 systems at a temperature of 3000 K. Some gases (such as 
C2H6, C2H4, HCHO) were deemed negligible due to their low concen
trations. The major gas products accounted for, including H2, CO, CH4, 
CO2, NH3, and C2H2, are constituted to make up over 80 % of the total 
gas products in the system. Fig. 4a presents these volume fractions of 
major gas products among systems S1, S2, and S3. It was observed that 
the process in S3 produced greater quantities of flammable gases (H2 
and CO).

Fig. 4b shows the actual and theoretical yields of the main gaseous 
products per kilogram of the SS and coal mixture in the co-gasification 
process. There is a positive synergistic effect on the production of H2 
(Δn = +5.57 mol/kg) and CO (Δn =+3.15 mol/kg), while its impact on 
CO2 and NH3 production is relatively minor during the co-gasification 
process. For CH4, the actual values closely align with the theoretical 
values, suggesting that it does not enhance CH4 production in co- 
gasification process. In contrast, the actual value for C2H2 is lower 
than the theoretical value, implying a negative synergistic effect on its 
production. This finding aligns with the experimental results reported by 
García et al. [44]. Additionally, the theoretical and actual values for 
water vapor consumption during co-gasification were calculated as 
ni,theory = 18.74mol/kg and ni,experiment = 22.18mol/kg, respectively. 
These results indicate that the co-gasification process positively in
fluences water vapor consumption, thereby promoting the production of 
H2 and CO.

3.3. Main processes of sludge and coal gasification

This section investigates the consumption of steam molecules and 
major gas products in the system at a temperature of 3000 K. Fig. 5 il
lustrates the trends in the number of water molecules and main gas 
products generated over time. Initially, the number of H2O molecules in 
the different systems remains stable as the simulation progresses. Sub
sequently, the amount of H2O in the S1, S2 and S3 systems started to 
decrease at 108.55 ps, 95.18 ps and 70.78 ps, respectively. Meanwhile, 

Fig. 3. Variation of volume fraction of different gas products with temperature.

Fig. 4. (a)Volume fraction of each gas product in different systems. (b) Comparison of the actual and theoretical values of the quantities of substances in the main 
gas products.
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the first gas production events in the three systems occurred at 48.31 ps 
(CO2) for S1, 80.68 ps (H2) for S2, and 51.38 ps (CO2) for S3, respec
tively. Through comparison, it was found that the generation time of the 
main gas products precedes the decrease in the number of H2O mole
cules. Therefore, the reaction process can be divided into two stages: the 

pyrolysis stage and the gasification stage. In the pyrolysis stage, the 
macromolecules of SS and coal components undergo cracking. Due to 
the aliphatic side-chain components are particularly prone to cracking 
[45], this results in the formation of a small amount of gaseous hydro
carbons. During the gasification stage, a substantial number of H2O 
molecules participate in the reaction. As the reaction proceeds, sub
stantial amounts of gases are produced.

In addition, the number of H2O molecules began to fluctuate and 
slightly increase at 68.85 ps in S1. This could be because, the cracking of 
sludge generates a small amount of H2O molecules during the pyrolysis 
stage.

3.4. Analysis of sludge and coal co-gasification mechanism

To clearly understand the co-gasification mechanism of SS and coal, 
further analysis was conducted using VMD software and simulation 
data. Fig. 6 illustrates the sequential reactions of glyceryl triacetate 
molecule (C9H14O6), leucine molecule (C6H13O2N), monomeric β-D- 
glucose (C6H12O6), and bituminous coal molecule (C192H167O14N3) 
during this process. Due to the lower bond energy of its C-O-C bonds 
compared to the C–C and C–H bonds [46], C9H14O6 undergoes cleavage 
at 47.18 ps. This process generates the C2H3O2 group and allyl radical 
(C3H5), as depicted in Fig. 6a. At 56.25 ps, C6H13O2N experiences suc
cessive cleavage of C–C bonds. Fig. 6b shows that it fragments into 
smaller molecules while generating CO2 in this process. At 62.28 ps, the 
ether bond in C6H12O6 breaks to generate a C5H10O4 group and a CH2O2 
group, as shown in Fig. 6c. Additionally, a small amount of H radicals is 
generated during the pyrolysis process, which facilitates subsequent 
reactions. These observations align with the findings of Hao et al. [47].

Fig. 6d shows the typical reaction process in coal molecules break 
down and decompose into smaller molecular groups during the pyrolysis 
stage. The hydroxyl groups connected to nitrogen atoms in coal mole
cules are highly unstable at high temperatures. Consequently, the 
detachment of OH group results in the formation of a C192H166O13N3 
group from coal molecules. The bond energy of ether bonds linked to 
aliphatic groups is lower than that of ether bonds in aromatic groups 
[45]. Thus, the ether bonds in the C178H154O12N2 group attached to the 
aliphatic component break first. This leads to the formation of the 
C147H128O11N group and the small molecular fragment C31H26ON. 
Within the C147H128O11N group, the C-O and C–C bonds in the six- 
membered ring containing oxygen also break, resulting in the 
C63H60O4 group and the nitrogen-containing C84H68O7N group. Subse
quently, the ether bond linked to the aliphatic group in the C63H60O4 
group also broke, resulting in the formation of the molecular fragments 
(C30H27O2 and C33H33O2). Finally, the C–C bond was cleaved and the 
ether bond attached to the aromatic group in the C84H68O7N group was 
broken. This led to the generation of the five-membered ring containing 
oxygen (C7H9O), along with the small molecular fragments C23H20O2 
and the C54H39O4N group.

During the pyrolysis stage, a large number of molecular fragments 
are produced. Among them, aromatic rings exhibit higher stability 
compared to chain hydrocarbons [29]. Based on this, it is necessary to 
deeply analyze the role of free radicals in the transition mechanism 
during the co-gasification process. Fig. 7 shows the changes in the mass 
fraction of free radicals in different systems. The generation of OH and H 
radicals increased rapidly within the range of 50 ps to 200 ps, which 
indicates that H2O are involved in the reaction of gasification stage. As 
the gasification reaction progresses, the number of OH radicals decrease 
significantly before 300 ps in Fig. 7a. This suggests that OH radicals play 
a role at early stage of gasification. While for the H radicals in Fig. 7b, a 
sharp decrease occurs after 300 ps, indicating that H radicals mainly 
react at the later gasification stage. Additionally, it was found that the 
number of H radicals in S2 is higher than that in S1 and S3. This in
dicates that the addition of coal in co-gasification is conducive to the 
consumption of H radicals from SS.

As illustrated in Fig. 8, the interactions between OH radicals and 

Fig. 5. The number of water molecules and major gas products varies with 
simulation time in different systems. (a)S1: Sludge Steam Gasification System, 
(b)S2: Coal Steam Gasification System, (c)S3: Sludge and coal steam co- 
gasification System.
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molecular fragments formed during pyrolysis are categorized into three 
pathways. The first pathway (red) shows that OH radicals can attack 
cyclic structures, thereby forming chain-like structures or small molec
ular groups [46]. For example, OH radicals substitute hydrogen atoms 
on the benzene ring of C14H12ON, triggering ring cleavage to form 
C11H9O2N and a propargyl group (C3H3). The second pathway (blue) 
involves OH radicals reacting with oxygenated chain groups produced 
during pyrolysis, leading to the formation of reactive intermediates. For 
instance, OH radical abstract hydrogen atoms from the methyl group of 

C6H14O yielding the reactive intermediate C6H14O2 and a H free radical. 
The third pathway (green) shows that OH radicals react with hydro
carbon molecules (C5–C15) in the pyrolysis stage, also generating reac
tive groups. Collectively, these results indicate that abundant OH 
radicals predominantly attack molecular fragments, converting them 
into small-molecule highly reactive groups.

In the later gasification stage, the H radicals more readily react with 
the already generated small-molecule highly reactive groups and are 
further cleaved to produce gaseous products. These highly reactive 

Fig. 6. Pyrolysis of molecules in the pyrolysis phase of a co-gasification reaction. (a) glyceryl triacetate molecule (C9H14O6), (b) leucine molecule (C6H13O2N), (c) 
monomeric β-D-glucose (C6H12O6), (d) bituminous coal molecule (C192H167O14N3).
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groups can be classified into oxygen-containing groups and non-oxygen- 
containing groups, as shown in Fig. 9. For oxygen-containing groups, the 
reactions can be subdivided into three categories: reactions involving 
carbonyl groups (C––O), carboxyl groups (COOH), and ether bonds 
(− O–). These groups are ultimately converted into CO or CO2 under the 
action of H radicals. This is highly consistent with the findings of Qiu 
et al. [40]. For non-oxygenated groups, H radicals induce cleavage of 
C–C bonds, thereby generating small-molecule hydrocarbon gases. In 
addition, H radicals can react with the NH2 radicals to generate NH3 
ultimately.

Overall, the generation of OH and H radicals facilitates the reaction 
between SS and coal during the co-gasification process. These free 
radicals promote the conversion of complex organic structures into 
small molecules, thereby minimizing the formation of secondary coke 
and tar.

3.5. Influencing factors on the synergistic effect

The efficiency of product formation and component distribution are 

influenced by temperature and gasifier type. The subsequent sections 
explore these factors.

3.5.1. Influence of temperature
This section explores the impact of different temperature on the co- 

gasification process. Fig. 10 illustrates the trend of gas product molecule 
quantities at different temperatures in S3. The activation energy barriers 
for the aromatic rings typically range from 364.66 to 477.6 kJ/mol [48]. 
Therefore, when the simulated equilibrium temperature is too low, the 
aromatic structures cannot undergo ring-opening reactions with OH 
radicals. This indirectly results in a significant reduction in the number 
of H2 and CO molecules. As shown in Fig. 10 c-d, the yield of CO2 is 
lower than that at 2500 K and 3000 K. It indicates the existence of a 
saturation point in the reaction. This saturation point also occurs in the 
generation of CH4. This phenomenon can be attributed to the fact that at 
higher temperatures, the dry reforming of methane (DRM) reaction is 
promoted, converting CH4 and CO2 into syngas [34].

For further analysis, we counted the volume fractions of the four gas 
products. Fig. 11 shows that the increase in temperature has increased 

Fig. 7. Comparison of the mass fraction of OH and H during the reaction process of different systems. (a) OH radicals; (b) H radicals.

Fig. 8. Typical examples of OH radicals interacting with various small molecule fragments produced by pyrolysis.
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Fig. 9. Typical examples of H radicals interacting with various small molecule fragments produced by pyrolysis.

Fig. 10. Variation of the number of gas molecules with simulation time at different temperatures (a) H2; (b) CO; (c) CO2; (d) CH4.
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the yields of H2 and CO by 33.3 % and 28.6 % respectively. Conversely, 
the volume fractions of CO2 and CH4 continuously decline by 34.1 % and 
7.9 % respectively when the equilibrium temperature rises. Therefore, 
the right temperature needs to be chosen to regulate the distribution of 
the gasification products.

3.5.2. Influence of gasifying agent
This section delves into the influence of different gasifying agents on 

the co-gasification process. Fig. 12 shows the variations in the number of 
CO2 molecules and key gas products over time at a temperature of 3000 
K in S4. During the pyrolysis stage, the amount of CO2 remained nearly 
constant, consistent with the trend of water molecule counts in S3. This 
suggests that gasifying agents do not participate in the reaction, while 
macromolecules undergo cleavage within the system during the initial 
reaction stage. Starting from 57.11 ps, the number of CO2 molecules 
increased rapidly. The peak of the curve occurs at 99.18 ps due to the 
small amount of CO2 generated from the cleavage of the sludge com
ponents. Upon entering the gasification stage, gaseous products are 
gradually produced in the system. CO began to form after the production 
of H2O molecules, and its quantity initially increased rapidly and then 
slowed down. Subsequently, H2, NH3, C2H2, and CH4 were produced in 
sequence. The generation trends of H2 and C2H2 were very similar to 

that of H2O, while the generation changes of CH4 and NH3 exhibited a 
similar pattern. This variation trend are consistent with the experi
mental results of Khalil et al. [49].

Once the S4 system attained a steady state, statistical analysis of the 
gas products was performed. The results indicate that five major gas 
products constitute 97.74 % of the total gas volume (excluding H2O), as 
depicted in Fig. 13. When CO2 is used as the gasifying agent, it signifi
cantly enhances both the quantity and percentage of CO molecules in the 
gas products, with a growth rate of 48.9 %. In sharp contrast, the 
number of H2 molecules and their percentage content decrease signifi
cantly, with a decline rate of 35.5 %. The ratio of H2 to CO also drops 
from 1.76 to 0.15, consistent with the experimental findings of Han et al. 
[50].

To explore the mechanism further, the mass fraction of OH and H 
radicals under the influence of different gasifying agents was counted. 
Fig. 14 shows that the content of OH radicals in S4 is significantly lower 
than that in S3. This induces the incapability of ring structures to un
dergo cleavage, thereby triggering accumulation and coke formation. 
The high yield of CO is associated with the reaction of CO2 with coke 
during the initial gasification stage [51]. Meanwhile, the decrease of 
small reactive group results in an accumulation of free H radicals in the 
system. As the gasification reaction progresses, these H radicals react 
with small highly reactive groups to produce gaseous products. There
fore, while the type of gasifying agent generally does not alter the main 
gas compositions of SS and coal co-gasification, it does influence the H2/ 
CO ratio, with minimal impact on other gas products.

4. Conclusions

In this study, β-D-glucose, glyceryl triacetate, and leucine were 
selected as molecular models for cellulose, lipids, and proteins in sewage 
sludge respectively. A sewage sludge steam gasification system was 
constructed, and the reliability of the model was verified through ex
periments data. Statistical analysis of the ReaxFF-MD simulation results 
confirmed that there is a significant synergistic effect during the co- 
gasification process. The yields of H2 and CO increased significantly 
by 2.1 % and 1.75 % respectively, while the yields of gases such as CO2, 
NH3, and CH4 were basically unaffected, and the formation of C2H2 was 
inhibited.

Through visual analysis using VMD software, it was found that the 
co-gasification reaction is primarily driven by OH and H radicals. During 
the pyrolysis stage, glyceryl triacetate, leucine, β-D-glucose, and 

Fig. 11. Volume fractions of gas products at different simulated temperatures.

Fig. 12. Changes in the number of different gas products over simulation time 
in S4.

Fig. 13. Comparison of volume fractions of gas products with different gasi
fying agents.
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bituminous coal were sequentially decomposed into molecular frag
ments, releasing a number of OH and H radicals. In the gasification 
stage, OH radicals first react with cyclic structures, oxygen-containing 
chain structures, and hydrocarbon gases to form highly reactive small 
molecular groups. Subsequently, H radicals are more likely to react with 
these highly reactive groups. Specifically, H radicals can react with both 
oxygen-containing groups such as carbonyl, carboxyl, and ether bonds 
and oxygen-free reactive groups to produce gaseous products. In addi
tion, temperature and the type of gasifying agent have an important 
impact on the product distribution. Increasing the temperature accel
erates the fragmentation of molecules and promotes the conversion of 
CH4 and CO2 into syngas. When CO2 is used as the gasifying agent, the 
generation amount of OH radicals decrease. This promotes the full re
action between CO2 and coke and significantly increases the volume 
fraction of CO.

In the future, researchers can build a multicomponent modeling 
system for actual sludge to evaluate the impact on the carbon conversion 
pathway. Moreover, a directed catalytic system based on free radical 
modulation could be developed. This study offers a feasible pathway for 
industrial decarbonization and a theoretical foundation for optimizing 
the co-gasification of sludge and coal.
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