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12 Abstract: Supercritical gasification is a promising technology for the utilisation of biomass and plastic wastes. To further understand
17 the synergistic effect of lignin and plastic co-gasification under the influence of supercritical water, the microscopic mechanism of the
18 co-gasification of lignin and plastic in supercritical water was studied using reactive molecular dynamics simulations. The influence of
:2L i temperature on the evolution behaviour of the carbon chains was also analysed. At low temperatures, lignin cracks slowly, whereas most
21 polyethylene does not crack, and gas production yield is low. The quantity of supercritical water participating in gasification increases
22 with increasing temperature, but there exists an upper limit to this increase. At high temperatures, the main gasification products include
23
24 Hz, CH4, CO, and COa.
25
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59 1. Introduction
;2 Due to the increase of environmental pressure and depletion of fossil resources, new renewable energy and waste disposal
32 methods are urgently needed [1]. Plastics are widely used in daily life, e.g. in food, transportation, and safety protection.
;31 However, plastic products usually consist of long-chain macromolecules that are difficult to degrade under natural condi-
35 tions. Long-term accumulation of such plastic products can cause serious damage and pollution to the environment [2,3].
;g Biomass can be used as a source of renewable energy [4]. Lignin is a kind of biomass that can be directly converted into
38 coke, bio-oil, and natural gas [5]. However, the development and utilisation of lignin are not as advanced as those of
Zi cellulose and hemicellulose [6].
41 Pyrolytic gasification is an effective method for the treatment of municipal solid waste. In this regard, supercritical water
ji gasification (SCWG) is considered a promising thermochemical technology for the energy conversion of organic solid
44 waste. SCW is characterized by low viscosity, low mass transfer resistance, good diffusion performance, large heat capac-
jz ity, and high solubility of most organic compounds, and thus provides a good reaction environment for the co-gasification
47 of biomass and plastics. In the gasification process, as the medium and reactant, SCW can induce macromolecules with
48 .. .. . . . . .
49 low reactivity to participate in the chemical reaction to generate H-rich syngas [7,8]. Yan et al., [9] studied the enhance-
50 ment effect of SCW on scrap tire (ST) depolymerisation, and the results showed that SCW acts both in clusters and as
51 . . . .
55 monomers during this process. Moreover, the relative fractions of the SCW clusters and monomers can control the com-
53 ponents of the depolymerisation products. Skarmoutsos et al., [10,11] investigated the molecular structure of SC fluids
54
55 (pure and mixed), demonstrating that local density inhomogeneities occurred in water under supercritical conditions (T>Tc,
56 P>Pc). It can be assumed that local density inhomogeneities in SCW play a significant role in the microscopic mechanism
57
58 of the gasification process.
59
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From a practical point of view, there are both lignin and plastic in the waste [12-15], and there has been an increasing
number of studies on the use of SCW to usefully dispose of plastics and biomass materials in an environment-friendly
manner [16-23]. Our group studied the gasification processes of lignin in SCW at nine different temperatures and analysed
the cleavage mechanism. The results showed that these processes could generate different numbers of H, and CO gas
products [20] in different temperatures. We also studied the catalytic SCWG of lignin using different nanocatalysts to
understand the degradation mechanism and the path of gas generation. The results showed the different effects of two types
of catalysts in accelerating the gasification reaction [21]. Furthermore, Zhao et al., [22] studied the gasification of polysty-
rene (PS) in SCW with CO». The results showed that the liquid composition changed with increasing temperature, and in
SCW, the carbon conversion efficiency of PS plastic reached 47.6% at 973 K. Cao et al., [12] experimentally investigated
the co-gasification of soda lignin produced from black liquor and various plastics in SCW and reported a synergetic effect
in the co-gasification of polyethylene (PE) and soda lignin. The results showed that the addition of soda lignin improved

the gasification efficiency.

However, there has been limited research on the microscopic mechanism of the co-gasification of lignin and plastic in
SCW. To further elucidate the synergistic effect of lignin and plastic co-gasification and the influence of SCW on their
gasification process, in this study, we investigated the co-gasification process of plastic and biomass in SCW by reactive
molecular dynamics simulation. $-O-4 lignin and polyethylene, which are the most common substances present in solid
waste, were used as lignin and plastics, respectively. Most reactions involved in SCWG, including decomposition, hydrol-
ysis, and steam reforming reactions, are endothermic in nature; therefore, temperature is an important parameter, and higher

temperatures favour gasification.

2. Materials and Methods

Molecular dynamics simulation is an effective method to reveal microscopic phenomena that are difficult to observe ex-
perimentally and has been widely used in many studies [20-30]. The ReaxFF force field has been successfully used to
describe chemical reactions in numerous studies [31-34], such as the decomposition and combustion processes of toluene
and cyclic compounds. A version of the force field for C/H/O was adopted in this study, and more details are provided in
the supplementary material [35]. The overall system energy can be described by equation (1), which include the following
terms: bond energy, pair energy, over-coordinated energy, angle energy, under-coordination energy, valence lone terms
energy, penalty energy, two carbons in stability energy, triple bond energy correction, torsion rotation barriers, four-body

conjugation term, hydrogen bond interactions, and non-bonded interactions.

Esysrem = Ebond + E/p +E0ver + Eang/e + Eunder + Eva/ + Epen + Ecoa (1)
+ ECZ +Errip/e + Erors + Econj + EHfbond + EvdWaa/s + ECou/omb

In order to verify the accuracy of this method, the density of water at 325 K and 800 K and 57.413MPa were calculated
and compared with experimental values [36,37]. The deviations were shown in Table 1, and the results means that the

simulation method is reliable.

Table 1. Density of high pressure water and supercritical water.

T/K ReaxFF Expt Error
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325 1.0366 1.0107 2.6%
800 0.2813 0.2681 4.9%

p (g/enr)

The molecular model of the £-O-4 molecule and polyethylene (PE) was constructed using Material Studio software [38],
as shown in Figure 1. To optimise the initial molecular model for validation and obtain a more suitable structure, the density
functional theory (DFT) approach was used at the level of the generalised gradient approximation (GGA) with the Becke—
Lee—Yan—Parr (BLYP) functional [39]. They are composed of flexible molecules with flexible bonds that exhibit transla-
tional, rotational, torsional, and vibrational motion. In the following figures, the hydrogen atoms are represented by blue

balls, the carbon atoms are represented by black balls, and the oxygen atoms are represented by red balls.

-
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Figure 1. molecular model. (a) f-O-4 molecule; (b) polyethylene.

In the reaction process, bond breaking, and bond formation were simulated with bond order. Each pair of atoms connected
independently and using the electronegativity equalisation method to evaluate the atomic charges can be used to directly
calculate the charge distribution of each region of the system and the total energy [40-42]. Cubic cells were constructed
with periodic boundary conditions to establish the initial structure and eliminate surface effects. The optimised structure
shown in Figure 2 is an example of a polyethylene-lignin co-gasification system with 7PE and 8 £-O-4 in SCW in a SCW
environment with 200 SCW molecules. Many previous studies have shown that increasing temperature increases the reac-
tion rate but does not affect the reaction process [32-35], and Reaxff molecular dynamics simulations usually set a higher
temperature to observe chemical reactions on a computational time scale [40,41]. Therefore, in this study, the simulation
temperature was set to 2000 K to 5000 K. First, the simulated system was balanced at 325 K. After the simulation system
reached stability, it was heated from 325 K to the simulation temperature of 104.48 MPa. Subsequently, each system was
simulated for 2 ns to ensure that the reaction time was sufficient. All Reaxff MD simulations were performed using

LAMMPS under canonical ensemble (NVT) [43,44].

Figure 2. Polyethylene - lignin in SCW system
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3. Results and Discussion

To analyse the depolymerisation process, the variations in the C chain fragment in the reaction system were studied by
classification as C1, C2, C3-C4, C5-C19 lignin, and PE (Cn denotes carbon chain with n carbon atoms). Figures 3—6 show
the change in the number of molecular fragments with different carbon chains in the initial 0.5 ns of simulation time at four
different temperatures. It can be concluded from the figures that at 2000 K, only a few polyethylene molecules are broken,
while all lignin molecules are broken after 0.1 ns, many molecular fragments with long carbon chains (C5-C19) remain,
and the number of fragments with shorter chains is very small. At 3000 K, within 0.5 ns, all the lignin and polyethylene
molecules were broken, and the long-carbon-chain (C5-C19) fragments were generated rapidly, which were later broken
into shorter-carbon-chain fragments. The number of fragments with shorter carbon chains increased gradually and then
stabilized at about 0.1 ns. At 4000 K and 5000 K, the lignin and polyethylene molecules were all broken within 0.01 ns,
and the generation of C1, C2, C3-C4 fragments was much faster than at 3000 K, while the generation of C1 fragments at
5000 K exceeded that at 4000 K. At 3000 K, many C5-C19 fragments were rapidly generated. The number of C5-C19
fragments generated at 4000 K was significantly reduced, while that at 5000 K was the lowest. This is because at higher
temperatures, the molecules move more rapidly and collisions are more energetic, leading to the fragmentation of longer
carbon chains into shorter chains once generated.

20
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Figure 3. The initial change of different carbon chain fragments at 2000K.
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Figure 4. The initial change of different carbon chain fragments at 3000K.
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Figure 5. The initial change of different carbon chain fragments at 4000K.
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Figure 6. The initial change of different carbon chain fragments at S000K.

Figure 7 shows the numbers of molecular fragments with different carbon chain lengths at the end of the simulation. It can
be concluded that as the temperature increases, the numbers of C1 and C3-C4 fragments increase, while that of C5-C19
fragments decreases. At 2000 K, the number of C2 fragments is small, but when the temperature exceeds 3000 K, the
number of C2 fragments increases, and their difference at higher temperatures becomes small, which means that the influ-
ence of the change in temperature on the number of C2 is small. At 4000 K and 5000 K, there were almost equal numbers

of C5-C19 fragments, and the differences in the carbon chain lengths between the two temperatures were also small.
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Figure 7. The number of molecular fragments with different length carbon chain at the end of the simulation.
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Figure 8 shows the number of SCW molecules that remained and were consumed. It can be concluded that the number of
water molecules consumed increases with increasing temperature. Almost no SCW was consumed at 2000 K. The number
of water molecules remained constant at 4000 K and 5000 K, indicating that when the temperature reached a limiting value,

increasing the temperature had negligible effect on promoting the reaction.
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Figure 8. The number of supercritical H,O left and consumed.

4. Discussion

Many different types of alkanes were generated in the simulation, among which methane was the most abundant, and
gasification of PE afforded higher yields of methane than that of lignin, consistent with the results reported by Cao et al
[12]. In this study, the main four gas products were shown in Figure 9, including H,, CO, CO,, and CHs, and the number
above each column represents the proportions of the four products at the same temperature. It can be concluded from the
figure that the yield of gas production was low at 2000 K, and the CO, yield was low at all temperatures. The higher the
temperature, the more H, and CO molecules were produced, consistent with the results reported by Cao et al [12]. However,
when the temperature exceeded 4000 K, the number of H, and CO molecules changed very little with increasing tempera-
ture, indicating that there is an upper limit on the production of H, and CO. When the temperature was above 3000 K, the
amount of CH, decreased with increasing temperature, consistent with the results reported by Cao et al [12]., because CH4

continued to participate in the cleavage reaction, forming smaller molecules or molecular fragments.
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Figure 9. The number of gases produced.

5. Conclusions

In this study, the co-gasification of $-O-4 lignin and polyethylene in SCW was examined using the ReaxFF MD method.
During the co-gasification process of lignin and polyethylene in SCW, the long-carbon-chain (C5-C19) molecular frag-
ments were first generated, which were subsequently broken into shorter chains. At low temperatures, lignin cracks slowly
but completely, whereas most PE remains intact. At high temperatures, a large number of short-chain molecular fragments
are produced, and their collisions intensify, making the cracking more rapid and complete. As the temperature increased,
the number of C1 fragments increased, while the number of C5-C19 fragments decreases. The number of water molecules
consumed with an increase in temperature is limited. At 2000 K, gas production is small, at higher temperatures, gas
productions increase apparently, and the order of yield is H, > CO > CH4 > CO,. The production of gases is affected by

temperature; as the temperature increases, the production of H, and CO increases, but this increase is limited.

Funding: This research was funded by the National Natural Science Foundation of China (N0.51936009 and No. 51721004), and
Shaanxi Provincial Department of science and technology (NO.2020JQ-907).
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