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Abstract: Supercritical water gasification is an efficient and clean method for converting biomass into
hydrogen-rich gas. Phenol plays a crucial role as an intermediate product in biomass supercritical
water gasification, and studying its reaction pathway in supercritical water is essential for understand-
ing the chemical reaction mechanism and optimizing biomass energy conversion processes. In this
paper, we investigated the conversion mechanism of phenol gasification and hydrogen production in
supercritical water using a combined approach of reactive force field (ReaxFF) and density functional
theory (DFT). We determined the decomposition pathways and product distribution of phenol in
supercritical water. The calculation results demonstrate that in the supercritical water system, the
efficiency of phenol conversion for hydrogen production is approximately 27 times higher than that
of hydrogen production through gasification in the pyrolysis state. Moreover, both the carbon conver-
sion rate and hydrogenation rate in the supercritical water system are significantly higher compared
to those in the pyrolysis system. Furthermore, we found that the energy in the supercritical system
is approximately half that of the pyrolysis system, favoring the ring-opening reactions of phenol
and promoting hydrogen production. In contrast, the pyrolysis system produces a greater quantity
of aromatic compounds, leading to tar formation and having significant implications for both the
reaction process and reactor design. Additionally, we conducted comparative experiments between
the supercritical water gasification process and the pyrolysis process to explore the advantages of
supercritical water gasification.
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1. Introduction

Climate change is one of the most pressing challenges facing humanity [1]. Since the
Industrial Revolution, human activities, such as the combustion of fossil fuels and industrial
processes, have emitted significant amounts of carbon dioxide into the atmosphere, thereby
becoming the primary cause of climate change. Energy transition is an inevitable aspect
of the ongoing advancement of human civilization, and it is imperative for the world
to transition towards sustainable energy systems [2]. Consequently, scientists have been
actively seeking renewable and sustainable energy sources as gradual replacements for
fossil fuels.

Biomass has been recognized as a potential energy source for half of the world’s
population. Compared to fossil fuels, biomass offers advantages such as renewability,
environmental friendliness, and sustainability [3]. Therefore, in the context of the ongoing
energy transition, biomass has garnered considerable attention as an alternative energy
source. The current primary utilization of biomass as fuel is still direct combustion. Utiliz-
ing renewable biomass as a fuel offers advantages in terms of sustainability and long-term
supply compared to finite fossil fuels. This helps reduce reliance on fossil fuels and mitigate

Sustainability 2023, 15, 12880. https://doi.org/10.3390/su151712880 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su151712880
https://doi.org/10.3390/su151712880
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su151712880
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151712880?type=check_update&version=1


Sustainability 2023, 15, 12880 2 of 10

energy supply instability. However, the direct combustion of biomass generates aerosols,
such as particulate matter, and gas emissions, including nitrogen oxides and sulfur dioxide.
These emissions have potential negative impacts on air quality and the environment [4],
particularly in the absence of proper emission control measures. However, the application
of supercritical water gasification technology avoids the aforementioned issues.

The critical temperature of water, T = 374 ◦C, and critical pressure, P = 22.1 MPa,
mark the boundary at which water undergoes a phase transition into a state known as
supercritical water [5]. Supercritical water gasification technology is a high-temperature,
high-pressure chemical reaction process that utilizes supercritical water to convert organic
substances into gases. By employing supercritical water gasification technology, biomass
gasification can be converted into hydrogen-rich gas. Hydrogen gas, as an ideal fuel, offers
a promising solution to address the energy crisis. Moreover, the combustion of hydrogen
does not produce any polluting gases. However, during the process of biomass supercritical
water gasification, complete direct conversion to hydrogen does not occur. Instead, numer-
ous intermediate products are generated, which can have an impact on the overall efficiency
of hydrogen production. Research has indicated that phenol is recognized as a significant
intermediate product in biomass supercritical water gasification. Specifically, biomass
undergoes a series of chemical reactions in supercritical water, including deoxygenation,
dehydration, decarboxylation, and deamination, resulting in the formation of numerous
intermediate products [6]. Among these, phenol can be generated through catalytic crack-
ing, gasification, and hydrolysis reactions of aromatic compounds present in biomass, such
as lignin and cellulose, under high-temperature and -pressure conditions. Additionally,
phenol can further undergo transformations into other compounds, including phenols,
alcohols, and ketones, ultimately giving rise to gaseous products such as hydrogen and
liquid products such as phenol derivatives and phenolic resins [7]. Biomass gasification has
been identified as a potential method for hydrogen production. Therefore, investigating the
reaction mechanism of phenol gasification in supercritical water for hydrogen production
plays a pivotal role in biomass energy conversion processes.

The production of hydrogen from phenol has attracted widespread attention among
researchers. Walid Nabgan et al. [8] conducted a kinetic study on phenol steam reforming
over a Ni-Co/ZrO2 catalyst, utilizing a reaction rate model developed based on Langmuir-
Hinshelwood and Eley–Rideal mechanisms to model the chemical reaction. The results
revealed that the surface reaction was the rate-limiting step for phenol steam reforming
using the Ni-Co/ZrO2 catalyst. Amir Mosayebi et al. [9] investigated the kinetics and
conducted experimental research on hydrogen production from phenol steam reforming
using a Ni-Rh/MgO catalyst. The results indicated that higher temperatures on the catalyst
surface favored the catalytic performance of phenol conversion, as well as the production
of H2 and carbon monoxide. These research findings provide valuable insights into the
pyrolysis and gasification processes of phenol. However, the current gasification methods
encounter certain challenges. For instance, they involve significant energy consumption
during the gasification process, require pre-treatment of the feedstock prior to the reaction,
and result in the generation of substantial by-products, leading to difficulties in product
separation. Nevertheless, Zhang et al. [10] employed ReaxFF-MD to convert abundant
phenolic compounds present in the thermochemical conversion wastewater of coal and
biomass. This approach not only facilitates the transformation of phenolic compounds but
also enables their degradation into hydrogen-rich gases, thereby preventing environmental
pollution and conserving energy.

In the supercritical state, water undergoes significant alterations in its physical and
chemical properties, exhibiting distinctive characteristics and holding great potential for
various applications. Consequently, researchers have devoted considerable attention to
harnessing the exceptional properties of supercritical water, including its high diffusivity,
solubility, reaction rates, and environmental friendliness. Biomass supercritical water
gasification has emerged as an effective and environmentally friendly method, particularly
suitable for high-moisture content feedstocks. Phenol, an essential intermediate product in
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biomass supercritical water gasification, can be converted into hydrogen, carbon monoxide,
carbon dioxide, methane, and other substances under appropriate supercritical water
reaction conditions. However, under unfavorable conditions, the formation of undesirable
compounds such as polycyclic aromatic hydrocarbons and char may occur. Therefore, it is
crucial to investigate the conversion mechanism of phenol in order to optimize the process
and mitigate the formation of unwanted by-products.

In the ReaxFF method developed by Van Duin et al. [11], atoms are set to be the basic
unit of simulation, and the inter-atomic potential is utilized to describe the reactive events
with a bond order formalism, where the bond order is empirically calculated from the
inter-atomic distances. Based on the variation of the inter-atomic potential and the bond
order achieved in MD simulation, the chemical reactions during the time intervals can be
analyzed. In this method, the potential energy function is consisted with nine terms, as
shown in Equation (1).

Esystem = Ebond + Eover + Eunder + Eval + Epen + Etors + Econj + EvdWaals + ECoulomb (1)

In the equation, Ebond represents the bond energy driven from the bond order. Eover
and Eunder are the over- and under-coordinated term. EvdWaals stands for the van der
Waals interactions, and ECoulomb is the Coulombic interaction. Eval, Epen, Etors, and Econj
are the valence angle term, penalty energy term, torsion angle term, and conjugation
effects, respectively.

In many contemporary studies, the combination of the ReaxFF reactive force field and
density functional theory (DFT) has been employed to investigate various issues [12,13].
Ding et al. [14] investigated the solubility behaviors of polycyclic aromatic hydrocarbons
(PAHs) in supercritical water through molecular dynamics simulations. The results demon-
strated that PAH aggregates were relatively stable in the supercritical water/hydrogen
environment, while naphthalene (NAP) aggregates were prone to rapid and complete
dissolution. Li et al. [15] employed the ReaxFF MD method to study the gasification pro-
cess of lignin in supercritical water, obtaining the typical pathways for the evolution of
three main products (H2, CH4, and CO2) from lignin macromolecules. Chen et al. [16]
performed several sets of molecular dynamics simulations on the supercritical water gasifi-
cation process of lignin. They revealed that ether bonds were initially broken during the
supercritical process, and the formation of CO2 occurred in three main steps. The scale of
the reaction system, reaction temperature, reactant concentration, and supercritical water
density all influenced the gasification of lignin in supercritical water. In the investigation
of chemical reactions, large-scale systems, and interactions involving numerous reactive
sites, ReaxFF presents advantages. DFT excels in providing accurate electronic structural
information and serves as a crucial tool for studying electronic properties, spectroscopy,
and molecular energetics. Researchers often synergize these methods to comprehensively
understand intricate molecular systems. Therefore, in this paper, we employ a combined
approach of the ReaxFF reactive force field and density functional theory (DFT) to explore
the mechanistic details of phenol hydrogenation via gasification in supercritical water.

2. Computational Method

The decomposition and gasification processes of phenol in supercritical water were
investigated in this study using a combined approach of Density Functional Theory
(DFT) [2,4,17] and ReaxFF [18]. The research was conducted using the Amsterdam Density
Functional (ADF) software provided by SCM Corporation. The phenol model and water
model were optimized using the ADF [19,20] module in the AMS 2022 software, and the
optimization simulation process is illustrated in Figure 1. Additionally, to examine the
reaction mechanism in detail, two reaction systems were designed, as shown in Table 1.
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Figure 1. Flowchart of the optimization simulation process.

Table 1. Parameter configuration for two systems.

System Phenol
(Molecules)

Water
(Molecules)

Pressure
(MPa)

Temperature
(K)

Pyrolysis 100 0 0.1 3000

Supercritical
water gasification 100 500 25 3000

The initial structures of the two systems were established using the ReaxFF module
in the AMS software. To eliminate potential surface effects, periodic boundary condi-
tions [21–23] were applied to the three-dimensional models. Due to the limitations of
computational simulation time, researchers often select temperatures significantly higher
than those used in experiments for simulation purposes. Feng et al. [24] investigated the
pyrolysis process of phenol at various temperatures and compared the distribution of
reaction products. They concluded that high temperature does not influence the reaction
pathway. Therefore, to ensure the smooth progression of the reaction within the simulation
time, a temperature of 3000 K was chosen for the simulation.

Prior to initiating the reaction, a geometry relaxation [25–27] was performed on the
entire system. The temperature was increased to the specified value at a specific rate, and
the NVT ensemble (where the number of atoms, volume, and temperature remain constant)
was employed. The system obtained from the NVT-EM (Energy Minimization) simulation
served as the initial model for subsequent simulations. An NPT ensemble (where the
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number of atoms, pressure, and temperature remain constant) was used for 500 ps, and all
simulation time steps were set to 0.25 fs. Finally, in the conclusion process below, the carbon
conversion rate and hydrogen conversion rate are calculated using the following formulas:

X (%) = Mci + Mcj/McN × 100%

(X (%) represents the conversion rate of the corresponding element, where Mci and
Mcj, respectively, denote the mass of the corresponding element in the product, and McN
represents the total mass of the corresponding element.)

3. Results
3.1. The Comparison between Pyrolysis and Supercritical Water Gasification Systems

The superiority of supercritical water was discussed by comparing the gas yields of the
two systems. The variation in the number of H2 molecules with reaction time is depicted in
Figures 2 and 3. Figure 4 is generated by extracting the H2 gas curves from Figures 2 and 3.
The results clearly demonstrate that supercritical water gasification effectively enhances
H2 production compared to pyrolysis. Furthermore, when compared to the conditions of
supercritical water gasification, pyrolysis conditions result in a higher level of tar formation
during the reaction process, these tars include C6H5O, C6H7O, C6H6, C12H11O2, C12H10O2,
C12H12O2, C6H7O2, C6H5, C12H9O2, C12H13O2, and so on. In their comprehensive review,
M. Cortazar et al. [28] mentioned that the generation of tar leads to pipeline blockage,
downstream corrosion, and catalyst deactivation, as well as adverse impacts on health
and the environment. These factors severely hinder the commercialization of biomass
gasification technology.

Moreover, based on the energy and temperature variations depicted in Figures 5 and 6,
it can be observed that the overall temperature changes in both systems during the reaction
process exhibit similarities. However, a significant disparity exists between the energy
changes under pyrolysis conditions and supercritical water gasification conditions. The
final energy of the pyrolysis system is approximately −231 Eh, while the energy of the su-
percritical water gasification system is approximately −396 Eh. According to the principles
of Gibbs free energy [29], it is well known that under constant temperature and pressure
conditions, a system tends to minimize its free energy and spontaneously proceed towards
a state of lower energy. Notably, the energy value ∆G1 in the supercritical water state is
smaller than the energy value ∆G2 in the pyrolysis state. Thus, it can be concluded that the
reaction of phenol is more favorable in the supercritical state.
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3.2. Product Distribution of Phenol under SCWG Conditions

The main products obtained from the 500 ps ReaxFF molecular dynamics simulation of
phenol supercritical water gasification are presented in Tables 2 and 3. The tables reveal that
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the major products are H2, C6H6O2, and H3O, along with C6H7O2, H, and C6H7O. Based on
the calculations, after 500 ps of molecular dynamics simulation, these six products account
for approximately 83.3% of the total product yield, with H2 comprising 54 molecules.
Conversely, the major products obtained from the 500 ps ReaxFF molecular dynamics
simulation of phenol pyrolysis gasification are illustrated in the figure below. The table
demonstrates that under these conditions, the main products are C6H7O, C6H5O, C12H11O2,
H2O, C12H10O2, and H2. Despite having the same reactant molecules, the pyrolysis process
yields only two molecules of H2. Meanwhile, we determined the carbon conversion rate and
hydrogen conversion rate of the main products in both systems by employing calculation
formulas, referencing Tables 1 and 2. In the pyrolysis system, the carbon conversion rate
of the main products was calculated to be 23%, while the hydrogenation rate was also
determined to be 23%. In the supercritical water system, the carbon conversion rate of the
main products was 62%, and the hydrogenation rate of the main products throughout the
entire reaction system was 38.5%.

Table 2. The number of major reaction product molecules in a supercritical system.

Products Numbers
(Molecules) Percentage

H2 54 4.1129%

C6H6O2 35 3.3814%

H3O 32 3.1259%

C6H7O2 19 1.3013%

H 13 0.6165%

C6H7O 8 0.3695%

Table 3. The number of major reaction product molecules in a pyrolysis system.

Products Numbers
(Molecules) Percentage

C6H7O 6 1.8160%

C6H5O 5 2.1380%

C12H11O2 3 0.8288%

H2O 3 0.8157%

C12H10O2 3 0.7277%

H2 2 0.5572%

4. Conclusions

Phenol is considered an important intermediate product in biomass supercritical water
gasification, and studying the conversion mechanism of phenol is of significant importance.
In this study, a combined approach of reactive force field and density functional theory was
employed to investigate the supercritical water gasification process of phenol. The main
findings are summarized as follows:

The efficiency of phenol conversion to hydrogen in the supercritical water system
is approximately 27 times higher compared to hydrogen production via pyrolysis dur-
ing gasification.

Under the same experimental conditions, the carbon conversion rate and hydrogena-
tion rate of the major products in the pyrolysis system were determined to be 23% and
23%, respectively. In contrast, in the supercritical system, the carbon conversion rate and
hydrogenation rate of the major products were measured to be 62% and 38.5%, respectively.

The energy in the supercritical system is approximately half that in the pyrolysis
system, favoring the ring-opening reactions of phenol and promoting hydrogen production.
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The pyrolysis system produces a higher amount of aromatic compounds, as indicated
by the predominant presence of four aromatic compounds among the top five products.
These aromatic compounds can ultimately lead to tar formation.
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