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ARTICLE INFO ABSTRACT

Keywords: As renewable energy sources with great potential to reduce carbon footprints and pollutant emissions, ammonia

Ammonia and biodiesel both have garnered substantial research interest. This study aimed to investigate the detailed

Biodiesel mechanism of co-pyrolysis of ammonia and biodiesel surrogates, including the pyrolysis of different biodiesel

NO s e e . . s . . .

Pyrolysis surrogates, the effect of biodiesel decomposition on ammonia reactions, nitric oxide (NO) generation during the
yroly:

Reactive molecular dynamics ammonia-biodiesel reaction process, and the effect of ammonia on soot formation during biodiesel pyrolysis.

Soot Using ReaxFF-based molecular dynamics simulations, the results revealed that the presence of ester groups in
biodiesel lowers the activation energy of the reaction compared to alkanes. Meanwhile, biodiesel structures with
shorter chain lengths, isomerisation, and carbon-carbon double bond effectively lower the activation energy.
Time evolutions of the main pyrolysis products of methyl butanoate (MB), ethyl propionate (EP), and methyl
crotonate (MC), as well as their detailed decomposition pathways, were produced. The coexistence of biodiesel
and ammonia can promote the decomposition of ammonia, with MC containing carbon-carbon double bonds
providing the most abundant free radical environment for ammonia decomposition. High temperature promotes
the occurrence of the reaction, with MC, MB, and EP producing NO in the order of MC > MB > EP. Ammonia
addition reduces soot production in the pyrolysis of different biodiesel surrogates, with MC exhibiting the most
significant effect. The roles of oxygen-containing and nitrogen-containing species in soot suppression and their
synergistic impact were identified at the atomic-scale. The insights into the detailed reaction mechanism of the
co-pyrolysis of ammonia and biodiesel obtained in this study can be used to guide the development of ammonia-
biodiesel co-firing technology.

1. Introduction around 1.5 times greater than liquid hydrogen, carrying ammonia re-

quires a smaller infrastructure than transporting hydrogen [5].

As a flexible long-term energy carrier and zero-carbon fuel, ammonia
(NH3) is attracting more and more research attention. In contrast to
traditional fossil fuels, the combustion of ammonia can lower carbon
emissions significantly [1]. Ammonia is widely available and can be
produced from renewable sources. Some green ammonia pilot plants
have successfully converted renewable energy sources (such as solar or
wind power) into ammonia [2]. The use of green ammonia as a fuel will
play a significant role in the decarbonisation of several industrial sectors
such as marine transportation [3]. Ammonia has superior transport
properties and lower storage costs than hydrogen (Hjy), another zero-
carbon energy carrier that has garnered substantial interest. Ammonia
is not considered flammable during transportation, and its special odour
allows ammonia leaks to be detected quickly [4]. Ammonia also has a
high energy density. Since liquid ammonia has a volumetric density of
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Although ammonia combustion has a great potential in a wide range
of applications such as heating, transportation and stationary power
generation, there are various issues with using ammonia as a fuel that
need to be resolved. Ammonia combustion generates nitrogen oxides
(NOy, including NO and NO3) emissions [6,7], which seriously affects
human health, causing damage to the alveolar structures and limiting
their proper function [8]. Meanwhile, the low burning velocity, low
heating value, and high auto-ignition temperature make the direct use of
ammonia in combustion systems difficult [9]. One of the most plausible
ways to improve the combustion of ammonia is to use a dual-fuel
strategy [10], mixing ammonia with other highly reactive fuels, such
as hydrogen, syngas (a mixture primarily consisting of hydrogen and
carbon monoxide), dimethyl ether (DME), and hydrocarbons. The
chemical kinetic mechanisms of ammonia combustion have been
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extensively studied, and it has been demonstrated that ammonia can
mitigate the soot formation of hydrocarbon fuels [11]. Chen et al. [12]
carried out experimental and chemical kinetic studies to analyse the
laminar combustion characteristics of hydrogen/ammonia/air mixture.
The results suggest that increasing hydrogen concentration in the fuel
leads to an exponential increase in the laminar burning velocity (LBV) of
the mixture. Additionally, increasing the amount of hydrogen promotes
the generation of hydroxyl (-OH) and -H radicals, which will accelerate
the reaction. It was computationally shown that adding more hydrogen
to ammonia intensified the reaction of ammonia/oxygen in the double-
channel counter-flow micro-combustion system, but increased NO
emissions [13]. A decrease in the mass fraction of hydrogen mixed with
ammonia can lead to increased combustion instability [14]. The auto-
ignition characteristics in ammonia-air and ammonia-hydrogen-air
combustion were studied by applying direct numerical simulations
under engine-relevant conditions [15]. It was found that pressure in-
crease and hydrogen addition both can reduce the auto-ignition delay
time. According to Chen and Jiang [16], the impact of hydrogen on the
increase of LBV and net heat release rates in ammonia/air flame was the
most significant, followed in decreasing order by syngas and CO. Cai and
Zhao [17] found that adding DME increased the LBV of ammonia/air
flames and altered the sensitivities of the main reactions, hence accel-
erating the overall reaction rate. Blending only 5% (by molar fraction)
DME with ammonia can significantly reduce the ignition delay time of
ammonia [18]. A reactive molecular dynamics simulation study con-
ducted by Zhang et al. [19] revealed that methane (CH4) promotes
ammonia oxidation in the initial reaction stage, and this impact di-
minishes as the temperature increases.

One promising application of the dual-fuel strategy is the co-firing of
ammonia with diesel, which remains an important fuel for heavy duty
applications such as marine transportation although it is highly
polluting. Diesel can be used as an additive for ammonia combustion,
which increases the reactivity of ammonia and, at the same time,
ammonia aids in resolving the carbon emission issues associated with
diesel combustion [20]. Experiments have shown that the carbon-based
emissions were reduced in ammonia-diesel dual fuel compression igni-
tion (CI) engines with the increase of the ammonia energy share, while
the emissions of NO, NO,, and N3O (a potent greenhouse gas) increased
[21]. The primary concern for using diesel type of fuels is the harmful
emissions of soot, also known as black carbon. Soot and its co-pollutants
are the key components of fine particulate matter, i.e., PMy 5, the leading
environmental cause of cardiopulmonary mortality. Moreover, some
studies have identified black carbon as the second largest anthropogenic
contributor to global warming [22]. Some researchers have proven that
ammonia can help reduce soot formation during diesel combustion.
Cheng et al. [23] conducted an experimental and numerical study to
analyse the effects of ammonia addition on soot formation in n-heptane
laminar diffusion flames. They found that the addition of ammonia
efficiently reduced soot formation by inhibiting the growth of polycyclic
aromatic hydrocarbon (PAH). This is because the decrease of methyl
(-CH3) radicals leads to a reduction of -C4Hs, a crucial precursor to
forming the first aromatic ring. Their further research [24] observed that
adding ammonia into n-heptane would make the structure of the pro-
duced soot looser and more chain-like, and this structure of soot is more
likely to be oxidised. Ammonia-coal blending is also believed to be
effective in reducing soot emissions during coal combustion. Experi-
mental results show that both the number density and the size of soot
particles decreased after co-firing ammonia with coal under fuel-rich
conditions [25].

The urgent need of decarbonisation requires a rapid transition to
lower-carbon energy sources. Biofuels produced from biomass are
renewable alternatives to fossil fuels with the hope of achieving envi-
ronmental and socioeconomic benefits such as reducing anthropogenic
greenhouse gas (GHG) emissions, promoting rural development,
generating employment and increasing energy security. Biodiesel, i.e.,
fatty acid methyl esters (FAMEs) and bioethanol, are currently two of
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the commercially available large-scale biofuels that can be produced
from various resources [26-28]. Most of the blended fuel made by
mixing biodiesel, bioethanol, and diesel is economically and environ-
mentally superior to pure diesel fuel, and also improves the exergetic
indicators of the system [29]. The properties of FAMEs are similar to
fossil diesel, accordingly it can be employed in existing diesel engine
infrastructure without major modifications to the engine [30]. The uti-
lisation of biodiesel in conventional internal combustion engines resul-
ted in particulate emission reduction appreciably under operating
conditions owing to the oxygenated moiety within the primary fuel
molecules, which changes the reaction rates and pathways of ignition
and oxidation processes. Soot reduction is directly related to the added
oxygen content, but not all oxygenated additives are equally effective.
An in-depth understanding of the topic has not been achieved. Evalu-
ating and quantifying the effects of actual biodiesel molecular struc-
tures, e.g., chain length, unsaturation degree and oxygenated moiety on
sooting tendency, are currently lacking but essentially needed for the
design of novel oxygenated biofuel additives. Compared to diesel, bio-
diesel contains oxygen which leads to more complete combustion and
should be more favourable for promoting ammonia decomposition.
Moreover, biodiesel has a higher Cetane number than diesel [31], which
means the fuel ignites more easily and completely, leading to improved
combustion. Although changes in key products, such as soot particles,
CO, and NO during the co-firing of ammonia and biodiesel, have been
noticed, there is a lack of in-depth understanding on the mechanisms
involved. Sivasubramanian et al. [32] found that blending 20%
ammonia with mustard biodiesel efficiently reduced hydrocarbon, CO,
and smoke emissions. Nadimi et al. [33] analysed the emissions from an
ammonia/biodiesel dual-fuel CI engine. They came to the same
conclusion as Sivasubramanian et al. [32] and found that the NO
emission increased as more ammonia was added. Ronan et al. [34]
compared two combustion mechanisms for ethanol/ammonia blends
and found that neither can adequately match the experimental data,
indicating that more in-depth studies are needed to provide highly ac-
curate kinetics mechanisms for such mixtures. Cardoso et al. [35] found
that co-firing biomass and ammonia with coal can reduce NO and carbon
emissions from coal combustion. They also indicated that further
research is needed to investigate the detailed chemical kinetics con-
cerning the interactions between coal, biomass, and ammonia.

The reactive force field (ReaxFF) based molecular dynamics (MD)
method is widely applied in studying fuel pyrolysis, combustion and the
soot formation process from a molecular point of view [36]. Wang et al.
[37] analysed the reaction mechanism of methane/ammonia combus-
tion using ReaxFF. Their results show that methane promotes the com-
bustion of ammonia. Zhang et al. [38] combined experimental and
ReaxFF studies to analyse the effects of ammonia addition on soot
suppression during ethylene-ammonia co-firing. They concluded that
the formation of nitrogen-carbon molecules reduces the number of
molecules with small carbon numbers (below C4 species), which are
precursors of PAHs. The produced nitrogen-carbon species, such as cy-
anide (CN) radicals and HCN, would occupy the active sites on PAHs to
suppress their further growth. The study showed that ReaxFF is feasible
in studying the chemical effects of highly reactive fuels on ammonia and
the inhibitory effect of ammonia on soot formation.

It is important to understand the detailed mechanism by which
ammonia inhibits biodiesel carbon soot production and how biodiesel
affects the reactions of ammonia, where a fundamental understanding is
not yet available. This motivated the current study, which used reactive
MD simulations to evaluate the co-pyrolysis of biodiesel surrogates and
ammonia at the atomic-scale. Detailed reaction pathways and pyrolysis
kinetics of biodiesel surrogates were analysed first, providing a basis for
understanding their interactions with ammonia. The co-pyrolysis
mechanism was analysed from three aspects: the impact of biodiesel
pyrolysis on ammonia reactions, NO (the main NOy species observed in
ammonia-biodiesel co-pyrolysis reactions) generation, and how
ammonia decomposition reduces soot production.
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2. Methodology
2.1. Construction of the fuel model

Practical biodiesels are mixtures of FAMEs with various composi-
tions. For example, rapeseed methyl esters are composed of esters
ranging from Cy4 to Cyy, some of which contain carbon-carbon double
bonds in their molecular structure [39]. The ester group is related to soot
mitigation or suppression of biodiesel (in comparison to fossil diesel) in
fuel pyrolysis and combustion. Due to the complexity of the fuel
mixture, it is difficult to identify the effects of all the molecular func-
tions. Therefore, a practical solution is to use a simple and well-
characterised surrogate model. In this study, methyl butanoate (MB,
CsH10032), which is a simple Cs ester, was considered in the simulations
as it is believed to reflect the impact of oxygen atoms in biodiesel mol-
ecules [40]. The ethyl propionate (EP, CsH;9O2) and methyl crotonate
(MC, CsHgO3) were also simulated to compare with MB to interpret the
effect of the isomerisation and the degree of unsaturation of biodiesel
molecular structure on soot suppression. The methyl decanoate (MDN,
C11H1003) is compared with MB to evaluate the impact of the carbon
chain length of biodiesel surrogates. The pyrolysis of the n-alkane, i.e.,
n-dodecane (DDC, C12Hgg), is also calculated to highlight the effects of
the ester group by comparing it with the pyrolysis of MDN. The mo-
lecular structures and chemical formulas of biodiesel surrogates, n-
dodecane, and ammonia are shown in Fig. 1.

The detailed system constructions are shown in Table 1. Systems 1 to
3 are built as a baseline with pure biodiesel surrogate molecules and
argon (Ar) molecules. Systems 4 to 6 and 7 to 9 represent biodiesel with
different molar ratios of ammonia added. The purpose of argon mole-
cules is to counteract the diluting effect caused by ammonia molecules
so that the molar volumes of different systems are the same. The added
argon molecules will not react with other species, and the interaction
with other species is only through van der Waals forces [41]. To evaluate
the effects of biodiesel on ammonia decomposition, system 10, con-
taining only ammonia and argon, was constructed to compare with
systems 7 to 9. The size of the simulation cubic box in each system is kept
the same at 92.11 A. All the molecules are placed randomly in the cubic
box.

2.2. MD simulation details

All the simulations are performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [42] with the
CHONy19 reactive force field parameters [43]. These parameters have
been proven to be feasible to simulate the impact of adding ammonia on
soot formation in ethylene flames [38], and they are verified in the
simulation of the oxidation of PAHs by nitrogen-containing oxidants

Methyl butanoate: CsH,,0,

Methyl decanoate: C;;H,,0,

Ethyl propionate: CsH,,0,
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Table 1
Detailed system constructions.

No. Content Density (g/ Cubic box length
system em®) A
Sy 300MB + 1000Ar 0.150 92.11
Sz 300EP + 1000Ar 0.150
S3 300MC + 1000Ar 0.149
Sy 300MB + 500Ar + 0.126
500NH;3
Ss 300EP + 500Ar + 500NH;  0.126
Se 300MC + 500Ar + 0.124
500NH3
Sz 300MB + 1000NH3 0.101
Sg 300EP + 1000NH3 0.101
Sy 300MC + 1000NH3 0.100
S10 300Ar + 1000NH3 0.062

(NO and NOg) [41]. ReaxFF force field eschews explicit bond switching
to bond orders, which allows for continuous bond formation or breaking
[44]. All the connectivity-dependent terms, i.e., bond, angle and torsion,
are made bond order dependent so that their contributions diminish on
bond breaking. The force field parameters of ReaxFF are calculated from
quantum mechanics (QM) calculation and then trained extensively,
including those relevant to the chemical space, such as the bond and
angle stretches, activation and reaction energies, equation of state, and
surface energies. ReaxFF is thus feasible for large-scale reactive systems,
with similar accuracy to QM but significantly lower computational costs.

Each system was optimised geometrically using the Dreiding force
field before the simulation [45]. The total simulation time for each
system is set up to be 3 ns with a 0.1 fs time step. NVT ensemble (with a
fixed number of atoms, box volume and system temperature) is used in
all the simulations in conjunction with the Nosé-Hoover thermostat
employing a damping constant of 10 fs (100 timesteps). The bonding
formation and dynamic trajectory are recorded every 0.25 ps. For spe-
cies analysis, a 0.3 bond strength cut-off is chosen in the post-processing
to recognise the formation of molecules. A low cut-off value helps cap-
ture all the reactions, including even short-lived intermediate species.
The simulation results were visualised by using OVITO Pro [46]. The
ReacNetGenerator package developed by Zeng et al. [47] was used to
derive the reaction pathways from the bonding information and atomic
coordinates.

3. Results and discussion
3.1. Pyrolysis of biodiesel

Extensive simulations have been performed to examine the pyrolysis
of different biodiesel surrogates. The simulation lasted for 80 ps at a

Methyl crotonate: C;HgO, Ammonia: NH,

C&C

n-dodecane: C,H,q

Fig. 1. The molecular structures and chemical formulas of biodiesel surrogates, n-dodecane, and ammonia (C, gray; H, white; O, red; N, blue).
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constant temperature of 2800 K for all the surrogates, where the high
temperature was used to speed up the reactions so that they can take
place in reactive MD simulations. All the surrogate fuels have completed
initial decomposition during this period, and there are no intact fuel
molecules in the system. Fig. 2 shows sample results of pyrolysis of the
three surrogates: MB, EP and MC, focusing on analysing the initial
decomposition pathways of the fuel and the formation of C;-Cy unsat-
urated hydrocarbon products, which are highly correlated with the
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Fig. 2. Initial reaction pathways of (a) MB, (b) EP, and (c) MC pyrolysis under
2800 K, where the light blue percentage represents the proportion of this
pathway to the total first-step decomposition pathways, the red dashed line on
the fuel represents the bond that is most likely to break in the first step of the
fuel pyrolysis.

(c) MC
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formation of PAHs as soot precursors. The reaction pathways shown in
Fig. 2 display the effect of chemical structure on the pyrolysis of
different biodiesel surrogates. The time evolution of the typical products
is shown in Fig. 3. The oxygenated products CO and CO2 were used to
measure the carbon fixation capacity of oxygen atoms in biodiesel. More
CO4 indicates fewer esters to remove carbon atoms from the soot pre-
cursors, as two oxygen atoms are needed to fix one carbon atom, while
CO only needs one. Formaldehyde (CH20) is highly relevant to the
formation of CO through the reactions CHoO — -CHO — CO. Methoxy
(CH30:) radical is a key reactant in the formation of -OH, while H,0 is
used to measure the yield of -OH. The amount of -OH reflects the degree
of oxidation occurring in the reaction system. The time evolutions of
hydrocarbon species ethyne (CoHs) and propargyl (-CsHs) radical are
shown, as they are involved in the formation of initial pentagonal ring
cyclopentadienyl (CsHs) [48] and six-membered ring benzene (CgHg)
[49]. The product quantity remains relatively constant at the end of the
simulation. The results are from the simulations of systems 1 to 3.

The initial decomposition of different surrogates is mainly through
the cleavage of C-O bonds. Only a small fraction of the fuel decompo-
sition is triggered by breaking C-C bonds in all the systems, especially for
MC (0.31%). For MB, the first step of C-O bond cleavage is more likely to
generate -CHg radicals (48.56%), followed by the production of CO,.
The probability of the outermost C-O bond breaking first in MB is
43.10%, resulting in the formation of CH3O- and -C4H;O. Then -C4H;0
would release CO to form propyl radicals. The CO could also be pro-
duced through the continuous dehydrogenation of CH3O-, which ac-
counts for the sustained increase in the amount of CO. For EP, the initial
reaction primarily involves breaking C-O bonds to produce ethyl (-C2Hs)
radical and -C3Hs03 (76.29%), and then the decomposition of -C3Hs0,
would produce CO5 and -CyHs. Only 18.26% of EP would decompose
into -CoHs0 and -C3Hs0, and the subsequent reaction of -C3Hs0 would
produce CO and -CyHs. This is the reason why EP produces significantly
more CO3 than CO, as shown in Fig. 3a. There is some similarity in the
reaction pathways of MC and MB, but MC tends to produce CH3O-
preferentially as an initial step (69.75%). As shown in Fig. 3a, during MC
pyrolysis, the peak value of CH3O- number reached 91, while in MB the
value was 60, and only a small amount of CH30- was produced in EP.
This could explain why MC is most prone to generating CO among all the
surrogate fuels. The isomerisation of ethyl ester facilitates the formation
of CO,, while the carbon-carbon double bonds in MC facilitate the for-
mation of CO.

The initial pyrolysis of MB mainly produces hydrocarbons such as
-CH3 and ethylene (C2H4), while EP mainly produces -CyHs, then -CoHs
would quickly form CyH4 through a dehydrogenation reaction. MC
mainly produces -CHs and CyHj due to the existence of carbon-carbon
double bond. CoH, will be added to the active site on the aromatic
molecule generated by the abstraction of a gaseous hydrogen atom in the
process of soot generation as that described by the H-abstraction-CyHs-
addition (HACA) mechanism [50]. As shown in Fig. 3b, among MB, EP
and MC, the carbon-carbon double bond in MC facilitates more effec-
tively than isomerisation on generating CoHy and resonance-stabilised
radical propargyl (-CsHs). Propargyl is known as the key precursor in
benzene formation via -CgHs + -C3H3 — CgHg. CoHy would combine with
-C3Hs to form cyclopentadienyl (CsHs), a key initiator of soot formation
in the clustering of hydrocarbons by the radical chain reactions model
[48]. The -OH radicals are produced through the reactions CH3O- + -H
— CH30H and CH30H — -CH3 + -OH in MB and MC systems, with MC
producing more -OH. For EP, only 18.26% of its initial decomposition
produces -CoHsO, which subsequently generates -OH. Therefore, EP
produces a lower amount of -OH during its decomposition. The lower
amount of -OH produced during the decomposition of EP indicates the
presence of fewer oxidative reactions. This can explain why fewer
dehydrogenation and H-abstraction reactions (2.17%) occur in the
decomposition of EP, whereas the corresponding percentages for MB
and MC are 4.02% and 4.23%, respectively. It is worth noting that the
quantities of CoHy and -C3Hj in EP were initially low before 0.76 ns but
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Fig. 3. (a) Time evolution of the typical oxygenated products; (b) comparison of different fuel surrogates on the time evolution of C;H, and -C3Hj.

then progressively increased to almost the same level as MC. This can be
attributed to the weaker ability of the oxidation groups (mainly -OH) in
EP to oxidise the soot precursors. The increased production of -OH
during the decomposition of MC results in a higher water yield, as
illustrated in Fig. 3a.

The first-order kinetics equation can be utilised to determine the rate
constant at a constant temperature in reactive MD simulations by
substituting the concentration of the reactant with the number of reac-
tant molecules (Np). The equation is expressed as follows:

InN, — InNy = —kt (@)

The slope and y-intercept of the linearly fitted Arrhenius plots of rate
constant are employed to calculate the global activation energy (E,) and
the pre-exponential factor (A) in the equation given as:

Ink = InA — £ 2

RT

where R is the universal gas constant. The activation energy of biodiesel
fuel surrogates and DDC is summarised in Table 2. The reliability of
ReaxFF MD simulations in calculating the activation energy of fuels at
high temperatures by comparing them with the values obtained from
low-temperature experiments has been validated in previous modeling
studies [51-53]. In this study, the calculated activation energy of MDN
(47.19 kcal/mol) at a relatively high temperature (2200-3000 K) also
fits well with the experimental results (47.3 kcal/mol) obtained at a
lower temperature (1262-1388 K) [54], indicating a correlation be-
tween the results of high-temperature simulation and low-temperature
experiment. The calculated activation energy of MB is 39.28 kcal/mol,
which fits well with the experimental result (38.9 kcal/mol) obtained
under the high pressure environment. The reaction with lower activa-
tion energy is more likely to occur under the same conditions. The
activation energy of MDN is lower than DDC, indicating that the ester
function groups facilitate the pyrolysis. The activation energy of MDN is
higher than MB, which means the long alkane chain in FAMEs would
make the initial decomposition reaction more difficult to occur. The
isomerised ethyl ester of EP and the unsaturated methyl ester of MC
correspond to a lower activation energy. MC decomposes most easily
among all the simulated fuels.

As shown in Fig. 4, the pyrolysis rate of MDN is about 1.47-4.24
times higher than DDC, and the difference between DDC and MDC

Table 2
Comparison of the activation energy of the fuel surrogates of biodiesel and n-
dodecane.

Fuel DDC MDN MB EP MC

Ea (kcal/mol) 60.37 47.19 39.28 34.79 32.49

decreases with temperature increase, which indicates that the effect of
the ester group on fuel pyrolysis is more prominent at lower tempera-
tures. This trend is also observed in other fuels such as MB, EP and MC,
as the isomerisation of the ethyl ester of EP and the double bond in MC
can facilitate the pyrolysis, and the difference narrows in higher
temperatures.

3.2. The promotion of ammonia reactions by biodiesel decomposition

By comparing systems 7 to 9 and 10, it can be seen from Fig. 5a that
adding MB, EP, and MC is beneficial to promoting the decomposition of
ammonia, but the effectiveness of promotion is different, with MC > MB
> EP in descending order. This trend is inconsistent with the decom-
position rates of MB, EP, and MC. As displayed in Table 2, the activation
energy is of the order of MC < EP < MB, so that the decomposition rates
of these biofuels follow the trend MC > EP > MB, as shown in Fig. 5a.
These biodiesel surrogates promote the decomposition of ammonia
mainly because their rapid decomposition in a short time (80 ps) creates
a pool of abundant free radicals, with MC creating the most favourable
free radical environment for ammonia decomposition. As shown in
Fig. 5b, when no biodiesel is added, the direct decomposition of
ammonia into amido (-NHy) or imidogen (:NH) radical is the main
consumption pathway of ammonia, followed by the abstraction re-
actions by -N3H,:NH, -NHj, Ny, and -H. The addition of biofuel produces
oxygen-containing products such as CH3O-, -OH, CH3CH20-, NO and
carbon-containing species such as -CoHs, -CHs, and CN. These species
provide new reaction pathways for the consumption of ammonia.

The net flux reaction frequency (forward-reverse) of ammonia with
carbon-containing and oxygen-containing species is shown in Fig. 6,
where the frequency refers to number of counts. The H-abstraction re-
action of ammonia by CH3O- is the primary reaction in MB/MC-NHj3
systems. The reaction between CH3CH>0O- and ammonia is only observed
in the EP-NH3 system. The reaction between CH30- and ammonia in this
system is negligible. The reaction frequency between -OH and ammonia
in the MC-NHj system is slightly higher than that in the MB-NHj system,
while in the EP-NHj3 system, the frequency of this reaction is signifi-
cantly lower than that in the other two systems. The reaction between
-CH3 and ammonia occurs more frequently in the MB-NHj system, while
a significant amount of reaction between -CoHs and ammonia is
observed in the EP-NHj system. More CN would be produced in MB/MC-
NH3 systems and react with ammonia. The H-abstraction reaction of
oxygen-containing products (mainly CH30- and -OH) released in the
biodiesel system with ammonia is the main driver of ammonia con-
sumption, while the reaction of carbon-containing products with
ammonia also contributes to ammonia consumption to some extent.
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3.3. The NO production of ammonia-biodiesel co-pyrolysis

As oxygen atoms exist in biodiesel fuels, the interactions of the
oxygen-containing products produced by biodiesel pyrolysis would react
with nitrogen-containing radicals produced by ammonia pyrolysis to
form NO, NOy, and N»O, which are recognised as vital pollutants during
the use of ammonia as a fuel. The quantities of NO2 and N,O generated
were too small to be quantified and analysed effectively in the co-
pyrolysis conditions without the presence of oxygen. Therefore, this
study focused primarily on analysing the formation mechanism of NO.
Fig. 7a displayed the maximum number of NO molecules produced in
different systems under 2000 K, 2400 K, and 2800 K. The results are
from the simulations of systems 7 to 9. The high temperature is found to
promote the generation of NO. In the EP-NH3 and MC-NHj3 systems,
reducing the temperature from 2800 K to 2400 K resulted in a 50%
decrease in the production of NO. There is no NO produced in the EP-
NHjs system under 2000 K. The trend of NO generation is MC > MB > EP.
The NO formation pathways are shown in Fig. 7b, based on the analysis
of the reactive MD results. The mechanism of NO generation is consis-
tent in both the MB-NH3 and MC-NHj systems. The CH30- released by
MB or MC would react with -NH; radicals produced by ammonia to form
CH30ONHy. This reaction is observed 37 times in MC-NHjg systems and 20
times in MB-NHj3 systems. CH3ONHj, would first release -CHg radicals to
form HaNO-, and HoNO- would direct decompose or experience a series
of dehydrogenation or H-abstraction reactions to form NO. Another
pathway is the fellow-up reactions of CH3O-, which would produce -OH.
Then the H3NO would be produced through the reaction -OH + -NHy —
H3NO. This reaction happened 72 times in the MC-NHjs system and 50
times in the MB-NHj3 system. This reaction is also found 19 times in EP-
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NHj systems because the follow-up reactions of CoHs0- produce the
-OH. H3NO would release an -H radical to form HoNO-. H,NO- would
produce NO following the reactions discussed previously. By comparing
systems 4 to 6 and 7 to 9, it was observed that as more ammonia was
mixed with the biodiesel surrogate, there was a tendency to produce
more NO, which was particularly evident in the MC-NHj3 system.
Because adding more ammonia leads to the generation of more -NHjy
radicals, which then react with oxygen-containing radicals to produce
more NO through subsequent reactions.

It can be seen from Fig. 8 that the consumption and production
pathways of NO are mainly through the reaction -H + HNO < NO + H,
(R;) in different systems. Then the direct decomposition of HoNO- (R4)
and HNO (Ry) is also the primary pathway for NO formation. The gen-
eration and consumption of NO are most active in the MC-NHj3 system,
followed by the MB-NHj system, and least active in the EP-NH3 system.
There are 11 times reactions of H-abstraction reactions of HNO by -OH
observed in the MC-NHj system, while there are no such reactions in the
other systems.

3.4. The effects of ammonia on soot incipient of biodiesel

To investigate the biodiesel soot reduction mechanism by ammonia
addition, we used a relatively high temperature (3000 K) to speed up the
reactions. Using a high temperature in ReaxFF is a common strategy and
is thought only to affect the reaction rate rather than the reaction
pathways [55], although more systematic assessments might be needed
to test this assertion used in reactive MD. Fig. 9 shows the maximum
numbers of -H and -OH radicals found during the simulations in different
systems. Pure MC decomposition tends to produce the most -OH and the
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least -H radicals. The addition of ammonia would create new reaction
pathways to consume -H and -OH. Thus, the maximum numbers of -H
and -OH in each system are reduced. The decrease in -OH implies that
the addition of ammonia weakens the oxidation process of soot. This
finding is consistent with the conclusion from Cheng et al. [23]. Zhang
et al. [56] carried out an experimental study and kinetic modelling and

concluded that the decrease in -H would decrease the HACA reaction
rate, which could be the main reason for the reduced soot formation.
This is consistent with our simulation results.

Fig. 10 shows the time evolution of the sum of the carbon number of
molecules with a carbon number greater than ten, indicating that the
molecules tend to form incipient soot. This strategy was established
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Fig. 10. Time evolution of the sum of the carbon number of molecules with carbon number greater than ten at 3000 K and the largest molecule at different systems at
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based on the analysis from Zhang et al. [38], who suggested that aro-
matic precursors larger than naphthalene (C;oHg) would gradually form
soot nanoparticles over time scales that surpass the duration of the
ReaxFF MD simulation. To reduce computation errors and guarantee
that the simulation is statistically accurate, each case is averaged three
times with varying initial velocities and atomic coordinate distributions.
Among all the biodiesel surrogates, MC has the highest tendency to form
molecules with carbon numbers greater than 10, followed by EP, while
MB consistently has the lowest total carbon content for molecules with
carbon numbers exceeding 10 throughout the entire simulation period.
The largest molecule found in the MC-Ar system is Cyg2Hgs, while the
corresponding molecule is Cz9sH73 in EP-Ar and Cyg¢Hsy in MB-Ar sys-
tems, respectively.

The addition of ammonia to biodiesel can efficiently reduce soot
formation. By comparing systems 7 to 9 with systems 1 to 3, it was found
that when biodiesel is mixed with 1000 ammonia molecules, almost no
molecules with carbon above ten are produced at the end of the simu-
lation (3 ns). For biodiesel pyrolysis in the presence of 500 molecules of
ammonia (systems 4 to 6), a certain quantity of molecules with a carbon
number larger than ten are still created at the end of the simulation, but
the amount of these molecules produced is dramatically reduced
compared to the pure biodiesel system (systems 1 to 3) as shown in
Fig. 10. However, before 750 ps, there was no significant decrease in the
total carbon content of molecules with carbon numbers exceeding ten.
Even more molecules with carbon number above ten are produced in the
EP-NHj3 system than in the EP-Ar system. This may be attributed to the
fact that ammonia can also promote the decomposition of biodiesel to a
certain extent. A faster decomposition rate means that the unsaturated
hydrocarbons generated by the pyrolysis of biodiesel will recombine in a
shorter time. The rate of ammonia decomposition is slower than that of
biodiesel decomposition. Therefore, during the process of initial bio-
diesel decomposition to form unsaturated hydrocarbons and their
combination to form soot precursors, the inhibitory effect of ammonia
decomposition products on soot generation is not significant. This is
consistent with the findings of Cheng et al. [23], who reported that the
addition of ammonia has a more powerful inhibitory effect on larger
PAH A4 (pyrene) than on smaller ones, such as A; (benzene), Ay
(naphthalene), and A3 (anthracene), during soot formation. It should be

NH,+ -C,H, |
NH,+ C,H, |
NH,+ -C,H, |
NH,+ C,H, |
NH,+ -CH, |
NH,+ C,H, |
NH,+ -C,H, |
NH,+ C,H, |
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noted that one of the limitations of this work is that the inclusion of
ammonia would reduce the flame temperature of biodiesel in reality,
which could lead to a decrease in soot production, but this is not
accounted for in the reactive MD simulations.

Interestingly, ammonia has a more substantial inhibitory effect on
soot generation in MC than in EP. In the absence of ammonia, MC ex-
hibits a more pronounced trend in soot production than EP. However,
with the addition of ammonia, MC produces less soot than EP. At the end
of the 3 ns simulation, the largest molecule produced in the MC-NHj3
system is CogHgNs, which contains only one pentagonal carbon ring, and
this state is still in the early stages of soot growth. On the other hand, the
largest molecule produced in the EP-NH3 system is Cs4H12N7, a PAH-like
molecule that already contains several five-membered and six-
membered carbon ring structures. After the addition of ammonia, the
molecules with carbon atoms above ten produced in MB system
decreased by 70.13%. The corresponding values for the EP and MC
systems were 63.32% and 71.98%, respectively.

The reaction pathway analysis shows that nitrogen-containing ele-
ments mainly combine with C;-Cs unsaturated hydrocarbons in the form
of -NH,, and NH is only found to combine with -CHs. The frequency of
-NH; combination with C;-Cgz hydrocarbon species in different systems is
shown in Fig. 11. Among all systems, -NHjy primarily reacts with -CHg,
with the highest binding frequency observed in MB and the lowest in EP.
In the EP-NH3 system, -NH; mainly reacts with Cy species, and only a
small amount of -C3H3 and C3H4 were found to react with -NH,. How-
ever, in the MC-NHj3 system, a significant amount of reactions of -NHjy
react with -C3Hs, C3Hy, and -C3Hs were observed. In the MB system,
C2Hy4 is the main form of Cy hydrocarbon species binding with -NHa,
whereas CyHj is the primary form in the MC system. In the EP system,
the binding frequencies of -NHy with CaHs up to -CoHs are similar. In
addition, the total amount of reactions of -NHj, reacts with unsaturated
hydrocarbons occurred 211 times in the MC-NH3 system, while it only
occurred 164 times in the EP-NHs system and 193 in the MB-NHj3
system.

Fig. 12 shows the time evolution of some typical species related to
soot inhibition, including -NHj, -CHs, HCN, and CyHj. It can be seen that
among all systems, the production and consumption rates of -NH, are
the highest in the MC-NH3 system, while this rate is the lowest in the EP-

Reaction with C; species

MB-NH; Sum:193
EP-NH; Sum:164
MC-NH, Sum:211
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Fig. 11. Frequency of the addition reactions of -NHj radicals with C;, C3, and Cgz hydrocarbon species in MB/EP/MC-NHj3 systems.
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NHj system. This is because, on the one hand, as discussed in section 3.2,
compared to EP, the decomposition of MC creates a more favourable
radical-rich environment for ammonia reactions, resulting in the release
of more -NHy. On the other hand, the decomposition products of MC
have lower saturation due to the existence of a carbon-carbon double
bond, making them more reactive with -NHs.

HCN is thought of as a key product that can prevent carbon atoms
from forming soot. There are two main pathways for HCN formation.
Pathway1 is firstly through the reaction-CHg + -NHy — CH3NH> to form
CH3NHy, then CH3NH, would experience a series of dehydrogenation
and H-abstraction reactions to form HCN. Pathway 2 first involves the
decomposition of -CHs into:CHjy and -H, followed by the combination of:
CHj;, with -NHj to form -CH;NH,, subsequently leading to the formation
of HCN. -CH3 is the primary reactant in both of these pathways, and its
concentration directly influences the production of HCN. The decom-
position of MB tends to produce the highest amount of -CHs, with a peak
value of 208, followed by MC, with a peak value of 102, and the least is
EP, with a peak value of 85. When ammonia was added to these systems,
-CH3 radicals were reduced. However, the peak value in the MC-NHg
system does not show a significant change, while the peak value in the
EP-NHj3 system noticeably decreases. This is because CH30- produced by
MB or MC would react with ammonia through the reaction CH30- +
NHj3 — CH30H + -NHj to form CH3OH, and then CH3OH decomposes
into -CHs and -OH. As discussed before, MC would produce more CH30-
compared to MB. Therefore, the peak value of -CHs does not decrease in
the MC-NHj3 system. Almost no CH30- was produced during the pyrol-
ysis of EP, so the peak value of -CHs decreased significantly, leading to
the lower production of HCN in the EP-NH3 system.

10

CoH; is a crucial precursor during soot formation. Adding ammonia
reduces the amount of CoHy produced, but the time at which CoHj starts
to reduce varies in different systems. In the MC-NHj3 system, CyH; first
reaches the inflexion point at 63.2 ps, followed by MB at 203.6 ps and EP
at 302.8 ps. Reducing the concentration of CoH; in a shorter time helps
reduce soot formation. Further experimental support is needed to
confirm the detailed kinetic mechanisms revealed by the reactive MD.

The detailed mechanism of soot reduction in MB/EP/MC-NH3 sys-
tems is summarised in Fig. 13. Firstly, the function of oxygen atoms is
clarified. During the decomposition processes of MB, EP, and MC, CO or
CO4 will be released. This part of carbon atoms fixed by oxygen atoms
will not participate in soot formation. The pyrolysis of MB and MC
would produce CH3O- radicals, while the decomposition of EP would
produce CoHsO- radicals. These radicals will undergo hydrogenation,
and then the carbon-oxygen bonds will break to form -OH. The produced
-OH would combine with certain hydrocarbons (C;-C3) to form struc-
turally stable alcohol species or oxidise these hydrocarbons and produce
CO. The CH30- and CyHs0- will also produce CO through stepwise
decomposition reactions.

Secondly, nitrogen also plays an essential role in reducing soot.
Ammonia can directly decompose or react with the -H or -OH to form
-NH, and:NH radicals. These radicals will combine with Cy-Cs hydro-
carbons generated from the decomposition of biodiesel to form Cy-N and
Cs-N species. The N atoms occupy the active sites of these carbonaceous
precursors and slow down their combination to form incipient soot.
-NH; would combine with:CH; or -CHg to form -CH;NH; or CH3NHo,
while:NH is found only to blend with -CHj3 to form CH3NH. These C;-N
species would experience dehydrogenation reactions to form HCN and
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CN. HCN and CN would also participate in the reactions with C;-C3
hydrocarbons to form Cy-C4-N species. It needs to be noticed that the Cy-
N and Cs-N products can also generate HCN and CN, but HCN and CN are
mainly produced by the dehydrogenation of C;-N products.

Finally, nitrogen and oxygen atoms synergise in fixing carbon atoms.
The -OH would react with CN to form HOCN, and HOCN would release a
-H to form NCO or add a -H to form HOCHN, which finally decomposes
to -OH and HCN. -NH; or:NH produced by ammonia would combine
with CO to form HoNCO or HNCO, finally converting to NCO. CH30-
would react with ammonia to form CH3OH, then release -CHs, partici-
pating in the formation of HCN. The molecular structure of typical Co-
C4-N species, alcohols, and the products of carbon fixation through the
synergistic action of nitrogen and oxygen are shown in Table 3. The
nitrogen-containing tricyclic structure found in this study was also
observed in previous simulations [38]. The products contain numerous
nitrogen-containing heterocycles, where nitrogen occupies two active
sites on carbon atoms, effectively reducing soot formation.

4. Conclusions
In this study, the pyrolysis of different biodiesel surrogates, the

promoting effect of biodiesel decomposition on ammonia reactions, the
issue of NO generation during the ammonia-biodiesel reaction process,

and the mechanism of ammonia inhibition of soot formation during
biodiesel pyrolysis were investigated using ReaxFF-based MD simula-
tions. The results of MD revealed the atomic-scale chemical processes
involved.

Compared to alkanes, the presence of ester groups lowers the acti-
vation energy of the reaction. The shorter chain length, isomerisation,
and carbon-carbon double bond in biodiesel effectively reduce the re-
action activation energy of biodiesel. The presence of carbon-carbon
double bonds increases the likelihood of soot formation. However, the
existence of double bonds facilitates the generation of more oxidising
groups (mainly CH3O- and -OH) during MC decomposition. EP, which
has ester groups located in the middle, tends to produce more soot due to
the weak oxidising environment in the reaction system.

The coexistence of biodiesel and ammonia can effectively promote
the decomposition of ammonia, as biodiesel completes the initial py-
rolysis process first and releases small free radicals containing carbon or
oxygen atoms, creating new reaction pathways for ammonia decompo-
sition. However, different biodiesel structures have varying effective-
ness of promoting ammonia reactions. MC containing double bonds
creates the most enriched free radical environment and is most
favourable for ammonia decomposition. EP exhibits a weaker promoting
effect on ammonia decomposition than MB and MC.

High temperature promotes the occurrence of the reaction, and with

S
2

2

Table 3
Molecular structures and chemical formulas of typical C»-N/C3-N/C4-N/Alcohols/O-RC-N species.
Molecular structures
C,-N C,HN C,H,N C,H;N C,N,
species A q
Cy-N C;3N, C;HN, C;H,N, C;3N,
species f
Cy-N C,HN, C,H,N C,H, C,HN,
species w ...'f
Alcohols CH,OH C,HOH C,H;0H C,H,OH ;
O-RC-N HNCO HOCN NCO HOC,N
species oo ooy o®® &
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increasing temperature, different types of biodiesel mixed with
ammonia will generate more NO. The NO production during co-
pyrolysis with ammonia is MC > MB > EP in descending order, as
more CH30- and -OH would be produced to combine with NHy and
finally converted to NO in the MC system. The main reaction pathway
for NO production in each system is -H + HNO — NO + Hp, followed by
the direct decomposition of HNO or H,NO.

Adding ammonia can effectively reduce soot production during the
pyrolysis of biodiesel, especially for MC. The presence of carbon-carbon
double bonds in MC tends to generate more soot precursors, but when it
is co-pyrolysed with ammonia, the formation of soot is significantly
reduced. Because ammonia decomposes in the MC environment to
produce -NHj at the fastest rate, the low degree of saturation of the
decomposition products of MC provides more binding sites for the -NHy
addition reaction, resulting in the quickest consumption rate of -NHj. In
addition, the reaction of CH3O- from MC decomposition with ammonia
generates CH3OH, which decomposes to produce -CHs, the primary
reactant for HCN production. The increase in the concentration of -CHs
is favourable for producing more HCN, thereby reducing the carbon
content entering the incipient soot. The high reactivity of the MC system
causes the rapid suppression of the soot-forming species CoHj in the least
amount of time. The oxygen in biodiesel, nitrogen in ammonia, and the
synergistic effect of oxygen and nitrogen all inhibit biodiesel soot
formation.

This work provides new insights into the detailed reaction mecha-
nisms of the co-pyrolysis of biodiesel and ammonia using reactive MD
simulations. The chemical pathways identified from the MD simulation
can be used to optimise the reaction conditions as well as the mixture
compositions of ammonia-biodiesel blends, which can in turn guide the
development of ammonia-biodiesel co-firing technology. Further MD
simulations will be carried out in oxidant environments, which will
provide molecular insights into the energy conversion process in prac-
tical devices such as combustors and engines.
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