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A B S T R A C T   

This study aimed at revealing the atomic-level chemical pathways involved in the soot inception inhibition of 
diesel pyrolysis with oxymethylene dimethyl ether (OMEX) addition. Using the reactive force field parameters in 
molecular dynamics simulation, the results effectively identified the specific pathways of OME3 pyrolysis and 
soot inception, via the analysis of the conversion of three main species: CH2O, CH3O•, and •CH3, generated from 
the initial decomposition of OME3. It has been found that CH2O molecule would be converted to CO through 
continuous dehydrogenation, and the carbon atoms convertered into CO would not participate in forming soot 
precursors, thus reducing soot formation. The oxidizing groups (mainly •OH) are primarily produced from the 
CH3O• radicals. These oxidizing species would react with small gaseous soot precursors to form stable oxides, 
thus inhibiting soot formation. However, this influence is relatively small under conditions where no oxygen is 
involved. The •CH3 radicals would participate in the formation of soot precursors. In this study, it was observed 
that the addition of OME3 did not reduce the number of main gaseous precursors of polycyclic aromatic hy-
drocarbons such as C2H2, •C2H3, and •C3H3 during diesel-OME3 co-pyrolysis, because there were reactions be-
tween •CH3 radicals and C1 and C2 species to form C2 and C3 hydrocarbon products. Based on the simulation 
results, the process from diesel decomposition to incipient soot production under the effects of OME3 is pano-
ramically demonstrated. It is also found that the chain length increase of OMEX with a fixed molar fraction does 
not influence soot inhibition noticeably. Increasing the proportion of OMEX added to diesel helps reduce soot as 
carbon atoms involved in the formation of soot precursors are reduced, and more oxidizing species would be 
produced to slow the formation of gaseous soot precursors.   

1. Introduction 

Although fossil fuels are gradually replaced by renewable energy 
sources such as wind, solar, and bioenergy, there are difficult-to- 
decarbonise applications such as sea, road freight and air transport. 
Due to the major challenges associated with decarbonisation, fossil fuels 
continue to play an essential part in the energy supply chain. Long- 
distance transport applications and heavey goods vehicles, such as ma-
rine and road freight transport, rely significantly on diesel combustion 
due to the high efficiency of the engine, high energy density and rela-
tively low cost of the fuel. However, one of the biggest problems with 
burning diesel fuels is soot production, which has to be urgently reduced 
due to the environmental concerns. 

Soot, also known as black carbon, is aggregated carbonaceous 
spherules with graphitic structures that are produced by the incomplete 
combustion of fossil fuels, biofuels, and biomass [1]. The mechanism of 

soot formation is generally understood. It is known that six commonly 
recognized processes are involved in the transformation of liquid or 
vapour hydrocarbons into solid soot particles, including fuel pyrolysis, 
nucleation, coalescence, surface growth, agglomeration, and oxidation 
[2]. However, owing to the complex process that involves gas-phase 
chemistry of primary fuel components, heterogeneous interactions on 
the surface of soot particles, and particle aerosol dynamics, detailed soot 
formation modelling remains challenging. Among the different stages in 
soot formation, particle nucleation, which is the shift from the gas-phase 
precursors to nascent condensed-phase particles, is probably the least 
understood area with numerous debates [3]. Soot has a major impact on 
climate change, with a significant global warming effect – possibly 
second only to CO2 [4], and soot is toxic that harms human health [5]. 
Studying the mechanisms of carbon soot production is essential to find 
ways of suppressing its production. Any actions taken to reduce soot 
emissions can concurrently help human health protection and climate 
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change mitigation. 
It has been demonstrated that adding oxygenated biofuel effectively 

lowers soot emissions during diesel combustion in diesel engines [3]. 
The presence of oxygen atoms in oxygenated biofuel can immobilise 
some of the carbon atoms in the fuel and prevent them from forming 
polycyclic aromatic hydrocarbons (PAHs) [6], which are commonly 
known as the precursors for soot [7]. Due to their accessibility, ease of 
manufacturing, and favourable environmental effects, biodiesel and al-
cohols are among the oxygenated biofuel additions that have attracted 
the most attention [8]. However, the comparatively low oxygen content 
in biodiesel makes it less effective in mitagating soot production. 
Meanwhile, alcohols have a low Cetane number, delaying the ignition of 
the fuel [9]. The corrosiveness is also a big problem in the storage and 
engine applications of alcohol fuels [10]. 

Oxymethylene dimethyl ether (OMEX) is a class of dimethyl ether 
(DME) derivatives that can be produced from a range of waste feedstocks 
and biomass, thereby avoiding new fossil carbon from entering the 
supply chain. OMEX includes several oxymethylene (-O-CH2-) groups in 
the molecule H3CO(CH2O)XCH3 with x (also represented by n in the 
literature) typically 1–8 where larger x corresponds to higher molecular 
mass and boiling points (x = 3–5 possess liquid properties similar to 
diesel), while DME CH3OCH3 (gaseous at ambient temperature and 
pressure) is equivalent to OME0. As a clean alternative of diesel, a range 
of methodologies and processes have been used for the synthesis of 
OMEX. In addition, OMEX can be produced from renewable energy 
stored via catalytic conversion of hydrogen (H2) and carbon dioxide 
(CO2), as an electrofuel (or e-fuel), thereby used as a sustainable energy 
carrier. Nonetheless, the supply chain challenges including the high 
production costs of OMEX continue to be a barrier to its widespread use, 
as the production processes of OME3-5 fuel may cost 1.5–3.6 times more 
than fossil-based diesel [11]. OMEX is considered to be a promising 
alternative oxygenated fuel due to its excellent physicochemical prop-
erties [12,13]. Unlike biodiesel and alcohols, OMEX have high oxygen 
content (nearly 50% by mass) and a high Cetane number [14], making it 
more suitable to be used as alternative oxygenated fuel than biodiesel 
and alcohols. However, OMEX has a relatively low calorific value 
compared with diesel [15]. Using OMEX alone as a fuel would result in 
increased fuel consumption, so blending OMEX with diesel as an additive 
is currently a promising strategy from both economic and emission 
suppression perspectives [16]. Experiments have shown that adding 
OMEX into diesel could increase combustion efficiency [9,17]. OMEX 
helps provide better oxidation conditions, leading to more thorough 
combustion than regular diesel fuel [18], and the high Cetane number 
ensures a high overall reaction rate [19]. The diesel-OMEX fuel mix can 
be used directly in existing diesel engines without structural adjustments 
[20,21]. Moreover, due to increased oxygen content and the absence of 
C-C bonds, the combustion of OMEX would produce less soot than diesel 
[22]. The experimental results of Popp et al. [23] show that even if only 
20% of OMEX is added to the diesel, Particulate matter (PM) is reduced 
by more than 60%. Lin et al. [24] used a single-cylinder diesel engine to 
investigate the influence of the addition of OME3 on PM emission. They 
suggested that OME3 shows great potential in suppressing soot. Liu et al. 
[25] tested the combustion and emission characteristics of diesel/OME3- 

4 blends in a light-duty diesel engine and found that the engine could 
function normally with blend fuel ratios containing less than 30% OME3- 

4. Additionally, the inclusion of OME3-4 in the blend resulted in a notable 
decrease in both soot and CO emissions. 

The properties of OMEX vary with different chain lengths (value of x 
or n). For example, DME (or OME0) is a gaseous fuel under normal 
conditions, making it difficult to be applied directly in diesel engines 
[9]. The molecular structure of dimethoxy methane (DMM) is CH3O-
CH2OCH3. It is a liquid fuel, but its Cetane number is very low (29) [9], 
which is far below the standard Cetane value of diesel (51) to ensure 
efficient diesel engine operation [26]. The higher molecular weight and 
lower vapour pressure make OMEX with x ≥ 2 a more suitable additive 
than DME and DMM [20], but OME2 has a low flash point, while the fuel 

melting points will be too high and the diesel-OMEX blended fuel will 
condense at low temperatures for x ≥ 5 [21]. In general, the miscibility 
of diesel-OMEX blends decreases with the increasing chain length [27]. 
Thus, OME3 and OME4 are considered as ideal additives for diesel. 
Although adding more OMEX to diesel will introduce more oxygen atoms 
and thus inhibit soot production by trapping more carbon atoms, the fuel 
properties such as heating value and Cetane number would be influ-
enced [28]. Meanwhile, small amounts of OMEX addition is not effective 
in inhibiting carbon soot production. Tan et al. [29] found that when 
OME3 was blended with ethylene at 5%, the production of soot vulume 
fraction even increased due to the •CH3 produced by OME3. A 20% 
OMEX addition is usually considered as effective [30]. 

While OMEX has shown promising results as an oxygenated additive 
fuel that can inhibit soot production during diesel pyrolysis and com-
bustion, further research is needed to understand the specific mecha-
nisms by which OMEX exerts this effect. To study how OME3 affects 
carbon particle production when blended with ethylene, Ferraro et al. 
[31] performed numerical simulations based on the method of condi-
tional quadrature method of moments. They discovered that a further 
soot reduction might be promoted by a faster production of partially 
oxidized products in the gas-phase kinetics, and higher C––O function-
alities were observed in their particle samples. The experimental results 
from Liu et al. [32] showed that OME3 enhances the reactivity of soot 
oxidation, with the effect being more pronounced during the oxidation 
stage than the surface development stage. By utilizing high-speed 
spectroscopy, Pastor et al. [33] discovered that the chem-
iluminescence radiation from •OH radicals is strong throughout the 
entire combustion process, and these radicals would break down the 
precursors responsible for forming soot. García-Oliver et al. [34] con-
ducted computational fluid dynamics simulations and found that more 
OMEX added into the diesel would lead to lower equivalence ratios, 
speeding up the combustion process and making •OH disappear sooner. 
Cai et al. [35] developed a reduced mechanism of OME3-biodiesel. They 
found that the addition of OME3 has no appreciable effects on the initial 
oxidation of biodiesel, whereas the species released during OME3 com-
bustion, such as •OH, CH2O, and •CH3, significantly aid in the oxidation 
of a precursor related to soot. These mechanisms were primarily based 
on several hypotheses drawn from logical experimental deductions and 
chemical intuitions, following the approach of macroscopic observa-
tions to microscopic mechanisms. There is still a lack of understanding 
on the specific pathways of OME3 pyrolysis and soot inception to reveal 
the mechanism of soot inhibition by OMEX at the molecular level. 

By examining the physical movements of atoms and molecules, 
molecular dynamics (MD) simulations can be used to develop more 
detailed soot inhibition mechanisms of OMEX. The basic idea of MD is to 
obtain thermodynamic and kinetic information about the system by 
solving Newton’s equations of motion. The coordinates of each atom can 
be traced at different moments in time. The reactive force field (ReaxFF) 
based MD method has been widely used in the research of the mecha-
nism of soot production [36–38]. The force field parameters are calcu-
lated from quantum mechanics (QM) and then extensively trained, 
making ReaxFF feasible for large-scale reactive systems, inheriting 
similar accuracy of QM but with substantially reduced computational 
expenses. In our previous study, the soot precursor mitigation potential 
of some typical oxygenated additives during the combustion of diesel- 
oxygenated addictives was tested by using ReaxFF [39]. The results 
show that the chemical structure of the oxygenated additive has a strong 
influence on the soot inhibition capacity. 

In this study, we performed ReaxFF simulations to analyse how 
OMEX affects the soot inception in the diesel-OMEX blends. The OME3 is 
chosen as a typical OMEX in the analysis of chemical mechanisms. The 
effects of chain length and the content of the OMEX are also quantified. 
Section 2 briefly presents the computational method. Section 3 presents 
detailed results from the analysis of the chemical pathways of the py-
rolysis of OME3, followed by a quantitative analysis of the effects of 
OME3 on soot inception of diesel. Comparative results indicating the 
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effects of chain length of OMEX and the content of OME3 on soot for-
mation in diesel-OMEX systems are then presented. Based on the MD 
results, the reaction pathways of soot inception of diesel-OME3 pyrolysis 
and how OME3 affect the process are panoramically demonstrated. 
Finally, conclusions are drawn. 

2. Computational methods 

2.1. ReaxFF reactive force field 

In molecular dynamics simulation, the force fields used can be 
divided into the classical and reactive force fields according to whether 
the formation of chemical bonds of atoms within a molecule can be 
simulated. ReaxFF force field uses a relationship between bond distance 
and bond order, and a relationship between bond order and bond en-
ergy, to allow for the formation, transition, and complete dissociation of 
chemical bonds between atoms. The ReaxFF force field was developed 
by van Duin et al. [40] to perform large-scale chemical system molecular 
dynamics simulations. It uses the following function for energy 
calculation: 

Esystem = Ebond +Eover +Eunder +Eval +Epen +Etors +Econj +EvdWaals +Ecoulomb

(1)  

where Esystem on the left-hand side of Eq. (1) represents the energy of the 
system, while the terms on the right-hand side of Eq. (1) represent the 
bond energy, the over- and under-coordination terms, the valence angle 
energy, the penalty energy, the torsion energy, the conjugation energy, 
the non-bond van der Waals and Coulomb interactions, respectively. 
There are mainly two sets of reactive force field parameters used in the 
MD simulations of hydrocarbon pyrolysis and combustion simulations, 
including CHO2008 [41] and CHO2016 [42]. The CHO2016 is the extension 
of CHO2008, which makes up for the fact that CHO2008 can only predict 
larger hydrocarbons (>C3) and allows the study of soot generation. Our 
previous study evaluated the feasibility of the two sets of parameters in 
predicting the incipient soot growing process [39] and found the 
improved CHO2016 parameters can predict the particle growth and the 
continuous dehydrogenation process during diesel combustion. The 
CHO2016 parameters are used in this study, as they are suitable for 
analysing the formation and consumption of soot precursors (C2-C3) and 
the pyrolysis products of OMEX like CH2O, CH3O•, and •CH3, and 
accordingly that can better describe the soot generation process during 
the pyrolysis of diesel-OMEX blends. 

2.2. Construction of the fuel model and simulation details 

In practice, the components of diesel fuel are very complex and 
cannot be represented by a single chemical species. Although diesel is 
very rich in composition, it is primarily made up of the following 
chemical components: n-alkanes, isoalkanes, cycloalkanes and aro-
matics, with the carbon numbers of the different components ranging 
from C10 to C22 [43]. Considering the complexity and difficulty of 

investigating diesel-OMEX blends using experimental methods, numer-
ical simulations using surrogate models offer an effective means to 
obtain fundamental understandings on the utilisation of the fuel blends. 
In this study, the diesel surrogate fuel model of Qian et al. [44] is 
employed in the MD simulation, which includes the typical chemical 
components in diesel and is capable of properly reproducing the com-
bustion characteristics under the conditions of actual engine combus-
tion. This surrogate model is constructed by 41.3% n-hexadecane (n- 
HXD, C16H34), 36.8% 2,2,4,4,6,8,8-heptamethylnonane (HMN, C16H34), 
and 21.9% 1-methylnaphthalene (1-MNT, C11H10). The molecular 
structures and chemical formulas of each diesel component and the 
general molecular formula of OMEX are shown in Fig. 1. The density of 
all the simulated systems was set to be 0.2 g/cm3. 

The detailed system constructions are shown in Table 1. As a base-
line, System 1 is built with pure diesel surrogate molecules. Systems 2 to 
6 are composed of diesel with different molar ratios of OME3 added from 
5% to 50%. The construction of different systems follows the same rule: 
the total carbon number in each system is approximately the same at 
around 2160, in order to quantify the effect of OMEX on soot inception 
and to study the number of carbon atoms in the incipient soot finally 
generated. To analyse the influence of the different structure (chain 
length) of the OMEX on soot inception, the molar fractions of different 
components in Systems 7 and 8 are consistent with System 4 (diesel with 
20% OME3 added). The only difference is that OME1 and OME5 are used 
in Systems 7 and 8, respectively. 

All the simulations are performed using the open-source package 
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
[45] with the latest developed CHO2016 ReaxFF force field. Periodic 
boundary conditions are employed in all three directions. Before simu-
lations, each system was geometrically optimised using the Dreiding 
force field [46]. The optimised initial boxes of the pure diesel system 
and the system of diesel with 20% OME3 added are shown in Fig. 2. Then 
reactive molecular dynamics simulations were performed with the 
isothermal-isochoric ensemble for 2 ns at 3000 K with a 0.25 fs timestep. 
In ReaxFF MD simulations, using relatively high temperature to speed 
up reactions is a common strategy, so that chemical reactions can take 
place in the very limited simulation time. This approach is believed to 
mainly affect reaction rates rather than reaction pathways. Zhao et al. 
[47] simulated the soot formation under the condition of 2560 K for an 
extended period of time and compared the results to those obtained at 
higher temperature, and they found that high temperatures (up to 3060 
K) only speed up chemical reactions and do not significantly alter the 
soot-forming pathway. The flame temperature measurements from Tan 
et al. [29] suggested that the addition of the OME3 has a negligible in-
fluence on the flame temperature profiles, and the differences in soot 
formation in flames are more likely related to chemical rather than 
temperature effects. In the MD simulation, chemical factors were the 
dominant influence, while certain physical factors such as the effect of 
pressure and turbulence during the combustion process were not 
considered. The species information was recorded every 100 fs. The 
atomic coordinates and bonding information were recorded every 250 
fs. The Nosé-Hoover thermostat algorithm controls the system 

Fig. 1. The molecular structures and chemical formulas of diesel surrogate fuel and the OMEX.  
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temperature with a damping constant of 25 fs (100 timesteps). The 
bond-order cutoff is set to be 0.3, which had been tested to be an 
appropriate value in the simulations of pyrolysis and oxidation of hy-
drocarbon systems in previous studies [48,49]. To reduce calculation 
errors and to ensure that the simulation is statistically accurate, each 
case is averaged five times with different initial velocities and distri-
bution of atomic coordinates. The simulation results were visualised by 
using OVITO Pro [50]. The reaction pathways were extracted from the 
atomic coordinates and bonding information using the ReacNetGener-
ator package developed by Zeng et al. [51]. 

3. Results and discussion 

3.1. Pyrolysis of OME3 

To analyse the detailed reaction mechanisms of OME3 pyrolysis, 40 
OME3 molecules (which were tested to be sufficient in the MD simula-
tion) were put into a cubic simulation box with a density of 0.2 g/cm3. 
The simulation lasts for 250 ps at a constant temperature of 3000 K. The 
initial pyrolysis pathways of OME3 are shown in Fig. 3a. The unique 
structure of OME3, not containing C-C bonds, is symmetric about the 
central carbon atom with the C-O and C-H bonds to the left and right, 
mirrored across the central carbon. The cleavage reaction of OME3 be-
gins with C-O bond breaking in four different locations, and the C-H 
bonds do not break in this process. This is due to the bond dissociation 

energy of the C-H bonds being higher than the C-O bond, especially the 
secondary C-H bonds, which are higher than those of the primary C-H 
bonds [52]. The percentage of bond breaking occurrence at the four 
locations showed that bond 4 broke with the highest percentage at 
40.97%; this value was 34.15%, 12.68% and 12.2% for bonds 3, 2 and 1, 
respectively. This means that the closer to the middle the C-O bond is, 
the more fragile it is, which makes it more likely to break. For bonds 1 
and 2, the chances of initial breaking are almost the same. For one OME3 
molecule, regardless of where bond breaking starts with, the end prod-
ucts are one CH3O• radical, one •CH3 radical and three CH2O molecules, 
which is in accordance with the general formula for the decomposition 
of OMEX, shown in OMEX → CH3O• + •CH3 + XCH2O [53]. These initial 
reaction pathways are in good agreement with the simulation results of 
Wang et al. [48] and experimental inferences of Tan et al. [53]. 

In Fig. 3a, formaldehyde (CH2O) molecules are removed from larger 
radicals (carbon number greater than 1) through C-O bond dissociation 
or β-scission reactions to form smaller radicals. CH2O is the predominant 
product of the initial pyrolysis of OME3. The detailed follow-up re-
actions of the main species (CH2O, CH3O•, •CH3, and •H) produced by 
OME3 pyrolysis are establishd in this study, as shown in Fig. 3b. The 
CH3O• radicals also produce CH2O by dehydrogenation. 

Fig. 4 shows the main consumption and production pathways of 
CH2O during OME3 pyrolysis. From Fig. 4, it can be seen that the 
dominant consumption pathway (48.27%) of CH2O is CH2O → •H +
•CHO. Some •CHO would be produced from the hydrogen transfer 

Table 1 
Detailed system constructions.  

No. system n-HXD molecules HMN molecules 1-MNT molecules OME3 molecules Number of C Content 

S1 60 53 32 0 2160 Pure Diesel 
S2 59 52 31 8 2157 Diesel with 5% OME3 

S3 58 51 31 15 2160 Diesel with 10% OME3 

S4 55 49 29 35 2158 Diesel with 20% OME3 

S5 49 43 26 80 2158 Diesel with 40% OME3 

S6 45 40 24 107 2159 Diesel with 50% OME3  

No. system n-HXD molecules HMN 
molecules 

1-MNT 
molecules 

OME1,5 

molecules 
Content 

S7 55 49 29 35 Diesel with OME1 

S8 55 49 29 35 Diesel with OME5  

Fig. 2. Systems of (a) pure diesel and (b) diesel with 20% OME3 added.  
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reaction CH2O + •H → •CHO + H2. The generated •CHO would then be 
converted into CO, preventing the carbon atoms from contributing to the 
generation of soot precursors [54]. This is the main reason for the soot 
inhibition in the co-pyrolysis of diesel and OME3, which is outlined with 

the blue dashed line in Fig. 3b. It needs to be noticed that •CH2OH would 
be produced through the reaction CH2O + •H → •CH2OH. Both the •CHO 
and •CH2OH are oxidizing groups, which would oxidize soot precursors 
to form stable oxides, thus slowing down the formation of the first 
benzene ring. However, this effect is quite small as both •CHO and 
•CH2OH radicals are unstable in high temprature. They will quickly be 
converted into CO and CH2O, respectively. The reaction •H + •CHO → 
CH2O is found to be the main production pathway of CH2O, and this is a 
reversible reaction in which CH2O is dehydrogenated to produce •CHO. 
In addition to the dehydrogenation of CH3O•, CH2O is mainly produced 
via the reactions CH3OCH2• → CH2O + •CH3 and CH3OCH2O• → CH2O +
CH3O•. The former reaction occurs more frequently than the latter, 
because CH3OCH2• would also be formed through the reaction CH3O• +
•CH3 → CH3OCH3 and CH3OCH3 would further form CH3OCH2• through 
dehydrogenation. 

Fig. 5 shows that main consumption and production pathways of 
CH3O• during OME3 pyrolysis. From Fig. 5, it can be seen that the 
methoxy radicals (CH3O•) are mainly produced by the decomposition of 
CH3OCH2O• (37.37%), CH3OCH3 (26.39%) and OME3 (17.43%). The 
dominant consumption pathway (46.39%) of CH3O• is to form CH2O 
through dehydrogenation (46.39%), followed by the reaction CH3O• +
•CH3 → CH3OCH3 (29.16%). Compared with CH2O, CH3O• has a higher 
reactivity. The CH3O• is an oxidizing group, which can react with other 
small hydrocarbons to form ethers. It can also form CH3OH by adding a 
•H (4.7%). The CH3OH can be converted to •OH, which would help 
suppress the formation of soot precursors. This effect is insignificant 
because no oxygen is involved in the pyrolysis simulations. It is reported 

Fig. 3. (a) The initial reaction pathways of OME3 pyrolysis; (b) detailed follow-up reactions of the primary species, where the ball-and-stick model represents the 
structure of OME3. 

Fig. 4. Main consumption and production pathways of CH2O during 
OME3 pyrolysis. 
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that under combustion conditions, the CH3O• would produce more 
oxidizing species such as •O and HOO• through thermal dissociation or 
reaction with oxygen [32,53,55]. 

Unlike oxygen-containing groups CH2O and CH3O•, the methyl 
(•CH3) would participate in the formation of PAHs. In Fig. 3b, the red 

dashed line outlines the detailed reaction pathways of soot precursor 
formation during OME3 pyrolysis. The •CH3 radical would produce the : 
CH2 radical through dehydrogenation. The •CH3 radical would also react 
with other •CH3 radicals and :CH2 radicals to form C2H6 and •C2H5, and 
then a variety of unsaturated C2 species, such as •C2H3 and C2H2 would 
be produced by continuous dehydrogenation. •C2H3 and C2H2 are 
considered as the most critical species during soot formation [56] as 
they are the main reactive molecules that form the initial rings. In the H- 
abstraction-C2H2-addition (HACA) mechanism, C2H2 will be added to 
the active site on the aromatic molecule formed by the abstraction of a 
gaseous hydrogen atom [7]. However, this C1 → C2 mechanism hardly 
occurred during the OME3 pyrolysis. It can be seen from Fig. 6 that only 
a few •CH3 would react with other small hydrocarbon species. The re-
action pathway of •CH3 is still mainly related to the initial pyrolysis of 
OME3. The •CH3 would primarily be consumed by reacting with oxygen- 
containing radicals, such as •OH (17.92%), CH2O (25.92%), and CH3O•

(13.4%). It would also form methane (CH4) by adding a •H (11.44%). 
The probability of the C1 → C2 mechanism occurrence is significantly 
reduced, which could explain the near absence of soot production while 
burning pure OME3. The main production pathway of •CH3 is through 
the decomposition of CH3OCH2• (23.04%), CH3OH (14.85%), CH3CH2O•

(12.43%), and CH3OCH3 (12.11%). It is also noticable that •H is the most 
active strong oxidizing radical produced during the pyrolysis of OME3. It 
was found that about 160 kinds of reactions were associated with •H 
during the simualtion, where there is about 100 kinds of reactions for 
•CH3, and about 60 for CH3O•. A significant volume of H2 would be 

Fig. 5. Main consumption and production pathways of CH3O• during 
OME3 pyrolysis. 

Fig. 6. Main reaction pathways of •CH3 during OME3 pyrolysis: (a) production; (b) consumption.  

Z. Xing et al.                                                                                                                                                                                                                                     



Fuel 346 (2023) 128357

7

produced by the frequent collision of •H radicals. 

3.2. The effects of OME3 on soot inception of diesel 

Fig. 7 shows the structures and chemical formulas of the largest 
incipient soot in diesel and diesel-OME3 blends after 2 ns simulations. 
The addition of OME3 reduces the size of the final generated incipient 
soot. In the diesel-OME3 blends, the reactions begin with decomposition 
of the components in the mixture. It is found that HMN completed the 
initial cleverage in just 10.5 ps, while this value is 17.5 ps and 20.5 ps for 
OME3 and n-HXD, respectively. Due to the stability of the aromatic ring, 
the 1-MNT spent 154.5 ps to complete pyrolysis. From the simulation 
results of Wang et al. [48], in the early stages of pyrolysis, OME3 breaks 
down rapidly into small oxidizing radicals, creating a rich pool of free 
radicals and providing a suitable environment to promote the pyrolysis 
of diesel. 

The classification of chemical species with regard to different carbon 
numbers used by Zheng et al. [57] and Wang et al. [38] is adopted in ths 
study. The C1-4 fragments are considered gaseous soot precursors, which 
include the pyrolysis products of OMEX and oxidation products like 
CH3OH, C2H4OH, and C2H3OH. Species of carbon numbers above 40 are 
thought to be incipient soot. The C5-20 compounds are different diesel 
components and OME3, which mainly include small PAH-like soot pre-
cursors and short carbon chains. The C20-40 species are large PAH-like 
soot precursors and long unsaturated carbon chains which will 
become incipient soot. Fig. 8a shows the change in the proportion of 
different carbon-containing species in the system over time. The re-
actions start with a rapid decomposition of the various components of 
the diesel-OME3 blends, accompanied by a rapid increase in C1-C4 spe-
cies. The C1-4 species reached a local maximum value at around 52 ps, 
which accounts for 75.19% of total products, while at the same time, the 
percentage of C5-20 products reached a local minimum value of around 
23.73%. Only a few (1.08%) C20-40 species were produced. These 
products are formed mainly from the branched chains produced by 1- 
MNT after the completion of its first ring opening, combined with 
fragments from hydrocarbon cleavage. At this time, there is no C≥40 
species observed. Then C1-4 species percentage decreased quickly, and 
their involvement in the formation of unsaturated long carbon chains as 
well as PAH-like soot precursors resulted in a gradual rise in C5-20 and 
C20-40 species. C≥40 species start to emerge at around 200 ps. C5-20 and 
C20-40 species begin to decrease at 500 and 750 ps, respectively, and 
they, like C1-4 species, are involved in the formation of incipient soot, 
causing a sustained increase in C≥40 species. The proportion of species at 
each carbon number remains stable after 1750 ps, when the system is 
largely in balance. 

The main oxygen-containing products are shown in Fig. 8b. The 
number of CH2O molecules peaks at 111 at 23.1 ps. There are 35 OME3 

molecules in this system, and the amount of CH2O is around three times 
that of OME3, which is consistent with previous analysis of the OME3 
pyrolysis reaction pathway. CH2O peaks only slightly later than the time 
of complete pyrolysis of OME3 (17.5 ps), which means OME3 breaks 
down quickly into small C1 fragments at high temperature. The number 
of CH3O• molecules peaks at 19 at 5.5 ps. Then due to its high reactivity, 
CH3O• radicals are quickly consumed to form other species like CH2O, 
causing the number of peak CH2O molecules to be slightly more than 
three times the number of OME3. The C––O double bond in CH2O is very 
stable and difficult to break even at high temperature. The CO molecules 
are produced by the continuous dehydrogenation of CH2O, which results 
in an increasing trend of CO molecules that is highly consistent with the 
decreasing trend of CH2O molecules. The carbon fixed by oxygen to form 
CO will not participate in the formation of soot precursors. The number 
of CO molecules increased sharply before 750 ps, then its rate of increase 
began to slow down, and the number of molecules remained stable at 
127. The •CHO radicals always exist in the system in tiny quantities 
because it can easily decompose to CO and combine with other small 
molecule products to form aldehydes. The H2O molecules are mainly 
produced through the reactions: •H + •OH → H2O, H2 + •OH → H2O +
•H. The •OH is mainly produced from the decomposition reaction of 
methanol (CH3OH). 

Fig. 8c shows types of oxygen-containing products and the number of 
molecules containing oxygen atoms. The consumption and production 
of the main reactive oxygenated radicals (•CHO and •OH) during diesel- 
OME3 blends pyrolysis are shown in Fig. 9 and Fig. 10, respectively. The 
number of molecules containing oxygen atoms increased sharply to 140 
at 18.8 ps, which was only slightly later than the initial cleverage of 
OME3. Then this value remained almost stable at 140, which is equal to 
the total oxygen number. This means oxygen-containing products 
contain essentially only one oxygen atom. The number of species of 
oxygen-containing products increased sharply, peaking at around 18 at 
35.5 ps, then began to diminish. At the beginning of the pyrolysis, 
various reactive oxygenated products exist in the system, including 
mainly •OH, CH3O•, •CHO. They are the products of complete pyrolysis 
of OME3. The •CHO radicals are primarily produced by the decomposi-
tion (54.4%) and hydrogen transfer (15.2%) of CH2O. The •CHO radicals 
would mostly be consumed by reaction •CHO → CO + •H (63.31%). This 
reaction occurred very fast, which caused only a few (1.4%) •CHO 
combining with small hydrocarbon radicals (•CH3) to form aldehyde 
compound. Except for •CHO, the formation of other reactive oxygenated 
products are highly relevant to CH3O•. At the beginning of the pyrolysis 
(0–35.5 ps), the system contains relatively high levels of •CH3O. The 
most critical reactive oxygenated radicals •OH would be produced 
through the reaction: CH3O• + •H → CH3OH → •CH3 + •OH. The C1-C2 
species (•CH3, C2H4,•C2H3 etc.) resulting from the complete pyrolysis of 
alkanes will combine with the •OH, and a few •CH2OH radicals would be 

Fig. 7. The structures and chemical formulas of the largest incipient soot at 2 ns: (a) pure diesel; (b) diesel-OME3 blends.  
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produced through the dehydrogenation of CH3OH, which results in the 
occurrence of many different types of alcohol products such as CH3OH, 
C2H4OH, C2H3OH, and C2H5OH. Then the types of oxygenated products 
begin to decrease due to the consumption of the CH3O• and the con-
sumption of •OH to form H2O. The number of different types of oxygen- 
containing products does not change appreciably from 120 to 350 ps. 
Then there is a sharp decrease from 350 to 450 ps. It can be deduced that 
at this stage, more and more small molecules (C1-4) combine quickly to 
form larger molecules, resulting in low concentrations of unsaturated 
gaseous molecules. The probability of collision between reactive 
oxygenated products and unsaturated gaseous species is reduced. The 
curve continued to fall until 1850 ps, and some •OH radicals were 
formed through the decomposition and hydrogen transfer of H2O, 
causing some alcohol molecules to be produced. On the whole, the 
reactive oxygen-containing radicals play a significant role in the 
oxidation of the gaseous soot precursors of C1-2 species, which occurs 
before the first benzene ring is formed. Only a tiny amount of •OH 
generated by the decomposition of H2O will react with the PAHs during 
the continued growth phase of the benzene ring. 

To further investigate the sources of carbon and oxygen atoms in the 
final produced CO, we have divided the sources of oxygen atoms into 
two categories: oxygen atoms at the end edge of the OME3 are called Oe, 
and the oxygen atoms in the middle are called Om. The source of carbon 
atoms is divided into three categories: Cd represents carbon atoms from 
diesel, Ce represents the carbon atoms from the end edge of the OME3, 
and Cm represents the three carbon atoms in the middle of the OME3. 

Fig. 8. (a) Percentage of different ranges of C number in the diesel-OME3 system; (b) the main oxygen-containing products; (c) different types of oxygen-containing 
products (black line) and the number of molecules containing O atom (red line). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 9. Main consumption and production pathways of •CHO during Diesel- 
OME3 pyrolysis. 

Fig. 10. Main consumption and production pathways of •OH during Diesel- 
OME3 pyrolysis. 

Fig. 11. Percentage of different CO in diesel-OME3 systems at the end of the 
simulations, Cd represents carbon atoms from diesel. 
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Fig. 11 shows the percentage of different CO in diesel-OME3 systems at 
the end of the simulations. The primary type of CO is CmOm (32.6%), 
even more than the sum of CeOe (12.22%), CmOe (16.77%), and CeOm 
(0.31%), which means the final CO is mainly produced by the carbon 
and oxygen atoms in the middle of OME3. This is consistent with our 
analysis of the reaction pathway of OME3. The C and O in the middle of 
the OME3 are mainly released as CmH2Om, and then CmOm is produced 
by the route CmH2Om → •CmHOm → CmOm. CdOe has a more significant 
proportion than CdOm, which means Oe is more likely to react with 
carbon atoms in diesel compared to Om. This is because, during the 
initial pyrolysis of OME3, some Oe would be released in the form of 
CeH3Oe•, whereas the Om is released only in the form of CmH2Om. The 
chemical form in which the oxygen in OME3 is combined with the car-
bon in diesel is further analysed. For CdOe, the first combination of Oe 
with Cd takes the form of CH2O (48%), •OH (44%), CO (4%), and CH3O•

(4%), combined with carbon atoms containing the active site. For CdOm, 
the first combination of Oe with Cd takes the form of CH2O (65.22%), 
•OH (17.39%), and CO (17.39%). Compared to CH2O molecules, CH3O•

radicals have a higher reactivity. They can directly react with other 
hydrocarbon compounds or produce •OH to oxidize hydrocarbon com-
pounds. The typical reaction pathways of •OH radical oxidizing hydro-
carbon species to form CO are shown in Fig. 12. After connecting to the 
active site on the hydrocarbon species, the O-H bond in the •OH radical 
would firstly break, then aldehydes species are produced and finally 
converted to CO. CO is hardly ever present in the form of CeOm, which 
means carbon atoms at the edge of the OME3 can scarcely react with the 
middle oxygen atoms. On one hand, this is due to the relatively stable 
C––O double bond of CH2O produced by C and O located in the middle of 
OME3, making them hardly react with other species. On the other hand, 
the Ce is released in the form of CeH3Oe• or •CeH3. The CO would be 
produced through the reaction CeH3Oe• → CeH2Oe → •CeHOe → CeOe. 
The •CeH3 will participate in the formation of soot precursors. 

Fig. 13 illustrates a panoramic view of the process, from initial diesel 
pyrolysis to soot inception, indicating how OME3 influences this process. 
In Fig. 13, the atom tagging method is used to trace the carbon trans-
formations during the formation of incipient soot, i.e., different colours 
are used to represent carbon atoms originating from different fuel 
components. The simulation results indicate that the initial reactions of 
the normal paraffin n-HXD are the same as the branched paraffin HMN, 
both involving a series of unimolecular C–C bond scissions and H-ab-
stract reactions to generate smaller alkyl radicals. The main difference is 
that HMN tends to produce larger alkenes, such as linear alkene of 
propene and branched alkene of 2-methylpropene, due to its highly 
branched quaternary carbon structures [58]. During this process, a large 
amount of C1 (mainly •CH3) and C2 (mainly •C2H4) species are released. 
As discussed previously, the reactive oxygen-containing groups pro-
duced by OME3 would react with these C1 and C2 species to form stable 
oxides such as aldehydes, alcohols, and ethers, which inhibit the growth 
of incipient soot. The structures of typical oxides are shown in the 
central area of Fig. 13. The resonance-stabilized radicals (RSRs), e.g. 
propargyl (•C3H3) and cyclopentadienyl (•C5H5), would also be produced 
in this process. C3H3 is known as the key precursor in benzene formation 
via the reaction •C3H3 + •C3H3 → C6H6. In recent years, it was also 

recognised as the initiator in the CHRCR (Clustering of Hydrocarbons by 
Radical Chain Reactions) model for radical chain reaction via the re-
action •C3H3 + C2H2 → •C5H5 [59]. As indicated by the precursors shown 
in Fig. 13, the simulation reveals the presence of cyclopentadienyl, 
which consists of •C3H3 generated by n-HXD and C2H2 produced by 
HMN. 

The aromatic ring structure of 1-MNT makes it more stable than n- 
HXD and HMN. The double ring structure of 1-MNT can be observed 
until 337 ps. Then the benzene rings of 1-MNT will break through the 
ring-opening reaction while the other ring remains intact. Immediately 
afterwards, another ring will open, and the structure with a long un-
saturated chain connected to a slightly shorter unsaturated chain will be 
formed. Atom labelling indicated that the product is obtained from the 
initial pyrolysis of 1-MNT, rather than the recombination of other small 
molecule precursors. These unsaturated long-branched structures pro-
vide active sites for the attachment of other unsaturated C1-3 hydro-
carbons such as •CH3, •C2H3, C2H2, and •C3H3, which would promote the 
formation of soot. Also, the oxidizing species (mainly •OH, together with 
CH3O•, •CHO, and •CH2OH) produced by OME3 could occupy the active 
sites on long unsaturated carbon chains, thereby inhibiting further chain 
elongation. In addition to combining small hydrocarbons with the un-
saturated carbon chains formed by 1-MNT, these small hydrocarbons 
also assemble themselves into unsaturated long carbon chains. It needs 
to be noticed that the •CH3 produced by the breakage of the C-O bond of 
the edge of OME3 would also participate in this process and promote the 
extension of the chains. These unsaturated long carbon chains then 
undergo cyclization and internal bridging to generate polycyclic aro-
matic hydrocarbons, which further combine through the side chain and 
internal bond cross-linking to form the incipient soot [60]. OME3 is 
hardly involved in soot inception from the long unsaturated chains. Only 
small C1-C2 hydrocarbons such as •CH3 and C2H2 produced by the OME3 
were found to be connected to the active sites. The •OH produced by the 
decomposition of H2O was occasionally found in the PAH-like mole-
cules. Oxygen fixation of carbon to form CO is the most important reason 
for OME3 to suppress soot formation during diesel pyrolysis. About 63% 
of the final CO is composed of C and O in the OME3. 

Fig. 14 displays the contributions of different carbon atoms in OME3 
to incipient soot. C1 and C5 represent the carbon atoms at the edge of the 
OME3. They are actually the same kind of carbon atoms because of the 
symmetry of the OME3 molecular structure and they contribute signif-
icantly to the production of incipient soot (58.88%). C2 and C4 are the 
adjacent carbon atoms to the C1 and C5. It is interesting to notice that the 
C3, the carbon atom in the centre of OME3, makes a slightly larger 
contribution (15.19%) to incipient soot than half of the sum of C2 and C4 
(25.93%). This is because the initial cleavage OME3 is more likely to 
break the C-O bond 4 shown in Fig. 3, which makes C3 more exposed 
with increased probability of connecting to hydrocarbons. 

As discussed previously, the effect of OME3 on soot inception is 
mainly in the oxidation of the gaseous soot precursors. Here, we focus on 
the time evolutions of typical C1-C3 intermediates in pure diesel and 
diesel-OME3 blends, as shown in Fig. 15. Compared with pure diesel 
system, more •CH3 would be produced in the diesel-OME3 system, as 
previously discussed, which are produced by the cleavage of C-O bond 
(bond 1 in Fig. 3) at the edge of the OME3. The number of molecules of 
C2H4 produced in the pure diesel and diesel-OME3 blends peaks at the 
same time (75 ps). They are mainly the pyrolysis products of the linear 
and branched alkanes. However, the maximum number of C2H4 mole-
cules in the pure diesel system is higher than that in the diesel-OME3 
blends. This is due to the addition of OME3, which reduces the number of 
diesel molecules in the mixture. The reduction of C2H4 molecules in the 
diesel-OME3 system is significantly slower than in the pure diesel sys-
tem. We analysed the frequency of main consumption pathways of •CH3 
from 75 to 220 ps. During this time frame, the amount of C2H4 molecules 
in the pure diesel system is greater, but the rate of consumption is slower 
than in the OME system. In the diesel-OME3 system, there are many 
unsaturated C1-C3 hydrocarbon species produced by the pyrolysis of 

Fig. 12. Snapshots of •OH radicals oxidizing hydrocarbon species to form 
carbon monoxides: (a) C-C bond breakage after hydrogen transfer of alcohol 
molecule; (b) •OH radical promotes the oxidation of soot precursor to produce 
CH2O molecule and eventually CO, where C, H and O atoms are represented in 
grey, white and red, respectively. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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diesel. The •CH3 molecules produced by OME3 would connect with these 
species to form more C2-C3 species such as •C2H6, C3H6,•C3H7, and C4H7, 
then these C2-C4 species would experience dehydrogenation and 
β-scission reactions to reproduce C2H4. This could also explain why the 
number of molecules of the main soot precursors C2H2, •C2H3 and •C3H3 
do not differ much between pure diesel and diesel-OME3 blend systems. 
Although the presence of OME3 diluted the diesel content, there was no 
significant reduction in the number of soot precursors due to the pres-
ence of •CH3 produced by OME3. It needs to be noted that the inclusion 
of OME3 would alter the combustion temperature in reality but not in 
the MD simulations, which is one of the limitations of this work. In 
general, it is worth noting that the real experimental conditions are quite 
different from those used in the MD simulations, which were set to speed 
up the chemical reactions. Although the simulated MD conditions are 

believed not to significantly affect the reaction pathways, other kinetic 
parameters such as the reaction rates will be quantitatively affacted. 

3.3. Effect of the chain length of OMEX and the content of OME3 on soot 
formation in diesel-OMEx systems 

Fig. 16 displays the frequency of the addition reactions of •OH rad-
icals with C1, C2, and C3 hydrocarbon species in the blends of diesel with 
different OMEX (x = 1,3,5). To avoid possible distortion, only reaction 
occurrences more than once are shown in Fig. 16. It can be seen from the 
results that •OH radicals mainly react with •CH3 radicals in every system. 
As the length of the OMEX chain increases, the oxidative effect of hy-
droxyl groups on gaseous soot precursors in the system is somewhat 
enhanced. Also, it is interesting to notice that this effect is nonlinear as 
OMEX chain length increases. The total number of hydroxyl addition 

Fig. 13. Reaction pathways of soot inception of diesel-OME3 pyrolysis and how OME3 affects the process.  

Fig. 14. Contributions of different carbon atoms in OME3 to incipient soot.  

Fig. 15. Time evolutions of typical C1-C3 intermediates.  
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processes increases by 20 from OME1 to OME3, but by 66 from OME3 to 
OME5. 

Fig. 17 displays the time evolution of the sum of the carbon number 
of molecules with carbon numbers greater than 40, representing the 
total carbon number of incipient soot. Fig. 17a shows that when diesel 
was blended with the same molar fractions of OMEX with different chain 
lengths, there was no significant reduction in soot inception during the 
2 ns simulation period. This simulation result is consistent with the 
experimental results of Schmitz et al. [61], where they measured the 
number and size of the soot particles in all OME2-4 -blended flames and 
found that chain length has a minor influence on soot suppression. This 
is because chain length increase would not increase the effective soot 
suppression species CH3O• but CH2O only. As discussed previously, the 
follow-up reactions of CH3O• radicals would produce •OH, which is a 
powerful soot suppression radical, while the CH2O molecules would 
mainly experience the reaction CH2O → •CHO → CO to be converted to 
carbon monoxide and hardly participate in oxidizing soot precursors 
[53]. Trajectory analysis indicates that a small fraction of CH2O mole-
cules will form CH3OH molecules via the reactions CH2O + •H → 
•CH2OH and •CH2OH + •H → CH3OH. Subsequently, some CH3OH 
molecules will release •OH radicals, which explains why the oxidative 
effect is enhanced as the chain length of OMEX increases as shown in 
Fig. 16. 

Fig. 17b shows the time evolution of carbon number above 40 when 
OME3 was blended with diesel at 0%, 5%, and 20%. An increase in the 
proportion of OME3 from 0% to 20% shows a decreasing trend in 
incipient soot production. An increase in OME3 content means a 
decrease in the diesel fuel content of the system, as the total carbon 
number is the same in different systems. The presence of carbon in OME3 
dilutes the amount of soot-forming carbon as the total amount of carbon 
remains unchanged. From 500 to 600 ps, when OME3 was blended with 
diesel at 5%, there was no significant reduction in the production of 
incipient soot, despite some reactive oxygen-containing products and 
CO are generated during this time. Also, from Table 2, the percentage of 
carbon atoms in diesel converted to incipient soot even increased 
slightly in diesel with a 5% OME3 added system, compared to a pure 
diesel system. Tan et al. [29] found that when OME3 was blended with 
ethylene at 5%, the average soot particle size increased because the •CH3 
produced by OME3 would react with C2 species to produce C3 species, 
thus activating the C3 + C3 pathways to form benzene. In this study, the 
pyrolysis of diesel would produce lots of C1 and C2 species, and the 
pathways of C1 + C1 → C2 and C1 + C2 → C3 are both enhanced due to 
the presence of •CH3 produced by OME3. Because only a small amount of 
OME3 (5%) was added into diesel, the capabilities of oxygen in OME3 to 
trap carbon atoms and the oxidation of soot precursors by oxidation 
radicals are weaker than the capability of •CH3 to promote the produc-
tion of C2 and C3 species. 

4. Conclusions 

In this study, the pyrolysis pathways of OME3 and the role of OME3 in 
the pyrolysis of diesel to form soot have been analysed using ReaxFF- 
based MD simulations. The MD results revealed the chemical mecha-
nisms involved at the atomic scale. The initial cleavage reactions of 
OME3 begin with breaking different C-O bonds and mainly end up with 
three species: CH2O, CH3O•, and •CH3, of which CH2O molecule is the 
predominant product. The CH3O• and •CH3 radicals are produced by 
breaking the C-O bonds at the end edge of OME3, whereas the CH2O is 
produced by breaking the C-O bond in the middle part of OME3 

Fig. 16. Frequency of the addition reactions of •OH radicals with C1, C2, and C3 
species in diesel-OMEx (x = 1,3,5) systems. 

Fig. 17. Time evolution of the sum of the carbon number of molecules with carbon numbers greater than 40: (a) diesel with a different chain length of OMEX added; 
(b) diesel with different content of OME3 added. 

Table 2 
Percentage of carbon atoms in diesel converted to incipient soot.  

Pure 
Diesel 

Diesel-5 % 
OME3 

Diesel-10 
%OME3 

Diesel-20 
%OME3 

Diesel-40 
%OME3 

Diesel-50 
%OME3 

80.07 ±
1.72 

80.71 ±
1.09 

78.05 ±
1.59 

76.84 ±
0.68 

70.79 ±
1.68 

65.69 ±
0.52  
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molecules. The CH2O is mainly consumed through dehydrogenation to 
form •CHO, then •CHO would quickly form carbon monoxide through 
further dehydrogenation. The carbon monoxide would be continuously 
produced during the whole soot formation process. These carbon atoms 
would not participate in the production of soot, thus reducing soot 
formation. The CH2O and •CHO are less likely to react with other species. 
The follow-up reactions of CH3O• would produce oxidizing species such 
as •OH to oxidize soot precursors. However, this effect is not very sig-
nificant in the absence of oxygen. The •CH3 would participate in the 
formation of soot precursors. As the pyrolysis of diesel would produce 
lots of C1 to C2 unsaturated hydrocarbons, the additional production of 
•CH3 from OME3 pyrolysis could react with these unsaturated C1-C2 
species, which may lead to increased levels of the main soot precursors 
such as C2H2, •C2H3, and •C3H3. 

A ReaxFF-based panoramic soot inception mechanism of diesel is 
established in this study. An atomic labeling method was applied to 
visually illustrate the role of carbon atoms from different components of 
fuels in the formation of incipient soot. The oxidative effect of adding 
OMEX on soot formation of diesel has also been investigated. The 
oxidizing species (mainly •OH, together with CH3O•, •CHO, and •CH2OH) 
produced by OME3 would react with C1-C3 hydrocarbon molecules to 
form stable oxides. 

The effect of chain length of OMEX on diesel soot inhibition was 
analysed. Increasing the chain length of OMEX could enhance the 
oxidative effect, while this effect is not significant, as increasing the 
chain length would mainly increase the amount of CH2O produced. The 
CH2O would rarely participate in oxidizing soot precursors. However, 
the higher the content of OMEX in the mixture, the fewer carbon atoms 
are involved in forming soot precursors, as oxygen atoms will mainly fix 
the carbon in the middle of OME3 molecules to form carbon monoxide. It 
is worth noting that if a small amount of OMEX is added to the diesel 
fuel, the •CH3 produced by OME3 may promote the formation of soot. 

This study demonstrates the feasibility of ReaxFF-based MD simu-
lations with CHO2016 parameters in studying the mechanism of soot 
inhibition by oxygenated additives. The effect of OME3 on soot inhibi-
tion in a combustion environment can be further investigated, as the 
presence of oxygen might promote the production of more oxidizing 
groups, with a more pronounced effect on soot inhibition. 
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