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Abstract 

The growing energy demand worldwide is currently supplied by the direct use of fossil fuels, which 

are limited in nature and represent an environmental concern. Syngas/oxy-combustion 

technologies have become popular due to recent advances in carbon capture and storage and the 

possibility to avoid NOX formation by replacing N2 with supercritical CO2. However, the 

successful implementation of these systems faces several drawbacks: variability in syngas 

composition and lack of understanding of the chemical kinetics at elevated temperature and 

pressures in the presence of CO2. In this work, we carried out a molecular dynamics study of 

syngas oxy-combustion using ReaxFF force field. Three main initiation reactions were identified: 
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H2 + O2 → HO2 + H, H2 → H + H, and CO2 → CO + O, with the last being dominant at high 

temperatures and high concentrations of CO2. We also found that increasing the initial CO2 

concentration and decreasing that of O2 delays ignition. However, for enriched CO2 mixtures, this 

substrate exerts a catalytic effect in the reactions H2 → H + H and H2O → OH + H by forming the 

intermediate HCO2. In the absence of initial CO2 formyl radical (HCO) chemistry is lacking due 

to the prominent consumption of H species by molecular oxygen via O2 + H → OH + O and H + 

O2 (+M) → HO2 (+M). However, we observed the association between HCO and OH radicals to 

form stable formic acid, a reaction not implemented in syngas mechanisms.  

Keywords: Syngas oxy-combustion, supercritical CO2, Chemical kinetic mechanism, ReaxFF 

force field, Molecular dynamics. 

1. Introduction 

Economic development demands ever-increasing energy consumption, which is supplied 

principally by fossil fuels. These carbon-based fuels have several drawbacks including their non-

renewable nature and their propensity to emit greenhouse gases such as CO2 when combusted. 

Therefore, industrial and scientific communities have been looking extensively for alternative and 

renewable energy sources to overcome the drawbacks associated with hydrocarbon utilization [1–

3]. Synthesis gas or syngas is one of the most promising alternatives because it can be 

manufactured by the gasification of biomass [4]. For example in the United States, statistics show 

that local biomass could supply up to a one-third of energy demand for transportation fuels [5]. 

 Syngas can be burnt using oxy-combustion under extremely high pressures, a technology where 

supercritical CO2 replaces N2. This technology constitutes a promising new paradigm to burn 

conventional and alternative fuels due to advances in carbon capture and storage (CCS), 



possibilities in the reduction of NOX emissions, an increase of the energy conversion efficiency, 

and downsizing of the equipment achieved in virtue of the high density of supercritical CO2 [6–

8]. Syngas oxy-combustion technologies need to overcome several difficulties before they are 

feasible for implementation. For instance, depending on the syngas source and the technology to 

produce it, the content of H2, CO, and diluents like N2, H2O, and CO2 can vary significantly, which 

demands fundamental combustion knowledge to build up efficient and safety combustion systems 

[9]. Furthermore, uncertainties in combustion kinetics under CO2 diluted conditions need to be 

addressed [6–8], especially at temperatures and pressures at which supercritical cycles operate: 

from 1000 to 1500 K and from 150 to 400 atm [10,11]. 

Significant research has been conducted to develop the chemical kinetic mechanism for syngas 

combustion at different conditions of temperature and pressure. Li et al. [12] developed a model 

that includes C1 chemistry considering essential species such as formaldehyde, methane, and 

methanol. Besides, the authors refined the rate constants of relevant CO reactions, such as CO + 

OH → CO2 + H and HCO (+M) → H + CO (+M), by fitting multiple experimental data reported 

in the literature. Chaos and Dryer evaluated and improved rate constants of important H2/CO 

reactions [13], suggesting improvements to the Li et al. [12] mechanism, and taking into account 

the high-pressure conditions found in gas turbines. Starik et al. [14] considered many of the steps 

involved in previously mentioned mechanisms, but also included ozone reactions and studied the 

effect of different bath gases. Kéromnès et al. [15] developed a chemical kinetic mechanism to 

predict the combustion of syngas at elevated pressures. Finally, AramcoMech is commonly used 

to test syngas oxidation under different experimental conditions [16]. For a more detailed review 

of syngas kinetic studies, the reader is referred to the works of Olm et al. [17] and Alzahrani et al. 

[18]. 



In research about syngas combustion at high pressures, special attention is required for chemistry 

of HO2/H2O2 species because their formation and consumption pathways are less understood at 

higher pressures than at low pressures and high temperatures [13,19]. In effect, Li et al. [12] found 

ignition delay times (IDTs) mismatches between rapid compression machine (RCM)  experiments 

and modeling. These authors attributed the discrepancies to the lack of knowledge about the 

HO2/H2O2 chemistry at high pressures. From this experimental point of view, Barak et al. [20] 

measured IDTs of syngas with  up to 85 % of CO2 dilution and pressures close to 50 atm. 

Simulation results obtained from kinetic models reported in the literature (Kéromnès et al. [15], Li 

et al. [12], AramcoMech [16], Kéromnès et al. [15]) did not predict accurately the experimental 

values reported by the authors. In other work with mixtures of H2 (5 %, mole fraction) with 

moderate dilution of CO2 (10 %), Shao et al. determined IDTs at 250 atm and found predictions 

within the 20 % of accuracy range using the AramcoMech [16] mechanism. 

As inferred from previous paragraphs, conceptual gaps persist in the chemical kinetics of syngas 

oxy-combustion at high pressures and elevated concentrations of CO2, which motivates further 

investigation. Quantum mechanical (QM) methods yield the most accurate predictions of reaction 

energies and barrier heights; however, these methods are computationally expensive and therefore 

limited to systems with a reduced number of atoms. Alternatively, molecular dynamics (MD) 

performs around four orders of magnitude in time faster than QM methods, which fits the 

requirements for working with arrangements containing thousands to millions of atoms [21]. The 

bottleneck of MD simulations with reactive systems is the force field accuracy and availability 

[22]; however, researchers have achieved significant progress in the construction of detailed and 

accurate potential energy surfaces (PESs) for reactive polyatomic systems over the last decade 

[23]. From a more general point of view, the reactive force field ReaxFF has opened a new way to 



study chemical processes with numerous atoms employing MD simulations. The advantage of 

ReaxFF lies in its systematic capability to determine chemical kinetics mechanisms without the 

necessity of specifying any input of possible chemical reactions beforehand. ReaxFF fails to 

provide accurate quantitative predictions of reaction energies and barrier heights of particular 

reactions but is a powerful tool for the qualitative predictions of the dynamics governing complex 

combustion systems, which ultimately can be the subject of more accurate theoretical 

investigations [24].  

Given the advantages of CO2 dilution in oxy-combustion systems and the relevance of syngas 

as an alternative and renewable energy source, the objective of this work is to study the effect of 

CO2 dilution on the ignition, chemical kinetic mechanism, and species profiles of syngas (H2/CO) 

combustion under supercritical conditions using MD simulations with ReaxFF. The initiation 

reactions are identified for three H2/CO/O2/CO2 mixtures with an increasing relative concentration 

of CO2 at four different temperatures ranging from 2700 to 3600 K. Subsequently, we determine 

the IDTs by tracking the OH radical profile during our MD simulations and unravel the role that 

CO2 plays on the ignition process. Finally, the reaction pathways and species profiles in the 

different mixtures (with and without CO2) are elucidated, highlighting the most relevant 

differences and the role of the CO2 species. 

2. Computational methods 

2.1 Force field  

ReaxFF force field uses the concept of bond order to describe the connectivity between atoms, 

which is a function of the interatomic distance. The potential energy function has the general form: 

 



𝐸system = 𝐸bond + 𝐸over + 𝐸under + 𝐸lp + 𝐸val + 𝐸tor + 𝐸vdWaals + 𝐸Coulomb (1) 

 

where 𝐸bond , 𝐸over , 𝐸under , 𝐸lp , 𝐸val , 𝐸tor , 𝐸vdWaals , and 𝐸Coulomb  represent bond energy, over-

coordination energy penalty, under-coordination stability, lone pair energy, valence angle energy, 

torsion angle energy, van der Waals energy, and Coulomb energy, respectively. 

The over- and under-coordination terms are correction functions that arise from errors in 

determining the valence of atoms participating in a given chemical bond. ReaxFF also accounts 

for non-bonded interactions employing van der Waals and Coulomb potentials, coupled with a 

shield term to control the energy values that result from short-ranged approximations. For a more 

detailed description, the reader should review the original literature of this force field [25–27]. 

The MD simulations were performed with the LAMMPS software [28] and the extended ReaxFF 

version for hydrocarbons oxidation by Ashraf and van Duin [29], which includes parameters 

specially trained to describe syngas chemistry. In addition, it also modifies the ReaxFF former 

valence angular term to capture better the features and reaction paths of the HCO radical, which is 

one of the most significant species in syngas combustion. This force field also improves the 

chemical description of the hydrogen atom abstraction reactions by molecular oxygen in 

comparison with the former force field of Chenoweth et al. [27]. 

2.2 MD simulations details 

Three mixtures, with the composition presented in Table 1, were considered to investigate the 

effect of CO2 on syngas combustion. From mixture 1 to mixture 3, the concentration of O2 

decreases proportionally with the enrichment of CO2 to preserve a total number of 160 molecules, 

while the quantity of H2 and CO remains constant. We packed each initial set of molecules in a 



cubic simulation box with dimensions 30 Å × 30 Å × 30 Å using the Packmol software package 

[30]. Fig. 1 shows a snapshot of mixture 3. 

Table 1  

Different mixtures considered in our MD simulations. 

Mixture 
Number of molecules 

H2 O2 CO CO2 

1 46 68 46 0 

2 46 45 46 23 

3 46 23 46 45 

 

The NVT ensemble (constant number of molecules, N, constant volume, V, and constant 

temperature, T) was used for the integration of the trajectories within a total time of 2 ns with a 

time step of 0.1 fs. This time step guaranteed the energy conservation during the integration of the 

trajectories, and allowed us to run sufficient long simulations to achieve steady species 

distributions. The bond order cutoff for the species analysis was 0.3, which is a suitable value in 

ReaxFF MD simulations for the given conditions. Ensembles of 10 unique trajectories were run at 

each temperature – 2700 K, 3000 K, 3300 K, and 3600 K - and for each mixture to obtain 

representative results: more than 4 reactive events for each specific reaction within the 2 ns 

integration time. At the lowest and highest temperatures considered here, ideal pressure was kept 

around 2200 atm and 2900 atm, respectively. We ensured a study in the supercritical region 

because the conditions investigated substantially surpass the critical point of any species 

encountered in the simulations. One example is water, which has one of the most distant critical 

points at 647 K and 218 atm.  

Most of the fuel is consumed at temperatures of 3000 K and above within a feasible integration 

time. Due to the low reactivity at 2700 K, the complete chemical kinetic mechanism was derived 



at 3000 K, 3300 K, and 3600 K, and only the initiation mechanism is reported including results at 

2700 K. A Nose-Hoover [31,32] thermostat with a damping constant of 50 fs controlled the 

temperature in our simulations.  

Each trajectory started with a unique initial configuration, a result of an energy minimization 

consisting of an iterative adjustment of the atoms' coordinates until satisfying either the energy or 

force criterion (1·10-4 and 1·10-6 kcal mol-1 Å-1, respectively). After the minimization, each system 

was equilibrated by running non-reactive trajectories of 80 ps with a time step of 0.1 fs. 

Equilibration was ascertained by stabilizing the kinetic and potential energy of the simulated bulk 

as well as by getting the kinetic temperature oscillating around the target value. The non-reactive 

trajectories were run by switching off the C–H, O–H, and C–C sigma bond parameters of the force 

field to prevent any reactive event. Subsequent to the equilibration, 2 ns of the production phase 

were initiated with also a time step of 0.1 fs.  

In our simulations, pressure adopts large values to speed up the system reactivity, which is a 

common practice in MD as simulating thousands of atoms or using longer production times is not 

computationally feasible and would produce enormous amounts of data [29]. Although the 

pressure ranges we considered are too high for conventional combustion systems, more specialized 

applications such as rocket combustion and shock-induced processes can reach the implemented 

pressure values. Therefore, our ReaxFF MD simulations are useful to gain insights about the 

combustion processes under extreme conditions [24]. Also, the role played by CO2 in our 

simulations could carefully be extrapolated to more conventional initial conditions, excluding 

phase transition regions. 



 

Fig. 1. (a) Simulation box of the equilibrated mixture 3; (b) final configuration after 2 ns at 3000 

K of mixture 3. Green, white, and red balls correspond to carbon, hydrogen, and oxygen atoms, 

respectively. 

2.3 Data analysis  

We extracted the chemical kinetic mechanism by using the Chemical Trajectory Analyzer 

(ChemTraYzer) of Dӧngte et al. [33]. This code uses the graph-theoretical breadth-first search 

(BFS) algorithm for defining molecules from atomic connectivity, and eventually yields 

information of reaction fluxes. The input of ChemTraYzer is the output of the LAMMPS command 

“reax/c/bonds,” which was printed every two time steps.  

The time interval used to filter recrossing events was 40 fs to process the files in a reasonable 

time. Because of the reversibility of many syngas reactions, the processing could become tedious 

without a recrossing filter. The high temperatures and pressures implemented in the simulations 

allow the system to explore high free energy regions of the free energy surface whose barriers are 

unlikely to overcome in practical experimentations. Therefore, the minimum number of events 

required to include a given chemical reaction into the kinetic mechanism was four in order to 



consider only the most competitive pathways, that is, those that may occur with more probability. 

The mechanism derived for each mixture consists of the cumulative analysis of simulations 

performed at 3000 K, 3300 K, and 3600 K, which gives a broad scope of the kinetic behavior.  

The LAMMPS command "reax/c/species" determines the type and number of atoms/molecules 

to be printed with a specified frequency, and was used to obtain the species time histories. Results 

of this command were printed every twenty steps with an average over the previous ten steps. This 

analysis is independent of the ChemTraYzer processing of the data. 

 

3. Results and discussion 

3.1 Initiation mechanism 

 The most commonly observed initiation reaction not only in hydrogen but also in syngas 

combustion is the reaction (R1) [12,14,15]; this reaction generally dominated the initiation 

pathways in all range of temperatures and for all mixtures tested in our study except for a few 

cases. In 44 % of the simulations performed, combustion started with reaction (R1). The second 

and third more recurrent initiation routes were (R2) and (R3), with occurrences of 26 % and 22 %, 

respectively. This trend is in agreement with the Arrhenius activation energies provided by the 

NIST database [34], which reports values for this parameter of ≈ 26800 K, ≈ 48300 K, and ≈ 48900 

K for (R1), (R2), and (R3), accordingly. 

 

H2 + O2 → HO2 + H (R1) 

H2 → H + H (R2) 

CO2 → CO + O (R3) 

 



Interestingly, reaction (R3) becomes relevant in the initiation at 3600 K, being more prominent 

for mixture 3 (70%) than for mixture 2 (40%), which relates to the enriched CO2 conditions of the 

former system. The dissociation of CO2 in mixture 3 lowers its occurrence at lower temperatures, 

representing 30 % of the initiation events at 3000 K and 3300 K. This behavior implies that not 

only the initial concentration of CO2 but also the initial temperature of the system can promote 

(R3) as an initiation reaction. 

Previous works based on MD simulations of hydrogen and syngas combustion [19,35] reported 

the reaction (R2) as a dominant initiation mechanism above 3800 K; however, those works used 

an earlier version of ReaxFF developed by Agrawalla and van Duin [19] for hydrogen combustion, 

which probably yielded different results. Comparison between our results (using the ReaxFF 

version of Ashraf and van Duin [29]) and those obtained using the force field of Agrawalla and 

van Duin [19] may seem unreasonable at first glance. Nonetheless, this force field was selected in 

previous works [35] to also analyze the CO2 effect on hydrogen combustion. Therefore, indicating 

differences in the mechanism and prominences of the reactions aim to guide the discussion to 

select force fields for syngas oxy-combustion systems. 

To the best of our knowledge, reaction (R3) has not been considered yet as an initiation route 

for syngas oxy-combustion, and it may represent a relevant initiation path under high 

concentrations of CO2 and high pressures and temperatures. The reverse step of (R3) is included 

in mechanisms as a termination channel to produce CO2 nonetheless [14,15].  

The reactions H2 + O2 → OH + OH and H2 + CO2 → HOCO + H control the remaining 8% of 

initiation events, with the intermediate HOCO decomposing mainly into OH radical and CO. 

Among these less frequent initiation reactions, the former resulted unimportant in the work of 

Michael et al. [36]. Regarding the latter, the literature lacks any data to our knowledge. Our MD 



simulations using ReaxFF did not return alternative initiation routes [14,35,37] such as H2 + O2 + 

O2 → 2HO2 and CO + O2 → CO2 + O, but mixtures with higher concentrations of O2 and CO 

could lead to these opening pathways.  

3.2 Ignition delay times  

MD simulations allow determining relative ignition delay times (IDTs), which are crucial for 

practical applications. Alaghemandi et al. [38] pointed out that a peak in hydrogen peroxide (H2O2) 

concentration preceded ignition in MD simulation of hydrogen oxidation employing the NVE 

ensemble, and related this magnitude to the midpoint of the kinetic energy (kinetic temperature) 

achieved during a given trajectory. These authors also highlighted the importance of the definition 

of the zero of time in determining IDTs. 

In our NVT simulations, we used a similar criterion to that used by CHEMKIN [39] and linked 

ignition to the first peak of the OH radical profiles. Experimental determination of IDTs in syngas 

combustion, diluted and not diluted with CO2, also has used OH* time-histories as a reference 

[6,40]. Analysis of the H2O species profiles and the variation of the total potential energy (kinetic 

temperature is constant in our NVT simulations) indicated that the peak in OH radicals is followed, 

usually within the next several ps, by an abrupt decrease in the potential energy as the result of a 

bump in the H2O profile. Fig. 2 exemplifies this phenomenon for one of our trajectories; the solid 

lines represent the fitting of the data to polynomial functions, and the secondary y-axis accounts 

for the potential energy. 

As Fig. 2 shows, simulations detected one occasional H2O and OH molecule during the early 

stages of the trajectories (examples at 169.3 ps and 178.2 ps for H2O and OH, respectively, as 

shown in Fig. 2 with dots). Those intermittent molecules appear as the result of short 

intermolecular distances that LAMMPS wrongly associates with new species; because of this, we 



considered that ignition starts only after a consistent formation of OH molecules. According to this 

assumption, the resulting ignition in the considered case occurs at 187.1 ps, as illustrated in Fig. 2 

with the dashed brown line. Our trajectories were equilibrated thermally and potentially during 80 

ps using a non-reactive force field, which guarantees that no reactive encounters have occurred 

when starting the production phase. Therefore, the end of the equilibration (80 ps) constituted our 

zero of time. 

 

Fig. 2. OH and H2O species profiles (primary y-axis), and total potential energy as function of 

time (secondary y-axis) used for the estimation of the ignition delay times. Solid, dashed, and 

dotted black lines are the polynomial fitting for potential energy, OH profiles, and H2O curve, 

respectively. Colored dots represent examples of intermittent H2O and OH molecules, and the 

dashed brown line illustrates the ignition time. Data between 0 ps and 125 ps show no changes in 

the reactivity. 

We estimated IDTs using batches of ten trajectories for each mixture-temperature pair to obtain 

an average value. Fig. 3 displays the respective IDTs. It should be also noted that our reported 

IDTs may not quantitatively match those reported experimentally or with the CHEMKIN software 



due to the limited number of atoms used in our bulk gas for the MD simulations; however, their 

trends and relative differences can be used to get useful insights into the reactivity of the different 

mixtures at different initial conditions. 

 

Fig. 3. Temperature and initial composition (Table 1) dependent ignition delay times derived from 

molecular dynamics simulation using ReaxFF and the NVT ensemble. 

We obtained very short IDTs, on the order of ps, due to the high temperatures and pressures 

considered in the simulations. Our results indicate that increasing the initial concentration of CO2 

in detriment of that of O2 makes the bulk ignite around 1.8 times later; this is because the reaction 

(R1), which controls the initiation mechanism, is hindered when the concentration of O2 is 

lowered. However, mixtures 2 and 3 show similar ignition characteristics, which suggests that 

further increments in the concentration of CO2 in syngas oxy-combustion mixtures may 

counterbalance its hindering effect in the ignition characteristics of the bulk. As will be explained 

later, this might be due to the catalytic effect exerted by CO2 in H2 dissociation via the reaction H2 

+ CO2 → HOCO + H. A similar increase in IDTs at higher CO2 dilution conditions is reported in 



the literature for oxy-methane combustion. However, the trends are subtle, and the changes fall 

within the experimental uncertainties of the measurements [41,42]. 

3.3 Syngas oxy-combustion mechanism  

Fig. 4 shows the reaction pathways of representative species participating in syngas combustion 

(mixture 1), and Table 2 lists the most important reactions that each species undergo with the 

corresponding percentage of prominence. Table S1 of the supplementary information (SI) is the 

complete version of Table 2 presented here. These are overall results that cover the temperatures 

3000 K, 3300 K, and 3600 K, since reaction fluxes and prominences were practically identical at 

each condition; however, we observed punctual differences that will be described later.  

 

Fig. 4. Syngas reaction pathways for mixture 1 averaged over the NVT trajectories at 3000 K, 

3300 K, and 3600 K for 2 ns. The thickness of the arrows represents the relative prominence of 

the routes connecting both species. Reactant and product species are located at the beginning and 

end of the arrows, respectively. 

Table 2 contains most of the reactions for the H2/CO/O2 system reported by Li et al. [12], 

although we found exceptions. For instance, the scarcity of reactive events involving the HCO 

radical, and therefore formaldehyde (CH2O), in comparison with the rich chemistry these species 



presented in the mechanism of the mentioned authors. In our simulations, we observed that both 

species connects only by the infrequent reaction CH2O + O2 → HCO + HO2. We do not expect 

this and other differences to be an artifact of ReaxFF, as the fitted version used in this work aims 

to describe well the chemistry of the HCO intermediate [29]. The reason for the observed 

discrepancies might be the initial conditions used in our MD simulations, as high temperatures 

may restrict reactive pathways, such as those relating HCO radicals and CH2O, and promote other 

alternative channels.  

Table 2  

Reduced chemical kinetic mechanism for mixture 1, including the branching for each species, 

derived from our MD simulations using ReaxFF and the NVT ensemble. The table repeats several 

reactions to provide a complete view of the syngas pathways. The detailed mechanism is provided 

in Table S1 of the SI. 

 

 

In this work and for mixture 1, the dominancy in the consumption of H radicals by the reaction 

H + O2 (+M) → HO2 (+M) over H + CO (+M) → HCO (+M) explains the minimal participation 



observed in our trajectories for the HCO species and one its products, CH2O. However, some HCO 

reacts to produce formic acid via the reaction HCO + OH → CH2O2 (63.7%, Table S1) and the 

initial fuel blend via the reaction HCO + H → CO + H2 (36.3%, Table S1). Conventional syngas 

mechanisms [43,44] ignore the formation of formic acid by this route, which may take place at 

high pressures and temperatures according to our simulations. Reactions that consume the 

remaining HCO belong to the commonly accepted HCO chemistry and additional pathways 

without significant prominence. 

This work considers the overall process O2 + H → HO2 → OH + O as O2 + H → OH + O, which 

is the chain branching reaction (R4). Therefore, oxygen consumption routes presented in table 2 

are more explicitly written as  O2 + H → HO2 (R5) with 67.2 % and O2 + H → OH + O (R4) with 

29.5 %. We make this assumption for three reasons. First, we detected during our trajectories many 

reversible O2 + H → HO2 processes, which suggests that the mechanism analyzer associates short 

H/O2 interatomic distances with the intermediate HO2, as in the case of the consistently OH radical 

formation when determining the IDTs (Section 3.2). In other words, some of the HO2 

configurations detected during the production of OH and O radicals could be associated to an 

O···OH intermediate complex. Second, syngas and related mechanisms do not report the reaction 

HO2 → OH + O. The HO2 is a relatively stable radical and it commonly needs of a partner to react, 

which is a situation favored in our simulations by the presence of species such as  H, OH, H2, H2O, 

and CO. And third, (R4) and (R5) are among the most relevant reactions in combustion because 

they control the overall branching ratio in oxidation processes and determine second explosion 

limit in H2/O2 system [45].  

 

H + O2 → OH + O (R4) 



H + O2 (+M) → HO2 (+M) (R5) 

 

Along the same lines, several works have reported that HO2 and H2O2 species play a fundamental 

role at high-pressure and low-temperature conditions in a region beyond the second explosion limit 

of hydrogen [13]. We use data of Table 2 to compare with works that do not make the distinction 

between (R4) and (R5), as described in the previous paragraph. Concerning the HO2 channels, our 

results contrast to those obtained by the trajectories of Agrawalla and van Duin [19], who reported 

prominences of 3.7% and 20.4% for the reactions HO2  OH + O and HO2 + H  H2O2, 

respectively, using the former version of the force field, for which we report 30.5% and 25.6%, 

respectively (Table 2). Li et al. [35] reported different prominences at lower temperatures; the 

reaction HO2 + H → 2OH (HO2 + H → H2O2 → 2OH) consumed 45.3 % of HO2, while the reaction 

HO2 → OH + O was not reported. Differences in the force fields and initial conditions used for 

the MD simulations explain discrepancies with the referenced works. 

Regarding H2O2, our simulations predicted its two conventional consumption pathways, but with 

different prominences. In our work, reaction (R6) consumes 90.5 % of the H2O2 species, while 

Agrawalla and van Duin [19] and Li et al. [35] reported 54.4 % and 60.1 %, respectively. Our 

results agree better with the experimental data of Chaos and Dryer [13], who reported 100 % of 

H2O2 consumption through the reaction (R6) during the combustion of H2/CO/O2 mixtures in Ar 

at 435.5 atm and 1392 K.  

 

H2O2 → OH + OH (R6) 

 

As for the CO species, the most relevant depletion reaction, with an occurrence of 91.9 %, is CO 

+ OH → CO2 + H. The considered second most significant reaction, CO + HO2 → CO2 + OH, has 



an irrelevant contribution of 6.4 %. A new feature of the CO2 chemistry found in this work is its 

reaction with water to produce OH and the intermediate radical CHO2 (30.5 % of CO2 

consumption); this radical mainly decomposes into CO2 and H, resulting in a “catalyzed” 

decomposition of water into H and OH radicals. 

Our findings regarding the reaction (R4), the prominence of H2O2 → OH + OH, and the newly 

reported “catalytic” effect of CO2 in the decomposition of water into H and OH radicals may have 

substantial implications in the fundamental combustion properties of syngas at extreme conditions. 

The reactions (R4) and (R5) are two of the most sensitive for the IDT and laminar flame speed, 

which are indicators of reactivity, diffusivity, and exothermicity of any combustion process 

[12,13,45]. Besides, literature reports a linear relationship between the maximum of OH + H 

(overall products of the newly described reaction between water and CO2) radicals at lean 

conditions and the maximum of H radical at rich conditions with the laminar flame speed in syngas 

systems [46,47]. Another critical reaction sensitive to the laminar flame speed is the chain 

branching (R7), which represents 15.2 % of the consumption of hydrogen. Li et al. [35] did not 

detect reaction (R7), and the prominence reported here differs from the 77.8 % reported by 

Agrawalla and van Duin [19] for the consumption route of the O radical. In this work, the main 

route of O radical consumption involves its reaction with water (H2O + O → OH + OH) with 44.5 

%, while that of (R7) is 37.1 % (data not shown in our reaction mechanisms).  

 

H2 + O → OH +H (R7) 

 

These results suggest that under the conditions considered in this work, the newly described 

pathways and prominences could contribute to a unique behavior distinguishable from that 

identified in conventional syngas systems. Therefore, additional studies based on electronic 



structure and kinetics calculations on the new important reported pathways may result helpful for 

a more accurate determination of their role and feasibility in real systems.  

As was previously mentioned, Fig. 4 shows computations averaged over three different 

temperatures, 3000 K, 3300 K, and 3600 K, due to the similarity in their results; however, a few 

differences that highlight the effect of temperature were observed. First, the hydrogen 

decomposition reaction H2 → H + H is more prominent the higher the temperature, consuming 

11.1 % and 16.9 % of the total hydrogen at 3000 K and 3600 K, respectively. Second, the chain 

branching reaction HO2 → OH + O increases in importance from 24.1 % to 32.3 % when the 

temperature is increased from 3000 K to 3600 K. Third, the “catalytic” effect of CO2 in the 

decomposition of water into OH and H radicals appears principally at 3600 K, where the 

contribution is 21.6 %. Finally, the CO2 dissociation into CO and O radical also varies from 40.0 

% at 3000 K to 58.8 % at 3600 K. In summary, increasing temperature opens up new reaction 

routes that are inaccessible at lower temperatures. Nonetheless, many of the newly reported 

reactions do not take place frequently. 

3.4 Effect of oxygen depletion and CO2 dilution  

For mixture 1, mixture 2, and mixture 3, the number of oxygen molecules was 68, 45, and 23, 

respectively, with the corresponding increase in CO2 molecules from 0 to 23 and 45 to keep the 

initial overall number of molecules constant. These compositions allowed us to investigate the 

effect of oxygen depletion and CO2 dilution on the chemistry of the H2/CO fuel mixture.  

The CO2 at the beginning of each production phase presented critical-like features. Literature 

has extensively reported that the supercritical CO2 structure deviates from the linearity [48–50], 

which leads to the appearance of a non-zero dipole moment. Using the Perdew-Burke-Erzernhof 

(PBE) exchange correlation function coupled with an empirical correction to the dispersion 



interaction (D3), Cabral et al. [51] calculated an average O-C-O angle of 176° and an average 

dipole moment of 0.17 D for isolated molecules. These results agree qualitatively with our 

computed values of 161° and 0.45 D, indicating the presence of supercritical CO2 in our 

simulations. However, quantitatively the results present marked deviations in virtue of the different 

physical conditions (315 K and ρ = 0.81 g cm-3) and computational methods implemented in the 

reference.   

Table 3  

Reduced chemical kinetic mechanism for (a) mixture 2 and (b) mixture 3, including the branching 

for each species, derived from our MD simulations using ReaxFF and the NVT ensemble. The 

table repeats several reactions to provide a complete view of the syngas pathways. The detailed 

mechanisms are provided in Tables S2 and S3 of the SI for mixture 2 and 3, respectively. 

(a) 

 

(b) 

 

MD simulations predicted for mixtures 2 and 3 similar reaction pathways than those shown in 

Fig. 4 for mixture 1 (without CO2). As a result, the chemical kinetic mechanisms derived for 



mixtures 2 and 3, which are shown in Table 3, resemble those presented for mixture 1 in Table 2. 

However, our trajectories displayed the participation of alternative channels and a different flux 

for specific reactions, as highlighted in the following subsections. 

3.4.1 Water and hydrogen species 

Fig. 5 displays the water molecule profiles for the simulations of mixture 1 (panel a), mixture 2 

(panel b), and mixture 3 (panel c) performed at 3000 K, 3300 K, and 3600 K.  



 

Fig. 5. Water molecule profiles averaged over ten independent trajectories at different 

temperatures for (a) mixture 1, (b) mixture 2, and (c) mixture 3. 



As expected, temperature favors the rate of water formation, which is indicated by the ever-

increasing slope of the water curves for any of the mixtures in the 3000 K – 3600 K range. Despite 

the differences in the rates of water production obtained at different temperatures, the number of 

molecules at the steady-state (by the end of the trajectories) takes particular and different values 

for each system: 40, 35 and 30 for mixture 1 (Fig. 5(a)), mixture 2 (Fig. 5(b)), and mixture 3 (Fig. 

5(c)), respectively. This observation unveils the reduction of the amount of water because of 

oxygen depletion. 

The reduction of oxygen concentration also reduces the rate of water production, an effect easily 

observable by comparing the curves at 3000 K illustrated in Fig. 5(a) and Fig. 5(c). In the first 

panel, the increase of water molecules per unit of time seems to peak at around 300 ps, while the 

last panel manifests a steadier formation of water whose profile resembles a straight line. The 

increase of temperature and the number of oxygen molecules shorten the induction period, as 

expected. 

It is also observed that the effect of temperature is more pronounced in mixture 3, with the largest 

changes in the slope of the H2O profiles as temperature increases. The reason for this observation 

might be the availability of additional reactions involving the numerous CO2 molecules in mixture 

3, such as CO2 dissociation. 

Fig. 6 shows the hydrogen molecules profiles for the simulations of mixture 1 (panel a), mixture 

2 (panel b), and mixture 3 (panel c) performed at 3000 K, 3300 K, and 3600 K. The consumption 

of hydrogen as a function of time inversely mirrors the profile of water formation presented in Fig. 

5. The rate of consumption of this fuel is proportional to the temperature and amount of oxygen, 

and the induction period is inversely proportional. For each mixture, the number of hydrogen 

molecules at the steady-state is the same regardless of the temperature. 



 

Fig. 6. Hydrogen molecule profiles averaged over ten independent trajectories at different 

temperatures for (a) mixture 1, (b) mixture 2, and (c) mixture 3. 



Based on a period where the number of hydrogen molecules fluctuates in the range of three, Fig. 

7 illustrates the temperature dependency of the time required to achieve that steady-state (transient 

time), a value obtained from the trajectories obtained for the three mixtures studied in this work. 

In agreement with the factors that control the rates of water production and hydrogen consumption, 

the transient time conversely depends on the number of oxygen molecules and the temperature. 

Fig. 7 also shows that the transient times of mixtures 2 and 3 are closer than the transient times of 

mixtures 1 and 2, similar to the IDTs behavior presented in Fig. 3. This proximity could be a subtle 

effect of the CO2 presence. Li et al. [35] reported an enhancement of hydrogen depletion by the 

presence of CO2 - especially at high concentrations - at all temperatures, which is an observation 

that suits a new channel found in this work involving a “catalyzed” hydrogen dissociation.   

 

Fig. 7. Transient time based on hydrogen consumption in the 3000 K – 3600 K temperature range 

for the different mixtures considered in this work (Table 1). 

The new channel for hydrogen dissociation resembles that observed for the “catalytic” 

dissociation of water, that is, H2 + CO2 → CHO2 + H and the further decomposition of the 

intermediate CHO2 into CO2 and H radical. As the amount of CO2 molecules in the initial bulk 



increases, “catalyzed” hydrogen decomposition occurrence expands from 1.0 % to 2.2 % in 

mixtures 2 and 3, respectively.  

 

Fig. 8. Graphs of simulations of the same mixtures at 3300 K and 3000 K are provided in Figs. S1 

and S2 of the SI, correspondingly. Figs. S3 and S4 display the profiles for H and CHO2 radicals 

for trajectories of mixture 2, respectively. 

The role of CO2 in hydrogen dissociation can be also inferred from the profiles at 3600 K 

presented in Fig. 8 for H (panels a and b) and CHO2 (panels c and d) radicals for mixtures 1 (panels 

a and c) and 3 (panels b and d). During the trajectories of mixture 3, the population of H radicals 

reached a number of 2 at random times (Fig. 8(b)), while for mixture 1, this quantity always kept 



a value of 1 (Fig. 8(a)). Although the population of CHO2 never overcomes unity, it is clear by 

comparing Fig. 8(c) and Fig. 8(d) that the occurrence of this radical is by far more frequent in 

mixture 3. In other words, the presence of CO2 seems to favor the formation of H radical via the 

decomposition of CHO2 species. This trend persists to a lesser extent at 3300 K and virtually 

disappears at 3000 K, as shown in Fig. S1 and Fig. S2 of the SI, respectively. Figs. S3 and S4 

displays the profiles of H and CHO2 radicals for the trajectories of mixture 2, correspondingly, 

where the effect of CO2, only observed at 3600 K, is less pronounced than in mixture 3. 

3.4.2 HO2 and OH radical species 

Lowering oxygen concentration decreases the flux of reaction (R5) (H + O2 (+M) → HO2 (+M)) 

by 528 occasions when comparing mixtures 1 and 3 (Table 4). As a result, the number of HO2 

molecules detected during the simulations is negatively affected, as shown in Fig. 9(a) (mixture 1) 

and 9(b) (mixture 3). During the trajectories of mixture 1, the control volume hosted until three 

HO2 species during the first 200 ps, while mixture 3 exhibit a maximum of only two radicals in 

the same period. Beyond 750 ps, we found the most relevant difference: mixture 1 keeps a steady 

population of one HO2 radical, and mixture 3 did not yield this species for the remaining of the 

trajectory. Simulations of mixture 2 produced an intermediate number of radicals, as shown in Fig. 

S6 of the SI.  

Table 4  

Occurrence of reactions (R4) and (R5) summed over the trajectories run at 3000 K, 3300 K, and 

3600 K. 

Mixture No of O2 Molecules (R4) (R5) 

1 68 400 928 

2 45 252 735 



3 23 172 400 

 

 

Fig. 9. HO2 (panels a and b at 3600 K) and OH (panels c and d at 3000 K, 3300 K, and 3600 K) 

radical profiles during the trajectories for mixture 1 (panels a and c) and mixture 3 (panels b and 

d). Data of the HO2 profiles at 3000 K and 3600 K are presented in Figs. S5 of the SI, and data for 

HO2 in mixture 2 at all temperatures are illustrated in Fig. S6. Fig. S7 presents the profiles of OH 

radicals for trajectories for mixture 2.  

Comparable with the HO2 case, the oxygen depletion also diminished the OH pool in virtue of 

the decreasing number of events for reaction (R4) (H + O2 → OH + O) by 228 occasions (Table 



4). Considering the mixtures 1 (Fig. 9(c)) and 3 and (Fig. 9(d)), the amount of OH species generally 

decreases between two to three for the different temperatures tested. The OH profiles displayed 

the largest population of radicals in this study: 8 and 5 at 3600 K for mixture 1 and 3, respectively. 

Li et al. [35] found comparable values in simulations of 500 ps at the same temperature using the 

ReaxFF for hydrogen combustion [19]. The considerable number of OH species encountered in 

the simulations allows appreciating a general tendency; the radicals’ number is proportional to 

temperature. Trajectories of mixture 2 produced an intermediate number of radicals, and Fig. S7 

of the SI presents the corresponding data. 

3.4.3 CO, CO2 and HCO species 

Other significant differences encompass channels that the CO species participated in. The 

reaction OH + CO → CO2 + H is strongly affected due to the combination of two factors: (1) 

depletion of reaction events associated with the OH radical, as was previously described, and (2) 

thermodynamic control due to the presence of CO2, which should enhance the reverse reaction. 

The number of events decreased from 913 in mixture 1 to 571 and 211 in mixtures 2 and 3, 

respectively. The second most relevant reaction involving CO, HO2 + CO → CO2 + OH, is also 

affected for the combined effect of oxygen depletion and CO2 dilution; it happened on 63, 68, and 

38 occasions in mixtures 1, 2, and 3, correspondingly.  

Fig. 10 shows the profiles of CO (panels a and b) and CO2 (panels c and d) species for trajectories 

of mixture 1 (panels a and c) and 3 (panels b and d). The trends for mixture 1 (without CO2 in the 

initial composition) are the ones anticipated. The partially oxidized species CO decreases its 

concentration during the combustion of syngas (Fig. 10(a)) by reacting to generate the final 

oxidation product CO2, whose number of molecules tends to increase (Fig. 10(c)) in consequence. 

On the other hand, the profiles of mixture 3 present unusual features. The concentration of CO 



slightly raises during the first 400 ps, then slowly and slightly drops during a specific time 

depending on the temperature: a period of 600 ps and 1000 ps for trajectories at 3600 K and 3300 

K, correspondingly. The concentration of CO at 3000 K slightly increases and is approximately 

steady.  

 

Fig. 10. CO (panels a and b) and CO2 (panels c and d) species profiles during trajectories obtained 

at different temperatures for mixture 1 (panels a and c) and mixture 3 (panels b and d). The mixture 

2 displays an intermediate trend, and the corresponding graphs are provided in Fig. S8 in the SI.  

In mixture 3, the CO2 profiles have the opposite trend of CO species at 3600 K and 3300 K. In 

the course of the first 400 ps, the number of CO2 molecules slightly declines and eventually slowly 



increases, but over the remaining of the simulation time it does not achieve an apparent steady-

state. At 3000 K, the concentration behaves mostly steady with a barely perceptible minimum.  

The reactions OH + CO → CO2 + H and HO2 + CO → CO2 + OH buffer against CO depletion 

as the concentration of CO2 is increased, and together with the reaction CO2 → CO + O, they 

account for the raise (Fig. 10(b)) and drop (Fig. 10(d)) in the concentration of these species, 

respectively, which characterize the beginning of the related simulations. The reaction CO2 → CO 

+ O is inherently favored by the addition of CO2 and occurs 73, 153, and 178 occasions in mixtures 

1, 2, and 3, correspondingly. Mixture 2 (Fig. S8) at 3600 K duplicates the results just presented 

for mixture 3 at 3600 K and 3300 K with the difference of a shorter initial raising period of 200 

ps. For trajectories of mixture 2 at 3300 K and 3000 K, the trends are similar to those of mixture 

1. 

One more consequence of the CO2 addition is a newly reported path for the formation of the 

HCO radical, H2O + C → HCO + H. Although the population of HCO species is generally 

marginal, Fig. 11 evidences its relative abundance in trajectories calculated at 3600 K for mixtures 

1 (Fig. 11(a)) and 3 (Fig. 11(b)), for which the approximated cumulative populations have values 

of 59 and 174, respectively. Cumulative values define the total number of molecules/atoms 

observed during the overall trajectory, not those present in a given step. The HCO population trend 

of mixture 1 (Fig. 11(a)) emulates that of mixture 2, whose species profile is presented in Fig. S9 

of the SI.  

The C atom rarely appears in the syngas mechanisms. In this work, its formation is attributed 

principally to the reaction CO → C + O, which is expected because at high temperatures CO can 

dissociate due to its unstable nature. This reaction also increases its prominence with the addition 

of CO2, from 7.9 % in mixture 2 to 11.4 in mixture 3. However, many of the C atoms formation 



and consumption routes are intricate, encompassing many reactions without significant number of 

events. 

 

Fig. 11. HCO radical profile during trajectories calculated at different temperatures for mixture 1 

(a) and mixture 3 (b). Results of mixture 2 emulate those of mixture 1, and its profile is provided 

in Fig. S9 of the SI. 

In general, the results presented in this section may reflect a combined contribution of CO2 

addition and O2 depletion. For example, oxygen deficiency might hinder CO oxidation reactions 

such as OH + CO → CO2 + H and HO2 + CO → CO2 + OH (OH and HO2 production depends on 

oxygen concentration, as shown in Table 4). As a result, the competing steps CO → C + O and 

H2O + C → HCO + H can occur and indicate the influence of CO2. It would be possible to 

determine more precise O2/CO2 ratios under which the CO2 effects appear. However, this analysis 

is beyond the scope of this work and would need many additional trajectories. In any case, our 

qualitative description provides significant insights into the CO2 chemistry in supercritical 

conditions. One should bear in mind that molecular dynamic simulations can only handle reactive 

systems of hundreds or thousands of atoms and trajectories of several nanoseconds. On the 



contrary, experimental setups do not manifest the limitations of time and size scales inherent to 

molecular dynamics calculations. Consequently, an associated CO2 reaction diminished by the 

presence of O2 in a system of hundreds of atoms could still be significant in a reactor containing 

billions of molecules. 

 

3.4.4 Characterization of the potential energy profiles of the CO2-catalyzed decomposition of 

water and hydrogen and the formation of formic acid   

The intermediate CHO2 (O=C–O–H), which participates in the bond breaking of molecular 

hydrogen and water, has been recognized as an important radical in atmospheric and combustion 

chemistry. Among its more relevant features, it is worth mentioning that CHO2 radical has an 

enthalpy of formation (298 K) of -43.0 kcal mol-1, counts with two conformers, trans- and cis-

CHO2, and mainly reacts by transferring its hydrogen atom. The most studied reaction involving 

this radical is the chemically activated process OH + CO → CHO2* → H + CO2 and CHO2*(+M) 

→ CHO2 (+M), which is responsible for the conversion of CO to CO2. In this work, this chemical 

process represents the main channel of consumption of OH and CO2 species for mixture 1 (Table 

2) and, to a lesser extent, part of their consumption pathway in the remaining mixtures. Detailed 

information about the CHO2 radical, together with thermodynamics and kinetics of its most 

relevant reactions, can be found elsewhere [52]. 

The observed reactions in which CO2 “catalyzes” the bond breaking of hydrogen and water are the 

following: 

 

H2 + CO2 → H + CHO2  (R8) 

H2O + CO2 → OH + CHO2  (R9) 

 



Subsequently, the intermediate CHO2 decomposes in hydrogen radical, as expected, and the 

initial reactant CO2 (R10).  

 

CHO2 → H + CO2 (R10) 

 

Schreiner and Reisenauer [53] determined the adiabatic potential energy surface of (R8) at the 

CCSD(T)/cc-pVTZ level of theory as part of their study about the spectroscopy identification of 

dihydroxycarbene. The calculations estimate an energy for the products of 102.9 kcal mol-1 with 

respect to that of the reactants, a value attributed to the high dissociation energy of the O–H bond. 

Moreover, the authors did not report any saddle point, which indicates a possible barrierless 

abstraction for the reverse process CHO2 + H → H2 + CO2. 

Yu et al. [54] addressed the reverse of (R9) using the coupled-cluster method with basis set 

extrapolation to the complete basis set limit to optimize the stationary points of the potential energy 

surface. Besides, they performed on the fly molecular dynamics simulations using a dual-level ab 

initio method. Fig. 12 shows the PES of (R9), where two possible paths are represented, a 

concerted (green line) and a stepwise (black line) through the formation of the intermediate 

HOC(O)OH. The authors mentioned that only a low level of theory (i.e., HF/6-31G*) could 

optimize and characterize the saddle point of the concerted pathway, while more rigorous methods 

such as a coupled-cluster failed. The study concluded that the stepwise process is the most 

important route that connects the OH and CHO2 radicals with water and CO2. 

 



 

Fig. 12. Adiabatic potential energy surface of the reaction OH + CHO2 → H2O + CO2 studied by 

Yu et al. [54]. 

In our simulations, (R9) took place via the concerted mechanism, which might be due to the low 

level method (B3LYP) used to parametrize ReaxFF. Interestingly, we also detected the 

intermediate HOC(O)OH during the oxidation of syngas. However, it stabilizes after the 

association of OH and CHO2 and does not produce water and CO2; instead, the stabilized 

HOC(O)OH species reacts with other radicals like H and OH. 

Although (R8) and (R9) present high energy barriers, they can occur in the range of temperatures 

of syngas oxy-combustion (1000 K -1500 K) in virtue of the amount of energy supplied at these 

conditions. 

Another reaction observed in our simulations, which is missed in current syngas mechanisms, is 

the formation of formic acid from the OH and HCO radicals (R11). 

 

OH + HCO → CH2O2 (R11) 



  

Garrot and Herbst [55] and Bennett et al. [56] suggested (R11) as the main route for formic acid 

formation in hot cores of dense clouds in space and cometary ices, respectively, while Chaabouni 

et al. [57] discussed about the relevance of the same reaction on cold surfaces of interstellar 

interest. Schreiner and Reisenauer [53] showed details of the formic acid PES; however, its source 

was the dihydroxycarbene and not the radicals OH and HCO, which should be also considered for 

the shake of completeness because of the chemical activation resulting from the association of both 

radicals.   

 

 

Fig. 13. Adiabatic potential energy profile of the association of OH and HCO radicals to produce 

formic acid and final products computed at the CCSD(T)/aug-cc-pVQZ//M062X/aug-cc-pVQZ 

level of theory. OH and HCO radicals and formic acid are the references for the values with and 

without parenthesis, respectively. The global minimum of each structure was considered. 



Coordinates and energy information of the stationary points of the profile are provided in the Table 

S4 of the SI. 

Fig. 13 portrays the potential energy profile for the OH and HCO radicals association whose 

stationary points were determined by using AutoMeKin software [58,59]. Electronic structure 

calculations for the optimization and characterization of the predicted stationary points were 

performed at the CCSD(T)/aug-cc-pVQZ//M062X/aug-cc-pVQZ level of theory using Gaussian16 

software [60]. OH and HCO radicals and formic acid are the references for the energy values with 

and without parenthesis, respectively. We found two conformers of formic acid separated by 4.0 

kcal mol-1 (only global minimum is shown), which is in agreement with the value of 4.2 kcal mol-

1 calculated by Schreiner and Reisenauer [53] at the CCSD(T)/cc-pVTZ level of theory. Similarly, 

for the intermediate HOCOH, we found three conformers with energy differences of 0.6 kcal mol-

1 and 7.6 kcal mol-1 with respect to the global minimum while, in the same reference, the authors 

reported values of 0.1 kcal mol-1 and 6.7 kcal mol-1. The zero-point energy exclusive values 

obtained for the intermediate in this work of 0.5 kcal mol-1 and 7.3 kcal mol-1 are in better 

agreement with the values of 0.9 kcal mol-1 and 7.8 kcal mol-1 reported by Womack et al. [61]. 

The association of the OH and HCO radicals is highly exothermic, with an enthalpy of reaction 

of -106.6 kcal mol-1. Therefore, the product formic acid should be chemically activated to further 

react towards (i) water and CO (green line), (ii) CO2 and H2 (black line), and/or (iii) the 

intermediate HOCOH (purple line), which eventually reacts to form water and CO as in the first 

case. The energy barriers of each step are 66.8 kcal mol-1, 69.7 kcal mol-1, and 75.0 kcal mol-1, 

respectively, values that are in good agreement with those reported by Schreiner and Reisenauer 

[53] of  68.9 kcal mol-1, 69.5 kcal mol-1, and 75.6 kcal mol-1, for the corresponding channels.  



Although the energy requirements for the decomposition of formic acid are high, this process is 

likely to happen due to the chemical activation and the operational temperatures (1000 K - 1500 

K) of syngas oxy-combustion, which guarantee sufficient energy to overcome high energy barriers. 

Nonetheless, given the deep well of formic acid, it is also possible collisional stabilization at high 

pressures. In fact, in our simulations, the formic acid always achieves this stabilization with no 

observation of the decomposition routes shown in Fig. 13. 

Our results suggest that, given the operating conditions of syngas oxy-combustion in 

supercritical CO2, the association of OH and HCO radicals can produce stable formic acid, a 

reaction which is ignored in current syngas mechanisms.  

 

4. Conclusions 

The effect of CO2 on the ignition behavior, chemical kinetic mechanism, and species profiles of 

syngas oxy-combustion was studied using molecular dynamics with the ReaxFF force field. We 

explored three different syngas mixtures with a constant number of molecules (160) but increasing 

the concentration of CO2 and reducing that of oxygen progressively and simultaneously: 46 H2/68 

O2/46 CO (mixture 1), 46 H2/45 O2/46 CO/23 CO2 (mixture 2), and 46 H2/23 O2/46 CO/45 CO2 

(mixture 3). We ran NVT simulations at four different temperatures: 2700 K, 3000 K, 3300 K, and 

3600 K; for each mixture and temperature, a total of 10 trajectories were integrated to obtain 

meaningful results.  

Three main initiation reactions we found are H2 + O2 → HO2 + H, H2 → H + H, and CO2 → CO 

+ O. The first two were dominant in the regular syngas blend (H2/CO/O2, mixture 1), and the third 

one becomes the most prominent in trajectories initially enriched with CO2 (mixture 3) at the 

highest temperature (3600 K). 



IDTs were estimated from our NVT simulations by monitoring the OH species profiles. Results 

indicate that the mixture 1 - without initial CO2 - ignites almost two times faster than the others 

do. We conclude that CO2 dilution and O2 depletion hinder the most relevant initiation reaction H2 

+ O2 → HO2 + H, which is the one with the lowest activation energy (26800 K) among the three 

we reported, and thereby delay ignition. For the mixtures 2 and 3, the IDTs were comparable even 

though the latter has a lower concentration of O2. We attribute this behavior to the increasing 

importance of the reaction CO2 → CO + O as the result of the enlarged  number of CO2 molecules 

in the initial composition, concluding that a sufficient high initial concentration of CO2 may 

counterbalance its hindering effect in the ignition of the mixture by promoting CO2 dissociation. 

However, this reaction has an activation energy of 48900 K, representing the least kinetically 

favored among the three initiation reactions we observed, thereby explaining the different ignition 

behavior of mixtures 2 and 3 compared to that of mixture 1. 

The chemical kinetic pathways obtained for syngas has most of the H2/CO/O2 reactions already 

included in the mechanism of Li et al. [12], being the chemistry of the formyl radical (HCO) an 

exception. The chemical kinetic mechanism identified at the conditions studied here showed some 

unique features for syngas combustion (H2/CO/O2). We identified a pathway for formic acid 

formation which has not been reported yet, which involves the association of the radicals HCO 

and OH. Our electronic structure calculations indicate a strong exothermicity (chemical activation) 

for the association of these species, a condition that may promote the decomposition of formic acid 

in CO2, H2, CO, and water. Nonetheless, we hypothesize that formic acid also could achieve 

collisional stabilization due to its deep well in the potential energy profile and the high pressures 

implemented in syngas oxy-combustion with supercritical CO2. Another newly reported pathway 

is the catalyzed decomposition of water by CO2 into H and OH radicals via the intermediate CHO2. 



Besides, the prominences of critical reactions, such as H + O2 → OH + O, H + O2 (+M)→ HO2 

(+M), H2O2 → OH + OH, and H2 + O → OH +H, vary with respect to previous studies [19,35], 

which influence the expected combustion behavior of syngas at supercritical conditions.  

The chemical kinetic mechanism displays new characteristics when O2 is depleted and CO2 is 

added simultaneously to the initial bulk. The number of H2 molecules at equilibrium increases 

since to the amount of oxidant is insufficient to consume the fuel completely, also lengthening the 

time required to achieve the steady-state. The CO2 “catalytic” effect observed for water 

dissociation was also observed for H2 by forming the same intermediate CHO2. Although previous 

theoretical studies showed high energy requirements for these “catalyzed” CO2 reactions (> 95 

kcal mol-1), they could take place at high temperatures (> 1000 K). Furthermore, the addition of 

CO2 shifts the equilibrium in the reaction CO + OH → CO2 + H towards reactants and, to a lesser 

extent, that in the reaction CO + HO2 → CO2 + OH; the latter is further affected by the consequent 

depletion of O2, which hinders the formation of HO2 radicals. 

The extended kinetic mechanisms described in this work may shed light on the kinetics and 

fundamental combustion properties of regular syngas and syngas diluted in CO2 at supercritical 

conditions, which may help in the design of customized equipment for its efficient utilization. 

Besides, the newly determined reaction pathways involved in syngas oxy-combustion highlight 

the capability of the ReaxFF force field to predict reaction routes without the necessity of pre-

defining any reactive coordinates. 
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