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In a pulsed compression reactor (PCR) experiments were done with N2O (4%𝑚𝑜𝑙), CH4 (1%𝑚𝑜𝑙) and CO2 (2%𝑚𝑜𝑙) 
diluted in the inert gases Xe, Ar, Ne and He. The mixtures were compressed up to 250 bar, reaching temperatures 
of up to 4000 K. At equal temperature, pressure and volume, significant differences (up to 20%) were measured in 
the conversion of the three species in different noble gases. The measurements with N2O decomposition showed 
that the reaction is the fastest in the most heavy noble gas tested. The conversion decreased as the molar mass of 
the noble gas decreased. Likewise, methane pyrolysis was measured to be the fastest in xenon and slowed down 
in accordance with the mass of the inert molecule. A reverse trend was measured for the decomposition of CO2

to CO and O⋅, which is explained by the dominant role of the reverse reaction. As a result, the CO2 data is also 
explained by conversion rates that are higher in heavier gases. This paper provides a first attempt to understand 
the observed influence of the molar mass of the inert bathing gas on the reaction rate in the high pressure 
domain. A theory is proposed based on a Newtonian description of reactant activation by the inert bathing gas.
1. Introduction

During our research into the non-oxidative thermal coupling of 
methane in the pulsed compression reactor (PCR) (Slotboom and Ker-

sten, 2023; Slotboom et al., 2021) it was observed that at high pressures 
(>10 bar) the decomposition rate depends on the inert gas. This was un-

expected by us and it triggered a further investigation into the extent of 
this effect. For the low pressure domain, calculations and experimental 
data on the effect of the bathing gas on reaction rates are present in lit-
erature (Golden, 2008; Jasper and Miller, 2009, 2011; Matsugi, 2019; 
Troe and Ushakov, 2012) (see ahead). Data in the high pressure domain 
is scarce (Barnes et al., 1989; Nativel et al., 2019) and will also be dis-

cussed further on. Most commonly experiments are done in argon only 
or at a time scale of seconds (Barnes et al., 1989; Nativel et al., 2019). 
This is of importance, because the effect that was measured in this work 
seems to only be present during short residence times.

It is our hypothesis that the observed influence of the inert gas on 
the reaction rate finds its origin in the collision of a reactant with the 
inert gas. Hence, the inert gas is a bathing gas that activates a reactant. 
Lindemann was the first to describe the effect of the bathing gas on 
unimolecular reactions. The Lindemann-Hinshelwood mechanism is a 
well-known and easily interpretable theory. It uses the concept of an 
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activated or excited molecule [A] after a collision with an inert [I] (Eq. 
(1)). At sufficient energy the activated molecule can decompose into the 
products (Eq. (2)).

𝐴+ 𝐼 ⇄𝐴∗ + 𝐼 (1)

𝐴∗ →𝐵 +𝐶 (2)

𝑑[𝐴]
𝑑𝑡

= −
𝑘1𝑘2[𝐴][𝐼]
𝑘−1[𝐼] + 𝑘2

(3)

The dependence on the pressure is reflected in the concentration of 
the bathing gas ([I]), see Eq. (3). At high pressures however the concen-

tration of the bathing gas becomes irrelevant and the rate determining 
step becomes the dissociation of the activated molecule itself (Eq. (2)). 
Other theories were proposed after Lindemann’s, like the RRKM theory 
and the transition state theory. They all follow the same principle that 
at high pressures the dependency on the concentration of the bathing 
gas [I] becomes negligible.

Lindemann stated that unimolecular reactions exhibit first-order 
kinetics at high pressures. It was theorized that this behaviour is 
present because molecules that are activated by collisions need a certain 
amount of time before it can dissociate. At high pressures this is the rate 
limiting step and the rate of activation by collision versus deactivation 
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by collisions is very high. The amount of collisions is sufficient enough 
to reach an equilibrium distribution of activated molecules (Callear, 
1983). With the data in this work the question arises: is this equilib-

rium distribution of collisions (Eq. (1)) the same for all bathing gases?

1.1. Reported calculations on the effect of the bathing gas

Classical trajectory calculations for multiple bathing gases were 
done recently by different authors (Jasper and Miller, 2009, 2011; 
Matsugi, 2019). These theoretical models are verified on experimen-

tal data (Barnes et al., 1989; Baulch et al., 1992; Hidaka et al., 1999). 
Parameter-free (meaning without regression) predictions were obtained 
by Jasper and Miller (2011) and provide a reasonable estimate of low 
pressure methane decomposition rates. For the unimolecular reaction 
of methyl isocyanide it was concluded that for reactions at low pres-

sures the collision frequency is the most influential parameter and not 
the collision efficiency (Matsugi, 2019).

Jasper et al. (Jasper and Miller, 2009) calculated reaction rate con-

stants for different bathing gases over pressure. The rates converge with 
increasing pressure. This is an extrapolation of the interactions at low 
pressures towards the high pressure domain. As there are more colli-

sions the reaction rate starts to become less dependent on the molecule 
itself and the rate determining step becomes the dissociation of the ac-

tivated molecule (Eq. (2)). This shows that according to current known 
theories there is no significant effect of the type of bathing gas on the 
conversion at high pressures.

At low pressure there is a dependency of the reaction rate on the 
bathing gas (Jasper and Miller, 2011; Matsugi, 2019), but there is no 
clear trend on the type of bathing gas as was measured in this work in 
the high pressure domain. The dependency lies mostly in the collision 
frequency and efficiency.

1.2. Reported experimental observations at high pressure

In literature three studies were found that have possibly measured 
the same effect (Choudhary et al., 2021; Ezdin et al., 2022; Kolbanovskij 
et al., 1982). The first authors (Kolbanovskij et al. (1982)) operated a 
shock tube experimental set-up with a piston, separating the launch gas 
from the reacting gas. It is similar to the pulsed compression reactor 
used in this research. They measured N2O decomposition by compress-

ing it from room temperature and atmospheric pressure up to 250 bar. 
The results are shown in the left graph of Fig. 3. The deviation in N2O 
conversion per noble gas was attributed to cold zones in the gas and 
it was concluded that xenon has the smallest deviation from adiabatic 
behaviour.

The second authors (Choudhary et al. (2021)) mention that they 
observe a difference between their experiments at high pressure (10 
bar) of ethanol pyrolysis in argon and the pyrolysis measured by others 
in neon (Aghsaee et al. (2015) and Kiecherer et al. (2015)). As quoted 
from their paper: “A possible reason for the observed discrepancy might 
be the absence of chaperon efficiency for Neon in both models for key 
pressure-dependent reactions, R1, R2, and R12. The experiments re-

ported by Aghsaee et al. (2015) utilized 1% C2H5OH/1% Argon/98% 
Neon as the test mixture. While plausible, it is unlikely that the identity 
of the bath gas would have such a significant impact on the rate of evo-

lution of species.”. They rightfully discuss the fact that the findings of 
Aghsaee et al. and Kiecherer et al. are contradicting each other. How-

ever, we would like to point out that the data of Aghsaee et al. shows 
that the reaction rate is slower in neon compared to argon and that the 
data of Kiecherer et al. shows the opposite. Irregardless of whether it is 
faster or slower, the data shows that the reaction rate is not the same as 
in argon.

Lastly, soot production was investigated in different noble gases in-

cluding argon, neon and helium by Ezdin et al. (2023, 2022). The focus 
of the work lies on the characterization of soot, but a lot of compression 
2

experiments were performed with maximum pressures ranging from 35 
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Fig. 1. Overview of the single shot reactor.

to 100 bar. The authors mention that somehow in helium it is not pos-

sible to obtain the same conversion as in neon, during the pyrolysis of 
investigated precursors for soot (CH4, C2H4 and C2H2). The conversion 
in argon was observed to be higher than in neon. The authors state that 
the conversion rates scale with the atomic masses or the radii of the 
atoms. They hypothesise that the small mass of helium and collision 
cross section significantly limits the kinetics of energy transfer between 
the bathing gas and reactant, but they do not verify this.

The unimolecular reactions of N2O, CH4 and CO2 (called the target 
molecules) are studied in the bathing gases helium, neon, argon, xenon 
and H2 at high pressures to understand the effect of the bathing gas on 
the reaction rate. First the experimental results of N2O decomposition 
and CH4 pyrolysis are presented. Then the experimental results of CO2

are shown and analysed with a kinetic model. After that, a possible 
theory is proposed that could explain the observed behaviour.

2. Experimental methods and data analysis

To understand reactions at high pressures experiments have been 
done with 4%𝑚𝑜𝑙 N2O, 2%𝑚𝑜𝑙 of CO2 and 1%𝑚𝑜𝑙 of CH4 diluted in an in-

ert gas. All percentages in this paper are in mol. 4% of N2O was used 
to replicate the experiments of Kolbanovskij et al. (1982). 2% CO2 is 
used to make sure that sufficient amounts of products could be mea-

sured due to the expected low conversion. The high dilutions are used 
to approach an adiabatic curve and make temperature changes caused 
by reactions as small as possible. The experiments are performed with 
noble single atomic gases to mitigate any non-ideal behaviour and stay 
as close to ideal gases as possible. As a last benefit, these single atomic 
molecules have the lowest heat capacity, meaning that temperatures up 
to 4000 K can be reached in the PCR, which is expanding the experi-

mental domain. For methane pyrolysis experiments, hydrogen is used 
as a diluent to obtain a reference point.

The schematic representation of the research reactor called the Sin-

gle Shot Reactor (SSR) is shown Fig. 1. The working principle of the 
reactor is to use a precisely machined core cylinder (Corrax) and piston 
(graphite). The gap between piston and wall lies between 10 and 20 μm 
and acts as a sealing. Due to thermal expansion differences there is a pis-

ton for each reactor temperature. More details about the experimental 
set-up, the procedure and the calculation of conversion and selectivity 

for the methane system can be found in a previous publication (Slot-
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Fig. 2. Conversion of methane in argon for different initial gas temperatures plotted over the maximum calculated temperature (K). The colour bar indicates the 
measured pressure.
boom and Kersten, 2023). The calculation of the conversion of N2O and 
CO2 is explained in the Supporting Information.

Experiments were done at three different initial gas and reactor 
temperatures of 303 K, 423 K and 583 K. There are two methods of 
performing experiments. The first is to create a single pulse by one 
launch, the amount of launch gas released is just enough to create a sin-

gle pulse and all the subsequent ones are negligible. The second is done 
by releasing more gas into the chamber to get multiple pulses in one 
launch, the pressure is measured of all pulses. In both cases the initial 
temperature of the gas is equal to the reactor temperature and a sample 
is taken after the pulse(s). The pressure pulse is accurately measured 
in the top chamber by the Optrand AutoPSI-TC Sensor model DB2287, 
rated from 0-1000 bar. The calibration curve is shown in the Support-

ing Information of a previous paper (Slotboom and Kersten, 2023). The 
compression ratio is measured by the displacement of a metal pin by 
the piston.

The maximum measured pressure and feed composition is used to in-

terpret the data and calculate the temperature. The maximum measured 
pressure is fed to a reactor model, where the pressure of the launch gas 
in a virtual buffer is changed to match the measured pulse. After that, 
this launch pressure set-point is an input to the model that also includes 
reactions. At all times, an equation of state is used to describe the pres-

sure, temperature and volume during a compression. The GERG-2008 
equation of state in the form of the Helmholtz free energy is used (Kunz 
and Wagner, 2012; Span and Wagner, 2003), with the addition of N2O 
from another paper (Lemmon and Span, 2006). The used reactor and 
compression model is explained in detail in a previous publication (Slot-

boom and Kersten, 2023).

3. Experimental results

Over 100 single shot experiments with three different reactions in 
four noble bathing gases are measured in one reactor, of which one 
reaction shows the same trend measured by Kolbanovskij et al. in a 
different reactor (Kolbanovskij et al., 1982).

The influence of the type of bathing gas was first encountered in 
methane pyrolysis experiments, but in methane pyrolysis the subse-

quent reaction network is too complex to interpret. N2O was tested to 
3

check if the same trend as Kolbanovskij et al. could be measured. CO2
was introduced as a third reaction for measuring the dependence on the 
inert bathing gas.

3.1. Results of methane pyrolysis in argon

Experiments were done with 1% CH4 in argon where the initial tem-

perature of the gas was 303, 423 and 588 K, the results are shown 
in Fig. 2. The launch pressure was varied between 10 and 120 bar to 
reach similar conversion levels. This provides a comparison of conver-

sion at similar temperatures, but different pressures and concentrations. 
Methane was chosen because the reaction temperatures can be reached 
from all three initial gas temperatures.

Compressing a gas from a higher initial temperature means that the 
same maximum compression temperature is reached at lower pressures. 
Around 2500 K the concentrations are 950, 430 and 200 mol m−3 for 
initial temperatures of respectively 303, 423 and 588 K. Despite such 
differences in concentration, the conversion is the same in all cases, 
this is shown in Fig. 2. This set of experiments confirms that the PCR 
operates in the high pressure domain, where the conversion rate is inde-

pendent of the total concentration of the bathing gas ([I]). The pressure 
is a factor 4 and concentration almost 5 higher at the same tempera-

ture when going from 583 K to 303 K initial gas temperature, but the 
conversion remains the same.

3.2. Results of N2O decomposition

N2O decomposition is a reaction with only nitrogen and oxygen 
as a product. The initial step is shown in Eq. (4). Kolbanovskij et al. 
(1982) chose to investigate this reaction to measure any deviation from 
adiabaticity. They deemed N2O decomposition the best candidate, be-

cause it does not suffer from equilibrium limitations (𝐾𝑐,298𝐾 = 5.3 ⋅1016√
mol∕m3).

𝑁2𝑂⇆𝑁2 +
1
2
𝑂2 (Δ𝑟𝐻298𝐾 = −81.6 kJ∕mol) (4)

In Fig. 3 the conversion is plotted over the compression ratio. One 
should realize that at the same compression ratio the temperature and 
pressure are identical for all bathing gasses. High conversion levels of 
N2O are quickly reached in xenon as shown in Fig. 3 by the data of Kol-
banovskij et al. (1982). The conversion in argon is much lower than in 
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Fig. 3. On the left: Conversion of 4% nitrogen oxide diluted in inert noble gases plotted over the measured compression ratio, reproduced from Kolbanovskij et al. 
(1982). On the right: Decomposition of 4% nitrous oxide measured in the PCR in the bathing gases argon, neon and helium. Experiments are a duplicate of the 
experiments done by Kolbanovskij et al. (1982). The trend of the bathing gas dependency on the conversion is the same. At the compression ratio of 27 the measured 
pressure was 200 bar and the calculated temperature is 2050 K.
xenon dilutions at low compression ratios (<17). And N2O decomposi-

tion rates are even slower in neon and helium dilutions.

The experiments in the PCR were done with an initial gas and reac-

tor temperature of 303 K and the maximum measured pressure over all 
experiments was 200 bar with a calculated temperature of 2050 K. In 
the PCR the same effect and trend was measured for argon, neon and 
helium. However, the conversion in the PCR does not go towards 100%, 
while this is the case for the data of Kolbanovskij et al. The difference 
could originate from the fact that the measurements of Kolbanovskij et 
al. were done in a device with a longer stroke and a bronze piston that 
is five times as heavy. Another difference is that they were able to per-

form a perfect quench with a special mechanism. After the piston was 
set in motion, the remaining launch gas was completely evacuated from 
below the piston. This creates a rapid and perfect quench. In the PCR 
the expansion curve is nearly identical to the compression curve, be-

cause the piston still compresses the remaining launch gas below the 
piston during the return phase. However, a large enough portion of the 
launch gas is still released to prevent any subsequent pulses. The model 
predictions shown in Fig. 3 are produced by a kinetic model that in-

cludes radical species and is regressed only on the data of the PCR, this 
is shown later.

Kolbanovskij et al. attributed the observed difference in N2O decom-

position rates to cold zones in the gas (i.e. temperature differences and 
deviation from adiabatic compression). When only the N2O reaction is 
investigated this can be a possible explanation. For example, helium has 
the highest thermal conductivity. However, when looking at the later 
presented CO2 data, which show an opposite trend, this cannot be the 
case.

3.3. Results of methane pyrolysis in different bathing gases

Methane dissociates into a methyl and a hydrogen radical in the first 
activation step as shown in Eq. (5), after which many products form. All 
these reactions are endothermic. The reaction network is complex and 
especially the role of the hydrogen radical in the context of the observed 
dependency on the type of bathing gas is unclear. However, irregardless 
4

of this, measurements can still prove the existence of it.
𝐶𝐻4 ⇆ 𝐶𝐻3 ⋅+𝐻 ⋅ (Δ𝑟𝐻298𝐾 = 438 kJ∕mol) (5)

Initial experiments were done with 1% of CH4 diluted in xenon, 
argon and helium. The mixtures were compressed from an initial gas 
temperature of 583 K (and atmospheric pressure) up to 150 bar and 
up to a calculated 3800 K. All the points lie within the error margin. 
Therefore, these results are shown in the Supporting Information. To 
increase the difference in conversion 5% H2 was added in order to lower 
the conversion rate (Slotboom and Kersten, 2023).

The conversion of methane with hydrogen plotted over the calcu-

lated maximum temperature is shown in Fig. 4. The gap in conversion 
between the inert gases is large enough that the data falls outside of the 
measurement error. The difference in conversion between helium and 
xenon varies between 20 to 25%. The trend of methane conversion is 
the same as was observed for N2O decomposition. The heavier the gas 
the higher the conversion, while the temperature is the same.

From 2000 K to 3800 K the methane conversion goes towards a con-

stant value for each noble gas. The conversion in helium never reaches 
the same levels as argon and xenon over a 2000 K temperature differ-

ence. This is one of the strongest indicators that the type of bathing gas 
influences the decomposition of methane at the investigated conditions 
in the PCR.

A 2000 K difference is significant enough to rule out any cold zone 
effects as suggested by Kolbanovskij et al. (1982). If there is any tem-

perature drop effect, the exponential increase in reaction rate should 
bring conversion levels in helium to the same values as neon, argon and 
xenon in this domain. An analysis of temperature drop due to leakages 
is shown in the Supporting Information. It is concluded that this cannot 
be a cause either. The later shown CO2 data is also an indication that it 
cannot be a leakage effect. Following the discussion above, there is only 
one difference left between the four bathing gases, which is the nature 
of the molecules themselves.

Fig. 5 shows methane pyrolysis results from 1600 to 3200 K in a 
mixture with 1% CH4 and a ratio of 1:50 of CH4 to H2. The influence of 
the type of bathing gas seems to have disappeared, because no matter 
which noble gas is used for filling the remainder of the gas, all experi-
mental data points are on one line. The experiments with pure hydrogen 
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Fig. 4. Conversion of 1% CH4 plus 5% H2 diluted in different noble gases and hydrogen plotted over the calculated maximum temperature.

Fig. 5. Conversion of 1% CH plus 50% H diluted in different noble gases and hydrogen plotted over the calculated maximum temperature.
4 2

as bathing gas are showing the minimum boundary of methane conver-

sion.

The temperature at which conversion is measured in the 50% H2 ex-

periments begins between 1800 and 2000 K. The observed conversion 
is determined by the reverse reaction and interaction with the hydro-

gen. Without a sophisticated kinetic model it is not possible to draw any 
more conclusions from this data. However, the fact that there is a mix-

ture available that measures no difference for types of bathing gases is 
additional proof that it is not a device or measurement specific effect. 
If it would be a device specific effect there would be an influence of the 
type of bathing gas under all conditions.

3.4. Results of CO2 dissociation

This section discusses the measured dependency of the type of 
bathing gas on the dissociation of CO2. The results are shown in Eq. 
5

(6). First the experimental results are presented and then a simplified 
kinetic model is introduced, which is used to analyse the concentration 
profiles during a pulse.

𝐶𝑂2 ⇆ 𝐶𝑂 + 1
2
𝑂2 (Δ𝑟𝐻298𝐾 = 283 kJ∕mol) (6)

Fig. 6 shows the conversion of CO2 diluted in argon, neon, helium 
and a mixture of helium and neon plotted over the calculated tempera-

ture. The data series where 37% of helium was added to neon was done 
to get an extra data-point that matches an average molar mass of 15 
g mol−1.

The conversion is much lower in neon and argon than in helium. 
This is the reverse of the observed trend of the N2O and CH4 reactions. 
The reverse trend seems unexpected. A kinetic model is introduced in 
the section below as an attempt to explain this. There is a gap in con-

version between argon and helium, the maximum measured conversion 
of CO2 in a single shot for argon is 8%, while a dilution with helium 
gives almost a factor two higher. The CO2 conversion of the neon/he-
lium mixture lies in between helium and neon, leaning more towards 
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Fig. 6. CO2 conversion plotted over the maximum calculated temperature. The conversion is based on the CO2 measurement. The dashed lines are KME predictions 
according to Eqs. (8) and (14) to (16) with the parameters as shown in Table 2. The dashed lines are the radical model predictions.
neon. Unfortunately, the error in this data is too large to draw any 
conclusions. Mixtures of noble gases are something to be investigated 
further.

3.4.1. Simplified kinetic model and regression

The pulsed compression reactor has a complex trajectory of chang-

ing volume, pressure and temperature all at the same time. A reactor 
model has been previously developed and verified that is suitable for 
implementing kinetics as well (Slotboom and Kersten, 2023).

𝐶𝑂2 ⇆ 𝐶𝑂 + 1
2
𝑂2 (7)

The choice has been made to only describe the overall molecular 
reaction (Eq. (7)), resulting in the rate equation as shown in Eq. (8). 
Later a radical model is introduced that is regressed on the CO2 and 
N2O data simultaneously.

𝑅𝐶𝑂2
= 𝑘+[𝐶𝑂2]

(
1 − 1

𝐾𝑐(𝑇 )
[𝐶𝑂][𝑂]

1
2

[𝐶𝑂2]

)
(8)

The forward reaction rate is regressed while using the equilibrium 
constant for calculating the reverse reaction rate, as shown in Eq. (8). 
This is a total of 2 parameters per bathing gas. The relationship for 
𝐾𝑐(𝑇 ) is a polynomial derived from the Gibbs free energies of the com-

ponents and is given in the Supporting Information.

𝑘+ = 𝑘+0 𝑒𝑥𝑝

(
−𝐸+

𝐴

𝑅𝑇

)
= 𝑒𝑥𝑝

(
𝐴+𝐵

(
𝑇 − 𝑇𝑟𝑒𝑓

𝑇

))
(9)

All parameters are regressed in the re-parametrized form of the Ar-

rhenius equation to reduce cross-correlation of the activation energy 
and the pre-exponential factor (Schwaab et al., 2008), as given in Eq. 
(9). Only the original Arrhenius parameters are given in Table 1.

𝑀𝑆𝐸 = 1
𝑁𝑒𝑥𝑝

(
𝑦CO2 ,𝑜𝑢𝑡

− 𝑦̂CO2 ,𝑜𝑢𝑡

)2
(10)

A least square fit is performed with the mean square error as the 
objective function as defined in Eq. (10). 𝑁𝑒𝑥𝑝 is the number of experi-

ments.

Table 1 gives the results of the regression. After a first regression of 
both 𝑘+0 and 𝐸+

𝐴
it turned out that between the bathing gases the activa-
6

tion energy hardly changes (range was between 271 and 283 kJ/mol), 
Table 1

Regressed parameters for CO2 dissociation per no-

ble gas for the forward reaction rate, with the 𝐾𝐸𝑄

for the reverse rate. The activation energy has been 
averaged from initial fits and set as a constant to be 
able to compare the 𝑘+ .

𝑘+0 [s−1] 𝐸+
𝐴

[kJ mol−1] 𝑀𝑆𝐸𝑖

Argon 5.82 ⋅ 107 277 2.8 ⋅ 10−5

Neon 4.19 ⋅ 107 277 3.1 ⋅ 10−6

Helium 2.46 ⋅ 107 277 9.9 ⋅ 10−5

but the pre-exponential factor does. In the further regression procedure 
the average of 277 kJ/mol was used. This may be rationalized by the 
fact that the activation energy is an intrinsic reaction property of the 
activated molecule (CO2) itself. It is considered to be independent of 
the bathing gas.

The resulting pre-exponential factors for argon, neon and helium 
with equal activation energies are plotted over the molar mass of the 
inert gas in Fig. 7. Fig. 7 shows that the reaction rate is dependent on the 
molar mass. The correlation is: the heavier the bathing gas, the faster 
the reaction. This regressed dependency is following the same trend as 
the data of N2O decomposition and CH4 pyrolysis.

𝑘+0 = 𝑘𝑧𝑒𝑟𝑜 +𝐶𝛽 (11)

𝛽 =
𝑀𝑤,𝐼

𝑀𝑤,𝑀

(12)

Fig. 7 shows two options for describing the relation of 𝑘+0 with re-

gard to the molar mass. The first is to introduce a linear relationship 
between 𝑘+0 and 𝛽 as given in Eq. (11). 𝛽 is defined in Eq. (12).

𝑘+0 = 𝑘𝑧𝑒𝑟𝑜𝑒𝑥𝑝

(
𝐶
√
𝛽

)
(13)

The second option is to introduce a linear relationship between the 
logarithm of 𝑘+0 and the square root of 𝛽, as shown in Eq. (13). The 
square root is introduced to get the best fit of the data points.

Fig. 7 shows that this version of describing the relation of 𝑘+0 is just 
as good as the linear one. The benefit of using the exponential version 
is that it satisfies the chemical equilibrium. This is because the term ( √ )

𝑒𝑥𝑝 𝐶 𝛽 is present both in the forward and backward reaction rate 
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Fig. 7. Ways of displaying the experimentally obtained relationship between the 𝑘+0 and the molar mass of the inert bathing gas.
and cancels out at equilibrium. For this reason the exponential form is 
chosen.

It is our hypothesis that the exponent represents the equilibrium of 
activation of a species versus deactivation 

(
𝑘1
𝑘−1

)
, this is the equilibrium 

of the reaction as shown in Eq. (1).

When the average molar mass of the mixture is used to calculate 
𝛽 the prediction of the helium/neon mixture is far off. Based on the 
experimental data, the average molar mass cannot be used. A mixture 
dependent 𝑘+0 is introduced for calculating mixture rate properties, as 
shown in Eqs. (14) to (16). This mathematical description means that 
the total reaction rate in a mixture is equal to the sum of individual re-

action rates in one type of bathing gas, multiplied by the mole fraction. 
In other words, collisions occur between molecules and not between a 
reactant and an ‘average’ bathing gas molecule.

𝑘+0 of Eq. (8) is now replaced with the one as given in Eq. (14).

𝑘+0 = 𝑓𝑚𝑖𝑥𝑘𝑧𝑒𝑟𝑜 (14)

𝑘𝑧𝑒𝑟𝑜 is the reaction rate of the species (CO2) decomposition in ab-

solute vacuum, without any collision. 𝑓𝑚𝑖𝑥 is given in Eq. (15) and it is 
the factor that is dependent on the molar mass of the bathing gas.

𝑓𝑚𝑖𝑥 =
𝑁𝑐∑
𝑗

𝑦𝑗𝑒𝑥𝑝

(
𝐶𝛽

√
𝛽𝑗

)
(15)

𝛽𝑗 is defined in Eq. (16) and 𝐶𝛽 is the correction factor for the, at this 
point unknown, dependency of the species on the bathing gas. When 𝛽
is one (and also 𝑦𝐶𝑂2

= 1), the factor 𝑓𝑚𝑖𝑥 adjusts 𝑘𝑧𝑒𝑟𝑜 to the reaction 
rate when colliding with itself only (i.e. the pure gas). Any other 𝛽 is 
for (a mixture of) other bathing gases.

𝛽𝑗 =
𝑀𝑤,𝑗

𝑀𝑤,CO2

(16)

From the individual regression parameters as shown in Table 1, the 
mixture parameters are calculated and shown in Table 2. The resulting 
prediction of CO2 conversion with these parameters is shown in Fig. 6.

The results above show: the heavier the bathing gas, the faster the 
7

reaction. This section below describes how is it possible that this is the 
Table 2

Calculated mixture parameters for describing the ef-

fect of the type of bathing gas on the CO2 decom-

position at high pressures. The resulting prediction is 
shown in Fig. 6.

𝑘𝑧𝑒𝑟𝑜 [s−1] 𝐸+
𝐴

[kJ mol−1] 𝐶𝛽 [-] 𝑀𝑆𝐸all data

1.667 ⋅ 107 277.47 1.3269 4.95 ⋅ 10−5

outcome when the observed trend in Fig. 6 shows the opposite. All the 
predictions are done with the parameters as shown in Table 2.

Multiple shots were performed with 2% CO2 in argon to check 
whether or not a higher conversion could be obtained. The results and 
internal profiles predicted by the kinetic model are shown in Figs. 8

and 9. Increasing the amount of shots effectively increases the residence 
time. The measured pressure profile is shown in the Supporting Infor-

mation.

Fig. 8 shows the conversion and temperature during the first of the 
four pulses, including the experimental result after one pulse. Initially 
the conversion of CO2 in argon is higher, because the reaction rate in 
heavier gases is higher. However, also the reverse reaction is faster. In 
the expansion phase of the pulse with argon as diluent, most of the 
produced carbon monoxide reacts back to CO2. In helium this occurs at 
a slower rate, giving an apparent higher conversion of CO2.

Fig. 9 shows the four pulses, they all reach sufficiently high temper-

atures of between 2800 K and 3200 K. The measured CO2 conversion 
when diluted in argon was still only 9%, 1% higher than in a single 
shot. Slowly the conversion goes up, but in argon it seems not possible 
to reach similar levels of conversion as in helium. With each pulse the 
expansion side has the most influence on the final observed conversion. 
The amount of pulses has a minimal effect on the CO2 conversion in ar-

gon, because each time during the quench most of the CO reacts back 
faster than in helium.

Fig. 10 shows the extent of the effect under different circumstances. 
The decomposition of CO2 is plotted over time in a hypothetical closed 
box set-up at a constant temperature of 3000 K. It shows that the re-

action rate is much higher in argon, but both bathing gases still reach 

equilibrium in around 10 ms. This is also a requirement, because the 
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Fig. 8. Simulation of the first pulse of the unimolecular reaction of 2.1% CO2 in helium and argon plotted over time. The temperature profile is shown on the right 
y-axis. This temperature is the same for both helium and argon.

Fig. 9. Simulation of the unimolecular reaction of 2.1% CO2 in helium and argon plotted over time. This is a simulation of the experimental result of four pulses 
with Method 2, the measured pressure profile is shown in the Supporting Information. The first pulse is the same as Fig. 8.
bathing gas cannot and should not affect the molecular equilibrium con-

version.

3.5. Combined radical model for CO2 and N2O

Molecular oxygen and oxygen radicals are both present in the CO2

and the N2O decomposition reactions. Therefore, both systems can be 
described with a common reaction rate for the oxygen splitting and 
recombination as shown in Eq. (17). CO2 decomposition is endother-

mic and performed in a different domain than the exothermic N2O 
decomposition. Predicting both in a single kinetic system can provide 
more information. This is useful for regressing the additional parame-

ters when working with radicals.
8

𝑂2 ⇆𝑂 ⋅+𝑂⋅ (17)
The remaining radical reactions for CO2 and N2O are shown along 
the regressed parameters in Table 3. The reaction equations with a 𝛽
above the arrow mean that this part of the reaction is dependent on 
the mass of the bathing gas. Hence, one molecule on that side of the 
reaction has to be activated. It must be noted that this is a regression at-

tempt, but there is no certainty that the global minimum was reached. 
Many attempts were made to regress the system with other configu-

rations of mass dependent reactions (for example on all sides of the 
reaction equations), but the presented set in Table 3 was the only found 
set of parameters that could predict both CO2 and N2O experiments 
well. This does not mean that other combinations are not possible. The 
aim here is to prove that a set of parameters exists that can predict all 
experiments. This is done to show that the observed dependency on the 
type of bathing gas is indeed a plausible kinetic effect.

It cannot be ruled out that this effect solely belongs to unimolecular 

reactions. The reverse reaction of the CO2 decomposition can be con-
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Fig. 10. Simulation of the unimolecular reaction of 2.1% CO2 in helium and argon plotted over time. The model used is given in Table 2. This is a closed box with 
no volume change and a temperature of 3000 K.
Table 3

Radical model overview and re-

gression results of the bathing 
gas type dependent parameter 
𝐶𝛽 .

𝐶𝛽

𝐶𝑂2
𝛽

⇄ 𝐶𝑂 +𝑂⋅ 0

𝐶𝑂 +𝑂2
𝛽

⇄ 𝐶𝑂2 +𝑂⋅ 2.64

𝑂2
𝛽

⇄𝑂 ⋅+𝑂⋅ 2.64

𝑁2𝑂
𝛽

⇄𝑁2 +𝑂⋅ 0.205

𝑁2 +𝑂2
𝛽

⇄𝑁2𝑂 +𝑂⋅ 0

sidered to go via a two step reaction pathway for example, as shown 
in Eqs. (18) and (19). This is mathematically not distinguishable from 
a single unimolecular reaction (like in Eq. (4)) in the high pressure do-

main, where the reaction of an activated species is rate determining.

𝐶𝑂 + 𝐼 ⇄ 𝐶𝑂∗ + 𝐼 (18)

𝐶𝑂∗ +𝑂2 ⇄ 𝐶𝑂2 +𝑂⋅ (19)

The beta of the first decomposition reaction of CO2 in Table 3 can be 
zero, because the net conversion is fully determined by the reverse re-

action. What happens during compression and at the peak of the pulse 
does not matter. Actual experimental information about CO or CO2 per-

centages during (or at maximum conditions in the peak of) the pulse is 
not available.

The resulting predictions for N2O are plotted in Fig. 3. CO2 re-

sults are shown in Fig. 6 with dashed lines. The regression was only 
performed on the data of the PCR. The radical model that uses the 
𝑒𝑥𝑝 

(
𝐶𝛽

√
𝛽

)
term is well able to predict the data of Kolbanovskij et 

al., as shown in Fig. 3. This is a remarkable result, as xenon was never 
part of neither the CO2 or N2O dataset in the PCR.

4. Proposed explanation for the presence of beta in the rate 
equation

This section provides a description of a possible theory that could 
9

explain why the experimental results depend on the bathing gas at high 
pressures. This is not a final theory, but it is one that makes a first 
attempt at understanding the relation between the observed reaction 
rate and the molar mass of the bathing gas.

At a molecular level molecules collide with each other. In those col-

lisions energy is transferred from one molecule to the other. At high 
temperatures and pressures millions of collisions take place per second. 
The amount of collisions is strongly dependent on the pressure. When 
you increase the pressure from atmospheric to 100 bar the amount of 
collisions will also increase by a factor 100.

The amount of energy that is transferred in a single collision can 
be calculated by solving energy and momentum balances for an elastic 
collision, as shown in Eqs. (20) and (21). In which 𝑀𝑤,𝐼 is the molar 
mass of the inert gas (or bathing gas) and 𝑀𝑤,𝑀 is the molar mass of 
the target molecule that can undergo a unimolecular reaction. 𝑣1

𝑖
are the 

initial molecular velocities and 𝑣2
𝑖

are the velocities after the collision.

1
2
𝑀𝑤,𝐼 (𝑣1𝐼 )

2 + 1
2
𝑀𝑤,𝑀 (𝑣1

𝑀
)2 = 1

2
𝑀𝑤,𝐼 (𝑣2𝐼 )

2 + 1
2
𝑀𝑤,𝑀 (𝑣2

𝑀
)2 (20)

𝑀𝑤,𝐼𝑣
1
𝐼
+𝑀𝑤,𝑀𝑣1

𝑀
=𝑀𝑤,𝐼𝑣

2
𝐼
+𝑀𝑤,𝑀𝑣2

𝑀
(21)

After solving the set of equations (Eqs. (20) and (21)), there are 
two resulting equations. They give the velocity of the two colliding 
molecules after the collision, as shown in Eqs. (22) and (23).

𝑣2
𝑀

=
𝑀𝑤,𝑀 −𝑀𝑤,𝐼

𝑀𝑤,𝑀 +𝑀𝑤,𝐼

𝑣1
𝑀

+
2𝑀𝑤,𝐼

𝑀𝑤,𝑀 +𝑀𝑤,𝐼

𝑣1
𝐼

(22)

𝑣2
𝐼
=

2𝑀𝑤,𝑀

𝑀𝑤,𝑀 +𝑀𝑤,𝐼

𝑣1
𝑀

+
𝑀𝑤,𝐼 −𝑀𝑤,𝑀

𝑀𝑤,𝑀 +𝑀𝑤,𝐼

𝑣1
𝐼

(23)

Which can be rewritten into Eqs. (24) and (25).

𝑣2
𝑀

𝑣1
𝑀

= 1 − 𝛽

1 + 𝛽
+ 2𝛽

1 + 𝛽

𝑣1
𝐼

𝑣1
𝑀

(24)

𝑣2
𝐼

𝑣1
𝐼

= 𝛽 − 1
1 + 𝛽

+ 2
1 + 𝛽

𝑣1
𝑀

𝑣1
𝐼

(25)

With 𝛽 defined as in Eq. (12).

A situation is considered where a target molecule (M), for example 
N2O, is not activated nor deactivated by a collision with a bathing gas 
molecule. This means that it loses no energy through a collision. It is 
assumed that the kinetic energy of M is equal to the average kinetic ( )

energy 3

2𝑅𝑇 , from which the initial velocity of the molecule can be 
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Table 4

Calculations of full frontal collisions between an average N2O 
molecule and an inert gas, calculations are independent of pres-

sure, the temperature is 2000 K and pressure where applicable 
100 bar. All collisions are calculated in such a way that they will 
not deactivate the N2O. The kinetic energy after the collision is 
still 3

2
𝑅𝑇 , 𝑣1

𝑀
= 1065 m/s.

Xenon Argon Neon Helium

𝑣1
𝐼

[m s−1] -360 -1200 -2300 -12000

𝐸1
𝐼

[kJ mol−1] 8.4 27 55 270

Percentage of 
molecules >= 𝑣1

𝐼
[%]

80 34 8.5 3.2 ⋅ 10−5

Collisions [⋅1011 s−1] 1.6 2.1 1.9 3.8

calculated (Eq. (26)). In a diluted situation the chances are the highest it 
will collide with the bathing gas (or inert gas I). The collision is assumed 
to be frontal. The direction of the initial inert gas velocity is negative.

It can be calculated how fast the bathing gas molecule needs to be, in 
order to not activate nor deactivate the target molecule. The previously 
derived relations in Eq. (12) can be used and rearranged to obtain one 
expression for the initial velocity of the inert molecule (I), as shown in 
Eq. (28). Once the velocity is known, the energy of this single molecule 
can also be calculated (Eq. (29)).

𝑣1
𝑀

= −

√
2𝐸1

𝑀

𝑀𝑤,𝑀

(26)

𝑣1
𝐼
= 𝑣1

𝑀

1 + 𝛽

2𝛽

⎛⎜⎜⎝−
√√√√𝐸2

𝑀

𝐸1
𝑀

− 1 − 𝛽

1 + 𝛽

⎞⎟⎟⎠ (27)

𝑣1
𝐼
= 𝑣1

𝑀

1 + 𝛽

2𝛽

(
−1 − 1 − 𝛽

1 + 𝛽

)
= −𝑣1

𝑀

1
𝛽

(28)

𝐸1
𝐼
= 1

2
𝑀𝑤,𝐼

(
𝑣1
𝐼

)2
(29)

Eq. (28) is a trivial solution to the problem and the solution is the 
conservation of momentum itself. Therefore, the initial velocity of the 
inert in this scenario is linearly dependent on its mass and the mass of 
the other molecule M. When 𝛽𝑣1

𝐼
is higher than the initial velocity of 

M, then M will gain in energy. The energy that the inert gas needs in 
order to keep the other molecule (M) at the same velocity (and energy) 
as before the collision is given in Eq. (30). This relation states that a 
heavier molecule needs less energy to do that. The calculation results 
for several inert gases are shown in Table 4.

𝐸1
𝐼
= 1

2
𝑀𝑤,𝐼

⎛⎜⎜⎝−
√

2𝐸1
𝑀

𝑀𝑤,𝑀

1
𝛽

⎞⎟⎟⎠
2

=𝐸1
𝑀

1
𝛽
=𝐸1

𝑀

𝑀𝑤,𝑀

𝑀𝑤,𝐼

(30)

Eq. (30) represents the initial energy needed of the inert gas to keep 
M at the same energy level. From the perspective of the target molecule 
M the energy it maintains in collisions is proportional to the energy of 
the inert times 𝛽, as shown in Eq. (31).

𝐸1
𝑀

𝐸1
𝐼

=
𝑀𝑤,𝐼

𝑀𝑤,𝑀

= 𝛽 =
1
2𝑀𝑤,𝑀𝑣2

𝑀,1
1
2𝑀𝑤,𝐼𝑣

2
𝐼,1

(31)

The percentage of the bathing gas molecules that have sufficient en-

ergy to not slow down the reactant molecule (i.e. able to give N2O a 
higher translational energy) can be calculated. This is done by inte-

grating the Maxwell-Boltzmann distribution of molecular velocity from 
the calculated 𝑣1

𝐼
to infinity. This fraction is different for each type of 

bathing gas, as shown in Table 4.

Table 4 shows that when energy is transferred through an elastic 
collision, high velocities are needed for helium. Since xenon has such 
a large mass, it needs much lower velocities (and energy per molecule) 
10

to be able to keep the target molecule at the same energy level. The 
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heavier gases contain a much larger percentage of molecules that are 
able to activate N2O.

The bathing gas (or the most dominant species) is ultimately the 
one that is most apparent in transferring energy through collisions. 
This means that a (unimolecular) decomposition at high pressures in 
light bathing gases is slower, because there is only a tiny fraction of 
molecules available. Only those have large enough velocities to be able 
to transfer energy to the target molecule (M). Deliberately the term 
slower is used, because there ís a fraction of molecules with sufficient ki-

netic energy. When kept at the same temperature for an infinite amount 
of time it can still reach similar conversions and thus thermodynamic 
equilibrium.

There are more collisions per second in helium, because the velocity 
is higher. But the higher amount of collisions per second in helium is not 
going to cancel out the effect of the energy transfer in a single collision.

The activation energy of the target molecule remains the same, since 
it is a (unimolecular) decomposition independent of any other species. 
The internal decomposition is the rate limiting step, it is the time it takes 
to dissociate once it reaches the activation energy. This is independent 
of the bathing gas and could be imagined to take place in the empty 
space in between collisions.

To summarize, the reaction rate of a (unimolecular) reaction is de-

pendent on the product of the fraction of molecules with sufficient 
energy to react (the well-known Arrhenius equation) and the ability 
of the bathing gas to provide this. This ability is reflected by the inverse 
of the amount of energy a single bathing gas molecule needs in order to 
keep the activated molecule active. The more energy is needed for this, 
the slower the overall reaction rate in this mixture.

The proposed explanation is one possibility. Other explanations 
were not explored, because the proposed one was deemed most proba-

ble. Differences other than the molar mass exist. For example, variations 
could arise in chemical properties like polarizability, ionization ener-

gies and van der Waals interactions. The first two are unlikely, because 
there is no electric field and pressures are high. And Van der Waals in-

teractions are expected to be negligible at the calculated temperatures. 
However, additional (theoretical) work is needed to substantiated these 
explanations.

5. Conclusion

The decomposition reactions of N2O, CH4 and CO2 were studied in 
the pulsed compression reactor under high pressure conditions in dif-

ferent inert bathing gases (Xe, Ar, Ne and He). The diluted species were 
compressed to different conditions ranging up to a maximum pressure 
of 250 bar and temperature of 4000 K. It was experimentally confirmed 
with methane pyrolysis experiments that the PCR operates in the high 
pressure regime.

The experiments with N2O were a replica of measurements as pre-

viously done in a different compression device by Kolbanovskij et al. 
(1982). Both the data of Kolvanovskij et al. and the data measured in 
the PCR show that the N2O decomposition rate is the highest in the most 
heavy noble gas, and goes down as the molar mass of the bathing gas 
decreases. Pyrolysis of 1% CH4 plus 5% H2 in the PCR showed a similar 
trend where dilutions in heavier gases reached the highest conversion. 
The maximum measured difference in CH4 conversion at similar condi-

tions between helium and xenon is 25%.

The measurements of CO2 decomposition showed an opposite trend. 
The highest measured conversion of CO2 was 15% after a single pulse 
when diluted in helium, which is more than when using neon. The 
observed conversion in argon is lower than in neon. A kinetic analy-

sis showed that the data is best described with reaction rates that are 
higher in heavier gases. The explanation of the reverse trend is that 
even though the reaction rate is higher in heavier gases, the CO oxi-

dation reverse reaction that takes place in the expansion phase of the 
pulse is the dominant factor in the net observed conversion. A slower 

reaction rate in lighter gases stops the reverse reaction sooner.
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It was found that the best description of the data is obtained with 

a factor 𝑒𝑥𝑝 
(
𝐶

√
𝑀𝑤,𝐼

𝑀𝑤,𝑀

)
in front of the pre-exponential factor of the 

Arrhenius equation for both the forward and backward reaction. This 
means that the pre-exponential factor now scales with the molar mass of 
the bathing gas. C is the dependency on the bathing gas (I) of the spec-

ified decomposition rate of molecule (M). It was shown, by energy and 
momentum balances in combination with the Maxwell-Boltzmann dis-

tribution, that for heavier inert gas molecules a larger fraction contains 
enough energy to activate a reacting molecule.

6. Implications

The measured dependency on the type of bathing gas can provide 
more data about a reaction when measured in different bathing gases. 
This can result in more precise estimations of the frequency factor and 
activation energies. It could potentially give more insight into the un-

derlying radical reactions, including determining whether or not it is a 
unimolecular reaction. Any application of this effect is so far limited, 
but one could think of using heavier gases to increase the rate of re-

action in short high pressure processes, like combustion or potentially 
even in a nuclear fusion process.
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