'.) Check for updates

Modeling electron beam irradiation of methane

ieixao '}u (wgul00@syt.edu) and Theodore S. Dibble* (tsdibble@esf.edu)

St iversity of New York College of Environmental Science and Forestry

Highlights ™

¢ A chemic etic model for the electron beam irradiation of methane was built
* The G stable products (H,, C,H,, C;H,, C;H,, C,H,, C;H,, C,H,, and C,H,)) was
reported

* Reactions#prafce and destroy H,, C;H,, and C,H, were identified

A mechanismireduction has been performed based on normalized sensitivity coefficients
(NSC).

Abstract C

We buil ical kinetic model for the electron beam irradiation of methane and report
simulation rw dose rates ranging from 2 to 200 kGy sec™' at 298 K and 1 atm pressure. The
model conta species and 778 gas-phase reactions. We report the time evolution of
f le products (including H,, C,H,, C;H,, C.H,, C,H,, C,H,,, C,H,, and C;H,) as
icals and ions. We discuss how yields of products depend on dose rate and how they
rse of irradiation. To understand the processes controlling product formation,
t to which various reactions produce and destroy major products and the key
radicals an ormalized sensitivity coefficients (NSC) are computed for the production of
stable products to gain further insight into factors controlling product yields. We were able to reduce

the mechanis to 63 species and 331 reactions while incurring less than 5% error in the final
concentratio le products.
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1. Introduaion )
The irradiatioasof methane has a large potential for industrial applications'. Methane is the
dominant componefit of natural gas, whose price has dropped in recent years due to increased

production f:

rofracking”. Radiation-induced free radical chain reactions can convert methane

to higher hy. ns’. Methane conversion to higher hydrocarbons could provide new options
esses and decrease the cost of transportation fuels®. One of the most promising
methods of irrad¥lipn of methane is electron beam irradiation. The electron beam is a mature
technology with many industrial applications® and can be designed for any of a wide range of
energies (200 keV to 10 MeV)’. Electron beam exhibits high efficiency (approaching 80%) for

conversion of electrical power to electron energy’. Unlike the discharge-based plasma technologies,

This is the author manuscript accepted for publication and has undergone full peer review but has not been through the
copyediting, typesetting, pagination and proofreading process, which may lead to differences between this version and the
Version of Record. Please cite this article as doi: 10.1002/kin.21555.



https://doi.org/10.1002/kin.21555
https://doi.org/10.1002/kin.21555
mailto:wgu100@syr.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fkin.21555&domain=pdf&date_stamp=2022-01-05

8-10

such as dielectric barrier discharges (DBD), radio frequency, and microwave™ ", which are mostly

limited to small-scale applications, electron beam technology is already used for industrial-scale

: 11,12
processing_> .

Experigagiatal research on methane radiolysis by electron beams has been carried out for over

otential valuable products from the radiolysis include H, and C, and C,
WESbcriments provide gas chromatographic measurements of yields for H, and
other Wyd¥@@@B®ns''". However, our understanding of methane radiolysis remains very
incompletsﬁixgeriments usually analyze no more than a handful of stable products or a few reactive

species, an ir proposed mechanisms of reactions of primary products of radiolysis are

conjectur usible conjectures include the involvement of ions or radicals in the reactions
forming sta ducts'® "

Kine odeling is a powerful tool to study a complex reaction system'®*’. The most
commonly used CH, plasma, dielectric barrier discharges (DBDs), has been modeled under various
conditions™ . Winetic modeling provides insight of radical-involved reaction pathways in
combusti stry’" *. Previous modeling works have been developed on the processing of
methane b s other than the electron beam. In addition to DBDs, Heijkers et al. built a kinetic

model fof{CH, conversion using microwave and gliding arc plasmas to understand reaction
mechanisms, predicting that thermal conversion is more important than vibrational—translational
nonequili CH, plasmas™. However, there has not been a comprehensive modeling effort of

electron b ethane, though experimental data have being available for a long time R

a kinetic model for simulating methane radiolysis and carried out simulations for
a wide range o se rates. In a real-world scenario, there is a spatial variation of energy deposition
gas than at longer distances and is also higher along the direct path of the beam than off to the sides.
The range of dose rates simulated here can be used to shed light on the spatial variation of product
yields, bu ot account for the influence of fluid dynamics on concentrations or how the

reactor wall d affect dose rates.

Our
electron-begmirradiation of pure CH,. The mechanism developed here could help guide the

ghal of this work is to identify the most important reactions forming products in

selection @f experimental conditions for optimizing product yields. Additionally, our model could
serve a radiolysis of mixtures of CH, with other gases, such as CO, to transform this
greenho“commodity chemicals (methanol, acetic acid etc.), accompanying with production

1,24

of syngas r fuel cells” ™. Understanding methane radiolysis is a first step towards this goal.

We v report on the time history of concentrations of products, including radicals and

ions. Yields o le products are compared to experimental data. Our initial discussion focuses on
f a dose rate of 50 kilogray per second (kGy s™', 1 Gy = 1 k] of absorbed energy per
t we later discuss how results vary with dose rate. We then report the reactions
controlling formation and destruction of stable products, and compare results to previously

conjectured mechanisms. Finally, we report on efforts to condense the mechanism.
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2. Methods
Model description

Tl‘Hns treat a wide range of dose rates: from 2 to 200 kGy sec”. We use a fixed
temperaturg 8 K. The total initial pressure of CH, is set to 1 atm. The gas residence time in

@‘ tions will be 0.5 s. The software we used for our kinetic modeling was Kintecus
Kkintecus.com/index.htm). Kintecus is a compiler for modeling multiple

(version 6.0 HLED:
types JF SHEMEEM reactions”. The program uses a DASPK integrator to carry out numerical

integratio d a numerical accuracy of 1.0 x 107",
The model contains 782 reactions and 94 species. The complete set of reactions can be
found in . Yields of products from methane fragmentation to first-generation products by

the electromwere taken from the work of Okazaki et al.?:

7.24CH, + §>o eV - 3.94H + 2.34H, + 2.05CH, + 1.63CH,* + 1.43CH," + 1.27CH, + 0.48C

H + 0.32CH, 16C + 0.11H" + 3.51¢ )

Their resu H, and H,O, computed in the same paper, were fairly close to those compiled by
Willis and Bo o we believe they are fairly reliable.
T e products Equation 1 represents the hot electron with an energy of a few eV.

Hot electron hermalized by collisions with CH, molecules™. We treat the quenching of the hot

electro thermal electron (et’) as a pseudo-first-order reaction”’. Due to the complexity and
lack of data, w not include the physics of vibrational excitation of methane by the electron beam
or the subsequent evolution of the vibrational population'” *. Even at the highest dose rate (200
kGy sec fthe destruction of CH, is less than 0.01% of total CH,; as a result, we neglect its loss to

radiolysis in these simulations.

For @ ations, we generate a set of reactions to represent the primary radiolysis events.
For instance, one of the ionization reactions during the primary radiolysis can be represented as:

Source » CH;" + H + e 2)

where ‘Hrresponds to the rate of energy deposition calculated from the dose rate in units
of 100 ¢V emmagge ', and the rate constant is simply the number of molecules changed for each 100

eV energy absorbgd for primary products of radiolysis in Equation (1).

Set of assumptig
on types in the model are electron-neutral reactions, ion-neutral reactions, ion-ion
reactions, elCCtt@as cation reactions, and neutral-neutral reactions. We searched for rate constants for
neutral-neutral reactions in the JPL Data Evaluation and NIST Chemical Kinetics Database. Rate
constants for most of the reactions involving ions or electrons were obtained from the compilation

of experimental data by Anicich (~ 42 reactions)” or the Kinetic Database for Astrochemistry
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(KIDA, ~ 440 reactions). To minimize bias in the selection of rate constants, we applied two rules:
1) The rate constants from experimental works are selected over theoretical ones. 2) The most
recent rate constafts are selected over older ones. For thermodynamically favorable second-order

ion rea no available product yield data, we assign a product set with a negative reaction

enthalpy < ol"'. We do not account for species larger larger than C4, except for benzene, its

cation, andprotgfated benzene. We do not keep track of isomers for C3/C4 species, and their

concentrations are displayed as the total concentration. For example, the mechanism only includes

on C3PP4 sfcles, which lumps together propadiene, methylacetylene and cyclopropane. Where rate

constants t been reported, we determine the value by reaction type: electron-neutral

10

: 1 3 -1 : . — 3 -1 1 .
reactions cm’ molecule™ s7), anion-neutral reactions (1X107" cm” molecule™ s™), cation-

X 10” cm’ molecule™ s™), and anion-cation reactions (1 X 10~ cm’ molecule™ s~
", respectively. These values are estimated based on other known rate constants within the same
reaction c@ifeg@ryWThe lack of kinetic and product yield data represents a major limitation of the

current mo

Production/ destructip analysis

To q the influence of various reactions on the production and destruction of key
product s > we add “tracers” as products of selected reactions in the model. For example, we
add the tr the reaction (2):

Source » CH," + H+¢e + R2 )

R2 and other tracers are treated as a chemical species in the simulation. The concentration of
the tra ny tme in the simulation corresponds to the time-integrated rate of reaction. Details of
this method w escribed in Schmitt et al. (2009)%.

Model r

We  perform  a  mechanism  reduction  using  the  Atropos software
(http:/ /W\%CU.S.COHI/ atropos.htm). A detailed explanation of the software can be found in
Tanni and Didion et al.”" *, but we present a short explanation here. The first step is to compute
vity coefficients (NSCs). NSCs show how the rate constants in the model

normalizeg
influence 4 t’s concentration at a given time. The NSC at any one time during the simulation
is defined lue of **:

d[Species]
__ | I[Species] __ (9In[Species]
H NSC = ( ok B ( dlnk S)
ok K
k ki

where [Species| 1§ the concentration of species of interest, £ is the rate constant of a specific
reaction, a e all other rate constants. The NSC forms an array S at each selected time point.

less than 10
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3. Results and discussion

Performance and validation of the model

As mentioned in the Methods section, the initial CH, concentration is set to be 1 atm. through
all our simulation, and only ~0.01% of CH, has been destroyed in the end of our simulation. The
time evolufs the concentrations of the eight most abundant stable products at a dose rate of 50
kGy sec”' Sshowfia Figure 1. These eight products account for over 99% of total products at the
end of t-he simulation. H, constitutes 62.0% of the products, followed by C,H, (ethane, 22.6%) and
C;H; (pro m%). Other hydrocarbon species produced in decreasing order of abundance are
CH,, Cgl—h C,H,, and C H,. The concentrations of all the most abundant products increase
steadily withgti

Figu ws the time evolution of the concentrations of the five most abundant neutral
radicals (CHL, HaC,H., C;H;, and CH,) at 50 kGy sec™'. These five radicals account for over 90% of
total radicMced. Note that [H] and [CH;] in Figure 2 are shown at 1/10" their actual value,
so their ¢ n@ftions are much greater than those of other radicals at all simulation times. The
concentr: omic hydrogen increases rapidly in the first 0.016 seconds, then decays by ~93%
over the remaindér of the 0.5-sec simulation. By contrast, the concentration of methyl radical
reaches a imate steady-state by 0.016-second. Concentrations of C,H;, C;H,, and CH, do
not exhibi:ise, rather, their concentrations rise steadily over the course of the simulation.

Letu r the reasons for this behavior. Atomic hydrogen and CHj radicals form directly
from the radiglysis of CH,, which produces them at a fast and constant rate. Because these radicals
react only e ly with CH,, at short times their loss is dominated by reaction with each other.
Thus, the fgr n [H] prevents the accumulation of CH,, as the reaction with H is a sink for CH,.

ncrease rapidly and then decrease? Looking back at equation (1), we see that the

radicals and 1ons after 0.016 seconds, the concentration of H decreases sharply by reaction with
these species.

Figure 3 4 we time evolution of concentrations of the most abundant ions (C,H,", C;H,", et
C.H;", C, H) at 50 kGy sec”'. Thermalized electron dominates the concentration of
negatively species and that its concentration changes little after its initial spike. This is
because CH, and H, possess negative electron affinities, so thermalized electrons can only react with
trace speel ing our attention to the cations, we see that C,H," has the highest concentration

(over 8.0 I>< 10? molecules cm™) among cations, followed by C,H,", C,H.", and C,H,".
Concentra#ions of the first-generation cations H', CH,", CH;", and CH," (Figure S1) reach a steady
state in le one microsecond and constitute less than 107 of the total ion concentration.
Unlike the ﬁrst—%Sreration radicals, first-generation ions react rapidly with CH,, thereby keeping the
first-gener: ations at low concentrations.

T e the model’s performance, we compare its results (as G-values) to those obtained in

experimen k under a range of experimental conditions (Table 1)"*"

. Figure 4 shows a
comparison of G-values between the model’s result and electron beam experiments. G-values of
products varly among the four experiments. This variation could be caused by pressure, gas

residence time, energy input, etc. The relative abundance of stable products from the model’s
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prediction agrees with experimental results. In general, the model predicts higher G-values than the

corresponding experiment, especially for C;H,. Since information about the radiolysis time is not
15-17

always clearly stated in these papers ™', some of this discrepancy might be attributed to our choice
of a simHe. As shown in Figure S2, G for the production of C;Hg decreases from 0.89 to
0.57 in ch rom a 0.5-second to a 6-second simulation. Similarly, G for the production of
stable pro@reases as increasing in dose rate, with the exception of C,H,, (Figure S3).

|
Production/ mechanism of H, and C,H,

Abo iscussed the processes controlling the product concentrations and G-values of
classes of . In the following section, by the use of tracers, we quantify the role of individual
reactions in t oduction and destruction of particular products. In the text we discuss results for
the two m@st @bufidant products (H, and C,H,,), but results for other stable products are presented
in the Sup nformation. The source reaction (radiolysis of CH,) directly produces 27% of the
H, for 0.3 simulations at 50 kGy/sec. Although 225 chemical reactions contribute to its
production, 95% Bf H, production comes from only 12 reactions, of which the top three reactions

account fa igure 5). These production reactions are sorted by rank in Table 2.

we

Anicich_evaluated rate constants for reactions (4) and (5)”

. Although these reactions appear

analogous volved alkyl cations reacting with CH,), reaction (4) has a much smaller rate
constant t The reason might be that reaction (5) is a highly exothermic reaction (A H®
=-117 _ 298 K) and reaction (4) is much less exothermic (A,H® = -22.8 k] mol ™', 298 K)*
33

Cug , reaction (4), the reaction in Table 2 with the smallest rate constant, contributes more
H, (19 tion (5) (18%) for 0.5-second simulations at 50 kGy sec”'. As mentioned eatliet,

the concentration of C,H," (reactant in reaction (4)) is much higher than that of CH;" (reactant in
reaction 5@ The higher abundance of C,H," more than offsets the effect of smaller rate constants in

reaction ( ions (4) and (5) had previously been suggested as important sources of H,' .
Sieck and | proposed two H,-producing mechanisms:

H+CH,—> H,+CH; (k=9.0x 10" cm’molecule™ s™) (7)

& H+H+M—o>H,+M (k=17 x 10" cm’ molecule™ s™) ®)

which udcd in our model. However, our simulations indicated that reactions (7) and (8)

contrib‘Hl 0.3% of total H, production. The relative lack of importance of these reactions

is due to er of reaction (7) and the dependence of the rate of reaction (8) on the square of

the (low) concentfation of H.

u

n predicts the destruction of H, only removes 0.1% of the total H, formed. In
normous number of reactions producing H,, only 32 reactions destroy H,, as shown
eactions between H, and first-generation radicals are the most important destruction
mechanisms

Table 3 shows the relative importance of C,H, production reactions at 50 kGy sec™'. Five
reactions (out of a total of 16) contribute ~99% to total C,H, production. Reactions (9), (10), and

This article is protected by copyright. All rights reserved.

85U8017 SUOWILLIOD BAIERID) B|deoldde au} Aq paueA0b 81 SB[ O @SN JO SBIN. Joj A%eiq1T 81U AB]IM UO (SUORIPUOD-PU.-SWSY L0 B | 1M Ae.d 1)U 1JUO//SARU) SUORIPUOD PUe SWIS L 84} 88S *[£202/0T/70] U0 A%1q1T8UIIUO 811 ‘UOIELLIOJU| [EJIUYD8 L PUY IJIUBIOS JO 80140 AQ GSSTZ UM/Z00T OT/I0pALI0D" 43| 1M Areiq1jou|uo//:sduy WOl papeojumoq ‘v ‘220e ‘T09.60T



(12) account for 65%,16%, and 12%, respectively, of total C,H, production in the 0.5-second
simulation. The importance of reactions (9) and (10) decreases in the 6-second simulation (to 52%

and 13%), while tte contribution of reaction (11) rises from 5% to 20%. Our results confirm the

13, 15, 34, 35

conject and reaction

(12) (see 8'‘. As reactions (11) and (13) show, the production of ethane is also affected by

reactions 1§ @

(11) with increasing radiolysis time reflects the accumulation of propane with time.

ious work about the importance of reactions (9) and (10)

cations and stable products. The increase in the relative importance of reaction

A pr-:&'ous paper claimed that reaction (14), involving the singlet excited state of CH,:

'CH,+ CH,+ M - C,H, + M - C,H, (14)
is important cthane production' ', However, the influence of 'CH, is uncertain. There are
multiple p@tedfialiproducts of the reaction 'CH, + CH,, including quenching to *CH, + CH, and
formation + CHj;; the branching ratios between these products are not well-known™. Also,

the only li rce of 'CH, is radiolysis, and it is unclear to what extent radiolysis form 'CH,
versus ground stafe CH, (*CH,). Consequently, we exclude 'CH, and reaction (14) from the model to

avoid intt ias while acknowledging the resulting uncertainty. Our analysis indicates that the
reaction C ,H, = CH, + C,H,, suggested by Arai et al. and Cahill et al."” ', contributes
negligibly § ethane formation, on account of its very low rate constant (~107* molecules” cm’) at
room tem | The rate constant does increase at higher temperatures; however, it does not

increase em make this reaction significant even at the 120 °C conditions of Arai et al. (120
°C).

A truction of H, scarcely affects its concentration (Figure S4), our simulation
predicts truction of ethane significantly reduces its final concentration (by 29%, see Figure
S5). Our goests the destruction of ethane comes from the reactions of ethane with CH,"
cation, Kyim little attention in previous papers:

! C,H, + CH;" -» H, + CH,+ C,H." (15)
C,H, + CH," - CH,+ C,H," (16)
Thus @ estimate of [C,H] can be achieved by considering just four production reactions

and one destruction reaction:

d = K[CH" + kHI[CH] + ky[CHNCH] — (ks + ki[CHJ[CH,]
S ——

Due ack of other comprehensive electron beam modeling of CH, radiolysis, we
compare our imp@rtant reaction pathways alternatively to a most recent DBD CH, modeling work
by Heijke ¥ in Table 4. According to Heijkers et al., electron-neutral reactions account for
the loss of C,H,”. However, because of the low extent of CH, loss in our simulation,
electro reactions contribute <0.1% to overall C,H, destruction process in the electron

beam m suming the primary radiolysis rate of C,H, is as same as CH,) and the ethane
destruction is maffily caused by CH;" ion in our model (Reactions 15 and 16).
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Model reduction

We performed a mechanism reduction using the program Atropos™. Table 5 shows the
percent difference in concentration of stable products between the original model of 778 reactions
and re anisms containing 186 to 359 reactions. The model size decreases as we apply
accuracy thresholds in Atropos. These simulations modeled a dose rate of 50 kGy

ds. None of these reduced mechanisms introduced significant deviation for H,
(<2%). For other stable species, there is very little difference between the full mechanism and a
mechatiSrgor 88 lew as 331 reactions (63 species instead of 92) at any time during the simulation.
ReducingrLel to 247 and 300 reactions causes significant (-7% to -36%) deviations for C,H,
and C,H,. urtligg reducing the model to 186 reactions increases the deviation to more than -95%
for these wdes, corresponding to underestimates of 36 and 67 for C,H, and C,H,,
respectively. his point, we are confident to say one can condense the model to 63 species and

331 reacti 118 incurring no more than 5% error in the final concentrations of stable products.

By, dards of chemical mechanisms routinely used in fluid dynamics simulations of
combustion, 331 feactions is rather large”"”. However, radiolysis has modest spatial and temporal
gradients 1 ical composition and energy deposition as compared to combustion, so we suspect

that this rEodel can be combined with 3-dimensional fluid dynamics in simulations.

4. &mdm

We built 2*m8@tl of electron beam radiolysis chemistry of pure methane. We performed kinetic
modeli olysis across a wide range of dose rates (2-200 kGy sec™) at 298 K and 1
atmosphere. ost abundant stable product is H,, with C,H, being the next most abundant at 50
kGy sec™ clative abundance of stable products from the model’s prediction agrees with
experi s. We investigated the production of other important stable products, as well as

radicals and ions. Except for C,H,,, The G-value of the stable products decreases modestly when
varying the radiolysis time from 0.5 to 6 seconds and from 2 to 200 kGy sec™' of the simulation. We
suggest thwduction of H, is largely controlled by reactions between cations and CH,, instead

of previous cogjectured reactions H + CH, or H + H + M. The relative lack of importance of these
reactions i high barrier of H + CH, and the dependence of the rate of H + H + M on the
square of concentration of H. We confirm that CH; + CH; and H + C,H; as important

,Hg, contributes negligibly to ethane formation, on account of its very low rate
’ moleculess') at room temperature. Our model suggests the destruction of
ethane comes from the reactions of ethane with CH;" cation, which drew little attention in previous
papers. M’iﬂ the contributions of reactions directly producing or destroying H, and C,H, are
highly co , with over 90% of production or destruction of these products being due to
only a few reactio

A sensiti nalysis (see Supporting Information) was used to generate reduced models, which
should g efforts to improve the chemical mechanism. We successfully reduced the size of the
model fr species and 778 reactions to 63 species and 331 reactions while incurring no more

than 5% error 1M the final concentrations of stable products. This reduced model could help
overcome the challenges imposed by small integration time steps when modeling pulsed radiolysis.
The reduced mechanism could also be coupled with fluid dynamics in future studies of continuous
methane radiolysis.
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Limitations on the reliability of this work include: 1) the lack of literature data on rate constants
and products of many relevant reactions 2) ignorance of the influence of fluid dynamics on
concentrations ofr. how the reactor walls would affect dose rates. Nevertheless, we hope that this
serves a stone towards more reliable modeling of methane radiolysis.

Q.
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Table 1. Simulation conditions of four CH, electron beam radiolysis experiments.

Table 2. Major

Cr

of the reac

Temperature| Dose rate |Simulation time G values reported
393 K 50 kGy sec™ 6 seconds |H,, C,H,, C,H,, C,H,, C;H,
288 K 4.3 kGy sec” | *10 seconds H,, C,H, C,H,,
*298 K |112 kGy sec”' | *10 seconds H,, C,H,
: ¢ *298 K 1 kGy sec” | *10 seconds C,H,, CH,, C,H,,
* We ugg Wd 10 seconds for any temperature and simulation time not provided, respectively.

pPour mechanism, not the order of importance.

urces of H, and their rate constants. “Number” refers to the order of appearance

Wﬂa molecule™ s7) Reaction Number
q 107" C,H," + CH, —> H,+ C,H," “
1 x 107 CH," + CH, » H,+ C,H." ©)
s 2.7 x 107" H+ CH,— H,+ CH ©)

a

Table 3. jor*Sou

rces of C,H, and their rate constants.

Rate C:iéEt . % contribution| % contribution
Reaction Number

(e’ L) at 0.5-second | at 6-second
55 x 107" CH, + CH, - C,H, ©) 65 52
41.7%5- H+ G G, (10) 16 E
4.8 C,H," + CH,—» CH," + C,H,| (11) 5 20
I ¢ + CH," — H+C,H, (12) 12 14
4.9i 10 g |CH+CH,—> CH +CH,| (13) 1 1

-
This article is protected by copyright. All rights reserved.
13

95UB017 SUOWILLOD 8A1TER1D) 3|qed! [dde auy Aq peuseAob ae S9ie YO ‘SN JO S8 J0j AIqIT 8UIUQ AB]1/MW UO (SUONIPUOD-PUe-SWIRIAL0D" A3 1WA Je g1 Bul [U//:SdnL) SUORIPUOD Ppue SWid | 8y 89S " [£202Z/0T/70] Uo ArIqi]aulju AB|IM ‘UOTIBWLIOU| [ED1ULDS | PUY 1JNUBIS JO 80110 AQ SSSTZ U/Z00T 0T/I0p/W0d A8 1M Ake.d1jeuluo//sdny wouy pspeojumod ‘v ‘220z ‘T09v.60T



Table 4. Comparison of relative importance of reaction pathways of H, and C,H, between our
model (50 kGy sec”, 0.5 seconds) and Heijkers et al.” The “N/A” indicates the reaction is not
contained in the ilodel. Note that e as reactants in this Table correspond to thermal electons for

our mo where noted), whereas Heijkers et al. explicitly treat the full range of electron
energy lossg actions with CH, and other species.
Rate ¢ molecule-! s-1) Reaction DBD Our model
I

f(

X 10-14 CoHs* + CHy = CsHy+ + Ha N/A 19%
4Q>< 10 CHs* + CHs — C:Hs* + H, 0.3% 18%
)

X 10-7 e+ CH* = CHs + Ho N/A 6%

! 1.0 X 10~ CQH() + CI—I5+ —> CQI—L;+ + H2 + CH4 3% 2%

0)? e+ CHy > e +CH+ Ho 34% 20% b

0-10 CH, + H— CH + H» 20% 11%

1
0) e+CHs,»>e+CH+H,+H 0.3% 7% 2

e
ﬂx 107 e + CoHst — H + GH, + Hy 3% <0.1%
f(o) e + CoHg > e + CoHy + Ha 34% N/A

(0) e+ CHy = e + CHy + H, 6.7% N/A

E(a} e + CsHs = e + CsHg + H, 0.3% N/A

6.9 X 10-15 CH, + H, —> CH; + H <0.1% 76%

3% 1021 H, + CsH, — CHs + H >90% <0.1%

@X 10-2¢ CH; + CH; + M — C;Hg + M 91% 65%

B 10-10 C,Hs + H — CoH 9% 16%

5“ 5@ e+ CoHg = e + CHy + H, >90% N/A

jx B CHg + CHs* — CHs*™ + Hao + CHy 0% 81%
a) Rate cociifei of electron impact reactions calculated using cross sections data™

b) Reacy

6 -2 -1
¢) Rate consta t: cm’ molecule™ s
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Table 5. Percent difference in concentration of stable products between the original model and
reduced mechanisms at 50 kGy sec™ for 6-seconds.

CH, CH, CH, C,Hy CH,,
-23.9% -97.2% -98.5% 159% 29.1%
2.9% -12.2% -36.6% 3.3% 2.5%
3.0% -7.1% -18.6% 1.3% 0.3%
0.7% -3.8% -4.8% -0.5% -0.1%
0.7% -3.7% -4.7% -0.2% 0.3%

FIGURE 1 mtions vs. time for a set of major products during a 0.5 seconds simulation under a
5

dose rate sec—1. Note that [H2] and [C2H6] have been divided by ten
1.6 x 1015
C3H8
r',5_\1.4 x 1015 —0.1H> C;Hyg e
Ay —C;Ha4 //" O.IHZ
§1.2 x 1015 ’//‘
3 —0.1C:Hs /_,/"
=1.0 x 1015 ~
= —CsH i
5 CsHs P
8.0 x 104 | —CiHuo >
Z —C:H;
E600 X 1014 -“,.--’"“ C2H4
s —C:3H4
£4.0 x 1014 010
o X ;Hg
2.0 x 10" C,H,
C4Hyp
. 0 0.1 0.2 0.3 0.4 0.5

Time (sec)
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FIGURE 2 Concentrations vs. time for the major radicals during a 0.5-second simulation at a dose rate of

50 kGy sec—1. Note that [CH3] and [H] have been divided by ten
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FIGURE 3 Concentrations vs. time for the of major ions during a 0.5 seconds simulation at a dose rate of
50 kGy sec—1. Note that [et—] has been divided by ten
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FIGURE 4 Comparison of simulated to experimental G-values for product formation in continuous
irradiation experiments in pure CH4. For each experimental paper, we carried out a simulation (black
symbols) specific to the dose rate and irradiation time of that paper, so for each product we present
experim s paired with the corresponding simulation result. Different experiments are coded
by differenﬁ Gvalues for C3H6 and C3H4 are not available in the literature
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FIGURE 5 Relative importance of reactions contributing over 2% to the total production of H2 during a
0.5- second simulation at a dose rate of 50 kGy sec—1

Other 213 reactions
Source —» H,

CH,+H* — CH,* + H,

et + C,H,* - H, + C,H,

C,H;*+ CH, - H, + C;H,*
GH, +H > H, + GH,
et + CH,* > H, + CH, + H
C,H, + CH;* - H, + CH, + C,H,*
et + C;H,* — H, + C,H, + CH,
CH," + CH, — H, + G,H,*

et + CH > H, + C,H; *

H+CH, >H,+CH -«
CH;* + CHy —» H, + CHs* o GHs™ + CH, » Hy + GHy*
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