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Abstract

Product distributions in the pyrolysis of ethylene, acetylene, and propylene are studied to obtain an experimental database for a
detailed kinetic modeling of gas phase reactions in chemical vapor deposition of carbon from these light hydrocarbons. Experiments were
performed with a vertical flow reactor at 900 °C and pressures from 2 to 15 kPa. Gas phase components were analyzed by both on-line
and off-line gas chromatography. More than 40 compounds from hydrogen to coronene were identified and quantitatively determined as
a function of the residence time varied up to 1.6 s. Product recoveries were generally more than 90%. Analysis of the kinetics of the con-
version of the hydrocarbons resulted in global reaction orders of 1.2 (ethylene), 2.7 (acetylene), and 1.5 (propylene). First order dehy-
drogenation reactions and third order trimerization reactions leading to benzene are decisive reactions for ethylene and acetylene,
respectively. Conversion of propylene should also be based on two simultaneous reactions, a first order dissociation reaction, and second
order reactions such as bimolecular reaction of propylene resulting an allyl and a propyl radical. These insights should be useful to

develop a reaction mechanism based on elementary reactions in forthcoming studies.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Chemical vapor deposition (CVD) of carbon from light
hydrocarbons is mainly used in the production of carbon
fiber reinforced carbon (CFC) by infiltrating pyrolytic car-
bon into carbon fiber performs [1]. The CVD of carbon
involves simultaneous processes of complex gas-phase reac-
tions leading to various products including polycyclic aro-
matic hydrocarbons (PAHs) and soot, and heterogeneous
reactions leading to the deposition of pyrolytic carbon on
the substrate surface [2,3]. Therefore, the overall kinetics
of the deposition process is determined by the kinetics of
gas-phase and surface reactions and in particular the inter-
action or competition of gas-phase and surface reactions. A
great variety of hydrocarbons and hydrocarbon radicals
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are formed by gas phase reactions, and any of these species
has a potential for chemisorption or physisorption on the
growing carbon surface and thus to form pyrolytic carbon.
These complications make it difficult to understand the
CVD of carbon quantitatively and to develop a precise
model.

Becker and Hiittinger proposed a simplified model
which can describe the kinetics of carbon deposition from
C, hydrocarbons [4]. A lumping approach was used in
which a large number of gas phase species are lumped into
three groups, i.e. C,, C4, and Cg hydrocarbons, and the rate
constants of the chemical reactions involved are estimated
by a numerical fitting. This model was successfully used for
simulation of the chemical vapor infiltration (CVI) process
[5,6]; it can also serve as useful benchmark for detailed
kinetic schemes.

It is a challenge for future research to advance from the
traditional lumping method and to develop a model based
on elementary reactions which describes the complex gas
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phase chemistry of CVD of carbon at a molecular level. A
numerical simulation of CVI based on the detailed chemi-
cal kinetics and correlation between kinetics and structures
of pyrolytic carbon is necessary to develop and optimize
the CFC production process. A great number of studies
can be found in literatures for the pyrolysis of hydrocar-
bons such as ethylene [7-27], acetylene [28-56], and propyl-
ene [57-76]. Most of the studies are focused on pyrolysis
mechanism at initial stages with shock tube at very short
residence times or volume reactor at low temperatures.
Although a variety of gas phase products were found in
CVD of pyrolytic carbon [77,78], experimental results on
the hydrocarbon pyrolysis with a wide range of products
analysis including large polycyclic aromatic hydrocarbons
and pyrolytic carbon are very few. Results obtained at
reduced pressures without diluent inert gas, which are
employed in CFC production process to gain favorable free
gas diffusion, are also insufficient.

Descamps et al. [79] developed a gas phase reaction
mechanism (53 species and 205 reactions) in CVD of carbon
from propane using elementary reactions reported in the lit-
erature. The mechanism was validated by comparing the
computations with the experimental data on the gas phase
compositions obtained at 2 kPa and two temperatures of
800 and 1000 °C. In situ Fourier transform infrared spec-
troscopy was employed to determine the concentrations of
gas phase components [80,81]. Since their analysis was
semi-quantitative, their mechanism validation is likely to
be insufficient. Detailed and quantitative information on
the gas phase components in hydrocarbon pyrolysis at con-
ditions relevant to CVD of carbon is still limited.

Experimental data on the gas phase compositions which
are evaluated quantitatively are needed for the develop-
ment of a more accurate elementary-step like gas phase
reaction mechanism. Experiments at well-defined condi-
tions with satisfying material balances are the fundamental
requirements. Furthermore, experimental results obtained
from various source hydrocarbons are useful to develop a
comprehensive mechanism. In this study, the species com-
position in the gas phase in CVD of carbon from the unsat-
urated light hydrocarbons ethylene, acetylene, and
propylene is analyzed quantitatively. The CVD experi-
ments were performed in a vertical flow reactor. The tem-
perature was 900 °C, pressure was varied from 2 to
15 kPa, and the effective residence time from 0.1 to 1.6s.
Gaseous and condensing products were analyzed using
on-line and off-line gas chromatography, respectively.

2. Experimental

The experimental set-up is given in the Supplementary
data. The reactor is identical to that used in a previous
study [82]. Total length of the reactor is 440 mm. The depo-
sition space is located at the center of the reactor and
formed by a cylindrically shaped alumina ceramic tube,
22 mm i.d. and 40 mm long. A channel structure, made
out of cordierite, with 400 channels per square inch is fitted

in the alumina ceramic tube, resulting in a relatively high
surface area/volume ratio of the deposition space [A/V]
of 3.2 mm~"'. The inlet and outlet tubes (8 mm i.d.) are con-
nected to the deposition space through conical inlet and
outlet nozzles. These narrow tubes increase linear velocity
of flowing gas, reducing the predecomposition of the
hydrocarbon gas and post reactions beyond the reaction
zone. The nozzles are employed to generate a plug-flow
[4] which is necessary to obtain reliable kinetic data. Tem-
perature profile for the reactor was measured under an
argon flow with a type K thermocouple (Rossel Messtech-
nik GmbH & Co.) that was moved axially along the reactor
length. The measured temperature profile for a set point
temperature of 900 °C can be found in the Supplementary
data. The axial temperature variation of the deposition
space is within +2 K of the target temperature.

Previous simulation for gas temperature in the reactor
applied [83] suggests that the channel structures can effec-
tively homogenize the temperature in the radial direction.
Influences of reaction enthalpies on the temperature pro-
files in axial direction lead to some uncertainties. In
ongoing research their effects are studied more accurately
by CFD simulations coupled with detailed chemical reac-
tion schemes [84].

The deposition experiments were performed at a temper-
ature of 900 °C, pressures ranging from 2 to 15 kPa and
effective residence times of up to 1.6 s. Ethylene, acetylene,
and propylene with respective purities higher than 99.4%,
99.6%, and 99.5% were all purchased from Air Liquid
Co. Ltd. and used as carbon sources.

The chemically reacting flow leads to density variations
along the axial coordinate, which introduces some uncer-
tainties in the estimation of the residence time. The resi-
dence time, t, without taking into account these density
changes, here simply derived from
T="VRr/0y (1)

with Vg = free volume of the deposition space in m?>

v, = the upstream volumetric flow rate of the hydrocarbon
gases in m*/s at the deposition temperature, and pressure.
Pyrolysis of the hydrocarbons changes the gas density and
hence the volumetric flow rate downstream. A corrected
flow rate, vy is therefore used:

Vg = Uy % & (2)

where ¢ is the volume expansion factor, &, which is calcu-
lated by

&= Uout/vin (3)

where v,y and v;, are the volumetric flow rate at reactor
outlet and inlet, respectively, at ambient conditions. The
measurement of ¢ is based on the displacement of a given
volume of water per unit of time. Liquid products which
would condense at water temperature will cause under-esti-
mations of the exit flow rates. Nevertheless the v,,; mea-
surement is necessary to calculate the gaseous product
yields as well as to establish a perfect material balance.
The effective residence time, ., was thus defined by
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Tt = VR /g = T/¢ (4)

It is impossible to estimate a real or a mean residence time
since the residence time distributions are currently not
clear. However, it is noted that t and .y represent two ex-
tremes of the residence time and the real residence time
should lie in between. The CFD simulations coupled with
detailed chemical reaction schemes are currently in pro-
gress and will help to evaluate the flow rate profile in the
reactor accurately.

Gaseous products up to C4 compounds were analyzed
on-line with a Sichromat 3 gas chromatograph (Siemens)
equipped with a vacuum dosing system. A Porapak N col-
umn (Chrompak) and a thermal conductivity detector were
used for separation and peak detection, respectively.

Liquid products larger than benzene were collected in
two cold traps set at 195K, dissolved in a measured
amount of acetone and analyzed by a Sichromat 1-4 gas
chromatograph (Siemens) equipped with a capillary col-
umn (CP-Sil § CB LB/MS, Chrompak) and a flame ioniza-
tion detector. Species were identified by the retention time
matching. Details of the analysis of liquid products and a
typical chromatogram are given elsewhere [78]. Our previ-
ous work of gas phase analysis using methane as a precur-
sor gas [85] indicates that the perfect collection of the
products was very difficult with a cold trap after the reactor
outlet in CVD experiments at low pressures. The cold trap
after the membrane vacuum pump was found to be useful
to collect light aromatic hydrocarbons such as benzene and
naphthalene and thus enabled to improve the material bal-
ances of the analysis. Flexible heaters were maintained at
443 K to avoid condensation and adsorption of products
on inner walls. On-line gas phase analysis and off-line anal-
ysis of liquid products were performed in separate runs.
The relative errors of the product yield generally within
+5% and 4+20% for the yields of gaseous and condensing
products, respectively.

3. Results and discussion
3.1. Compounds found in gas phase

Fig. 1 shows the chemical structures of the compounds
found in the gas phase. More than 40 species ranging from
hydrogen to coronene could be identified and quantitatively
determined as a function of both pressure and residence
time. 1-Butene is observed only in the CVD from propylene.
Propylene and 1,3-butadiene are not found in the CVD
from acetylene. Xylenes and ethylbenzene peaks could not
be distinguished. Besides these compounds diacetylene
(C4H,) and propynylbenzene are observed in the CVD from
propane [81]. The aromatic compounds found in the present
experiments are identical with those found in our previous
CVD experiments at 1100 °C and 5-60 kPa using methane
as precursor gas [78]. Propane pyrolysis at 950 °C and
2kPa [81] as well as ethane pyrolysis at 912 °C and
40 kPa also produce identical aromatic compounds [77].

Polycyclic aromatic hydrocarbons found here are also typ-
ical products in the flames of hydrocarbons [86].

3.2. Density changes of reacting flows

Volume expansion factors (g) and effective residence
times (t.y) at various pressures are presented along with
the density change neglected residence times (t) in Table
1. ¢ values are larger than 1 with increasing t for ethylene
and propylene experiments, implying that these hydrocar-
bons principally undergo decomposition reactions leading
to an increase in the total numbers of gas phase species.
The ¢ values in propylene experiments are larger than those
in ethylene, indicating that the extent of propylene decom-
position is more extensive than in the case of ethylene. The
¢ values in the propylene experiments decrease with increas-
ing pressure, suggesting that decomposition reactions are
overlapped by combination reactions being favored at
increasing pressures. Unlike these, the ¢ values of acetylene
are less than 1 and decrease with both increasing pressure
and 7. Benzene formation by the combination of three acet-
ylene moiecties should be responsible for the density
increase, making .y longer.

3.3. Material balances and product distributions

Product distributions as well as total carbon yields
(material balances) are summarized in Table 2. The yields
are calculated based on C;. The complete sets of the
observed species yields are included in the Supplementary
data. Gaseous products are distinguished into CHy, C,,
C;, and C4 hydrocarbons, and condensing products are dis-
tinguished into benzene and other aromatic hydrocarbons
(AHs). Yields of carbon deposited on the substrate were
calculated based on the data in our previous study in which
the weights of carbon deposited on the substrates were
measured [82]. Total carbon yields are generally in the
range from 90% to 100%. Carbon deposited outside the
substrate and unidentified products account for missing
carbon. Total carbon yields slightly higher than 100%
may be attributed to experimental errors. In the ethylene
experiments the carbon balance is less perfect, especially
at lower pressures and longer residence times. The reason
may be polymerization products that are formed by ther-
mal polymerization of ethylene [87]. The majority of these
polyene compounds would stick to the inner wall of the
tubes from which the products were not recovered.
Benzene is a major product and comprising much of total
condensing products for all precursor hydrocarbons.
Yields of benzene and aromatic hydrocarbons increase
with increasing pressure and residence time. The yields of
deposited carbon are as low as 1-2% for ethylene and pro-
pylene. Pressure has a little effect on the carbon yields. On
the other hand, the yields of deposited carbon in the CVD
from acetylene increase up to 8.9% with an increase in res-
idence time and pressure. The difference in the yields of
deposited carbon should result from different carbon to
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Fig. 1. Compounds found in gas phase in CVD of carbon from ethylene, acetylene, and propylene at 900 °C. (a) o-, m-, p-xylenes are not distinguished. (b)

Not distinguished from xylenes peaks.

hydrogen ratios of 0.5 (ethylene and propylene) and 1
(acetylene). Hydrogen plays an important role in carbon
deposition [88], as it inhibits carbon deposition by blocking
active sites, mainly existing at the edges of graphene layers,
as a consequence of forming carbon-hydrogen complexes.
These results imply that the carbon deposition rate is not
simply correlated with the concentration of aromatic
hydrocarbons in the gas phase.

3.4. Ethylene pyrolysis

Fig. 2 shows unconverted ethylene as well as product
yields in % (based on C; for hydrocarbons and H; for

hydrogen) in CVD of carbon from ethylene at 8 kPa and
900 °C. Ethylene, hydrogen, 1,3-butadiene, methane, acet-
ylene, and benzene are the major compounds. The yield
of 1,3-butadiene exhibits a maximum at around 0.4s
whereas the yields of other products increase with increas-
ing 7. Possible routes to major products are discussed
briefly based on the literature and our recent study of the
detailed chemical kinetic modeling of the hydrocarbon
pyrolysis [89]. Dehydrogenative decomposition of ethylene
is a possible reaction to form hydrogen and acetylene [49].
1,3-butadiene should be formed principally by combination
of ethylene and vinyl radical (C,Hj) [49], and converts into
consecutive products. Reaction of 1,3-butadiene with vinyl
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Table 1
Prescribed residence time (), volume expansion factor (¢), and effective
residence time (7o) in CVD experiments at 900 °C

Precursor p, kPa 7,8 g, — Teffs S
C,H, (ethylene) 2 0.25 1.00 0.25
0.50 1.02 0.49

0.75 1.05 0.71

1.00 1.09 0.92

4 0.25 1.02 0.24
0.50 1.03 0.48

0.75 1.07 0.70

1.00 1.11 0.90

8 0.25 1.06 0.24
0.50 1.05 0.47

0.75 1.05 0.71

1.00 1.05 0.95

15 0.25 1.06 0.24
0.50 1.08 0.46

0.75 1.09 0.69

1.00 1.08 0.93

C,H, (acetylene) 2 0.25 1.00 0.25
0.50 1.00 0.50

0.75 1.00 0.75

1.00 0.99 1.01

4 0.25 1.00 0.25
0.50 0.99 0.51

0.75 0.94 0.80

1.00 0.90 1.11

8 0.25 0.94 0.27
0.50 0.90 0.56

0.75 0.88 0.85

1.00 0.85 1.18

15 0.25 0.73 0.34
0.50 0.64 0.78

0.75 0.61 1.23

1.00 0.61 1.64

C;Hg (propylene) 2 0.10 1.09 0.09
0.25 1.29 0.19

0.50 1.65 0.30

0.75 1.90 0.39

1.00 2.17 0.46

4 0.12 1.07 0.11
0.25 1.23 0.20

0.50 1.37 0.36

0.75 1.61 0.47

1.00 1.72 0.58

8 0.12 1.07 0.11
0.25 1.23 0.20

0.50 1.42 0.35

0.75 1.55 0.48

1.00 1.64 0.61

15 0.25 1.20 0.21
0.50 1.37 0.36

0.75 1.51 0.50

1.00 1.58 0.63

radical produce linear Cg species [90] which further convert
into benzene [91,92]. Possible routes to explain methane
formation are ethyl radical (C,Hs) decomposition [93]
and isomerization of 1,3-butadiene to 1,2-butadiene fol-
lowed by decomposition into methyl (CH3) and propargyl
(C3H3) [94]. Dimerization of propagyls is also known to be
an important route to benzene [95]. Decomposition of

1-butene which is not observed in this study but detected
in other studies [12,13,16,25] yields methyl and allyl
(C3Hs) and considered as a possible pathway in methane
formation.

3.5. Acetylene pyrolysis

Fig. 3 shows uncoverted acetylene as well as product
yields in % (based on C; for hydrocarbons and H; for
hydrogen) in CVD of carbon from acetylene at § kPa and
900 °C. Benzene, hydrogen, vinylacetylene, naphthalene,
ethylene, and methane are major products. The yield of
vinylacetylene exhibits a maximum at around 0.2 s whereas
the yields of other products increase with increasing ..
Hydrogen should be formed by direct formation of pyro-
lytic carbon from acetylene and formation of PAHs. Dimer-
ization of acetylene yields vinylacetylene [96]. Benzene is
mainly formed by combination of acetylene and vinylacety-
lene [97]. Addition of vinylacetylene to benzene is a possible
route in naphthalene formation [98]. In addition to the
molecular paths, radical paths involving C4Hs and C4H;
are also important especially at high temperatures [41,99].
Substantial amount of methane should be formed from
impurity such as acetone in the acetylene feedstock [47].
Acetone produces methyl radicals that are known to play
an important role in branching chain reactions.

3.6. Propylene pyrolysis

Fig. 4 shows unconverted propylene as well as product
yields in % (based on C; for hydrocarbons and H; for
hydrogen) in CVD of carbon from propylene at 8 kPa
and 900 °C. Methane, acetylene, hydrogen, benzene, ethyl-
ene, propyne, 1,3-butadiene, and propadiene are major
products. The yields of propyne, 1,3-butadiene, and prop-
adiene exhibit maxima at 0.1 ~ 0.2 s whereas the yields of
other products increase with increasing 7.q. Methane and
ethylene should be formed by a-scission of propylene
[73]. p-scission of propylene yields allyl radical (CsHs)
[72], which is further converted into propadiene [72]. Pro-
pyne should be mainly formed by the isomerization of
propadiene [100]. These C; compounds as well as propar-
gyl radical should play a major role in benzene formation
[100].

3.7. Influence of pressure

The influence of pressure on the conversion of the hydro-
carbons is investigated to determine global reaction orders
which may provide some information on the reaction mech-
anism. Fig. 5 shows uncoverted amounts in % of ethylene,
acetylene, and propylene as a function of the effective
residence time at a temperature of 900 °C and various
pressures. The conversion of all hydrocarbons increases
continuously with increasing 7.g; increasing pressure has a
strongly accelerating effect on the conversion of all hydro-
carbons, most significantly in the case of acetylene. The
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Table 2
Product distributions (in %, C; base) in CVD experiments at 900 °C
Precursor p, kPa Tefs S CHy4 C, Cy Cy Benzene AHs* Pbe Total
C,H, (ethylene) 2 0.25 0.44 88.9 0.3 3.9 0.4 0.1 1.6 95.7
0.49 0.77 82.4 0.4 4.3 1.1 0.3 1.9 91.2
0.71 1.01 76.5 0.5 4.3 1.7 0.4 2.2 86.7
0.92 1.28 74.2 0.5 44 2.2 1.1 2.5 86.1
4 0.24 0.42 87.5 0.6 6.1 0.7 0.4 1.1 96.8
0.48 0.88 80.2 0.8 6.4 1.5 1.1 1.3 92.1
0.70 1.16 74.4 0.8 6.1 2.7 1.9 1.6 88.7
0.90 1.57 71.5 0.7 5.4 2.9 2.6 1.9 86.6
8 0.24 0.88 88.3 0.8 5.6 0.9 0.4 0.9 97.7
0.47 1.75 78.8 1.0 7.0 2.0 1.2 1.1 92.8
0.71 247 72.1 0.9 6.2 39 3.1 1.3 90.1
0.95 3.25 67.7 0.9 5.8 7.0 4.9 1.5 91.1
15 0.24 1.51 84.3 1.2 7.7 2.5 0.9 0.7 99.0
0.46 2.77 74.8 1.1 6.6 5.1 2.2 0.9 93.5
0.69 3.87 68.8 1.1 6.0 8.3 3.7 1.1 92.8
0.93 4.67 63.1 1.0 5.4 14.2 6.3 1.4 95.9
C,H, (acetylene) 2 0.25 0.12 94.8 1.1 1.0 0.7 0.7 1.4 99.7
0.50 0.31 94.3 0.8 0.8 0.7 0.9 1.6 99.5
0.75 0.38 94.0 0.6 0.8 0.8 1.1 1.7 99.4
1.01 0.46 92.5 0.6 0.7 0.9 1.5 1.8 98.4
4 0.25 0.18 90.0 1.0 2.5 1.2 2.0 1.9 98.8
0.51 0.51 84.6 0.8 2.5 1.5 2.6 2.1 94.5
0.80 0.45 79.4 0.7 2.4 2.8 3.8 2.3 91.9
1.11 0.58 75.2 0.5 2.0 4.7 5.8 2.6 91.4
8 0.27 0.32 83.0 1.0 4.0 6.8 3.6 3.0 101.7
0.58 0.51 70.7 0.8 3.5 133 5.1 3.7 97.5
0.85 0.74 62.0 0.6 2.6 18.7 6.9 44 95.9
1.18 1.03 53.1 0.3 2.4 22.1 124 5.5 96.8
15 0.34 0.54 59.2 1.0 2.9 17.8 9.1 2.7 93.2
0.78 1.11 41.7 0.8 1.9 28.0 14.8 3.5 91.7
1.23 1.65 332 0.5 1.4 29.3 16.3 5.3 87.8
1.64 2.11 27.7 0.3 1.2 32.6 19.6 8.9 92.3
CsHg (propylene) 2 0.09 1.70 4.0 95.9 2.4 n.d. n.d. n.d. n.d.
0.19 3.72 7.8 78.7 3.3 2.1 0.5 1.3 97.4
0.30 7.42 15.2 60.1 3.4 2.2 2.6 1.6 92.4
0.39 10.87 18.1 50.3 4.1 3.2 5.7 1.9 94.2
0.46 12.79 21.0 42.5 4.1 3.6 4.2 2.2 90.4
4 0.11 2.33 4.9 86.3 2.6 n.d. n.d. n.d. n.d.
0.20 5.86 11.0 714 3.2 4.0 2.7 1.2 99.4
0.36 9.35 159 47.0 2.8 11.0 7.6 1.6 95.1
0.47 12.63 20.7 35.3 3.3 134 9.0 1.9 96.1
0.58 14.60 22.9 25.5 2.8 18.8 124 2.3 99.3
8 0.11 3.26 6.6 75.1 3.7 n.d. n.d. n.d. n.d.
0.20 6.97 13.1 58.7 4.1 8.2 4.1 0.9 96.1
0.35 11.24 19.3 32.1 3.4 18.0 9.4 1.2 94.6
0.48 13.98 22.9 19.6 3.2 22.8 13.2 1.5 97.1
0.61 15.38 24.7 14.4 3.0 24.8 16.5 1.8 100.6
15 0.21 8.59 15.0 45.5 3.6 10.8 5.5 0.9 89.9
0.36 10.71 22.0 18.3 3.1 19.9 13.5 1.2 88.7
0.50 16.66 25.5 9.3 2.8 23.0 16.4 1.5 95.1
0.63 18.69 27.2 5.9 2.8 29.5 16.6 1.9 102.6

# Aromatic hydrocarbons except for benzene.
® Pyrolytic carbon deposited on substrate.

accelerating effect of pressure indicates that reactions with
an order higher than one are included in the conversion of

the hydrocarbons.

3.8. Global reaction order and dominant reactions

Reaction orders are determined for the formal reaction:

Precursor hydrocarbon — Products

Fractional life method [101] is used to approximate the
reaction order. This method is based on

tp =

Fl="—1

k(n—1)

1-n
CiO

(5)
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Fig. 3. Product yields and (100-conversion) of acetylene vs Ty in CVD of
carbon from acetylene at 900 °C and 8 kPa. Yields are based on C; and H,
for hydrocarbons and hydrogen, respectively.

where 7 is the time needed for the concentration of reac-
tants to drop to the fractional value of F, k is the global
rate constant, n is the reaction order (#1), Cy is the initial
concentration of species i. Values of ¢g are determined at F'
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Fig. 4. Product yields and (100-conversion) of propylene vs 7. in CVD of
carbon from propylene at 900 °C and 8 kPa. Yields are based on C; and
H, for hydrocarbons and hydrogen, respectively.

values of 0.7, 0.8, and 0.6 for ethylene, acetylene, and
propylene, respectively. An nth order rate equation is
described by

Ci™" = Cio" = k(n —1)ter (6)

where C; is the concentration of species i at 7.5 Eq. (6) is
used to examine whether k is independent of the initial
pressure.

Plots based on Eq. (5), that is logtg vs logC;y, give
straight lines of which slopes correspond to (n — 1) (see
the Supplementary data). n values were determined to be
1.2 (ethylene), 2.7 (acetylene), and 1.5 (propylene). Previ-
ous studies of ethylene pyrolysis showed that the ethylene
consumption rate is first order in the ethylene concentra-
tion [9,11]. The overall reaction order of propylene destruc-
tion evaluated here (n = 1.5) also agrees well with previous
works by Kallend et al. (n=1.4) [61] and Kunigi et al.
(n = 1.5) [63]. However the reaction order of acetylene con-
sumption is 2.7 which is higher than second order which
seem most assured in the literatures [34,38]. Using these n
values, plots based on Eq. (6), that is C}_” VS Tefp, are made
and given in the Supplementary data. The plots can be
approximated by straight lines with almost same slopes in
the case of ethylene and acetylene, but not of propylene.
Averaged k-values resulting from the slopes of the straight
lines of these plots are 0.55 and 1.5 for ethylene and acet-
ylene, respectively. The data of acetylene at the lowest pres-
sure of 2 kPa were canceled in averaging k because of their
obvious deviations.

For ethylene, n is 1.2 and k is independent of p. The lines
drawn in Fig. 5 (upper) are based on Eq. (6) using the
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Fig. 5. Consumption of source hydrocarbons in CVD of carbon from
ethylene(upper), acetylene(middle), and propylene(lower) at 900 °C and
pressures of 2 (A), 4 (), 8 (<), 15 (O) kPa. The solid lines were calculated
based on a single formal reaction for ethylene (n=1.2, kK =0.55) and
acetylene (n = 2.7, k = 1.5), and propylene (n = 1.5, k = 4.6).

values of n = 1.2 and k = 0.55; they show good agreement
with the experiments. This result suggests that the overall
reaction is dominated by first order decomposition reac-
tions [17,20] such as

CH, - GCH; +H

C2H4 — C2H2 + H2

A superimposed bimolecular reaction [10],

C,H,; + C,H; — C,Hs + C,H;

should be responsible for a slightly higher reaction order of
n=12.

For acetylene, n is 2.7 and k is almost independent of p
except for the data at 2 kPa. The lines in Fig. S5(middle) are
also based on Eq. (6) using values of n =2.7and k =1.5. A
good agreement with the experimental data is achieved

within the range of conditions tested. This suggests a tri-
merization reaction (n = 3) of acetylene

3C2H2 — C6H6

to be the dominating reaction. This result agrees with con-
clusions of an earlier study [4]. This molecular polymeriza-
tion represents an overall reaction, in which actually
several fragment radical chain steps are included as found
by Kieffer et al. [49].

For propylene, plots based on Eq. (5) show that linear
approximations are limited to short 7.4 The deviations from
linearity become more significant at increasing pressure.
Linear approximations were made for short 7.¢ to determine
the k values at all pressures. Using the averaged k of 4.6,
n=1.5, and the Eq. (6) the lines in Fig. 5 (lower) are
obtained. A satisfying agreement at short 7.5 suggests simul-
taneously occurring first order and second order reactions in
an initial stage of propylene pyrolysis. The first order reac-
tions should include the decomposition reactions such as

C3H6 — C3H5 + H
C3H6 — C2H3 + CH3

The reported rate constants of the above two first order
decomposition reactions are 0.18 s~! (S-scission) [72] and
0.03 s ! (a-scission) [73] at 900 °C, implying that the first
reaction is clearly privileged. The second order reactions
like the bimolecular reaction [65],

C3H6 + C3H6 — C3H5 + C3H7

should occur in parallel. Expected differences between calcu-
lations and experiments, observed at longer 7., are attrib-
uted to additional second order reactions. Simon et al. [65]
found that the formation rates of 1,3-butadiene, cyclopent-
adiene and C¢ compounds are second order with respect to
propylene initial concentration. This indicates that reactions
between propylene and primary reaction products or be-
tween primary products leading to C4, Cs, and Cg com-
pounds become more significant at longer residence times.

4. Conclusions

The product composition in CVD of pyrolytic carbon
from ethylene, acetylene, and propylene was analyzed at
900 °C. More than 40 compounds were identified and
quantitatively determined as a function of residence time
up to 1.6 s and pressures varying from 2 to 15 kPa. Mate-
rial balances show that more than 90% of carbon could be
detected in the experiments, providing a useful experimen-
tal database for kinetic modeling studies of gas phase reac-
tions with detailed chemistry [89]. Global kinetic analysis
of the conversion of the precursor hydrocarbons provided
insight into the decisive reactions occurring in the gas
phase, being a first step in the development of a detailed
kinetic model based on elementary reactions.
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