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Abstract

Synthesis of pyrolytic carbon as a matrix for carbon fiber reinforced carbon composites by chemical
vapor infiltration (CVI) is experimentally and numerically studied using the oxygen-containing precursor
ethanol. The effects of residence time on microstructure and deposition rate of pyrolytic carbon are inves-
tigated. A short residence time is found to favor the formation of high-textured pyrolytic carbon. The evo-
lutions of microstructure and deposition rate of pyrolytic carbon are compared with those of carbon
deposited from methane. Compared to methane, ethanol exhibits a much higher deposition rate of pyro-
lytic carbon with similar microstructures. Pyrolysis of ethanol is modeled using a two-dimensional flow
model coupled with a detailed gas-phase reaction mechanism involving 261 species taking part in 1177
reversible reactions. Reaction rate analysis reveals that C; hydrocarbons are the most important interme-
diate species contributing to the maturation of gas-phase composition. A comparison of the kinetic predic-
tions with equilibrium calculations demonstrates that the pyrolysis of ethanol in the synthesis reactor
applied is far away from equilibrium.
© 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction emphasizing that high temperature ethanol oxida-

tion is strongly sensitive to the falloff kinetics of

Kinetics of ethanol combustion has been exten-
sively studied numerically in the literature. Mari-
nov [1] presented a detailed reaction mechanism
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the ethanol decomposition process and to the
branching ratio assignments among the ethanol
abstraction reactions. Recent work by Li et al. [2]
showed that H,O and C,H, are the major products
of ethanol thermal decomposition at temperatures
ranging from 1045 to 1080 K, and it was reported
that the molecular decomposition reaction
C,HsOH - C,H4 + H,O strongly depends on
temperature and is the dominant reaction pathway
at temperatures ranging from 300 to 2500 K at
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1 atm. Based on comparison of conversion and
deposit formation of ethanol and butane, Gupta
et al. found that there is no significant production
of species containing more than two carbon atoms
during the pyrolysis of ethanol, whereas propylene
production is significant during the pyrolysis of
butane at temperatures ranging from 973 to
1073 K [3]. Other previous work, however, reveals
that the use of ethanol as an oxygenate additive to
diesel fuel appears to be less desirable, since ethanol
may contribute to particulate carbon formation [4]
and easily form soot at elevated pressures making
ethanol an ideal candidate precursor for the forma-
tion of pyrolytic carbon.

Chemical vapor deposition is the most common
process for the synthesis of carbon/carbon compos-
ites, in which hydrocarbons are usually employed
as carbon precursors [5-7]. At high temperatures,
two general mechanisms for carbon deposition
exist [7]. Firstly, carbon can be formed as a result
of light hydrocarbon species reacting at substrate
edges on active sites. This process has been very
well studied with low pressure CVD experiments
using methane, ethylene, acetylene, propane, and
1,3-butadiene [8-10], and more recently the results
were taken as a basis for modeling the CVD/CVI
process of pyrolytic carbon [11-13]. The CVD
mechanism of each hydrocarbon involves pyrolysis
of the initial carbon precursor, maturation of the
gas-phase composition, chemical adsorption of
possible light carbon sources onto active sites of
surface edges, and finally the formation of carbon
by dehydrogenation of surface species. Secondly,
gas-phase reactions may lead to formation of spe-
cies with higher molecular weight, e.g., aromatics
and polycyclic aromatic hydrocarbons (PAH),
which may act as carbon precursors [7]. These reac-
tions are most important for the deposition of car-
bon from hydrocarbons at higher partial pressures
because of the premature gas-phase composition.
This process is usually initiated by gas-phase nucle-
ation at high temperatures followed by physical
adsorption of these nuclei on the substrate surface.
Therefore, no matter which mechanism is pro-
posed, the evolution of the gas-phase composition
determines the precursors of the carbon deposits.
In this context, it is essential to characterize the
gas-phase chemistry and kinetics of the pyrolysis
of ethanol and to understand how such reactions
can influence the formation of pyrolytic carbon
from ethanol.

In the present work, CVD experiments were
performed to study the effect of residence time
on the microstructure and the deposition rate of
pyrolytic carbon from ethanol. In ethanol, the
presence of the hydroxyl group leads to weaker
C-H bonds, suggesting it might be much more
reactive than C, hydrocarbons [3]. One might also
expect that the presence of oxygen in ethanol will
more or less suppress carbon deposition. A reac-
tion rate analysis using detailed gas-phase chemi-

cal kinetics to identify the key steps and species
leading to molecular weight growth in ethanol
pyrolysis is performed. Experimental investigation
of pyrolytic carbon deposition from ethanol as
well as modeling the pyrolysis of ethanol offer
opportunities to study the fundamental behavior
of an oxygen-containing carbon precursor and
the influence of an oxygen-containing additive
on the deposition of pyrolytic carbon from light
hydrocarbons.

2. Experimental setup and characterization
methods

2.1. Setup and materials

The pyrolysis/deposition experiments were
performed using a vertical flow reactor consisting
of a ceramic tube with an inner diameter of
8.6 mm, heated by a furnace with a length of
30 cm. Bundles of high modulus carbon fibers
(Toray M40-3k) were used as the substrate/pre-
form. Ethanol was vaporized into a stream of
argon. The wall temperature profile of the inner
tube was measured using a k-type thermocouple.
Figure 1(a) shows the scheme of the CVD reactor
and Fig. 1(b) shows the wall temperature profiles
of the reactor measured for two residence times.
One can recognize that shortening the residence
time by a factor of 4 has only little influence on
the temperature profile of the reactor. This exper-
imental study mainly focuses on the influence of
the residence time (0.025-0.125s), therefore the
ethanol partial pressure of 5kPa and the total
pressure of 10 kPa were kept constant. The resi-
dence time is determined by

(a)

(b) 1K ~
o

Exhaust
Thermocouple
Spring to fix the bundle

Ceramic tube A

=

e e

= 0.025s

Ceramic tube B

—01s

Carbon fiber bundle

Hole for thermocouple

Distance from the inlet [m]

Heating element

Z

T e

e,
“‘“"‘h‘uhﬂm

Inlet

0 1400

Fig. 1. Scheme of the experimental setup for densifica-
tion of carbon fiber bundles (a) and the axial temper-
ature profiles of the reactor resulting from two different
residence times (b).
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T= VR/Vf (1) (a) isotropic low- medium- high-textured
where 7 is the residence time, V' the volume of the ’ & = ===
\ : : . = EEE
isothermal part of the reactor chamber (approxi- F § = ==
mately 5 cm in length), and V- the volumetric flow -
rate of the feed at reaction conditions. After 10 h {WT
of densification, carbon fiber bundles were taken b
out of the reactor, and the densified parts of the (b)
bundles were then cut along the axial direction 80
into several small pieces to determine textures
and the mean deposition rate of carbon as func-
tion of the position in the reactor. In comparison, o 70t
two additional experiments using methane as pre- S
cursor were also performed at a residence time of g
0.125s, a total pressure of 5 and 10 kPa, and a =
deposition time of 30 h. |
£
2.2. Determination of texture and deposition rate .
50t
) . . . ! # Extinction angle
Pyrolytic carbon deposits exhibit a broad vari- F ! , ,
: i N, | local optical anisotropy
ety of microstructures. A clear characterization of S 1 2 . 40
. . L. . » angular accuracy: 1
the microstructures is a precondition to establish a 40 L L .

correlation between the microstructure formed
and the deposition conditions. The microstructure
of pyrolytic carbon deposits can be analyzed by
polarized light microscopy (PLM) on polished
cross-sections of the derived samples. The
extracted increasing extinction angle A, correlates
with the increasing texture degree of pyrolytic car-
bon deposits, and three common types of laminar
pyrolytic carbon deposits can be distinguished as
shown in Fig. 2(a): low, medium, and high-tex-
tured (LT, MT, and HT) according to the present
terminology and dark laminar (DL), smooth lam-
inar (SL), and rough laminar (RL) according to
the former terminology, respectively [7,14]. The
orientation of graphitic stacks in high-textured
carbon is much more preferable to their orienta-
tion in low-textured carbon. For a quantitative
characterization of the carbon matrix in the pres-
ent work, the extinction angle A, at cross-sections
of each sample was determined by polarized light
microscopy (PLM) using an improved measure-
ment technique [15] using digital monitoring of
light extinctions as it shown in Fig. 2(b). A
description of the method can be found elsewhere
[14,15]. In case of a completely circular fiber cross-
section, the systematic measurement error is about
+1°. Since fibers are not circular in reality, the
actual error is in the range of +1.5°. The mean
deposition rate of the carbon matrix was also
determined from PLM and the systematic error
is in the range of Lil pm.

3. Experimental results

3.1. Microstructure of pyrolytic carbon

The residence time has a significant impact on
the evolution of the gas-phase composition during

0 10 20 30
Analyser position [°]

Fig. 2. Schematic presentation of preferred orientations
of the graphitic stacks in pyrolytic carbon deposits (a)
and digital determination of the extinction angle (Ae)
using the improved PLM technique [15] (b).

high temperature pyrolysis of light linear hydro-
carbons such as ethylene [10,11]. The hydroxyl
group in ethanol weakens C-H bonds, suggesting
that the pyrolysis of ethanol may be more sensi-
tive to the residence time at high temperatures
than in case of hydrocarbons. As a consequence,
the residence time is expected to also have a major
impact on carbon deposition from ethanol. Sev-
eral experiments were performed with a deposi-
tion time of 10 h and an ethanol partial pressure
of 5 KPa at a total pressure of 10 kPa. Figure 3
presents the evolution of the extinction angle of
pyrolytic carbon along the axis of the fiber bundle
synthesized using various residence times. It is
obvious that a short residence time generally
favors the formation of HT carbon. One distin-
guished feature is the presence of a microstructure
transition for all the residence times. For a given
residence time, a MT layer is formed as the first
zone around fibers and then a sudden transition
of the microstructure to HT carbon occurs at a
certain axial position of the fiber bundle. Figure
4 shows polarized light micrographs taken at the
positions indicated in Fig. 3 for samples prepared
at a residence time of 0.025 s and one can recog-
nize a clear texture transition at the position (d).

Figure 5 compares the influence of various pre-
cursors on the textures of pyrolytic carbon. In
case of methane, a pressure of 10 kPa was applied,
while a total pressure of 10 kPa and a partial pres-
sure of 5 kPa are employed in case of ethanol to
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20 1400 ture evolution of pyrolytic carbon is observed
Ve from the measured extinction angle profiles for
=16 Second zone| 4400 both precursors. Methane, however, exhibits tex-
= D N\ g ture transition earlier than ethanol.
g 12t ¢ \ 3
5 HT A 11200 g 3.2. Carbon deposition rate
g 8 3
Z mMT /\f 11100 = The influence of the residence time on the car-
W T First zohe - bon deposition rate is shown in Fig. 6(a). A
\ shorter residence time of 0.025 s leads to a maxi-
0 : : : : : 1000 mum deposition rate at the position of the highest
20 1400 temperature, suggesting that ethanol or its direct
decomposition products may form carbon. On
— 16 | - the other hand, a longer residence time results in
o 1300 ¢ an earlier and faster deposition on the front part
2 1ol ‘?‘3 of the fiber bundle. Figure 6(b) compares the
it 1200 & influence of various precursors on the deposition
% 8 ) rate of pyrolytic carbon. It is obvious that ethanol
£ = exhibits a much higher deposition rate than meth-
O 4 1100 ane even if the initial concentration of carbon
atoms in the gas-phase is identical.
0 1000
2 1400 4. Kinetics and discussion
2 10 1300 g 4.1. Gas-phase chemistry
g2} g
s 1200 g To explore the effect of gas-phase chemistry on
5 8 S the formation of pyrolytic carbon from ethanol,
-3..5( 4 1100 = the conversion in the gas-phase of the reactor
u LT = are numerically simulated using a detailed reac-
0 ) ) ) ) ) 1000 tion mechanism for the description of pyrolysis

300 340 380 420 460 500
Axial distance from the inlet [mm]

Fig. 3. Influence of the residence time on the extinction
angle of pyrolytic carbon synthesized at p(C,HsOH) =
5 KPa and total pressure = 10 kPa.

Fig. 4. Polarized light micrographs of pyrolytic carbon
synthesized at t=0.025s, p(C,HsOH) =5 KPa, total
pressure = 10 kPa, = 10h; (a—f) corresponds to the
axial positions indicated in Fig. 3.

maintain the same initial concentration of carbon
atoms in the gas-phase. Generally, a similar tex-

20 1400
CH4
= 16 +
% Second zone 11300 g
c _a 3
© 12 + T 8
5 :;>\\é HT {1200 g
G 8 5 b S
£ 7 ¢ @
g FirstzonMd 11100 =
w 4 e
LT \
0 . . . . . 1000
277 300 340 360 380 420
20 1400
_
= 16 | | =
% _ Second zone 1500 CBD
& 12 fq NF K
5 _ !\\\UI 11200 g
g 8 . S
'é First zone N?N 11100 ;
w4 ; )
LT \

0 T 1000
300 340 380 420 460 500

Axial distance from the inlet [mm]

Fig. 5. Influence of precursors on the microstructure of
pyrolytic carbon synthesized at t = 0.125 s; p(C,HsOH)
= 5 KPa, total pressure = 10 kPa, densification time =
10 h (lower part) and 10 kPa CH,, densification time =
30 h (upper part).
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10 CO, increase with increasing temperature, while
(@) —-0.025s C,H, and CH, concentrations are almost constant
8 —=-0.063s at higher temperatures. An acceptable agreement

0.125s

Thickness of PyC [um]
S

2 L \
0 1 1 —
8
= 10kPa CH4
(b) 5kPa CH4

—+ 5kPa C2H50H

Thickness of PyC [um]
N

50 350 450 550
Axial distance from the inlet [mm]

0
2

Fig. 6. Influence of processing parameters on the
deposition rate of pyrolytic carbon synthesized at: (a)
p(C,HsOH) = 5 KPa, total pressure = 10 kPa, densifi-
cation time = 10h and various residence times; (b)
various precursors with a residence time of 0.125s,
10 h densification for ethanol and 30 h deposition time
for methane, respectively.

of ethanol at temperatures near 1273 K. Involving
261 species and 1177 reversible reactions, the gas-
phase reaction mechanism includes oxidation
kinetics for hydrocarbons up to naphthalene and
decomposition of hydrocarbons up to coronene
[16,17]. Additionally, it includes the molecular
weight growth reactions for PAH formation via
the hydrogen-abstraction-acetylene-addition
mechanism [18].

The proposed reaction mechanism of ethanol
pyrolysis was applied to model experimental data
published by Peg et al. [19]. In their experimental
setup, a flow reactor made of quartz with an inner
diameter of 45 mm and a length of 800 mm was
employed allowing temperature (7) variations
from 973 to 1473 K. Ethanol with a constant con-
centration of 50,000 ppm was fed into the reactor
by saturating a nitrogen stream in an ethanol solu-
tion allowing a total flow rate of 1000 ml min~!
(STP). The gas residence time was determined as a
function of the reaction temperature as: t = 1706/
T. A non-dispersive one-dimensional plug flow
model was used to simulate the experiments, and
the corresponding gas velocity on the inlet is deter-
mined as: V., = 0.06T/1706. Based on the
detailed reaction mechanism, the DET-
CHEMPYS code [20] was employed to predict
the gas-phase composition of this isothermal chem-
ical reactor. Figure 7 shows the comparison of
experimental results with the prediction of the plug
model. Generally, molar fractions of CO, H,, and

was achieved between the experimental data and
the predicted results except for an over-prediction
of acetylene and an under-prediction of ethane at
higher temperatures. The deviation may result
from both the imperfection of the reaction mecha-
nism and an over-simplification of the reactor
model. After evaluation of the reaction model, we
are confident to use the mechanism in simulations
of the species profiles of the reactor used in the cur-
rent study.

4.2. Equilibrium calculations and kinetics

First, equilibrium calculations are conducted,
in which the formation of solid carbon (§raphite)
is permitted using the DETCHEMEQU™ code
[20]; the simulation also includes all species of
the detailed reaction mechanism proposed in the
present work. For comparison, a reduced system
is considered involving light hydrocarbons and
CO, CO,, and H,0. Both results are illustrated
in Fig. 8 (a) and (b). At temperatures around
1400 K the presence of solid carbon results in an
equilibrium gas-phase consisting of only CO and
H,, while methane is the only stable hydrocarbon
at temperatures below 800 K.

Pyrolysis of ethanol was modeled using a two-
dimensional flow model coupled with the detailed
reaction mechanism and numerical simulations
corresponding to a run of an ethanol partial pres-
sure of 5 kPa at a total pressure of 10 kPa, which
were performed using the DETCHEM “HANNEL
code. The temperature profile shown in Fig. 1 is
employed as the boundary condition. Figure 8(c)
and (d) illustrate the influence of residence time
on the axial distribution of dominant species in
the gas-phase. A small residence time is helpful

1.00E-01 |

1.00E-03 |

Mole Fraction [-]

1.00E-05 |

1.00E-07 : : : : :
923 1023 1123 1223 1323 1423 1523

Temperature [K]

Fig. 7. Comparison of the gas-phase compositions
predicted using the plug model (solid lines) with exper-
imental results [19] (symbols) as a function of the
operating temperature.
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= | CH4
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CH4 co2 H20  C6H6
0 . ‘|\~g . . n i
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
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0.5 1400
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Fig. 8. Dominant species predicted by equilibrium calculations for isothermal, isobaric conditions with an initial
C,HsOH partial pressure of 5 KPa and 10 kPa total pressure: (a) solid carbon and all gas-phase species involved in the
reaction mechanism are considered, (b) only ethanol, CO, CO,, CHy, C,H,4, C,H,, H,, H,0, and C¢Hg are considered;
(c) dominant species distribution predicted by kinetic calculations with a residence time of 0.025 s, (d) with a residence

time of 0.125s.

to avoid pre-decomposition of ethanol before
entering the isothermal part of the reactor under
the present operating temperatures. The distinct
evolution of the H,/C,H, ratio from the inlet to
the outlet corresponds to the significant decompo-
sition of ethanol under a longer residence time. In
spite of different residence times, the same domi-
nant species, however, are present in the gas-phase
including H2, Hzo, C2H4, C2H2, CO, and CH4 A
shorter residence time leads to a smaller H,/C,H,,
ratio, and may consequently, according to the
hydrogen inhibition model of carbon deposition
[12], lead to a bigger deposition rate as shown in
Fig. 6(a). Compared with Flg 8(a) and (b), it is
obvious that the gas- phase composition shown
in Fig. 8(c) and (d) is far away from equilibrium.

4.3. Reaction rate analysis

Reaction rate analysis of the pyrolysis of etha-
nol was conducted using a batch reactor model
operated under conditions differing very much
from those used in works published previously

[1-4]: a higher temperature (1373 K), shorter resi-
dence time (0.001-0.1255s) and a lower ethanol
partial pressure of 5kPa at a total pressure of
10kPa. The DETCHEMP*™" code was
employed to numerically simulate homogeneous
conversion in the gas-phase at isothermal and iso-
baric condition. Figure 9 illustrates the reaction
rate analysis corresponding to a residence time
of 0.025 s. All reaction channels contributing less
than 5% to the total reaction flow are eliminated.
Two reaction pathways in ethanol pyrolysis can
be detected: One flow leads to the increase of the
molecular weight of hydrocarbons and the other
to the emission of CO and CO,. Among the four
dissociation channels of ethanol,

M + C,H;OH = M + H,0 + C,H, (2)
M + C,H;OH = M + CH,0H + CHj (3)
M + C,H;OH = M + CH;HCO + H, (4)
M + C,HsO0H = M + OH + C,H; (5)

the first two reactions are dominant under the cur-
rent CVD conditions, especially the first reaction
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H . C2HSOH cre of the microstructure of CVD carbon from etha-
H2 . . .
% si\tm\u\ nol with that from methane as shown in Fig. 5.
C2H40H +) C2H4 CH20H
CH3 OH H\Jrs
i " 5. Conclusions
CSHG@rCZH:& 5
H - " CH3 s 53
in = " The present work experimentally studied
;

17 acsk
scaHs ) -5HG |,
CoH4 &}mo

pCSH4 C5H5

O
\8 CH3CH20
C2Hs.

H
BENZYLB  C6H50H

C2H3

H C2H4.

C6H50

Fig. 9. Reaction rate flow predicted for a temperature of
1373 K, a residence time of 0.025s, an ethanol partial
pressure of 5 kPa at a total pressure of 10 kpa.

resulting in over 55% of the total consumption
rate of ethanol. C3 hydrocarbons are clearly the
most important intermediate species contributing
to conversion in the gas-phase. One should notice
that the influence of the hydroxyl group on the
evolution of the composition of light species is
weak. It does, however, strongly consume ben-
zene, the first aromatic ring, forming CO and fur-
ther CO, with over 62% consumption rate of
benzene resulting from the following channel:

(::6 1_16 -+- (:)]‘I = I‘{ <+- (::6 1'15 (:)l‘l. ((5)

Further calculations show that decreasing resi-
dence time will evidently weaken the influence of
the hydroxyl on benzene consumption. In other
words, controlling the residence time is an efficient
way to adjust the ratio of C»/Cg which determines
the microstructure of deposited carbon [21,22].
Following the ‘particle-filler’ model of carbon for-
mation [23,24], it is then easy to understand the
significant influence of the residence time on the
evolution of the microstructure of pyrolytic car-
bon as shown in Fig. 3.

In the present work, reaction rate analysis also
reveals that the methyl group plays an important
role in the evolution of the gas-phase composition
during the pyrolysis of ethanol. It is known that,
on the carbon surface, methyl radicals signifi-
cantly determine the availability of active sites
for deposition due to recombination reactions
[25], which possibly explains the similar evolution

chemical vapor deposition of carbon from etha-
nol. A short residence time generally favors the
formation of high-textured carbon. The maximum
deposition rate of pyrolytic carbon increases with
decreasing residence time. Much higher deposi-
tion rates with a similar microstructure evolution
were found, comparing carbon deposition from
ethanol with that from methane.

A detailed reaction mechanism was proposed
to model the gas-phase composition involved in
the pyrolysis of ethanol. Reaction rate analysis
based on the proposed reaction mechanism dem-
onstrates that decreasing residence time will evi-
dently weaken the influence of the hydroxyl on
benzene consumption, implying that the hydroxyl
affects the C,/Cg ratio in the gas-phase and even-
tually controls the evolution of the microstructure
of pyrolytic carbon with respect to various resi-
dence times. Although C; hydrocarbons are less
stable than C, hydrocarbons in the gas-phase,
reaction rate analysis shows that they are the most
important intermediate species contributing to the
maturation of gas-phase composition. Comparing
the kinetic predictions to equilibrium calculations
reveals that the tubular reactor of ethanol pyroly-
sis is operated far away from equilibrium.
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