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12 Abstract

13 Synthesis of pyrolytic carbon as a matrix for carbon fiber reinforced carbon composites by chemical
14 vapor infiltration (CVI) is experimentally and numerically studied using the oxygen-containing precursor
15 ethanol. The effects of residence time on microstructure and deposition rate of pyrolytic carbon are inves-
16 tigated. A short residence time is found to favor the formation of high-textured pyrolytic carbon. The evo-
17 lutions of microstructure and deposition rate of pyrolytic carbon are compared with those of carbon
18 deposited from methane. Compared to methane, ethanol exhibits a much higher deposition rate of pyro-
19 lytic carbon with similar microstructures. Pyrolysis of ethanol is modeled using a two-dimensional flow
20 model coupled with a detailed gas-phase reaction mechanism involving 261 species taking part in 1177
21 reversible reactions. Reaction rate analysis reveals that C3 hydrocarbons are the most important interme-
22 diate species contributing to the maturation of gas-phase composition. A comparison of the kinetic predic-
23 tions with equilibrium calculations demonstrates that the pyrolysis of ethanol in the synthesis reactor
24 applied is far away from equilibrium.
25 � 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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28 1. Introduction

29 Kinetics of ethanol combustion has been exten-
30 sively studied numerically in the literature. Mari-
31 nov [1] presented a detailed reaction mechanism

32emphasizing that high temperature ethanol oxida-
33tion is strongly sensitive to the falloff kinetics of
34the ethanol decomposition process and to the
35branching ratio assignments among the ethanol
36abstraction reactions. Recent work by Li et al. [2]
37showed that H2O and C2H4 are the major products
38of ethanol thermal decomposition at temperatures
39ranging from 1045 to 1080 K, and it was reported
40that the molecular decomposition reaction
41C2H5OH? C2H4 + H2O strongly depends on
42temperature and is the dominant reaction pathway
43at temperatures ranging from 300 to 2500 K at
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44 1 atm. Based on comparison of conversion and
45 deposit formation of ethanol and butane, Gupta
46 et al. found that there is no significant production
47 of species containing more than two carbon atoms
48 during the pyrolysis of ethanol, whereas propylene
49 production is significant during the pyrolysis of
50 butane at temperatures ranging from 973 to
51 1073 K [3]. Other previous work, however, reveals
52 that the use of ethanol as an oxygenate additive to
53 diesel fuel appears to be less desirable, since ethanol
54 may contribute to particulate carbon formation [4]
55 and easily form soot at elevated pressures making
56 ethanol an ideal candidate precursor for the forma-
57 tion of pyrolytic carbon.
58 Chemical vapor deposition is the most common
59 process for the synthesis of carbon/carbon compos-
60 ites, in which hydrocarbons are usually employed
61 as carbon precursors [5–7]. At high temperatures,
62 two general mechanisms for carbon deposition
63 exist [7]. Firstly, carbon can be formed as a result
64 of light hydrocarbon species reacting at substrate
65 edges on active sites. This process has been very
66 well studied with low pressure CVD experiments
67 using methane, ethylene, acetylene, propane, and
68 1,3-butadiene [8–10], and more recently the results
69 were taken as a basis for modeling the CVD/CVI
70 process of pyrolytic carbon [11–13]. The CVD
71 mechanism of each hydrocarbon involves pyrolysis
72 of the initial carbon precursor, maturation of the
73 gas-phase composition, chemical adsorption of
74 possible light carbon sources onto active sites of
75 surface edges, and finally the formation of carbon
76 by dehydrogenation of surface species. Secondly,
77 gas-phase reactions may lead to formation of spe-
78 cies with higher molecular weight, e.g., aromatics
79 and polycyclic aromatic hydrocarbons (PAH),
80 whichmay act as carbon precursors [7]. These reac-
81 tions are most important for the deposition of car-
82 bon from hydrocarbons at higher partial pressures
83 because of the premature gas-phase composition.
84 This process is usually initiated by gas-phase nucle-
85 ation at high temperatures followed by physical
86 adsorption of these nuclei on the substrate surface.
87 Therefore, no matter which mechanism is pro-
88 posed, the evolution of the gas-phase composition
89 determines the precursors of the carbon deposits.
90 In this context, it is essential to characterize the
91 gas-phase chemistry and kinetics of the pyrolysis
92 of ethanol and to understand how such reactions
93 can influence the formation of pyrolytic carbon
94 from ethanol.
95 In the present work, CVD experiments were
96 performed to study the effect of residence time
97 on the microstructure and the deposition rate of
98 pyrolytic carbon from ethanol. In ethanol, the
99 presence of the hydroxyl group leads to weaker
100 C–H bonds, suggesting it might be much more
101 reactive than C2 hydrocarbons [3]. One might also
102 expect that the presence of oxygen in ethanol will
103 more or less suppress carbon deposition. A reac-
104 tion rate analysis using detailed gas-phase chemi-

105cal kinetics to identify the key steps and species
106leading to molecular weight growth in ethanol
107pyrolysis is performed. Experimental investigation
108of pyrolytic carbon deposition from ethanol as
109well as modeling the pyrolysis of ethanol offer
110opportunities to study the fundamental behavior
111of an oxygen-containing carbon precursor and
112the influence of an oxygen-containing additive
113on the deposition of pyrolytic carbon from light
114hydrocarbons.

1152. Experimental setup and characterization
116methods

1172.1. Setup and materials

118The pyrolysis/deposition experiments were
119performed using a vertical flow reactor consisting
120of a ceramic tube with an inner diameter of
1218.6 mm, heated by a furnace with a length of
12230 cm. Bundles of high modulus carbon fibers
123(Toray M40-3k) were used as the substrate/pre-
124form. Ethanol was vaporized into a stream of
125argon. The wall temperature profile of the inner
126tube was measured using a k-type thermocouple.
127Figure 1(a) shows the scheme of the CVD reactor
128and Fig. 1(b) shows the wall temperature profiles
129of the reactor measured for two residence times.
130One can recognize that shortening the residence
131time by a factor of 4 has only little influence on
132the temperature profile of the reactor. This exper-
133imental study mainly focuses on the influence of
134the residence time (0.025–0.125 s), therefore the
135ethanol partial pressure of 5 kPa and the total
136pressure of 10 kPa were kept constant. The resi-
137dence time is determined by

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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s ¼ V R=V
:

f ð1Þ139139

140 where s is the residence time, VR the volume of the
141 isothermal part of the reactor chamber (approxi-
142 mately 5 cm in length), and Vf the volumetric flow
143 rate of the feed at reaction conditions. After 10 h
144 of densification, carbon fiber bundles were taken
145 out of the reactor, and the densified parts of the
146 bundles were then cut along the axial direction
147 into several small pieces to determine textures
148 and the mean deposition rate of carbon as func-
149 tion of the position in the reactor. In comparison,
150 two additional experiments using methane as pre-
151 cursor were also performed at a residence time of
152 0.125 s, a total pressure of 5 and 10 kPa, and a
153 deposition time of 30 h.

154 2.2. Determination of texture and deposition rate

155 Pyrolytic carbon deposits exhibit a broad vari-
156 ety of microstructures. A clear characterization of
157 the microstructures is a precondition to establish a
158 correlation between the microstructure formed
159 and the deposition conditions. The microstructure
160 of pyrolytic carbon deposits can be analyzed by
161 polarized light microscopy (PLM) on polished
162 cross-sections of the derived samples. The
163 extracted increasing extinction angle Ae correlates
164 with the increasing texture degree of pyrolytic car-
165 bon deposits, and three common types of laminar
166 pyrolytic carbon deposits can be distinguished as
167 shown in Fig. 2(a): low, medium, and high-tex-
168 tured (LT, MT, and HT) according to the present
169 terminology and dark laminar (DL), smooth lam-
170 inar (SL), and rough laminar (RL) according to
171 the former terminology, respectively [7,14]. The
172 orientation of graphitic stacks in high-textured
173 carbon is much more preferable to their orienta-
174 tion in low-textured carbon. For a quantitative
175 characterization of the carbon matrix in the pres-
176 ent work, the extinction angle Ae at cross-sections
177 of each sample was determined by polarized light
178 microscopy (PLM) using an improved measure-
179 ment technique [15] using digital monitoring of
180 light extinctions as it shown in Fig. 2(b). A
181 description of the method can be found elsewhere
182 [14,15]. In case of a completely circular fiber cross-
183 section, the systematic measurement error is about
184 ±1�. Since fibers are not circular in reality, the
185 actual error is in the range of ±1.5�. The mean
186 deposition rate of the carbon matrix was also
187 determined from PLM and the systematic error
188 is in the range of ±1 lm.

189 3. Experimental results

190 3.1. Microstructure of pyrolytic carbon

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

193high temperature pyrolysis of light linear hydro-
194carbons such as ethylene [10,11]. The hydroxyl
195group in ethanol weakens C–H bonds, suggesting
196that the pyrolysis of ethanol may be more sensi-
197tive to the residence time at high temperatures
198than in case of hydrocarbons. As a consequence,
199the residence time is expected to also have a major
200impact on carbon deposition from ethanol. Sev-
201eral experiments were performed with a deposi-
202tion time of 10 h and an ethanol partial pressure
203of 5 KPa at a total pressure of 10 kPa. Figure 3
204presents the evolution of the extinction angle of
205pyrolytic carbon along the axis of the fiber bundle
206synthesized using various residence times. It is
207obvious that a short residence time generally
208favors the formation of HT carbon. One distin-
209guished feature is the presence of a microstructure
210transition for all the residence times. For a given
211residence time, a MT layer is formed as the first
212zone around fibers and then a sudden transition
213of the microstructure to HT carbon occurs at a
214certain axial position of the fiber bundle. Figure
2154 shows polarized light micrographs taken at the
216positions indicated in Fig. 3 for samples prepared
217at a residence time of 0.025 s and one can recog-
218nize a clear texture transition at the position (d).
219Figure 5 compares the influence of various pre-
220cursors on the textures of pyrolytic carbon. In
221case of methane, a pressure of 10 kPa was applied,
222while a total pressure of 10 kPa and a partial pres-
223sure of 5 kPa are employed in case of ethanol to
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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).
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224 maintain the same initial concentration of carbon
225 atoms in the gas-phase. Generally, a similar tex-

226ture evolution of pyrolytic carbon is observed
227from the measured extinction angle profiles for
228both precursors. Methane, however, exhibits tex-
229ture transition earlier than ethanol.

2303.2. Carbon deposition rate

231The influence of the residence time on the car-
232bon deposition rate is shown in Fig. 6(a). A
233shorter residence time of 0.025 s leads to a maxi-
234mum deposition rate at the position of the highest
235temperature, suggesting that ethanol or its direct
236decomposition products may form carbon. On
237the other hand, a longer residence time results in
238an earlier and faster deposition on the front part
239of the fiber bundle. Figure 6(b) compares the
240influence of various precursors on the deposition
241rate of pyrolytic carbon. It is obvious that ethanol
242exhibits a much higher deposition rate than meth-
243ane even if the initial concentration of carbon
244atoms in the gas-phase is identical.

2454. Kinetics and discussion

2464.1. Gas-phase chemistry

247To explore the effect of gas-phase chemistry on
248the formation of pyrolytic carbon from ethanol,
249the conversion in the gas-phase of the reactor
250are numerically simulated using a detailed reac-
251tion mechanism for the description of pyrolysis
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Fig. 3. Influence of the residence time on the extinction
angle of pyrolytic carbon synthesized at p(C2H5OH) =
5 KPa and total pressure = 10 kPa.

Fig. 4. Polarized light micrographs of pyrolytic carbon
synthesized at s = 0.025 s, p(C2H5OH) = 5 KPa, total
pressure = 10 kPa, t = 10 h; (a–f) corresponds to the
axial positions indicated in Fig. 3.
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Fig. 5. Influence of precursors on the microstructure of
pyrolytic carbon synthesized at s = 0.125 s; p(C2H5OH)
= 5 KPa, total pressure = 10 kPa, densification time =
10 h (lower part) and 10 kPa CH4, densification time =
30 h (upper part).
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252 of ethanol at temperatures near 1273 K. Involving
253 261 species and 1177 reversible reactions, the gas-
254 phase reaction mechanism includes oxidation
255 kinetics for hydrocarbons up to naphthalene and
256 decomposition of hydrocarbons up to coronene
257 [16,17]. Additionally, it includes the molecular
258 weight growth reactions for PAH formation via
259 the hydrogen-abstraction-acetylene-addition
260 mechanism [18].
261 The proposed reaction mechanism of ethanol
262 pyrolysis was applied to model experimental data
263 published by Peg et al. [19]. In their experimental
264 setup, a flow reactor made of quartz with an inner
265 diameter of 45 mm and a length of 800 mm was
266 employed allowing temperature (T) variations
267 from 973 to 1473 K. Ethanol with a constant con-
268 centration of 50,000 ppm was fed into the reactor
269 by saturating a nitrogen stream in an ethanol solu-
270 tion allowing a total flow rate of 1000 ml min�1

271 (STP). The gas residence time was determined as a
272 function of the reaction temperature as: s = 1706/
273 T. A non-dispersive one-dimensional plug flow
274 model was used to simulate the experiments, and
275 the corresponding gas velocity on the inlet is deter-
276 mined as: Vinlet = 0.06T/1706. Based on the
277 detailed reaction mechanism, the DET-
278 CHEMPLUG code [20] was employed to predict
279 the gas-phase composition of this isothermal chem-
280 ical reactor. Figure 7 shows the comparison of
281 experimental results with the prediction of the plug
282 model. Generally, molar fractions of CO, H2, and

283CO2 increase with increasing temperature, while
284C2H2 and CH4 concentrations are almost constant
285at higher temperatures. An acceptable agreement
286was achieved between the experimental data and
287the predicted results except for an over-prediction
288of acetylene and an under-prediction of ethane at
289higher temperatures. The deviation may result
290from both the imperfection of the reaction mecha-
291nism and an over-simplification of the reactor
292model. After evaluation of the reaction model, we
293are confident to use the mechanism in simulations
294of the species profiles of the reactor used in the cur-
295rent study.

2964.2. Equilibrium calculations and kinetics

297First, equilibrium calculations are conducted,
298in which the formation of solid carbon (graphite)
299is permitted using the DETCHEMEQUIL code
300[20]; the simulation also includes all species of
301the detailed reaction mechanism proposed in the
302present work. For comparison, a reduced system
303is considered involving light hydrocarbons and
304CO, CO2, and H2O. Both results are illustrated
305in Fig. 8 (a) and (b). At temperatures around
3061400 K the presence of solid carbon results in an
307equilibrium gas-phase consisting of only CO and
308H2, while methane is the only stable hydrocarbon
309at temperatures below 800 K.
310Pyrolysis of ethanol was modeled using a two-
311dimensional flow model coupled with the detailed
312reaction mechanism and numerical simulations
313corresponding to a run of an ethanol partial pres-
314sure of 5 kPa at a total pressure of 10 kPa, which
315were performed using the DETCHEMCHANNEL

316code. The temperature profile shown in Fig. 1 is
317employed as the boundary condition. Figure 8(c)
318and (d) illustrate the influence of residence time
319on the axial distribution of dominant species in
320the gas-phase. A small residence time is helpful

(a) 

(b) 

Fig. 6. Influence of processing parameters on the
deposition rate of pyrolytic carbon synthesized at: (a)
p(C2H5OH) = 5 KPa, total pressure = 10 kPa, densifi-
cation time = 10 h and various residence times; (b)
various precursors with a residence time of 0.125 s,
10 h densification for ethanol and 30 h deposition time
for methane, respectively.

CO2

C2H6

C2H4C2H2

H2

CO

CH4

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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321 to avoid pre-decomposition of ethanol before
322 entering the isothermal part of the reactor under
323 the present operating temperatures. The distinct
324 evolution of the H2/CxHy ratio from the inlet to
325 the outlet corresponds to the significant decompo-
326 sition of ethanol under a longer residence time. In
327 spite of different residence times, the same domi-
328 nant species, however, are present in the gas-phase
329 including H2, H2O, C2H4, C2H2, CO, and CH4. A
330 shorter residence time leads to a smaller H2/CxHy

331 ratio, and may consequently, according to the
332 hydrogen inhibition model of carbon deposition
333 [12], lead to a bigger deposition rate as shown in
334 Fig. 6(a). Compared with Fig. 8(a) and (b), it is
335 obvious that the gas-phase composition shown
336 in Fig. 8(c) and (d) is far away from equilibrium.

337 4.3. Reaction rate analysis

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

342[1–4]: a higher temperature (1373 K), shorter resi-
343dence time (0.001–0.125 s) and a lower ethanol
344partial pressure of 5 kPa at a total pressure of
34510 kPa. The DETCHEMBATCH code was
346employed to numerically simulate homogeneous
347conversion in the gas-phase at isothermal and iso-
348baric condition. Figure 9 illustrates the reaction
349rate analysis corresponding to a residence time
350of 0.025 s. All reaction channels contributing less
351than 5% to the total reaction flow are eliminated.
352Two reaction pathways in ethanol pyrolysis can
353be detected: One flow leads to the increase of the
354molecular weight of hydrocarbons and the other
355to the emission of CO and CO2. Among the four
356dissociation channels of ethanol,

Mþ C2H5OH ¼ MþH2Oþ C2H4 ð2Þ
Mþ C2H5OH ¼ Mþ CH2OHþ CH3 ð3Þ
Mþ C2H5OH ¼ Mþ CH3HCOþH2 ð4Þ
Mþ C2H5OH ¼ MþOHþ C2H5 ð5Þ 358358

359the first two reactions are dominant under the cur-
360rent CVD conditions, especially the first reaction
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361 resulting in over 55% of the total consumption
362 rate of ethanol. C3 hydrocarbons are clearly the
363 most important intermediate species contributing
364 to conversion in the gas-phase. One should notice
365 that the influence of the hydroxyl group on the
366 evolution of the composition of light species is
367 weak. It does, however, strongly consume ben-
368 zene, the first aromatic ring, forming CO and fur-
369 ther CO2 with over 62% consumption rate of
370 benzene resulting from the following channel:

C6H6 þOH ¼ Hþ C6H5OH: ð6Þ372372

373 Further calculations show that decreasing resi-
374 dence time will evidently weaken the influence of
375 the hydroxyl on benzene consumption. In other
376 words, controlling the residence time is an efficient
377 way to adjust the ratio of C2/C6 which determines
378 the microstructure of deposited carbon [21,22].
379 Following the ‘particle-filler’ model of carbon for-
380 mation [23,24], it is then easy to understand the
381 significant influence of the residence time on the
382 evolution of the microstructure of pyrolytic car-
383 bon as shown in Fig. 3.
384 In the present work, reaction rate analysis also
385 reveals that the methyl group plays an important
386 role in the evolution of the gas-phase composition
387 during the pyrolysis of ethanol. It is known that,
388 on the carbon surface, methyl radicals signifi-
389 cantly determine the availability of active sites
390 for deposition due to recombination reactions
391 [25], which possibly explains the similar evolution

392of the microstructure of CVD carbon from etha-
393nol with that from methane as shown in Fig. 5.

3945. Conclusions

395The present work experimentally studied
396chemical vapor deposition of carbon from etha-
397nol. A short residence time generally favors the
398formation of high-textured carbon. The maximum
399deposition rate of pyrolytic carbon increases with
400decreasing residence time. Much higher deposi-
401tion rates with a similar microstructure evolution
402were found, comparing carbon deposition from
403ethanol with that from methane.
404A detailed reaction mechanism was proposed
405to model the gas-phase composition involved in
406the pyrolysis of ethanol. Reaction rate analysis
407based on the proposed reaction mechanism dem-
408onstrates that decreasing residence time will evi-
409dently weaken the influence of the hydroxyl on
410benzene consumption, implying that the hydroxyl
411affects the C2/C6 ratio in the gas-phase and even-
412tually controls the evolution of the microstructure
413of pyrolytic carbon with respect to various resi-
414dence times. Although C3 hydrocarbons are less
415stable than C2 hydrocarbons in the gas-phase,
416reaction rate analysis shows that they are the most
417important intermediate species contributing to the
418maturation of gas-phase composition. Comparing
419the kinetic predictions to equilibrium calculations
420reveals that the tubular reactor of ethanol pyroly-
421sis is operated far away from equilibrium.
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Fig. 9. Reaction rate flow predicted for a temperature of
1373 K, a residence time of 0.025 s, an ethanol partial
pressure of 5 kPa at a total pressure of 10 kpa.
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