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ABSTRACT: The thermal decomposition of C,HsOH highly diluted in Ar (1
and 3 ppm) has been studied by monitoring H atoms using the atomic
resonance absorption spectrometry (ARAS) technique behind reflected
shock waves over the temperature range 1450—1760 K at fixed pressure: 1,
1.45, and 2 atm. The rate constant and the product branching fractions have
been determined by analyzing temporal profiles of H atoms; the effect of the
secondary reactions on the results has been examined by using a detailed
reaction mechanism composed of 103 elementary reactions. The apparent
rate constant of ethanol decomposition can be expressed as k; /s~ = (5.28 £
0.14) x 10" exp[—(23 530 + 980)/T] (T = 1450—1670 K, P = 1—2 atm)
without a detectable pressure dependence within the tested pressure range of
this study. Branching fractions for producing CH; + CH,OH (1a) and H,O +
C,H, (1b) have been examined by a quantitative measurement of H atoms
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produced in the successive decompositions of the products CH,OH (1a): the pressure dependence of the branching fraction for
channel 1a is obtained by a linear least-squares analysis of the experimental data and can be expressed as ¢, = (0.71 £ 0.07) — (826 &
116)/T, (0.92 % 0.04) — (1108 & 70)/T, and (1.02 + 0.10) — (1229 + 168)/T for T = 1450— 1760 K, at P = 0.99, 1.45, and 2.0 atm,
respectively. The rate constant obtained in this study is found to be consistent with previous theoretical and experimental results; however,
the pressure dependence of the branching fraction obtained in this study is smaller than those of previous theoretical works. Modification
of the parameters for the decomposition rate in the falloff region is suggested to be important to improve the practical modeling of the

pyrolysis and combustion of ethanol.

1. INTRODUCTION

Because of the increasing demand for environmentally clean
renewable energy sources, the pyrolysis and combustion of
alcohol fuels are the targets of investigation both in fundamental
kinetic studies and application to practical combustion systems.
Ethanol (C,Hs;OH) is one of the most versatile renewable
energy sources. It is already being used as a neat fuel, as an
oxygenate additive, or as a fuel extender in gasoline. Hence the
detailed investigation of ethanol decomposition

CyHsOH( + M) — products (1)

has been regarded to be important, and several experimental and
theoretical studies have been conducted. Park et al." examined 11
possible decomposition channels in their theoretical calculations
based on the potential energies obtained by the G2M method
using a microcanonical variational RRKM code.” They con-
cluded that the reactions 1a and 1b are predicted to be dominant
in a high-temperature and moderate-pressure range

CszOH — CH,OH + CH3 (13)
- C2H4 + Hzo (lb)

Also a minor but certain contribution from channel Ic is
indicated under high-pressure conditions

CszOH - C2H5 + OH (1C)
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Park et al. also examined the rate constant for 1a and 1b, k;, and
kv, by conducting a pyrolysis experiment in a quartz reactor
employing Fourier transform infrared (FTIR) spectrometry
for product analyses and the measurement of [H,0]; and [COJ,
profiles using cw CO lasers by shock tube study at high tem-
perature.” The experimental data displayed good agreement
with predicted theoretical calculation and some of the previous
experimental results.*”®

Marinov constructed a detailed kinetic model of ethanol
pyrolysis and oxidation so as to examine experimental results
of the shock-induced ignition of rich ethanol mixtures.® Tsang
examined the rate constants for the three channels 1a—1c based
on existing experimental and estimated results.” Li et al. supplied
experimental data on k;;, by monitoring ethanol pyrolysis using a
flow reactor at 1.7—3.0 atm and 1045—1080 K.'* They also
conducted calculation based on the multichannel RRKM model
to compare with their experimental results. Reaction 1c was not
taken into consideration in their calculation. At high tempera-
tures, the calculated k,, agreed well with the value of Park et al;
however, the calculated ky;, displayed a higher value than that of
Park et al.!
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Recently, Sivaramakrishnan et al. performed both experiments
(shock tube experiments/OH optical absorption and H-ARAS
detection) and theoretical calculation (ab initio transition state
theory-based master equation) to study the kinetics of ethanol
decomposition."" They conducted experiments at low concen-
tration of ethanol to reduce the effects of the secondary reactions,
and the rate constants kj, and k;. were measured directly by
monitoring H and OH concentrations. They concluded that the
branchimg fraction of 1c was very small; the main channels of
thermal decomposition of C,HsOH are la and 1b under the
experimental conditions of their study; this is consistent with the
previous theoretical investigation by Park et al."

As a summary of the previous studies on the thermal decom-
position of ethanol, the total rate k; is in the falloft region at
around 1 atm showing fairly good agreement in the published
experimental and theoretical studies, and the contribution of the
branching fraction lc has been concluded to be minor at
moderate combustion condition (T = 1000—2000 K at around
1 atm). Although the branching fractions of the main channels 1a
and 1b are suggested to have fairly large pressure dependence in
all the previous theoretical works, they are not consistent with
each other and experimental evidence to examine such discre-
pancies is still insufficient.

The objective of this study is to obtain information on the total
rate and the branching fraction of ethanol decomposition by
employing very low concentrations (1 and 3 ppm C,H;OH
diluted in Ar) to minimize the influence from side reactions.
Utilizing the advantage of the diaphragmless shock tube, it is
possible to achieve measurements at a fixed pressure over a wide
temperature range. A special concern in this study is on the
examination of the pressure dependence indicated in previous
studies. A shock tube/H-ARAS technique is used to monitor H
atoms behind reflected shock waves at high temperature
(1450—1760 K) under 1, 1.4S, and 2 atm Ar pressures.

2. EXPERIMENTS

A diaphragmless shock tube apparatus (length 5.9 m and i.d.
7.6 cm) with an atomic resonance absorption spectrometry
(ARAS) detection system has been used to study the kinetics
of ethanol decomposition at high temperature. The details of
experiments have been described in previous studies.'>'® For the
measurements of temporal profiles of [H], resonant atomic absorp-
tion of H atoms corresponding to transition [’P—7S,,,(2p—1s)] at
121.6 nm was monitored using a microwave-discharge lamp with
a flowing gas mixture of 1% H, in He, filtered with a vacuum UV
monochromator and detected by a solar-blind photomultiplier
tube (PMT). The light passes perpendicularly through the MgF,
windows at 4 cm upstream of the end plate of the shock tube.

The high sensitivity for H-atom detection technique has been
proven to be useful for studies on detailed elementary reactions
in our previous report." Before each series of runs, careful baking
and pumping of the shock tube and the vacuum lines for a
sufficient long period (typically 3—7 days), as well as the blank
tests using shock-heated pure Ar, were the essential and routine
procedure in this study. The blank tests were repeatedly con-
ducted so as to confirm no detectable trace of H atom (less than
10" atom cm ) for pure Ar is produced in the reflected shock-
wave condition of concern. It is convincing that reliable results
can be obtained only by repeating such time-consuming proce-
dures for the kinetic studies conducted in our group using very
low concentration of sample gas.

Decomposition of C,H;I was used to construct a calibration
curve of the concentration of H atoms, as C,HI supplies H atom
quickly with ¢ = 0.90 % 0.02 at high temperature.'*"> Several
mixtures of C,Hsl in Ar were shock heated over a wide tem-
perature range. For the tests using high concentration of C,H;l
(above 10" molecules cm ), temporal absorption intensity
shows slow decay due to the secondary reaction: H+ HI—H, +
L In this case, linear extrapolation of the signal intensity of H
atoms back to t = 0 (arrival of the reflected shock wave) was
employed to cancel the effect. The concentration of H atoms is
expressed by the equation

[H]/10"atomem ™ = (0.3816A% — 0.0025A% + 0.6141A)F(T)
(1)

in which the absorbance A = In(I,/I), where I, and I denote the
light intensity before and after production of H atoms, respec-
tively, and F(T) denotes the temperature dependence given as
F(T) = (147.8/T) + 0.931. The accuracy of this correlation
becomes poor for [H] > 2 X 10" atom cm > due to the satura-
tion of absorption; therefore, most experiments in this study
were carried out below this range.

The experiments were conducted by using sample mixtures of
1 and 3 ppm C,H;OH diluted in Ar. The thermal decomposition
of C,HsOH was carried out under three different pressures (0.99 &
0.02, 1.45 £ 0.02, and 2.02 = 0.02 atm) over 1450—1760 K. All the
experimental conditions are summarized in Table 1.

He (99.9995%, AGA Specialty Gases), Ar (99.9995%, AGA
Specialty Gases), and H, (99.999%, BOCLH Industrial Gases) were
used without further purification. C,Hs;OH (99.8%, Mallinckrodt,
Analytical Reagent grade) was purified by passing the vapor through
molecular sieves to remove trace water impurity. C,HsI (99%, Sigma-
Aldrich, Reagent Plus grade) was purified by repeated degassing by

successive freezing and pumping cycles.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Product Branching Fraction. Although a direct channel
to produce H atoms in the thermal decomposition of C,HsOH is
negligible as pointed out by Park et al," the products of channel
la (CH,OH) and 1c (C,Hs) decompose quickly and supply H
atoms through eqs 2 and 3 at elevated temperatures over 1000 K; i.e.

CH,OH+M — CH,0+H+M (2)

CHs+M — CH,+H+M (3)

An example of the observed temporal profile produced in the
3 ppm C,HsOH in Ar is shown in Figure 1. After the reflected
shock waves pass through the detection system, the concentra-
tion of H shows exponential rise to the steady level [H] . As
already confirmed in the previous studies,"'" contribution of 1c
to produce H atoms is much smaller than 1a, so 1c is not taken
into consideration in the analysis of the present experiment.

If the concentration of C,HsOH is sufficiently low, the
branching fraction of la, ¢y, can be expressed with good
accuracy by the simple relation

b = kia/ky = [H]oo/[CZHSOH]o (1)

where [C,HsOH] is the concentration of C,H;OH at t = 0. By
measuring [H]., ¢;, can be evaluated in a straightforward
manner at high temperatures as shown in Figure 1. The produc-
tion rate is not fast enough in the low-temperature range to
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Table 1. Summary of the Experimental Conditions for
Thermal Decomposition of C;H;OH at (A) 0.99 + 0.02
(B) 1.45 %+ 0.02, and (C) 2.02 % 0.02 atm

(A)
CHsOH  ps(C,HsOH)/  ps(Ar)/

(ppm) 102 109 Ty/K ki/s O1a
1.00 0.41 4.08 1725 0.23
1.00 0.44 436 1644 42400 £ 12550 022
1.00 0.46 4.59 1547 12900 + 1800  0.18
1.00 0.51 5.07 1461 4260 + 535 0.14
3.00 123 411 1748 0.23
3.00 1.31 436 1659 40400 & 5100 020
3.00 1.40 4.65 1584 18800 = 1000  0.17
3.00 1.53 5.09 1469 5580 +£2295  0.13

(B)
CHs;OH  ps(C,HsOH)/  ps(Ar)/

(ppm) 10" 108 Ts/K ky/s @1a
1.00 0.60 595 1740 0.28
1.00 0.64 6.39 1662 34600 + 6850  0.26
1.00 0.67 6.68 1623 27200 + 4500  0.24
1.00 0.68 6.79 1537 13100 + 6440  0.20
1.00 0.71 7.06 1507 9870 #2315 0.19
1.00 0.74 7.39 1460 6130+ 555  0.15
3.00 191 6.37 1656 30600 £ 9550  0.24
3.00 2.00 6.66 1611 18800 + 7900  0.21
3.00 2.04 6.79 1547 10700 #+ 3315 0.20
3.00 2.11 7.03 1495 6790 + 1635  0.17
3.00 2.20 7.35 1449 5000 £ 845  0.13

()
C,HsOH ps(C,HsOH)/

(ppm) 10" ps(Ar)/10'  Ts/K ky/s Pra
1.00 0.84 8.43 1760 0.30
1.00 0.90 8.96 1661 43900 + 16450 0.28
1.00 0.95 9.50 1559 12900 + 1100 0.22
3.00 2.52 8.38 1740 0.33
3.00 2.68 8.92 1648 33400 - 12000 0.28
3.00 2.86 9.51 1563 14200 £ 5585  0.25
3.00 3.04 10.1 1476 7490 £ 610  0.18

“ Unit of molecules per cubic centimeter. b Rate coefficient with limit of
errors obtained by numerical simulation (see text).

measure directly the steady level of H atom within 500 «s (which
is assigned as the upper limit to avoid perturbation caused by the
reflected shock wave—contact surface interaction). In such a
case, [H], was evaluated by fitting the observed profile of H
atoms to a simple exponential function vs time.

At the beginning of this study, sample gas was prepared with
the standard simple procedure: Nominal concentration of C,H;OH
was determined from pressure measurements by using Baratron
capacitance manometers, but it is worthwhile to note that real
[C,HsOH], was found to have a non-negligible deviation from the
nominal value. It was found that the evaluated results on ¢, were
inconsistent for the different concentration samples with one another.
The loss on the wall of the sample cylinders (made of stainless steel)

was supposed to be the reason. Therefore, in order to reduce the
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Figure 1. Example of the temporal profile of H atoms observed behind a
reflected shock wave for 3 ppm C,HsOH in Ar: T = 1547 K, P = 1.4S atm;
the inset is the analysis of the first-order rate by using eq II, where the red
straight line is the result of analysis given by the linear least-squares fitting of
the experimental data.

effect of loss, higher concentration sample gas (1000 ppm C,Hs;OH
in Ar) was initially introduced into the sample cylinder to purge the
wall for about 30 min and evacuated again to a sufficiently high
vacuum level, and then sample gas (1 and 3 ppm C,HsOH in Ar) was
prepared by the standard procedure of pressure measurement. With
this treatment, the magnitude of evaluated ¢, in different concentra-
tion samples became stable and consistent with one another.

The result of measured ¢, determined after such treatment is
shown in Table 1. The experimental data for T = 1450—1760 K
can be summarized by a linear least-squares analysis as

¢,, = (0.71 £ 0.07) — (826 + 116)/T
(P = 0.99 £ 0.02 atm) (III-1)

¢,, = (0.92 & 0.04) — (1108 £ 70)/T
(P = 1.45 4 0.02 atm) (111-2)

¢, = (1.02 £ 0.10) — (1229 + 168)/T
(P = 2.02 £ 0.02 atm) (111-3)

The present result is summarized in Figure 2 and compared
with previous theoretical and experimental results."'*'" The
experimental data on ¢;, in this study were found to be
noticeably smaller than the theoretical values of Park et al.'
and Sivaramakrishnan et al.'’ but larger than that of Li et al."’
Also the present result is slightly smaller than the experimental
result of Sivaramakrishnan et al.'' Although the results for the
different concentrations of C,Hs;OH are consistent with each
other through the pretreatment of the shock tube with the
sample gas, it may not guarantee to have the accurate concentra-
tions. For the case of CH3OH, the initial concentration could be
accurately evaluated by conducting comparative measurements
of H atoms for the same CH3OH sample with excess H, (since all
the radical products can be converted to H atoms correspond-
ing to two times of the initial concentration of CH;OH,
regardless of the products branching)."® Such a method cannot
be applied to the present case of C,H;OH; a possible
uncertainty in the initial concentration of C,H;OH may be
one of the reasons for the slight difference in our result from
that of Sivaramakrishnan et al."!
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Figure 2. Branching ratios of H-atom production channel 1a obtained
by using the first-order analysis at 1450—1760 K compared with
previous works. Present work: O, 1 and 3 ppm C,H;OH in Ar at P =
0.99 £ 0.02 atm; [, 1 and 3 ppm C,HsOH in Ar at P = 1.45 £ 0.02 atm;
A, 1 and 3 ppm C,H;OH in Ar at P = 2.02 = 0.02 atm. The blue dash-
dot line is the linear least-squares analysis of the present data for the
three pressure ranges. Solid and dashed curves (black): Park et al." at P =
1 and 10 atm, respectively; solid and dashed curves (green): Li et al.*®
at P = 1 and 10 atm, respectively; solid and dashed curves (red):
Sivaramakrishnan et al.'’ at 1 and 10 atm, respectively; A, H, @,
experimental work of Sivaramakrishnan et al.'' at P = 0.95—1.29,
0.49—0.79, and 0.2—0.5 atm, respectively.

Pressure dependence of ¢;, measured in the present experi-
ment is indicated to be consistent with those theoretical predic-
tions given by Park et al." and Sivaramakrishnan et al.'" Also, the
experimental result on the pressure dependence by Sivaramakrishnan
etal." obtained in the lower pressure range (0.2—1.28 atm) seems to
be consistent with the present study.

3.2. Thermal Decomposition Rate. For the highly diluted
sample gas, the first-order total rate constant k; can be approxi-
mately given by the equation

In(1—[H]/[H],) = — kit (Iv)

An example of the first-order analysis is displayed in the inset
in Figure 1. As the very low concentration of C,Hs;OH (1 and
3 ppm in Ar) is used in this study, evaluating k; by using the
simple analysis with IV seems to be a reasonable approxima-
tion. However, in order to reduce the uncertainty caused by
the secondary reactions, numerical simulation (using a reac-
tion mechanism shown in Table S1 of the Supporting
Information) was conducted to determine k;. Here, the
construction of the reaction mechanism was based on the
previous kinetic studies on thermal decomposition of C,HsOH and
simple hydrocarbons,' 316722

The empirical correlation III-1—III-3 of ¢;, presented in the
previous paragraph was retained in the numerical simulation as
restricted conditions, i.e., ki, = @1k, and ki,= ky — ki, — ki
where k;. was given by the theoretical results by Sivaramakrish-
nan et al.'' By comparing profiles of H atoms obtained by the
numerical simulation with the experiment, the total rate k; was
determined so that the best fit to the experimental profile was
achieved; i.e, the integration of the normalized deviation from
experimental profiles of [H] became minimum. The error limit
for the estimated rate was evaluated by assuming Gaussian
distribution for the integration of the normalized deviation
against variation of k;. The sensitivity analysis for H atoms was

3 n = — 1023
2 - 0.15
1 k/s' = 40400 [0
L 0 ; : . x 0.00
'E 0 100 200 300 400 500
= =
E 44 (8) P e 020
2 . i wy
Nt'ﬁ 24 = § -D.1D:|:N
= k/s' = 10700
T o . : - . — 0.00=,
L 0 100 200 300 400 500 I
6 020
Tc [
44 « e 013
1 : k/s'=7490 [007
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Figure 3. Comparison of observed [H] profiles with those obtained by
numerical simulation. (A) 3 ppm C,HsOH in Arat T = 1659 Kand P =
0.99 atm, (B) 3 ppm C,HsOH in Ar at T = 1547 K and P = 1.44 atm, and
(C) 3 ppm C,H;OH in Ar at T = 1476 K and P = 2.04 atm. The best fit
profiles using the numerical simulation are shown by red solid curves.
The results of numerical simulation with £10% of the center value of k;
are shown by red dotted lines in (B) and (C).

also performed to examine the effect of the secondary reactions.
(An example of such analysis is shown in Figure S1 of the
Supporting Information.) Examples of the [H] profiles com-
pared with numerical simulations are shown in Figure 3.

For the experimental data on k; at ~1650 K, the time
resolution of the detection system is not sufficiently fast enough
to analyze in a straightforward way. Observed profile h(t) in this
case should be the convolution of real profile f(t) and the time
resolution function of the detection system g(t), ie, h(t) =
f(£)g(t). The latter can be given by measuring the profile of H
atoms produced in the thermal decomposition of C,H;l in the
same detection system, because the reaction to supply H atoms
should be very fast (less than 1 us). From the observed profile
of H atoms in C,H;l, the time resolution function can be
well represented by a simple relation g(t) = 1 — exp(—t/7) with
T =23 us. The real profile representing the thermal decomposi-
tion of C,HsOH, f(t), could be evaluated by deconvoluting the
observed profile h(t) with g(t). In Figure 3a, an example at 1659 K is
displayed inversely; i.e., the experimental profile of [H] (black solid
line) is compared with the convoluted profile of numerical simula-
tion (red solid line).

The present convolution/deconvolution process cannot be
applied for the higher temperature data (1700—1750 K) where
the time constant of the first-order decomposition becomes
much closer to that of the detection system; also such a pro-
cedure was not necessary for the data below 1600 K as shown in
Figure 3b and 3c, where the raw data of the numerical simulation
are directly compared with the experiment. Also numerical
simulations assuming =10% of the center value of k; are shown
by red dotted lines for comparison.

The rate constant k; determined as described above is shown
in Table 1 and summarized in Figure 4 compared with previous
theoretical and experimental results. It is confirmed that the
results obtained by the simple first-order analysis IV shows very
small deviation (smaller than the estimated error limit of the
individual data point) from those of numerical simulation for the
present experimental condition; therefore, the branching fraction
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Figure 4. Summary of the experimental and theoretical studies on k;.
Present work: O, 1 and 3 ppm C,H;OH in Arat P =0.99 £ 0.02 atm; [J,
1 and 3 ppm C,H;OH in Ar at P = 1.45 £ 0.02 atm; A, 1 and
3 ppm C,HsOH in Ar at P = 2.02 = 0.02 atm. The blue dash-dot line is
the linear least-squares ana1y51s of the present data. Solid and dashed
curves (black): Park et al." at P = 1 and 10 atm, respectively; solid and
dashed curves (green): Li et al. 2tP=1and 10 atm, respectively; solid
and dashed curves (red): Sivaramakrishnan et al.'' at 1 and 10 atm,
respectively; A, B, @, experimental work of Sivaramakrishnan et al."!

P =0.95-1.29, 049—0.79, and 0.2—0.5 atm, respectively.

@1, discussed in the previous paragraph is concluded to have
negligibly small error even though the method of extrapolation with a
simple relation IV was employed in the low-temperature region.
By applying linear least-squares analysis, the results of this
study for the apparent rate constant k; can be expressed as

ki/s™' = (5.28 £ 0.14)

x 10" exp| — (23530 % 980)/T](P = 1-2 atm)

V)

The experimental result obtained by Sivaramakrishnan et al. in
the lower pressure range (P = 0.20—1.28 atm)"" is compared in
Figure 4. Their experimental data are slightly smaller than ours.
The experimental condition listed in Table 1 is evaluated by
using the ideal shock relation in this study. In contrast, the
experimental results of Sivaramakrishnan et al. were obtained by
including the correction of boundary layer effect for the estima-
tion of the experimental condition; the experimental results can
be closer to each other if the same method for evaluation of the
experimental condition is employed. The correction for the
boundary layer effect in this study is difficult because the con-
dition for applying Mirels theory is not attained for the diaphragm-
less shock tube system. Therefore, it is reasonable to regard the
present result as having about 2% higher in the evaluated temperature.
The magnitude of k; determined in this study is found to be
also consistent with the previous theoretical calculations
although pressure dependence is not clearly demonstrated within
the 1—2 atm pressure.”'”'" The uncertainty in the estimated
experimental data for k; of this study was found to be larger than
the pressure dependence predicted by the previous theoretical
studies. As the pressure dependence of the branching fraction for
lashown in Figure 2 is not so large, the uncertainty in k; obscures
the pressure dependence of k;, and ky}, as shown below.
Essentially, k; should be expressed as a second-order reaction
because thermal decomposition of C,HsOH should be apparently in
the falloff region. However, it is convenient to summarize k; in first-
order rate here due to the small pressure dependence at P=1—2 atm.

T T T T T T T —T T T T T

060 065 070 075 080 085 090 0.95
1000T /K"

Figure 5. Summary of the experimental and theoretical studies on ki,
Present work: O, 1 and 3 ppm C,H;OH in Arat P =0.99 £ 0.02 atm; [J,
1 and 3 ppm C,H;OH in Ar at P = 1.45 £ 0.02 atm; A, 1 and
3 ppm C,HsOH in Ar at P = 2.02 &= 0.02 atm. The blue dash-dot line is
the linear least-squares analysls of the present data. Solid and dashed
curves (black): Park et al." at P = 1 and 10 atm, respectively; solid and
dashed curves (green): Lietal.'”at P = 1 and 10 atm, respectively; solid
and dashed curves (red): Sivaramakrishnan et al.'' at 1 and 10 atm,
respectively; A, B, @, experimental work of Sivaramakrishnan et al."!

P =0.95-129,0.49—0.79, and 0.2 — 0.5 atm, respectlvely Dash-dot- dot
(black): experimental data (1 atm) by Natara]an et al® Cross-hair curve
(black): experimental data by Tsang et al.”.

T hd T hd T hd T b T b T ¥ T T T T
060 065 070 075 080 085 080 095

10007 /K’

Figure 6. Summary of the experimental and theoretical studies on k;p,.
Present work: O, 1 and 3 ppm C,HsOH in Ar at P = 0.99 £ 0.02 atm; [J, 1
and 3 ppm C,HsOH in Ar at P = 1.45 % 0.02 atm; A, 1 and 3 ppm C,H;OH
in Arat P=2.02 £ 0.02 atm. The blue dash-dot line is the linear least-squares
analysis of the present data. Solid and dashed curves (black): Park etal." at P=
1 and 10 atm, respectively; solid and dashed curves (green): Lietal®at P=1
and 10 atm, respectively; solid and dashed curves (red): Sivaramakrishnan
etal” at 1 and 10 atm; A, W, @, experimental work of Sivaramakrishnan
etal' at P=0.95—1.29,0.49—0.79, and 0.2—0.5 atm, respectively. Blue H,
experimental data by Li et al;'® red W, experimental data by Herzler et al.”>.

By combining the experimental results (III) and (V), ky, is
evaluated and shown in Figure 5, compared with previous
studies."®”"*!! The present result is summarized as

ki/s™' = (4.06 &+ 0.13)

10" exp[ — (29400 £ 1350)/T] (V1)

This result is consistent with the theoretical prediction by
Sivaramakrishnan et al.'' in the Iow—temperature range below
1500 K, but it approaches those by Park et al." and Li et al.'® a
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higher temperatures. The pressure dependence of the measured
rate is obscured by the scatter of the data on k;. The experimental
result by Sivaramakrishnan et al.'' is also consistent with the
present study.

The experimental result on ky, is shown in Figure 6 for
comparison with those of previous studies.”'”'"** The present
result is summarized as

kwp/s™' = (1.72 £ 0.05)
% 10" exp[ — (22150 £ 1070)/T](P = 1-2 atm)
(Vi)

This agrees well with the theoretical prediction by Sivaramakrishnan
et al. but is substantially larger (about two times at 1600 K)
than their experimental values.'' The difference is caused by
the discrepancies in ¢;, and k; as shown in Figures 2 and 4. It is
difficult to speculate why such a difference was introduced, but
the uncertainties of the initial concentration of C;H;OH and
experimental temperature as stated above may result in the
deviation in k.

4. CONCLUSION

The kinetics of C,H;OH thermal decomposition in the
temperature range of 1450—1760 K (at P = 1—2 atm) was
studied by using a shock tube system with atomic resonance
absorption spectrometry of H atoms. Pressure dependence of the
measured ¢, determined by analyzing evolution of [H] can be

expressed by
¢,, = (0.71 £ 0.07)

— (826 £ 116)/T(P = 0.99 £ 0.02 atm)  (III-1)

¢, = (0.92 £ 0.04)
— (1108 £ 70)/T(P = 1.45 &+ 0.02 atm)  (III-2)

¢, = (1.02 £ 0.10)
— (1229 %+ 168)/T(P = 2.02 & 0.02 atm) (III-3)

The magnitude of branching ratio of channel 1a is smaller, but
the observed pressure dependence is consistent with previous
theoretical predictions of Sivaramakrishnan et al.'' and Park
etal.' The uncertainty of this result depends on the magnitude of
the branching fraction for 1¢; the upper limit of the estimated
error is less than 10%."" It is worth mentioning that the indicated
small pressure dependence of III-1—III-3 cannot be determined
if the diaphragmless shock tube system was not available.

The apparent total rate constant k; for C,H;OH thermal
decomposition from different concentration mixtures does not
exhibit a clear pressure dependence within the 1—2 atm pressure
studied; our result can be summarized as

ky/s™' = (5.28 &+ 0.14)
x10"exp[ — (23 530 & 980)/T](P = 1—2 atm)

V)

As the accurate parameters for the branching fractions and the
rate of decomposition in the falloff region are important in
practical modeling of the pyrolysis and combustion of ethanol,
further experimental information, especially from measurements
at an extended higher pressure range, should be very useful.
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© Ssupporting Information. Mechanism of C,H;OH
thermal decomposition consisting of 103 elementary reactions
for numerical simulation (Table S1); sensitivity analysis of
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(Figure S1). This material is available free of charge via the Internet
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