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Atomic Resonance Absorption Spectroscopy Measurements on
High-Temperature CO Dissociation Kinetics

Hans-Jiirgen Mick,* Michael Burmeister,* and Paul Roth*
Universitit Duisburg, 41 Duisburg, Germany

The dissociation rate coefficient of CO was measured behind reflected shock waves in the temperature range
5500 =<7 <9000 K. By the use of the atomic resonance absorption spectroscopy (ARAS), the time-dependent
_formation of C and O atoms could be directly observed in the postshock reaction zone. The experiments were
performed in mixtures of CO highly diluted in argon at pressures between 0.5 and 1.3 bar. The initial CO
concentrations varied from 100 to 10,000 ppm. Assuming vibrational equilibrium, the data for the thermal
decomposition of CO, (CO +ArﬂC + O+ Ar), can be represented by the following modified Arrhenius expres-
sion: k1 =4.3 X 10277 3.1 exp(— 129,000 K/ T) cm3mol — 15— 1+ 50%. Computer simulations based on a two-tem-
perature model were not able to explain observed reaction induction times. Vibrational relaxation alone seems
to have a negligible influence under the present conditions. The effect of impurities was minimized by keeping
background pressure in the shock tube below 5x 107 mbar.

1. Introduction

HE high-temperature thermal dissociation of carbon
monoxide
CO+Ar#C+0+Ar (R1)
which is, for example, of interest in hypersonic flows over
carbonaceous surfaces, has been studied in several shock tube
" experiments'- and is part of theoretical considerations and
reviews.® In nearly all papers, the bond dissociation tempera-
ture was assumed to be 129,000 K (D =1072 kJ mole™ ).
Apart from the work of Hanson,? who followed the end wall
pressure and the C, emission, all other experiments were
done by measuring the CO concentration during the dissocia-
tion process. Appleton et al.! determined the rate coefficient
based on vacuum uv absorption of CO, whereas Davies,?
Chackerian,* and Presley et al.” measured the CO concentra-
tion by infrared emission spectroscopy. All of these investiga-
tions were summarized by Baulch et al.,® who recomimend a
rate coefficient for CO dissociation with A = Ar based on
data from Davies? and Appleton et al.! In all of the experimen-
tal studies the reaction induction time seems to be longer than
the extrapolated vibrational relaxation time. Fairbairn'®!! and
Appleton et al.! described the induction period and the follow-
ing steady-state dissociation by a mechanism which included
electronically excited CO and C, as active intermediate speciés
dissociating to the products C and O.

The aim of the present study is to determine the carbon
monoxide dissociation rate coefficient by measuring the time-
dependent concentrations of the reaction products C and O.
The experiments were performed in the temperature range
5500=<T7 <9000 K using atomic resonance absorption spec-
troscopy (ARAS) to measure the concentrations of the atomic
species. In the past the combination of shock tube technology
and ARAS proved to be a very sensitive and powerful tech-
nique for high-temperature gas phase kinetics studies.!>"!> To
our knowledge it is the first time that the reaction products
were measured during CO dissociation. Since the initial CO
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was highly diluted in argon, the chemistry can be assumed to
be decoupled from transport processes, and simple kinetic
interpretation of the measured atom concentration is made
possible. '

II. Experimental

The experiments were conducted behind reflected shock
waves in a stainless-steel shock tube of 79 mm inner diameter.
The tube is constructed as an ultrahigh vacuum apparatus and
can be heated and evacuated through a special endplate valve
using a forepump, a turbomolecular pump, and a liquid nitro-
gen-cooled titanium sublimation pump down to pressures of
about 5x 10-8 mbar. Typical rates of leaks plus outgassing
were 5% 10~ ¢ mbar/min. A detailed description of the experi-
mental setup is given in Refs. 12-14,

The CO/Ar mixtures were prepared in a stainless-steel cylin-
der by using the partial pressure method. The gas mixing setup
can be heated and evacuated by a pump arrangement like the
shock tube. Because of the high sensitivity of the ARAS
detection technique, all gases used were of ultra-high purity:
Ar 99.9999%; CO 99.997%. The initial concentrations of CO
in argon varied between 100 and 10,000 ppm. Prior to each
run the tube was evacuated to about 5x 10-7 mbar or lower.
It was filled with gas mixtures having initial pressures in the
range 2.0<p <7.5 mbar. Diaphragms made of aluminum, 70
um thick, were ruptured by increasing the driver gas (H,)
pressure. The temperature and pressure behind the reflected
shock waves were computed from the measured incident shock
speed using one-dimensional shock equations. The incident
shock velocity was measured with the help of four thin film
gauges (placed along the test section at known intervals) and a
four-channel transient recorder having a storage capacity of
64 kbyte per channel and a sample time of 100 ns.

The optical detection technique used is a line emission-line
absorption method. The arrangement consists of a mi-
crowave-excited discharge lamp, the absorption zone in the
shock tube which is separated on both sides by two thin
lithium flouride windows, a 1-m McPherson vacuum uv
monochromator and a special solar-blind photomultiplier.
The corresponding spectral lines OI and CI were excited in gas
mixtures of He with 1% O, or CO, which passed through the
lamp at a pressure of 6 mbar. The ARAS technique was
applied to measure O-atom concentrations at the OI triplet
at 130.5 nm and C-atom concentrations at the CI quintet at
156.1 nm. Spectral shapes of the lines emitted by the reso-
nance lamp are not known precisely as a result of self-absorp-
tion or perhaps self-reversal. Hence, a simple relation between



672 MICK, BURMEISTER, AND ROTH: CO DISSOCIATION KINETICS

the directly measured absorption and the atom concentrations
does not exist. Therefore, a series of carefully controlled
shock wave calibrations were conducted to relate the absorp-
tions to the corresponding O- and C-atom concentrations. An
example of the C-atom calibration is given in Ref. 16. In these
experiments no significant temperature dependence of the C-
atom absorption cross section was observed. For example, an
absorption of 50% corresponds to a C-atom concentration of
about 2.9 X 10'* ¢cm~3. In the present experiments the C-atom
measurements during CO dissociation were performed under
very similar temperature conditions as compared to the cali-
bration experiments.

For O atoms, the required relation between atom concentra-
tion and resulting absorption was obtained in shock-tube cali-
bration experiments of N,O/Ar mixtures. Under témperature
conditions 7>2000 K the initial reactant N,O decomposes
very rapidly and completely into N, and O thus serving as an
ideal O-atom source. The resulting absorption was measured
and correlated with the O-atom concentration by the modified
Lambert-Beer law using a concentration exponent of # = 0.8.
The absorption cross section obtained is shown in Fig. 1. This
result is valid for absorptions of 0.15 < 4 < 0.85. As can be
seen from Fig. 1, no significant temperature dependence of the
absorption cross section was observed. The results can be
presented by a mean value of

o01(0) = 2.55 % 10~ 2cm?

which is valid for a temperature range 5700 < T < 8900 K. An
absorption of 50% corresponds to an O-atom concentration
of about 1.5 x 10¥3%cm 3.

III. Results

The dissociation of CO was studied in the temperature
range 5500 = T < 9000 K at pressures between 0.5 and 1.3 bar.
In 18 shock tube experiments, the O-atom absorption was
measured at initial CO concentrations between 100 and 10,000
ppm. C-atom absorption was measured in four experiments
performed with initial CO concentrations from 2500 to 10,000
ppm. The conditions of all experiments carried out are listed
in Table 1.

The temperature range for O-atom experiments is given by
the detection limits of the ARAS method. The same is true for
the low temperature side of C-atom measurements. The
highest temperature of 5600 K used in the C-atom absorption
experiments was limited by emission processes, which make
the interpretation more complicated. Typical extinction sig-
nals obtained from individual shock tube experiments are
shown in Fig. 2. In principle, both signals are composed of a
time-independent part which is a result of absorption of the
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Fig. 1 Absorption cross section of O atoms for OI radiation at 130.5
nm determined from N20/Ar experiments.

Table 1 Experimental conditions and inferred rate coefficients

T, K p, bar [CO], ppm kco,m, cm3mol—1g-1
" O-atom measurements
7199 0.80 100 8.80 x 107
7889 0.60 3.48 X 108
8924 0.55 2.12 x 109
6550 0.97 250 1.88 x 107
7161 0.80 9.83 x 107
8169 0.62 8.92 x 108
6504 0.96 500 1.42 x 107
7168 0.80 9.14 x 107
8174 0.62 8.62 x 108
6435 0.95 1000 1.81 x 107
6996 0.78 4.57 x 107
8194 0.62 6.70 x 108
6392 0.94 2500 1.80 x 107
8236 0.62 4.71 x 108
5705 1.24 5000 1.46 x 106
6466 0.96 2.01 x 107
5626 1.22 10,000 3.20 x 106
6461 0.95 1.80 x 107
C-atom measurements
5630 1.13 ’ 2500 2.12 % 108
5607 1.21 5000 1.47 x 108
5732 1.15 1.74 x 108
5596 1.21 10,000 1.26 x 106
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Fig. 2 Light absorption measurements of two individual experi-
ments, a) O-atom absorption and b) C-atom absorption.
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initial reactant CO and a time-dependent part caused by ab-
sorption of the atomic species C and O, respectively. To
evaluate the measured extinction signals in terms of atomic
concentrations it is necessary to know the absorption cross
section of ‘CO for OI and CI radiation. In a series of lower
temperature shock tube experiments, the absorption cross sec-
tion of CO for CI radiation, defined by the Lambert-Beer law,
was determined. From the rapid signal increase behind the
reflected shock wave, which is a result of CO absorption, a
value independent of temperature and concentration of

0ci(CO) ='1.2 x 10~ 7cm?

was obtained. The absorption of OI radiation by CO was
measured in the temperature range 4000 < T < 5600 K. The
absorption cross section obtained decreases with increasing
initial CO concentration of 100 ppm to 10,000 ppm, whereas
the temperature effect was negligible. Values of

361(CO) = 4.0 X 10-18 — 1.0 X 10~ 7cm?

are comparable with results of Thielen and Roth, !’ who found
an absorption cross section with similar temperature and con-
centration dependence. The extrapolation of their values into
our temperature range agrees very well with the present mea-
surements.

Using the O- and C-atom calibration curves and the absorp-
tion cross sections of CO, all of the extinction signals mea-
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Fig.3 Atom concentration measurements during thermal decompo-
sition of CO, a) O atoms and b) C atoms.

Table 2 Reaction mechanism for the sensitivity analysis

Reaction A n E, Ref.

This
Rl CO+Ar — C+O+Ar 4.30x1027 -3.1 129,000 study
R2 C+CO+Ar — C20+Ar 2.29 x 1016 21
R3 CO2+Ar — CO+O-+Ar 3.89x1014 53,980 21
R4 O2+Ar — O+0O+Ar 1.80x108 ~1.0 59,470 21
R5 C2+Ar — C+C+Ar 3.72x104 69,870 21
R6 CO+02 - CO2+0 5.06 % 1013 31,820 21
R7 C+02 - CO+0O 1.20x 1014 2,010 21
R8 C2+0 - CO+C 3.00x 1014 11

k=AxT" exp(— E,/T); units for k: cm, mol, s.

sured can easily be transformed into O- and C-atom concen-
tration profiles. Typical individual examples are shown in the
upper and lower parts of Fig. 3. The experimental uncertain-
ties of the atom concentrations are on the order of =+ 25%.
Under the present conditions, both O- and C-atom concentra-
tions increase in all of the cases linearly with time, showing

~ short induction time.

IV. Discussion

The interpretation of the measured O- and C-atom forma-
tion during thermal dissociation of CO was performed by
using a kinetic system of eight elementary reactions presented
in Table 2. A sensitivity analysis of this system with respect to
the atomic species was done using the SENKIN program code
from Sandia National Laboratories.!’As a result, Fig. 4 shows
the normalized sensitivity
A; olX]

T VI

X=CorO 6}

of the four most important reactions for typical experimental
conditions. A4; is the pre-exponential factor of the rate coeffi-
cient of reaction j. For both O as well as C atoms the highest
sensitivity is going to reaction (R1), what is an expected result.
Compared to (R1) the influence of the other reactions of Table
2 on the C- and O-atom profiles is negligible, particularly at
early reaction times. Consequently, the reaction

CO+M—-C+0O0+M (R1)

was assumed to be the only relevant reaction during CO disso-

ciation under our experimental conditions. Because of the

comparable collision efficiencies of CO and Ar and the high

dilution of CO, the collision partner M was set equal to Ar.

From the dissociation reaction (R1), the rate coefficient can be

related to the rate of change of the reaction products O and C
d[C)/dt

d[o)/dr @
[COL[AT]  [COlIAT] {520 s

kCO,Ar =

The results of the 18 O-atom and 4 C-atom experiments are
listed in Table 1 together with the detailed experimental condi-
tions. The temperatures given there are equilibrium values
calculated on the basis of the measured shock speed. The rate
coefficients obtained are summarized in the Arrhenius dia-
gram of Fig. 5. Both the O- and the C-atom measurements
show consistent results for the rate coefficient kco ar. Using
the well-established dissociation energy (temperature) of CO,
the experimental results can be represented by the following
modified Arrhenius expression,

kcoar = 4.3 X 10773 exp( — 129,000 K/T)cm? mol s !
: 3)

shown as solid line in Fig. 5. The standard deviation due to
experimental scatter is about = 30%. The combined uncer-
tainty from the calibration procedure and the experimental
scatter is about =+ 50%. ‘
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Fig. 4 Normalized sensitivity for the most important reactions of the
system given in Table 2, a) with respect to O atoms and b) with respect
to C atoms.

During the present experiments an induction behavior for
the appearance of the atomic species O and C was observed.
We have determined the corresponding induction time from
the experimental concentration profiles in the normal way by
calculating the interval between the time corresponding to the
crossing of the steepest slope line with the concentration base
line and the arrival time of the reflected shock wave. Accord-
ing to Appleton et al.! the resulting data can be presented as an
induction coefficient (2[CO}IM])~!. Results obtained are
shown in Fig. 6 together with the induction coefficient for the
disappearance of CO after Ref. 1 and the vibrational relax-
ation coefficient of CO calculated with the data of Hooker
and Millikan. 8 It is obvious that the temperature dependence
of all three induction coefficients is nearly identical, but the
absolute values differ significantly. The measured induction
coefficient for the appearance of O atoms is a factor of about
4000 smaller than the vibrational relaxation coefficient of CO
but a factor of about 250 higher than the induction coefficient
of Ref. 1 for the disappearance of CO.

Appleton et al.! have tried to explain their difference be-
tween reaction induction time and vibrational relaxation time
by vibrationally and electronically excited states of CO and
intermediate chemical species. The significantly shorter reac-
tion induction time determined in this study, which is com-
pared to Ref. 1 closer to the vibrational relaxation time of the
initial reactant, seems to be a result of the higher detection
sensitivity compared to the work of Appleton et al.! In their
experiments they determined changes in the concentration of
the initial reactant CO on a high concentration level, whereas
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Fig.5 Arrhenius representation of the present rate coefficient for the
thermal decomposition of CO.
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molecules measured by Appleton et al.l, ® induction time for the
appearance of O atoms from the present study, and - - - vibrational
relaxation time for CO calculated with the data of Hooker and Mil-
likan.18

in our study changes in the product concentrations were mea-
sured with high sensitivity on a zero base level.

The difference between the measured reaction induction time
and the vibrational relaxation in coupled processes of vibra-
tional excitation and thermal decomposition is a known phe-
nomenon, see Boyd and Burns.!” In the present case the cou-
pling between vibrational relaxation and thermal dissociation
was described by a two-temperature model to demonstrate the
influence of the vibrational relaxation process on the dissoci-
ation rate under our experimental conditions. It includes vi-
brational relaxation of CO assuming partial vibrational equi-
librium characterized by the vibrational temperature, and vi-
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brational-selective dissociation of CO by collisions with a
partner M.

CO, + M™?+1CO, ., +M @
Co, +MECcro+Mm 5)

In these equations CO, corresponds to the number density of
CO in the vibrational state v, whereas 7,,,, and k, are the
relaxation time for the indicated vibrational transition and the
dissociation rate coefficient of the respective vibrational level.
For the two sets of rate parameters the following relations
were introduced:

fuvet = [r01/(v + D] ©
k, = kcoa(T)exp <”—0T——"> @

Equation (6) is valid for harmonic oscillators, see Heims,2¢
which relax through a series of Boltzmann distributions char-
acterized by the vibrational temperature T;,. In this case the
whole process is determined by one rate parameter 7, of the
ground state vibrational transition. The vibrational selective
rate coefficient k, of Eq. (7) was assumed to be dependent on
the rate coefficient kco s, Of the ground state level (v =0)
corrected by the given exponential expression which contains
the characteristic vibrational temperature 6,;,. It expresses the
fact that the activation temperature of k, decreases with in-
creasing quantum number v.

The coupling between vibrational relaxation and dissocia-
tion of CO behind shock waves was simulated based on a
model including 11 vibrational levels (v = 0-10) of CO using
the described mechanism. The remaining two rate parameters
in Egs. (6) and (7) were assumed according to Hooker and
Millikan® for 7,; and to Eq. (3) of this paper for kco a;- The
post shock initial conditions were calculated from the one-di-
mensional shock wave conservation equations assuming
frozen vibrational energy. An individual example demonstrat-
ing the calculated O-atom formation for a gas mixture con-
taining 50% CO in argon at an equilibrium temperature of
5500 K is shown in Fig. 7. The dotted line indicates the
time-dependent O atom formation for thermal equilibrium
conditions (T = Tians = Tvip). It results in a straight line as
proposed earlier. The two solid lines of Fig. 7 were calculated
based on the two-temperature model described earlier. The
upper curve with 7 = T,y is the result of a computer simula-
tion, in which the dissociation rate coefficient k, was deter-
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Fig. 7 Computer simulations of the coupling between vibrational
relaxation and thermal decomposition of CO: two-temperature
model.
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mined based on the translational temperature. It shows in the
first 5 ps an accelerated CO formation due to the high post-
shock translational temperature, which rapidly decreases to
thermal equilibrium. The lower curve in Fig. 7 was calculated
assuming the kinetic temperature 7 in Eq. (7) equal to
T = Ty It results in a delayed formation of O atoms during
thermal decomposition of CO, which is again limited to a time
period of about 5 us. This time is significantly shorter than the
reaction induction time observed in the present experiments. It
shows the inability of the two-temperature model and the rate
coefficients used to describe the observed reaction induction
period. At longer reaction times ¢ = 20 us the slopes of all
three O-atom concentration curves are nearly identical. This
means, translated to our situation, that it is justified to deter-
mine rate coefficients according to Eq. (2) from the measured
steepest atom concentration slopes under vibrational equi-
librium conditions. Note that the CO concentration in the
example of Fig. 7 is much higher than in the experiments. The
time scale is also different from the experimental results of
Fig. 3. All together this indicates that because of the relatively
low CO concentrations of our experiments the proposed two-
temperature model does not significantly contribute to the
interpretation of the experimental results.

A comparison between the present results and rate coeffi-
cient data obtained from other studies is illustrated in Fig. 8.
The dashed lines summarize the dissociation rate coefficients
of CO with M = CO as collision partner and the full lines are
for M = Ar as collision partner. The present data, which are
the lowest in the Arrhenius diagram of Fig. 8, agree within the
uncertainty limits of the respective experiments with the data
of Appleton et al.! and Davies.? The recommendations of
Schofield® and Baulch et al.® use both these sets of data as
reference values and assume error limits of + 75%. The re-
sults of Presley et al.” obtained for CO as collision partner are
compared to the present results also in the uncertainty limits
of the experiments, if the collision efficiency of Ar is assumed
to be a factor of 2 lower than that of CO. The rate expression,
published by Hanson? and Chackerian* obtained from experi-
ments in pure CO are not in agreement with the present
results.
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V. Conclusion

The resonance absorption spectroscopy was shown to be a
sensitive method for studying the high-temperature dissocia-
tion of CO by measuring the atomic reaction products O and
C. The measured dissociation rate coefficient lies within the
uncertainty limits of the data given by Appleton et al.! and
Davies.2 The influence of vibrational relaxation on the dissoci-
ation process calculated on the basis of a two-temperature
model seems to be insignificant under the present reaction
cpnditions and cannot explain observed reaction induction
times.
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