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The kinetics of the reaction HO,+ HCHO- H,0,+HCO have been studied between 541 and 656 K, using the flash photolysis/
UV absorption technique. The results are in good agreement with the only existing, single-temperature literature measurement of
Baldwin and co-workers. An unweighted, logarithmic Arrhenius fit to the present data and the literature measurement gives
k,=3.5%10""*exp(—~38.4 kJ mol~'/RT) cm® molecule~! s~ over the temperature range 541-773 K.

1. Introduction

The hydroperoxy radical, HO,, is ubiquitous in
oxidation systems and a knowledge of its chemistry
is central to our understanding of hydrocarbon com-
bustion [1]. The abstraction reactions of hydro-
peroxy and other peroxy radicals are important el-
ementary steps in combustion processes, producing
hydroperoxide species which act as branching agents
in autoignition processes [2]. Despite their admit-
ted importance, these reactions are quite poorly
understood. No direct studies of the abstraction re-
actions of HO, have been published and the avail-
able data are largely due to the work of a single group:
over a number of years, Walker and co-workers have
built up an extensive database on HO, abstraction
reactions, using classical product analysis techniques
in which small quantities of hydrocarbons are added
to slowly reacting hydrogen—oxygen mixtures [3-7].
Until now, there has been no experimental confir-
mation of the HO, abstraction rate constants ob-
tained using this technique.

In this article, we present data, derived from time-
resolved flash photolysis experiments, on the rate
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constant for the abstraction reaction of hydroperoxy
radicals with formaldehyde,

HO, +HCHO-H,0,+HCO (1)
between 541 and 656 K.

2. Experimental

The apparatus used in the present study has al-
ready been described in detail [8]. Briefly, hydro-
peroxy radicals were generated by flash photolysis of
slowly flowing gas mixtures in a quartz cell located
in an electrically heated oven. Typical residence times
in the cell were of the order of 20 s. The radicals were
monitored by time-resolved UV absorption at 210
nm, with a 2 nm bandpass. Transient optical density
traces were collected on a digital storage oscilloscope
and transferred to a microcomputer for averaging and
data processing by numerical integration/non-linear
least-squares analysis. All experiments were per-
formed at a total pressure of 760 Torr.

Two methods of radical generation were em-
ployed. In the majority of experiments, broad band
(200-360 nm) flash photolysis of formaldehyde was
used. Owing to the low output of the flash lamp at
wavelengths below 220 nm and the low absorption
cross sections of formaldehyde in the same region
{91, photolysis of formaldehyde certainly occurred
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almost exclusively in the 300 nm band, where two
photolysis channels are possible [9]:

HCHO+hv—-H+HCO, (P1)
HCHO+hv—H, +CO. (P2)

The second of these channels gives molecular prod-
ucts which are inert for the purposes of the present
experiment. The formyl radicals produced in chan-
nel (P1) react rapidly on the millisecond timescale
of the present experiments to produce HO,:

HCO+0,-HO, +CO. (2)

Concentrations of molecular oxygen were suffi-
ciently elevated that the unimolecular decomposi-
tion of HCO [101, its self-reaction [11] and reac-
tion with H [12] were negligible compared to
reaction (2) [13]. The hydrogen atoms produced in
channel (P1) similarly reacted rapidly on the time-
scale of the present experiments, either with form-
aldehyde, giving formyl radicals [14]:

H+HCHO-H,+HCO, (3)

which were again quickly converted to HO, via re-
action (2), or with molecular oxygen [15]:

again producing HO,.

For some experiments, hydroperoxy radicals were
generated by the flash photolysis of molecular chlo-
rine in the presence of formaldehyde:

Cl, +hv-2Cl, (P3)
Cl+HCHO-HCI+HCO (5)
(ref. [15]),

HCO+0,-HO0,+CO. (2)

For these latter experiments, a Pyrex filter was used
for the flash lamp, restricting the photolysis radica-
tion to wavelengths above 280 nm. Under such con-
ditions, the radical yield from the photolysis of mo-
lecular chlorine, at the concentrations employed in
the present experiments, was around ten times greater
than that from the photolysis of formaldehyde, ow-
ing to the much greater integrated absorption cross
section of chlorine around 300 nm [15].

Following the production of the radicals, which was
complete within 100 us, time-resolved optical den-
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sity profiles were recorded over up to 1 s. Under con-
ditions where reaction (1) is unimportant, the only
loss process for hydroperoxy radicals is their self-
reaction:

H02+H02—*H202+02. (6)

Reaction (6) has been studied at temperatures up to
777 K in this laboratory [16]. In the present exper-
iments, the removal of hydroperoxy radicals was
monitored at 210 nm, using previously determined
temperature-dependent absorption cross sections
[17]. The hydrogen peroxide product of reaction (6)
gives rise to a weak residual absorption at the mon-
itoring wavelength, where o(H,0,)=235.7x10-%°
cm? molecule~!, less than 10% of that of the hydro-
peroxy radical [15].

Under the present experimental conditions of rel-
atively high [O,], even when reaction (1) competes
with reaction (6) for the removal of hydroperoxy
radicals, the radical decay is unchanged as HO, is
rapidly regenerated via reaction (2). The net effect
of the occurrence of reaction (1) (and subsequently
reaction (2)) is the conversion of formaldehyde to
hydrogen peroxide:

HO,+HCHO -H,0,+HCO (1)
HCO+0, -—HO,+CO (2)

As the absorption cross section of formaldehyde is
very small compared to that of hydrogen peroxide at
210 nm [9], the above chain results in an increased
residual absorption when reaction (1) is important.
The basis of the present experiments was thus to
monitor the HO, decay and to look for residual ab-
sorptions over and above that expected on the basis
of reaction (6) alone.

Gaseous formaldehyde was generated by passing
nitrogen over solid paraformaldehyde held at 388 K
in a thermostatted heat bath. a triple U-bend trap at
198 K was used downstream of the formaldehyde
generator to condense out water vapour and any
formaldehyde polymers. All parts of the gas handling
system in contact with gaseous formaldehyde were
kept hot by means of heating tape. In this way, stable
concentrations of formaldehyde of ~2x 10'” mole-
cule cm~? could be routinely achieved at one at-
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mosphere total pressure, with total flows of 1000
sccm, of which 10% passed over the solid formal-
dehyde.

The concentration of formaldehyde was measured
in situ, before and after each set of experiments us-
ing its UV absorption spectrum [18]. A digitized
spectrum, kindly supplied by Dr. J.N. Crowley (MPI,
Mainz) was used rather than published spectra as it
could be easily convoluted with the present experi-
mental resolution of 2 nm. The usual monitoring
wavelength was 285.5 nm, corresponding to a peak
in the highly structured formaldehyde spectrum,
where ¢(HCHO)=4.6x10-?° cm? molecule™'. By
using a rather low monitoring wavelength resolution
and a peak of the formaldehyde spectrum, it was
hoped that the effect of temperature on the form-
aldehyde cross sections was minimized (see below).
A few confirmatory experiments were also per-
formed using a monitoring wavelength of 304.4 nm,
again corresponding to a peak in the formaldehyde
spectrum and where o(HCHO)=7.0x10-2° ¢m?
molecule~' [18].

Typical concentrations in experiments where the
direct photolysis of formaldehyde was used to gen-
erate the radicals were (in molecule cm~—3) HCHO:
(0.5-1.6) x 10'7; O,: (0.25-2.0) X 10'%; N,: balance
to 760 Torr; initial radical concentration: (1-
3)X 103, In experiments where the UV photolysis
of molecular chlorine was used to generate the rad-
icals, typical concentrations were (in molecule cm—3)
Cl,: 3x10'%, HCHO: (1-3)x10'7; O, (0.25-
2.0) x 10'%; N,: balance to 760 Torr; initial radical
concentration: (1.5-2.5) X 10'4. Materials used in the
present study were paraformaldehyde (Prolabo), O,
(AGA Gaz Spéciaux), Cl, (5% in N,, AGA Gaz
Spéciaux) and N, (AGA Gaz Spéciaux).

3. Results and discussion

Below 541 K, the removal of hydroperoxy radicals
could be well described by a second-order process
and the experimental traces were fitted with two ad-
justable parameters: the initial radical concentration
and k. The values of k, returned were in good agree-
ment with those previously determined in this lab-
oratory, using both the photolysis of Cl,/CH,OH/
0,/N, and O,/CH;OH mixtures for radical gener-
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ation [16,19]. At 541 K and above, the residual ab-
sorption was significantly greater than that expected
on the basis of reaction (6) alone, demonstrating the
occurrence of the chain involving reactions (1) and
(2). At 541 K and above, a three parameter fit was
hence employed, with the initial radical concentra-
tion, k, and &, as variables. A typical decay trace and
fit is shown in fig. 1 for a temperature of 656 K. Sim-
ulations showed that a pseudo first-order rate con-
stant, k, [HCHO], of approximately 20 s—! was nec-
essary for reaction (1) to be detectable in the present
experiments. For example, for the experiment shown
in fig. 1, k, [HCHO] =28.6 s~ ! and the final yield of
hydrogen peroxide is equal to 1.99[HO,],_,, cor-
responding to 1.49 cycles of reactions (1) and (2)
during the lifetime of the radicals. The experimental
results are summarized in table 1 and the values of
k, plotted in Arrhenius form in fig. 2.

Between 541 and 656 K, the optimized values of
ke were in good agreement with those previously ob-
tained [16,19]. At higher temperatures, however, the
returned values of k¢ were no longer in accord with
our previous work, increasing rapidly with temper-
ature. In addition, at these elevated temperatures and
for experiments where molecular chlorine was used
to generate the radicals, there was evidence for the
occurrence of chain decomposition of the reaction
mixture over its residence time in the reactor: the
formaldehyde concentration was not stable and the
transmitted light intensity at 210 nm was very low,
suggesting the production of significant quantities of
hydrogen peroxide. In view of the possibility of ther-
mal reactions, perhaps initiated on the walls of the
reactor, we prefer not to include any results obtained
at temperatures above 656 K. In order to check for
potential problems with thermal decomposition at
656 K and below, the oxygen concentration was var-
ied systematically over a factor of at least four at most
temperatures. No systematic dependence of the re-
sults on oxygen concentration was observed. Simi-
larly, no systematic dependence of the results on
variation of the formaldehyde concentration within
the limits given above, or on the wavelength em-
ployed to monitor the formaldehyde concentration
was observed. It can be seen from table 1 that the
results obtained with the two radical generation sys-
tems are in good agreement, despite very (an order
of magnitude) different initial radical concentra-
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Fig. 1. Typical trace of optical density (natural logarithms) versus time, plus fit, 656 K. {HCHO]=1.38x10'" molecule cm~?
0,=1.86x10'® molecule cm~3; [HO, ];..0=3.98 X 10"* molecule cm~3; &, =2.07 X 10~ "4 cm?® molecule ' s~'; k,=1.01 X 10~ '2cm? mol-

ecule='s™!,

Table |

Bimolecular rate constants
T Radical 1013k ® Exp. 1016, ® Exp.
(K) generation
418 Cl,/HCHO 20.01£0.3 [2]
470 Cl,/HCHO 11.9£1.0 [4]
516 HCHO 8.8+0.9 [2]
516 Cl,/HCHO 10.5 [1]
525 Cl,/HCHO 9.5+0.7 [6]
541 HCHO 9.5%+1.5 [7 0.6610.24 [7]
592 HCHO 6.11+1.2 [7] 1.56+0.65 [9]
592 Cl,/HCHO 9.8+0.4 [5] 1.81£1.02 [5]
616 HCHO 9.211.9 [7] 1.7+1.09 [7]
621 Cl,/HCHO 9.3+1.4 [5] 1.66£0.22 [3]
624 HCHO 92+1.6 (11] 2.07%1.14 [11]
656 HCHO 11.1£0.2 [9] 3.19+1.33 [9]
773 9.26+1.07®

) Units cm® molecule~! s~!; errors 1o, including a Student’s ¢.
) Value of Baldwin and Walker [3].

tions, lending further confidence to the experimental
results.

As far as we are aware, the only existing experi-
mental determination of k, is the single temperature
measurement of Baldwin and Walker at 773 K [3].
In fact, the ratio k;/(k¢)'/?*=(9.4£1.0)x10~1°
cm~3/2 molecule~!/2 s—1/2 was derived, rather than
k, directly. Using k¢s/o(HO,, 210 nm)=(2.6+0.2)
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X10° cm s—! at 775 K [16], and a(HO,, 210 nm,
775 K)=3.76 x 10~ ¥ cm® molecule~" [17], we cal-
culate k; = (9.3+1.1) X 10~ !5 cm® molecule—* s~ ! at
773 K. As can be seen from fig. 2, this value is en-
tirely consistent with the present experimental re-
sults. In view of this consistency and the limited
temperature range of our experiments, both the pres-
ent data and the data of Baldwin and Walker were
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Fig. 2. Arrhenius plot for &, in units of cm® molecule~! s~'. (O)
This work; (H) ref. [3]. Error bars represent 1o statistical un-
certainties. The solid line represents a non-weighted fit to
k=Aexp(—E/RT); the dotted line represents a fit to
k=Aexp(—50kJ mol~'/RT). See text for discussion.

fitted to the Arrhenius expression. As it is difficult
to estimate possible systematic errors in the present
work and the work of Baldwin and Walker, an un-
weighted logarithmic fit was performed, giving

ky=(3.52}13)x 10~ exp[ - (38.412.9)

kJ mol—!/RT] cm® molecule~!s~! .

The low statistical uncertainties on the 4 factor and
the activation energy arise from the low scatter of the
data about the unweighted fit. In view of the exper-
imental uncertainties on the present experimental
determinations at each temperature, realistic uncer-
tainties would be rather greater. Indeed, the 4 factor
appears perhaps a little low for an abstraction re-
action and the activation energy is significantly lower
than the value of 50 kJ mol~! estimated by Baldwin
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and Walker [3] on the basis of activation energies
found for other HO,+RH reactions and the corre-
sponding C-H bond strengths. Fitting the present
data and the data of Baldwin and Walker using
E, =50 kJ mol~! gives A=(3.31£0.3)x 10~ ¢cm?
molecule ! s~'. As can be seen from fig. 2, the fit to
the experimental data, although not as good as the
two-parameter fit, is not unreasonable; it is clear that
a range of pairs of Arrhenius parameters could be
accommodated by the present data over its limited
temperature range. Furthermore, many hydrogen
atom abstraction reactions are now believed to dem-
onstrate non-Arrhenius behaviour — a 72 term in
the pre-exponential factor is not uncommon [20].
Such a strong pre-exponential term would result in
an activation energy of 50 kJ mol~! at around 1200
K for the present data. The above expression for &,
is thus only valid over the range 500-800 K; extrap-
olation outside of this temperature range should be
treated with caution.

Possible sources of systematic error in the present
experiments lie in the temperature dependences of
the absorption cross sections of hydrogen peroxide
and formaldehyde - the measured values of k, are
directly dependent on the absorption cross sections
of these species. Nicovich and Wine studied the tem-
perature dependence of the hydrogen peroxide spec-
trum over the range 285-381 K, with an aim to ex-
trapolating the data down to lower temperatures
[21]. Although a pronounced temperature depen-
dence was observed at wavelengths above 250 nm,
no systematic temperature dependence was found
over the range 193-230 nm. Similarly, in shock tube
experiments, Kijewski and Troe [22] observed no
change in the spectrum over the range 190-230 nm
from 650 to 1100 K. It seems thus justified to use the
currently recommended room temperature cross sec-
tion at 210 nm [15] for the present data analysis.
The temperature dependence of the formaldehyde
absorption cross sections is rather more difficult to
estimate, owing to the absence of high temperature
data and the highly structured nature of the spec-
trum. The concentration of formaldehyde was mon-
itored at the resolution of 2 nm used for kinetic ex-
periments, rather than at higher resolution, in order
to reduce the effects of changes in rotational popu-
lation on the absolute cross sections. We believe that
it is unlikely that the cross sections used in the pres-
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ent experiments, and hence the rate constants de-
rived, are erroneous by more than a factor of two and
could easily be corrected if a high-temperature form-
aldehyde spectrum becomes available.

The values of k, obtained in this study, which rep-
resent the first determination of rate constants for a
HO, abstraction reaction using a time-resolved tech-
nique, are in good agreement with the single-tem-
perature measurement of Baldwin and Walker, ob-
tained using an entirely different technique [3]. As
such, the present results also provide indirect sup-
port for the values measured by the same group for
the HO, abstraction reactions with methane [7],
ethane [5], tetramethylbutane [4] and 2,3-di-
methylbutane [6]. Although the results were ob-
tained over a narrow temperature range, they cover
a significant part of the range (500-1000 K) im-
portant for HO,/H,0, chemistry in combustion
systems.
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