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On the atmospheric degradation of pyruvic acid in the gas phase
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Abstract

The pulsed laser photolysis-laser induced fluorescence (PLP-LIF) technique has been used to measure the rate constant for the gas phase
reaction of OH radicals with pyruvic acid (CH3C(O)C(O)OH) in the temperature range 273–371 K. The data obtained were found to be
well represented by the conventional Arrhenius expression:kPA = (4.9± 1.9) × 10−14 exp[(276± 123)/T ] cm3 molecule−1 s−1, and at
298 K,kPA = (1.2± 0.4)× 10−13 cm3 molecule−1 s−1. In addition, the UV-Vis absorption cross-sections of pyruvic acid were measured
in the wavelength range 290–380 nm at 298 K; the obtained values are compared with literature ones. Using the PLP-LIF system, the
photolysis of pyruvic acid was found to yield OH radicals with a quantum yield of 5± 3% at 355 nm. Evidence was also found for the OH
production from the photolysis of pyruvic acid using a set of black lamps as the light source. The data obtained confirm that the photolysis
is the major gas phase atmospheric loss process of pyruvic acid.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pyruvic acid (CH3C(O)C(O)OH) is one of the most abun-
dant ketoacids present in the atmosphere. Its presence has
been reported in aerosols, rainwater and in the gas phase in
urban atmosphere as well as in remote continental and ma-
rine areas (e.g.[1–3]). It is a product of the biogenic emis-
sions and the photochemical oxidation of natural organic
compounds such as isoprene and cresols (e.g.[1,4]). Talbot
et al. reported average daytime gas phase concentrations of
pyruvic acid over central Amazonia, during the wet season,
of 25±15 and 15±15 ppt in the forest canopy and free tro-
posphere, respectively[5]. The concentrations are expected
to be higher during the dry season. Baboukas et al. mea-
sured a mixing ratio of 1.1± 1.0 pptv above the Atlantic
Ocean[3]. The measurements performed by Andreae et al.,
showed that the concentrations of pyruvic acid and formic
acid were highly correlated, with typical formic-to-pyruvic
ratios of 10–30 in the gas phase, 20–30 in rain and 2–10 in
aerosols[1]. Similarly to other organic acids, pyruvic acid is
expected to be removed from the atmosphere through differ-
ent homogeneous and heterogeneous processes. Therefore,
it is expected to play a role in the precipitation acidity.
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Available data indicate that the main gas phase loss
process of pyruvic acid in the atmosphere is photoly-
sis; the contribution of the gas phase reaction with OH
radicals is considered to be a negligible removal pro-
cess since the reaction rate constant is estimated to be
≤5 × 10−14 cm3 molecule−1 s−1 [6,7]. However, the OH
reaction rate constant with pyruvic acid has never been
directly measured. In this work, we report the first mea-
surement of the rate constant for the reaction of OH with
pyruvic acid in the temperature range 273–371 K. In addi-
tion, we report the UV-Vis spectra of this ketoacid as well
as evidence for the production of OH radicals from its pho-
tolysis atλ = 351 and 355 nm and by using a set of black
lamps.

2. Experimental and results

2.1. OH rate constant measurement

The pulsed laser photolysis-laser induced fluorescence
(PLP-LIF) technique was used to measure the reaction rate
constant of OH with pyruvic acid and the OH quantum yield
production from its photolysis at 355 nm. This experimen-
tal set-up has been described in detail previously[8], hence,
only a brief presentation of the method and the procedures
to extract the data are given here.

1010-6030/03/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
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In the kinetic study, OH radicals were generated by pho-
tolysis of HONO at 355 nm and detected by exciting the
Q1(1) (A2	 ← X2
) line at 282 nm by a beam from a
frequency-doubled Nd:YAG pumped dye laser at a right an-
gle to the photolysis beam. The resulting OH fluorescence
was collected perpendicular to both the photolysis and probe
beams by a photomultiplier tube, whose signal was fed to a
gated charge integrator and then sent to a computer for data
analysis.

All kinetic experiments were carried out under pseudo-
first-order conditions with [pyruvic acid]	 [OH]0,
the initial concentration of OH being [OH]0 < 4 ×
1011 molecules cm−3. The temporal profiles of [OH], there-
fore, followed the pseudo-first-order rate law:

[OH]t = [OH]0 exp(−k′t), wherek′ = kPA[PA] + k′0
(1)

[PA] is the pyruvic acid concentration andkPA is the rate
coefficient for its reaction with OH radicals. The decay
rate, k′0, is the first-order decay of OH in the absence of
pyruvic acid. The value ofk′0 is essentially the sum of the
reaction rate of OH with its precursor, HONO, and the diffu-
sion rate of OH out of the detection zone. The second-order
rate coefficientskPA values were obtained from the slopes
of plots of (k′ − k0) versus PA concentrations. Examples of
typical plots (k′ − k0) versus [PA] obtained are presented in
Fig. 1. Pyruvic acid was flowed directly from a bubbler or
from a bulb where it was premixed with helium and its con-
centration calculated from mass flow rates, temperature and
pressure in the cell. Helium (UHP certified to >99.9995%),
nitrogen (99.9995%), both from Alphagas, were used with-
out purification. HONO was produced in situ by reacting
NaNO2 (0.1 M) with dilute H2SO4 (10%) contained in a
stirred round bottomed flask. The effluent from the flask

Fig. 1. Typical plots ofk′ − k0 vs. [pyruvic acid]. The solid line is the
linear least-squares fit to the data.

Table 1
Rate constants for the reaction of OH with CH3C(O)C(O)OH in the range
273–371 K

T (K) [CH3C(O)C(O)OH]
(1015 molecules cm−3)

k′ − k0

(s−1)
(k ± 2σ ) × 1013

(cm3 molecule−1 s−1)

273 1.01–4.19 174–619 1.35± 0.17
283 1.11–6.74 170–981 1.46± 0.1
298 1.53–7.37 215–951 1.35± 0.13
298 1.21–10.7 108–1262 1.16± 0.13
298 4.42–21.4 226–941 0.98± 0.08
298 0.05–2.25 17–237 1.14± 0.08
323 0.87–6.55 79–904 1.38± 0.09
348 1.34–6.88 172–705 1.11± 0.16
348 1.49–7.48 150–732 1.08± 0.08
371 0.98–5.88 112–507 0.88± 0.05
371 0.86–4.80 102–507 1.13± 0.17

was swept into the cell by a known flow of helium. Pyruvic
acid (>98%) was obtained from Fluka and further purified
by repeated freeze–pump–thaw cycles and fractional distil-
lation before use. GC–MS analysis of pyruvic acid showed
the presence of less than 1% of acetic acid as impurity.

All experiments were performed at a total pressure
of around 100 Torr. The results obtained in the temper-
ature range 273–371 K are given inTable 1 and plot-
ted in the Arrhenius form inFig. 2. They were fitted to
the conventional Arrhenius form,k = A exp(−E/RT).
From un-weighted least squares analysis, the Arrehnius
expression of the rate constant is:kPA = (4.9 ± 1.9) ×
10−14 exp[(276± 123)/T ] cm3 molecule−1 s−1, where the
quoted errors areAσ ln A andσE/R for A andE/R, respec-
tively. At 298 K, the rate constant value is taken as the
average of the data obtained at this temperature:kPA =
(1.2 ± 0.4) × 10−13 cm3 molecule−1 s−1. The quoted er-
ror is 2σ to which we have added 15% due mainly to the
uncertainty in the measured concentration of pyruvic acid.

Fig. 2. Plot ofkPA vs. 1000/T. The solid line is the linear least-squares
fit to all data.
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2.2. UV absorption spectra

This was measured in a 100 cm long and 2.5 cm diameter
absorption cell through which a collimated output of a 30 W
D2 lamp was passed and focused onto the entrance slit of
the spectrophotometer equipped with a 1800 grooves mm−1

grating and a 1024 element diode array detector[9]. The
spectrum was divided into three overlapping regions of about
40 nm in the range 290–380 nm. The wavelength scale of
the spectrometer was calibrated using the emission lines
from low-pressure Hg (253.7, 313.2, 365 nm) pen-ray lamp
and was accurate to 0.1 nm. Absorption cross-sections were
calculated using the Beer–Lambert’s law:

σ(λ) = −ln[I (λ)/I0(λ)]

LC
(2)

whereσ (λ) is the absorption cross-section (cm2 molecule−1)
at the wavelengthλ, L the path length in cm, andC is
the concentration in molecules cm−3. I and I0 are the light
intensities with and without PA in the absorption cell, re-
spectively. The reference spectrumI0 was recorded after
purging the absorption cell with helium. The spectrumI was
measured when a fixed pressure of pyruvic acid was flowed
through the absorption cell. For each 40 nm region of the
spectrum, absorption measurements were made at six differ-
ent pressures in the range 0.2–1 Torr.I0 was recorded before
and after eachI measurement. The pressure measurements
were made using a capacitance manometer operating in the
range 0–10 Torr.

The spectrum obtained at 298±3 K is shown inFig. 3and
the cross-section values are listed inTable 2in 1 nm inter-
vals. The precision of the experimental cross-sections was
calculated at each wavelength using the standard deviation
for different measurements. In general, the standard devia-
tion of the measured absorption cross-section was better than
10%. In addition to the statistical errors on the measured
cross-section, the systematic ones mainly due to the con-

Fig. 3. Absorption cross-sections of pyruvic acid.

Table 2
The UV absorption cross-sections of pyruvic acid at 298± 3 K

λ

(nm)
σ a λ

(nm)
σ a λ

(nm)
σ a

290 4.13× 10−21 320 2.30× 10−20 350 5.48× 10−20

291 4.35× 10−21 321 2.48× 10−20 351 5.32× 10−20

292 5.06× 10−21 322 2.59× 10−20 352 5.15× 10−20

293 5.61× 10−21 323 2.7× 10−20 353 5.03× 10−20

294 5.89× 10−21 324 2.74× 10−20 354 4.98× 10−20

295 6.17× 10−21 325 2.80× 10−20 355 4.61× 10−20

296 6.30× 10−21 326 2.93× 10−20 356 4.35× 10−20

297 6.52× 10−21 327 3.00× 10−20 357 4.09× 10−20

298 6.75× 10−21 328 3.07× 10−20 358 3.77× 10−20

299 7.32× 10−21 329 3.21× 10−20 359 3.59× 10−20

300 7.87× 10−21 330 3.41× 10−20 360 3.82× 10−20

301 8.27× 10−21 331 3.65× 10−20 361 3.98× 10−20

302 8.70× 10−21 332 4.01× 10−20 362 3.76× 10−20

303 9.16× 10−21 333 4.23× 10−20 363 3.38× 10−20

304 9.58× 10−21 334 4.30× 10−20 364 3.18× 10−20

305 1.04× 10−20 335 4.35× 10−20 365 3.15× 10−20

306 1.13× 10−20 336 4.43× 10−20 366 3.15× 10−20

307 1.18× 10−20 337 4.43× 10−20 367 3.19× 10−20

308 1.29× 10−20 338 4.39× 10−20 368 3.58× 10−20

309 1.38× 10−20 339 4.37× 10−20 369 3.96× 10−20

310 1.35× 10−20 340 4.39× 10−20 370 3.69× 10−20

311 1.37× 10−20 341 4.39× 10−20 371 3.21× 10−20

312 1.46× 10−20 342 4.67× 10−20 372 2.31× 10−20

313 1.57× 10−20 343 4.72× 10−20 373 2.01× 10−20

314 1.64× 10−20 344 4.61× 10−20 374 1.90× 10−20

315 1.73× 10−20 345 4.75× 10−20 375 1.37× 10−20

316 1.84× 10−20 346 4.91× 10−20 376 1.28× 10−20

317 1.97× 10−20 347 5.07× 10−20 377 1.08× 10−20

318 2.10× 10−20 348 5.21× 10−20 378 9.81× 10−21

319 2.20× 10−20 349 5.42× 10−20 379 8.71× 10−21

380 7.06× 10−21

a In cm2 molecule−1.

centration measurements, contribute to overall uncertainty.
This latter is estimated to be±10%.

Fig. 3 shows also the spectra reported previously by Ya-
mamoto and Back[10] and very recently by Horowitz et al.
[11]. Yamamoto and Back reported only the relative absorp-
tion spectrum at 358 K which was normalized by Horowitz
et al. by using the value of the cross-section at 350 nm (σ =
3.82× 10−20 cm2 molecule−1) quoted by Berges and War-
neck[12]. The three spectra show a similar shape, however,
the one reported by Yamamoto and Back is clearly shifted
to the red in the range 240–300 nm compared to that of
Horowitz et al. The cross-sections values measured in this
work are systematically higher than those obtained recently
by Horowitz et al. This difference could reach a factor two
(for wavelengths lower than 295 nm for example) and is typ-
ically around 20–30% in the wavelength range 305–370 nm.
At least part of this discrepancy could be attributed to the
difficulties of handling the pyruvic acid sample and mea-
surement of the concentrations.

2.3. Photodissociation of pyruvic acid

Experiments were conducted by using two complemen-
tary techniques, the PLP-LIF system and a smog chamber.
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We describe first the experiments performed with PLP-LIF
system which was the same as that used to measure the OH
reaction rate constant and described briefly above.

2.3.1. Photodissociation of PA using PLP-LIF system
During the kinetic experiments presented above, prelim-

inary checks showed the occurrence of a fluorescence sig-
nal when pyruvic acid was photolyzed in helium at 355 nm,
in the absence of HONO (the OH precursor used in our
experiments). An excitation spectrum was recorded in the
range 281.9–282.5 nm following the photolysis of pyruvic
acid at 351 and 355 nm and was found to be similar to that
of OH radicals obtained when pyruvic acid was replaced by
HONO. Therefore, a series of experiments was conducted
to measure the OH production quantum yield resulting from
the photolysis of pyruvic acid at 355 nm.

The primary quantum yield for OH production,Φ(OH),
at 355 nm was determined relative to that of HONO. Exper-
iments were performed in 100 and 300 Torr of helium in the
absence and presence of up to 1.1×1016 molecules cm−3 of
H2O, and in 30–50 Torr of nitrogen to measure the total yield
of OH, including OH(A3	) and any vibrationally excited
OH(X2
) by quenching the excited species to OH(X2
,
v′′ = 0). The concentration of OH radicals, [OH], was mea-
sured at several different delay times after the photolysis
pulse to generate a temporal profile. The initial OH signals
were obtained from thet = 0 intercept of ln(ft ) versus reac-
tion time,t, plots (wheref t = St −B, B is the background
excited by the probe laser andSt is the signal at timet). The
temporal profile of OH produced upon photolysis is gov-
erned mainly by its reaction with the photolyte, HONO or
pyruvic acid, in large excess over OH:

OH+ HONO→ products (kHONO)

OH+ CH3C(O)C(O)OH→ products (kPA)

In addition, the OH radicals are lost via diffusion out of
the detection zone. This first order loss process has a rate
coefficientkd. Therefore, the OH temporal profile is given
by the equation:

[OH]t = [OH]0 exp(−k′t) (3)

where

k′ = kd + kHONO[HONO] or k′ = kd + kPA[PA] (4)

Fig. 4 shows an example of the obtained OH profiles
following photolysis of HONO or pyruvic acid. By varia-
tion of pyruvic acid concentrations, the rate coefficient for
the reaction of OH with PA was measured at 100 Torr of
He, the rate constant obtained waskPA = (1.5 ± 0.5) ×
10−13 cm3 molecule−1 s−1. This value can be considered in
agreement with that measured directly using HONO as OH
source (k = (1.2± 0.4)× 10−13 cm3 molecule−1 s−1).

For the OH quantum yield measurements, HONO was first
photolyzed and the initial signal,f 0

HONO was determined.
HONO was then replaced by PA and photolysis was repeated

Fig. 4. Example of the obtainedf0 (OH LIF signal) vs. reac-
tion time. Initial conditions are: [HONO]= 1.3 × 1014, [pyruvic
acid] = 3.58 × 1015 molecules cm−3 at P = 110 Torr of He, and
E355= 8 mJ.

to obtainf 0
PA. Back to back photolysis runs of HONO and

PA can be rationed to obtain:

f 0
PA

f 0
HONO

= [ΦPA(OH)σPAEPA[PA]]

[ΦHONO(OH)σHONOEHONO[HONO]]
(5)

where EPA and EHONO are the photolysis-laser fluences
for the PA and HONO runs (EPA = EHONO in the range
4–8 mJ), [PA] and [HONO] were in the ranges (1.0–12.9)
× 1015 and (0.7–8)× 1014 molecules cm−3, respectively.
σPA and σHONO are the absorption cross-sections at
355 nm (σPA = 4.61× 10−20 cm2 molecule−1, from this
work, σHONO = 36.4 × 10−20 cm2 molecule−1 [13], and
ΦHONO(OH) = 1). The primary quantum yield was then
obtained from a plot of the ratio of the initial signals
(f 0

PA/f 0
HONO) versus [PA]/[HONO]. An example of the

obtained plot is given inFig. 5.
The experimental conditions and the obtained quantum

yields are summarized inTable 3. An average value of
Φ(OH) = 0.05± 0.01 is derived from all experiments. An
additional systematic error of±30% is added to the final

Table 3
Quantum yields,ΦPA(OH), in the 355 nm photolysis of pyruvic acid at
298± 3 K

P (Torr) Slopea Φ(OH)

100/He (7.1± 0.4)× 10−3 0.05± 0.01
300/He (7.2± 0.7)× 10−3 0.06± 0.01
30/N2 (5.9 ± 0.6)× 10−3 0.05± 0.01
50/N2 (8.4 ± 0.9)× 10−3 0.07± 0.01
100/He ([H2O] = 4.4× 1015])b (4.5 ± 0.6)× 10−3 0.04± 0.01
100/He ([H2O] = 2.8× 1015])b (4.6 ± 0.5)× 10−3 0.04± 0.01
100/He ([H2O] = 1.1× 1016])b (5.7 ± 0.6)× 10−3 0.05± 0.01
100/He ([H2O] = 1.1× 1016])b (7.6 ± 0.9)× 10−3 0.06± 0.01

a Error in the slope is 2σ .
b In molecules cm−3.



A. Mellouki, Y. Mu / Journal of Photochemistry and Photobiology A: Chemistry 157 (2003) 295–300 299

Fig. 5. Plot of thef 0
PA/f 0

HONO vs. [PA]/[HONO] obtained in different
experimental conditions at 298± 3 K.

value of the quantum yield to include uncertainties on the
concentration measurements of pyruvic acid and HONO and
their cross-sections which leads to:Φ(OH) = 0.05± 0.03.

2.3.2. Photodissociation of PA using black lamps
A series of independent experiments was conducted in

the smog chamber to confirm the production of OH radi-
cals from the photolysis of pyruvic acid using black lamps.
The set-up used for this purpose consisted of a 100 l Teflon
bag surrounded by six black lamps (Philips, TL 20W/05)
with irradiation in the range 300–460 nm and a maximum
intensity at 365 nm. Measured amounts of reagents were
flushed from calibrated bulbs into the Teflon bag through a
stream of ultra pure air (Alphagaz). The photoreactor was
then filled to its full capacity at atmospheric pressure with
ultra pure air. A gas chromatograph-flame ionization detec-
tor (GC-FID) was used for the quantitative analysis of the
reactants. The gas mixtures were sampled at several reac-
tion times and the change in concentration of the compounds
was achieved from integration of the chromatogram peaks.
Chromatographic separation was achieved by using a DB-1
capillary column.

Two experiments were conducted with mixtures of iso-
prene/2,3-dimethyl-1,3-butadiene/pyruvic acid, and one
where 2,3-dimethyl-1,3-butadiene was replaced by 1,3-pent-
adiene. First, blank runs were performed which consisted of:
(1) isoprene and the other diene (2,3-dimethyl-1,3-butadiene
or 1,3-pentadiene) were irradiated for more than 2 h; no
change was observed in the concentrations of the two com-
pounds; (2) pyruvic acid was then added to the mixtures
and left for more than 2 h without irradiation. Here too,
no change was observed in the concentrations of the com-
pounds in the mixture. When the lamps were switched on

for the same duration the concentration of the two dienes
were found to decay by 10–15%. The observed decrease
of these compounds was attributed to the reaction of OH
radicals (produced from the photolysis of PA) with isoprene
and the other diene present in the mixture (2,3-dimethyl-1,3
butadiene or 1,3-pentadiene):

OH+ isoprene→ products (kisoprene)

OH+ diene→ products (kdiene)

Assuming that the two compounds are only consumed by
reaction with OH, it can be shown that

ln

{
[diene]0
[diene]t

}
= kdiene

kisoprene
ln

{
[isoprene]0
[isoprene]t

}
(6)

where the subscripts 0 andt indicate concentrations be-
fore irradiation and at timet, respectively.Fig. 6 shows
an example of the data obtained from the photolysis of
isoprene/2,3-dimethyl-1,3-butadiene/pyruvic acid mixture.
The ratioskdiene/kisoprene, derived from different experiments
were: kdiene/kisoprene = 1.4 ± 0.2, and kdiene/kisoprene =
1.5 ± 0.2 for isoprene/2,3-dimethyl-1,3-butadiene and
kdiene/kisoprene= 1.2±0.2 for isoprene/1,3-pentadiene runs.
An independent experiment was performed where OH radi-
cals were produced from the photolysis of H2O2 at 254 nm
in the presence of isoprene and 2,3-dimethyl-1,3-butadiene.
The obtained ratiokdiene/kisoprene, was 1.3 ± 0.2 which is
in good agreement with the reported above. These ratios
are also to be compared with those derived from the litera-
ture data:k(OH+ isoprene) = 1.01× 10−10 [14], k(OH+
2,3-dimethyl-1,3-butadiene)= 1.25 × 10−10 [15] and,
k(OH+1,3-pentadiene)= 1.03×10−10 cm3 molecule−1 s−1

[15]. From these data, the ratioskdiene/kisoprene are calcu-
lated to be: 1.2 and 1.02 for 2,3-dimethyl-1,3-butadiene and
1,3-pentadiene, respectively.

Fig. 6. An example of the decay of isoprene and 2,3-dimethyl-
1,3-butadiene during photolysis of pyruvic acid using black lamps.
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The photolysis of pyruvic acid has been studied by differ-
ent groups using a variety of conditions and light sources.
Yamamoto and Back[10] used a Hg–Xe high-pressure arc
lamp to study the photolysis of PA at 366, 345 and 320 nm
while Berges and Warneck[12] used a xenon arc lamp cen-
tered at 350 nm. Both studies showed that acetaldehyde and
CO2 were the major products confirming what was reported
earlier by Vesley and Leermakers at 366 nm[16]. Recently,
Winterhalter et al.[7] conducted a series of experiments
using the EUPHORE outdoor smog chamber and observed
in addition to acetaldehyde, the formation of acetic acid,
formic acid, formaldehyde, CO and vinyl alcohol (which re-
arranges to acetaldehyde). The suggested primary photolysis
processes derived from the previous studies are:

CH3C(O)C(O)OH→ CH3CHO+ CO2 (7)

CH3C(O)C(O)OH→ CH3CO+ COOH (8)

CH3C(O)C(O)OH→ CH3C(O)OH+ CO (9)

Winterhalter et al.[7] suggested that channel (7) is the major
pathway (≈50%) while channels (8) and (9) represent≈30
and≈10%, respectively. The present work shows the occur-
rence of another channel leading to the direct formation of
OH radicals which could be:

CH3C(O)C(O)OH→ CH3CO+ CO+OH (10)

3. Conclusions

This work confirms that pyruvic acid is lost in the at-
mosphere in the gas phase mainly through photolysis since
its reaction with OH radicals is slow (kPA = (1.2± 0.4)×
10−13 cm3 molecule−1 s−1 at 298 K). The average lifetime
of PA in the atmosphere with respect to the reaction with
OH is estimated to be more than 3 months (assuming an OH
concentration of 106 cm−3) while that with respect to the
photolysis is of few hours[7]. The direct detection of OH
radicals by LIF following the photolysis of PA at 355 nm
and its indirect detection through smog chamber studies
using black lamps (300–460 nm) indicate the existence of an-
other radicals forming channel from the photolysis of pyru-
vic acid. These observations are of atmospheric importance
since pyruvic acid can be a source of radicals in remote area.
The photolysis of organic acids with a comparable structure

to that of pyruvic acid may also lead to the formation of rad-
icals. More experimental and theoretical work is needed to
understand the photolysis processes leading to OH radicals
from the atmospheric photolysis of such compounds.
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