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Abstract

The photolysis of glyoxal in synthetic air was investigated in a quartz cell at 298 K using three types of UV sources (TL/12 lamps (275–380 nm),
TL/03 lamps (390–470 nm) and mercury lamps (254 nm)) and products were identified and quantitatively analyzed using long-path FTIR spec-
troscopy. For all light sources, the observed products were CO, HCHO and HCOOH. Absolute quantum yields were determined using Cl2 and
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r2 as actinometers. Photolysis in the first absorption band of glyoxal, using TL/12 lamps, provided an overall quantum yield ofΦT = 0.97± 0.05,
ndependent of total pressure ranging from 100 to 700 Torr air. The absolute quantum yields obtained with the TL/03 lamps, covering
bsorption band of glyoxal, showed dependency on total pressure, ranging fromΦT = 0.12 at 100 Torr toΦT = 0.042 at 700 Torr, which can
xpressed as a Stern–Volmer-type equation 1/ΦT = (6.80 + 251.8)× 10−4 × P (Torr).
By combining the product yields with literature data, we deduced the detailed picture of glyoxal photolysis, including the dependency o

um yield of each particular channel: CHOCHO +hν → 2HCO (Φ1); CHOCHO +hν → H2 + 2CO (Φ2); CHOCHO +hν → H2CO + CO (Φ3) on the
pplied wavelength. The product quantum yields indicate that dissociation into two HCO radicals is the most important pathway under a
onditions. The mean photolysis rate was measured under solar radiation in the EUPHORE outdoor chamber to beJobs= 1.04± 0.10× 10−4 s−1,
orresponding to a mean effective quantum yieldφeff = 0.035± 0.007. Although glyoxal has a very low effective quantum yield, photolysis rem
n important removal path in the atmosphere.
2005 Elsevier B.V. All rights reserved.

eywords: Glyoxal; Photolysis; Quantum yields; Photodissociation rates

. Introduction

Glyoxal, HCOCHO, the simplest�-dicarbonyl, is an atmo-
pheric relevant carbonyl compound and is formed as product

n the photooxidation of simple volatile organic compounds
VOC) in air in the presence of NOx. In particular, glyoxal
as been observed as an important ring-cleavage product in the
H-initiated oxidation of aromatic hydrocarbons in air, in the
resence of NOx [1–4]. For example, in a recent study performed

n the outdoor simulation chamber, the primary yield of glyoxal

� This paper was mistakenly omitted from the special issue ofJournal of
hotochemistry and Photobiology, A: Chemistry (volume 176, issues 1–3, 14
ecember 2005), which is dedicated to the honour of Professor R.P. Wayne. The
ublisher apologises for any inconvenience caused.
∗ Corresponding author.

E-mail address: moo@mpch-mainz.mpg.de (G.K. Moortgat).

was found to be 35± 10% for benzene and about 5% hig
for toluene andp-xylene. These glyoxal yields are considera
larger than those established in most of the previous phot
dation studies[5 and references cited therein].

Glyoxal was also identified as a product of the reaction o3
and/or OH radicals with alkenes[6,7] and unsaturated oxyge
containing VOC, such as acrolein[8], also in the OH-initiate
oxidation of acetylene[9,10] and glycolaldehyde[11]. Glyoxal
has been observed in car exhaust emissions[12,13]. A few mea-
surements of glyoxal in the urban environment atmosphere
been reported[14–16]with mixing ratios ranging from 100 p
to a few ppb.

The most important removal process in the atmosphere d
daytime is photolysis, with minor contributions coming form
reaction with OH radicals[17]. The atmospheric residence ti
with respect to photolysis has been reported to be a few
[17,18].

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.10.010
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Glyoxal exhibits an absorption spectrum consisting of two
main absorption bands: a broad UV band between 220 and
350 nm and a stronger structured band in the range 350–480 nm.
Brand[19] recognized that the latter band consists of two band
systems, an extremely weak one with its 0–0 band at 520.8 nm
and another relatively much stronger one with its 0–0 band at
454.9 nm. The absorption cross-sections have been reported in
several studies[17,20–22]. The sharp peak at 455 nm has been
used to measure glyoxal with the differential optical absorption
spectroscopy (DOAS) technique in an outdoor simulation cham-
ber[5] and in urban air[16].

Theoretically, the photolysis of glyoxal can occur through the
following channels:

CHOCHO+ hν → 2HCO;

�H◦
298 = 68.5 kcal/mol; λthreshold≤ 417 nm (1)

CHOCHO+ hν → H2 + 2CO;

�H◦
298 = −2.1 kcal/mol; allλ (2)

CHOCHO+ hν → H2CO+ CO;

�H◦
298 = −1.7 kcal/mol; allλ (3)
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Table 1b
Photolysis of CHOCHO, yields of Zhu et al.[26] and Langford and Moore[25]

CHOCHO +hν Zhu et al. Langford and
Moore

193 nm 248 nm 308 nm 351 nm 308 nm

→2HCO (Φ1) 0.21 0.26 0.35 0.75 0.4
→H2 + 2CO (Φ2) 0.15
→HCHO + CO (Φ3) 0.45

Table 1c
Photolysis of CHOCHO, quantum yields of HCO radical, from Chen and Zhu
[27]

λ (nm) Φ◦
HCO λ (nm) Φ◦

HCO ΦHCO at 760
Torr N2

290 0.50± 0.01 360 1.62± 0.15
300 0.68± 0.02 370 1.49± 0.04
310 0.84± 0.07 380 1.91± 0.13 0.49
320 1.43± 0.02 390 2.01± 0.08 0.54
330 1.77± 0.12 400 0.74± 0.08 0.32
340 1.54± 0.01 410 0.56± 0.04 0.22
350 1.34± 0.06 420 0.48± 0.03 0.14

More recently, Chen and Zhu[27] used cavity ring-down
spectroscopy and reported the dependence of the HCO quan-
tum yield in the wavelength range 290 to 420 nm on the glyoxal
(1–8 Torr) pressure and nitrogen buffer gas (10–400 Torr). For
pure glyoxal photolysis, these authors reported zero pressure
HCO quantum yields (Φ◦

HCO) at 10 nm intervals, to increase from
0.50± 0.01 at 290 nm to a maximum of 2.01± 0.08 at 390 nm
and to drop to 0.74± 0.08 at 400 nm, 0.56± 0.04 at 410 nm and
0.48± 0.03 at 420 nm. HCO quantum yield were found indepen-
dent of N2-gas in the 290–370 nm region, but decreased with
increasing pressure in the 380–420 nm region. They deduced
HCO quantum yields at 760 Torr N2 to be 0.49 at 380 nm, 0.54
at 390 nm, 0.32 at 400 nm, 0.22 at 410 nm and 0.14 at 420 nm.
The reported HCO quantum yields are summarized inTable 1c.

According to the results of Zhu et al.[26] and Chen and Zhu
[27] the photolysis of glyoxal in the atmosphere is an important
source of HCO radicals, which are readily converted into HO2
radicals and thus affect other photochemical transformation pro-
cesses[1]. The investigation of the quantum yields of glyoxal
photolysis is necessary to estimate its atmospheric fate and role.

Products analysis and quantum yields were determined by
photolysing dilute mixtures of glyoxal in air using three types of
light sources (TL12 lamps (Philips, 40 W), TL03 lamps (Philips,
40 W) and mercury lamps) photolysing both main absorption
bands with broad-band emission lamps. These investigations
showed that the total quantum yield of CHOCHO removal of the
p lose
t nm)
b solute
q fer-
e oduct
y nds
o

CHOCHO+ hν → H + CO+ HCO;

�H◦
298 = 85.4 kcal/mol; λthreshold≤ 334 nm (4)

Calvert and Pitts[23] summarized the quantum yield d
efore 1966 and are presented inTable 1a. Based on the wor
f Calvert and Layne[24], it was established that channel(3)
as the dominant photolysis channel (yield 0.84–0.6 in

ange 254–435 nm) with little evidence for the radical ch
el (1). At 313 nm, Plum et al.[17] measured a quantum yie

or HCHO of 0.13 for wavelengths larger than 325 nm,
eported an “effective quantum yield” ofφeff = 0.029, base
n measured outdoor relative photolysis rates compare
O2, JCHOCHO/JNO2 = 0.008± 0.005. Langford and Moore[25]
etermined HCO directly by resonance absorption and ded

otal HCO yields of 0.8± 0.4 (Φ1 ≈ 0.4) at 305 nm and es
ated quantum yield for the other two channels. Using ca

ing-down spectroscopy, Zhu et al.[26] found HCO yields o
.5 (Φ1 ≈ 0.75) at 351 nm, 0.69 (Φ1 ≈ 0.35) at 308 nm, 0.5
Φ1 ≈ 0.26) at 248 nm and 0.42 (Φ1 ≈ 0.21) at 193 nm. Thos
uantum yield data are summarized inTable 1b. Obviously, the
eliable high quantum yields reported by Zhu et al.[26] at 351 nm
Φ1 ≈ 0.75) are in conflict with the earlier yields reported
alvert forΦ3 = 0.6 at 366 nm.

able 1a
hotolysis of glyoxal as given in Calvert and Pitts[23]

HOCHO + h� <253.7 nm 253.7 nm 313 nm 366 nm 435

2HCO (Φ1) �=0 0 0
H2 + 2CO (Φ2) 0.16 0.15 0.02 0.01
HCHO + CO (Φ3) 0.84 0.85 0.7 0.6
hotolysis within the first absorption band (220–350 nm) is c
o unity, while photolysis within the second band (350–470
and shows strong pressure dependency, indicating ab
uantum yields much lower than 1. The yields of the dif
nt channels can be, at least partially, deduced from the pr
ields of the glyoxal decomposition in both absorption ba
btained in this work and available literature data.
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2. Experimental

2.1. Experiments performed in Mainz

The photooxidation experiments were carried out in a long-
path quartz cell with detection of products by FTIR spec-
troscopy. After identification and quantification of the products,
a mechanistic description of the photooxidation was deduced.
From the measured decay rate of starting glyoxal concentration,
overall quantum yields for photolysis were calculated compar-
ing with the decay rate of a selected actinometer.

The apparatus employed in this work have been described
elsewhere[8,28,29]and will only be discussed here briefly. The
central part of the apparatus is a 44.2 l quartz cell equipped
with two independent sets of White-optics mirror arrangements.
Sapphire-coated aluminium mirrors were used for IR mea-
surements, while MgF2-coated aluminium mirrors were used
for UV–visible absorption measurements. The base distance
between the mirrors was 1.2 m. The IR and UV path lengths
were tuned to 28 passes (33.6 m) and 8 passes (9.82 m), respec-
tively. In the infrared region the photolysis educts and products
were measured, while in the UV–visible region the photolysis
rates of the actinometers Cl2 and Br2 were determined. Infrared
spectra at 0.5 cm−1 resolution (450–4000 cm−1) were measured
with a Bomem DA3-FTIR spectrometer. This method provides
the possibility of simultaneous detection and monitoring of all
I

8 K)
a orr =
{ o-
t /12-
s ps
( The

TL/12 fluorescent lamps emit in the region 275–380 nm, with
a maximum at 310 nm, whereas the TL/03 lamps emit in the
region 390–470 nm, with a maximum at 425 nm.Fig. 1displays
the emission spectra of the lamps combined with the absorp-
tion spectrum. Spectra were taken every 5–10 min with a total
irradiation time varying between 30 and 60 min. Qualitative and
quantitative data evaluation were carried out by comparing the
products spectra with reference spectra obtained in the same
cell and using calibration curves at corresponding pressures and
resolution[28–30].

The use of a continuous broad-band light source allows only
the determination of an integral, effective quantum yieldΦint

for the photoactive region. Quantum yields (absolute) were cal-
culated according to the following equation (for carbonyl com-
pound C and actinometer Act)(I):

Φint(C) = KPhot(C)

(KPhot(Act))(
∑

OV(C))/
∑

OV(Act) × Φint(Act)
(I)

Chlorine and bromine were used as actinometers, both with
Φ = 1, in experiments with TL/12 and TL/03 lamps, respec-
tively [31]. The quantum yield is the only unknown parameter
in Eq.(I): the photolysis ratesKphot for both compound and acti-
nometers can be directly measured and the terms

∑
OV(C) and∑

OV(Act) represent the calculated overlap of proper lamp and
absorption spectra.

2

ist-
i
c im-
u mis-

d em
R-active products and the starting material.
Experiments were carried out at room temperature (29

t total pressures between 100 and 700 Torr (1 T
101,325/760}Pa), with initial mixing ratios 40–320 ppm. Ph
olysis was achieved with six radially mounted lamps, TL
unlamps (Philips 40 W), TL/03 lamps (40 W) or mercury lam
strongest emission at 254 nm) all in different experiments.

Fig. 1. Absorption cross-section of glyoxal, after Horowitz et al.[21] an
, .2. Experiments performed at EUPHORE

A detailed description of the EUPHORE facility and the ex
ng analytical equipment can be found in references[11,32]. It
onsists of two 200 m3 independent hemispherical outdoor s
lation chambers, made of FEP foil (more than 80% trans

ission spectra of the Hg, TL/12 and TL/03 lamps, given in arbitrary units.
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sion of the solar radiation in the wavelength range 290–520 nm).
Both chambers are equipped with FTIR spectrometers coupled
with White-type multi-path mirror systems for in situ analy-
sis (optical path lengths of 326.8 and 553.5 m). The IR spectra
were recorded every 10 min by co-adding 550 interferograms
with a resolution of 1 cm−1. Gas chromatographs equipped with
different detectors, such as FID, PID and ECD were also used for
analysis. Reactant and product concentrations were determined
using calibrated reference spectra.

Known amounts of glyoxal were introduced into the cham-
bers in the concentration range 0.34–0.74 ppm along with SF6,
which was used as a tracer in the determinations of the dilution
rate caused by minor leaks by thermal expansion of the reaction
mixture and by the sampling for analysis. In some experiments,
cyclohexane or di-n-butyl ether (DNBE) was added to scav-
enge OH radicals or to estimate their concentration. OH radicals
are formed because trace amounts of NOx, i.e. (NO + NO2) are
present in the chamber. The stability of the reaction mixtures
prior to their exposure to sunlight, i.e. the possibility of dark reac-
tions was examined by starting the analytical sampling at least
30 min before the onset of photolysis. The presence of an excess
of cyclohexane ([cyclohexane]0/[glyoxal]0) > 20 minimizes the
consumption of glyoxal due to a reaction with OH and the OH
chemistry of the observed products. On the other hand, the use
of the tracer, DNBE, enables estimation of the OH concentra-
tion in the chamber during the photolysis experiments. The OH
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Fig. 2. Typical time profiles of the partial pressures of glyoxal, CO, HCHO and
HC(O)OH during photolysis using TL/12 lamps.

are (1.03± 0.10)× 10−17 cm2 molecule−1 for the range
1643–1807 cm−1 and (7.21± 0.56)× 10−18 cm2 molecule−1

for the range 2737–2921 cm−1.
The appearance of HC(O)OH can be explained as secondary

product of the reaction initiated by the reaction of HO2 radicals
with HCHO[33–36]:

HCHO + HO2 → HOCH2O2

→ · · · → HC(O)OH, CH3OH, HO2

Since the only precursor of HC(O)OH is HCHO, the sum of the
quantities of both compounds was used for the determination
of the importance of the channel leading to the formation of
HCHO.

Typical time profiles of partial pressures of glyoxal, CO,
HCHO and HC(O)OH, during the photolysis with TL/12 lamps,
are shown inFig. 2. The time profiles of the partial pressures
using other sources of irradiation are similar in shape, but with
difference in the quantities CO and HCHO formed. Their ratio
is proven to be dependent on the photolysis wavelength, which
corresponds to the different decomposition channels.

Before we discuss the impact that our measurements have on
the understanding of the glyoxal photodecomposition channels,
the occurrence of the photolysis channel(4)must be considered.
Reaction(4) is thermodynamically allowed and was mentioned
in recent work of Zhu et al.[26] and Chen and Zhu[27]. The
l ined
a
a
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e toly-
s the
c .
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d

en-
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c even
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q

oncentration is derived from the first order decay of the tr
oncentration and it is then used to estimate the contributi
he OH reaction to the loss of glyoxal.

. Materials

Glyoxal trimeric dihydrate (≥99.2%) was obtained fro
ldrich Chemical Co. Pure glyoxal was produced by hea
lyoxal trimeric dihydrate in the presence of P2O5 (sicapent) to
50◦C and condensing the glyoxal vapor in a separate v
ooled with dry ice/ethanol mixture[25]. Glyoxal was collecte
s yellow crystals and was stored at dark place, at tempe
bout−20◦C. The purity was checked by FTIR spectrosco
hich is also used for monitoring the photooxidation proc
i-n-butyl ether (>99%) was obtained from Fluka, cyclohex

≥99.9%) and Br2 (>99.5%) from Aldrich and Cl2 (>99.8%)
nd C2H6 (99.95%) from Linde.

. Results and discussion

.1. Products

As products of photolysis, CO (2037–2235 cm−1), HCHO
2895–2898 cm−1) and HC(O)OH (1105 cm−1) were detecte
sing all three types of UV sources and calibrated
rence spectra are available for these compounds[28–30].
lyoxal was monitored using the specific absorption p
t 1740 and/or 2847 cm−1. Measured absorption coef
ients for glyoxal are (3.56± 0.29)× 10−19 cm2 molecule−1

base 10) at 1740 cm−1 and (1.33± 0.10)× 10−19 cm2

olecule−1 at 2847 cm−1. Integrated absorption cross-secti
atter authors measured only the HCO radical yield and obta
maximum zero pressure quantum yieldΦ◦

HCO = 2.01± 0.08
t 390 nm, which was uniquely attributed to channel(1). In order

o explain the lower HCO radical yields at higher photolys
nergies, they invoked the simultaneous occurrence of pho
is channels(1) and(4) in the range 320–370 nm, although
alculated photochemical threshold for process(4) is 334 nm
o other photolysis channels were considered to explain
ecreasing quantum yields atλ < 390 nm.

Process(4) would be a cleavage process of two indep
ent bonds without forming a cyclic transition state and
an hardly be viewed as a strictly single photon process or
ess probably a concerted one. The non-consideration o
hotolysis channel is important for the calculation of abso
uantum yields of the three channels(1)–(3), fully describing
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Table 2
The probability of the sum of channels(1)+ (2) and(3) channel, for all three sources of UV radiation (error limits represent experimental scatter)

Mercury lamps TL/12 lamps TL/03 lamps

Channelsa (1)+ (2) Channelb (3) Channels(1) + (2) Channelb (3) Channels(1) + (2) Channelb (3)

0.68 0.32 0.74 0.26 0.88 0.12
0.69 0.31 0.76 0.24 0.84 0.16
0.71 0.29 0.75 0.25 – –
0.67 0.33 0.69 0.31 0.86 0.14
0.62 0.38 0.71 0.29 0.79 0.21
0.66 0.34 0.73 0.27 – –
0.67 0.33 0.71 0.29 0.86 0.14
0.71 0.29 0.71 0.29 0.83 0.17
0.64 0.36 0.72 0.28 – –
– – 0.72 0.28 0.84 0.16
0.66 0.34 0.74 0.26 0.85 0.15
– – 0.69 0.31 – –

0.66± 0.05 0.34± 0.05 0.72± 0.04 0.28± 0.04 0.84± 0.05 0.16± 0.05

a The yield of channels(1)+ (2) is given by the yield of CO–[HCHO + HC(O)OH].
b The yield of channel(3) is given by the yield of [HCHO + HC(O)OH].

the primary step of glyoxal photolysis under our experimental
conditions. Moreover, the yield of CO measured in this study
cannot be distinguished to arise from channels(1) or (4). Simi-
larly, the following thermodynamically allowed process will not
be considered:

CHOCHO+ hν → H + H + 2CO (5)

The consideration of channel(1) itself is essential, since HCO
radicals have directly been measured by Zhu et al.[26] and Chen
and Zhu[27]. Under our applied conditions in synthetic air, all
formed HCO radicals quantitatively react with oxygen, giving
CO and HO2 [1]:

HCO+ O2 → CO+ HO2 (6)

causing the inability of distinguishing channels(1) and(2) and
consequently must be considered only as the sum in the subse-
quent analysis.

The probability for the glyoxal molecule to undergo decom-
position channels(1)+ (2) and(3) using different UV sources,
can be deduced from the products CO and HCHO + HC(O)OH
as is presented inTable 2. The yield of channel(3) is represented
by the yield of HCHO + HC(O)OH, whereas the yield of chan-
nels(1)+ (2) is given by the yield of CO–[HCHO + HC(O)OH].
Results using TL/12 and TL/03 represent only mean values in
the specified wavelength ranges.

4

the
a n th
v ove
t acti
n for
T d Br
a rate
w natu

ral logarithm of concentration versus time (first-order decay)
and performing a regression analysis. From these results, over-
all quantum yields were calculated according to Eq.(I) using
the overlap integrals of glyoxal/TL/12 or glyoxal/TL/03 and
Cl2/TL/12 or Br2/TL/03 and the experimentally determined pho-
tolysis rates of both actinometers using proper lamps.

In the case of TL/12 lamps, absolute quantum yields have
been determined to be 0.97± 0.05, independent of total pres-
sures ranging from 100 to 700 Torr, as is seen inTable 3. It has
been assumed to be also unity in the case of mercury lamps.

On the contrary, the absolute quantum yields for the region
covered by the TL/03 lamps (atλ > 390 nm), decrease from near
0.12 at 100 Torr to 0.0425 at 700 Torr, thus showing a significant
variation with pressure. These values are shown inTable 4. This
pressure dependence can be represented by a Stern–Volmer plot,
as is shown inFig. 3, where 1/ΦT is plotted versus total pressure.

F re
w

.2. Absolute quantum yield

One of the objectives of the study was to determine
bsolute quantum yield dependency on total pressure, i
arious regions of the photolysis lamps. As is mentioned ab
o achieve this goal experiments were done with proper
ometers: chlorine was used for the TL/12, while bromine
L/03 lamps. Ethane was used in both cases as Cl- an
tom scavenger. From the decay of glyoxal, the photolytic
ere deduced for the different pressures by plotting the
e
,
-

-
s
-
ig. 3. Stern–Volmer plot of glyoxal (1/ΦT vs.P) irradiated at room temperatu
ith TL/03 lamps.
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Table 3
Absolute quantum yields in the photolysis of glyoxal using TL/12 lamps, measured at different total pressures

Total pressure (Torr) Initial glyoxal (mTorr) Kphot× 103 (min−1) Absolute quantum yield Average quantum yield

100 32.41 15.54 0.915
100 28.54 15.79 0.930
100 28.88 17.04 1.004 0.950± 0.048
300 31.87 15.43 0.909
300 27.87 16.25 0.957
300 24.51 17.10 1.007 0.958± 0.049
500 30.87 15.33 0.907
500 32.28 16.44 0.968
500 28.38 17.37 1.023 0.966± 0.058
700 30.02 17.73 1.044
700 30.63 16.08 0.947
700 33.54 17.61 1.037 1.009± 0.054

Average = 0.971± 0.051

A fit through the data gives Eq.(II) :

1

ΦT
= 6.80+ 251.8 × 10−4 × P (Torr). (II)

The zero pressure overall quantum yield (ΦT,0 = 0.147) is
much lower than unity indicating that other energy dissipating
processes play a significant role[37–39].

These results, along with the determination of the relative
product yields and in combination with previously published
data, provide sufficient information for the construction of the
picture of wavelength dependence of the quantum yields of
glyoxal at atmospheric pressure. The total quantum yield in
Fig. 4 is presented with a solid line and was constructed in
analogy to the wavelength dependency of the total quantum
yield in the photolysis of methylglyoxal photolysis by Koch
and Moortgat[40], that has a very similar absorption spectrum
as glyoxal. At atmospheric pressure, the total quantum yield
decreases rapidly at the wavelength, where the second absorp-
tion band begins near 350 nm. Indeed, the total quantum yieldΦT
in the TL/03 range (390–470 nm) is 0.0425± 0.002, as seen in
Table 4.

In order to establish the course of the yield of the radical
channel (Φ1), the data obtained by the data of Zhu et al.[26] and
Chen and Zhu[27] are used. TheΦ◦

HCO values listed inTable 1c
reflect the total HCO radicals produced via channel(1), there-
fore, the contribution of channel(1) is Φ1 = 0.5Φ◦ . It is to be
n epe

T
A ea-
s

T

1
1
3
3
5
5
7
7

dence (using N2) of the HCO radical yield for glyoxal photolysis
below 380 nm. However, a pronounced pressure dependence of
theΦHCO was observed in the range 380–420 nm, from which
Φ760 Torr

HCO was deduced, as shown in the right column ofTable 1c.

Fig. 4. Total quantum yield and channel yields dependency on the wavelength
at 700 Torr.
HCO
oted that these authors did not observe a total pressure d

able 4
bsolute quantum yields in the photolysis of glyoxal using TL/03 lamps m
ured at different total pressures

otal pressure (Torr) Absolute quantum
yield

Average absolute
quantum yields

00 0.112
00 0.121 0.117± 0.005
00 0.069
00 0.065 0.067± 0.002
00 0.049
00 0.049 0.049
00 0.044
00 0.041 0.0425± 0.002
n-
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The yield of the radical channelΦ1 as determined by Zhu et
al. [26] increases from 0.21 at 193 nm to reach a maximum near
0.75± 0.08 at 350 nm. The quantum yield for the radical channel
(1)of Chen and Zhu[27] clusters in the range 320–370 nm near a
value 0.77± 0.08 (seeTable 1c). As mentioned above, at longer
wavelengths 390–470 nm (in the range of the TL/03 lamps),
our data show much lower quantum yields (ΦT = 0.0425 at 700
Torr). Therefore, the course ofΦ1 will have a local maximum
near 350 nm and will then decrease with increasing wavelength,
as shown inFig. 4. Also, the data of Chen and Zhu[27] demon-
strate a sharp drop ofΦ1 to near 0.25 at 380–390 nm, further
decreasing to 0.07 at 420 nm.

According toTable 2, therelative yield of the sum of channels
(1)+ (2)= 0.84± 0.05 for the TL/03 lamps, the absolute contri-
bution of (Φ1 +Φ2) being, therefore, 0.036± 0.002 at 700 Torr
andΦ3 = 0.007± 0.002. For the TL/12 lamps (270–380 nm), the
total yieldΦT = (Φ1 +Φ2 +Φ3) is assumed to be unity (exactly
0.97± 0.05), independent of pressure and using the data of
Table 2, the quantum yields are (Φ1 +Φ2) = 0.72± 0.04 and
Φ3 = 0.28± 0.04. Our measurements at 254 nm also provide
information for (Φ1 +Φ2) = 0.66± 0.05 andΦ3 = 0.34± 0.05.
At this wavelength assumingΦT = 1 and usingΦ1 = 0.26 from
Zhu et al. [26], Φ2 is estimated to beΦ2 = 0.40± 0.04. The
wavelength dependence of theΦ2 curve can thus be assessed
combining this value with the data of Calvert and Layne[24],
at 313 and 366 nm to be 0.15 and 0.02, respectively, as seen in
F
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Table 5
Absolute quantum yield and channel yields at different wavelength of UV radi-
ation as constructed from literature data and our measurements (see text)

λ (nm) Φtot Φ1 Φ2 Φ3

225 1.0 0.241 0.560 0.199
230 1.0 0.246 0.535 0.219
235 1.0 0.251 0.504 0.245
240 1.0 0.256 0.475 0.269
245 1.0 0.261 0.448 0.291
250 1.0 0.266 0.420 0.314
255 1.0 0.271 0.395 0.334
260 1.0 0.278 0.370 0.352
265 1.0 0.286 0.345 0.369
270 1.0 0.293 0.320 0.387
275 1.0 0.301 0.295 0.404
280 1.0 0.310 0.270 0.420
285 1.0 0.320 0.250 0.430
290 1.0 0.330 0.230 0.440
295 1.0 0.343 0.206 0.451
300 1.0 0.357 0.186 0.457
305 1.0 0.374 0.166 0.460
310 1.0 0.396 0.146 0.458
315 1.0 0.423 0.125 0.452
320 1.0 0.457 0.110 0.433
325 1.0 0.497 0.095 0.408
330 1.0 0.541 0.080 0.379
335 0.995 0.593 0.065 0.337
340 0.978 0.648 0.051 0.279
345 0.856 0.616 0.036 0.204
350 0.691 0.520 0.021 0.150
355 0.540 0.424 0.008 0.108
360 0.404 0.332 0.0 0.072
365 0.293 0.253 0.040
370 0.213 0.191 0.022
375 0.156 0.142 0.014
380 0.115 0.104 0.011
385 0.085 0.077 0.008
390 0.064 0.057 0.007
395 0.048 0.043 0.005
400 0.037 0.033 0.004
405 0.029 0.026 0.003
410 0.022 0.020 0.002
415 0.017 0.016 0.001
420 0.013 0.013 0.0
425 0.010 0.010
430 0.008 0.008
435 0.006 0.006
440 0.003 0.003
445 0.001 0.001

old for process(1) is 417 nm[27], the average yield forΦ1
becomes 0.036 in the range 390–417 nm. This average value
for Φ1 is much smaller than the values deduced by Chen and
Zhu [27] for Φ1 from the 0.5Φ760 Torr

HCO yield, dropping from
0.27 at 390 nm to 0.07 at 420 nm. The proposedΦ1 curve
from this work is, therefore, displaced toward shorter wave-
lengths with regards to the data points reported by Chen and Zhu
[27].

The error associated with the reported quantum yields as
listed in Table 5is difficult to assess, since they is based on
an interpolation of the product yields of the glyoxal decomposi-
tion in both absorption bands obtained in this work and available
literature data obtained at selective wavelengths. Although the
ig. 4.
The quantum yield curve for channel(3) over the region

54–350 nm can be constructed from the valueΦ3 = 0.45 esti
ated by Langford and Moore[25] at 308 nm and our me

urements with the Hg-lamp at 254 nm (Φ3 = 0.34± 0.05) and
he TL/12 lamps (Φ3 = 0.28± 0.04). At longer wavelengths,Φ3
ust decrease steadily to reach the value of 0.007 in the
90–470 nm, as obtained by the TL/03 lamps.

The course of the quantum yield curves of the three c
els is represented inFig. 4and the quantum yields are listed
able 5. At wavelengths shorter than 335 nm, the total quan
ieldΦT is unity and starts to drop sharply at longer wavelen
o reach zero near 450 nm. It has to be noted that the ov
f the TL/12 lamps (270–380 nm) with the first absorption b
225–350 nm) is not complete in the long wavelength range
50 nm, as seen inFig. 1. At the start of the drop ofΦT at 335 nm

he TL/12 lamps still emit a significant portion (ca. 15%) of th
ight. The experimental quantum yield 0.97± 0.05 in the emis
ion range of the TL/12 lamps might, therefore, be fortuit
ut maybe even too high. The quantum yields were calcu
sing the absorption cross-sections from Horowitz et al.[21].
uring the course of this work, new glyoxal absorption cr
ections have been reported by Volkamer et al.[22], which were
n average 5–8% larger than the values measured by Hor
t al.[21]. Assuming these higher absorption coefficients m
olve this apparent discrepancy.

The course of theΦ1 curve at wavelengths longer th
50 nm is largely determined by the quantum yield va
Φ1 +Φ2) = 0.036± 0.002 at 700 Torr obtained by the TL/
amps in the range 390–470 nm. Assuming thatΦ2 = 0 at
> 360 nm (seeFig. 4) and that the thermodynamic thre
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Table 6
Summary of glyoxal experiments at EUPHORE

Date Concentration
(ppm)

Solar
zenith
angle

OH-tracer Total removal
rate (s−1)

Dilution rate
(s−1)

Tracer
removal rate
(s−1)

NO2 photolysis
rate (s−1)

CHOCHO
photolysis
rate (s−1)

Φeff

23.06.98 (B)a 0.481 25 Cyclohexane 23.3 ppm 1.06× 10−4 1.23× 10−5 – 8.65× 10−3 9.37× 10−5 0.034
24.06.98 (A) 0.556 21 Di-n-butyl ether 129 ppb 1.21× 10−4 1.37× 10−5 2.78× 10−5 9.03× 10−3 1.02× 10−4 0.037
13.10.99 (B) 0.339 67.3 Cyclohexane 15 ppm 7.94× 10−5 5.77× 10−6 – 4.32× 10−3b 7.36× 10−5 0.030
14.10.99 (B) 0.567 49.8 No tracer 1.24× 10−4 9.95× 10−6 – 6.75× 10−3 1.14× 10−4 0.043
15.10.99 (B) 0.734 51.6 No tracer 1.17× 10−4 9.90× 10−6 – 6.90× 10−3 1.07× 10−4 0.040
19.10.99 (B) 0.524 52.2 Di-n-butyl ether 129 ppb 7.73× 10−5 1.36× 10−5 1.87× 10−5 5.01× 10−3 6.18× 10−5 0.023

AverageΦeff = 0.035± 0.007

Note: Glyoxal was introduced in different ways during those two campaigns. In June 1998, it was directly introduced by heating and in October 1999, glyoxal was
distilled before, from a mixture of glyoxal trimer and sicapent (P5O10) and then introduced.

a Refers to the chamber used.
b No radiation after 16:00 h.

experimental scatter of the quantum yield reported inTables 2–4
are about 5%, systematic errors may include uncertainties in
glyoxal (10%) and product concentration (5–10%) and glyoxal
absorption cross-sections (10%[21,22]). We, therefore, estimate
the overall absolute error in the order of 25–30%.

4.3. EUPHORE experiments

For glyoxal, two experiments have been made in June 1998
and four in October 1999 (for the lower solar conditions).
All the photolysis rates are calculated from the decay of gly-
oxal, measured by FTIR, making the corrections for dilution.
Table 6summarizes the experiments and indicated that pho-
tolysis rates range between 6.2× 10−5 and 11.4× 10−5 s−1.
There is no systematic difference between the experiments per-
formed in June and October. Only, the values in the presence of
OH-tracer (October 99) are slightly lower. Thus, the mean pho-
tolysis rates for glyoxalJCHOCHO are (9.78± 0.59)× 10−5 s−1

(in June), (6.77± 0.83)× 10−5 s−1 (in October with tracer)
and (1.10± 0.05)× 10−4 s−1 (in October without tracer). The
observed lower photolysis rates were caused by overcast condi-
tions, reducing the solar intensity and can also be observed in
Table 6from the photolysis rate of NO2 (JNO2). An averaged
photolysis rate for the cloud-free conditions gives a value of
Jobs, CHOCHO= 1.04± 0.10× 10−4 s−1.
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than 80% of the glyoxal photolysis takes place at wavelengths
shorter than 370 nm.

It is possible to estimate an average or effective quantum yield
Φeff for glyoxal under typical sunlight conditions. By know-
ing the absorption spectrum as measured in the laboratory and
assuming quantum yield of unityΦT = (Φ1 +Φ2 +Φ3), the pho-
tolysis rate was calculated using a simple transfer model[18,38]
to be Jmodel= 2.72× 10−3 s−1. The effective quantum yield
can then be calculated fromΦeff = Jobs/Jmodel= 0.038. Effective
quantum yields were also determined for each particular pho-
tolysis experiment by taking into account the measured local
actinic fluxes[41] and are listed calculated inTable 6. An aver-
age effective quantum yield was obtainedΦeff = 0.035± 0.007,
in agreement with the model calculation.

Finally, this effective quantum yieldΦeff = 0.035± 0.007 is
in good agreement with the value reported by Plum et al.[17]
Φeff = 0.029, based on measured outdoor relative photolysis rates
compared to NO2, kCHOCHO/kNO2 = 0.008± 0.005. Volkamer et
al. [22] also determinedΦeff = 0.035± 0.01 in excellent agree-
ment with the values reported in this study.

5. Atmospheric implications

The atmospheric lifetimes of glyoxal with regard to
reaction with OH (kOH = 1.10× 10−11 cm3 molecule−1 s−1

[33]) and with regard to “photolysis” are estimated to
b
(
i
1
f ess,
a duct
q cals
i ions.
T ld of
t rmed
w eter-
m ed to
f CO
r

The atmospheric photodissociation rate for glyoxal was
alculated by Chen and Zhu[27] using their HCO quantum
ield data obtained at 760 Torr total pressure. Assumi
otal quantum yield of unity in the range 290–370 nm
.5Φ760 Torr

HCO in the range 380–420 nm (these values are liste
able 1c), their calculations yieldJdissin the order of 2.0× 10−4

o 1.1× 10−4 s−1 for solar zenith angles (SZA) 0–60◦, respec
ively. These values are up to a factor two larger as observ
he outdoor chamber.

Photolysis frequencies were also calculated by Volka
t al. using their absorption cross-sections[22] and quan

um yields from Ref.[41], which are near identical as
able 5. They reportedJCHOCHO= 1.15× 10−4 s−1 for 0◦ SZA
o 5× 10−5 s−1 at 60◦ SZA, in good agreement with the v
es reported inTable 6. Their calculation also showed that m
n

e τOH = 25 h (with [OH] = 106 molecule cm−3), τOH = 5 h
with [OH] = 5× 106 molecule cm−3) andτphot≈ 3 h (with 2.8 h
f JCHOCHO= 9.78× 10−5 s−1, 4.1 h if JCHOCHO= 6.77×
0−5 s−1 and finally 2.5 h ifJCHOCHO= 1.10× 10−4 s−1). Thus,

or glyoxal the photolysis is the dominant degradation proc
lthough the effective cross-sections are very low. The pro
uantum yields indicate that dissociation into two HCO radi

s the most important pathway under atmospheric condit
he reported wavelength dependence of the quantum yie

he individual channels is based on measurements perfo
ith broad emission lamps and individual measurements d
ined at selected wavelengths. However, there is still a ne

urther investigate the exact course of the quantum yield H
adicals at different pressures.
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