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The phenol yield from the OH-radical initiated oxidation of benzene was studied in two simulation chambers:
(1) the large-volume outdoor chamber EUPHORE at CEAM, Valencia, Spain and (2) an indoor chamber at
NIES, Tsukuba, Japan. In the first study two spectroscopic techniques, i.e. differential optical absorption
spectroscopy (DOAS) and Fourier transform infra-red spectroscopy (FTIR) were used to simultaneously
measure phenol and benzene. The second study used only FTIR spectroscopy to monitor both compounds. Six
different types of OH-radical sources were employed and initial concentrations for benzene and NOx were
varied by about a factor of 400 and four orders of magnitude, respectively. The high sensitivity of DOAS
towards phenol allowed experiments with initial benzene concentrations similar to those found in the polluted
atmosphere. With respect to the NOx concentrations and light conditions employed, the experiments are
representative of the atmospheric boundary layer. The phenol yield was determined to be
Fphenol ¼ (53.1� 6.6)%, which is about twice the value reported in the literature to date. The high phenol yield
was found to remain essentially constant for NOx levels of up to several 10 ppb, which are rarely exceeded in the
atmosphere. It was also found to be independent of the oxygen concentration under these conditions. With
increasing concentrations of NOx (> 100 ppb) the phenol yield was found to decrease. The data could be
adequately described if in addition to the kinetics of the aromatic-OH adduct reactions with O2 two reactions
involving NOx (i.e. benzene–OH+NO2 and benzene–OH–O2+NO) were considered. The temperature
dependence of Fphenol was studied over a limited temperature range of DT ¼ 20 K. The results indicate that the
major part, if not all of the phenol is formed directly from the reaction of the benzene–OH adduct with oxygen.
No evidence was found for phenol formation via the photolysis of benzene oxide/oxepin. The atmospheric
relevance of the results is discussed.

1. Introduction

Aromatic hydrocarbons are an abundant constituent of the
urban atmosphere, with emissions coming mainly from road
traffic and solvent use.1–3 This class of hydrocarbons is
assumed to be responsible for a significant fraction of the
photo-oxidant formation in industrialised countries. Another
aspect of the impact of aromatic hydrocarbons on the atmo-
spheric environment is their effect on health. Benzene, for
example, is carcinogenic and its use is therefore strictly con-
trolled.4 In addition the photo-oxidation products of aromatic
hydrocarbons are known to show both toxic and mutagenic
effects, in contrast to those of most smaller alkenes and
alkanes.5

Despite their importance the knowledge about the atmo-
spheric degradation mechanisms of aromatic hydrocarbons,

in particular of benzene is still scant. Most experimental stu-
dies have focussed on the more reactive aromatic hydrocar-
bons like toluene and the xylene isomers. It is well
established that benzene and the alkylated benzenes react
almost exclusively with OH radicals under the conditions pre-
valent in the lower troposphere.6 Reactions with ozone, NO3

radicals and other atmospheric oxidants and also photolysis
are negligible in comparison. In spite of recent intensive
research efforts considerable uncertainty still exists on the prin-
cipal oxidation steps in the OH-radical degradation of aro-
matic compounds. One specific aspect of fundamental
importance for mechanism development is the branching ratio
between ring-fragmentation and ring-retention. It is known
that ring-retaining products like phenol and benzaldehyde
derivatives do not contribute as efficiently to photo-oxidant
formation as the products formed after ring-fragmentation.
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Also, the toxic effects of aromatic hydrocarbon photo-oxida-
tion products are usually attributed to ring-fragmentation pro-
ducts.6

In the case of benzene studied here, there is an additional
incentive to study the branching ratio between ring-fragmenta-
tion and ring-retention products. Various proposed mechan-
isms for the OH-initiated oxidation of this compound differ
both in the predicted formation yield and in the formation
mechanism of phenol. Fig. 1 illustrates the initial oxidation
steps in the reaction of OH with benzene and includes the dif-
ferent mechanisms currently proposed for the formation of
phenol. Because of the fact that benzene oxidation proceeds,
in contrast to the alkylated aromatic hydrocarbons, exclusively
through the addition pathway of the OH-radical to the aro-
matic ring an understanding of the initial steps of benzene oxi-
dation is also of fundamental importance for alkyl aromatic
hydrocarbons in general. The abstraction channel, which
accounts for < 10% of the OH reaction products of simple
alkylated benzenes, is comparably well understood.6

It is well established that the reaction of the OH radical with
benzene 1 proceeds by addition to the aromatic ring giving a
hydroxycyclohexadienyl radical 2, also termed benzene–OH
adduct (reaction (1) in Fig. 1). The benzene–OH adduct 2 only
slowly decomposes back to reactants (�1) under atmospheric
conditions and reversibly adds molecular oxygen7 to form
the hydroxycyclohexadienyl peroxyl radical 3, see reaction
(2). With k2� 2 � 10�15 cm3 s�1 and k�2� 8 � 103 s�1, the
equilibrium between 2 and 3 is rapidly attained (< 1 ms) and
it is not yet possible to differentiate between the two radical
species 2 and 3 with respect to the further loss processes.8

The reported equilibrium constant, Keq ¼ k2/k�2 ¼
2.7 � 10�19 cm3 at T ¼ 296 K,8 indicates that 2 and 3 are pre-
sent at roughly equal concentration in air at one atmosphere.
Both radicals may form in chemically activated states9

which for reasons of simplicity are not explicitly shown in
Fig. 1.
With respect to the formation of phenol 4 from 2 and 3, dif-

ferent pathways (3) to (6) and (10) have been proposed. Chan-
nel (3) in Fig. 1 forms HO2 through a hydrogen abstraction
reaction of 2 with molecular oxygen. Channel (4) in principle
yields the same products through the direct elimination of
HO2 from 3.9 The formation of phenol without involvement
of O2 has been proposed to proceed by elimination of a ring-

bound H atom from 2, see reaction (5),10 and this pathway
has been the topic of intensive discussion in the literature.8,11,12

Finally, another possible pathway, shown as (6), was proposed
by Klotz et al.13 Reaction of the hydroxy cyclohexadienyl radi-
cal 2 with O2 was proposed to yield an HO2 radical and ben-
zene oxide 5, which is in rapid equilibrium with its
monocyclic isomer oxepin 6. Mixtures of benzene oxide/oxe-
pin 5/6 have been shown to yield phenol on photolysis with
sunlight, reaction (7) in Fig. 1, while its OH initiated oxidation
gives ring-opening products.13

Reactions (8) to (12) have also been proposed as loss pro-
cesses of the species 2 and 3. Of these, channels (8) and (9)
are thought to dominate under atmospheric conditions leading
in part to epoxide-type compounds14 and further ring-cleavage
products.6,15 Channel (10), the reaction of 2 with NO2 , can be
important under (smog chamber) conditions with high NO2

concentrations. This reaction has been proposed to lead,
among other products, to the formation of phenol,16 though
another study10 found no evidence for this. Channel (11), the
reaction of NO with 2, will be essentially negligible under most
conditions.7 Finally, channel (12) indicates the reaction of
intermediate 3 with NO. This process is negligible under atmo-
spheric NO concentrations7 but it may become an important
loss process for the equilibrium 2/3 under simulated atmo-
spheric conditions if NO concentrations are fairly high.
In the scheme presented in Fig. 1, reactions (8) to (12) will

compete with the phenol forming channels (3) to (6) and are
expected to reduce the phenol yield under high NOx concentra-
tions. If on the other hand the NOx concentration is low, the
phenol yield essentially depends on the relative importance
of channels (3) to (6) and (8) and (9). In the present study,
information about the relative importance of these channels
is obtained by varying the parameters OH-radical source, tem-
perature, oxygen partial pressure and initial NOx concentra-
tion in the OH-initiated oxidation of benzene.

2. Experimental

Experiments were performed in two facilities: the outdoor Eur-
opean Photo-Reactor (EUPHORE), located near Valencia,
Spain and the indoor photo-reactor at the NIES, Tsukuba,
Japan.

Fig. 1 The initial steps in the OH-initiated oxidation of benzene 1. Currently proposed loss processes of the benzene–OH adduct 2 and the per-
oxyl radical 3 (which are in a rapidly established equilibrium) are shown that lead in part to the formation of phenol 4. Reaction pathways are
indicated by numbers in circles and corresponding rate constants, if available, are given in the text.
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2.1 EUPHORE

The EUPHORE installations, located at the CEAM institute
in Valencia, Spain, consist of two hemispherical chambers
made of 120 mm thick FEP foil, highly transparent for visible
as well as UV light (transmittance in the visible is approxi-
mately 85–90%, at 290 nm about 75%). The chamber used in
this study has an approximate volume of about 187 m3 and
a surface to volume ratio (S/V) of 0.7 m�1. Detailed descrip-
tions of the EUPHORE facilities are given in the literature.17,18

UV enhanced aluminium coated mirrors (Alflex-UV, Bal-
zers, Liechtenstein) were employed for the actively laser
aligned White-system coupled to the DOAS (differential opti-
cal absorption spectroscopy). Spectra were recorded using 16
or 48 traverses corresponding to 130 m or 386 m absorption
paths, respectively. A 500 W Xe-high pressure arc lamp (Pro-
fessional Lamps INC, New Jersey, USA) was used as light
source. The f/6.9 Czerny Turner spectrograph of the DOAS
instrument (ACTON 500, focal length: 0.5 m) equipped with
a linear photo-diode array detector (Hamamatsu, 1024 diodes,
Hoffmann Messtechnik, Rauenberg) was operated at either (1)
0.2 nm (grating 1 : 1200 grooves mm�1, blaze wavelength: 300
nm) or (2) 0.84 nm (grating 2 : 300 grooves mm�1, blaze wave-
length: 500 nm) spectral resolution (FWHM). Spectra were
recorded in the spectral intervals (1) 250 nm to 290 nm or
(2) 246 nm to 411.8 nm yielding a time resolution from a few
seconds to less then 5 min.
The second White-system, coupled to the FTIR (Fourier

transform infra-red) spectrometer was equipped with gold-
coated mirrors and was operated at 40 traverses, correspond-
ing to an absorption path length of 326.8 m. The FTIR spec-
trometer, a NICOLET Magna 550 equipped with a liquid N2

cooled MCT detector, was operated at 1 cm�1 spectral resolu-
tion, and 280 to 550 scans were co-added per spectrum giving a
time resolution of 5 to 15 min.
Photolysis frequencies of NO2 were measured by 2 filter

radiometers, each of which covered a 180� field of view. One
of the radiometers was pointed upwards to measure the UV-
flux from incoming light, the other one was pointed towards
the floor to measure the flux reflected by the floor panels. Max-
imum daytime values for the sum of both channels are ca.
9 � 10�3 s�1.
The additional equipment used during the experiments

included a gas chromatograph with flame ionisation detection
(GC-FID; Hewlett Packard 6890, column: HP-5, crosslinked
5% PHME silicone 30 m� 0.32 mm� 0.25 mm, temperature:
T ¼ 313 K, sampling rate: 4 min), a gas phase chemilumines-
cence NOx-analyser with photolytic NO2-converter (ECO Phy-
sics CLD 770), an ozone monitor (Monitor Labs ML9810), a
particle counter (TSI 3022A) and a hygrometer (Walz TS-2).

2.2 NIES

The NIES chamber has a volume of 6.065 m3 and is a Teflon-
coated (PFA-M, tetrafluoroethylene-perfluoroalkyl vinyl ether
copolymer) steel cylinder with a length of 3500 mm and an
inner diameter of 1450 mm. It has 20 m2 of Teflon coated sur-
face and 2 m2 of glass and quartz surface, resulting in a S/V
ratio of 3.7 m�1. The light source is a solar simulator consist-
ing of 19 xenon arc lamps of 1 kW each, which were operated
at 800 W. The lamps are equipped with 2 mm Pyrex glass
filters that cut off light of wavelengths < 290 nm to simulate
tropospheric solar light. The light intensity in the chamber
corresponds to an NO2 photolysis frequency of J(NO2) ¼
4.25 � 10�3 s�1. A more detailed description of the chamber
itself is given in the literature.19 Analysis of reactants and pro-
ducts was performed by FTIR spectroscopy, the spectrometer
is a Nicolet Nexus 670 equipped with a liquid N2 cooled MCT
detector, the resolution was 1 cm�1. The spectrometer is
coupled to a White mirror system (base path 1700 mm) which

was operated at 130 traverses, giving to a total absorption path
length of 221.5 m including the transfer path.
For the EUPHORE experiments with initial benzene con-

centration exceeding 1.35 � 1013 cm�3, benzene was measured
by FTIR rather than DOAS due to apparent saturation effects
of the UV-absorption signal for this compound. For most of
these experiments, the decay of benzene was additionally mon-
itored by GC-FID and the relative data was subsequently
cross-calibrated using the initial concentration of benzene as
determined with FTIR.
In this paper we use the unit ‘‘ppb’’ (1 ppb corresponds to

2.46� 1010 cm�3 at T ¼ 298 K and p ¼ 760 Torr, 1
ppm ¼ 103 ppb) for mixing ratios of species as measured by
NOx� and ozone monitors or GC data and ‘‘cm�3 ’’ for con-
centrations of species as measured by the spectroscopic techni-
ques as these units correspond to the actually observed
quantities.

2.3 Experimental conditions

Initial conditions of the EUPHORE and NIES experiments
are given in Table 1. The initial concentration of benzene
was varied between ca. 1.1� 1012 cm�3 and 4.5� 1014 cm�3

and that of nitrogen oxides (NO+NO2 ¼ NOx) was varied
between < 0.2 ppb and 2.0 ppm, i.e. over four orders of mag-
nitude. In addition an OH-radical tracer substance (di-nbutyl
ether, 1,3,5-trimethylbenzene or p-cresol) was added at concen-
trations of about 5� 1012 cm�3, 7.5� 1012 cm�3 and 6.2� 1011

cm�3, respectively, in selected experiments in order to calculate
the benzene conversion from the traced OH-profile.
Experiments were performed in very different chemical sys-

tems that use different types of OH-radical sources (see Table
1):
(1)‘‘Photosmog’’ system: in this system benzene, NO and if

applicable an OH-tracer were introduced into the chamber.
After leaving the system approximately 30 min for stabilisation
in the dark the chamber housing was opened allowing natural
sunlight to start the OH-radical initiated oxidation. DOAS was
operated using grating 1.
(2) Ozone-photolysis system: in this ‘‘NOx free ’’ system

about 60 ppb to 100 ppb of ozone in the presence of water
vapour (approx. 50% relative humidity) were introduced into
the chamber. The photolysis of ozone initiates the formation
of OH-radicals. DOAS was operated using grating 1. After
exposing the chamber to sunlight, small amounts of NOx were
observed to build up. Typical NOx concentrations were below
2 ppb.
(3) HONO-system: about 20 ppb to 100 ppb of HONO con-

taining NO and NO2 were introduced into the chamber. OH-
radicals were then generated from the photolysis of HONO.
DOAS was operated using grating 2.
(4) H2O2-system: about 5 ml of an aqueous solution of H2O2

(30%) were added. OH-radicals then were generated from the
photolysis of H2O2 after opening the chamber housing. DOAS
was operated using grating 1.
(5) HCHO-system: about 60 ppb of HCHO and 21 ppb of

NO were added. HCHO photolysis was used to generate
HO2 radicals which were converted to OH-radicals through
reaction with NO. DOAS was operated using grating 1.
(6) CH3ONO-system: about 1 ppm of CH3ONO and about

1 ppm of NO were added. CH3ONO photolysis was used to
generate HO2 radicals which were converted to OH-radicals
through reaction with NO.
At EUPHORE, liquid reactants were transferred to the reac-

tion chamber from calibrated syringes by passing a stream of
purified air into the chamber either through an impinger in
which the desired amount was vaporised by gentle heating or
through a dispersing spraying unit. p-Cresol was dissolved in
water and sprayed into the chamber. Gaseous reactants were
introduced by injecting the samples into the impinger through
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a septum using syringes. In some experiments nitrous acid
(HONO) was used as a source of OH-radicals. HONO was
generated from an aqueous solution of NaNO2 (1 g in 100
ml of water) dissolved in sulfuric acid (30%aq). Mixtures of
HONO, NO and NO2 (approx. molar ratios of 1 : 0.9 : 0.8
respectively) were released into the gaseous phase and flushed
into the chamber by an air stream. In one experiment, the mix-
ing ratio of oxygen was raised to about 40% by flushing the
reactor volume with oxygen (purity 4.5) prior to introducing
the reactants.
Dilution of the reactants and products occurred by losses

through small cracks in the foil and the gas flow necessary
to keep the chamber inflated. To determine this dilution ca.
6� 1011 cm�3 of SF6 , an inert tracer substance, was added
in all experiments. The decay of this compound was followed
by FTIR spectroscopy. The leakage rate of the system (kleakage)
was typically about 5.5 � 10�6 s�1.
At NIES, reactants were introduced into the chamber by

vaporising the desired amount in external bulbs of known
volume and flushing it into the chamber with 99.999% pure
N2 . Methyl nitrite (CH3ONO) was prepared as described pre-
viously.20 The NaOH trap and N2 stream were omitted, and
the product was purified by repeated low-temperature distilla-
tions in vacuum.

2.4 Evaluation of the DOAS and FTIR spectra

All DOAS spectra were corrected for stray light, dark current
and electronic offset and subsequently divided by a reference
spectrum recorded the same day while the reactor was being
flushed with clean air. In this way, the absorption structures
of molecular oxygen, interfering with the aromatic absorption
signal at wavelengths below 290 nm were virtually elimi-
nated.21 The evaluation of phenol, benzene, ozone and the aro-
matic OH-tracer substance (if applicable) was conducted in the
wavelength interval between 255 nm and 282 nm. The spectra
were high-pass filtered by dividing the original spectrum by a
500 times triangular smoothed copy of itself. A new reference
spectrum of benzene was recorded for each experiment at the
time when only benzene was added to the chamber. For phenol
and the aromatic OH-tracer substances, a spectrum was pre-
recorded using the same experimental set-up. For ozone, the
data of Bass and Paur22 were adjusted to match the spectral
resolution of the experimental set-up. The evaluation of
HONO, NO2 and HCHO from spectra which were recorded
using grating 2 was conducted in the wavelength interval
between 271 nm and 363 nm using a 5th order polynomial
as high-pass filter. All the fitted spectra were simultaneously
adjusted using non-linear least square fitting routines of the

Table 1 Initial conditions and results for the experiments performed at EUPHORE (BEN1 to BE31) and at NIES (NBE1 to NB43). The experi-

mental type refers to (1) ‘‘photosmog’’ system, (2) ozone-photolysis system, (3) HONO system, (4) H2O2 system, (5) HCHO system (see text for

details). The reported yields were determined by method (a) steady state assumption, (b1) and (b2) two kinetic approaches and (c) numerical simula-

tion of the experimental data (see text for details)

Name

Benzene

/1012cm�3
NOx

(ppb)

Phenol yield,

Fphenol (%)

Error of

evaluation only (%)

Overall error

(%)

NOx

corr.

Experimental

type

Evaluation

method

BEN1 58.3 95 48.0 5.5 6.9 1.03 (1) (c)

BEN2 28.9 105 49.9 9.1 10.1 1.04 (1) (c)

BEN3 29.3 150 44.4 11.0 11.5 1.06 (1) (c)

BEN4 29.2 105 48.8 6.2 7.4 1.04 (1) (c)

BEN5b 57.3 195 47.7 2.5 5.2 1.09 (1) (c)

BEN6b 28.0 245 52.1 1.8 4.4 1.10 (1) (c)

BEN7 28.3 210 47.4 4.4 6.0 1.08 (1) (c)

BEN8b 28.5 51 49.6 1.7 4.1 1.02 (1) (c)

BEN9b 11.8 100 55.3 2.8 5.7 1.04 (1) (c)

BE10 24.1 53 55.7 6.3 7.9 1.02 (1) (c)

BE11 1.5 50 56.1 6.0 7.4 1.02 (1) (a)

BE12 9.9 (2)a 55.8 2.3 5.6 1.00 (2) (a)

BE13 1.6 (6)a 58.4 6.1 7.4 1.00 (2) (a)

BE14 1.4 (2)a 66.6 6.3 8.4 1.00 (4) (a)

BE15 23.6 21 55.0 5.9 7.4 1.00 (5) (c)

BE16b 84.2 200 48.3 2.2 4.8 1.08 (1) (c)

BE17b 113.0 260 43.9 2.0 4.4 1.10 (1) (c)

BE16II 22.1 13 57.6 7.6 9.2 1.00 (5) (b2)

BE17II 13.5 135 54.5 3.2 4.5 1.04 (3) (a)

BE18 26.8 120 50.5 8.0 9.0 1.07 (3) (b1)

BE19 1.1 86 57.8 7.0 8.5 1.04 (3) (a)

BE24c 105.9 176 50.4 5.6 7.9 1.10 (3) (b1)

BE26c 48.9 113 50.3 2.1 5.8 1.07 (3) (b1)

BE28d 441.8 790 42.1 2.1 5.2 1.35 (3) (b1)

BE28IId 411.5 1705 26.6 3.0 4.4 1.78 (3) (b1)

BE31d e 378.2 240 53.5 4 7 1.07 (3) (b1)

NBE1b 122.3 1072 33.5 5.0 5.4 1.47 (1) (b2)

NBE2b 122.5 1084 34.6 2.2 2.9 1.46 (1) (b2)

NBE3 49.7 1940 25.0 4.6 4.9 1.88 (6) (b2)

NBE4 123.2 2009 25.8 1.4 2.1 2.01 (6) (b2)

NB19b 185.7 213 42.7 3.5 4.3 1.10 (1) (b2)

NB20b 183.3 106 44.8 4.3 5.1 1.05 (1) (b2)

NB21b 185.8 314 43.1 5.7 6.4 1.14 (1) (b2)

NB43 247 121 42.1 4.9 6.8 1.06 (1) (b2)

a NOx free at start of experiment. b Di-n-butylether added as tracer for OH-radicals. c 1,3,5-Trimethylbenzene added as tracer for OH-radicals.
d p-Cresol added as tracer for OH-radicals. e The mixing ratio of oxygen in this experiment was raised to 40%.
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Mfc software.23 A detailed description of the evaluation proce-
dure for DOAS spectra can be found elsewhere.21,24,25

The FTIR spectra were evaluated by computer-aided sub-
traction of calibrated reference spectra. In the evaluation of
the EUPHORE data, reference spectra of phenol, formic acid,
di-nbutyl ether and nbutyl acetate were simultaneously fitted in
the region from 1075–1210 cm�1, followed by nitric acid and
maleic anhydride in the region 850–920 cm�1. Then benzene
and ozone absorptions were subtracted at 1005–1075 cm�1.
Due to the strong interference between the absorptions of
ozone and benzene, ozone reference spectra were recorded at
different temperatures and appropriate spectra were used in
the subtractions. The FTIR spectrum of benzene also showed
a temperature dependence that interfered with the evaluation.
Therefore, the temperature dependence of the absorption cross
section at 1038 cm�1, which was used for the evaluations, was
determined in independent experiments in a small heatable cell.
The observed temperature dependence can be described by the
equation

sðTÞ ¼ sðT0Þ � ð1:77� 0:05Þ � 10�22cm2K�1 � ðT � T0Þ

All benzene concentrations given in this work have been cor-
rected accordingly. Finally absorptions due to glyoxal, formal-
dehyde and propanal were subtracted in the region 2860–2650
cm�1. Reference spectra of di-nbutyl ether and its oxidation
products nbutyl acetate and propanal were subtracted only in
those experiments where di-nbutyl ether was used as an OH
tracer compound. After the absorption features of all identified
compounds were subtracted, the SF6 absorption band around
947 cm�1 was integrated to determine the leak rate of the
chamber. The spectral subtractions of the EUPHORE data
were performed using the OPUS software (version 3.0) of Bru-
ker Messtechnik GmbH.
The NIES spectra were evaluated using the ONMIC soft-

ware (version 5.1, Nicolet Inc.). Calibrated reference spectra
of water (1580–1550 cm�1), HNO3 (930–840 cm�1), methyl
nitrite (1020–950 cm�1) where applicable, formaldehyde
(2830–2720 cm�1), phenol (1183–1170 cm�1), di-nbutyl ether
(1180–1100 cm�1), NO (1925–1845 cm�1), benzene (2030–
1880 cm�1), HONO (1310–1210 cm�1), NO2 (1700–1500
cm�1) and O3 (1120–950 cm�1) were successively subtracted
from all sample spectra. Since the NIES experiments were per-
formed in a temperature controlled reaction chamber and the
benzene absorption band evaluated was not a Q-branch, no
corrections of the data for temperature dependencies were
required.
Only the data of relevance to this study will be presented

here. Calibrations of the DOAS and the FTIR reference spec-
tra of aromatic compounds were performed using the cross-
sections of Etzkorn et al.26 As a cross-check, the DOAS
absorption cross section of phenol was re-determined using
the EUPHORE set-up. In order to compare our value of s
with the data from Etzkorn et al.26 their spectra were adjusted
to match the spectral resolution of this study. The differential
absorption cross section s0 was derived from s by a 1000 times
triangular smoothing high-pass filter. The ratio of s0 divided
by s is 0.83 under the employed conditions for phenol. For
the comparison the two spectra were fitted over the spectral
range from 255 nm to 282 nm, i.e. covering three prominent
differential absorption bands. Further, the FTIR cross sections
of benzene and phenol were re-determined at NIES. In all
cases the literature values26 were confirmed within their stated
error limits.

2.5 Data reduction procedures

As rate constants for the reactions of OH with benzene and
phenol the temperature dependent data recommended by
Atkinson6 were used. The values corresponding to T ¼ 298
K are: kOH(benzene) ¼ 1.23 � 10�12 cm3 s�1 and

kOH(phenol) ¼ 2.63 � 10�11 cm3 s�1. For the OH-tracers the
following rate constant values were applied: kOH(di-

nbutyl
ether) ¼ 2.81 � 10�11 cm3 s�1,27–32 kOH(1,3,5-trimethyl-
benzene) ¼ 5.73 � 10�11 cm3 s�1 6,32 and kOH(p-cresol) ¼
4.7 � 10�11 cm3 s�1.6 These OH reaction rate constants repre-
sent averages of the reported literature values or correspond to
presently recommended values. The following four evaluation
procedures (a, b1 , b2 , and c—indicated in Table 1) were
employed to determine the phenol yields Fphenol :

(a) The steady-state assumption. Fphenol was determined
from the measured concentrations of phenol and benzene
when steady state was reached in the course of the experiments
according to:

Fphenol ¼
kOHðphenolÞ � phenol½ � � fc
kOHðbenzeneÞ � benzene½ � ð1Þ

The correction factor fc ¼ 1+ kwall/(kphenol+OH� [OH])
accounts for phenol loss to the wall. The wall deposition rate
kwall was determined in separate experiments yielding
kwall ¼ (7.2� 3.8) � 10�6 s�1 and (1.1� 0.1) � 10�5 s�1 at
EUPHORE and NIES, respectively. The concentration of
OH was determined as described below. These corrections lead
to small deviations to data presented previously.33,34

(b) Direct kinetic analysis of the phenol yield. Two different
approaches were applied: approach (b1) determines the phenol
yield within the first few minutes of an experiment with the
advantage that loss processes of the phenol as well as effects
of temperature changes are small in this phase. Approach
(b2) determines the phenol yield over a time span that is con-
siderably longer and corrections for phenol loss through
OH-reaction and wall deposition were applied and tempera-
ture changes were also considered.

(b1) Determination of Uphenol from the phenol production
rate. Eqn. (2) was used to calculate the phenol yield Fphenol

from the measured production rate of phenol:

Fphenol ¼
Pphenol

kOHðbenzeneÞ � OH½ � � benzene½ � ð2Þ

Pphenol denotes the average production rate of phenol over the
first few minutes of reaction time as measured by the DOAS.
For the time interval tn� tn�1 , identical to the integration time
of the DOAS spectra, the average OH-concentration
[OH](tn � tn�1)

was determined from the relative loss of the
respective OH tracer using eqn. (3):

OH½ �tn�tn�1
¼

ln
tracer½ �tn�1

tracer½ �tn

 !
� ððkleakage þ kwallÞ � ðtn � tn�1ÞÞ

kOHðtracerÞ � ðtn � tn�1Þ
ð3Þ

The loss rates to the wall (kwall) for 1,3,5-trimethylbenzene and
p-cresol were determined to be (3.1� 2.6) � 10�6 s�1 and
(1.5� 0.9) � 10�5 s�1, respectively, from separate experiments
in EUPHORE. The wall loss of di-n-butyl ether, the only tra-
cer applied at NIES and benzene was found to be negligible in
both chambers. During the first few minutes of most experi-
ments the benzene conversion was small, i.e. < 3% and conse-
quently the average concentration of benzene as calculated
from the OH concentration was applied in eqn. (2).

(b2) Determination of Uphenol from the reactant–product–
time series. The phenol concentrations determined experimen-
tally were corrected for losses through reaction with OH radi-
cals as well as wall deposition and leakage (treated as 1st order
loss processes here). Eqn. (4) was used to calculate the amount
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of phenol lost through both processes in the time interval tn�1

and tn (see b1):

½phenol�loss ¼½phenol�n�1ð1� expð�ðkOHðphenolÞ½OH�ðtn�tn�1Þ

þ kwallþleakÞðtn � tn�1ÞÞÞ ð4Þ

The OH concentration [OH](tn � tn�1) was calculated from eqn.
(3). The total amount of phenol lost from the start time t0 of
an experiment until the time tn can then be calculated by
eqn. (5):

phenol½ �total lossuntil tn
¼
Xn
i¼1

phenol½ �lossi�1!i

� �
ð5Þ

The value determined in this way was added to the experimen-
tally observed phenol concentration at time tn . The amount of
reacted benzene was calculated from the OH-concentration
[OH](tn � tn�1)

. The phenol yield was hence calculated from the
slope of the corrected phenol concentration plotted as a func-
tion of the amount of reacted benzene.
After several hours of reaction time the corrected phenol

concentrations were up to a factor 2 higher than the uncor-
rected values. Data points in which larger corrections had to
be applied were discarded.

(c) Numerical simulation of reactant–product–time profiles.
Phenol yields were determined by a method similar to that
used for toluene experiments reported by Klotz et al.18 Briefly,
numerical simulations were carried out in which the OH con-
centrations were fitted to the observed degradation rate of ben-
zene or di-n-butyl ether, and yields were fitted so that the
observed concentration–time profile of phenol was repro-
duced. The fits were performed with the FACSIMILE soft-
ware package. Additional loss processes that were taken into
account were reaction of phenol with OH radicals, losses
through dilution of the chamber air and wall deposition.

2.6 Error considerations

The experimental error of Fphenol from individual experiments
ranged between 8% and 26%. Systematic uncertainties can be
broken down into the uncertainties in the absorption cross sec-
tions26 (benzene: Ds ¼ 2.6%; phenol: Ds ¼ 3.9%) and OH-
reaction rate constants (benzene:6 DkOH ¼ 4%; phenol:6,35

DkOH� 6%; di-nbutyl ether:27–32 DkOH ¼ 3%; 1,3,5-trimethyl-
benzene:6,32 DkOH ¼ 9%; p-cresol:6,35 DkOH ¼ 11%) which
add up to a total systematic uncertainty of Fphenol between
7.5% and 12%.
Additional error sources are due to the evaluation of the

spectra (ranging from 1% to 10% (DOAS) and 2.5% to 25%
(FTIR); largely determined by the signal to noise ratio of the
spectra) which in most cases limited the precision with which
the benzene degradation could be determined (8–25% without

added OH-tracer, 3–11% with tracer). Further minor uncer-
tainties are due to the error of leak and wall deposition rates
(0.2–4%) and changes in the reaction rate constants due to
temperature changes over the course of an experiment (0.2–
3%).30,36 Further, for the runs using radical source (2), traces
of NO2 were observed that may form NO3 radicals from the
reaction with ozone. Under the experimental conditions
(ozone: 80 ppb, NO2 : 2 ppb) the NO3 concentration may have
reached levels of about 0.1 ppt corresponding to a phenol loss
rate of about 9 � 10�6 s�1. This loss process may become com-
parable to the wall-deposition rate of phenol and was included
into the errors given in Table 1 (about 3%). The overall evalua-
tion error can be summarized for the employed evaluation
methods: (a) 4% to 12%, (b1) �2.5%, (b2) �4.5% and (c)
�6% to 25%.
The maximum error of 25% for Fphenol from the FTIR eva-

luation was calculated for conditions of low light intensity and
the absence of a tracer substance for OH radicals. For experi-
ments with OH tracer the overall uncertainty of Fphenol , iden-
tified as the sum of the average specific error (7.5%) and the
average systematic error (10%), was 12.5%.

3. Results

A total of 26 experiments on the photo-oxidation of benzene
were conducted in EUPHORE, in addition, 8 experiments
were conducted at NIES. In these experiments the initial ben-
zene concentration was varied by about a factor of 400, while
the initial NOx concentrations were varied by almost four
orders of magnitude (see Table 1). The experiments presented
here focus on the low-NOx regime encompassing the NOx

levels prevailing in the atmosphere.

3.1 Phenol calibration

An advantage of the spectroscopic techniques employed for
the detection of phenol is that calibration solely depends on
physical properties, i.e. the absorption cross section spectrum
s(l) of phenol, that are independent of the measurement
instrument. The UV-absorption cross section s(l) of phenol
was re-determined in a separate experiment by introducing
known amounts of phenol up to a concentration of about
8� 1011 cm�3 and recording spectra at a spectral resolution
of 0.2 nm (FWHM). The phenol absorption was found to
increase linearly with the introduced amount of phenol and
no evidence for deviations from Lambert–Beer’s law were
observed under these conditions. The value of s at 275 nm is
(1.97� 0.08) � 10�17 cm2 and corresponds to the s0 listed in
Table 2. The error of the cross section of phenol hereby is
dominated by uncertainties of the exact volume of the reactor,
which is known with an accuracy of approximately 3%. The
result of the inter-comparison with the spectra of Etzkorn et

Table 2 The phenol absorption cross-section (s) determined for this study is compared to literature values. The calibration of this study agrees

well with several cross-sections that have been determined in the UV- and IR-spectral ranges. The relative calibration was scaled to the values of

Etzkorn et al.26

Reference Spectral rangea Differential cross-section s0b Relative calibrationc d

Bjergbakke et al.10 UV : 275 nm, one band 6.6 � 10�18 cm2 0.4� 0.08

Trost et al.37 UV: 245–283 nm, several bands 1.88 � 10�17 cm2 1.13� 0.14

Etzkorn et al.26 UV: 248–287 nm, several bands 1.66 � 10�17 cm2 1

Etzkorn et al.26 IR: 400–4000 cm�1, several bands 1

Berndt et al.38 IR: 1000–4000 cm�1, several bands 1.20� 0.12

Trost et al.37 IR: 1000–4000 cm�1, several bands 1.10� 0.12

This study UV: 255–286 nm, several bands 1.64 � 10�17 cm2 0.99� 0.04

a Respective spectral ranges under observation; UV: ultraviolet; IR: infrared. b UV: s0 of the 275 nm absorption band at a resolution of 0.2 nm

(FWHM). c Normalised to the values of Etzkorn et al..26 d FTIR: average value for four bands; integrated cross-sections were compared; see text.
e The specified absolute s ¼ 7.9 � 10�18 cm2 was multiplied by 0.83 for comparison to s0.
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al.26 is also listed in Table 2 where the given values are scaled
relative to their work due to the smaller error of s0. Both
values are in excellent agreement. Further included in Table
2 are available literature data together with the spectral ranges
measured in the respective studies. The inter-comparison value
for Trost et al.37 was adopted from Etzkorn et al.26 The two
values compare well. The observed good agreement is espe-
cially interesting because Trost et al.37 used a different calibra-
tion method based on the vapour pressure of phenol, in
contrast to the method employed in this study and by Etzkorn
et al.26

An inter-comparison of the phenol measurements per-
formed by the DOAS and FTIR systems is shown in Fig. 2.
Different symbols represent the different experiments BEN1
to BE10, in which both systems were available. Only data
points that overlap at least 50% of the measurement time are
shown. The linear regression of the data yield: cphenol,FTIR ¼
(1.0004� 0.0053)� cphenol,DOAS� (5.6� 2.0)� 109 cm�3. It is
evident that the agreement between the DOAS and FTIR tech-
niques is excellent. In Fig. 2, error bars have been included for
some data points, and it becomes clear that the offset of
�5.6� 109 cm�3 is lower than the uncertainties of the indivi-
dual measurements (�7� 1010 cm�3 for the FTIR). The errors
also show that the phenol concentrations determined by
DOAS are significantly more precise than those determined
by FTIR. Therefore, in the experiments where both systems
were available, the DOAS data have been employed in the eva-
luations.
This good correlation of both techniques demonstrates the

quality of the phenol measurements in this work and reflects
the fact that calibration of the UV and IR data is based on
simultaneously determined UV and IR absorption cross sec-
tions.26 Comparing our data to the independent calibration
of Berndt et al.38 and Berndt39 gives agreement within
�20%. The larger absorption cross section used in Berndt et
al.38 leads to an underestimation of the phenol yield. On the
basis of our calibration their published value would corre-
spond to 28% as indicated in Table 3.
Larger deviations are observed for the UV absorption cross

section as given in the work of Bjergbakke et al.10 The authors
measured the whole spectrum of phenol at T ¼ 300 K and
report a value for the absorption cross section at the 275 nm
band, which is about a factor of 2.5 smaller than that of the
other studies. We believe this discrepancy can be explained
by the experimental conditions employed in the work of Bjerg-
bakke et al.10 Based on the differential cross section of the pre-

sent work, the differential optical density calculated for the
conditions specified by Bjergbakke et al.10 should have been
about 2.2 (base e). If such optical densities of narrow absorp-
tion features, i.e. as that of phenol, are observed at a resolution
that is lower then the natural line-width of the observed
absorption band, deviations from Lambert–Beer’s law are
likely to influence the apparent unresolved absorption signal.
This was tested for benzene, comparable to phenol in this
aspect, and the apparent differential absorption signal
decreased by about 10% at an apparent (low resolution) opti-
cal density of roughly 0.5 (base e). Such ‘‘ saturation’’ effects
are documented in the literature21,40 and lead to an underesti-
mation of the apparent absorption cross section. Given the
fact that this effect is non-linear; the observed difference
between the two values of a factor of 2.5 can be rationalised.
If the phenol yield of 25% given by Bjergbakke et al.10 is based
on the calibration of the present work a corrected value of 10%
is obtained.

3.2 The phenol yield

The phenol yields determined for the individual experiments
are listed in Table 1. In order to assess the influence of the
employed evaluation procedure two errors are given (both
referring to the 2-sigma confidence interval). The first error
denotes the error of the evaluation procedure excluding the
systematic errors due to calibration and errors in the kinetic
parameters, while the second denotes the overall error of the
absolute phenol yield.
In the following, three examples for the experimental data

are shown. The primary phenol yield as determined during
the first five minutes of experiment BE26 (see Table 1) is shown
in Fig. 3. The OH profile determined from eqn. (3) was used
here to calculate the amount of reacted benzene and to correct
the measured phenol concentration for loss through reaction
with OH (corrections �8%). The advantages of evaluation
method b1 (constant temperature, small corrections for sec-
ondary reactions) are here combined with the representation
of the data of method b2 . An average OH concentration of
1.3 � 107 cm�3 was determined from the decay of 1,3,5-tri-
methylbenzene for this experiment. The observed linear
increase of phenol shows that it is a primary product in the
OH initiated oxidation of benzene. The yield determined from
the slope of the linear regression to the data points corre-
sponds to a phenol yield of (50.3� 2.1)%.

Fig. 2 Plot of phenol concentrations measured by DOAS and FTIR
during experiments BEN1 to BE10 (different symbols were used for
individual experiments). Only data points where the overlap of the
measurement times is at least 50% have been included. Due to the sig-
nificantly higher sensitivity of the DOAS instrument, the DOAS data
were preferred when both systems were available.

Fig. 3 Plot of the phenol produced, corrected for reaction with OH-
radicals, wall loss and leakage, vs. the amount of reacted benzene as
calculated from the OH-profile that was determined from the decay
of 1,3,5-trimethylbenzene in experiment BE26. Phenol is identified a
high yield primary product from the benzene + OH reaction in air.
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Fig. 4 shows the results of the numerical simulation of
EUPHORE experiment BE15, an experiment without added
OH tracer. In this experiment, some formaldehyde was added
to the reaction mixture to enhance the reactivity of the system.
The high radical concentrations in this experiment lead to a

high turnover of benzene, and despite the fact that a large pro-
portion of the phenol is reacting with OH radicals (see the
dotted line in Fig. 4), the calculated concentration–time profile
of phenol closely matches the measured one. The thin jagged
line included in Fig. 4 shows an experimentally determined
concentration–time profile of OH radicals. This profile was
measured with an LIF (laser induced fluorescence) device,
which had been installed in the chamber just prior to this
experiment.41 The device was undergoing first tests during this
experiment, and though the measured OH concentration–time
profile shows a ca. 20% lower maximum concentration than
calculated from the benzene decay, the agreement is generally
satisfactorily. The performance of the methods employed to
calculate the OH radical concentrations from the hydrocarbon
decays is hence confirmed by these direct OH measurements,
though only in a single experiment.
As an example for an experiment with added OH tracer sub-

stance, the EUPHORE experiment BE16 is shown in Fig. 5. In
this experiment, only about 15% of the phenol formed reacted
with OH radicals, and the overlap between the calculated and
measured phenol profile is again excellent. It is further appar-
ent from Fig. 5 that even though the OH radical concentration
has been fitted to the decay of di-n-butyl ether, the degradation
of benzene is reproduced well by this procedure, further sup-
porting the validity of the evaluation method employed here.
Since further experiments where a large correction was neces-
sary, e.g. BE15 (Fig. 4), resulted in the same phenol yields as
those with very small corrections, e.g. BE16 (Fig. 5), the cor-
rections for phenol loss are believed to be accurate.

Fig. 5 Experimental (symbols) and calculated (lines) concentration–
time profiles of benzene (filled circles, drawn line), di-nbutyl ether
(open circles, dot-and-dash line) and phenol (filled diamonds, dashed
line) in the benzene/NO photo-oxidation experiment BE16. Also
included are calculated profiles of OH radicals (dash-dot-dot line)
and the amount of phenol that reacted with OH radicals (dotted line).

Fig. 6 The phenol yield as a function of the mixing ratio of (a) NO,
corrected for the NO2 influence and (b) NO2 , corrected for the NO
influence. Different symbols represent the different evaluation methods
(a) to (c) (see text). The black line is calculated from the simplified eqn.
(6) (see text). The decreasing phenol yields at high mixing ratios of
NOx indicate a change in the oxidation mechanism of benzene.

Table 3 The phenol yield of this study in comparison with available literature values. Those studies that used spectroscopic techniques for phenol

detection have been re-evaluated to match the calibration of this work (see Table 2)

Reference Experimental setup Conditions

Phenol yield (%)

Literature Re-evaluated

Atkinson et al.16 Indoor chamber, 1–20 ppm NOx 23.6� 4.4 —

blacklamps, GC-FID in air

Bjergbakke et al.10 Ar/H2O radiolysis, NOx free 25� 5 10� 5

275 nm absorption 0–20 mbar O2

Berndt et al.38 H2/O2 mw discharge, NOx free 23� 7 28� 7

FTIR, GC-MS 4–64 mbar O2

This study outdoor and indoor chambers, 0.002–2 ppm NOx 53.1� 6.6 53.1� 6.6

DOAS/FTIR in air

Fig. 4 Concentration–time profiles of benzene (filled circles, drawn
line) and phenol (filled diamonds, dashed line) in the benzene/
HCHO/NO2 photo-oxidation experiment BE15. Also included are cal-
culated profiles of OH radicals (dash-dot-dot line) and the amount of
phenol that reacted with OH radicals (dotted line). The thin, jagged
line represents OH radical concentrations experimentally determined
with an LIF apparatus.
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3.3 Dependence of the phenol yield on the NOx concentration

Fig. 1 shows the initial reaction steps of the oxidation of ben-
zene. Given these loss processes from the equilibrium of
intermediates 2/3 the phenol yield Fphenol is described by
eqn. (6):

Fphenol ¼
kphenol þ

Fphenol;10 � k10 NO2½ �
Keq O2½ �

kphenol þ k8 þ
k9
Keq

þ k10 NO2½ �
Keq O2½ � þ k12 NO½ �

ð6Þ

Whereby, the following simplifications have been made:
(i) The effective sum of the pathways that form phenol is

defined as kphenol ¼ k3/Keq+ k4 .
(ii) The dissociation reaction (�1) of 2 was not considered

since it accounts for less then one percent of the total loss rate
from the equilibrium 2/3 under atmospheric conditions.7,8

(iii) The rate constant for channel (5) was set to zero based
on the results of Bohn and Zetsch8 who estimate an upper limit
of 5% for this pathway.
(iv) The rate constant for channel (6) was assumed to be

zero.
(v) Fphenol,10 was set to zero in the further evaluation, reflect-

ing the negligible contribution of channel (10) to the observed
phenol under the conditions employed in this work (see
below).
(vi) Channel (11) was assumed to be essentially negligible for

NO concentrations under 10 ppm and hence is not considered
here.7

The following rate coefficients were used that are valid
for 298 K and atmospheric oxygen concentrations:
Keq ¼ (2.7� 0.4)� 10�19 cm3, ktot ¼ (k3+ k9)/
Keq+ k4+ k8 ¼ (760� 80) s�1, k10 ¼ (2.75� 0.2)� 10�11 cm3

s�1, k12 ¼ (1.1� 0.4) � 10�11 cm3 s�1.7,8

The experimental data of the phenol yield as determined
in the individual experiments of this study are shown in
Fig. 6. The errors of the phenol yield correspond to the
specific error sources of the evaluation method only. The
error bars with respect to NOx values in Fig. 6 correspond
to the variability of the respective NOx species over the time
span of evaluation. In panel (a) the phenol yield is given as a
function of the NO mixing ratio, in (b) it is given as a function
of the NO2 mixing ratio. The solid line indicates the theoretical
phenol yield as calculated from eqn. (6), with a correction for
the influence of NO2 in the curve plotted in panel (a) and a cor-
rection for the influence of NO in panel (b). Correction factors
were calculated as the ratio of equation (6) assuming k10 6¼ 0
divided by eqn. (6) assuming k10 6¼ 0 to correct for the NO2

influence in Fig. 6a. These factors for most experiments were
smaller then 1.035 with a maximum of 1.34. Accordingly, in
Fig. 6b the corrections for NO were calculated assuming
k12 ¼ 0 and k12 6¼ 0. Here, the factors ranged between 1.0
and 1.22. The NO and NO2 values used in the corrections
are taken from the experimental data averaged over the time
period when the phenol yield was determined. The phenol
yields shown in Figs. 6a and 6b correspond to the experimental
data (Table 1) multiplied with the factors of the NO2 and NO
correction, respectively. The dotted lines in Fig. 6 indicate
respective uncertainties in the rate constants k10 and k12 . As
can be seen, the simplified eqn. (6) (i.e. assuming
Fphenol,10 ¼ 0, see above) equally well describes the depen-
dence of the phenol yield with respect to NO and NO2 . The
data further indicates that the phenol yield is more sensitive
on the presence of NO2 than on NO, reflecting the fact that
k10 is about 2.5 times faster than k12 . Within the uncertainties
excluding systematic errors all data points are in good agree-
ment with the calculated phenol yields indicating that the
mechanism described by eqn. (6) is suitable to represent the

observed dependence of the phenol yield on the NOx concen-
tration under our experimental conditions.
In Table 1 the numbers listed in the column denoted ‘‘NOx

corr. ’’ were calculated from eqn. (6) to reflect the influence of
the NOx reactions. The maximum correction factor of 2 corre-
sponds to the case when oxygen and NOx reactions determine
the loss from equilibrium 2/3 to equal amounts. The numbers
for most experiments are considerably lower indicating that
under the experimental conditions of this work the overall loss
from equilibrium 2/3 was dominated by reactions involving
oxygen.

3.4 The average phenol yield

The parameter kphenol in eqn. (6) was determined as follows.
All the experiments with added OH-tracer were considered
(see Table 1). In addition, BE15 was considered due to the
enhanced benzene turnover and the correspondingly reduced
error of this experiment, see Fig. 4. Further considered were
the experiments that were evaluated from method (a) since
the phenol yield in this case is essentially not influenced by
uncertainties in the OH concentration. The yields of the indi-
vidual experiments were corrected for NOx influence using
the correction factors listed in Table 1. Experiments with cor-
rection factors > 1.4 were neglected. Not considered were the
experiments with low benzene turnover where no OH-tracer
substance had been added as well as experiment BE14 due to
the substantially higher phenol yields which were observed
under NOx-free conditions in the presence of H2O2 .
Independent of the evaluation procedure the yields were

found to coincide within the specific evaluation error. The
average phenol yield from the experiments was (53.1� 6.6)%.
The error hereby represents the overall 2-sigma confidence
interval.
Based on the value for the total loss from the equilibrium 2/

3, i.e. ktot ¼ (760� 80) s�1,8 the average phenol yield corre-
sponds to a value of kphenol ¼ (404� 66) s�1 in eqn. (6).
Consequently, the value of the effective sum of loss
rates through channels (8) and (9), i.e. kother products ¼
(ktot� kphenol) ¼ (k9/Keq+ k8) is estimated to kother products ¼
(356� 59) s�1.

3.5 The oxygen dependence of the phenol yield

In a single experiment (BE31, Table 1) the mixing ratio of oxy-
gen was raised to about 40%. No effect on the phenol yield was
observed; the yield of (53.5� 4.0)% agrees well with the aver-
age yield determined in air. This result further confirms eqn.
(6) under low NOx conditions where the reactions (10) and
(12) (Fig. 1) are unimportant and the intermediates 2/3 pri-
marily react with oxygen.
It should be noted, however, that the phenol yield as calcu-

lated from eqn. (6) is expected to depend on the oxygen con-
centration under conditions where the influence of reaction
(10) is non-negligible.

3.6 The temperature dependence of the phenol yield

Those phenol yields used to determine the average phenol yield
are plotted as a function of temperature in Fig. 7a. The solid
line denotes an error weighted linear regression to the data
points. For relative comparison the plotted error bars corre-
spond to the 2-sigma confidence interval neglecting systematic
error sources, which would not influence the T-dependency.
The annual cycle of the ambient temperature of EUPHORE
is reflected in the temperature scale that covers about 20 K.
An upper limit of about 307 K (34 �C) corresponds to a hot
day during summer while the lower limit of about 287 K (14
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�C) reflects typical temperatures in EUPHORE during winter.
The data points are described by the following expression:
Fphenol(T) ¼ (0.026� 0.1)(T�T0)+Fphenol(T0) (see Fig. 7a).
Though the slope is positive it is essentially zero within the
experimental error.
Attempts were made to use the enthalpy data from the study

of Lay et al.9 to estimate whether channel (3) or channel (4)
leads to the formation of phenol. The enthalpy and entropy
data of Lay et al.9 is in reasonable agreement with the mea-
sured Keq value of Bohn and Zetsch.8 From this data, Keq is
expected to change by a factor of five over a 20 K temperature
range around room temperature. Further, Lay et al.9 give
detailed enthalpy data for the rate constants k3 , k4 , k8 and
k9 that essentially determine the phenol yield here. Even
though the calculated absolute values for these rate constants
may be wrong8 the enthalpy data provides a means for an ade-
quate description of the variations of the rate constants with
temperature. The values of k3 , k4 , k8 and k9 from Lay et
al.9 were scaled linearly (by �24 for k3 and k4 ; by �7 for k8
and k9) to match the absolute value of kphenol and kother products
using K

eq
from Bohn and Zetsch8 at T ¼ 296 K. Eqn. (6) could

then be used to calculate the temperature dependent phenol
yield. In Fig. 7b the relative change of the phenol yield is
shown for two scenarios. First, k3 was set to zero (dashed line)
and second, k4 was set to zero (dotted line). In addition, the
relative change of the phenol yield from the regression to the
experimental data is included (solid line). The three lines are
normalised to T ¼ 298 K in this representation.
As can be seen in Fig. 7b, the two phenol-forming channels

(3) and (4) exhibit distinctly different temperature dependen-
cies. In the case of only channel (3) forming phenol the yield
is expected to increase with temperature, though only slightly,
with an assumed linear relative change of +0.23% K�1. In con-
trast, if only channel (4) forms phenol a pronounced decrease
of the phenol yield is expected at a rate of �0.63% K�1. This
characteristic behaviour can, in principle, be used to distin-
guish both channels even within the small temperature interval
covered by this study. From the slope of the linear regression
to the data points a relative change of (0.05� 0.2)% K�1 is
obtained which is consistent with channel (3) contributing
about (80� 25)% of the phenol and channel (4) contributing
about (20� 25)%. Despite the large errors this result points
to channel (3) being the major, and possibly only route to
the formation of phenol.

3.7 Primary and secondary phenol formation

Attempts were made to distinguish between the relative contri-
butions of pathways 3 to 5 in Fig. 1 that result in the direct for-
mation of phenol (primary phenol) and pathway 6 which
forms phenol via the stable, i.e. ‘‘ long-lived ’’, intermediate
compound benzene oxide/oxepin (secondary phenol).13

The photolysis of benzene oxide/oxepin, reaction (7) in Fig.
1 forms phenol at a yield of (43.2� 4.5)%.13,42 Additionally,
the reaction with OH-radicals is fast with a rate constant of
kOH(benzene oxide/oxepin) ¼ 1 � 10�10 cm3 s�1.13 Assuming
an OH radical concentration of 3 � 106 cm�3 and an NO2

photolysis frequency of J(NO2) ¼ 8.5 � 10�3 s�1 (typical for
the experiments conducted at EUPHORE) the losses of ben-
zene oxide/oxepin due to photolysis and OH-reaction are
about equal. Thus, even assuming a unity yield for the forma-
tion of benzene oxide/oxepin in the OH initiated oxidation of
benzene, the reaction sequence (6/7) in Fig. 1, if occurring,
could form no more than 40–50% of the observed phenol.
The overall loss rate of benzene oxide/oxepin in this exam-

ple is about 6.8 � 10�4 s�1, which corresponds to a lifetime of
roughly 25 min. Hence, the formation of secondary phenol via
pathway (6/7) should become operative with considerable
delay and should influence the formation kinetics of phenol
during the first few minutes of reaction time to a very minor
extend. Nevertheless, the primary phenol yield determined
for experiment BE26 in Fig. 4, see Table 1, compares well to
the yield as calculated from eqn. (6) of (52.1� 0.4)% for the
corresponding NO and NO2 concentrations of BE26. Since
eqn. (6) fits the phenol yields determined after several hours
of reaction time equally well (e.g. experiment BE12, Fig. 5)
there is no indication that pathway (6/7) contributes to the
observed phenol formation.
Further, the numerical simulations conducted in this study

adequately reproduced the concentration–time profile of phe-
nol by a mechanism involving only channel (3), as is evident
from Fig. 3 and Fig. 6. This study, therefore, provides no evi-
dence to support that channel (6/7) is operative in the OH
initiated oxidation of benzene. The combined experimental
errors from the relative comparison of two phenol yields, i.e.
at the very start (BE26) and after several hours of reaction time
(BE12) is 3.1%. Under the conditions of experiments BE12 and
BE26 about 26% and 34% of benzene oxide/oxepin if formed
would be expected to photolyse, respectively. Hence, an upper
limit for the formation of benzene oxide/oxepin of about 24%
can be estimated on the basis of the uncertainty of the phenol
yields.

4. Discussion

4.1 The phenol yield found in the literature

The phenol yield obtained in this study is compared to litera-
ture values in Table 3. It is evident that the value given here is
about twice as high as the previously reported values. There
are two previous studies10,38 that used spectroscopic techni-
ques for the detection of phenol. The results of these have been
scaled to match the calibrations used in this work, the cor-
rected values are given in the column ‘‘ re-evaluated values ’’
in Table 3. As can be seen, the apparent previous good agree-
ment between literature values shows considerable scatter if
placed on a common basis of calibration.
The phenol yield reported by Bjergbakke et al.10 was calcu-

lated based on residual absorptions observed at a wavelength
of 275 nm in a pulse radiolysis study. The OH concentration
observed around 309 nm was used to calculate the benzene
decay at a temperature of T ¼ 340 K. A considerably lower
phenol yield at this temperature would be in contradiction to
the enthalpy data from Lay et al.9 and would further contra-
dict the observed temperature dependence of this work. The

Fig. 7 The phenol yield as a function of the temperature for experi-
ments with OH-tracer. In the upper parts the experimental data was
corrected for the NOx infuence from eqn. (6), see text. In the lower
part, the relative change of the phenol yield is estimated from the
enthalpy data of Lay et al.9 and compared to the observed variation.
The result tends to support the formation of phenol from pathway
(3) in Fig. 1.
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difference in the yields is too high in order to be explained on
the basis of a temperature change of 40 K. The reason for the
differences in the phenol yield may be found in the high radical
concentrations that Bjergbakke et al.10 reported for their sys-
tem. Given the considerably lower re-evaluated phenol yield
of 10%, residual reactions that were not completely suppressed
may have had significant influence. In the presence of oxygen,
the high concentrations of H atoms produced in the pulse radi-
olysis would form HO2 radicals which react with the aromatic-
OH adduct thus introducing an additional loss process from
the equilibrium 2/3 which could explain the lower phenol
yield. In addition, an uncertainty about the experimental con-
ditions arises from the proposed formation mechanism of phe-
nol, that Bjergbakke et al.10 attribute to channel (5) in Fig. 1.
This conclusion is in conflict with a recent study8 in which an
upper limit of 5% is determined for this reaction.
The phenol formation yield given by Berndt et al.38 was

determined in a flow system using FTIR spectrometry for
the detection of both benzene and phenol. OH radicals were
generated by microwave discharge of H2 in the presence of
O2 . The resulting HO2 radicals gave OH by self-reaction.
According to the authors, no corrections of measured product
concentrations for secondary reactions were necessary. How-
ever, this appears to be in contrast to the observation of CO
and formic acid as products of the benzene+OH reaction,
which, according to all currently proposed benzene degrada-
tion schemes, should be secondary products. Also, the two
strongest absorptions observed in the residual FTIR spectra
of Berndt et al.38 (Fig. 3 in that paper) are very similar to those
of E,E-2,4-hexadienedial published by Klotz et al.43 The most
likely pathway for the formation of this compound under NOx

free conditions is reaction of the hydroxycyclohexadienyl per-
oxyl radical (3 in Fig. 1) with another organic peroxyl radical
RO2 to give a hydroxycyclohexadienyl oxyl radical, an RO
radical and O2 . The hydroxycyclohexadienyl oxyl radical can
then ring-open and react with O2 to give HO2 and Z,Z-2,4-
hexadienedial, which can isomerise to the more stable E,E-
2,4-hexadienedial. If this were the case in the study of Berndt
et al.,38 it would indicate the presence of extremely high radical
concentrations in their reaction system. This reaction sequence
would represent an additional loss channel of hydroxycyclo-
hexadienyl peroxyl radicals 3 not present under atmospheric
conditions, which could explain the lower phenol yields. Alter-
natively, an intramolecular H transfer from the OH group to
the peroxyl group of 3, followed by elimination of OH may
also account for the formation of E,E-2,4-hexadienedial, but
this channel is thought to be energetically unfavourable.9

Additionally, this pathway would also be operative under the
conditions of the present study, however, no E,E-2,4-hexadie-
nedial was observed in our experiments. An upper limit for the
formation yield of hexadienedials from benzene was deter-
mined in a recent study, conducted under conditions compar-
able to those of this work, to be 8%.15

In summary, a definite reason for the observed discrepancy
between the phenol formation yields under NOx-free condi-
tions determined in this study and those reported in the litera-
ture can not be given here. It may be speculated that due to
different experimental conditions, different formation mechan-
isms are involved in the different studies.
The study of Atkinson et al.16 was conducted in a 6.4 m3

reaction chamber, OH radicals were generated by blacklight
irradiation of CH3ONO/NOx/air mixtures with the initial
NOx concentration being varied between about 1 ppm and
20 ppm. Benzene was determined by GC-FID, phenol by col-
lecting samples on Tenax adsorbent followed by GC-FID ana-
lysis. Corrections were applied for secondary reactions of
phenol with OH radicals. The lower phenol yield is qualita-
tively in agreement with the interference of high NOx levels
expected according to eqn. (6). A direct comparison with
eqn. (6) suffers from the marginal overlap of the NOx concen-

trations employed. However, from the scatter in their plotted
data (Fig. 5 of Atkinson et al.16) it appears that the phenol
yield rather ranged between 19.4% and 34.8%. Thereby, the
latter value corresponds to the lowest of their employed NOx

concentrations and is comparable to the yield calculated from
eqn. (6) (experiment ITC#1295, [NO]� [NO2]� 0.62 ppm:
Fphenol,eq6 ¼ 32.4%). This good agreement confirms eqn. (6)
to be valid up to NOx concentrations of about 2 ppm without
any major contribution of phenol from the NOx reactions
under the experimental conditions of this work (note that the
loss from equilibrium 2/3 is still dominated by reactions invol-
ving oxygen here).
It is, however, noteworthy that Atkinson et al.16 observed

no systematic dependency of the phenol yield on the NOx con-
centration. This may be explained from eqn. (6) on the basis of
a significant phenol yield of the reaction of the benzene–OH
adduct 2 with NO2 . This reaction may become a significant
source of phenol at high NOx concentrations. At present, the
value of Fphenol,10 is not known. Due to the fact that the
NOx concentrations employed in this study were generally
much lower than those of Atkinson and because mainly NO
was present initially, it is not possible to estimate Fphenol,10

on the basis of the data of this work. Further experiments
under conditions of high NOx concentrations are required in
order to elucidate the presently unknown dependency of the
phenol yield on the NO� and NO2 concentrations, which is
a prerequisite to understand the phenol formation under con-
ditions of high NOx (ppm range) as they are prevalent in many
laboratory studies.

4.2 The influence of the oxygen concentration

The elevated concentration of oxygen employed in experiment
BE31 was found to have no influence on the phenol yield under
the comparably low NOx concentrations employed in this
work, in agreement with eqn. (6). Though the phenol yield
from this experiment tends to be slightly higher then the values
observed in air at comparable NOx concentrations (see Table
1) it compares well with the average phenol yield determined
in this work from the NOx corrected values and thereby
further confirms eqn. (6).
However, the present data is not sufficiently extensive to

demonstrate the oxygen concentration dependence of Fphenol

as it is predicted from eqn. (6) under different experimental
conditions, when the influence of reaction (10) is significant.
Notably, equation (6) does not predict an oxygen concentra-
tion dependence of the reaction of 3 with NO. Hence, accord-
ing to eqn. (6) it should be possible to vary the relative
importance of influencing NO and NO2 reactions by varying
the oxygen concentration. This would give a handle to discri-
minate between intermediates 2 and 3 with respect to the loss
processes from equilibrium 2/3. A systematic study of the oxy-
gen concentration dependence of the phenol yield, predicted
from eqn. (6) under conditions of high NOx , is desirable.

4.3 Additional support for the high phenol yield from recent
studies

Further evidence for the high phenol yield comes from a recent
comparative smog chamber study on the glyoxal yield at the
EUPHORE facility under similar experimental conditions as
in this work. Volkamer et al.15 compared the ratio of the
glyoxal production rate to that of a respective ring-retaining
product from benzene, toluene and p-xylene (BTX). In all
three systems this ratio was observed to be constant. For the
toluene and p-xylene system these ratios were found to be com-
patible with the well-known yields of benzaldehyde and the p-
tolualdehyde, respectively. However, the observed ratio in the
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benzene system could not be explained on the basis of low phe-
nol yield of �25%. It was found to be more consistent with the
high phenol yield of this study.
Finally, a high phenol yield of around 50% is also consistent

with the results of a recent study by Bohn and Zetzsch8 who
indirectly determined the formation of HO2 radicals through
channels (3) or (4) in Fig. 1. Despite the large error, Bohn
and Zetzsch8 concluded that the observed yield of ‘‘prompt ’’
HO2 is higher than the 25% inferred from previous phenol
yields.

4.4 Atmospheric implications

The phenol yield obtained for NOx concentrations of several
10 ppb is essentially constant. Hence, the value of
Fphenol ¼ (53.1� 6.6)% should be representative for the
boundary layer, including most conditions of the urban atmo-
sphere. Under conditions with exceptionally high NOx concen-
trations, i.e. near the exhaust pipe of cars or near traffic
tunnels, the phenol yield from the OH initiated oxidation of
benzene may be lower, but such conditions can only have a
negligible effect on atmospheric phenol concentrations.
Despite the comparably low reactivity of benzene compared

to the alkyl-substituted aromatics hydrocarbons, considerable
amounts of phenol will be formed from the OH-initiated
degradation of benzene. The expected higher amounts of phe-
nol formed in the atmosphere will also mean that a more
detailed understanding of its sinks is desirable. It is generally
assumed that OH radical initiated loss is the principal fate of
phenol during the day, while NO3 reactions were recognized
by Carter et al.44 to be an important sink especially during
the night. In recent years the estimates of the daytime NO3

concentration have improved considerably, and despite
remaining uncertainties45,46 range between 2.5 � 106 molec
cm�3 and 1.2 � 107 molec cm�3 in semi-rural46 and urban
atmospheres,47,48 i.e. are comparable to, or even above the
daytime concentration of OH radicals (about 4 � 106 molec
cm�3).49 For phenol the OH reaction rate constant is only
about seven times faster than the corresponding value for the
NO3 reaction.6 Hence, the radical initiated loss of phenol,
though dominated by OH reactions under most conditions,
is influenced by the daytime NO3+phenol reaction to about
10 to 40%. The importance of daytime NO3 reactions may
even dominate over OH reactions in polluted air masses, when-
ever high levels of NO2 are present and ozone levels exceed NO
levels, thus promoting the formation of NO3 , while lowering
the OH-level (i.e. via the reaction NO2+OH+M!
HNO3+M). The portion of daytime NO3 reactions will
further be higher for the phenol-type products of alkylben-
zenes (i.e. toluene, xylenes etc.).50 During the night, when
NO3 levels are generally much higher (exceeding OH levels
by three to four orders of magnitude), the NO3 reaction will
be the predominant sink of phenol. Notably, few studies exist
on the NO3 reaction of phenol and, in addition, its potential
loss to the liquid phase (i.e. Henry constants) is ill understood
at present.
Another interesting aspect of the high phenol yield is that

ring-retaining pathways account for 53% of the overall degra-
dation routes of benzene. These are assumed to be not as effec-
tive as the ring-cleavage pathways with respect to the
formation of photo-oxidants.51 The high phenol yield implies
a reduced photo-oxidant formation from benzene as compared
to the alkylated aromatics from which lower yields of ring-
retaining pathways are observed.18,33,34,16,52,53

The observed decrease of the phenol yield with increasing
NOx concentration indicates a change in the oxidation
mechanism of benzene. At high NOx concentrations, reactions
(10) and (12) (Fig. 1) become competitive to reactions (3) to
(9), opening reaction pathways that most likely lead to a pro-
duct distribution different to that obtained via reactions (3) to

(9). Nevertheless, both reactions (10) and (12) are expected to
be essentially unimportant in most parts of the atmosphere.

5. Conclusions

This study represents the first determination of phenol yields in
the OH initiated oxidation of benzene under truly atmospheric
conditions. The concentrations of both benzene and NOx

could be lowered to levels found in the polluted urban atmo-
sphere. The phenol yield was found to be (53.1� 6.6)%, about
twice as high as previous studies. With respect to the formation
mechanism of phenol our data is in line with a direct phenol
formation proceeding from the reaction: benzene+OH
+O2!phenol+HO2 . Thereby, about (80� 25)% of the
direct phenol formation proceeds from the reaction of the ben-
zene–OH adduct with oxygen. There is no evidence for the
involvement of benzene oxide/oxepin in phenol formation,
an upper limit of 24% is estimated for the formation yield of
this compound in the OH initiated oxidation of benzene.
The high phenol yield of this work is found to be essentially

independent of the NOx concentrations under the conditions
prevalent in the urban atmosphere. At elevated NOx concen-
trations (> 100 ppb), which are typical for previous smog
chamber studies, the phenol yield is observed to decrease. This
NOx dependence of the phenol yield is adequately described by
eqn. (6) and indicates a change in the oxidation mechanism of
benzene. Under our experimental conditions the NOx reactions
(channels (10) to (12) in Fig. 1) do not appear to contribute sig-
nificantly to the observed phenol.
With respect to future work on the benzene system a tem-

perature and oxygen concentration dependent study of the
phenol yield over a wider range of experimental conditions is
desirable. As an outcome of the re-evaluation of the phenol
yields from literature studies conducted under NOx free condi-
tions considerable scatter became evident among the pre-
viously apparent good agreement between these values. A
definitive explanation of the differences can not yet be given
and additional research is needed to elucidate the phenol for-
mation under NOx free conditions. Similarly, the phenol form-
ing chemistry under elevated concentrations of NOx (several
ppm) remains unclear and will be the subject of a forthcoming
paper. This is of particular importance because most chemical
mechanisms used for photo-oxidant modelling are validated
against high-NOx smog-chamber data, and may therefore
not be representative of the troposphere.
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