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Chemical reactivity and long-range transport potential
of polycyclic aromatic hydrocarbons � a review�

Ian J. Keyte,a Roy M. Harrisonz*a and Gerhard Lammelbc

Polycyclic aromatic hydrocarbons (PAHs) are of considerable concern due to their well-recognised toxicity
and especially due to the carcinogenic hazard which they present. PAHs are semi-volatile and therefore
partition between vapour and condensed phases in the atmosphere and both the vapour and particulate
forms undergo chemical reactions. This article briefly reviews the current understanding of vapour�particle
partitioning of PAHs and the PAH deposition processes, and in greater detail, their chemical reactions.
PAHs are reactive towards a number of atmospheric oxidants, most notably the hydroxyl radical, ozone,
the nitrate radical (NO3) and nitrogen dioxide. Rate coefficient data are reviewed for reactions of lower
molecular weight PAH vapour with these species as well as for heterogeneous reactions of higher
molecular weight compounds. Whereas the data for reactions of the 2�3-ring PAH vapour are quite
extensive and generally consistent, such data are mostly lacking for the 4-ring PAHs and the heterogeneous
rate data (5 and more rings), which are dependent on the substrate type and reaction conditions, are
less comprehensive. The atmospheric reactions of PAH lead to the formation of oxy and nitro derivatives,
reviewed here, too. Finally, the capacity of PAHs for long range transport and the results of numerical
model studies are described. Research needs are identified.

Extended summary

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic
compounds characterised by the presence of fused aromatic
rings. Their ubiquitous presence in the environment is of major
concern due to the carcinogenicity of a number of specific
PAH compounds (congeners). The European Union has set an
indicative limit value of 1 ng m�3 of benzo[a]pyrene used as a
marker for the typically complex mixture of congeners. While
elevated concentrations of atmospheric PAHs are encountered
in the vicinity of major sources, observations from remote sites
indicate long-range transport. In this context, the atmospheric
chemistry of PAHs is of particular importance as this has a
major influence upon their atmospheric lifetime and hence
distribution in the environment.

PAHs are generated mainly as by-products of incomplete
combustion processes. Consequently, their sources include
domestic burning of coal and wood for heating and cooking;
fossil and biomass fuel burning power plants; industrial pro-
cesses; and road transport. Globally, the combustion of biofuels
and wildfires are major sources, while road tra�c and specific
industries frequently dominate urban emissions.

PAHs range from naphthalene (two aromatic rings) which
under ambient conditions exists almost entirely as vapour
through to compounds with six or more aromatic rings which
partition almost entirely into the particulate phase. The majority
of compounds, and especially those with three or four rings,
are considered as semi-volatile and such compounds partition
between the vapour and particle phases in the atmosphere.
These compounds can deposit to surface water and soils where
they have a long lifetime but subsequently re-evaporate to the
atmosphere. Much of the soil PAH in temperate regions is
historic and concentrations in air and soil are relaxing to
equilibrium on various time scales. Vapour�particle partitioning
of PAH can be quantified through the gas�particle partitioning
coefficient. This is influenced by both adsorption and absorp-
tion processes and is strongly temperature-dependent; hence a
seasonal variation in partitioning is typically observed. Quanti-
tative analysis of the partitioning process suggests that it can be
described by the sum of the absorptive process as indicated by
the octanol�air partition coefficient and the adsorptive process
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as described by the soot�air partitioning coefficient. Modes
in the mass size distribution for PAH are typically within the
ultrafine (less than 0.1 mm) and accumulation (0.1�1 mm) ranges
of aerodynamic diameter, but mass size distributions can be
transient and measurement is rendered difficult by artefacts in
the measurement process caused by PAH semi-volatility. Fast
and sensitive in situ measurement techniques are not available.

Dry deposition is more e�ective than wet deposition as a
removal process from the atmosphere. Chemical reactions pro-
vide the other main sink for atmospheric PAHs. The gas phase
reactions of PAHs with the OH radical, the NO3 radical and ozone
have been widely investigated. Available rate coe�cient data are
most abundant in the case of the OH radical. The established
mechanism of PAH reactions with the OH radical involves the
formation of a PAH�OH adduct followed by further reaction

with NO2 or O3. The observed reaction products include both
ring-retaining nitro-PAHs and quinones, as well as ring-opened
products such as phthalic acid, phthalaldehyde and phthalic
anhydride. The presence of methyl groups in methyl naphthalenes
and methyl phenanthrenes in most cases leads to a modest
increase in reactivity relative to the parent PAH. For NO3 reac-
tions, the predominant reaction pathway involves NO3 addition
followed by reaction with NO2 leading to nitro-PAH formation.
The observed rate coefficients are proportional to the nitrogen
dioxide concentration. There have been far fewer studies of the
gas phase reactions of PAH with ozone.

The main atmospheric sink for gas phase PAHs appears to
be reaction with the OH radical, with rate coe�cients for these
reactions up to five orders of magnitude greater than for the
corresponding reactions with NO3 for most three to four ring
PAHs. While NO3 reactions appear to be less significant than OH
reactions as a PAH degradation process, considerably higher
nitro-PAH yields suggest that nighttime reactions of PAHs with
NO3 may be a significant contributor of these compounds in the
atmosphere, in addition to daytime OH reactions. Reactions of
PAHs with ozone are considered to be of negligible importance
in the atmosphere. For many atmospherically relevant substances
the available data are insu�cient.

Given the predominant association of many PAHs with the
particulate phase, heterogeneous reactions of a number of
PAHs adsorbed on a number of solid substrates have been
extensively studied. Reaction substrates include both carbonac-
eous aerosol (graphite, diesel exhaust, kerosene flame soot,
ethylene flame soot) and mineral particles (silica and MgO).
Reactions have been studied for OH, N2O5/NO3 and O3 and rates
have been shown to depend not only upon the reactant but also
upon the nature of the substrate. Reactions with nitrogen dioxide
have also been shown to proceed at a significant rate for some
PAHs. For semi-volatile PAHs (mostly three to four ring com-
pounds), comparisons between the rates of homogeneous and
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heterogeneous reactions can be made. In the case of the
hydroxyl radical, PAH reactions on carbonaceous particle surfaces
are one to three orders of magnitude lower than those derived for
gas phase reactions. The presence of a plateau in the experimental
decays of PAHs in the reactions of OH indicates that a significant
fraction of PAH is unavailable for reaction. However, in the case of
ozone, studies of PAH absorbed on graphite and silica substrates
show heterogeneous processes to be approximately two orders
of magnitude faster than those of the corresponding gas phase
reactions.

Estimation of reaction rates in the atmosphere using typical
concentrations of atmospheric oxidants indicates that the gas
phase reaction with OH remains the dominant loss process
for most PAHs studied so far but that heterogeneous reactions
with nitrogen dioxide and ozone may be of some importance.
However, field measurements, particularly from remote sites,
and recent laboratory experiments suggest the stabilisation of
particle-associated PAHs in the atmosphere, probably due to
incorporation in a particle matrix which limits their accessi-
bility to atmospheric oxidants. A number of ring-opened and
ring-retaining products have been identified from these hetero-
geneous reactions including nitro-PAHs and quinones. In some
cases a di�erence has been noted between heterogeneous and
gas-phase reaction products.

Long-range atmospheric transport of PAHs has been studied
through both atmospheric measurements and numerical model-
ling. PAHs show a global distribution with appreciable concentra-
tions observed at sites within the Arctic. Models suggest that
atmospheric half-lives of 3�5 ring PAHs are of the order of hours
or days, but vary considerably amongst model studies. Since
there is significant uncertainty in emissions inventories and
the processes determining gas�particle partitioning, and models
include different processes (e.g. most models neglect revolatili-
sation from surfaces), model predictions currently have a high
degree of uncertainty.

The role of atmospheric reactivity in influencing the observed
levels of oxy- and nitro-PAH compounds relative to primary
emissions has been investigated using atmospheric measure-
ments. Di�erences in the reaction mechanism between primary
combustion emissions and gas-phase decomposition of PAH
have been shown to result in di�erences in nitro-PAH isomer
distributions. Ratios of oxy- and nitro-PAHs to their parent
PAHs have also been used to assess the importance of atmo-
spheric reactions in influencing the concentrations of these
compounds.

Measurements of temporal (daily, seasonal and diurnal)
variations in the concentrations of PAHs and their oxy- and
nitro-derivatives have been used to evaluate the reactivity of
PAHs and the formation of derivative compounds. Such studies
have also been used to determine the atmospheric oxidants
having the greatest impact on the atmospheric chemistry of
PAH. In the case of low molecular weight compounds reacting
predominantly in the vapour phase, some studies have shown a
good agreement between atmospheric observations and pre-
dictions based upon laboratory kinetic data. A full analysis of
atmospheric processing of PAH is limited by the limited current

knowledge of the atmospheric reactivity and reaction products
of the nitro- and oxy-derivatives of PAH.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of com-
pounds with proven carcinogenicity. Although the carcinogenic
potency varies greatly between congeners,1,2 they are generally
emitted to the atmosphere as a mixture which presents a
substantial toxic hazard. Levels in the atmosphere are almost
everywhere dominated by combustion sources, while aluminium
and iron and steel production as well as petrogenic sources are
significant in some environments.3 The World Health Organisa-
tion recommends guidelines in terms of a carcinogenic slope
factor4 and the European Union indicative limit value is set at
1 ng m�3 of benzo[a]pyrene.5 The United Kingdom has set an air
quality standard of 0.25 ng m�3 benzo[a]pyrene.6 Because of the
complexity of PAH mixtures, the standards and guidelines are set
in terms of the concentration of benzo[a]pyrene as this com-
pound typically represents a substantial proportion of the total
carcinogenic potential of at least the parent PAH mixture.2

In turn, the carcinogenic potential of PAH frequently makes a
substantial contribution to the carcinogenicity of urban air.7�10

Although often referred to as persistent organic pollutants
(POPs), PAHs are reactive in the atmosphere. In fact, such
reactivity presents problems for receptor modelling methods
in source attribution studies. Oxidised products are formed, the
most notable being oxy-derivatives (mostly quinones) and nitrated
compounds. Some such compounds are also present in primary
emissions. PAH derivatives have attracted interest because some
are very potent mutagens and carcinogens.11�13

A further complexity in studying PAH and their derivatives
arises from their semi-volatility. Compounds partition between
the particle and vapour phases and hence undergo chemical
reactions in both phases. While for the lower molecular weight
compounds, reactions in the gas phase are likely to dominate,
for compounds with four aromatic rings and higher, reactions
in both phases need to be considered. Furthermore, if contact
with the ground does not imply immediate reaction, semi-
volatility implies the potential of re-volatilisation.

Observations of PAHs at remote sites, i.e. far from industrial
and transport sources, indicate long-range transport. This is a
concern, because of the related hazard for human health and
ecosystems. Some PAHs, benzo[a]pyrene, benzo[b]fluoranthene,
benzo[k]fluoranthene, and indeno[1,2,3-cd]pyrene beside others,
are bio-accumulative. Therefore, and because of resistance to
degradation PAHs are considered persistent organic pollutants
(POPs) by the Convention on Long-range Transboundary Air
Pollution and are listed by conventions for UNECE14 and OSPAR.15

Monitoring in the atmospheric environment mandated by con-
vention processes is on-going in Europe and North America.14,16,17

Much of the scientific literature is focussed upon the 16
USEPA priority PAHs i.e., acenaphthene (Ace), acenaphthylene
(Acy), fluorene (Fln), naphthalene (Nap), anthracene (Ant),
fluoranthene (Flt), phenanthrene (Phe), benzo[a]anthracene
(BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
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chrysene (Chr), pyrene (Pyr), benzo[ ghi ]perylene (BgP), benzo[a]-
pyrene (BaP), dibenzo[a,h]anthracene (DBahA), and indeno[1,2,3-cd ]-
pyrene (IPy) (Table 1). This list is of largely historic significance
and was developed when knowledge of relative toxicity of PAH

congeners was more limited than at present. It does not include
some of the more potent carcinogens, but focuses upon those
compounds typically present at higher concentrations which
are hence measurable in many environmental samples.

Table 1 Physico-chemical properties for 298 K, i.e. vapour pressure of the supercooled liquid pL (Pa; semivolatility is corresponding to pL = 10�6�10�2), Henry
coefficient KH (M atm�1), octanol�air partition coefficient Koa, rate coefficients of the gaseous substance with the hydroxyl radical and ozone, and total photochemical
residence time ttotal of 17 parent PAHs (USEPA 16 priority PAHs + BeP). Estimated values (EPIWIN; USEPA)18 in lack of experimental data are given in brackets. ttotal

refers to oxidation by O3 and OH in the gaseous and particulate phases but neglects the possible particle matrix effect

pL
a (Pa)

KH b

(M atm�1) log Koa
c

kg OH
(10�12 cm3 molec�1 s�1)

kg O3
(10�18 cm3 molec�1 s�1) ttotal

d (h)

Naphthalene (Nap) 38 2.2 5.19 22 o0.3 13

Acenaphthylene (Acy)
2.6 10.5 6.46 110 550 1

Acenaphthene (Ace)
1.7 7.1 6.44 58 o0.5 5

Fluorene (Fln) 0.54 11.3 6.85 13 21

Phenanthrene (Phe)
0.10 23.5 7.64 31 0.40 9

Anthracene (Ant) 5.9 � 10�2 20.0 7.70 130 2

Fluoranthene (Flt)
6.8 � 10�3 76 8.81 11 14�25

Pyrene (Pyr)
4.2 � 10�3 76 8.86 50 5�6

Benzo(a)anthracene (BaA)
3.8 � 10�4 159 10.28 3�11

Chrysene (Chr)
1.3 � 10�4 270 10.30 (50) 9�27

Benzo(b)fluoranthene (BbF)
1.0 � 10�5 1550 11.34 (16) 34 to >330

Benzo(k)fluoranthene (BkF)
7.8 � 10�6 1790 11.37 (54) 8�21

Benzo(e)pyrene (BeP)

1.8 � 10�5 e 276e (1240) (11.35) (50) 10�15

Benzo(a)pyrene (BaP)
7.9 � 10�6 1320 11.48 (50) 2�5

Indeno(1,2,3-c,d)pyrene (IPy)
6.6 � 10�7 2050 12.43 150 6�9

Dibenz(a,h)anthracene (DBA)

9.5 � 10�8 e 120e (2045) 12.59 f (50) 34 to >330

Benzo(g,h,i)perylene (BPe)

4.6 � 10�7 2410 12.55 5.9 5

a Ma et al.,19 for temperature dependent data see Tenhulscher et al.20 b Ma et al.,19 for temperature dependent data see Lei et al.21 c Ma et al.,19

for temperature dependent data see Odabasi et al.22 d Based on oxidant levels characteristic of the continental background in mid latitudes
(106 OH per cm3, 50 ppbV O3) and assuming model aerosols being representative for ambient aerosols (silica for unspecific particulate mass, diesel
and flame soot for BC). Ranges given reflect uncertainties of kinetic data (see Tables 3, 5 and 6), particulate mass fraction, y (adopted from a range
of field observations during various seasons and in various climates, i.e. Simcik et al.;23 Mandalakis et al.;24 Tsapakis and Stephanou;25 Ding
et al.;26 He and Balasubramanian;27 Lammel et al.;10 Demircioglu et al.;28 besides others), and of BC content (adopted from Spindler et al.29).
e Paasivirta et al.30 f Odabasi et al.22
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In this article, we review current knowledge of PAH and
nitro-PAH with a focus upon chemical reactivity in both the
gaseous and condensed phases, and where possible elucidate
rates and mechanisms. Reactivity is put in the context of
exposure of remote atmospheric environments, i.e. long-range
transport (LRT) potential of these pollutants.

2. Sources
2.1. Primary emissions

Polycyclic aromatic hydrocarbons (PAHs) are by-products of all
types of combustion, in particular incomplete. Major anthro-
pogenic emission sources to air are, domestic burning of coal
and wood, fossil fuel burning power plants, road transport,
wood burning, cooking, and others. For global sources in 2004,
Zhang and Tao31 reported biofuel (i.e. straw, firewood and
animal dung, 56.7%) and wildfire (i.e. forest and savanna fires,
17.0%) as the main contributions, while tra�c, domestic coal
combustion and burning of agricultural waste contribute only
4.8%, 3.7% and 2.7%, respectively (referring to the sum of the
16 USEPA priority PAHs). In open fires of agricultural debris,
forest or savannah grass, PAHs are not only emitted into air but
also into soil. Additionally, petrogenic and biological32 sources
may contribute, but anthropogenic sources prevail by far.

The countries ranking highest in emissions of the 16 USEPA
priority PAHs in 2004 were China (114 kt year�1), India
(90 kt year�1) and the USA (32 kt year�1).31 Dominated by the
use of biofuels, the PAH pattern may di�er considerably among
countries. For example, health risk, expressed in BaPeq/sum of
16 PAHs, ranges 0.18�3.58% among countries with highest
values expected for countries with high usage of non-anthracite
coal or wheat straw.31 High spatial resolution emission inventories
are available for a number of countries (usually only BaP or few
substances, namely BaP, BbF, BkF and InP; e.g. EEA;33 Xu et al.34).
Emission estimates have also been compiled for whole regions
(e.g., Gusev et al.35) as well as globally31,36 (Table 2). Global
anthropogenic emissions of the 16 USEPA priority PAHs in 2004
were close to 4 kg km�2 year�1 with biofuel (56.7%), wildfire (17.0%)
and consumer product usage (6.9%) contributing most.31 Power
plants, open biomass burning, road transport (mostly diesel),
industrial processes, air and sea transport also contribute.

For BaP 1990 global anthropogenic emissions, it was estimated
that 13% is due to biomass burning and 87% due to fossil fuel
combustion.37

Emission inventories are based on emission factors from the
various combustion technologies and fuel consumption and
transformation data and usually apply for one particular year.
Emission inventory determination is very uncertain as substance-
specific emission factors (ng g�1 fuel burnt or mg km�1 for trans-
port) determined experimentally are very sensitive to even minor
di�erences in combustion technology, engine operation, fuel com-
position, etc. and, hence, may vary by several orders of magnitude
for the same type of emission. Most uncertain are emission factors
of open fires (e.g. forest fires), because of di�culties in measuring
under realistic and representative conditions. Data gaps have been
filled assuming a constant ratio of emission factors of PAH and
another trace substance (e.g. black carbon36). To distribute on a grid,
country-based data are often scaled according to population density
(under the assumption that emission per capita is constant) and
annual data are temporally distributed evenly neglecting seasonal
variation of major sources, such as residential heating related fossil
fuel burning. More realistic temporal functions have been success-
fully used in regional PAH modelling.35,38

Known substance patterns of emission sources partly com-
bined with known emission fluxes have been used to quantify the
contribution of individual sources to pollution levels at receptor
sites using various types of source-receptor modelling.42,43 The
most simple approach in this context is the comparison of ratios of
pairs individual PAH�s concentrations at the receptor and source
sites. Pairs of PAHs of similar degradability in air have been
suggested for this purpose (so-called diagnostic ratios44�46). This
approach is not successful due to the variability of sink (degrada-
tion, deposition) conditions and incomplete knowledge of
chemical kinetic data in both the gaseous and particulate phases
(Section 347,48). The success of multivariate statistical approaches,
making use of substance patterns of emission sources which
encompass many PAHs (so-called fingerprint methods), is often
limited by the similarity of sources in terms of the PAH pattern.49

The inclusion of other substances, such as the anhydrous sugar
levoglucosan as a marker for biomass combustion50 and hopanes
as markers for motor vehicle exhausts51 and coal combustion,52

can solve the problem. In the future, this challenge may consis-
tently be covered using inverse modelling (adjoint model). In this
context, the ratio of the concentrations of relatively fast degrading
benzo[a]pyrene over relatively slow degrading benzo[e]pyrene
(BeP) has been suggested as a measure for age of air mass.53

2.2. Re-volatilisation from ground compartments

Most of the 3�4 ring PAHs are semivolatile (i.e., their saturation
vapour pressure at 298 K is in the range psat = 10�6�10�2 Pa;
Table 1). Therefore, these substances are subject to re-volatilisation
upon condensation on surfaces and to gas exchange with vegeta-
tion,54�57 soils28,58�62 and water surfaces.63�65 Persistence of PAHs
in soils is on the order of decades.61 Therefore, LRT of PAHs may
be enhanced by re-evaporation.36 Secondary emissions due to
re-volatilisation from surfaces need to be included in modelling of
semivolatiles, in particular if the substance had been accumulated

Table 2 Regional and global emission estimates of (a) the 16 USEPA priority
PAHs and (b) benzo[a]pyrene (t year�1)

Europe and
Russia USA China World Year

(a)
26 500 1990 USEPA39

25 300 2003 Xu et al.34

51 000 32 000 114 000 520 000 2004 Zhang and Tao31

(b)
1047 22 436 1990 Mu¤nch and Axenfeld37

590 1995 Pacyna et al.40

264 88 239 3700 1996 Lammel et al.36

540 2003 Xu et al.34

907 2000 Denier van der Gon41
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historically in the ground compartments. For example, at
the central European background observatory Kos�etice, Czech
Republic, the burden of fluoranthene and pyrene in soil, 121
and 95 ng g�1 (mean of 2006�2008, depth sampled 10 cm)
exceeds the burden in air by 4 orders of magnitude (under the
assumption of a bulk soil density of 1.5 g cm�3 and that the
concentrations in ground-level air, 1.83 and 1.19 ng m�3,
respectively, were representative for the air column within the
planetary boundary layer of 1000 m depth) and concentrations
in soil and air have been approaching equilibrium during the
last decade.66 Much of the soil PAH in temperate regions is historic
and concentrations in air and soil are relaxing to equilibrium on a
multi-year time scale.

The volatilisation flux is described in models based on an
empirical parameterization or as given by di�usion. However,
not all contributions to e�ective di�usion are represented in
models and additional sources to the atmosphere exist. For
example, the possible enhancement of soil�air exchange by
co-evaporation with soil water vapour and of air�sea exchange
by turbulence in surface water (breaking wave phenomena,
bubbles67,68) is usually neglected. Apart from volatilization
additional secondary emission paths are possibly relevant, e.g.
the formation of aerosol particles from drying sea spray droplets.
This is a relevant source as PAHs, like other hydrophobic organics,
were found enriched in the sea surface microlayer by up to a
factor of 10, sometimes even up to a factor of 100 as compared to
the subsurface water.69,70 The fraction of the PAH in surface
seawater which is partitioning to suspended or sinking particulate
matter can volatilize following dissolution in water in relaxation to
phase equilibria � or be removed from the surface layer carried by
sedimenting particles or by deep water formation. Similarly, the
PAH burden stored in soils may only partly be mobile and subject
to re-volatilization: in soil, through chemical interaction with
fulvic acid or other organic matter71�75 and black carbon76�78

components PAH may in the long-term turn immobile (�ageing�)
and more persistent. Sorption strength is dependent on the type
of soil organic matter (OM) and sorption history.79�81

Degradation in ground compartments is in models generally
assumed to obey first order chemical kinetics without spatial
variability in soils or in seawater. However, there is evidence for
significant spatial heterogeneity of PAH biodegradability at
least in soils.82 The rates used for seawater are often merely
extrapolated from experimental data obtained in freshwater
using a default factor to account for a lower level of bioactivity.
The temperature dependence of the degradation reaction coe�-
cient, if not neglected, is usually fixed to some default function,
e.g. doubling per 10 K temperature increase.

3. Sinks
3.1. Gas�particle partitioning and deposition

3.1.1. Gas�particle partitioning. The phase partitioning of a
semivolatile organic compound, i, in aerosols can be quantified
by the gas�particle partitioning coefficient Kp (m3 mg�1):

Kp = cip/(cigcm) (1)

with the concentrations in the gaseous and particulate phases,
cig and cip, and particulate matter mass concentration cm. Note
that Kp is operationally defined, which means that data are
often biased by sampling artefacts.83�89 The most relevant con-
tributions under many ambient and sampling conditions are due
to oxidative or evaporative losses from particulate matter depos-
ited on filter membranes, which leads to an underestimation of
the particulate phase mass fraction.86,89

Adsorption:
If adsorption is dominating the process, then for the

particulate phase mass fraction of semivolatile substances,
y = cip/(cig + cip) = [1 + 1/(KpcTSP)]�1, it holds:90,91

y = cJS/[cJS + po
L] (2)

with constant cJ, aerosol surface S (cm�1), and saturation vapour
pressure of the super-cooled liquid po

L (Pa). This relationship is
empirically based. cJ should be substance specific, but was hardly
ever specified, but rather generally adopted as 17.2 Pa cm. Kp could
be expressed as:91

Kp = Ns AmTe(Ql�Qv)/RT/(16po
L) (3)

with surface concentration of sorption sites Ns, specific surface
area of particulate matter Am = 106 S cm�1 (cm2 mg�1), the
enthalpy of desorption from the surface Ql and the enthalpy of
vapourisation of the super-cooled liquid Qv. For equilibrium
partitioning the slope, m, of plots of the form:

log Kp = m log po
L + b (4)

should be equal to �1 and the intercept, b, for constant
temperature should be determined by Ns and Am. Deviation
of m from �1, however, is inconclusive, as various possible
reasons exist which usually cannot be addressed, such as non-
equilibrium, temperature change during sampling, weaker inter-
action between the gas and solid surface, and absorption into
OM.92,93 Non-equilibrium can be caused by kinetic constraints
(introduction of fresh particles or clean air) or by the presence of
non-exchangeable compounds on or in the particles.

As log po
L B 1/T (Clausius�Clapeyron equation) eqn (4) is

physically equivalent to plots of the form

log Kp = A/T + B (5)

which was derived from Langmuir adsorption theory.94 For
PAH absorption in primary or secondary organic particulate
matter Kp would be given as:95

Kp = KOA fOMMWocrzocr/(rocrMWOMzOM1012) (6)

with KOA being the octanol�air partition coefficient (values in
Table 1), fOM the mass fraction of OM in particulate matter,
MWOCT, and MWOM the mean molecular weights of octanol and
the OM phase (g mol�1), respectively, rOCT the density of octanol
(0.820 kg L�1), zOCT the activity coefficient of the absorbing
compound in octanol, zOM the activity coefficient of the com-
pound in the OM phase. With the assumptions that zOCT = zOM

and MWOCT/MWOM = 1, eqn (6) can be simplified as:

log Kp = m0 log KOA + b0 (7)
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then, and when phase equilibrium is established the slope, m0,
of plots of eqn (7) should be equal to +1 and the intercept, b0,
equals log fOM � 11.91.

log Kp of PAHs based on di�erentiating sampling of the
gaseous and particulate fractions was found to be correlated
with 1/T (or logpo

L) in a number of studies.92,96�98 Therefore, as a
general trend a doubling of y per E5 K temperature decrease had
been found,95 y being significantly higher in winter,10,25,99,100

similar to other semivolatile aerosol constituents. This tempera-
ture trend is in accordance with both adsorptive and absorptive
mechanisms.95 However, KOA was suggested to be a better descrip-
tor for PAH gas�particle partitioning than po

L.101 Measurement of
fOM has partly been included, however. Over-prediction of y by the
surface adsorption model had been suggested by other studies at
both source and receptor sites.65 In these studies, however, S has
been estimated and assumed to be constant, rather than measured.
Gas�particle partitioning of PAHs is presently understood as having
adsorptive and absorptive contributions. In particular, a combi-
nation of absorption into OM and adsorption onto soot seems to
have a high potential to explain the observations.102,103

With, again, the assumptions zOCT = zOM and MWOCT/MWOM = 1
adsorptive and absorptive terms can be combined to eqn (8)
(Lohmann and Lammel;103 similar equation suggested by Dachs
and Eisenreich102).

Kp = 10�12[ fOM/roctKoa + fBC/rBC(SBC/Ssoot)Ksoot�air] (8)

with fBC being the mass fraction of soot (black carbon) in
particulate matter, Ksoot�air the soot�air partitioning coefficient,
roct and rBC the densities of octanol and soot, respectively, and
SBC and Ssoot available specific surface areas. Diesel soot is
taken as representative for soot. A particularly high affinity to
particulate matter and to soot was found for the semivolatile
PAHs Ant and BaA.96,104

While fOM, likely to influence absorption, and soot, fBC, likely to
influence adsorption, had been covered in field studies,65,88,105,106

the aerosol surface, S, has only rarely been covered so far,10,107 and
never together with the other parameters, i.e. fOM, fBC, SBC and
Ssoot. Moreover, a more di�erentiated specification of carbonaceous
fractions of PM would be needed in order to advance the under-
standing of PAH�s gas�particle partitioning.

Matrix specific adsorption to and absorption of PAH in
particulate matter components can in principle be described
accounting for all types of chemical interaction at the molecular
level (so-called poly-parameter linear free energy relationships).108

The substance specific109,110 and many relevant aerosol matrix
parameters are available to quantify PAH�s electron donor and
acceptor, and van der Waals interactions (for adsorption) and a
cavity formation term accounting for solvation (absorption into
the particulate matter organic phase), including their humidity
dependence.111,112 However, there are still limitations due to
data gaps in the experimentally determined substance and matrix
parameters.

3.1.1.1. PAH mass size distribution. Upon emission in com-
bustion processes and close to the sources mass size distribu-
tions of PAHs are peaking in the ultrafine and accumulation

modes (0.01�0.1 and 0.1�1 mm aerodynamic diameter size
ranges, respectively). One or two mass size modes are found
at urban and rural sites, with mass median diameters, Dm,
almost exclusively in the accumulation mode (0.1�1.0 mm of
size).113�118 This should be seen in the context of limitations by
particle size resolution (number of impactor stages) and analy-
tical sensitivity. During atmospheric transport re-distribution
in the aerosol occurs, at least of the semivolatile PAHs, which
undergo gas�particle partitioning. Their mass size distribution
is determined by condensation to surfaces, which leads to a
maximum in the accumulation mode113,119 and the number
median diameter is in the Aitken mode. This was also con-
firmed for PAHs.113,119�121

3.1.2. Dry and wet deposition contributions. Wet scavenging
of hydrophobic organic substances (low Henry coe�cients, KH,
listed in Table 1) is expectedly of low e�ciency, unless the
substance is particle-associated.122 Atmospheric lifetimes with
respect to removal by dry and wet deposition at a Central
European site were ranging between o2 weeks and >2 weeks,
respectively.121 Correspondingly, for temperate climates dry
deposition of PAHs may dominate over wet deposition, although
this has not been substantiated yet. Atmospheric lifetime of
PAHs towards removal by dry deposition is dominated by
particle deposition.122,123 However, for individual PAHs the
opposite may apply, as was found for anthracene, fluoranthene
and pyrene at a suburban site,28 and is obviously related to
air�soil exchange and, hence, to the concentration of PAH in
soil subject to volatilisation.

Particulate dry deposition fluxes of individual PAHs were
measured and mean particle dry deposition velocities ranged
between 0.4�10 cm s�1.28,64,124,125 In samples of deposited
particulate matter 3-ring PAHs were found enriched as com-
pared to air samples, i.e. had higher dry deposition velocities
than 4- and 5-ring PAHs.28

When there is no exchange of material between the particu-
late and dissolved phases in rain, the total scavenging ratio, Wt,
i.e. apparent volume of air washed out by volume of rainwater
of a given compound can be expressed by:

Wt = 103 cr/ca = Wg � (1 � y) + Wp � y (9)

where cr and ca are the rainwater and near-ground air concen-
trations in units of ng L�1 and ng m�3, respectively.

The gaseous PAH scavenging ratio, Wg, i.e. the apparent
volume of air washed out by volume of rainwater, ranges from
5 � 102�5 � 105 in precipitation events.63,121,126,127 Wg was
found to be in good agreement with predictions,126 suggesting
that phase equilibria were established.128,129 Besides dissolu-
tion, adsorption of gaseous molecules onto the surface of rain
drops or snow flakes could contribute to the phase transfer
process.128 The particle scavenging ratio Wp is dependent on
particle size and chemical surface properties, rain intensity,
raindrop diameter and collision efficiency,129 as it is the carrier�s
(particle) washout efficiency which is determining the process.
Typical values of Wp of PAH are mostly in the range
Wp = 5 � 102�105,63,121,124,130,131 and even higher in a tropical
climate.127 In conclusion, the particle scavenging contribution
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to the total scavenging exceeds the gas scavenging contribution.
The particle scavenging contribution, Wp � y/Wt, accounted for
14�100% in a temperate (Central Europe121) and 86�100% in a
tropical environment (Singapore65). More efficient scavenging for
semivolatile PAHs than for non-volatile PAHs found in various
studies was attributed to a different mass size distribution.130

Snow is considered to be a more e�cient scavenger for
nonpolar organics in air than rain.124,132 E�ciency is negatively
correlated with the vapour pressure of a substance, indicating
that adsorption onto the air�ice interface is the process respon-
sible for vapour scavenging.133

3.1.3. Recommendations for future work. � Artefact-free
(e.g., in situ) method to determine PAH in the gas and particu-
late phases at remote sites

� Studies of PAH air�soil exchange
� Improved characterisation of the carbonaceous fraction of

PM in field and laboratory studies in order to better account for
specific sorption of PAHs to these fractions and, hence, better
understand PAH�s gas�particle partitioning

� Extension of sorption studies to fill the data gaps describing
chemical interaction of PAH at the molecular level with regard to
relevant aerosol matrix parameters and their humidity dependence
(for poly-parameter linear free energy relationships).

3.2. Chemical reactions

3.2.1. Gas phase PAH reaction chemistry. In the troposphere,
lower molecular weight (LMW) PAHs exist predominantly in
the gas phase due to their relatively high vapour pressure.134�137

As discussed in Section 3.1.2, wet and dry deposition of gas
phase PAHs is unlikely to be a significant atmospheric loss
process for these compounds.121,122,138,139 Additionally, no
evidence has been observed for direct photolysis as a sink for
gas phase PAHs.135

The key sink for PAHs in the atmosphere is chemical reac-
tions with atmospheric oxidants, i.e. OH, NO3 and O3.135,140�142

While it has been suggested that reaction with Cl atoms could
also be an important loss process for gas phase PAHs in the
marine boundary layer and coastal environments,143 there is, as
yet, no conclusive evidence of this process being significant in
the wider environment. Direct reaction with NO2 or HNO3 is also
not an important atmospheric loss process.144

A significant amount of pioneering work investigating the
kinetics of atmospheric reactions of PAHs over the past 30 years
has been conducted by Atkinson, Arey and co-workers at the
University of California, Riverside, USA. Through this research,
much insight has been gained into the reaction chemistry
(rate coe�cients, mechanisms and products) of atmospheric
reactions of gas phase 2�4 ring PAHs with OH, NO3 and O3 and
their relative importance in the removal of PAHs from the
atmosphere and conversion to derivative compounds.

Here, we review the reactions of PAHs with OH radicals, NO3

radicals and O3 and their transformation into nitro- and oxy-
derivative compounds.

Calculated rate coe�cients, proposed reaction mechanisms
and observed products are discussed. Rate coe�cient values
and reaction products for the reactions of LWM PAHs with OH,

NO3 and O3 have previously been reviewed by Atkinson and
Arey.135 Since this review was published, additional research
has been undertaken to validate or enhance our understanding
of the reaction kinetics of these processes. We therefore
provide an updated overview and discussion for specific 2�4
ring PAHs.

3.2.1.1. Gas phase reactions of PAHs with OH radicals
3.2.1.1.1. Overview. The hydroxyl radical, OH, plays an

essential role in atmospheric behaviour and transformations of
organic compounds.145�147 For a wide range of organic compounds,
reaction with OH represents an important removal mechanism
from the atmosphere and is also a potential pathway for the
transformation into more toxic compounds.148

In the troposphere, OH radicals can be formed from a series
of reactions initiated by the photolysis of ozone in the presence
of water vapour:147,149

O3 + hn (l o 319 nm) - O(1D) + O2(1Dg)

O(1D) + H2O - 2OH

O(1D) + M - O(3P) + M (M = N2, O2, CO2)

Other mechanisms involve the reaction of RO2 with NO,145

and photolysis of nitrous acid and formaldehyde.150

The average 24 h OH concentration has been estimated to be
1.0 � 106 molecules cm�3, but is generally reported as 2.0 �
106 molecules cm�3, a daytime average adjusted for a 12 h
average daytime period.151�153

Due to the nature of its formation and reaction chemistry,
OH radical concentrations are dependent on temporal and
meteorological factors including time of day, season, latitude,
cloud cover, and relative humidity151,152 as well as concentration
of O3 (a key source compound) and NO2 (a key sink reactant).
For example, the highest OH concentrations are expected in the
tropics where humidity and UV light intensity levels will be
highest.152

3.2.1.1.2. Reaction mechanisms. Despite the considerable
amount of research into the reactions of PAHs with OH and
calculations of rate coe�cient values for these reactions, the
precise mechanisms by which these processes occur are not
fully understood. Experimental studies have a limited capability
to assess these reaction routes due to the lack of analytical
methods to detect the radical intermediate species believed to
be involved in these processes.154 Therefore a combination of
experimental and theoretical approaches is required.

The potential mechanism(s) for the reaction of OH
radicals with aromatic hydrocarbons have been discussed by
Atkinson147 and Atkinson and Arey135 and more recently by
Atkinson and Arey.151

The reaction of PAHs with OH radicals can be initiated via
two possible reaction pathways. These are illustrated for the
acenaphthene and acenaphthylene in Scheme 1. The proposed
pathways involve: (1) OH radical interaction with substituent
groups either through H-atom abstraction from C�H groups
(Scheme 1a), or, in the case of acenaphthylene which contains

Review Article Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
S

ep
te

m
be

r 
20

13
. D

ow
nl

oa
de

d 
on

 1
2/

11
/2

01
4 

16
:3

8:
18

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 
C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

Li
ce

nc
e.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c3cs60147a


This journal is c The Royal Society of Chemistry 2013 Chem. Soc. Rev.,2013, 42, 9333--9391 9341

an unsaturated cyclopentafused ring, addition to the {CQCz
bond of this substituent (Scheme 1b);135,155 or (2) OH addition
to the aromatic ring, forming an initially energy-rich hydroxy-
cyclohexadienyl-type radical intermediate (hereafter referred to
as the PAH�OH adduct), which then further reacts with NO2 or O2,
to form products or thermally decompose back to reactants135,155

(Scheme 1c).
The relative importance of the two proposed reaction path-

ways is dependent on the reaction temperature and pressure
conditions. While the OH-addition mechanism is expected
to dominate at room temperature, at elevated temperatures,
H-atom abstraction from the C�H bonds will become of increasing
importance as the PAH�OH adduct will be too thermally
unstable and will decompose back to the original reactants.147,151

This shift in the reaction mechanism is indicated by the observa-
tion of non-exponential OH radical decay at higher temperature
ranges.147,151

The dominance of the OH-addition pathway at room tempera-
ture has been demonstrated for naphthalene,156 anthracene157,158

and phenanthrene.159,160 These studies have generally reported
a negative dependence of the rate constant on temperature.
Rate coe�cient expressions to fit these experimental data, derived
from these studies, are shown in Table 3. A lack of a significant
�isotope e�ect� i.e. di�erences in rate coe�cients between
unsubstituted PAHs and their deuterated equivalent, as noted
by Ananthula et al.157,160 and Lee et al.159 also indicates a minor
contribution of the H-abstraction mechanisms over the tem-
perature ranges studied.

Studies indicate that the OH-addition mechanism is the
dominant reaction route up to 773 K for anthracene,157

525 K for naphthalene156 and B380 K for monocyclic aromatic
compounds.161 It is therefore suggested that an increase in
molecular size (number of aromatic rings) could have a positive
e�ect on the OH-addition rate and/or the thermal stability of
the PAH�OH adduct, with 3-ring PAHs being more stable at

higher temperatures than 2-ring structures. Furthermore,
Brubaker and Hites140 investigated the kinetics of the 4-ring
PAH fluoranthene and indicated that this compound would
form a more stable OH-adduct than 2- or 3-ring structures.

Ananthula et al.160 noted from assessment of previous
kinetic studies that the rate of H-atom abstraction at elevated
temperatures appears to be largely una�ected by the molecular
size. This is presumably due to the dependence of reactivity
on the number of possible reaction sites, which does not
vary significantly between 1-, 2- and 3-ring species. The reason
for the apparent dependence of the OH reaction rate upon
molecular size at lower (o773 K) temperatures is not currently
known.

3.2.1.1.3. Reactions of the PAH�OH adducts. Reactions
of the PAH�OH adduct with NO2 are expected based on the
observation of nitro-PAH compounds in a wide number of
ambient measurements with relative concentrations and iso-
mer profiles consistent with their formation from gas phase
reactions (as discussed in detail in Section 5). Indeed, initial
investigations into the mechanism(s) of PAH reactions sug-
gested that the PAH�OH adduct will react with NO2 to form
nitro-derivative products162�164 and would not react with O2 to a
significant degree.

However, kinetic and product data from experimental
studies now suggest that for OH�PAH adducts, the reaction
with O2 dominates over NO2 reactions under atmospheric
conditions.151,165,166 It is suggested that the NO2 and O2 reac-
tions with the naphthalene�OH adduct may be of equal impor-
tance for NO2 mixing ratios down to 60 ppbV.166

In addition to laboratory studies, the reactions of naphthalene
with OH radicals and subsequent reactions of the Nap�OH
adduct have been investigated theoretically in studies by
Ricca and Bauschlicher167 and Qu et al.154 Their investi-
gations of the bond energies of the OH�naphthalene adduct
indicate that OH will react with naphthalene at either C1

or C2 without an activation energy barrier above the reactants.
It was inferred that, after formation of the OH�Nap adduct,
decomposition back to reactants is the most favourable
pathway.

Qu et al.154 also carried out theoretical study of the mechanism
of the subsequent reactions of the Nap�OH adduct with NO2 and/or
O2 using molecular orbital calculations. The derived pathways
for these reactions are summarized in Scheme 2.

It was suggested that H-atom abstraction from the OH�
naphthalene adduct would primarily yield the closed-ring 1- and
2-napthol isomers, from C1 and C2 interaction of OH respec-
tively, which would be more stable than open-shell intermediate
species154,167 (Scheme 2a). It was indicated that the C1-isomer
will be more stable than the C2-isomer for these hydroxyl
products with a ratio of 2 : 1.167

It was expected that the C1 and C2 naphthalene�OH adduct
would undergo a competitive decomposition with O2 and/or
NOx. The N atom of NO2 can attack the OH�Nap adduct at
either the trans- or cis-position of OH. Attack at the trans-
position is expected to yield 1- and 2-nitronaphthalene isomers

Scheme 1 Mechanism for the reaction of gas-phase PAHs with OH radicals;
(a) H-atom abstraction; (b) OH addition to substituent groups; (c) OH addition to
the aromatic ring.135,147
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Table 3 Second-order rate coe�cients k(2) for gas-phase reactions of PAH with OH radicals

kOH (cm�3 molecules�1 s�1) Ref. T (K) Notes

Nap 2.4 � 10�11 Phousongphouang and Arey171 298 � 2 RR relative to k(1,2,3-trimethylbenzene) =
3.27 � 10�11 cm�3 moleculues�1 s�1

2.2 � 10�11 Atkinson147 298 Recommended value based on previous data, overall
uncertainty of �30%

2.3 � 10�11 Brubaker and Hites140 298 Measured over the temperature range 306�366 K
2.7 � 10�11 Klamt172 n/a Theoretical calculation based on a new molecular

orbital based estimation method
2.4 � 10�11 Biermann et al.169 298 � 1 RR, relative to k(propene) = 2.63 � 10�11 cm�3

molecules�1 s�1

1.9 � 10�11 Lorenz and Zellner156 300 Absolute rate, temperature range 300�873 K,
extrapolated using Arrhenius parameter

2.2 � 10�11 Klo¤p�er et al.170 300 RR, relative to k(ethene) = 8.44 � 10�12 cm�3

molecules�1 s�1

2.4 � 10�11 Atkinson et al.168 294 � 1 RR, relative to k(n-nonane) = 1.07 � 10�11 cm�3

molecules�1 s�1

2.6 � 10�11 Atkinson and Aschmann144 295 � 1 RR, relative to k(2-methyl-1,3-butadiene) =
1.02 � 10�10 cm�3 molecules�1 s�1

1M-Nap 4.1 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
5.3 � 10�11 Atkinson and Aschmann173 298 � 2 RR, 2-methyl-1,3-butadiene used as reference

compound, T = 298 � 2
6.0 � 10�11 Klamt172 n/a Theoretical calculation based on a new molecular

orbital based estimation method
2M-Nap 4.9 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
5.2 � 10�11 Atkinson and Aschmann144 295 � 1 RR, relative to k(2-methyl-1,3-butadiene) =

1.02 � 10�10 cm�3 molecules�1 s�1

5.7 � 10�11 Klamt172 n/a Theoretical calculation based on a new molecular
orbital based estimation method

1E-Nap 3.6 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
2E-Nap 4.0 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
1,2DM-Nap 6.0 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
1,3DM-Nap 2.2 � 10�11 Banceu et al.175 295 RR [relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1]
7.5 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
1,4DM-Nap 5.8 � 10�12 Klamt172 n/a Theoretical calculation based on a new molecular

orbital based estimation method
5.8 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
1,5DM-Nap 6.0 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
1,6DM-Nap 6.3 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
1,7DM-Nap 6.8 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
1,8DM-Nap 6.3 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
2,3DM-Nap 6.2 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
1.0 � 10�10 Klamt172 n/a Theoretical calculation based on a new molecular

orbital based estimation method
7.7 � 10�11 Atkinson and Aschmann144 295 � 1 RR, relative to k(2-methyl-1,3-butadiene) =

1.02 � 10�10 cm�3 molecules�1 s�1

2,6DM-Nap 6.7 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
2,7DM-Nap 6.9 � 10�11 Phousongphouang and Arey171 298 � 2 RR, relative to k(naphthalene) = 2.39 � 10�11 cm�3

molecules�1 s�1, derived from the same work
Ace 8.0 � 10�11 Reisen and Arey155 296 RR [relative to k(trans-2-butene) = 6.48 � 10�11 cm�3

molecules�1 s�1]
5.8 � 10�11 Brubaker and Hites140 298 Measured over the temperature range 325�365 K
1.0 � 10�10 Atkinson and Aschmann173 296 � 1 RR [relative to k(2,3-dimethyl-2-butene) =

1.11 � 10�10 cm�3 molecules�1 s�1]
5.8 � 10�11 Klo¤p�er et al.170 300 RR [relative to k(ethene) = 10�12 cm�3 molecules�1 s�1]
6.4 � 10�11 Banceu et al.175 295 RR [relative to k(naphthalene) = 2.2 � 10�11 cm�3

molecules�1 s�1]
8.0 � 10�11 Klamt172 n/a Theoretical calculation based on a new molecular

orbital based estimation method
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for the reactions of the C2 and C1 adducts respectively (Scheme 2bi),
while attack at the cis-position would yield 2-hydroxy-1-nitro-
naphthalene and 1-hydroxy-2-nitronaphthalene (Scheme 2bii).
It was indicated that the nitronaphthalene isomers will be the
dominant products formed.

O2 is expected to attack the C1- and C2-adducts forming
energy-rich intermediates, which will decompose via di�erent
pathways to yield either 2-formylcinnamaldehyde (Scheme 2ci)
or 1- or 2-naphthol isomers (Scheme 2cii). It was also indicated
that naphthols can further react with HO2 which yields

1,4-naphthoquinone (1,4-NQu) (Scheme 2d). It was suggested
that 1,4-NQu can also be formed from 1-naphthol by further
addition of OH to yield a diol intermediate which can rearrange
to form 1,4-diketone followed by loss of H2.167 Furthermore, it
is indicated that the C1 and C2 adducts can react with an NO�O2

mixture to form an additional route to 2-formylcinnamaldehyde
(FCA) (Scheme 2e).

3.2.1.1.4. Rate coe�cients. Experimental studies have been
carried out to derive second-order rate coe�cients for the gas

Table 3 (continued )

kOH (cm�3 molecules�1 s�1) Ref. T (K) Notes

Acy 1.2 � 10�10 Reisen and Arey155 296 RR [relative to k(trans-2-butene) =
6.48 � 10�11 cm�3 molecules�1 s�1]

1.3 � 10�10 Banceu et al.175 295 RR [relative to k(naphthalene) =
2.2 � 10�11 cm�3 molecules1 s�1]

1.1 � 10�10 Atkinson and Aschmann173 296 � 1 RR [relative to k(2,3-dimethyl-2-butene) =
1.11 � 10�10 cm�3 molecules�1 s�1]

Fln 1.6 � 10�11 Kwok et al.176 297 Placed on an absolute basis by using k2(cyclohexane) =
7.47 � 10�11 cm�3 molecules�1 s�1

1.3 � 10�11 Brubaker and Hites140 298 Measured over the temperature range 326�366 K
9.9 � 10�12 Klamt172 n/a Theoretical calculation based on a new molecular

orbital based estimation method
1.3 � 10�11 Klo¤p�er et al.170 300 RR [relative to k(ethene) =

7.47 � 10�12 cm�3 molecules�1 s�1]
Phe 3.4 � 10�11 Biermann et al.169 298 � 1 RR [relative to k(propene) =

4.85 � 10�12 e504/T cm�3 molecules�1 s�1]
3.1 � 10�11 Atkinson147 298 Recommended value based on previous data, overall

uncertainty of �30%
2.6 � 10�11 Klamt172 n/a Theoretical calculation based on a new molecular

orbital based estimation method
1.6 � 10�11 Lorenz and Zellner156 338 Absolute rate study, measured over a temperature

range 338�748 K
1.3 � 10�11 Kwok et al.176 296 RR [relative to k(propene) =

2.66 � 10�11 cm�3 molecules�1 s�1]
2.7 � 10�11 Brubaker and Hites140 298 Measured over the temperature range 346�386 K,

extrapolated using Arrhenius parameters
3.2 � 10�11 Lee et al.159 298 Measured over the temperature range 298�386 K,

extrapolated using Arrhenius parameters
4.98 � 2.96 � 10�6 T�1.97�0.10 Ananthula et al.160 373�1000 K Two-parameter expression to best fit experimental data

1M-Phe 2.9 � 10�11 Lee et al.159 298 Measured over the temperature range 363�403 K,
extrapolated using Arrhenius parameters

2M-Phe 6.5 � 10�11 Lee et al.159 298 Measured over the temperature range 338�398 K,
extrapolated using Arrhenius parameters

3M-Phe 6.6 � 10�11 Lee et al.159 298 Measured over the temperature range 353�388 K,
extrapolated using Arrhenius parameters

9M-Phe 7.6 � 10�11 Lee et al.159 298 Measured over the temperature range 333�373 K,
extrapolated using Arrhenius parameters

Ant 1.1 � 10�10 Biermann et al.169 325 � 1 RR [relative to k(propene) = 2.29 � 10�11 cm�3

molecules�1 s�1]
1.9 � 10�10 Brubaker and Hites140 298 Measured over the temperature range 346�365 K
1.3 � 10�11 Kwok et al.176 296 Based on a derived k(anthracene)/k(phenanthrene)

value of 1.0 � 0.5
2.0 � 10�10 Klamt172 n/a Theoretical calculation based on a new molecular

orbital based estimation method
1.3 � 10�10 Atkinson;147 Biermann et al.169 298 Recommended value based on previous data, overall

uncertainty of �30%
1.12 � 10�10 (T/298)�0.46 Goulay et al.158 58�470 Two-parameter expression to best fit experimental data
8.17 � 10�14 T�8.3 e(�3171.71/T) Ananthula et al.157 373�923 Modified Arrhenius equation to best fit experimental

data
2.18 � 10�11 e(�1734.11/T) Ananthula et al.157 999�1200 Modified Arrhenius equation to best fit experimental

data
Flt 1.1 � 10�11 Brubaker and Hites140 298 Measured over the temperature range 346�366 K
Pyr 5.0 � 10�11 Atkinson et al.162 296 � 2 RR Relative to k(naphthalene) = 3.6 � 10�28 cm�3

molecules�1 s�1

1N-Nap 5.4 � 10�11 Atkinson147 298 Recommended value
2N-Nap 5.6 � 10�11 Atkinson147 298 Recommended value
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phase reaction of OH with a number of individual 2�4 ring PAHs,
including naphthalene, alkylnaphthalene derivatives, acenaphthene,
acenaphthylene, anthracene, phenanthrene, fluorene, fluoranthene
and pyrene. Values of the calculated second-order rate coefficient,
k(2), derived in these studies and the experimental conditions used
are detailed in Table 3.

While for most studies experimental investigation of k(2)

values for PAH reaction with OH has been conducted over
relatively narrow temperature ranges, Lorenz and Zellner156

investigated the rate coe�cients for the reactions of OH with
naphthalene and phenanthrene over a wide range of elevated
temperatures (B300�873 K). Similarly Brubaker and Hites140

measured rate coefficients for a range of temperatures above
ambient levels and then extrapolated to environmentally relevant
temperatures using the Arrhenius equation.

Atkinson147 recommended a k(2) value for the reaction of
naphthalene with OH based on a unit-weighted least squares
analysis of data from previous studies by Atkinson et al.;168

Atkinson and Aschmann;144 Lorenz and Zellner156 and Biermann
et al.169 The value reported by Klo¤p�er et al.170 was not used in
this calculation. Subsequent experimental studies by Brubaker
and Hites140 and Phousongphouang and Arey,171 and a theo-
retical value derived by Klamt et al.,172 using molecular orbital
calculations, are shown to be in good agreement with this
recommended k(2) value.

k(2) values for a range of alkylnaphthalene derivatives
(MNs, DMNs and ENs) with OH have been studied experimen-
tally.144,171,173 The k(2) values for 1M-Nap, 2M-Nap and 2,3DM-
Nap calculated by Phousongphouang and Arey171 and Atkinson
and Aschmann144,173 are shown to be in reasonable agreement,

Scheme 2 Proposed mechanisms for the further reaction of the PAH�OH adduct: (a) H-atom abstraction; (b) reactions with NO2; (c) reaction with O2; (d) further
reaction of 1-naphthol; (e) reaction with NO/O2.154
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the small di�erence in measured rate coe�cient values being
attributed to di�erences in product quantification methods.171

These k(2) values are also within a factor 2 of the theoretical
value derived by Klamt.172

k(2) values derived in di�erent experimental studies for the
reaction of acenaphthene with OH are clearly not in agreement.
Di�erences between k(2) reported by Reisen and Arey155 and
Atkinson and Aschmann174 could be attributed to the use of
capillary GC columns in the former and packed column GC
techniques in the latter, leading to a more accurate measure-
ment in the later study.155 The k(2) value reported by Klo¤p�er
et al.170 may be erroneously low as the reference compound,
ethene, reacts substantially slower than acenaphthene.155 The
k(2) value reported by Reisen and Arey155 is very similar to the
theoretical value derived by Klamt.172 There is generally good
agreement between the three k(2) values derived for the OH
reaction with acenaphthylene.155,174,175

For reactions of anthracene, there is reasonable agreement,
between k(2) values calculated theoretically by Klamt172 and
experimentally by Brubaker and Hites.140 k(2) values measured
at 325 K by Biermann et al.169 and Goulay et al.158 were in
agreement but both lower than that reported by Brubaker and
Hites.140 Kwok et al.176 reported a much lower k(2) based on a
k(Ant)/k(Phe) value of 1.0 � 0.5 derived from samples taken
during the reaction of phenanthrene with OH. It has therefore
been suggested that the k(2) value measured by Kwok et al.176

may be erroneously low.
For the reaction of phenanthrene with OH, Atkinson147

recommended a k(2) value based on previous studies by Lorenz
and Zellner156 and Biermann et al.169 This k(2) value is shown to
be in good agreement with the subsequent studies by Brubaker
and Hites140 and Lee et al.,159 both extrapolated to 298 K using the
Arrhenius relationship, and slightly higher than the theoretical
value derived by Klamt.172 The k(2) value derived by Kwok et al.176

is a factor of two lower than that of the other rate coe�cient
values in Table 3 for a similar temperature.

The k(2) values for the reaction of fluorene with OH from
three experimental studies140,170,177 and a theoretical study172

do agree well. To our knowledge, the only k(2) measurements for
the gas phase reaction of fluoranthene and pyrene with OH have
been made by Brubaker and Hites140 and Atkinson et al.,163

respectively.
It is clear that k(2) values for gas-phase OH reactions depend

strongly on the specific PAH molecular structure. For example,
as noted by Brubaker and Hites,140 Ace has a higher reaction
rate than Nap. Both compounds consist of two fused aromatic
rings but it is suggested that the reactivity of Ace towards OH is
enhanced by H-atom abstraction occurring at the cyclopenta-
fused ring.155 Similarly, Acy is shown to be more reactive than
Ace. This has been attributed to the higher reactivity of the
unsaturated cyclopentafused ring of Acy with a more rapid OH
addition to the {CQCz than H-atom abstraction from the
saturated cyclopenta-fused ring.155,173,174

The k(2) values for 1M-Nap and 2M-Nap are shown to be
essentially identical suggesting that the mechanism of this reac-
tion with OH will be the same for the two isomers. The presence

of alkyl groups has been observed to have an �activating e�ect� on
OH reactivity for Nap171 and Phe159 (Table 4). In contrast, Banceu
et al.175 reported k(2) values for 1,3DM-Nap and 2,3DM-Nap, which
are lower than that of Nap. Furthermore, enhanced reactivity is
not observed for 1-methylphenanthrene (1M-Phe). As yet, it is
not known why 1M-Phe is not similarly activated.

It is indicated that the reactivity of Ant towards OH is much
faster than that of other 3-ring PAHs such as Phe and Fln.

The di�erence between Ant and Fln reactivity could possibly
be explained by di�erences in the reaction mechanism at
C9 which is the most likely position for OH attack for these
compounds.178,179 It is suggested, based on reaction product
studies (see Section 3.2.1.1.5.), that the H-abstraction mechanism
will dominate at the C9 position for Fln,178 while the OH addition
mechanism will dominate for reactions of Ant,140 which could
explain the enhanced reactivity of Ant relative to Fln.

Ant and Phe have essentially the same 3-ring structure, only
di�ering by the relative position of their aromatic rings. How-
ever, Ant appears to be significantly more reactive.

The most reactive sites for Phe are expected to be at the
C11 and C12 positions, where net charge is greatest. However,
product studies show that reaction occurs predominantly at the
C9 and C10 positions.179�182 This suggests that the reactivity at
the C11- and C12-positions could be sterically hindered, resulting
in lower overall reactivity. Conversely, Ant is expected to have
highest net charge at C9 and C10, which are sterically unhindered.
This is confirmed by product studies which indicate reactions
occurring at these sites,158,180 which possibly explain the rela-
tively enhanced reactivity.

3.2.1.1.5. Reaction products. Products from the reactions of
LMW PAHs with OH radicals in the presence of O2 and NOx

Table 4 Rate coe�cient ratios for the reaction of methylnaphthalenes and methyl-
phenanthrenes with OH radicals, relative to the reactions of their parent compound

Compound Relative reactivitya (k1(obs)/knap(obs))

Nap 1.00
1M-Nap 1.71
2M-Nap 2.02
1E-Nap 1.52
2E-Nap 1.68
1,2DM-Nap 2.49
1,3DM-Nap 3.13
1,4DM-Nap 2.42
1,5DM-Nap 2.51
1,6DM-Nap 2.65
1,7DM-Nap 2.84
1,8DM-Nap 2.62
2,3DM-Nap 2.57
2,6DM-Nap 2.78
2,7DM-Nap 2.87

Compound Relative reactivityb (k1(obs)/kphen(obs))

Phe 1.00
1M-Phe 0.90
2M-Phe 2.02
3M-Phe 2.08
9M-Phe 2.36
a From Phousongphouang and Arey.171 b From Lee et al.159
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have been investigated in a number of laboratory studies. More
attention in the literature has been paid to the reactions of
naphthalene but product investigations have also been carried
out for alkylnaphthalenes, acenaphthene, acenaphylene, phenan-
threne, anthracene, fluoranthene and pyrene.

3.2.1.1.5.1.Naphthalene reaction products. The gas phase
reaction of Nap with OH radicals has been shown to yield both
ring-retaining and ring-opened products. Key ring-retaining
products identified include naphthols, nitronaphthalenes and
naphthoquinones.

1- and 2-naphthol isomers have been identified in product
studies162,181�183 in yields of approximately 3�7%. The forma-
tion of naphthol isomers is expected to result from OH�Nap
adduct rearomatization (Scheme 2a) or reaction with O2 and
decomposition of the peroxy radical (Scheme 2cii).

1- and 2N-Nap isomers are also formed in these reac-
tions.162,166,181,183,184 This would result from the pathway
shown in Scheme 2b. Nishino et al.166 measured the formation
yields of 1- and 2N-Nap to be 0.35% and 0.60% respectively. The
higher yield observed for reaction occurring at C1 compared to
C2 was also noted by Wang et al.185 who indicated that 68%
of OH addition occurs at C1. This is in agreement with the
theoretical calculations of Qu et al.,154 who calculated that the
C1 adduct lies 10 kcal mol�1 lower in energy than the C2 adduct.

1,2- and 1,4-NQu isomers have also been observed as reaction
products in yields of 1�6%.181,183,184 This could be expected to
occur via the reaction in Scheme 2d. An alternative pathway
is suggested by Lee and Lane181 and Kautzman et al.184 via
1-hydroxynaphthalene-2-one and 1-hydroxynaphthalene-4-one
to yield 1,2-NQu and 1,4-NQu respectively (Scheme 3). It has
also been suggested that 1,4-NQu can be formed from the
photolysis of 1-nitronaphthalene.162 Other ring retaining
products identified from the reaction of Nap with OH include
2,3-epoxy-naphthoquinone, oxygenated indenes such as inden-
1-one and 1,3-indene-dione, benzopyrones and nitro-naphthol
isomers.181

Sasaki et al.182 reported that ring-retaining products repre-
sented only B30% of the reaction products from this process.
Therefore understanding the ring-opening mechanism is impor-
tant to fully understand these reactions. In particular, much
interest has been paid to the formation and reactivity of the ring-
opened species 2-FCA, identified as the main reaction product of
naphthalene with OH.166,181�186

The product yield of 2-FCA from this reaction was estimated
to be 46�71% by Nishino et al.186 Other studies have reported
lower formation yields182,183 but these did not take the rapid
loss of 2-FCA due to photolysis and reactivity with OH into
account.186 The formation of FCA can be attributed to the
mechanism shown Scheme 2ci, involving Nap�OH adduct
reaction with O2 to form the peroxy radical intermediate or 2e
involving reaction with O2 and NO, as predicted by Qu et al.154

Other ring opened products identified include phthalic acid,
phthaldialdehyde and phthalic anhydride.181,182,184 Kautzman
et al.184 suggested that these were formed from the further
reaction of 2-FCA with OH. An alternative reaction pathway was

also suggested involving reaction with O2 to yield C7 and C9

compounds such as benzoic acid.
Kautzman et al.184 investigated the products from the

naphthalene reaction with OH under both high (B80 ppbV)
and low NOx conditions. Two reaction pathways were proposed
to yield 2-FCA: (i) a series of reactions initiated by the reaction
of the Nap�OH adduct with O2 to yield a peroxy radical inter-
mediate; (ii) reaction of the Nap�OH adduct involving O2 and
NO. These are summarized in Scheme 4. These mechanisms
are in agreement with other product studies182,183 and theore-
tical calculations.154 It is not currently possible to establish the
relative dominance of either of these proposed routes.

The presence of organic peroxides in the product study by
Kautzman et al.184 was attributed to an alternative reaction
mechanism, initiated similarly by the reaction of the Nap�OH
adduct with O2, but proceeding via the formation of a bicyclic
peroxy radical (Scheme 5). This mechanism is suggested to lead
to the formation of both observed ring-opened species as well
as peroxide or epoxide compounds.

Under low NOx conditions, Kautzman et al.184 indicated that
the dominant mechanism for the formation of products from
naphthalene will di�er from that at higher NOx levels. It was
suggested that the reaction is dominated by the alkoxy radical
reaction predominantly with HO2 to form ring-opened products
such as 2-FCA. Under these low NOx conditions, 1,4-NQu is sug-
gested to result from the reaction pathway detailed in Scheme 2d
involving the addition of HO2 to 1-naphthol followed by reaction
with O2 and two further additions of HO2.184

The identified products are broadly consistent with the
suggested reaction mechanisms of Qu et al.154 (as detailed in
Scheme 2). The product studies detailed above have allowed the
identification of >90% of the products formed from the reaction
of naphthalene with OH radicals. This has allowed relatively
detailed reaction pathways for these processes to be suggested,
despite some discrepancies in the literature. However, obtaining a
full mass balance for this reaction is di�cult due to the secondary
reactions of the PAH reaction products.183 More work is clearly
needed to fully understand these precise reaction mechanisms.

3.2.1.1.5.2.Reactions of other PAHs. Products identified
from the reactions of Phe have included ring-opened species
such as 2,20-diformylbiphenyl, 9-fluorenone (9-Flr), 1-,2-,3-,4-,
and 9-phenanthrols, 2-,3-,4- and 9-nitrophenanthenes (N-Phe),
1,4- and 9,10-phenanthraquinones (PQu), dibenzopyranone
and 2- and 4-nitrodibenzopyranones, and ring-opened products
such as 1,2-naphthalenedicarboxaldehyde and 1,2-naphthalic
anhydride.180,185,187

Corresponding to the OH addition mechanism, it was
suggested that the Phe�OH adduct would be formed via addition
of OH to C1.182,187 This can then form the OH�phenanthrene�O2

peroxy radical, analogous to the reaction of naphthalene (Scheme 2),
from which stable products can be formed through reaction with
O2 (see Lee and Lane,187 for detailed discussion). Phenanthrols
could also be formed through H-atom abstraction from the Phe�
OH adduct.187 It was suggested that ring-opened products such as
1,2-naphthalenedicarboxaldehyde and 1,2-naphthalic anhydride
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are formed through cleavage of the central ring between C9�C10,
the most active site for electrophilic attack for Phe.178,187

Wang et al.185 suggested that 2,20-diformylbiphenyl is a
primary product in this reaction, which then reacts further to
produce 9-fluorenone and dibenzopyranone.178,179,185 The sug-
gested pathway leading to PQu involved initial formation of a
keto alcohol at the C9�C10 bond.179,185 The calculated formation
yield of 9,10-PQu was B3%.185 Combining the measured forma-
tion yield with the rate coefficient,159 the authors calculated a
PQu formation rate of 80 pg m�3 h�1.

Helmig et al.178 identified products from the reaction of Fln
with OH in the presence of NOx, including hydroxyfluorenes,

nitrofluorenes (N-Fln), 9-fluorenone (9-Flr) and nitrofluore-
nones. The formation of N-Fln isomers is attributed to the
OH-addition mechanism analogous to that discussed for Nap
and Phen (Scheme 1c and 2bi). The formation of 9-Flr is
expected to proceed via H-atom abstraction of the �CH2� group
followed by reaction with O2.178 The relatively high fluorenone
yield (B9%) compared to nitro-fluorenes (B1%) may indicate
a higher importance of the H-atom abstraction mechanism
for Fln.

Nitro-PAH isomers have been identified from the gas-phase
reactions of Ant, Flth and Pyr with OH.163,180,188 As with other
studies, nitro-PAH product yields are low: 1-nitroAnt (0.2%),

Scheme 3 A proposed alternative reaction pathway for the formation of naphthoquinone isomers.183
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2-nitroAnt (0.2%), 2-nitroPyr (0.5%) and 4-nitroPyr (0.06%)
2-nitroFlt (3%) 7-nitroFlt (1%) and 8-nitroFlt (0.3%).

It is clear that the formation of the observed products from
the gas phase reactions of PAHs with OH radicals is initiated by

the formation of the PAH�OH adduct. The nature and extent of
the subsequent reaction pathway will then dictate the precise
products formed. Different pathways have been suggested leading
to the formation of both ring-retaining and ring-opened products.

Scheme 4 Summary of pathways to 2-formylcinnamaldehyde from the naphthalene�OH adduct: (a) via reaction with O2, (b) via reaction with O2/NO/RO2.

Scheme 5 An alternative reaction scheme for the reaction of naphthalene�PAH adduct proceeding via a bicyclic peroxy radical.184
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