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Abstract. A workshop was held in the framework of the
ACCENT (Atmospheric Composition Change – a European
Network) Joint Research Programme on “Aerosols” and the
Programme on “Access to Laboratory Data”. The aim of
the workshop was to hold “Gordon Conference” type discus-
sion covering accommodation and reactive uptake of water
vapour and trace pollutant gases on condensed phase atmo-
spheric materials. The scope was to review and define the
current state of knowledge of accommodation coefficients for
water vapour on water droplet and ice surfaces, and uptake of
trace gas species on a variety of different surfaces character-
istic of the atmospheric condensed phase particulate matter
and cloud droplets. Twenty-six scientists participated in this
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meeting through presentations, discussions and the develop-
ment of a consensus review.

In this review we present an analysis of the state of knowl-
edge on the thermal and mass accommodation coefficient for
water vapour on aqueous droplets and ice and a survey of
current state-of the-art of reactive uptake of trace gases on a
range of liquid and solid atmospheric droplets and particles.
The review recommends consistent definitions of the various
parameters that are needed for quantitative representation of
the range of gas/condensed surface kinetic processes impor-
tant for the atmosphere and identifies topics that require ad-
ditional research.
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1 Introduction and motivation

1.1 Why are trace gas uptake processes important?

Trace gas uptake by a variety of condensed phase materials
on the Earth’s surface, including vegetation, rock, soil, ice,
snow, fresh and marine surface waters, buildings and paved
surfaces can play an important role in the transformation and
environmental fate of many atmospheric species. Even more
importantly, heterogeneous interactions of trace gases with
liquid and solid cloud droplets and aerosol particulate matter
(PM) strongly influence two critical atmospheric properties.

First, heterogeneous uptake by PM and cloud droplets, of-
ten coupled with surface and/or bulk phase reactions, can sig-
nificantly alter the distribution of reactive atmospheric gases.
Heterogeneous processes change the gas phase concentra-
tions of photochemical oxidants, acid gases, free radicals,
and a wide variety of soluble and/or semi-volatile species,
significantly impacting important atmospheric processes and
phenomena including photochemical smog, acid deposition,
tropospheric oxidative cleansing, reactive greenhouse gas
concentrations, and stratospheric ozone depletion.

Second, the uptake of trace gases, including water vapour,
impacts important physical properties of atmospheric PM,
such as size, optical properties, and ability to nucleate cloud
droplets. These properties all impact the direct interaction
of PM with atmospheric radiation or their ability to alter
cloud formation and evaporation rates, which also influence
atmospheric radiative fluxes as well as precipitation patterns.
Thus, trace gas uptake processes must be understood in order
to characterize the impact of atmospheric PM on the current
climate and to predict its influence on the future’s climate.

The following discussion will focus on the interaction of
trace gases with atmospheric cloud droplets and PM, al-
though some of the material is also pertinent to trace gas
interactions with materials at the Earth’s surface.

1.2 Who needs to know about heterogeneous trace gas
uptake?

Nearly all atmospheric scientists concerned with atmo-
spheric chemistry, aerosol microphysics or atmospheric ra-
diative transport need to be concerned with trace gas uptake
processes. As noted above these processes can have a signif-
icant impact on both the reactive trace gas distribution and
the size distribution and character of aerosol PM.

Both atmospheric chemistry and climate modelers need to
adequately compute the trace gas and PM content of the at-
mosphere and, therefore need to adequately represent trace
gas uptake processes in both their diagnostic and prognos-
tic models. Laboratory scientists quantifying atmospheric
chemistry and physics processes often must account for trace
gas uptake processes by deliberatively or accidentally en-
trained PM, as well as by the walls of their apparatus. Field
measurement studies come with their own component of

cloud droplets and/or aerosol PM that interact with the ambi-
ent trace gases and often influence the atmospheric properties
being studied.

In recognition of these needs the topic of heterogeneous
processes involving atmospheric trace gases has been in-
cluded in the evaluations carried out by the NASA-JPL data
evaluation panel. In their most recent full evaluation (Evalua-
tion 15, July 2006;http://jpldataeval.jpl.nasa.gov/download.
html) heterogeneous reactions in the stratosphere and se-
lected heterogeneous processes in the free troposphere are
addressed; an updated evaluation is scheduled for publication
in late 2010. Recently the IUPAC Subcommittee for kinetics
data evaluation for atmospheric chemistry has undertaken an
evaluation of data for heterogeneous reactions which is pre-
sented on the IUPAC website at University of Cambridge,
UK. (http://www.iupac-kinetic.ch.cam.ac.uk/) and has been
partially published in this journal (Crowley et al., 2010). A
further publication of evaluated data for uptake on liquid sur-
faces will be submitted to ACPD soon.

1.3 What are the relevant atmospheric trace gas uptake
surfaces?

Atmospheric aerosol particles and cloud/fog droplets often
have complex chemical compositions and some may occur
in both liquid and solid phases, depending on ambient at-
mospheric conditions. Aqueous droplets may change from
liquid to ice depending on atmospheric temperature, while
aqueous salt PM may cycle between liquid and crystalline
phases depending on relative humidity (RH).

Some primary PM particles are usually emitted as solids,
including entrained dust and soot from combustion, while
others such as sea salt particles released by wave action, and
sulphuric acid produced by burning sulphur containing fuels
may initially form liquid droplets.

Atmospheric PM evolves by serving as heterogeneous
condensation sites for semi-volatile inorganic and organic
species emitted from various sources or created by atmo-
spheric chemical processes, including inorganic and organic
acids that can form salts by co-condensing with atmospheric
ammonia or reacting with labile cations (e.g. Na+, K+,
Ca++) in primary PM. It can also evolve by heterogeneous or
(for liquids) bulk phase chemical or photochemical reactions
with atmospheric oxidants, by agglomeration with dissimi-
lar PM, or through “cloud processing” when absorbed into
a cloud/fog droplet that later evaporates, mixing scavenged
low volatility components.

Finally, recent advances in measuring the chemical con-
tent of atmospheric PM have revealed that submicron fine
PM typically has a very significant (20-80%) organic compo-
nent, usually composed of a very large number of individual
compounds. These organic species may be highly surface
active, forming surface layers on aqueous or solid particles
that may strongly affect trace gas uptake properties; they may
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also form separate hydrophobic organic phases within aque-
ous PM droplets.

The wide diversity of atmospheric PM surfaces poses a
major challenge for both experimental and theoretical trace
gas uptake studies. Most studies have been preformed on
model systems that are composed of single or relatively few
components. Studies that systematically vary multiple com-
ponent surfaces are necessary and are starting to be more
common.

2 Processes, models and underlying physical chemistry

2.1 Multiple interacting physical and chemical
processes

The interaction of a trace gas molecule with the surface
of a droplet or particle involves multiple transport and ki-
netic processes, including gas phase diffusion to the sur-
face, thermal accommodation with the surface, adsorption
to and desorption from the surface, possible reaction at the
gas/surface interface, and, for liquids and some amorphous
solid surfaces, interfacial mass transport of trace species
(mass accommodation), solvation, bulk phase diffusion and
bulk phase reaction (Kolb et al., 1995).

Figure 1 provides a simple schematic illustration of key
processes and flux terms used to describe atmospheric gas
uptake by atmospheric particles: gas kinetic flux of sur-
face collisions (Jcoll), the adsorption onto the particle sur-
face (Jads), absorption into the particle bulk (Jabs), desorp-
tion from the surface (Jdes), and net uptake by the condensed
phase (Jnet). The red arrows indicate production and loss
of chemical species by reactions at the particle surface (Ps,
Ls) or in the particle bulk (Pb, Lb). Note that further re-
finements in the representation of the gas-particle interface
region are needed to resolve interactions of multiple chem-
ical species and reactive processes, especially at the surface
of solid or highly viscous liquid particles (e.g.: distinction
of sorption and quasi-static surface molecular layers for the
description of Langmuir-Hinshelwood- or Eley-Rideal-type
reactions) (P̈oschl et al., 2007; Ammann and Pöschl, 2007).

2.2 Definitions and terminology

In atmospheric science, the terms mass accommodation and
thermal accommodation are generally used to describe the
transfer of chemical species (molecules, radicals, atoms) and
thermal energy from the gas phase to the condensed phase
(aerosol or cloud particles).

In the scientific literature, different rate parameters and
formalisms have been defined and used for the quantitative
mathematical description and modelling of these processes.
Unfortunately, the terminology used in these descriptions has
varied significantly, particularly among relevant sub-fields in
atmospheric chemistry, materials science, physical chemistry
and aerosol and cloud physics. Indeed, various subfields use

gas phase J [X] / 4gas phase Jcoll = [X]g ω / 4
Jads = αs Jcoll Jdes= [X]s τd

-1

J = α J
Jnet = γ Jcoll

= Jads− Jdes
L P

Jabs = αb Jcoll

surface/interface

Ls , Ps

particle bulk

Lb , Pb

particle bulk

Fig. 1. Schematic illustration of key processes and flux terms de-
scribing gas uptake by atmospheric particles: gas kinetic flux of
surface collisions (Jcoll), the adsorption onto the particle surface
(Jads), absorption into the particle bulk (Jabs), desorption from the
surface (Jdes), and net uptake by the condensed phase (Jnet). The
red arrows indicate production and loss of chemical species by re-
actions at the particle surface (Ps, Ls) or in the particle bulk (Pb,
Lb). [X] g and [X]s stand for the gas and surface concentrations of
volatile species X;ω is the mean free path of X in the gas phase;αs
andαb are the surface and bulk accommodation coefficients;τd is
the desorption lifetime, andγ is the net uptake coefficient (Pöschl
et al., 2007).

different terms for the same process or the same term for dif-
fering processes.

In this section, we propose a consistent terminology and
use of symbols to describe the different steps in the uptake
process. These definitions are accompanied by some key
questions and exemplary references to the scientific litera-
ture.

1. Thermal accommodation (energy transfer): Gas
molecules collide with the surface and equilibrate with
the surface in all degrees of freedom (kinetic and in-
ternal energy), typically on a time scale of∼10−11 s.
The thermal accommodation coefficient is the number
of molecules equilibrated with the surface divided by
the total number of molecules colliding with the surface.
Literature symbols have included:αt and S (Winkler et
al., 2004; Vieceli et al., 2005). We recommend the use
of αt .

2. Surface accommodation (adsorption): Gas molecules
may collide with a surface and not be immediately re-
flected, staying at the surface for longer than the du-
ration of direct scattering processes (>10−12 s). Un-
like thermal accommodation, surface accommodated
molecules may retain part of their collisional kinetic
energy. The accommodated or adsorbed molecule is
bound to the surface by relatively weak forces, such as
van der Waals forces or hydrogen bonds. The surface
science literature refers to this process as physisorption
or trapping. The surface accommodation coefficient is
the number of molecules accommodated at the surface
divided by the total number of molecules colliding with
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the surface. Literature symbols have included:α′, αs
and S (Jayne et al., 1990; Hanson, 1997a; Ammann
et al., 2003; Vieceli et al., 2005; Garrett et al., 2006;
Ammann and P̈oschl, 2007; P̈oschl et al., 2007). In
the surface science literature surface accommodation or
adsorption often is not clearly distinguished from pro-
cesses leading to chemisorption, which typically refer
to surface species with significant alteration of their gas
phase electronic structure and which may even include
dissociation. Thus, surface accommodation often is not
equivalent to the sticking coefficient used in surface sci-
ence to describe both physisorptive and chemisorptive
interactions (e.g. King and Wells, 1972). We recom-
mend the use of surface accommodation to designate
physisorptive processes, with the definition given above
and the symbolαs, to clearly separate it from subse-
quent chemisorptive processes.

3. Bulk accommodation (absorption): After surface ac-
commodation gas molecules may be incorporated into
the bulk of the condensed phase by interfacial mass
transport processes involving their solvation in the in-
terface region. Bulk accommodation is therefore a com-
plex process. The bulk accommodation coefficient is the
number of molecules incorporated into the particle bulk
divided by the total number of molecules colliding with
the surface. Note that for liquid surfaces the bulk ac-
commodation coefficient is often described as the mass
accommodation coefficient, usually designated asα in
much of the literature cited in this review and in dis-
cussions in subsequent sections below. Literature sym-
bols for bulk accommodation have included:α, αm, and
αb (Jayne et al., 1990; Hanson, 1997a; Ammann et al.,
2003; Winkler et al., 2004; Ammann and Pöschl, 2007;
Pöschl et al. 2007). We recommend the use of the sym-
bol αb that designates the physical state of the accom-
modated species (dissolved in the bulk).

4. Net gas uptake (experimentally derived quantities): The
uptake coefficient for a trace gas is defined as the ratio
of the number of trace gas molecules removed from the
gas phase (net loss) divided by the total number of trace
gas collisions with the surface. This net uptake is the
result of the accommodation processes described above
and subsequent processes such as surface reaction, bulk
diffusion and reaction, if applicable. The uptake coef-
ficient may therefore be a time and concentration de-
pendent quantity. It is often difficult to experimentally
determine which, if any, of the accommodation coeffi-
cients defined above are actually controlling the hetero-
geneous uptake of trace gas species in either laboratory
experiments or the atmosphere. Most measurements
determine the rate of loss of trace gas phase species
and/or the rate of gain of condensed phase trace species
to or through a known or estimated liquid or solid sur-
face area. The uncorrected measured uptake coefficient

is often designatedγ or γmeas, while the experimen-
tally determined uptake coefficient corrected for, e.g.,
gas phase diffusion effects is often designatedγ0 (Davi-
dovits et al. (2006) and references therein). On the other
hand, the uptake coefficient may be time dependent due
to changing surface properties, so many studies useγ0
to designate the initial uptake coefficient observed at
the earliest times during an uptake process. Thus, the
time scales for estimatingγ0 often depend on the exper-
imental method used. Corrections are frequently neces-
sary to account for any near-surface trace gas concen-
tration gradients due to finite trace gas diffusion rates.
Moreover, if the trace gas molecule of interest has a
relatively low bulk or surface solubility,γ0 may also
have to be corrected for any re-vaporization due to fi-
nite solubility constraints. Only after both gas phase
diffusion and solubility corrections have been made
can the measured uptake coefficient be constrained to
one or more of the gas/surface interfacial processes de-
scribed above (Ammann and Pöschl, 2007; P̈oschl et
al., 2007, and references therein). In the case of un-
reactive gases, the resulting uptake coefficient can be
identified with some combination of surface accommo-
dation (adsorption) and bulk accommodation (absorp-
tion); see e.g. Kulmala and Wagner (2001) for formu-
lae connecting bulk accommodation and uptake coeffi-
cients for condensation of a single component. For re-
active molecules, the various types of reversible and ir-
reversible surface reactions may proceed in series with
surface adsorption and in parallel with absorption by the
bulk phase. If either a surface or bulk phase reaction re-
laxes a Henry’s law solubility constraint, controlling the
rate of trace gas uptake, the symbolsγreac, γr, γb, γsol or
even justγ are often used to designate the uptake coef-
ficient. If only surface reactions dominate the resulting
uptake coefficient also may be designated asγsurf or γs.

2.3 Multiple uptake process models

Given the potential complexity of the trace gas uptake pro-
cess, phenomenological models are usually necessary both
to evaluate the results of laboratory uptake experiments and
to model the impacts of trace gas uptake on atmospheric pro-
cesses. Phenomenological models currently used include:

1. Continuum flux model: Coupled differential rate equa-
tions of mass and heat transport using continuum flow
formulations with correction factors for kinetic effects
at gas-particle interface (Kulmala and Vesala, 1991;
Vesala et al., 1997; Winkler et al., 2004).

2. Kinetic resistance model: Linear combination of flux
resistances (decoupled and normalized fluxes) in anal-
ogy to resistances in electric circuits (Jayne et al., 1990;
Hanson, 1997a; Ammann et al., 2003; Pöschl et al.,
2007, Davidovits et al., 2006).
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3. Kinetic flux model: Coupled differential rate equations
of mass transport and chemical reactions using gas ki-
netic formulations with correction factors for gas phase
diffusion effects (Ammann and Pöschl, 2007; P̈oschl et
al., 2007).

2.3.1 Key questions in the application of uptake process
models

The use of multiple phenomenological models and inconsis-
tent terminology raises several key questions:

1. Are the different definitions, terminologies, parameters,
and model formalisms fully consistent and equivalent?
What are the exact relations between the different terms,
parameters, and formalisms? Which of them are best
suited for application in analysis of experimental trace
gas uptake data, detailed small-scale atmospheric pro-
cess models and in simplified large-scale atmospheric
models?

2. What level of detail is required for efficient and consis-
tent experimental and theoretical description and anal-
ysis of gas-particle interactions and their effects on at-
mosphere, climate, and human health (Ammann et al.,
2007; P̈oschl et al., 2007; Fuzzi et al., 2006)?

3. Is the solution of time-dependent equations describing
mass transport and chemical reactions (coupled differ-
ential equations) fully consistent with the assumption of
quasi-steady state (QSS) conditions and the use of sim-
plified formalisms (resistance models)? If not, what are
the relevant limitations for each level of description of
gas-particle interactions in the atmosphere?

4. Is it necessary and possible to experimentally separate
the processes and rate parameters of surface and bulk
accommodation,αs andαb (Pöschl et al., 2007)?

Some studies have explored and compared the applicabil-
ity and consistency of different modeling approaches (e.g.,
Shiraiwa et al., 2009, 2010; Pfrang et al., 2010; and refer-
ences therein). A general consensus on the approach and
level of detail required or best suited for different types of
applications, however, has not yet been reached. Thus, re-
searchers should evaluate on a case-by-case basis, which
model approach is best suited for their application. When
surface saturation effects are negligible and the rates of sur-
face reaction and desorption are much lower than the rate
of surface-bulk transfer, then bulk and surface accommoda-
tion coefficients are near-identical and independent of gas
phase composition. Under such conditions, it will normally
not be necessary to resolve surface processes. For bulk con-
densation or evaporation and absorption of gases by liquid
aerosol and cloud particles, it should normally be sufficient
to determine and use a bulk accommodation coefficient (tra-
ditional “mass accommodation coefficient”) to characterize

the molecular kinetics of gas-to particle mass transfer. To
describe non-linear effects of surface reaction or surface sat-
uration in Langmuir-Hinshelwood-type reactions on solid or
highly viscous liquid particles, however, it will be necessary
to distinguish surface and bulk accommodation and to re-
solve molecular kinetics at the gas particle interface (sorp-
tion layer vs. quasi-static surface layer, etc.). In studies in-
vestigating individual species and processes under steady-
state conditions, the traditional resistor model approach may
be suitable. Under transient conditions and for multiple -
component/multi-process systems, however, it may be neces-
sary to consider the full set of coupled differential equations
describing mass transport and chemical reactions (Pöschl et
al., 2007; and references therein).

2.4 Thermodynamics of gas/liquid interfaces and trace
gas uptake

As noted above, interacting kinetic, thermodynamic and
mass/heat transfer processes are involved in trace gas het-
erogeneous uptake. For instance, mass and heat transport
occur simultaneously in condensation and evaporation pro-
cesses due to the latent heat of phase transitions. Thus, si-
multaneous modeling of both mass and heat transport is of-
ten required for correct interpretation of experimental data,
e.g. in experiments involving gas-to-particle conversion or
high fluxes of gas accommodation to or evaporation from
bulk liquid interfaces. Understanding the interplay of mul-
tiple physical and chemical processes is always challeng-
ing; however, convoluted interfacial processes pose a spe-
cial challenge. Physicists and physical chemists have a long
and successful history of characterizing thermodynamic, ki-
netic and heat/mass transfer processes in single phases and
can draw on well established theories and models to describe
and analyze their interplay in single phase systems. How-
ever, interfacial properties and processes are generally much
less well characterized, often lacking even critical thermody-
namic data.

2.4.1 The gas/liquid interface

At an air-aqueous interface, of a water droplet, for example,
the strong hydrogen bonds associated with water give rise to
a very high surface energy at the interface. The high surface
energy may be reduced if surface-active species are present at
the interface; this occurs spontaneously if the decrease in sur-
face energy is sufficient to overcome the loss of full solvation
by the surfactant species. Amphiphilic compounds, such as
long-chain carboxylic acids and phospholipids, are good ex-
amples of this effect, since the hydrophilic head groups may
be well solvated by surface water molecules, whereas the hy-
drophobic tails are not and are preferentially directed into the
gas phase. However, even quite soluble compounds, such
as dimethysulphoxide (DMSO) or ethanol, can be surface
active (Donaldson, 1999; Mmereki et al., 2000; Donaldson
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and Vaida, 2006); that is, they may spontaneously partition
to the air-water boundary in a proportion greater than that
present in the bulk aqueous phase. Recently, some solu-
ble inorganic anions (especially the larger halides) have also
been shown to be surface active (Hu et al., 1995; Donald-
son, 1999; Ghosal et al., 2005; Jungwirth and Tobias, 2006;
Petersen and Saykally, 2006). The presence of compounds
other than water at the interface clearly may affect both the
surface properties and the chemistry there.

Insoluble, non-volatile surfactants, such as fatty acids,
alcohols and other such species, have been identified in
aerosols of marine origin (Tervahattu et al., 2002; Russell et
al., 2010). Such insoluble compounds exist exclusively at the
interface and their film properties are generally expressed in
terms of a film equation of state, such as a 2-D van der Waals
analog (Donaldson and Vaida, 2006). Such films may ex-
ist in 2-D analogs of gaseous, liquid and solid states, as the
film becomes successively more compressed. By contrast,
in studies of soluble surfactants, it is generally the surface
excess, rather than the surface concentration, of adsorbate
that is measured. This is defined as the amount of solute ad-
sorbed to the surface relative to the amount of solvent, water
in this case. The surface excess is given by the Gibbs equa-
tion (Adamson and Gast, 1997), which may be related to the
adsorbed amount using an adsorption isotherm. For soluble
surfactants, the concentration (or activity) dependence of the
surface excess, at solute concentrations below phase sepa-
ration, has generally been described by a Langmuir adsorp-
tion isotherm. This type of adsorption behavior implies that
a finite number of independent adsorption sites exist at the
aqueous surface, with a single enthalpy of adsorption, inde-
pendent of surface coverage.

Analysis of adsorption isotherms obtained from the Gibbs
equation (or from calibrated spectroscopic measurements),
may yield the standard free energy for adsorption; the tem-
perature dependence of this quantity then provides standard
enthalpies and entropies. Chromatographic measurements
also have been used to obtain ‘surface partitioning coeffi-
cients’ (Hartkopf and Karger, 1973; Hoff et al., 1993). An-
other approach (Donaldson and Anderson, 1999) considers
the free energy for transferring one mole of species from ei-
ther the gas or solution phase to the surface.

Several organic surface-active solutes have been treated
this way over a range of temperatures, yielding values of
1G0, 1H 0, and1S0 for adsorption to the air-water inter-
face. In general, there is reasonable agreement among the
various methods (Hoff et al., 1993; Donaldson, 1999; Don-
aldson and Anderson, 1999; Mmereki et al., 2000; Roth et
al., 2002) for values of adsorption enthalpies; values of the
other thermochemical parameters are explicitly dependent on
the choice of standard state. For compounds that are ex-
pected to be better solvated by water, the standard enthalpies
of adsorption are different from those of vaporization, but
are related to the infinite-dilution solvation enthalpies. These
observations suggest that adsorption of gases to the water

surface involves specific interactions, rather than the surface
merely providing a site for condensation.

In addition to the challenges noted above, there are several
areas were fundamental knowledge is simply not available.
At this time, there are no quantitative experimental data de-
scribing thermochemical adsorption parameters for inorganic
anions. The issues of specifying the surface standard state
and determining activity coefficients for species adsorbed on
water surfaces have been raised in only a handful of stud-
ies to date. The choice of standard state will influence the
importance and magnitude of the activity coefficients, which
quantify the departure from the “ideal” mixture, expressed
in the dimensions of the standard state. In its most recent
evaluation IUPAC (Crowley et al., 2010) recommends us-
ing a molar area ofA0 = 3.74×107 m2 mol−1 as suggested
by Kemball and Rideal (1946). Other choices (either ex-
plicit or implicit) include the “unit concentration” standard
state, 1 mol m−2, the “unit surface pressure” standard state
(1 mN m−1) and the “unit mole fraction” standard state, in
which the surfactant surface coverage,θ , = 1. Regardless of
which standard state is used, it is important to be aware that
its choice will affect the values of the thermochemical param-
eters derived, so direct comparisons are not always possible
between the various reports in the literature.

The presence of salts in aqueous solution may affect the
ability of organic molecules to dissolve, through the salting-
out effect. The salting-out effect refers to the decrease in
aqueous solubility and increase in the activity coefficient
of aqueous neutral nonpolar compounds by inorganic salts.
Hardly any studies of this effect are present in the atmo-
spheric literature. Demou and Donaldson (2002) reported
that both hexanoic acid and 1-propanol display a reduction
in their propensities to partition from the gas phase to the
surface as salt concentration is increased. At the same time,
the maximum surface excess of organic,0max

i , determined
for salt solutions was larger than that for pure water and in-
creased with increasing salt concentration.

2.4.2 Trace gas uptake

Trace gas exchange between the gas phase and solid particle
or liquid droplet condensed phases are driven by thermody-
namics, but are achieved by elementary kinetic and trans-
port processes occurring at the phase interface and, some-
times, in the underlying bulk phase. Assuming that adsorp-
tion or desorption of a trace gas on a solid or liquid surface
does not significantly affect the surface properties, the ki-
netic picture of adsorbing and desorbing molecules can be
related to adsorption equilibrium; an assumption developed
in the early surface science literature and also adopted by
atmospheric chemists (Mozurkewich, 1993; Tabazadeh and
Turco, 1993; Carslaw and Peter, 1997; Pöschl et al., 2001;
Winkler et al., 2002; Ammann et al., 2003; Sumner et al.,
2004; Bartels-Rausch et al., 2005). As noted above, these
and many other studies have demonstrated that adsorption
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of atmospheric trace gases on relevant substrates can often
be reasonably well described by simple Langmuir or BET
isotherms. However, a thorough comprehensive treatment
relating the kinetic derivation of equilibrium with the ther-
modynamic equilibrium is still lacking.

Under similar assumptions, i.e., when transfer of adsorbed
molecules into the bulk does not affect bulk properties, the
equilibrium between the gas and the bulk condensed phase,
i.e., solubility, can be related to the exchange rate coefficients
both between gas and surface and those between surface and
bulk (Jayne et al., 1990; Hanson, 1997; Ammann and Pöschl,
2007; P̈oschl et al., 2007; Remorov and George, 2006).
While significant progress has been achieved in describing
gas/aqueous phase equilibria (e.g. Clegg et al., 2001), the re-
lation between the kinetic description and solution thermody-
namics is even less established than for surface adsorption.

The rate at which the adsorbed interfacial molecules en-
ter the bulk, i.e., bulk (mass) accommodation, has also been
described as an activated process driven by the free energy
change associated with solvation at the interface (Davidovits
et al., 1995). On the other hand, the concentration of dis-
solved molecules at the interface at equilibrium can also be
described by a Gibbs equation of state (e.g. Donaldson,
1999a), as described in the previous section. The resulting
trace species surface concentration can become very signif-
icant for the partitioning of amphiphilic molecules between
the gas and the condensed phase and for subsequent reactive
loss processes (Djikaev and Tabazadeh, 2003; Ammann and
Pöschl, 2007; Remorov and George, 2006).

Remorov and Bradwell (2005) have proposed a Langmuir
model for the mass accommodation of non-reactive trace gas
species on aqueous surfaces that differentiates between the
effective interfacial solubility and bulk solubility. This dif-
ference leads to a model that predicts a time dependent bulk
accommodation coefficient that decreases to a steady-state
value as the interfacial region reaches Henry’s law equilib-
rium with the gas phase trace gas concentration, allowing the
model to reproduce both the near unity initial bulk accommo-
dation values predicted by molecular dynamics simulations
(as described in Section 4) and the smaller, longer time scale
values obtained by many laboratory experiments. A Lang-
muir model based treatment is likely to be most pertinent
to surface-active species and could be investigated experi-
mentally by determining uptake coefficents’ dependence on
gaseous species concentration.

Links between kinetic descriptions of trace gas uptake and
the thermodynamics of surface adsorption and bulk solubil-
ity are an active area of study for the atmospheric chemistry
community. The development of a comprehensive frame-
work will require considerable additional work and should
certainly be a priority for future efforts.
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Fig. 2. Schematic diagram of typical droplet train flow reactor for measurement of uptake569
coefficients of trace gases into liquids (adapted from Jayne et al., 1992).570
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It is comprised of a droplet generation chamber, which ejects droplets of uniform572

size and spacing via a vibrating orifice into a flow tube at linear flow velocities typically573
in the range (1500-4500) cm s-1, and total pressure in the range 6-20 Torr. The574
surface/volume ratio in the reaction zone is typically 10-3 cm-1.  Temperatures of the575
droplets lie in the range ~260-290 K determined by the H2O vapor pressure in the tube.576
The reactant gas can enter the flow tube at various positions and changes in the577
concentration of the reactant gas, n, are measured at the downstream end following578
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Fig. 2. Schematic diagram of typical droplet train flow reactor
for measurement of uptake coefficients of trace gases into liquids
(adapted from Jayne et al., 1992).

3 Laboratory techniques for measurement of trace gas
uptake

A variety of techniques have been devised to meet the chal-
lenge of quantitative measurement of uptake kinetic param-
eters in multiphase systems. We present here only a brief
description of four of the most successful methods that have
been used in recent years for this purpose. Descriptions of
these and additional techniques can be found in Danckwerts
(1970), Kolb et al. (1995) and Davidovits et al. (2006).

3.1 Droplet train flow reactor

The droplet train flow reactor (Fig. 2) is a technique used
to measure the rate of uptake of gases into liquid droplets
for particle size∼50–200 µm. It was first developed by the
Aerodyne Research/Boston College Group (Worsnop et al.,
1989) for measurement of accommodation coefficients of re-
active trace gases in aqueous substrates.

It is comprised of a droplet generation chamber, which
ejects droplets of uniform size and spacing via a vibrating
orifice into a flow tube at linear flow velocities typically in
the range (1500–4500) cm s−1, and total pressure in the range
6–20 Torr. The surface/volume ratio in the reaction zone is
typically 10−3 cm−1. Temperatures of the droplets lie in the
range∼260–290 K determined by the H2O vapor pressure in
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exposed to a sample surface, which may absorb, adsorb or react with the trace gas.624
Multiple orifices enable the measurement of the uptake rate as a function of pressure,625
which can be varied by up to a factor of two hundred. The first-order rate constant for the626
heterogeneous reaction, kr, and the uptake coefficient, , can be evaluated from the627
difference in reactant gas concentration both in the presence, Nr, and absence, N0, of the628
sample surface (which can be masked from the main cell volume) using the following629
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Here kesc is the effective first-order rate constant for escape of the gas from the cell636
through the exit orifice, which can be evaluated experimentally or from molecular kinetic637
theory; Ah and As are the surface areas of the exit orifice and of the sample respectively.638
Typical surface/volume ratios are 4x10-4 to 8x10-2 and by varying the relative size of Ah639
and As a range of  between 1 and 10-5 can be measured accurately. This range of  has640
been extended to 10-6 and below when the sealed-off sample compartment is used as a641
static reactor for the trapped gas phase at reaction times of minutes (Caloz et al., 1997).642

643
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plunger

capillary inlet
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to the vacuum chamber
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646

Fig. 3. Schematic of a Knudsen cell for the investigation of hetero-
geneous reactions using either continuous flow or pulsed gas admis-
sion. The rotatable orifice plate can put up to four molecular-beam
forming orifices into line of sight with the ionizer of the mass spec-
trometric (MS) detector (from Caloz et al., 1997).

the tube. The reactant gas can enter the flow tube at vari-
ous positions and changes in the concentration of the reac-
tant gas,1n, are measured at the downstream end following
exposure to the droplets. Typical detection techniques used
for trace gases are mass spectroscopy and tunable diode laser
infrared spectroscopy. The droplets leaving the interaction
zone can also be collected and analyzed, typically using liq-
uid chromatography methods, to determine changes in com-
position resulting from uptake.

The measured uptake coefficient can be evaluated from
the ratio of the number of gas molecules taken up per sec-
ond, (F1n), over the total number of gas droplet collisions,(
N∗ANg c̄

)
/4:

γ =
F1n

N∗ANgc̄/4

whereF is the bath gas flow rate,N∗ the number of droplets
which react with the gas,A the droplet surface area,Ng the
number of molecules of reactant gas per unit volume, and
c̄ the mean molecular speed. In practice it is convenient to
measure the fractional change in gas concentration as a func-
tion of change in droplet surface area in contact with the trace
gas. The surface area exposed to the trace gas is varied either
by changing the applied frequency of the vibrating orifice or
by a change in the droplet-gas interaction distance. The nor-
mal transit time in the reaction zone is∼1–30 ms, which is
generally sufficient to avoid saturation of the surface. Very
large uptake coefficients, requiring shorter contact times, can

be achieved by injecting droplets transversely through holes
in the side of a horizontal flow tube. If uptake coefficients are
large, leading to significant concentration gradients, correc-
tions may be required for gas phase diffusion. This requires
knowledge of the diffusion coefficient of the trace gas in the
appropriate carrier gas (usually He). Description of the mass
transport in the gas phase is a key factor in obtaining accurate
uptake rates using this technique.

An important aspect of the experimental technique is the
careful control of all the conditions within the apparatus. All
experimental parameters are computer monitored and con-
trolled: pressure (typically 6–20 Torr); water partial pres-
sure (1.7–16 Torr); temperature (260–290 K for pure water
droplets); and gas interaction time (1–30 ms). The range of
γ values which can be measured is 10−3–1.0, although the
detection limit is extended to∼10−5 using liquid phase anal-
ysis. Experiments to date have been performed with water
at various pH levels, aqueous salt solutions, organic liquids,
and sulfuric acid from 20–70 wt% H2SO4 (at temperatures
down to 230 K).

3.2 Knudsen Cell

The use of a Knudsen Cell for surface uptake studies was
pioneered by David Golden and co-workers at Stanford Re-
search Institute (SRI, now SRI International) (Golden et al.,
1973; Quinlan et al., 1990). A schematic diagram of a typical
Knudsen cell is shown in Fig. 3. Knudsen cells are operated
at pressures<10 mTorr to ensure that the mean free path of
the reactant gas exceeds the diameter of the exit orifice by
at least a factor of three. In this way molecular flow condi-
tions apply and gas phase diffusion effects are avoided. The
reactant gas enters the cell at a known flow rate and exits it
via an orifice of known size connected to a very low-pressure
system. Detection is usually by modulated molecular beam
mass spectrometry. As the reactant gas flows through the cell
it is exposed to a sample surface, which may absorb, adsorb
or react with the trace gas. Multiple orifices enable the mea-
surement of the uptake rate as a function of pressure, which
can be varied by up to a factor of two hundred. The first-order
rate constant for the heterogeneous reaction,kr, and the up-
take coefficient,γ , can be evaluated from the difference in
reactant gas concentration both in the presence,Nr, and ab-
sence,N0, of the sample surface (which can be masked from
the main cell volume) using the following equations:

kr = kesc

(
N0−Nr

Nr

)

γ =
Ah

As

(
N0−Nr

Nr

)
Herekesc is the effective first-order rate constant for escape
of the gas from the cell through the exit orifice, which can be
evaluated experimentally or from molecular kinetic theory;
Ah and As are the surface areas of the exit orifice and of
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the sample respectively. Typical surface/volume ratios are
4×10−4 to 8×10−2 and, by varying the relative size ofAh
andAs a range ofγ between 1 and 10−5, can be measured
accurately. This range ofγ has been extended to 10−6 and
below when the sealed-off sample compartment is used as a
static reactor for the trapped gas phase at reaction times of
minutes (Caloz et al., 1997).

The timescale for conducting uptake measurements in a
Knudsen reactor is typically many seconds, often making
surface saturation difficult to avoid and consideration must
also be given to the possibility of re-evaporation into the gas
phase following uptake, both producing time dependent up-
take. Similarly, accumulation of products on the surface may
change its reactivity. These effects lead to time dependent
values ofγ that can provide useful information if measure-
ments can adequately resolve the changes. Both pulsed and
continuous gas flows have been used to investigate such be-
havior.

The main advantage of the Knudsen reactor is the avoid-
ance of diffusion effects when uptake is very efficient. How-
ever, the need for very low operating pressures means that
surfaces with high vapor pressures cannot be studied. This
is a major limitation for atmospheric processes since it pre-
cludes studies on liquid water and ice at temperatures above
∼215 K, although uptake on sulfuric acid at stratospheric
temperatures can be studied. Uptake on solid substrates can
be measured over a wide temperature range.

3.3 Flow tube reactors

3.3.1 Coated wall flow tube reactor

Coated and wetted wall flow tubes have been used exten-
sively to measure uptake and reactions of gases with both liq-
uid and solid surfaces. Figure 4 shows a schematic diagram
of a typical flow tube system used in the investigation of the
uptake of trace gases onto ice. The wall of the 1.5 cm diame-
ter × ∼50 cm length flow tube is coated with the condensed
phase of interest (e.g. ice, salt/mineral dust layer or liquid
film). The carrier gas (usually He, N2 or Ar) travels under
laminar plug flow at 500–3000 cm s−1 along the tube and
enters the detector system downstream of the surface. The
tube is jacketed allowing circulation of thermo-stated fluid
to control temperature (range typically 190–350 K. Coated
wall flow tube studies are generally carried out at low pres-
sures (0.5–3 Torr) because of limitation in the diffusion rate
of the reactant gas to the flow tube walls. For aqueous sys-
tems H2O is usually added to the carrier to prevent evapora-
tive loss from the wall coating.

Reactant gas is added through a sliding injector. By vary-
ing the distance between the sliding injector and the detector,
the time of exposure of the reactant gas to the condensed
phase can be varied, allowing a pseudo-first order rate con-
stant for removal of the gas,ks, to be measured, provided
there is not significant surface saturation. Alternately the to-

19

686
687

Fig. 4.  Schematic of flow tube used for measurements of uptake of trace gases on ice688
(Symington, A.M., 2009).  A smooth ice film is produced by freezing pure water on the689
inside of a liner inserted into the flow tube held at 258 K.  The trace gas diluted in He is690
introduced via a sliding injector.691

692
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the sliding injector and the detector, the time of exposure of the reactant gas to the695
condensed phase can be varied, allowing a pseudo-first order rate constant for removal of696
the gas, ks, to be measured, provided there is not significant surface saturation.697
Alternately the total amount of trace gas adsorbed on a prescribed surface area can be698
measured over a period of time at a fixed distance, providing information on surface699
coverage at saturation.  This can be used to investigate adsorption characteristics and700
determine partitioning coefficients, e.g. to ice surfaces.701

A variety of on-line sensitive detection schemes have been used, generally either702
spectroscopic or mass spectrometry with differential pumping (MS).  Electron impact MS703
has been widely used.  Additional sensitivity and selectivity has resulted from recent704
developments in chemical ionization mass spectrometry (CIMS).  Optical detection705
techniques have included laser-induced fluorescence, UV and IR absorption and chemi-706
luminescence.707

The net uptake probability from coated wall flow tube experiments can be708
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where r is the radius of the tube and c  is the mean molecular speed.  Correction of713

Fig. 4. Schematic of flow tube used for measurements of uptake of
trace gases on ice (Symington, 2009). A smooth ice film is produced
by freezing pure water on the inside of a liner inserted into the flow
tube held at 258 K. The trace gas diluted in He is introduced via a
sliding injector.

tal amount of trace gas adsorbed on a prescribed surface area
can be measured over a period of time at a fixed distance,
providing information on surface coverage at saturation. This
can be used to investigate adsorption characteristics and de-
termine partitioning coefficients, e.g. to ice surfaces.

A variety of on-line sensitive detection schemes have been
used, generally either spectroscopic or mass spectrometry
with differential pumping (MS). Electron impact MS has
been widely used. Additional sensitivity and selectivity
has resulted from recent developments in chemical ioniza-
tion mass spectrometry (CIMS). Optical detection techniques
have included laser-induced fluorescence, UV and IR absorp-
tion and chemiluminescence.

The net uptake probability from coated wall flow tube ex-
periments can be evaluated from:

γ =
2rks

c̄

wherer is the radius of the tube and̄c is the mean molecular
speed. Correction of observed uptake rates for diffusion lim-
itation can be made using the correction procedure described
by Brown (1978), which can be applied if gas phase diffu-
sion coefficients are known. Limits imposed by gas phase
diffusion determines the upper limit for accurate uptake co-
efficient measurement of∼0.2 in wall coated flow tubes. Up-
take coefficients down to 10−5 can be measured, making this
a very versatile method for uptake measurements.

In the case of liquid surfaces a vertically mounted wet-
ted wall flow tube is the favored configuration. The inside
wall of the tube is completely covered with a slowly flowing
film of the liquid of interest, which enters the tube via a lip or
grooved joint to produce an even film. Thus the liquid surface
is constantly renewed so that a surface of constant composi-
tion, free of saturation and reaction products, is obtained. An
important limitation for aqueous liquids is the requirement
for modest water vapor pressures to maintain a defined gas
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Fig. 5. Schematic of aerosol flow tube for measurements of uptake coefficients (from762
Badger et al., 2006). In this case N2O5 was measured using a chemiluminescence method763
after titration with NO added at the reactor exit.764
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The reagent trace gas is diluted in carrier gas and enters the reactor through a767
sliding injector, allowing different exposure times to the aerosol, before detection at the768
reactor outlet. Attention needs to be given to the flow conditions required for769
establishment of laminar flow and mixing from the injector.  This restricts measurements770
to the central portion of the flow tube but kinetic decays can normally be achieved over a771
useful time domain, and loss rate coefficients determined. Measurements for ks have to be772
corrected for wall losses, hence uptake coefficients are determined by measuring the rate773
of loss of the reactant gas in the presence and absence of aerosol, with suitable774
corrections for concentration gradients produced by wall losses (Brown, 1978).  T h e775
following equation is used to evaluate :776
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the measured size distribution, which for soluble salt aerosols generated in a nebuliser,782
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Fig. 5. Schematic of aerosol flow tube for measurements of uptake
coefficients (from Badger et al., 2006). In this case N2O5 was mea-
sured using a chemiluminescence method after titration with NO
added at the reactor exit.

diffusion regime. Thus, temperatures are restricted to 260–
293 K. A second problem is to ensure that the liquid film is
uniform and free of ripples, which can cause turbulence in
the gas flow and augment diffusive transport to the surface.

In a recent paper Davis (2008) has published a detailed
analysis of the interpretation of flow tube data for gas uptake
measurements and reviewed the literature on flow tubes. The
new analysis consolidates data obtained in earlier work for
various flow rates and trace gas concentrations.

3.3.2 Aerosol flow tube reactor

The most realistic conditions for laboratory study of atmo-
spheric heterogeneous reactions can be achieved with an en-
trained aerosol flow tube (AFT), in which the condensed
phase takes the form of a poly-disperse sub-micron aerosol.
The use of sub-micron particles or droplets overcomes the
uptake rate-limitation caused by gas phase diffusion. This
type of system was first used for uptake coefficient mea-
surements of ammonia on sulfuric acid droplets by Robbins
and Cadle (1953), Huntzicker et al. (1980) and McMurray
et al. (1983), and the free radical, HO2, by Mozurkewich et
al. (1987); it has subsequently been improved and developed
by several groups, making use of novel technology in aerosol
generation and characterization.

Figure 5 shows a schematic diagram for an aerosol flow
system used to determine the uptake coefficient of N2O5
on aqueous aerosols. Submicron aerosols are generated in
a nebuliser containing an aqueous solution or suspension of
the desired substrate. The suspended particles are diluted in
carrier gas (usually N2 or air), dried in a diffusion- dryer,

re-humidified to the desired relative humidity, and passed
through a conditioner where the aerosol equilibrates to the
temperature and humidity conditions. The aerosol flow is
split and one stream is directed to a differential mobility ana-
lyzer where the size distribution of the conditioned aerosol is
determined. Charged particles need to be neutralized to avoid
rapid loss if inlet lines and flow tube walls are not conductive
(Guimbaud et al., 2002). Another stream enters the flow tube
at the upstream end and the excess flow is vented. The total
pressure is normally 1 bar and the flow speed∼1–3 cm s−1,
but the system can be operated at 100 mbar or less.

The reagent trace gas is diluted in carrier gas and enters
the reactor through a sliding injector, allowing different ex-
posure times to the aerosol, before detection at the reactor
outlet. Attention needs to be given to the flow conditions re-
quired for establishment of laminar flow and mixing from the
injector. This restricts measurements to the central portion
of the flow tube but kinetic decays can normally be achieved
over a useful time domain, and loss rate coefficients deter-
mined. Measurements forks have to be corrected for wall
losses, hence uptake coefficients are determined by measur-
ing the rate of loss of the reactant gas in the presence and
absence of aerosol, with suitable corrections for concentra-
tion gradients produced by wall losses (Brown, 1978). The
following equation is used to evaluateγ :

γ =
4ks

c̄Sa

whereSa is the aerosol surface area per unit volume carrier
gas. This is determined from the measured size distribution,
which for soluble salt aerosols generated in a nebuliser, typ-
ically has a geometric standard deviation ofσ = 1.5−2 and
a mean area weighted radius of∼120 nm. A calibrated scan-
ning mobility particle sizer provides the integratedSa , which
can be varied over the range 10−5–10−3 cm2/cm3. Sa cor-
responds to the surface area of spherical particles with the
same electrical mobility as those of interest. Therefore, a
careful analysis is required to evaluate the true surface area
for non-spherical particles. While the systematic error inSa
determined this way may be significant, e.g., 30% for min-
eral dust aerosol (Vlasenko et al., 2006), it is still much less
than the large uncertainty associated with the evaluation of
experiments using bulk powder substrates. This method has
been used for accurate measurements of uptake coefficients
of between 1.0 and 10−4 and on a range of inorganic and or-
ganic liquid particles and also on solid electrolytes and dusts.
Careful control of all the conditions within the apparatus is
achieved by using flow sensors and input flow valves oper-
ated under computer control.

Detection of trace gas concentration changes at the ppb
level at 1 bar required for the AFT method has been mainly
achieved via CIMS, which has potential for sensitive and se-
lective measurement of a variety of species. Chemilumines-
cence analysis has been employed, e.g. for NOx species and
for HO2. Alternately, the aerosol can be collected and the
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Fig. 6. Schematic diagram of the expansion cloud chamber showing the main components846
for pressure and flow control.847
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4. MOLECULAR DYNAMICS SIMULATIONS849
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Some of the fundamental complexities of trace gas uptake by condensed phase systems851
have been outlined in Section 2, above.  The question arises - can theoretical analyses and852

Fig. 6. Schematic diagram of the expansion cloud chamber showing
the main components for pressure and flow control.

uptake determined by analysis of changes in the composition
of the condensed phase.

3.4 Cloud chamber

Cloud chambers are commonly used for investigations of
droplet formation and growth under well-defined thermo-
physical conditions. After vapour super-saturation has been
established inside the measurement chamber, aerosol parti-
cles initiate formation of droplets, which subsequently grow
by condensation. A schematic diagram of the expansion
cloud chamber can be seen in Fig. 6. Vapor super-saturation
is achieved by adiabatic expansion from the expansion cham-
ber (EXP) allowing rapid establishment of well-defined and
uniform conditions inside the measurement chamber, which
has been previously charged with a well characterized mono-
disperse aerosol (∼1.2×104 particles cm−3) from an electro-
static classifier and a humidifier unit (H). The pressure prior
to expansion is measured on a gauge (PG) and the system
attains thermal equilibrium with partial pressures in the ex-
pansion chamber slightly below those in the humidifier. Ex-
pansion is achieved by opening the valve (V2) between the
expansion chamber and the much larger low-pressure buffer
tank (R), leading to practically zero change in total pressure
after the expansion.

Droplet growth is quantified using the constant angle Mie
scattering (CAMS) method (Wagner, 1985), providing ab-
solute, time-resolved, and non-invasive simultaneous deter-
mination of droplet diameter and number density. Mass
and thermal accommodation coefficients can be determined
from quantitative comparison of experimental and theoreti-
cal droplet growth curves. For the sizes and growth rates
of the droplets considered a clear and accurate theoretical
description is obtained using state-of-the-art condensation
models (Vesala et al., 1997). Mass and heat fluxes to/from
the droplets are calculated accounting for depletion of vapour
as well as the production of latent heat in a population of
growing droplets. As droplet growth is at least partly un-
der gas kinetic control, both mass and heat flux need to be

corrected by the corresponding transition regime correction
factors (Fuchs and Sutugin, 1970)

βm =
1+Kn

1+

(
4

3αm
+0.377

)
Kn+

4
3αm

Kn2

and

βt =
1+Knt

1+

(
4

3αt
+0.377

)
Knt +

4
3αt

Kn2
t

,

respectively. Here, Kn and Knt represent Knudsen numbers
for vapour and carrier gas molecules given by the ratio of
the corresponding mean effective free path and the droplet
radius, andαm andαt denote mass and thermal accommoda-
tion coefficients. Variation of the total gas pressure inside the
expansion chamber allows independent determination ofαm
andαt, respectively (Winkler et al., 2004, 2006).

4 Molecular dynamics simulations

Some of the fundamental complexities of trace gas uptake
by condensed phase systems have been outlined in Sect. 2,
above. The question arises – can theoretical analyses and
molecular simulation help? As available computer power has
grown, molecular level simulation of complex chemical and
physical processes has become an increasingly powerful tool
for theoretical exploration. On the other hand, analytical ex-
pressions are also needed (e.g. Clement et al., 1996). In this
section a summary of molecular simulation work on the trace
gas uptake by aqueous systems is distilled from a recent re-
view (Garrett et al., 2006).

Molecular simulations of aqueous interfaces provide de-
tailed information about the structure, energetics, and dy-
namics of interface and molecular processes occurring at the
boundary between vapour and liquid water (Pohorille and
Benjamin, 1993; Pratt and Pohorille, 2002; Garrett et al.,
2006). Many interaction potentials for water (Rahman, 1974;
Lemberg and Stillinger, 1975; Rahman et al., 1975; Lie et al.,
1976; Matsuoka et al., 1976; Stillinger and Rahman, 1978;
Berendsen et al., 1981, 1987; Jorgensen et al., 1983; Car-
ravetta and Clementi, 1984; Sprik and Klein, 1988; Niesar et
al., 1989, 1990; Benjamin, 1991; Zhu et al., 1991; Caldwell
and Kollman, 1995; Dang and Chang, 1997) have been used
in simulations of aqueous interfaces (Townsend et al., 1985;
Wilson et al., 1987a; Pohorille and Wilson, 1993; Taylor et
al., 1996). The results from these simulations vary quan-
titatively from simulation to simulation, but they provide a
consistent qualitative picture of the interface:

– The transition from vapour to liquid is over molecular
length scales (e.g., 0.3–0.6 nm)

– The interface is rough on molecular length scales (e.g.,
∼1 nm) and fluctuates on time scales of∼10−12 s
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– Molecular events at the interface (e.g., exchange of wa-
ter molecules on the surface with those below the sur-
face) occur on time scales of 10−12 s

– The condensation and evaporation of water to and from
the surface is equivalent to about 1 event per molecular
area every 10−8 s, and therefore do not play a significant
role in the shorter time molecular events at the interface

– Calculated values of the surface tension of water for a
variety of water models for many of the more commonly
used potentials yield values that are within about 30% of
experiment (Lee and Scott, 1980; Wilson et al., 1987b;
Matsumoto and Kataoka, 1988; Zhu et al., 1991; Lie
et al., 1993; Matsumoto et al., 1993; Alejandre et al.,
1995; Dang and Chang, 1997; Taylor et al., 1996; Paul
and Chandra, 2003; Vieceli et al., 2004).

Simulations of molecules interacting with the
vapour/liquid interface of water have been performed
for a variety of molecular species, (Pohorille and Benjamin,
1991; Matsumoto et al., 1993; Pohorille and Benjamin,
1993; Matsumoto, 1996; Sokhan and Tildesley, 1996; Tarek
et al., 1996a, b; Taylor et al., 1997; Wilson and Pohorille,
1997; Benjamin, 1999; Taylor and Garrett, 1999; Dang and
Feller, 2000; Shin and Abbott, 2001; Roeselova et al., 2003;
Morita, 2003; Dang and Garrett, 2004; Paul and Chandra,
2004; Roeselova et al., 2004; Vacha et al., 2004; Vieceli et
al., 2005; Canneaux et al., 2006; Minofar et al., 2007; Partay
et al., 2007; Carignano et al., 2008; Mahiuddin et al., 2008;
Morita and Garrett, 2008; Miller et al., 2009; Patel et al.,
2009; Sun et al., 2009) including hydrophilic species such
as ethanol, acids including oxalic and citric, amphiphilic
molecules such as peptides, hydrophobic species such as
oxygen and nitrogen, and radical species such as OH and
HO2. The condensation of water on aqueous droplets
is a special case of molecular uptake, but for molecular
simulations, which treat all molecules as distinguishable,
the methods used are the same as for other molecular
species. Water adsorption has been studied extensively
by molecular simulations (Nagayama and Tsuruta, 2003;
Dang and Garrett, 2004; Morita et al., 2004a; Vacha et al.,
2004; Vieceli et al., 2004). In an interesting recent study, a
theoretical model of liquid water evaporation was presented
based on transition state theory (TST) (Smith et al., 2006;
Cappa et al., 2007).

Profiles of the variation in free energy have been computed
for insertion of a molecule from the vapour, across the inter-
face, and into the bulk liquid. The difference in free energy
between the vapour and bulk liquid is equivalent to the free
energy of solvation of the molecule, which can be related to
the Henry’s law coefficient.1 Similarly, the adsorption free

1The computed free energies use the thermodynamic definition
of Ben-Naim and Marcus (1984), which gives the free energy of
solvation in terms of the ratio of the number densities in the two

energy can be obtained from the free energy profiles and re-
lated to the surface excess. Comparison of computed (Poho-
rille and Benjamin, 1991; Pohorille and Wilson, 1993; Taylor
et al., 1997; Wilson and Pohorille, 1997; Benjamin, 1999;
Taylor and Garrett, 1999; Dang and Feller, 2000; Shin and
Abbott, 2001; Dang and Garrett, 2004; Paul and Chandra,
2004; Roeselova et al., 2004; Vacha et al., 2004; Vieceli et
al., 2005; Canneaux et al., 2006; Partay et al., 2007; Carig-
nano et al., 2008; Morita and Garrett, 2008; Patel et al., 2009;
Sun et al., 2009) and experimental (Ben-Naim and Marcus,
1984; Castro et al., 1991; Hanson et al., 1992; Dabkowski
et al., 1996; Karpovich and Ray, 1998; Allen et al., 1999;
Sander, 1999; Autrey et al., 2004) solvation and adsorption
free energies provide a test of the accuracy of the molecular
interactions used in simulations of uptake. The comparisons
show that the interaction potentials are capable of reproduc-
ing energetic quantities to within several kJ/mol. The free
energy profiles indicate that small hydrophilic molecules are
surface active, that is, their free energy at the interface is
lower than in the bulk. Furthermore, the free energy pro-
files exhibit only small intrinsic barriers (typically less than
5 kJ/mol) for moving the solute from the bulk liquid to the
interface, and these barriers are much smaller than those for
desorption of the molecule into the vapour. These results
disagree with the interpretation of uptake experiments (Davi-
dovits et al., 1995, 2005) and the disagreement provided mo-
tivation to calculate kinetic and dynamical quantities to ex-
plain the discrepancy.

Ethanol uptake is a prototypical example that has been
studied in detail by a few research groups (Wilson and Po-
horille, 1997; Taylor et al., 1997; Taylor and Garrett, 1999;
Taylor and Shields, 2003; Canneaux et al., 2006). Transition
state theory using the free energy profile (Chandler, 1978;
Hynes, 1985; Schenter et al., 2003) was employed to cal-
culate absorption and desorption rate constants for the proto-
typical example of ethanol uptake (Taylor and Garrett, 1999).
Grote-Hynes theory (Grote and Hynes, 1980) has been used
in two cases, (Taylor and Garrett, 1999; Shin and Abbott,
2001) including for ethanol uptake, to correct for effects of
solvent dynamics on the reaction rates. The calculated ab-
sorption rate for ethanol is 1010 s−1, which is about a factor
of 1000 times faster than the desorption rate of 107 s−1 (Tay-
lor and Garrett, 1999). The time scale for absorption from the
interface to the bulk liquid is comparable with the time scale
for diffusing about 1 nm into the liquid, which is the length
scale at which the free energy profile goes to the bulk liquid
value. Dynamical simulations, or classical trajectories, have
been used to test whether there are dynamical bottlenecks
that do not appear in the energetic (free energy) calculations.
If the interpretation of uptake experiments is correct, the time
scale for molecules to move from the interface to the bulk liq-
uid should be comparable or longer than the desorption time

phases. The experimental values are for the low concentration limit,
which is the same condition as the computed values.
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scale of 10−7 s, while the kinetic and diffusion lifetimes com-
puted for absorption are about 3 orders of magnitude faster,
∼10−10 s. Wilson and Pohorille (1997) calculated a 30 ns
trajectory with ethanol initially at the liquid/vapour interface.
The trajectory was observed to move between the surface and
bulk a number of times indicating a time scale on the order
of a 10−9 s. Similar results were obtained for simulations
of DMSO on water (Benjamin, 1999). Therefore, the calcu-
lated time scale for molecules to move from the interface to
the bulk liquid is fast, in disagreement with interpretations of
experimental measurements (Davidovits et al., 1995, 2006).

Calculations have also been performed to study the ini-
tial sticking, or surface accommodation, of the collisions of
several molecules with water surfaces (Wilson and Pohorille,
1997; Nagayama and Tsuruta, 2003; Morita, 2003; Roe-
selova et al., 2004; Tsuruta and Nagayama, 2004; Vieceli
et al., 2004; Morita et al., 2004a, b; Vieceli et al., 2005).
The conclusion from these studies is that for collisions
of hydrophilic molecules near room temperature nearly all
molecules initially stick to the surface. For the one hy-
drophobic molecule studied (ozone), the predicted mass ac-
commodation coefficient was 0.047 and the thermal accom-
modation coefficient was 0.90. The picture that emerges
from these studies is that liquid water is very efficient at
dissipating the translational energy of the incident molecule,
leading to rapid equilibration of the majority of the incident
molecules. After a relatively short period of time (on the
order of 10−9 to 10−8 s) the probability of desorbing and ab-
sorbing are determined by the kinetics of the evaporation and
absorption processes.

The major conclusion from all of these studies is that
both scattering and kinetic calculations yield values for the
mass accommodation coefficient close to unity except for
molecules with small solubility in water (e.g., ozone). This
conclusion includes water condensation, where values for
mass accommodation coefficient are calculated to be unity
(Vieceli et al., 2004; Nagayama et al., 2003; Dang and Gar-
rett, 2004; Morita et al., 2004a; Vacha et al., 2004; Vieceli et
al., 2005). The more recent study of water evaporation using
a TST model (Cappa et al., 2007) gave results that were fit-
ted to agree with their experimental observations that yielded
an evaporation coefficient of about 0.6 (Smith et al., 2006;
Drisdell et al., 2008). The discrepancy between the experi-
mental and computational interpretations of mass accommo-
dation requires further investigations to understand the limits
of both the simulation and experimental approaches.

The simulation methods are by necessity approximate.
The size and length of water simulations are generally lim-
ited to hundreds to thousands of molecules for time scales
of 10−8 s or less. Periodic boundary conditions Allen and
Tildesley, 1987) are used to extend the effective size of
the simulations and mitigate the effects of small simulation
sizes. The size of the system is also connected with how
the long-range interactions are treated. Many early simu-
lations truncated all interaction potentials past some cutoff

value (typically on the order of 1 nm), while more recent
simulations typically use Ewald summation methods (Ewald,
1921) to treat the long-range electrostatic interactions more
accurately. Computed values must be converged with respect
to increasing the size of system and the length of the simula-
tions. There is limited evidence that simulation sizes on the
order of 1000 water molecules are sufficient when used with
Ewald summation methods. A recent study has shown that
lengths of simulations of 10−9 s or longer are needed to con-
verge properties such as the surface tension and that shorter
time scales can lead to errors on the order of about 30% (Is-
mail et al., 2006). Another consideration is that most sim-
ulations of molecular uptake do not account for finite con-
centration effects. In the uptake experiments by (Jayne et
al., 1991) the gas phase density of ethanol was about 5×1013

molecules cm−3, so that at saturation the aqueous phase con-
centration is on the order of 2×1017 molecules cm−3 (about
4×10−4 M or a mole fraction of 7×10−6) and surface con-
centration is about 1×1018 molecules cm−3 (about 2×10−3

M or a mole fraction of 4×10−5). Stewart et al. (2003) per-
formed simulations of the free energy profile for ethanol up-
take into a 0.059 mole fraction aqueous ethanol solution and
found the same qualitative behavior as in the infinitely di-
lute case. Changes of solvation and adsorption free ener-
gies with concentration were less than the uncertainties in
the computed values. In this case of finite concentration the
free energy profile rose monotonically from the surface into
the bulk liquid and did not display an intrinsic barrier. Addi-
tional work to clarify the role of concentration effects on free
energy profiles would be helpful.

Recommendations for further work

Future work to understand trace gas uptake using molecu-
lar simulation methods will benefit greatly from advances
in computing hardware and software. Almost all previous
simulations of molecular processes at the air/liquid interface
have relied on approximate analytical expressions for inter-
action potentials, which are fitted to experimental data. Ad-
vanced computing resources now enable reliable simulations
of liquid interfaces using electronic structure methods to de-
scribe the molecular interactions (Kuo and Mundy, 2004;
Mundy et al., 2008). Studies that use more reliable interac-
tion potentials such as electronic structure methods will help
to understand the influence of the interaction potential on
the structure, energetics, and dynamics at liquid interfaces,
and address criticisms (Davidovits et al., 2005; Worsnop et
al., 2004a, b) of previous simulation results. More work is
also needed to bridge the gap between the molecular scales
treated in simulations to the macroscropic scale of the exper-
iments. Uptake of molecules by water droplets is a macro-
scopic process that is controlled by mass transport in the gas
and liquid phases, and can be influenced by molecular-scale
processes occurring at the vapor/liquid interface. Multi-scale
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models that accurately include molecular scale phenomena
in continuum models are required to provide a clear under-
standing of molecular processes in the uptake phenomenon.

5 Overview of current experimental results

In this section we review what we have determined experi-
mentally and outline what we need to learn. A discussion of
the characteristics of each surface type, the general behaviour
of uptake kinetics on each surface, and the outstanding chal-
lenges is presented below.

5.1 Results and challenges for aqueous liquid surfaces

The uptake of trace gaseous species by aqueous liquid sur-
faces has most recently been reviewed by Davidovits et
al. (2006). As noted above, liquid aqueous surfaces of
most relevance to atmospheric PM include nearly pure wa-
ter (cloud and fog droplets), inorganic acid/water solu-
tions (stratospheric and newly nucleated tropospheric aerosol
droplets), halide salt solutions (sea salt aerosols), ammo-
nia neutralized acid/water solutions (secondary inorganic
aerosol droplets), and all of the above with dissolved soluble
organics, organic surfactant coatings, or mixed aqueous or-
ganic liquid phases (primary and secondary aerosol droplets
with organic components). The influence of organic films
on trace gas uptake by aqueous surfaces was the focus of a
recent review by (Donaldson and Vaida, 2006).

The experimental community has developed a number of
techniques for measuring trace gas uptake on liquid sur-
faces, including wetted wall, droplet train, bubble train, and
aerosol flow reactors, Knudsen cell reactors, coaxial liquid
jets, single suspended droplet/laser probe methods, imping-
ing gas/liquid flows, ambient pressure aerosol chambers, and
liquid surface/molecular beam scattering chambers. Brief
descriptions of several these techniques have been presented
in section 3 and further examples can be found in Kolb et
al. (1995) and Davidovits et al. (2006).

The general status of our knowledge of trace gas uptake on
key classes of aqueous liquid surfaces and current research
challenges are reviewed below.

5.1.1 Laboratory measurement of uptake of water
molecules onto water surfaces

Numerous experimental methods have been proposed during
the past few decades to determine mass and thermal accom-
modation coefficients (see, e.g., Davis, 2006 and Davidovits
et al., 2006). Recent focus has been on experiments em-
ploying droplet trains or liquid jets (Li et al., 2001; Cappa
et al., 2005; Smith et al., 2006), expansion cloud chambers
(Winkler et al., 2004, 2006), laminar diffusion flow reac-
tors (Voigtl̈ander et al., 2007) and electrodynamic levitation
(Shaw and Lamb, 1999; Zientara et al., 2008).

The outcomes of these experiments, however, show con-
siderable discrepancies (Davidovits et al., 2004). Droplet
train experiments (Li et al., 2001) yield mass accommoda-
tion coefficients of the order of 0.2, with a significant nega-
tive temperature dependence (the accommodation coefficient
decreases with increasing temperature). On the other hand,
expansion cloud chamber experiments require and allow de-
termination of both thermal and mass accommodation coef-
ficients. Both coefficients are found to be close to 1 within
experimental error (Winkler et al., 2004, 2006). No temper-
ature dependence was observed. The most recent electro-
dynamic levitation experiments yield temperature dependent
results in excellent agreement with the droplet train measure-
ments (Zientara et al., 2008). Recent experiments with liquid
jet and droplet trains in very low pressure chambers measure
evaporation coefficient values near 0.6 (Smith et al., 2006;
Drisdell et al., 2008). (Evaporation coefficients are believed
to be equivalent to mass accommodation coefficients via mi-
croscopic reversibility.)

As a result of different values reported based on differ-
ent experimental techniques a review of data interpretation
is needed. In the interpretation of droplet train data the re-
sistance model is usually used which includes the mass ac-
commodation coefficient. To correct for gas phase diffusion
the Fuchs-Sutugin equation is applied (Worsnop et al., 2001).
This requires knowledge of the Knudsen number (mean free
path/droplet radius) that varies with pressure and droplet size.

In expansion cloud chamber experiments (Winkler et
al., 2004, 2006) droplet growth curves were measured by
Constant-Angle Mie Scattering (Wagner, 1985) for water va-
por saturation ratios ranging from 1.02 to 1.5. Accommoda-
tion coefficients were obtained from comparison of measured
growth rates to quasi-steady state droplet growth calculations
(Kulmala and Vesala, 1991; Kulmala et al., 1993a; Vesala et
al., 1997) to account for the convective transport in the vicin-
ity of the growing droplets (Stefan flow). The characteristic
times for the concentration and temperature profiles to relax
to steady state can be determined by standard expressions
(see, e.g. Seinfeld and Pandis, 1998). For the experimen-
tal conditions of Winkler et al. (2004, 2006) these times are
typically in the range from 0.1 to 1% of the growth times,
and never exceed 3.2%. Accordingly, nonsteady state ef-
fects can be disregarded in the Winkler et al. (2004, 2006)
experiments. All but one experiment reported by Winkler
et al. (2004, 2006) occurred for supersaturations of∼0.2 to
0.5., more data close to atmospheric conditions (supersatu-
rations≤0.02) would be desirable. Voigtländer et al. (2007)
analyzed droplet growth in a laminar diffusion flow reactor
using droplet growth models similar to those of Winkler et
al. and obtained similar results, estimating 0.3< α<1.0 at
275–277 K.

Single water droplet evaporation experiments have been
reported by Zientara et al. (2008), in a series of papers culmi-
nating in a thorough temperature dependant study. Because
they carried out the evaporation experiments at atmospheric
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pressure, the reported results must be derived using a contin-
uum theory modified by incorporating an effective gas phase
diffusivity and an effective thermal conductivity, which is
similar to, but they suggest is more complete, than the model
used by Winkler et al. (2004, 2006) to analyze their expan-
sion cloud chamber growth data. The Zientara et al. (2008)
temperature dependent evaporation coefficient results agree
very well in both magnitude and temperature trend with
the droplet train mass accommodation coefficient results re-
ported by Li et al. (2001). It should be noted however,
that the relative humidity in the chamber applied by Zien-
tara et al. (2008) is not directly measured but obtained from
a 4-parameter fit (the other parameters are the accommoda-
tion coefficients and droplet charge). This is may introduce
uncertainty in the data, since net uptake, and thus, evapo-
ration processes and calculated accommodation coefficients
are very sensitive to relative humidity.

In addition, novel studies of water jet and water droplet
train evaporation under low pressure, nearly free evaporation
conditions have been reported by the Saykally/Cohen groups
at UC Berkeley (Cappa et al., 2005; Smith et al., 2006;
Drisdell et al., 2008). Both of these experiments concluded
that the evaporation coefficient was significantly less than 1,
indicating a rate limiting activation barrier for evaporation
(and invoking microscopic reversibility, for mass accommo-
dation). The second, more definitive Smith et al. (2006) ex-
periment reported a weak temperature dependence between
245 and 298 K with an averageα value of 0.62±0.09. The
method used by Smith et al. (2006) has been extended to D2O
by Disdell et al. (2008) yielding an evaporation/mass accom-
modation coefficient of 0.57±0.06 for roughly the same tem-
perature range. Whether the air/water interface structural and
kinetic properties for the low gas pressure, nearly free evapo-
ration conditions of the Berkeley experiments and the atmo-
spheric pressure, near equilibrium conditions of the Zientara
et al. (2008) experiments are comparable remains an open
question.

Recommendations for further work

See combined recommendations for water vapour and trace
gas uptake at the end of Sect. 5.1.7.

5.1.2 Field determination of uptake of water onto water
surfaces

Determination of mass accommodation coefficient from so-
called “droplet closure” measurement in the field has been
attempted by Fountoukis et al. (2007). An “optimum” value
of α ∼ 0.06 was suggested as being best able to reproduce
the observed cloud droplet number concentration in a range
of airborne and ground-based cloud experiments. This was
deduced from simulations using the cloud parcel model of
(Fountoukis and Nenes, 2005) constrained by typical up draft

velocities. The model adopts the conventional simultaneous
solution of the mass and heat flux to the surfaces of a popu-
lation of growing droplets and, whilst it is undefined whether
the derivedα value was equivalent toαm/αs or αb, it would
appear that the formulation of the model is sufficiently sim-
ilar to that used in the Winkler et al. (2004, 2006) to derive
αm/αs values of unity from expansion chamber studies, to
infer that the derived value isαm/αs ∼1. In the Fountoukis
and Nenes (2005) study, it appears that any value greater than
0.06 is able to reproduce the measured droplet number within
the measurement error. Thus it appears appropriate to claim
that αm/αs ∼0.06 is a lower limit to the value derived from
the closure study, rather than the optimum value. It is also
difficult to assess whether the error introduced into the pre-
dicted droplet number concentration through realistic quan-
tification of the error in the input up draft velocity is included
in the reported error bars. Other studies have achieved clo-
sure with a range of chosen accommodation coefficient val-
ues from 0.04 to 1.00 (see Table 7 in McFiggans et al., 2006,
and references therein) and values as low as 10−4 (Cantrell et
al., 2001) and 10−5 (Chuang, 2003) have even been inferred
for specific periods in atmospheric studies.

Laaksonen et al. (2005) advocate that, since they analyze
their expansion chamber water droplet growth data with the
same model equations generally used to predict cloud droplet
growth, to be consistent with their laboratory data (Winkler
et al., 2004, 2006) a mass accommodation coefficient of unity
should be used. However, Zientara et al. (2008) have recently
questioned whether the heat and mass flux model used for
their experimental droplet growth data analysis by Winkler et
al. (2004, 2006) is complete. The importance of proper mass
and thermal accommodation coefficient values for cloud mi-
crophysical studies was emphasized previously by Kulmala
et al. (1993b).

Owing to the significant error in both modelled (through
input updraft velocities) and measured droplet number, it is
difficult to reliably derive values for accommodation coef-
ficient from cloud droplet closure studies. Moreover, since
there are invariably trace components in cloud droplets (the
original seed aerosol components), and indeed suppression
of mass transfer rate by these components have been invoked
as a reason for the choice of low accommodation coefficients,
such closure studies could not be reliably used to derive ac-
commodation coefficients of water on pure water even in the
absence of measurement or modelling error. The use of such
closure studies is not, however, greatly diminished by the
above statements since the broad inference of suppression
of the “effective” accommodation coefficient may be used as
evidence for some suppression of the uptake kinetics (albeit
not strictly the mass accommodation coefficient).

While comprehensive quantification of the impact of the
water vapour accommodation coefficient on cloud proper-
ties is beyond the scope of this review, it will likely be sig-
nificant and non-linear. In particular, it should be noted
that a recent cloud parcel model study of aerosol PM and
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updraft limitations on cloud droplet formation (with an im-
plicit assumption of unity accommodation coefficient) identi-
fied a number regimes that may exhibit significant sensitivity
to the use of such an appropriate “effective” accommodation
coefficient (Reutter et al., 2009).

There have also been several attempts to investigate po-
tential “suppression of growth kinetics” in smog chambers
(Asa-Awuku et al., 2010; Engelhart et al., 2008) and in field
studies (Bougiatioti et al., 2009) by adoption of Köhler the-
ory analysis (Padró et al., 2007). It is unclear whether such
analyses are reliable, as discussed in the anonymous review
of Asa-Awuku et al. (2010), since there are several alterna-
tive potential reasons for discrepancy between the size of ac-
tivated droplets from sample and from inorganic calibration
aerosol. In any case, such studies should yield a measure of
suppression relative to that of the kinetics of growth by ac-
commodation of water on calibration salt solution droplets
(e.g. Shantz et al., 2010).

It is widely known and accepted that a coupled considera-
tion of heat and mass flux must be used to realistically treat
growth of cloud droplets in a depleting water vapour field,
such as those often encountered in the atmosphere. Since
growth is largely in the continuum regime, the appropriate
growth laws are well defined and use of a flux matching cor-
rection such as the widely used Fuchs-Sutugin (1970) cor-
rection or some other such treatment of transition regime
mass flux can be used to represent deviation from continuum
regime growth. It has been contended that in order to con-
sistently treat growth of cloud droplets in competition for the
available water, that an accommodation coefficient of unity
is required and any discrepancy in droplet closure experi-
ments must therefore be attributed to some other suppression
of growth kinetics not incorporated in the accommodation
coefficient (Laaksonen et al., 2005).

It is unknown whether apparent discrepancies in droplet
closure exercises (see above) result from the presence of film
forming trace organic components, which have been hypoth-
esized to be able to inhibit water uptake or from some other
real suppression of uptake kinetics. An alternative possibility
is that the apparent discrepancy results from uncertainties in
the closure measurements. Since the source (and indeed ex-
istence) of systematic discrepancy is in dispute, the level of
detail that must be included in atmospheric model treatments
of droplet growth is currently unclear. There are a large
number of potential candidates for film-forming compounds
and their properties vary widely. Whether a modified “effec-
tive” mass accommodation coefficient tuned to best represent
available atmospheric measurements may reasonably be used
to capture inhibition of uptake kinetics is unknown. Pöschl et
al. (2007) have provided a framework to describe the kinetics
of transport across the gas / liquid interface in which the for-
mal description of uptake kinetic limitation clearly indicates
that accommodation coefficient modification may not be the
most informative or meaningful correction.

Recommendations for further work

See combined recommendations for water vapour and trace
gas uptake at the end of Sect. 5.1.7.

5.1.3 Trace gas uptake onto water surfaces

Measured mass accommodation coefficients using a range
of experimental techniques for a variety of trace species are
generally between 0.01 and 1.0 (Davidovits et al., 2006).
Some temperature dependent studies show mass accommo-
dation coefficients tend to increase with decreasing temper-
ature, with experimentally accessible surface temperatures
ranging from∼300 to 265 K, although not all experimen-
tal techniques can access the super-cooled liquid water tem-
peratures below 272 K (Davidovits et al., 2006). However,
there is still discrepancy between different techniques in
the temperature-dependence of the reported mass accommo-
dation coefficients: data sets obtained applying expansion
cloud chambers typically report no temperature dependence
for the mass and thermal accommodation coefficients (e.g.
Rudolf et al., 2001; Winkler et al., 2004).

For reasons discussed above, the determination of mass ac-
commodation coefficients for relatively insoluble species is
much more difficult since bulk Henry’s law constraints may
cause evaporative losses before quantifiable amounts of trace
gases are absorbed. In addition, surface-active molecules
with relatively low solubility may adsorb to the surface rather
than absorb into the bulk. In this case, it becomes difficult to
experimentally distinguish between surface and bulk accom-
modation.

One common practice to relieve bulk accommodation
Henry’s law solubility constraints has been to reactively
scavenge accommodated molecules by adding acid (H+) or
reactive anions (Br−, I−, etc.). However, subsequent stud-
ies have shown that hydronium ions, heavy halide ions, and
some other common ions are actually surface active, with in-
terfacial mole fractions exceeding bulk mixing ratios (Jung-
wirth and Tobias, 2006). Since surface reactions proceed in
parallel with mass accommodation (Hanson, 1997a, 1998),
the resulting surface reactions, like surface adsorption, are
also difficult to distinguish from bulk accommodation. Re-
cent studies have even indicated that hydronium ions have
a significant surface excess even in pure water (Buch et al.,
2007), meaning that acid catalyzed reactions, like D/H iso-
topic exchange, may occur much more rapidly on water sur-
faces that previously expected. Further work is required to
allow clear identification ofγ with α. (For example, see the
discussion below about ozone uptake, in Sect. 5.1.5).

There are studies, however, that may distinguish between
the uptake and mass accommodation coefficients for trace
gases, assuming that co-deposition of a trace species along
with larger depositional flux of water vapour is equivalent to
trace gas accommodation on a water surface near equilibrium
with its vapour. For instance, Rudolf et al. (2001) report mass
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accommodation coefficients of unity for nitric acid on ni-
tric acid/water surfaces, based on cloud chamber experiments
similar to those reported by Winkler et al. (2004). Boy et
al. (2005) report a successful closure between the production
rates, sinks and observed concentrations of H2SO4 assum-
ing a mass accommodation coefficient of unity for sulphuric
acid onto ambient aerosol particles. Evaporation rates of di-
carboxylic acids from aqueous solution surfaces also seem
to be consistent with reported saturation vapour pressures if
mass accommodation coefficients close to unity (or at least
not smaller than 0.1) are used for both the acids and water
(Riipinen et al., 2007).

When considering reactive uptake on pure water, reac-
tions are generally restricted to species that readily hy-
drolyze (e.g. N2O5, HCHO, CH3CHO) or involve isotope
exchange (e.g. C2D5OD, CD3COOD, D2O) (Shi et al., 1999;
Li et al., 2001). Irreversible uptake depends on the oc-
currence of rapid reaction/isotopic exchange in the inter-
face region, which depends on the local availability of wa-
ter molecules. Under such circumstances irreversible uptake
to water droplets may be controlled by mass accommoda-
tion, but may also be affected by surface reactivity. Whether
hydrolysis or isotopic exchange reactions occur within the
interface region, in the bulk liquid phase (after mass accom-
modation), or both can be difficult to determine (Clifford et
al., 2007; Audura and Donaldson, 2009). Methods that mea-
sure reactive uptake with very high time resolution or as a
function of droplet surface/volume ratio may be able to de-
termine the relative importance of surface versus bulk phase
reactions (Hanson and Lovejoy, 1996; Hanson, 1998).

Recommendations for further work

See combined recommendations for water vapour and trace
gas uptake at the end of Sect. 5.1.7

5.1.4 Stable trace gas uptake on acidic aqueous surfaces

Because of the importance of heterogeneous processes
on binary water/sulphuric acid and ternary water/nitric
acid/sulphuric acid PM in stratospheric ozone depletion a
large number of studies have investigated uptake processes
on these acid solutions (see Davidovits et al., 2006 for ad-
ditional discussions and references). Weaker acid solutions,
meant to approximate aqueous tropospheric particulate mat-
ter have also been investigated for some trace gases. Im-
portant reactive uptake processes involving N2O5, ClONO2,
BrONO2, and the permutations of HX+ HOX (X = Cl, Br)
have been studied by multiple experimental techniques pro-
ducing results with generally reasonable agreement that have
been incorporated into stratospheric chemistry models.

Bulk accommodation uptake studies of HCl, HCHO and
other moderately soluble trace gases have also been stud-
ied by multiple techniques as a function of both tempera-

ture and acid concentration. HCl uptake as a function of sul-
phuric acid weight per cent performed by aerosol flow reactor
and droplet train flow reactor techniques disagree for rela-
tively low acid concentrations at temperatures around 270 K.
Aerosol flow reactor results for 26 wt.% sulphuric acid us-
ing HOCl to scavenge HCl to avoid Henry’s law solubility
constraints yielded a significantly higher uptake coefficient
than uptake on pure water and weak sulphuric acid solu-
tions using the droplet train flow reactor. Similar discrepan-
cies occur for droplet train versus aerosol flow reactor results
measuring uptake of NH3 on pure water and dilute sulphuric
acid solutions (Worsnop et al., 2004a; Hanson and Kosci-
uch, 2004); both techniques do measure an uptake coefficient
of ∼1 above∼50 wt.% acid. Finally, uptake coefficients of
methane sulphonic acid on dilute sulphuric acid obtained us-
ing the aerosol flow reactor were much higher than those ob-
tained on pure water at similar temperatures using droplet
train flow reactors in two separate laboratories. These differ-
ences may be due to inaccurate gas phase diffusion correc-
tions for the 100–200 µm droplets used in the droplet train
flow reactor or they may reflect larger than anticipated up-
take due to surface reaction of surface active HOCl in the
case of HCl uptake, and of surface active hydronium ions
in the case of aerosol flow reactor studies of surface-active
ammonia and methane sulfonic acid, both of which have sig-
nificantly higher proton affinities than water.

In other notable aqueous acid uptake studies both aerosol
flow reactor and wetted wall flow reactor studies indicate
that the uptake of sulphuric acid vapour on sulphuric acid
surfaces is∼1, and a wetted wall flow reactor study indi-
cates that the uptake coefficient for SO3 (the anhydride of
sulphuric acid vapour) on sulphuric acid surfaces is also∼1.
Full references for all of these studies on aqueous acid sur-
faces can be found in Davidovits et al. (2006).

Recommendations for further work

See combined recommendations for water vapour and trace
gas uptake at the end of Sect. 5.1.7.

5.1.5 Stable trace gas uptake on aqueous salt solutions

A variety of salt solutions exist in the troposphere, includ-
ing both sodium halides and those with ammonium as the
counter ion to inorganic and organic acids. The interactions
of gas-phase species with concentrated halide ion solutions
are important to marine boundary layer and snow pack/sea-
ice chemistry. In each, there is the possibility that the concen-
tration of halide ions at the surface is enhanced over the bulk,
as indicated by both molecular dynamics simulations and
electro spray ionization mass spectrometry. At low tempera-
tures, concentrated brine may coexist with snow/ice. Surface
segregation appears to be most important for the largest an-
ions, such as Br− and I− (Finlayson-Pitts, 2003). The major
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issues for gas-uptake studies are whether the chemistry oc-
curs at the surface or in the bulk, and whether a surface pro-
ton (hydronium ion) is active as a reagent, as is frequently
the case in bulk-phase processes. Novel surface-phase chem-
istry not involving a proton has also been suggested (Oum
et al., 1998a). The second class of salt solutions – ammo-
nium salts- occur when strong acids, such as nitric, sulfuric
or hydrochloric acids are neutralized by ammonia. This pro-
cess forms common secondary inorganic aerosol components
in continental atmospheres. Nitric acid is taken up rapidly
into water and micron-sized halide salt droplets (γ>0.2) at
RH >60% (Abbatt and Waschewsky, 1998). On submicron
particles, loss of HNO3 occurs on deliquesced sea salt or
NaCl particles with an uptake coefficient between 0.1 and
0.5 (Saul et al., 2006; Guimbaud et al., 2002; Stemmler et
al., 2008). The chemistry has not been systematically stud-
ied on ice/brine surfaces but is expected to be equally rapid.

There are a variety of reactions that involve HOX species
(where X = Cl, Br, I) interacting with halide solutions, yield-
ing gas-phase XY. The bulk accommodation of HOBr on
aqueous NaCl has been reported to be larger than 0.2 (Ab-
batt and Waschewsky, 1998) and it has been reported to be
0.6 on deliquesced NaBr (Wachsmuth et al., 2002), but more
studies are required on other aqueous systems. The interac-
tions of HOBr and HOCl with ice/halide brines have been
studied, with initial reactive uptake coefficients greater than
0.01 (Huff and Abbatt, 2000; Adams et al., 2002; Huff and
Abbatt, 2002). As with OH, there is indication that protons
are not required for reactive uptake but that the chemistry is
faster on acidic surfaces.

Uptake of N2O5 on aqueous solutions has been extensively
studied. In general, the hydrolysis reaction proceeds with an
uptake coefficient between 0.01 and 0.04 at high relative hu-
midity; this value matches that on pure water surfaces. Un-
der conditions favorable for rapid reaction of solvated N2O5
molecules (high RH, H+ catalyzed hydrolysis, high [X−]),
γ is essentially independent of RH. This strongly suggests
that uptake is accommodation controlled (Fried et al., 1994;
George et al., 1994, Schweitzer, 1998; Hu and Abbatt, 1997;
Hanson, 1997b; Robinson et al., 1997; Hallquist et al., 2000;
Hallquist et al., 2003; Thornton et al., 2003; Thornton and
Abbatt, 2005a). The reaction in sulfate and nitrate salts is hy-
drolysis, whereas in NaCl and sea salt aerosols reaction leads
to ClNO2 production, unless the acidity is high in which case
Cl2 is formed (Roberts et al., 2008). Uptake coefficients for
ClNO2 production are similar to those for N2O5 hydrolysis
and a decrease inγ with RH is observed (Schweitzer et al.,
1998; Stewart et al., 2004; Thornton and Abbatt, 2005a).
Interestingly, in the case of aqueous NaCl, the kinetics are
similar to those on pure water, and yet a different product
is formed, i.e. ClNO2 and not HNO3 (Behnke et al., 1991;
Thornton and Abbatt, 2005a). This implies that the initial
uptake of N2O5 requires water molecules and is mass accom-
modation limited, at a value of close to 0.03 at room temper-
ature. The differentiation of the products presumably arises

further along the reaction pathway. The degree to which sur-
face reactions compete with bulk reaction is unknown.

In neutral or weak acid solutions at RH<70% a strong
trend of decreasingγ with decreasing RH is observed; an
abrupt drop inγ is observed at efflorescence RH when phase
change to solid particles occurs (Kane et al., 2001; Hallquist
et al., 2003; Thornton and Abbatt, 2003). Uptake of N2O5 is
also reduced on aerosols containing nitrate ions; as RH de-
creases, [NO−3 ] increases andγ declines proportionally due
to retardation of reversible hydrolysis chemistry (Wahner et
al., 1998; Mentel et al., 1999; Hallquist et al., 2003).

Since ozone is such an important atmospheric oxidant and
free radical precursor the issue of potential heterogeneous at-
mospheric loss and surface/condensed oxidation is of inter-
est. Ozone does not react with pure water and is only weakly
soluble. This has the consequence that uptake measurements
using pure water and many of its solutions are challenging
due to the rapid saturation of the aqueous sample. This lim-
itation has been addressed by the use of solutes chosen to
react rapidly with dissolved ozone, eliminating the satura-
tion problem. Uptake experiments are then analyzed (for the
most part) using the resistor model:

1

γobs
=

1

0diff
+

1

α
+

c̄

4HRT
√

k1Dl

wherekI represents the pseudo-first order rate coefficient for
reaction in solution andH andDl are the Henry’s law con-
stant and the aqueous phase diffusion coefficient, in this case
for ozone. In principle, plotting the inverse of the diffusion-
corrected uptake coefficient vs. the inverse square root of the
solution phase concentration of the aqueous reagent yields
the accommodation coefficient as the intercept. This is the
approach that most studies have taken. Solubility limitations
of the aqueous reagent, X, generally require a significant ex-

trapolation to the [X]
1
2 0 limit.

Experiments have been performed using droplet train (Hu
et al., 1995; Magi et al., 1997), wetted wall (Utter et al.,
1992; Muller and Heal, 2002a), and single-droplet (Schutze
and Herrmann, 2002) techniques with halide (mainly I−)
(Utter et al., 1992; Hu et al., 1995; Magi et al., 1997; Schutze
and Herrmann, 2002) and sulfur oxide (SO2−

3 and S2O2−

3 )
(Utter et al., 1992; Muller and Heal, 2002a) aqueous scav-
enger reagents. There is fairly good agreement among the
measurements: all suggest thatα could be as large as unity,
though most estimate it to lie between 0.02 and 0.1. This
is consistent as well with a molecular dynamics calculation
(Vieceli et al., 2005) that yieldedα = 0.047.

Recently, however, it has become clear that many polar-
izable anions, I− in particular, may be surface active (Pe-
tersen et al., 2004; Ghosal et al., 2005; Gopalakrishnan et
al., 2006; Jungwirth and Tobias, 2006; Pegram and Record,
2006). This raises the possibility that the observed ozone
uptake may be influenced by surface reaction. At this date,
there are no suggestions that either SO2−

3 or S2O2−

3 might
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act in this manner; in fact surface tension data on SO2−

3 indi-
cate the opposite (Vazquez et al., 1995). One test for whether
there is a surface component to the reaction is to plot log(γ )
vs. log(excess reagent); a slope of 0.5 indicates a bulk phase
reaction, whereas a unity slope shows ‘pure’ surface behav-
ior. Where this procedure has been reported (Utter et al.,
1992; Muller and Heal, 2002a), the sulfur oxide reagents
show purely bulk reaction behavior, while the Cl− reagent
appears to show a surface component to the reaction as well.
The halide results are therefore suspect, because their anal-
ysis does not include the possibility of surface reaction (al-
though in one case (Hu et al., 1995) this was considered, but
it was stated that there were no indications of such an effect).

Recent laboratory results (Hunt et al., 2004; Clifford and
Donaldson, 2007; Wren et al., 2010) for O3 interacting with
NaBr suggests there may also be a surface component for
Br− oxidation. The upper limit for reactive uptake coeffi-
cient of O3 loss to neutral aqueous NaCl is 10−4, but the
mass accommodation coefficient may be larger (Abbatt and
Waschewsky, 1998). There is also a need for further kinetics
studies of the interactions of ozone on ice/brines, to extend
an initial study of the reaction of O3 with frozen seawater
that indicated bromine activation (Oum et al., 1998b).

Recommendations for further work

See combined recommendations for water vapour and trace
gas uptake at the end of Sect. 5.1.7.

5.1.6 Uptake of reactive free radical species on aqueous
surfaces

The heterogeneous uptake of three reactive radicals, OH,
HO2 and NO3, which are important tropospheric photochem-
istry radical products, have been studied in multiple labora-
tories on multiple aqueous surfaces. The material in this sub-
section will concentrate on these species.

Several other halogen containing reactive radicals (Cl,
ClO, OClO, Br, BrO, OBrO, I, IO, OIO, IO3) play a sig-
nificant role in stratospheric and/or marine boundary layer
chemistry, but their heterogeneous uptake processes have
been much less extensively studied. Discussions of and cita-
tions for aqueous surface heterogeneous processes for some
of these halogen radicals can be found in (Davidovits et al.,
2006). In general definitive heterogeneous uptake studies for
atmospheric halogen radicals are not available and thus the
importance of their heterogeneous kinetics is not well char-
acterized, although published studies of ClO and BrO uptake
on sulphuric acid indicate that this process is too slow to be
atmospherically important (Abbatt, 1996).

Initial studies of HO2 uptake onto aqueous inorganic
aerosol particles revealed a relatively high value forα (∼0.5)
as long bulk saturation of HO2 is avoided. This was clearly
demonstrated by Mozurkewich et al., (1987), who showed

the overall loss of HO2 to the particles ceased when the
Cu(II) (a HO2 scavenger) concentration dropped below 10−4

M. Interestingly, this is also the point where the bulk reacto-
diffusive length for HO2 became larger than the particle ra-
dius, indicating that the uptake was consistent with bulk
phase reaction. These two points illustrate an important dis-
tinction between the mass accommodation coefficient and
the overall uptake coefficient, the latter often being the quan-
tity of interest for atmospheric modelling calculations. This
distinction means that if an experimentalist reports a value
for α, this value should not be included in atmospheric
models until a specific loss process has been identified for
that species. Later HO2 uptake studies using Cu(II) as a
scavenger have confirmed the results of Mozurkewich et
al. (Cooper and Abbatt, 1996; Thornton and Abbatt, 2005b;
Taketani et al., 2008). For solutions that have not been doped
by Cu(II), studies have been conducted on aqueous inorganic
salts, such as NaCl and (NH4)2SO4, and on sulfuric acid so-
lutions. On the salt solutions, there is a loss corresponding
to an uptake coefficient of roughly 0.1, via a mechanism that
is not entirely clear. Work by (Thornton and Abbatt, 2005b)
at relatively high HO2 concentrations is consistent with bulk
phase loss processes involving dissolved HO2 species but re-
cent studies by Taketani et al. (2008, 2009), done at lower
concentrations, are not. It is possible that a surface phase re-
action is driving the kinetics. On cold, copper-free sulfuric
acid solutions (T <250 K), a loss of HO2 on bulk liquids oc-
curs with an uptake coefficient of≥0.05 via a mechanism
that has not been identified (Hanson et al., 1992; Cooper
and Abbatt, 1996). On aerosol particles the loss is smaller
(γ<0.01) at room temperature (Thornton and Abbatt, 2005b)

Hanson et al. (1992) also studied OH mass accommoda-
tion into bulk liquids and, while only relatively small lower
limits of about 0.01 could be determined for water and dilute
acids, uptake onto concentrated acids suggested lower limits
to α of 0.2. Overall these results suggest that the mass ac-
commodation process is not rate limiting for OH uptake onto
liquids: i.e. α>0.1. This is consistent with recent experi-
ments by Laskin et al. (2006), who report a lower limit of 0.1
for α for OH uptake onto deliquesced NaCl particles. Takami
et al. (1998) report somewhat lower values forα, ranging
from 0.03 to greater than 0.1 on bulk liquid surfaces. It is not
clear that mass transport in this experiment has been dealt
with at a sufficiently high accuracy so that unity values forα

can be ruled out.
For halide salt solutions reactive OH uptake may occur,

since OH is known to oxidize halides in the bulk liquid phase.
Reactive uptake is expected to occur at the surface given the
short reacto-diffusive length predicted by bulk-phase param-
eters. Although the initial elementary interaction in a seawa-
ter mixture is likely with Cl−, this needs to be confirmed
given the preferential enhancement of Br− at the surface.
Observations show that Br− is the first species to be oxidized
in NaCl/NaBr mixtures and that halide oxidation occurs with
both NaCl and NaBr solutions (Oum et al., 1998a; Frinak
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and Abbatt, 2006; Sjostedt and Abbatt, 2008). Both Oum
et al. (1998a) and Sjostedt and Abbatt (2008) observe that
substantial halogen formation from brines occurs at high pH
(e.g.>7), although formation rates are higher at lower pH.

NO3 uptake studies on liquid water revealed no limitation
to the uptake process due to mass accommodation (α>0.04
at 293 K) and specific loss processes occurring in the bulk of
the aqueous solution determined the overall uptake (Rudich
et al., 1996). Interestingly, on pure water it was postulated
a noticeable hydrolysis of NO3 produces HNO3 and the OH
radical. The possible role of surface-active ions on the up-
take rates measured for the NaCl, NaI and NaNO2 solutions
studied has not been fully assessed.

Recommendations for further work

See combined recommendations for water vapour and trace
gas uptake at the end of Sect. 5.1.7.

5.1.7 Role of organic coatings on aqueous surfaces

The effect of organic layers on aqueous aerosol properties
has been reviewed by (Donaldson and Vaida, 2006), a criti-
cal assessment of the state of current knowledge of the role
that organic aerosol PM plays in atmospheric air quality and,
climate change was published by (Fuzzi et al., 2006), and
the adsorption and reaction of organic compounds on aque-
ous surfaces has been reviewed by Donaldson and Valsaraj
(2010). Recent work by P̈oschl, Rudich and Ammann (PRA)
offers a way of treating the complex chemical processes of
multicomponent aerosol systems within a coherent frame-
work, using the example of N2O5 reactive uptake (Ammann
and P̈oschl, 2007; P̈oschl et al., 2007).

There is an extensive body of experimental evidence that
organic compounds perturb the uptake of trace gases onto
aqueous surfaces. In the case of N2O5, (Folkers et al., 2003)
showed that uptake by inorganic sulfate aerosol was slowed
when products of the oxidationα-pinene had condensed onto
the aerosol surface. In a subsequent study, (Badger et al.,
2006) showed that uptake of N2O5 by sulfate aerosol was re-
duced by humic acid. Uptake coefficients decreased by an
order of magnitude as the humic acid mass fraction was in-
creased over the range 0–50%.

The effect of monolayer coatings of organic acids has
been studied by Thornton and Abbatt (2005a) and McNeill
et al. (2006b). Hexanoic acid coatings of aqueous NaCl and
sea-salt surfaces inhibited both the uptake of N2O5 and the
rate of release of the ClNO2 hydrolysis product. The effect
of films of sodium dodecyl sulphate and oleic acid on uptake
of N2O5 supports the view that monolayer coverage is suffi-
cient to inhibit uptake (McNeill et al., 2006b; IUPAC, 2009).
They found that the uptake coefficient is reduced by an order
of magnitude from 0.02 to 0.001 as the organic acid mass
content was increased over the range 0.05-3% by weight.

Above 3 wt% organic acid, no further decrease in uptake co-
efficient was observed. The results were interpreted in terms
of a monolayer formation at∼3 wt% oleic acid.

Molecular beam studies by Nathanson and co-workers
(Park et al., 2007) have shown that the efficiency of conver-
sion of N2O5 into nitric acid, HNO3, by concentrated sul-
phuric acid surfaces was reduced by films of butanol and
hexanol. In contrast to previous work, the uptake coefficient
decreased linearly from 0.12 to 0.05 with increasing surface
coverage over the range 0.2–0.6 monolayers, while earlier
work in the same group showed that butanol surface layers
actually enhanced the uptake and isotopic exchange of HCl
and HBr with deuterated sulphuric acid surfaces (Lawrence
et al., 2005b), presumably because the butanol OH groups
enhance surface bonding sites for the halogen halide species.

Although the effect of the films on N2O5 uptake is undis-
puted, the reason for the reduction remains unclear. It may
be that the organic film fundamentally inhibits the transfer of
N2O5 across the surface, but it may also be that the organic
layer merely reduces the availability of surface water, which
is needed to accommodate the incoming trace gas. Anttila et
al., (2006) propose that the effect of larger mass fractions on
N2O5 uptake is better understood in terms of the combined
effects of bulk phase solubility, diffusion and accommoda-
tion of the trace gas in an organic aerosol component.

Ammann and co-workers (Stemmler et al., 2008) have
studied the uptake of nitric acid, HNO3, by sea-salt aerosol
coated with long-chain fatty acids. The effect of surface com-
position was studied by varying the chain length and degree
of saturation of the fatty acids used to coat the aerosol. C15
acid coatings slowed uptake by an order of magnitude, while
C12 and C9 coatings had no effect. It is noteworthy that a
monounsaturated C18 acid, oleic acid, had no effect on up-
take while a saturated C18 acid reduced uptake. The study
demonstrated that the morphology of the surface layer was
important to uptake – the authors conclude that it is not the
amount of fatty acid, but the phase state that is critical to
uptake. The surface of aerosol particles coated with an ex-
panded liquid monolayer films contains a significant amount
of available surface water. In contrast, the condensed mono-
layers not only have a reduced amount of surface water, re-
ducing the extent of reaction, but which may also inhibit
transfer of reactants across the interface.

Donaldson and co-workers (Mmereki et al., 2003; Clif-
ford et al., 2007) have shown that even sub-monolayer coat-
ings of organic films may perturb uptake of gas phase species
to the aqueous surface. Mmereki et al. (2003) demonstrated
that such coatings could increase the uptake coefficient of hy-
drophobic compounds to the water surface, while Clifford et
al. (2007) showed that inorganic acid hydrolysis is influenced
by 1-octanol films. Sub-monolayer coverage of the alcohol
inhibited the rate of nitric acid uptake, possibly due to a re-
duction of water in the interfacial region that delays hydrol-
ysis until adsorbed acid molecules are transported closer to
or into the bulk. Similar results were observed for ammonia,
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and the observations for the two species were successfully
rationalized on the basis of the dependence of the rate of sur-
face reaction on the availability of surface water. No sup-
pression of uptake was observed in the case of butanol films,
as these form a more openly packed film presumably with
readily available surface water.

McNeill et al. (2008) studied the uptake of OH onto aque-
ous and solid NaCl particles coated with palmitic acid. Up-
take onto coated solid particles was more efficient (γ =

0.3+0.1
−0.05) than onto coated aqueous particles (γ = 0.05±

0.01), perhaps due to a change in orientation of the palmitic
acid molecules within the film and a less favourable orienta-
tion involving presentation of a less reactive (primary) car-
bon site towards the incoming OH molecules.

While difficult to relate to atmospheric conditions, surfac-
tant films have been shown to reduce the rate of evaporation
of water from an inorganic salt using the optical tweezers
technique (Buajarern et al., 2007). However, butanol coat-
ings at up to 80% monolayer coverage do not seem to inhibit
the evaporation of water vapour from cold sulphuric acid sur-
faces (Lawrence et al., 2005a).

Recommendations for further work

Three major experimental challenges for measuring the up-
take kinetics of water vapour and trace gases on pure water
and aqueous solutions need further investigation. First, it is
necessary to ensure that the experimental techniques that use
large or moderate surface areas (e.g. wetted wall flow reac-
tors, droplet train flow reactors, coaxial liquid jet reactors)
do not underestimate uptake coefficients by improperly ac-
counting for near surface gradients in trace gas concentra-
tions due to finite gas phase diffusion rates. Second, it must
be established that experiments that often approximate pure
water uptake by employing acid or salt aqueous solutions
to create and stabilize small droplets and achieve high sur-
face to volume ratios (aerosol flow reactors, aerosol cham-
bers) and techniques that dope aqueous solutions to over-
come bulk Henry’s law solubility constraints do not suffer
from enhanced surface reaction and/or surface adsorption
that mimic bulk mass accommodation. Third, techniques
that involve rapid droplet growth (e.g. expansion cloud cham-
bers) or rapid droplet evaporation (e.g. injection of free jets
or droplet trains into near vacuum environments) must as-
sure that their measurement and/or analysis methods accu-
rately account for both the rapid interfacial mass transport
and heat flux rates involved and that their experimental inter-
facial structural properties are not significantly different from
the near equilibrium interfacial surfaces that are relevant for
atmospheric gas uptake and evaporation processes.

Generally, reliable determination of uptake and accommo-
dation coefficients requires approaches that, on one hand, de-
couple the thermodynamic equilibrium properties from ki-
netic properties and, on the other hand, account for the si-

multaneous mass and heat transfer related to condensation
and evaporation. From an experimental perspective, well-
defined gas phase composition and temperature profiles are
among the key factors defining useful approaches.

Measurements involving strong aqueous acid and halide
salt solutions are particularly prone to the competition be-
tween interfacial reaction/adsorption and bulk liquid reac-
tion/absorption processes and need to be carefully designed
to avoid confusion. Measurement of reacto-diffusive lengths
of aqueous-phase processes are needed to determine whether
reactions are dominated by either surface- or bulk-phase
chemistry (Hanson and Lovejoy, 1995). This is especially
true for processes involving Br− and I−. Uptake studies
should consider the role of high ionic strength solutions by
varying the bulk ion concentrations, and they should attempt
to better define interfacial ion concentrations. In the case of
ice/brines, attention should be given to the phase of the sub-
strate and the degree of surface segregation of the reactants,
which will depend on temperature, overall substrate compo-
sition, and mode of surface preparation.

Since most aqueous atmospheric aerosol particles are
known to contain organic components, the impact of organic
surface and bulk species on their formation and evolution is
a key topic for further study. The effect of organic surface
films on the uptake of a wider range of trace gases, including
other organics, should be determined. Further studies should
also examine the effect of surface concentration and chemical
content of organic films, as well as the effect of layer thick-
ness of surface-active compounds on uptake. If possible, sur-
face structure should be determined. Continued development
of the PRA model or equivalent approaches is required to
reliably represent the impact of organic films on trace gas
surface adsorption, bulk absorption and the production and
subsequent evaporation of both surface and bulk phase reac-
tions and to guide the development of accurate atmospheric
models that include organic aerosol effects.

The uptake of H2O2 offers another benchmark system for
future study. There are indications that its reactivity towards
aerosol is strongly dependent on both relative humidity and
aerosol composition (Pradhan et al., 2010). In addition, the
bulk aqueous kinetics of this system are comparatively well
understood and will provide an important point of contact
between the experimental community and kinetic modeling
frameworks.

We also recommend that attention be increasingly given
to measurements in the field that can be used to demonstrate
heterogeneous chemistry on real aerosol particles. In that re-
gard, we highlight the early, ground-breaking efforts to mea-
sure the uptake coefficients of N2O5 by tropospheric aerosol
(Brown et al., 2006; Bertram et al., 2009) and the first at-
tempts to measure the effects of OH heterogeneous oxidation
of tropospheric particulates/droplets (George et al., 2008). In
particular, combined studies of trace gas removal and partic-
ulate composition will allow the partitioning of trace gases
and their products to be better quantified. There is also a
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need for an increased input from the field measurement com-
munity to better quantify the composition and mixing state
of the atmospheric aerosol particles.

While, as detailed in Sect. 5.1.2 above, it is undoubtedly
difficult to directly infer mass accommodation coefficient of
water vapour on pure water by reconciling field measure-
ments of cloud droplet number with CCN using conven-
tional coupled models of mass and heat flux, more compre-
hensive efforts now offer promise to quantify kinetic lim-
itations. Mapping of offline molecular level quantification
of aerosol composition onto online size-resolved broad com-
position measurements, along with measurements of mixing
state by hygroscopicity can all be provided by modern com-
prehensive experiments. Such data can provide input for a
model including other potential limitations on the kinetics
of condensation (possible film formation at a known organic
composition, for example). Careful measurements of droplet
microphysics and updraft velocity together with selection of
case study clouds eliminating non-adiabatic conditions have
the promise to provide meaningful constraints on the kinetic
parameters included in such a model.

5.2 Results and challenges for solid PM surfaces

A wide range of inorganic, organic and mixed solid mate-
rials can be found in atmospheric PM. The solid surfaces
considered for atmospheric studies, as listed in the introduc-
tion to the evaluation heterogeneous processes on the IU-
PAC website at University of Cambridge, UK (http://www.
iupac-kinetic.ch.cam.ac.uk/), are: ice (usually in polycrys-
talline form); NAT (nitric acid trihydrate), NAD (nitric acid
dihydrate) and SAT (sulphuric acid tetrahydrate); mineral ox-
ides (as on naturally occurring dusts); soot (usually amor-
phous black carbon); and solid electrolyte salts below their
efflorescence temperature. The IUPAC evaluation provides
recommendations for uptake coefficients on these surfaces,
except for soot and solid salts. A monograph covering much
of this material has recently been published in Atmospheric
Chemistry and Physics (Crowley et al., 2010). In this section
trace gas uptake on a series of model systems representing
the range of real PM solid surfaces and their individual com-
ponents will be reviewed and outstanding challenges will be
identified.

5.2.1 Trace gas uptake on ice surfaces

In the polar stratosphere solid “ice” occurs as Type II (pure
H2O ice) and Type Ia (nitric acid trihydrate or NAT) Polar
Stratospheric Clouds (PSCs) whereas it mainly occurs as cir-
rus (largely H2O ice) clouds in the upper troposphere as well
as aviation contrails. Other forms such as metastable nitric
acid dihydrate (NAD), sulphuric acid tetrahydrate (SAT) and
other hydrates may also exist (Wooldridge et al., 1995). Sur-
face properties, including structural parameters, surface dis-
order and the presence of mixed-phases on the surface of at-

mospheric ice particles are probably more important for trace
gas uptake than hitherto thought (McNeill et al., 2007).

Specific kinetic and thermodynamic data for many sys-
tems involving ice may be found in evaluations/compilations
of the IUPAC Subcommittee and the NASA-JPL Panel
(NASA, 2006; IUPAC, 2009).

Pure H2O ice has a structurally-disordered “quasi-liquid
layer” (QLL) in the range 233–273 K whose depth depends
on temperature and which may be described by an order pa-
rameter to which different measurements (Nuclear Magnetic
Resonance, glancing X-ray spectroscopy, Second Harmonic
Generation, etc.) are sensitive to different extents, e.g. Wei
et al. (2001). A concise summary of ice properties can be
found in (Abbatt, 2003).

The surface mass accommodation coefficient,α, of H2O
vapour onto pure ice is temperature dependent, measured as
unity at 130 K and decreasing with increasing temperature
down to values ofα = 0.12 K at 220 K for vapour-condensed
ice (Delval and Rossi, 2004). A recent measurement of the
average value ofα at 223 K using levitated cirrus-like ice
crystals (Magee et al., 2006) foundα = 6×10−3, which rep-
resents the lowest value obtained to date. Starting at 230 Kα

seems to increase with temperature in order to attain a value
of α = 0.7 (+0.3,−0.1) in the range 259–273 K (Lu et al.,
2006) for vapor-condensed ice.

The mass accommodation coefficient of water vapour de-
pends strongly (up to a factor of 4.5) on the type of ice in
the range 130 to 220 K. This range is comparable to the
temperature variation ofα over the range 130-230 K. It is
lowest for artificial (dendritic) snow and quasi-single crys-
tal ice and highest for vapor-condensed ice (Pratte et al.,
2006). This span is even larger (a factor of 6.5) when re-
sults for uptake by cubic ice over the range of 130–140 K
are included. The negativeT -dependence and the “break” at
193±2 K where the negative activation energy changes from
a low (−1.25 kJ/mol) to a high (−6.3 kJ/mol) value suggest
a complex reaction mechanism involving several elementary
steps and one or more precursors (Delval and Rossi, 2004;
Pratte et al., 2006). Despite this complexity, measured rates
of condensation are first order in H2O and rates of evapora-
tion are zero order under all conditions examined. In addi-
tion, the negativeT -dependence ofα changes into a positive
one atT = 230±5 K, approximately coincident with the in-
cipient formation of a QLL atT = 233 K for pure ice.

The solubility of most trace gases including acidic gases
such as HCl and HNO3, whose solubilities in liquid H2O
are high, are, in fact, rather low in ice (Hanson and Mauers-
berger, 1990; Thibert and Dominé, 1998). However, the
interaction between pure ice and HCl leads to a perturbed
structure at the gas-condensed phase interface that has im-
plications for heterogeneous chemical reactions. McNeill
et al. (2006a; 2007) and Aguzzi et al. (2003) established
the formation of a “quasi-liquid layer” (QLL) or of an
“interface region”, respectively, ranging from several tens
to 200 nm thickness at 200 K that enabled the practically
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unlimited uptake of HCl in contrast to the limited uptake on
crystalline ice. Advanced quantum-chemical methods fail to
reproduce the structure and depth of the QLL of ice whose
structure is perturbed owing to contamination by acidic trace
gases (Girardet and Toubin, 2001).

The interaction of acidic trace gases HX (X = Cl, Br, NO3)
with ice, especially of HCl, has been studied extensively (see
Huthwelker et al., 2006 for an extensive review) because of
the importance of the availability of HX at the gas-ice inter-
face for effectively bimolecular chlorine activation processes
such as reactions:

ClONO2+HCl(ads) → Cl2+HNO3(ads)

N2O5+HCl(ads) → ClNO2+HNO3(ads)

The mechanism of these reactions requires the presence of
H3O+ and Cl− ions resulting from electrolytic dissociation
of HCl adsorbed on ice. The chloride ion, Cl−, induces a
nucleophilic displacement of nitrate ion, NO−

3 , resulting in
volatile Cl2:

Cl− +ClONO2 → Cl2+NO−

3 (ads)

The low activation energy of this ionic displacement reaction
is the mechanistic reason for the high rate of these reactions,
even at stratospheric temperatures; in contrast to homoge-
neous (non-ionic) gas phase processes.

When HCl is exposed to H2O ice the spontaneous de-
cay of HCl on ice into H3O+

+ Cl− at T >90 K is ob-
served by using X-ray absorption, a surface-sensitive de-
tection technique (Parent and Laffon, 2005). Second har-
monic generation (Henson et al., 2004), Rutherford back
scattering (Krieger et al., 2002), ellipsometry (McNeill et
al., 2006a) and many other experimental methods point to
the existence of both crystalline (HCl6H2O, HCl3H2O) as
well as amorphous phases of potential atmospheric impor-
tance (Zondlo et al., 2000). The unstructured ice stability
region of the HCl/H2O phase diagram reveals an amorphous
region around the “ice”/liquid coexistence phase boundary as
opposed to the interior ice stability region that contains crys-
talline ice with HCl ”impurities”. The experimental distinc-
tion between a QLL, a structurally perturbed region induced
by HCl adsorption on ice, and the crystalline region of “ice”
in the interior of the HCl/H2O phase diagram results in an im-
portant difference in reactivity of the ice phase under atmo-
spheric conditions, depending onT and the partial pressure
of HCl (McNeill et al., 2006a; 2007). In addition to the ionic
nature of HCl the structural properties of the ice matrix con-
trol the rate of chlorine activation: the QLL supports continu-
ous HCl uptake in contrast to the crystalline region where up-
take saturates at a formal monolayer or so. For HBr no phase
diagram exists for atmospheric conditions, but FTIR absorp-
tion spectra in the HBr/H2O system suggest the existence of
an amorphous phase at the expense of crystalline hydrates.

For nitric acid several hydrates are known at atmospheric
temperatures and as characterized in a series of published
phase diagrams (Worsnop et al., 1993). In addition, amor-
phous HNO3/H2O phases are known to nucleate, albeit inef-
ficiently, to the corresponding crystalline phases (Zondlo et
al., 2000), in contrast to HCl hexahydrate that does not crys-
tallize at atmospheric conditions (Wooldridge et al., 1995).
However, nucleation of NAT and NAD on ice is slow and
occurs only at high supersaturation ratios of H2O vapour rel-
ative to the corresponding hydrates. Similar to HCl/H2O,
the uptake coefficient of HNO3 on ice has a negativeT -
dependence with multilayer uptake atT <205 K, probably
because of substantial surface modification, and with (sub)-
monolayer-uptake behavior above that temperature (Aguzzi
and Rossi, 2001; Ullerstam et al., 2005). There is some dis-
agreement about the temperature dependence of the HNO3
uptake coefficient, as described in (Ullerstam et al., 2005).

Typical halogen exchange reactions, as discussed above,
occur between adsorbed HCl and ClONO2, BrONO2 and
N2O5 as a nucleophilic displacement by Cl− at the ice inter-
face. These effectively bimolecular reactions are extremely
efficient around 200 K because of the availability of chloride
and bromide at the interface (Oppliger et al., 1997; Aguzzi
et al., 2003; McNeill et al., 2006a). The hydrolysis mech-
anism of N2O5 is expected to be acid catalyzed in analogy
to solution studies, yet its hydrolysis rate does not seem to
be influenced by the presence of HNO3, its hydrolysis prod-
uct. The rate of hydrolysis is essentially the same on both ice
and sulphuric acid substrates (see IUPAC (2009) and NASA
(2006)) at nominally high acidity. Hydrolysis of ClONO2
on ice in the absence of HX is slow and prone to satura-
tion, whereas that of BrONO2 is significantly faster. The
solubility of HOCl in ice/HNO3, the latter being the other
ClONO2 hydrolysis product, is small whereas that for HOBr
from BrONO2 hydrolysis is appreciably larger and leads to a
sustained vapour pressure of HOBr over ice/HNO3.

The evaporative lifetime of complex atmospheric ice par-
ticles is longer than hitherto believed owing to the slower
than expected evaporation rate of H2O in the presence of
HCl and HNO3 (Livingston and George, 1998; Delval et al.,
2003). The decrease of the absolute rate of H2O evapora-
tion relative to pure H2O ice is a function of the amount of
adsorbed trace gas and the structure of the trace gas hydrate
being either in an amorphous or crystalline state. This de-
crease in evaporation rate may be as high as a factor of ten or
more, depending on the amount of HCl and HNO3 on the ice.
Thermodynamically efficient sealing or “capping” of a pure
ice phase under a crystalline coating of an acid hydrate has
not been observed for thin films in the µm thickness range
(Biermann et al., 1998; Delval et al., 2003). The component
with the higher vapour pressure and/or the faster evapora-
tion rate always finds its way across a crystalline or amor-
phous overlayer of lower vapour pressure and/or evaporation
rate in order to preferentially evaporate from the condensed
phase. Therefore, “burying” of a high-vapour pressure ice
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phase under a low volatility “blanket” has not been observed
to date for a µm-size overlayer thickness.

Weak acids such as SO2 adsorb onto ice after electrolytic
dissociation to HSO−3 (Clegg and Abbatt, 2001). As ex-
pected, the uptake is inhibited and increased by acidic and
basic adsorbates on the ice, respectively. Unlike most other
adsorbed species on ice, the surface coverage of SO2 shows
a positiveT -dependence together with CO2 (Abbatt, 2003).
Other weak acids such as HOCl, HOBr and HONO have been
studied as well. The case of HOBr is interesting because
γ has a sizable negativeT -dependence suggesting possible
compound (hydrate) formation on ice. The interaction of
oxygenated organic species such as alcohols, ketones, alde-
hydes and organic acids are distinctly different from that
of strong acids and are well described by a nondissociative
Langmuir model associated with a monolayer-like surface
coverage for a remarkably wide range of molecules (Abbatt,
2003; Hessberg et al., 2008). Hydrogen bonding is thought
to be the dominant interaction and most adsorption enthalpies
are larger than those for gas-liquid condensation, thus point-
ing towards a strong adsorptive interaction. Adsorption en-
thalpies are also lower than energies of solvation, indicating
that these adsorbed molecules do not acquire a full hydration
shell.

Gao et al. (2004) present field data on H2O and HNO3 in
the free troposphere and conclude that certain atmospheric
strata within the flight path of the aircraft measurement plat-
form are supersaturated in H2O vapour up to 130% RH. In-
voking the presence of cubic ice decreases the degree of
supersaturation to 120% RH, which is still insufficient to
explain the high supersaturation ratios (Peter et al., 2006;
Shilling et al., 2006). The answer may in part lie in the ex-
istence of a kinetic effect; the approach of the H2O partial
pressure to equilibrium saturation vapour pressures may take
substantially longer in agreement with low measured values
of α(H2O) or decreases in the evaporation rate owing to ad-
sorption of acidic trace gases (HX) onto ice surfaces.

Recommendations for further work

Several aspects of trace gas interactions with ice remain un-
explored. AtT >193±2 K α for H2O vapor interacting with
ice has a small but significant negativeT -dependence of ap-
proximately -6.3 kJ/mol. The work of Sadtchenko and oth-
ers (IUPAC 2009) report anα value close to, but signifi-
cantly less than, 1.0 in the range 258–273 K. However, the
T -dependence in the intermediate range 220–260 K remains
unknown. It is currently not known how theα values for ice
and liquid H2O “connect” at the junction solid/liquid near
273 K, except for the work of Wei et al. (2001). Measure-
ments ofα on liquid H2O (including a small supercooled
range) suggest a negativeT -dependence as well, which is in
contrast to the constantT -independent value for ice reported
by Lu et al. (2006).

In view of the importance of heterogeneous atmospheric
reactions involving bromine it is desirable to obtain knowl-
edge of relevant portions of the HBr/H2O phase diagram
and the ability of the “ice” phase to take up HBr and other
bromine-containing species such as HOBr for atmospheric
conditions. Similarly, it is not known if the “ice” region of
the HNO3/H2O phase diagram is subdivided into an amor-
phous (QLL) and a crystalline domain corresponding to two
different reactivities akin to the case of HCl/H2O.

Water-rich” vs. “HNO3-rich” or “HCl-rich” phases of the
crystalline HNO3- and HCl hydrates are expected on the ba-
sis of the corresponding phase diagrams. In contrast, spectro-
scopic studies (FTIR in transmission and grazing incidence)
point towards a single identifiable crystalline hydrate in ad-
dition to “excess” H2O (ice). Evaporation experiments of
mixed ice/NAT or ice/HCl hexahydrate distinguish between
a pure ice phase at the characteristic ice evaporation rate and
a phase whose evaporation rate continuously decreases with
decreasing H2O content. The properties of the interface in-
cluding the change of its molar composition upon evapora-
tion are insufficiently known.

In many of the earlier studies on the heterogeneous reac-
tivity of trace gases on contaminated ice surfaces the identity
of the substrates was only identified by its vapour pressure,
which seems insufficient for positive identification of binary
or ternary solid phases. Many of these uptake and evapora-
tion experiments should be repeated where the type of sub-
strate should be identified using spectroscopic techniques.
There is no proof that crystalline hydrates were indeed nu-
cleated before trace gas uptake in cases where it was claimed
that uptake occurred on these hydrates. With the benefit of
hindsight we expect that many of these uptake experiments
have been performed on solids that were ill defined. Sys-
tematic uptake experiments of H2O and atmospheric trace
gases on well-defined ice substrates should be undertaken
over temperature ranges of atmospheric interest.

Uptake experiments on ice particles of 0.5 to 10 µm di-
ameters at atmospheric temperatures should be performed in
order to confirm laboratory results obtained on macroscopic
ice coatings or thin solid ice films. This would help deter-
mine to what extent laboratory results may be transferred to
atmospheric ice PM.

The gas-condensed phase interface of trace gas hydrates
should be characterized in multi-diagnostic experiments si-
multaneously probing both phases under identical experi-
mental conditions. The role of amorphous and crystalline
ice in the “ice” domain of binary and ternary phase diagrams
should be explored to determine the reactivity and chemical
potential of H2O at the interface. Investigations of the up-
take kinetics/dynamics of trace gases including H2O vapour
on well-characterized trace gas hydrate/ice mixtures should
also be performed.
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5.2.2 Trace gas uptake on mineral and mineral dust
surfaces

Mineral dust is an important factor in atmospheric chemistry
owing to its direct (scattering and absorption) and indirect ra-
diative effects (important ice nucleating abilities) (Archuleta
et al., 2005). In addition, the presence of mineral dust may
change the atmospheric composition owing to the occurrence
of fast heterogeneous reactions of atmospheric trace gases:
H2O, HNO3, N2O5, NO3, SO2, O3, NO2. Mineral surfaces
can also adsorb a wide range of organic species (Falkovich
and Rudich, 2001; Falkovich et al., 2004). All atmospheric
mineral dust contains variable amounts of CaCO3 as well
as a range of inorganic oxides (Usher et al., 2003). All of
the above trace gases interact with both mineral dust surro-
gates (Saharan dust, Arizona test dust, China loess, etc.) or
pure mineral dust model compounds (CaCO3, Al2O3, SiO2,
CaO, Fe2O3, etc.) either by: A) forming adsorbates (nitrates,
sulfites, sulfates) on substrates with unreactive bulk phases
(Ullerstam et al., 2003; Seisel et al., 2004); or B) volatile
reaction products due to acid-base reactions of acidic atmo-
spheric trace gases (HNO3, HCl, SO2) on CaCO3 (Santschi
and Rossi, 2006).

(A) MOOH+HNO3 → MO ·NO3+H2O(Seisel et al., 2004)

(B) (a) Ca(OH)(HCO3)+HX(X = NO3,Cl)

→ Ca(X)(HCO3)+H2O

(b) Ca(X)(HCO3)+HX → Ca(X)2+H2O+CO2

where MOOH represents the mineral dust (oxide) interface.
Knowledge of the dependence of heterogeneous kinetic

parameters on relative humidity is required to translate lab-
oratory results to atmospheric conditions. As pointed out in
Sect. 3, coated wall and Knudsen flow reactor studies are
often unable to adequately address this important question,
in contrast to aerosol flow reactor and static reaction cham-
ber experiments where RH variations are easier to investi-
gate. Generally, the dependence ofγ on relative humid-
ity is not dramatic for atmospherically relevant values in the
range of 30 to 95% RH, withγ generally varying less than
a factor of three over that RH range. The work of Mogili et
al. (2006a), Wagner et al. (2008, 2009), Sullivan et al. (2009),
and Vlasenko et al. (2009) present representative examples
of this modest effect. Both increases ofγ with RH (Liu et
al., 2008) as well as decreases (Mogili et al., 2006a) have
been observed. This has been interpreted in terms of com-
peting effects of H2O vapor adsorption and ionic solvation
by adsorbed water on the surface of the mineral dust parti-
cles (Vlasenko et al., 2009). The effect of RH onγ must be
evaluated on a case-by-case basis in order to obtain a reliable
functional dependence ofγ on this important atmospheric
parameter.

The interaction of NO2 and N2O5 with mineral dust leads
to the formation of surface nitrates (Usher et al., 2003) and
variable amounts of HNO3, respectively (Karagulian et al.,
2006). Surface reaction of HNO3 leads to volatile sec-
ondary products H2O and CO2 on CaCO3 together with solid
Ca(NO3)2. NO3 free radical uptake leads to the formation
of N2O5 and HNO3 in the presence of NO2 through Eley-
Rideal surface recombination, except on Saharan dust where
only uptake of NO3, without formation of a volatile prod-
uct, is observed (Karagulian and Rossi, 2005). SO2 leads to
the formation of surface sulfites and sulfates under oxidiz-
ing conditions (Ullerstam et al., 2003; Usher et al., 2003),
whereas it reacts on CaCO3 by releasing prompt CO2 and by
delayed formation of H2O (Santschi and Rossi, 2006). O3
decomposes into O2 and a surface oxide in a non-catalytic
way (Ullerstam et al., 2002; Karagulian and Rossi, 2006),
at variance with results obtained by Grassian and coworkers
(Usher et al., 2003) and Hanisch and Crowley (2003). All
mechanisms are complex and seem to involve surface inter-
mediates. The interaction of CaCO3 with atmospheric trace
gases implies the presence of a weathered surface as repre-
sented by Ca(OH)(HCO3) (Stipp et al., 1994). Mechanistic
studies reveal that SO2 first attacks the surface by reacting
with the HCO3 group leading to prompt CO2, whereas the
acidic gases CO2, HCl and HNO3 first attack the OH-group
leading to prompt H2O (Santschi and Rossi, 2006). In or-
der to obtain a molecular understanding of interfacial chem-
istry the surface composition of mineral dust materials and
their proxies, in addition to CaCO3, have to be taken into ac-
count. In many cases surface hydroxyl groups represented
by MOOH (see above) are the gateways to the reactivity of
atmospheric trace gases with mineral dust substrates.

Recently, laboratory studies on the reactivity of min-
eral dust materials and proxies have been conducted in
static aerosol chambers of varying volumes in the presence
of atmospherically relevant concentrations of trace gases
(Cwiertny et al., 2008). The advantage of such chamber stud-
ies lies in the opportunity to study heterogeneous reactions at
elevated relative humidity and ambient temperatures, which
has not been possible in studies using low-pressure reactors
and laminar flow coated-wall flow tubes. In addition, aerosol
flow tubes operated at atmospheric pressure are inappropriate
for slow, albeit significant, heterogeneous reactions that need
to be studied at low reactant pressure in order to avoid exces-
sive saturation of the mineral dust surface. Pertinent exam-
ples are the interaction of O3 with mineral dust proxies (α-
Fe2O3, α-Al2O3), the reaction of CH3COOH with CaCO3,
H2O uptake on clay minerals and SO2 uptake onα-Fe2O3
(hematite) andα-FeOOH (goethite).

Another new type of experiment has recently been devel-
oped to study the exposure of mineral dust particles to atmo-
spheric trace gases that affect their ability to nucleate cloud
liquid water and/or ice condensation. It allows examination
of the cloud condensation properties of aerosols processed
under controlled trace gas exposure, either in an aerosol flow
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tube (Sullivan et al., 2009) or in an aerosol chamber (Möhler
et al., 2008). The results are expressed in terms of parame-
ters that determine the time scale of cloud condensation as a
function of H2O vapor supersaturation and exposure to atmo-
spheric trace gases, either with a CCNC (cloud condensation
nucleus counter) (Sullivan et al., 2009), or in an adiabatic
aerosol expansion chamber (Möhler et al., 2008). When ex-
trapolated to atmospheric conditions, the experimental pa-
rameters enable calculation of the time scale for the transi-
tion from a non-hygroscopic to a hygroscopic aerosol par-
ticle state, or vice-versa, depending on the particle surface
chemistry. The atmospheric fate and surface composition of
aerosol particles also affect the radiative properties that di-
rectly impact climate change numerical predictions.

Recommendations for further work

Available laboratory data reveal several important areas for
future work. For experiments where both trace gas-uptake
and formation of a surface adsorbate have been studied un-
der nominally identical experimental conditions, an impor-
tant discrepancy in the uptake kinetics has often been ob-
served. The average steady-state uptake coefficient of HNO3
onα-Al2O3 has been measured asγss=4×10−8 using the in-
tegrated absorption band of HNO3 at 1680 cm−1 (Goodman
et al., 2001) whereas gas-uptake experiments yieldγss = γobs
= 3×10−3 (Underwood et al., 2001). A similar example is
provided by (Ullerstam et al., 2003), where the measured up-
take coefficients for SO2 interacting with Saharan dust in the
presence of NO2 differ by three orders of magnitude. In these
studies on mineral dust proxy surfaces uptake measurements
based on gas phase loss yield largerγ values than studies
of time-dependent changes of diffuse reflectance monitored
using FTIR (DRIFTS), which monitors the accumulation of
surface reaction products. In some more recent studies this
discrepancy inγ values has narrowed, although significant
differences remain (Mashburn et al., 2006). According to
Mashburn et al. (2006) the DRIFTS-derivedγ values should
be regarded as lower limiting values. Work by Adams et
al. (2005) attempted to account for these observations in
terms of a 2-site absorption model.

For HNO3 uptake there still is a discrepancy of four orders
of magnitude inγ , depending on whether or not one applies
a surface area correction due to surface pore diffusion. For
example, Hanisch and Crowley (2001a; 2001b) foundγ0 to
be independent of sample mass and derivedγ0 ∼0.1 on the
basis of the geometric surface area of the sample. In con-
trast, Underwood et al. (2001) and Frinak et al. (2004) found
a dependence ofγobson sample mass and calculated a “true”
value ofγ , either on the basis of the measured BET surface
area (lower limit) or of the pore diffusion model. In both
cases the resultingγ0 values were lower by several orders of
magnitude. A solution to these issues is afforded by experi-
ments in aerosol flow reactors, where the uptake coefficient

on Arizona Test Dust was determined to be 0.1 (Vlasenko et
al., 2006) confirming the Hanish and Crowley results.

Another striking example is provided by the
N2O5/Saharan dust system, examined both in a Knud-
sen flow reactor and in an aerosol flow tube (Wagner et
al., 2008). These authors measuredγ = 1.3×10−2 at zero
relative humidity in an aerosol flow tube compared with
γ = 3.7×10−2 in a Knudsen flow reactor. The agreement
within a factor of three is considered to be satisfactory when
taking into account that the value obtained in the Knudsen
flow reactor has to be regarded as an upper limit because
it was evaluated using the geometric surface area of the
mineral dust. Other examples of N2O5 interacting with
mineral dust substrates presented by Wagner et al. (2009)
make a strong case for the use of the geometric surface
instead of the total internal and external (BET) surface
area for the normalization of the measured heterogeneous
rate constant leading toγ values. In light of this result
the accuracy of N2O5 uptake kinetics on identical mineral
dust substrates obtained by Mogili et al. (2006b) in an
aerosol chamber must be questioned as the resultingγ

values are smaller by a factor of 25 and 110 compared toγ

values obtained by Wagner et al. (2009) and Karagulian et
al. (2006), respectively; the discrepancy may be attributed to
the use of the BET surface in the evaluation ofγ by Mogili
et al. (2006) whereas the surface area in the aerosol flow
tube was calculated by the aerodynamic particle diameter. In
the case of quartz (SiO2) substrates, the differences between
results from Mogili et al. (2006) and Wagner et al. (2009)
amount to a factor of 200.

The quantity of surface-adsorbed H2O that controls many
interfacial hydrolysis reactions, manifested by a significant
humidity dependence for uptake kinetics (Vlasenko et al.,
2006; Li et al., 2006), is uncertain by a factor of two: at
33% RH Santschi and Rossi (2006) derive a weakly-bound
H2O layer over CaCO3 of 3.5 formal monolayers, whereas
Goodman et al. (2001) arrive at half that value. In con-
trast, only 1.4% of all H2O molecules on CaCO3 at 33% RH
are strongly bound, i.e. desorb atT > 480 K under vacuum
(Santschi and Rossi, 2006). The water content of Arizona
test dust and CaCO3 surfaces was determined by Gustafsson
et al. (2005), using three complementary techniques whose
results were in reasonable agreement.

The photochemistry of gases adsorbed onto mineral dust
particles is largely unknown, especially for particles contain-
ing TiO2 (rutile or anatase). This material may lead to in-
terfacial charge-separation processes and may support one-
electron redox chemistry of adsorbed gases upon adsorption
of H2O. For example, recent work employing TiO2 aerosol,
mixed TiO2/SiO2 and authentic dusts has demonstrated an
efficient route for the photochemical conversion of NO2 to
HONO. NO2 uptake coefficients of the order of 10−3 were
measured (Gustafsson et al., 2006; Ndour et al., 2008), much
greater than has been observed in similar studies employing
organic surfaces. The rate of conversion is a function of RH,
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with a maximum value around 20%, implying efficient elec-
tron transfer from the surface that is efficiently quenched by
adsorbed water. However, the surface residence times of ad-
sorbed gases must be sufficiently long so as to enable this
type of chemistry.

The role of co-adsorption of trace gases onto mineral dust
particles and potential synergistic effects is largely unex-
plored. Co-adsorption is expected to lead to a reactivity
change for the gas-solid interface at high values of RH, since,
as discussed above, both oxidant and H2O vapor are compet-
ing for the same surface sites. This competition must be con-
sidered in relation to aging effects on mineral dust reactivity
in polluted air masses. The loss of reactivity due to exposure
to O3, HNO3, SO2 and other trace gases are important is-
sues remaining to be elucidated, as is the rate of reactivation
by exposure to H2O vapour. The same holds for the effect
of surface adsorbates on the chemical reactivity and for the
claimed catalytic oxidation of adsorbed sulfites to stable sul-
fates by air oxygen or other oxidants (e.g. O3). For example,
a word of caution is in order regarding the catalytic heteroge-
neous decomposition of O3. No substrate should be regarded
as catalytic until the product stoichiometry 2O3− >3O2 has
been proven on a sustained basis over a long exposure period.
Turn-over numbers based on ill-defined total (BET) surface
areas offer little insight into the decomposition mechanism,
in part because of questions of mass transport: the rate of ex-
posure of these sites to gas phase O3 molecules is uncertain
(Cwiertny et al., 2008).

Once the kinetics of the most important heterogeneous re-
actions of trace gases on mineral dust and the associated reac-
tion mechanisms have been studied using both Knudsen and
laminar coated-wall flow reactors it is recommended that the
same reactions be studied using either atmospheric pressure
aerosol reactors or static aerosol chambers for two reasons:
(a) aerosols obviate the need for correction due to porosity
effects of the solid substrate and the ability to calculate par-
ticle surface area directly from measured mobility or aerody-
namic diameters, and therefore remove a potentially impor-
tant bias from the kinetic results; (b) uptake experiments may
be performed under atmospheric humidity conditions which
may be particularly important in cases where deliquescent
reaction products such as Ca(NO3)2 and anhydrous CaCl2
are generated from the reaction of CaCO3 with HNO3 and
HCl, respectively. Aerosol flow tube and static aerosol reac-
tor experiments using mineral dust particles are currently be-
ing performed in several laboratories (Vlasenko et al., 2006;
Preszler Prince et al., 2007; Wagner et al., 2008; Vlasenko et
al., 2009; Wagner et al., 2009; Cwiertny et al., 2008). Other
types of experiments that emphasize the study of the compo-
sition of the interface of the condensed phase upon trace gas
uptake including free radicals (Laskin et al., 2006; Liu et al.,
2008) may become important tools to study trace gas uptake
on mineral dust aerosol.

The following gases are suggested for detailed study in at-
mospheric pressure aerosol flow reactors and static aerosol

reaction chambers in the presence of characterized mineral
dust aerosol over a representative range of atmospheric hu-
midity: HNO3,SO2(+NO2, O2 or O3),N2O5,O3,NO3,NO2,
H2O2 and HO2. The species initalics have previously been
studied using Knudsen and laminar flow reactors (IUPAC,
2009; Crowley et al., 2010). The uptake of H2O2 offers
another benchmark system for future study (Pradhan et al.,
2010). The aqueous kinetics of this system are compara-
tively well understood and will provide an important point of
contact between the experimental community and the Pöschl,
Ammann and Rudich model framework.

5.3 Trace gas uptake on soot surfaces

Soot is typically composed of elemental carbon and highly
functionalized carbonaceous compounds, such as saturated
and unsaturated hydrocarbons, alkanoic acids, differently
substituted aromatics, alcohols, ketones, dicarboxylic acids,
polycyclic aromatic hydrocarbons and their derivatives,
which comprise soot’s organic fraction. Unfortunately, soot
produced by different fuels or the same fuels burned un-
der different combustion conditions can have rather variable
chemical and morphological characteristics, so trace gas up-
take and reaction parameters can vary significantly depend-
ing on the soot or soot surrogate substrate used and its history
of chemical aging.

A significant body of literature describes the uptake of the
abundant atmospheric oxidants NO2, NO3, N2O5, HNO3,
HONO, O3 and OH on soot (Kleffmann et al., 1999; Longfel-
low et al., 2000; Stadler and Rossi, 2000; Arens et al., 2001;
Bertram et al., 2001; P̈oschl et al., 2001; Saathoff et al.,
2001; Salgado and Rossi, 2002; Esteve et al., 2006; Karag-
ulian and Rossi, 2007; Aubin and Abbatt, 2007; McCabe
and Abbatt, 2009; Shiraiwa et al., 2009). First, soot pro-
vides a substrate for adsorption of these species on its wide
range of different surface sites, as a starting point for sur-
face reactions. The most striking common feature of these
processes is that, except for OH, uptake is characterized by
relatively fast deactivation, owing to a limited number of suf-
ficiently reactive surface species. Therefore, the role of these
processes as a sink for most gas phase oxidants is probably
limited. This has had a notable impact on modelling studies
since it was recognized that loss of gas phase species to par-
ticles with limited uptake capacity can not be described by
a simple time-independent uptake coefficient (Aumont et al.,
1999; Ammann and P̈oschl, 2007).

While the overall significance of trace gas uptake by soot
affecting atmospheric trace gas content is still under debate,
it has become evident that these trace gas/soot reactions are
very significant in processing soot with respect to toxicity
(e.g. Ferry et al., 2002, Lammel and Novakov, 1995; Pöschl,
2002) as well as the ability of soot to act as cloud con-
densation nuclei (Decesari et al., 2002; Persiantseva et al.,
2004; Petzold et al., 2005; Perraudin et al., 2007; Shonija
et al., 2007). The ability of soot PM to condense water also
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strongly influences its atmospheric lifetime. However, the
details of the interaction of water with soot that determine
its ability to nucleate liquid water and ice continue to be a
primary atmospheric science research issue. The interaction
of soot with water depends on the type of soot (lean vs. rich
flame conditions) and changes with the degree of oxidative
aging for undersaturated humidities (Chughtai et al., 1991;
Alcala-Jornod and Rossi, 2004); this affects soot reactivity,
since the presence of water on soot changes the accessibil-
ity of reactive surface sites and species. Similarly, the pres-
ence of adsorbed polycyclic aromatic hydrocarbons (PAHs)
on soot affects it reactivity and depends strongly on the type
of fuel combusted as well as on its combustion conditions
(Jones et al., 2004).

Recommendations for further work

Future studies should address feedback mechanisms between
soot type, oxidative aging, reactivity and hygroscopicity, as
well as investigate multiphase processes in mixed particles
composed of soot and other components. Furthermore, the
impact of light induced processes and condensed phase rad-
ical chemistry has only recently been considered (Styler et
al., 2009; Monge et al., 2010). (See Sect. 5.5 below)

Discussions of the wetting properties of soot and its as-
sociated ice and cloud nucleating properties often include
the terms “hydrophilic” and “hydrophobic”. These terms are
qualitative in nature and have been coined to describe the
results of contact angle measurements and thus refer to a
bulk property of soot or other surfaces. It must be stressed
that a molecular view on the wetting properties of submi-
cron carbonaceous aerosol particles makes the use of these
terms obsolete because even the most “hydrophobic” soot
substrate shows molecular adsorption sites for H2O vapor
(Alcala-Jornod et al., 2004). At the very least a molecular
interpretation of the bulk hydrophobic/hydrophilic concept
should be attempted.

A fundamental question about the interaction of free rad-
icals such as OH, NO2 and NO3, as well as other reactive
atmospheric trace gases such as ozone, with PAHs adsorbed
on soot concerns their relative reactivity with the carbona-
ceous substrate compared to adsorbed PAHs. Recent results,
discussed above, suggest that the rate of reactive trace gas
uptake by the substrate is three to four orders of magnitude
faster than the rate of surface reaction of adsorbed PAHs. Ad-
ditional experiments elucidating reactive branching ratios for
adsorbed PAHs and relevant substrates are expected in the
near future (Esteve et al., 2006; Perraudin et al., 2007; Miet
et al., 2009a, b). Moreover, the underlying causes for the
apparent non-reactivity of 30 to 70% of the PAHs adsorbed
on laboratory soot with atmospheric trace gases such as O2
and NO2, except OH, should be investigated. In contrast,
100% of PAHs adsorbed on SiO2 substrates are reactive. Fur-
thermore, it is time to discover which organic surface func-

tionalities make soot and other carbonaceous particles a good
ice nucleus (IN) and/or condensation nucleus (CN) for water
condensation.

5.4 Trace gas uptake on solid and liquid organic
surfaces

The oxidation of organics in aerosol particles affects their
physical and chemical properties. Laboratory and field mea-
surements suggest that heterogeneous processes may play a
central role in the atmospheric “aging” of organic particles.
(Rudich 2003, 2007).

Ozone is efficiently removed by unsaturated (olefins,
PAHs) organic surfaces as well as biological surfaces like
leaves and lungs (de Gouw and Lovejoy, 1998; Moise and
Rudich, 2000; Wadia et al., 2000; Pöschl et al., 2001; Moise
and Rudich, 2002; Morris et al., 2002; Eliason et al., 2003;
Katrib et al., 2003, 2004, 2005a, b; Broekhuizen et al., 2004;
Kwamena et al., 2004, 2006; Mmereki et al., 2004; Thorn-
berry and Abbatt, 2004; Donaldson et al., 2005; Moise et
al., 2005; Ziemann, 2005; Knopf et al. 2005; Shiraiwa et
al., 2009). In fact, reaction on surfaces occurs at a higher
rate than in the gas phase (Wadia et al., 2000; Moise and
Rudich, 2002; Donaldson et al., 2005; Donaldson and Vaida,
2006; Clifford et al., 2008; Gross and Bertram, 2008; Cape
et al., 2009). The phase of the particle, as well as the matrix
to which the organics attach, are important to the reaction
rate and even small inhomogeneities can result in apprecia-
ble changes in the reaction rates (Moise and Rudich, 2000;
Hearn and Smith, 2004; Kwamena et al., 2004; Hearn et al.,
2005; Knopf et al., 2005; Kwamena et al., 2006; Griffiths et
al., 2009; Sage et al., 2009). In some cases non-olefinic sur-
faces, such as organic monolayers, inhibit subsequent ozone
uptake.

The OH radical reacts rapidly with all organic surfaces, of-
ten leading to fragmentation and release of oxygenated frag-
ments to the gas phase (Bertram et al., 2001; Molina et al.,
2004; Kwan et al., 2006; George et al., 2007; Vlasenko et al.,
2008; Lambe et al., 2009). Release of gas phase products has
also been observed in the reaction of ozone with organic sur-
faces (Thomas et al., 2001). The OH reaction proceeds via
an Eley-Rideal direct abstraction mechanism. The high reac-
tivity of the OH radical results in uptake coefficients close to
unity, and probably does not depend on the relative humidity.
Recently, reactivity of OH towards long chained alkanes was
studied in a new method for measuring the heterogeneous
chemistry of sub-micron organic aerosol particles (Che et al.,
2009).

The NO3 radical reacts with organic surfaces, with uptake
coefficient in the range 10−4 to 10−2 (Moise and Rudich,
2002; Docherty and Ziemann, 2006; Knopf et al., 2006;
Gross and Bertram, 2008; Gross et al., 2009). Reactions with
olefins are faster. The NO3 reaction does not lead to signifi-
cant release of gas phase products (Knopf et al., 2006). It re-
mains to be seen if NO3 uptake leads to formation of surface
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bound nitrates; similarly, organosulphates are observed fol-
lowing uptake of monoterpine oxides by acid sulfate particles
(Iinuma et al., 2009).

Uptake of N2O5 by various organic surfaces has also been
shown to depend on relative humidity, on particle phase, and
on particle composition (Cosman and Bertram, 2008; Cos-
man et al., 2008; Griffiths et al., 2009). Field and laboratory
studies have demonstrated that organic coatings on aqueous
surfaces can decrease the reactive uptake of N2O5 (Brown et
al., 2009); further details are presented in section 5.1.7 above.

Halogen atoms also react with all organic surfaces with a
high uptake coefficient, also leading to release of fragments
to the gas phase (Moise and Rudich, 2001).

Although polycyclic aromatic hydrocarbons (PAH) repre-
sent only a small mass fraction of the organic material asso-
ciated with combustion related particulates they are of great
concern due to their toxic and carcinogenic properties, espe-
cially after reacting with atmospheric oxidants. Aged PAHs
consisting of singly or multiply substituted PAHs such as
nitro- and hydroxyl-substituted PAHs as well as their corre-
sponding quinones are usually encountered in the particulate
phase because atmospheric reaction products generally have
lower vapour pressures compared to reactant PAH and thus
render these semivolatile hydrocarbons even less volatile.

Perraudin et al. (2007), Miet et al. (2009a, b) and others
have investigated the reactions of O3, NO2 and OH with PAH
adsorbed on various substrates such as graphite, diesel soot
and silica (SiO2) particles. On carbonaceous surfaces only
a fraction of the adsorbed PAH reacts with the atmospheric
oxidants in contrast to silica particles where 100% of the ad-
sorbed PAH reacts. This begs the question of mass transport
of small oxidant molecules and free radicals in nanoporous
materials such as soot. Obviously mass transport is slow on
the time scale of these experiments (several minutes), a fact
also known from studies on bulk mineral dust samples dis-
cussed above (Sect. 5.2.2). The reactivity OH with PAH is in-
dependent of the PAH structure whereas PAH/NO2 reactivity
depends strongly on the identity of PAH. Similar to gas phase
organic species OH reactions, the more exothermic reactions
of OH radicals are less selective than the corresponding less
exothermic reactions of the NO2 free radical. Heterogeneous
reactions of O3 with particulate PAH were shown to be more
rapid than those occurring in the gas phase, as opposed to re-
actions with NO2 and OH whose rates were faster in the gas
compared to the particulate phase. In line with expectations,
OH was approximately four orders of magnitude more reac-
tive than NO2 towards surface-bound PAH. The comparison
between carbonaceous and silica substrates leads to the con-
clusion that the PAH/NO2 system depends on the nature of
the substrate in contrast to PAH/O3.

Gross and Bertram (2008) have examined the uptake of
several atmospheric trace gases such as NO3, N2O5, NO2,
HNO3 and O3 on a variety of solid PAH surfaces in a coated
wall laminar flow tube and come to the conclusion that only
NO3 showed a significant uptake whereas all others showed

immeasurably slow uptake kinetics. The initial uptake was
very rapid (γ>0.1) and settled down to a steady-state value
after some tens of minutes on the order of several times 10−3

(γ ). This is in agreement with uptake experiments of NO3 on
soot performed in a low-pressure flow reactor and suggests
that PAH may be an important sink for NO3 under certain
conditions (Karagulian and Rossi, 2007). It may be noted in
passing that the initial uptake of NO3 by PAHs is as fast as
it is on mineral dust surrogates (see section 5.2.2 and Karag-
ulian and Rossi, 2005) in contrast to pure H2O ice (IUPAC,
2009; Crowley et al., 2010). Styler et al. (2008) observed that
ozone uptake by solid pyrene films can be photoenhanced.

Recommendations for further work

Several issues remain unresolved and require further inves-
tigations. Surface-adsorbed water has been shown to affect
reaction mechanisms and rates. Examples include reaction
inhibition probably due to competition with the adsorbing re-
actant on adsorbing sites, or changes in reaction mechanisms
due to still unidentified reactions of the water with interme-
diate species. Other outstanding issues are whether photo-
reductive uptake is a general phenomenon (see Sect. 5.5 be-
low), and the degree to which the product of reactions are
volatilized by the OH and halogen atom reactions, i.e. what
are the VOC yields?

Another important issue to address is the chemical nature
and hydrophobicity of the processed surfaces and the con-
sequences of these transitions to aerosol microphysics and
climatic impacts. Reactive uptake of ammonia by carboxylic
acids can lead to changes in hygroscopic properties. How-
ever, the reactive uptake coefficients are currently unknown
for this process (Dinar et al., 2008). We recommended that
the effects of organic coatings on uptake by aerosols, the fate
of the organic coating and the dependence on its origin (ma-
rine versus SOA) be more thoroughly investigated. Finally,
studies of the role of complex organic films and their role
in the heterogeneous chemistry of urban surfaces are highly
desirable (Simpson et al., 2006).

5.5 Photochemistry on atmospheric surfaces

Organic aerosols have an atmospheric lifetime that can reach
several weeks and it is therefore necessary to investigate their
transformations in the atmospheric environment. Chemical
aging may lead to changes both in the climatic and health ef-
fects of the aerosols due to variation in their composition, op-
tical properties and hygroscopicity. In this context, many ag-
ing processes are still unknown; specifically photo-induced
processes of atmospheric particles are definitely not well
enough understood. Some of the fundamental unanswered
questions are:
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Which photochemical processes occur in the atmosphere
and how do they modify the optically absorbing organic com-
ponent of the aerosols?

Can those processes constitute an alternative pathway for
oligomer formation?

How can these processes affect the photo-oxidant budget?
Recent findings confirm the presence of light absorbing

organic material (HULIS, biomass burning particles, PAHs)
in atmospheric aerosols. Laboratory studies have shown the
formation of oligomeric material with molecular mass rang-
ing from 400–1000 Daltons within a few hours (Jang et al.,
2002; Kalberer and Paulsen, 2004). The process occurs by
classical carbonyl chemistry and by the action of radicals
on the condensed precursors (Gelencser et al., 2003; Jang
et al., 2002; Kalberer et al., 2004). During oxidative ag-
ing, initially non-absorbing organic compounds can be con-
verted into compounds that significantly absorb UV and even
visible light. This has been shown for hydroxy substituted
aromatics typically associated with biomass burning aerosol
(Gelencser et al., 2003; Krivacsy et al., 2000). A second
type of coloured organic compounds is associated with soil
dust, where humic substances of terrestrial origin are likely
the major organic fraction (Miller et al., 2004). Coloured
organic material is also produced by combustion processes,
like biomass burning or fossil fuel combustion (Gonzalez-
Perez et al., 2004).

The presence of light absorbing material in aerosol parti-
cles can allow photosensitized processes. A significant body
of literature exists on photo-induced charge or energy trans-
fer in organic molecules related to biochemistry and water
waste treatment (Canonica et al., 2000, 2005; Giese et al.,
2005). The primary absorbing species (photosensitizer) is
excited into a triplet state and depending on the redox prop-
erties of available reaction partners and the medium, charge
or energy transfer can occur to other molecules. Typically,
photosensitized processes can lead to both reduction and ox-
idation of intermediates and final products. While aquatic
photochemists have recognized a number of such processes
that accelerate degradation of dissolved organic matter, (e.g.
Haag et al., 1984; Zafiriou et al., 1984), little is currently
known about photochemistry in atmospheric particles. Nev-
ertheless, in view of the presence of partially oxidized organ-
ics in atmospheric particles, it has to be assumed that such
processes will significantly affect their chemical properties
during aging (Gomez et al., 2006; Park et al., 2006).

In particular, the presence of light has recently been shown
to modify the reactivity at the gas-liquid interface. For exam-
ple, George et al., 2005) showed that the uptake kinetics of
NO2 on various surfaces, taken as proxies for organic sur-
faces encountered in the troposphere, was strongly enhanced
once these surfaces were irradiated with light in the range
300-500 nm, suggesting a mechanism in which photosensi-
tized electron transfer is occurring. Stemmler et al. (2006)
observed an even stronger photoenhancement on humic acid
interfaces, on which the light-activated reduction of NO2 was

observed to be a major source of gaseous HONO. These pho-
toenhanced uptake kinetics were observed for both macro-
scopic plane surfaces and for submicron aerosols Stemmler
et al., 2007) and also on PAH Brigante et al., 2008).

Similar observations were made for ozone reacting at or-
ganic interfaces made of humic acids D’Anna et al., 2009) or
model compounds (such as benzophenone and phenol) un-
der simulated atmospheric conditions with respect to relative
humidity, pressure, temperature and O3 concentration using
a coated flow tube reactor (Jammoul et al., 2008). Inter-
estingly, the contact angle between these surfaces and wa-
ter was observed to increase indicating higher organic film
hydrophobicity upon combined exposure to light and ozone
Nieto-Gligorovski et al., 2008). Not only are these inter-
faces more hydrophobic upon aging, they exhibit a new ab-
sorption band extending to 450 nm. Appearance (or red-
shifting) of UV-visible features during SOA formation and
aging were also observed during the processing of particles
formed by the oxidation of limonene, indicating solar radia-
tion may play a significant role in the processing of SOA in
the atmosphere (Walser et al., 2007, 2008). Light absorbing
oligomers were also observed from the aldol condensation
of carbonyl in sulfuric acid solutions (Nozière and Esteve,
2005, 2007). Amino acid- and ammonium sulfate-catalyzed
reactions in water and ionic solutions were also suggested to
produce light-absorbing “humic-like” compounds (Nozière
et al., 2007).

Recommendations for further work

The impact of light on atmospheric gas phase chemistry has
been studied for a long time, especially its ability to break
bonds (i.e., photolysis). Recently, it has been recognized that
HULIS, a term used to describe high molecular weight, par-
tially chromophoric organic material with some similarity to
humic soil components, constitute an important fraction of
organic matter in tropospheric aerosols. Therefore, it may
be interesting to consider the impact of light on the chem-
ical aging of organic aerosol particles. While the existence
of HULIS is now certain, its atmospheric chemistry is still
mostly unexplored. In this context, some of the fundamental
unanswered questions are:

Which photochemical processes occur in the atmosphere
and how do they modify the optically absorbing organic com-
ponent of the aerosols?

Can those processes constitute an alternative pathway for
oligomer formation?

How can these processes affect the photo-oxidant budget?
What is the role of adsorbed water on these chemical trans-

formations?
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6 Conclusions and outlook

6.1 Next steps

Despite a large number of heterogeneous process studies
over the past decades, which have improved our understand-
ing of stratospheric ozone depletion, acid deposition, and
aerosol PM chemistry, many heterogeneous processes fun-
damental to atmospheric chemistry are still poorly under-
stood or need to be more fully characterized. Current knowl-
edge is not sufficient to furnish a scientifically sound basis
for constructing the chemical and physico-chemical process
modules that need to be included in the improved numeri-
cal models of our atmospheric environment. Without further
progress our ability to better assess the current and future
states of our atmosphere and the life it supports will remain
impaired.

Accordingly, many important questions concerning the
fate (including uptake and accommodation processes) of nu-
merous chemicals still remain to be answered. Sustained ef-
forts will be required to:

Build evaluated databases for reaction rates and photo-
chemical parameters for processes in the gas phase, on parti-
cle surfaces, and in the condensed phase

Implement theoretical methods as additional tools for
predicting heterogeneous processes affecting degradation
schemes, reaction rates, secondary product yields, and the
aerosol formation potential of new chemicals under atmo-
spheric conditions.

Improve Chemistry and Transport Models (CTMs) by im-
plementing the newly gained knowledge in their chemical
modules, thereby enhancing their usefulness as chemical as-
sessment tools for policy makers with regard to the fate of
new chemicals in the atmosphere.

Use the new kinetic parameters as they become available
from the leading atmospheric chemistry laboratories in Eu-
rope and elsewhere to develop and apply multiphase mod-
elling tools to interpret the results of large field measure-
ment campaigns, thus maximising the amount of informa-
tion, which may be obtained from these expensive activities.

Laboratory and supporting theoretical and computer sim-
ulation studies are essential in this respect as they are the
unique way of providing scientifically sound and evaluated
data for numerical atmospheric models.

6.2 Evaluation and dissemination of trace gas
uptake data

We now consider how the knowledge gained on the subject
of trace gas uptake in the atmosphere is transferred to the at-
mospheric community. The rate of a heterogeneous process
is usually expressed in terms of the uptake coefficient,γ ,
which is defined as the fraction of molecules colliding with
the surface in unit time that are permanently lost from the gas
phase, e.g. by reaction on the surface or the bulk. A gas may

also be taken up into a liquid due to its solubility. This is ex-
pressed in terms of the Henry’s law constant, H (M atm−1),
which relates the partial pressure of the trace gas and its mo-
lar concentration in the condensed phase at equilibrium. In
reactions on solid or liquid surfaces the equivalent measure
of phase partitioning is the Langmuir equilibrium constant
for surface adsorption. Under some conditions the uptake
flux is also determined by diffusive transport in either the
gas or condensed phase, requiring values for diffusion coeffi-
cients in either phase. The rate constants of condensed phase
reactions may also determine uptake rates. Timely evalua-
tion of the experimental data to provide optimum values of
all these parameters and their open access presentation are
essential requisites for advancement of this aspect of atmo-
spheric chemistry.

The NASA Kinetics Panel and IUPAC Atmospheric Kinet-
ics Evaluation Group have both addressed reviewed and eval-
uated kinetic parameters for heterogeneous reactions for use
in atmospheric studies (NASA, 2006; IUPAC, 2009; Crow-
ley et al., 2010). Relatively few reactions are sufficiently well
defined to make recommendations for uptake coefficients.
Part of the difficulty is the definition of the surface char-
acteristics of the atmospheric particles supporting the reac-
tions. Most progress has been made in understanding of the
reactions at low temperature on supercooled liquid sulfate
aerosols.

In their recent evaluation, the NASA panel (NASA, 2006)
has presented recommendations for a full parameterization of
the reactions of N2O5, ClONO2 and HOCl on super-cooled
sulphuric acid aerosols for stratospheric conditions. This is
based on the parametersa, H , Dg, Dl , krxn which give the
overall uptake coefficientγ in the resistance model. The re-
sistance model is a useful approximation that is usually suf-
ficiently accurate, but the same parameters are required for
calculations with dynamic flux models. The NASA Panel has
also evaluated uptake coefficients for selected heterogeneous
reactions on a range of substrates of stratospheric relevance,
including ice, NAT and other solid acid hydrates, liquid wa-
ter, alumina and soot. They have also assembled an extended
compilation of Henry’s law parameters for pure water, and a
procedure for estimating the effective Henry’s law parame-
ters for aqueous salt solutions. Updated NASA panel eval-
uations for gas uptake by aqueous liquid, ice, and alumina
surfaces are scheduled for publication in late 2010.

Uptake on solids is in principle similar to uptake on liquids
except that the diffusion into the condensed phase is usually
negligible. Consequently, uptake on solids is prone to satu-
ration phenomena leading to time dependent uptake kinetics
requiring adsorption equilibrium constants and surface rate
constants. Very few atmospheric models currently give a de-
tailed explicit representation of these heterogeneous rate pro-
cesses.

The IUPAC group assembled a large compilation of exper-
imental data related to heterogeneous reactions on a range
of substrates of atmospheric interest with relevance for both
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troposphere and stratosphere (IUPAC, 2009; Crowley et al.,
2010). This group has recently extended their evaluations
to include recommended parameters to describe partition co-
efficients and reactive uptake coefficients to solid surfaces.
The new evaluation covers the heterogeneous processes on
surfaces of: ice, mineral dust, sulfuric acid hydrate and ni-
tric acid hydrate surfaces. Recommendations for uptake co-
efficients and adsorption parameters and are now presented
on the IUPAC website. The material consists of an intro-
duction to atmospheric heterogeneous processes, summary
sheets containing the recommended uptake parameters for
the evaluated processes, and four appendices containing the
data sheets that provide information upon which the recom-
mendations are made.

The review and evaluation of kinetic and thermodynamic
data relevant to atmospheric processes is a tedious and some-
times thankless task that is performed on a volunteer basis by
the NASA panel and IUPAC group members. However, it is
a vital activity that confirms what we know and highlights
what we do not know about important kinetic processes af-
fecting atmospheric PM properties and trace gas chemistry.

6.3 Support for ongoing trace gas uptake research

Unfortunately, current European funding schemes do not
provide strong support for such fundamental studies (but
rather support field campaign and large scale modelling).
This situation may be due to the fact that funding agencies
are focusing on “simple” issues (such as ozone modelling)
for which current state-of-art models may be an appropriate
answer. However, do models really reflect current knowledge
as made available by laboratory based studies? How confi-
dent are we that we have adequate knowledge of all relevant
physico-chemical processes? These questions underline the
need to strengthen the link between modellers and “lab sci-
entists”.

There have been a limited number of European programs
that have supported the required laboratory studies. One of
those is an ESF Research Networking Programme focused
on “Interdisciplinary Tropospheric Research: From the Lab-
oratory to Global Change (INTROP)”, which has promoted
exchange of knowledge and sharpening of common aware-
ness through support for the organization of conferences and
topical workshops. It has also promoted training of young
scientists. Training of young scientists is a key feature for
reaching and perpetuating the highest possible level of scien-
tific research. Similar promotion of exchange and collabora-
tion between atmospheric scientists, including those engaged
in experimental studies in laboratories and simulation cham-
ber facilities has been provided in ACCENT, Atmospheric
Composition Change; the European Network of Excellence.
Unfortunately, neither INTROP nor ACCENT can directly
support the needed experimental studies. Both these pro-
grams came to an end in 2009 and follow-on programs are
badly needed.

In North America funding for laboratory and supporting
theoretical/simulation studies has either declined substan-
tially or threatens to do so.

In the US redirection of NASA to focus on space explo-
ration activities and technologies greatly reduced funding for
Earth science topics, with core laboratory and theoretical sci-
ence that is not directly related to analysis of satellite data
suffering large cuts. There is currently an effort to better bal-
ance NASA’s science and space exploration portfolios, but
whether support for fundamental laboratory and supporting
theoretical research will rebound is unclear. Prior research
budget cuts at the Environmental Protection Agency have
limited it as a funding source for topics relevant to this re-
view; its research budget is currently increasing but these
increases may be difficult to sustain. The Department of
Energy’s Atmospheric Science Program has recently been
consolidated into a larger Atmospheric Systems Research
program dominated by field measurements and atmospheric
modelling; the future of its modest laboratory program is un-
defined. Atmospheric chemistry programs at the National
Oceanic and Atmospheric Administration have also suffered
budget reductions from historic highs. The Atmospheric
Chemistry Program budget at the National Science Founda-
tion has enjoyed modest growth, but is highly oversubscribed
due to budget cuts at other US agencies.

In Canada, most current funding sources are highly tar-
geted and do not provide funds for basic laboratory research
in atmospheric processes. Two exceptions are the NSERC
Discovery Grant program that provides relatively modest
grants and the Foundation for Climate and Atmospheric Sci-
ences (CFCAS) that has been the major source of funding
for relevant laboratory and supporting theoretical work since
2000; CFCAS funding is scheduled to expire in 2010.

Without a reinvigorated commitment to fund fundamen-
tal laboratory and supporting theoretical/simulation work
progress in meeting the scientific challenges discussed in this
document will stall. As a result our ability to use atmospheric
models to understand how our current atmosphere works and
how it will behave in the future will fall well short of the
level needed to assess what we need to do to provide life
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