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Abstract. The uptake of HNO3 to deliquescent airborne sea-
salt particles (RH = 55%,P = 760 torr, T = 300 K) at
concentrations from 2 to 575 ppbv is measured in an aerosol
flow tube using13N as a tracer. Small particles (≈ 70 nm
diameter) are used in order to minimize the effect of diffu-
sion in the gas phase on the mass transfer. Below 100 ppbv,
an uptake coefficient (γupt) of 0.50 ± 0.20 is derived. At
higher concentrations, the uptake coefficient decreases along
with the consumption of aerosol chloride. Data interpretation
is further supported by using the North American Aerosol
Inorganics Model (AIM), which predicts the aqueous phase
activities of ions and the gas-phase partial pressures of H2O,
HNO3, and HCl at equilibrium for the NaCl/HNO3/H2O sys-
tem. These simulations show that the low concentration data
are obtained far from equilibrium, which implies that the
uptake coefficient derived is equal to the mass accommoda-
tion coefficient under these conditions. The observed uptake
coefficient can serve as input to modeling studies of atmo-
spheric sea-salt aerosol chemistry. The main sea-salt aerosol
burden in the marine atmosphere is represented by coarse
mode particles (> 1µm diameter). This implies that dif-
fusion in the gas-phase is the limiting step to HNO3 uptake
until the sea-salt has been completely processed.

1 Introduction

Atmospheric oxidation of nitrogen oxide species (NOx) re-
sults mainly in the formation of HNO3, which is a major
acidifying species in the troposphere. Heterogeneous loss to
sea-salt aerosol has been suggested to play an important role
in the removal pathway of nitrogen oxides in the marine tro-
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posphere via the acid-displacement reaction (1) (Davies and
Cox, 1998; Spokes et al., 2000).

HNO3(g) + NaCl(s, aq) → NaNO3(s, aq) + HCl(g) (1)

Under most conditions in the marine troposphere, sea-salt
aerosol is present in the form of deliquescent aerosol parti-
cles. However, the majority of laboratory experiments deal-
ing with the HNO3 sea-salt interaction performed to date
have mainly provided kinetic information for NaCl exposed
to HNO3 in the form of solid thin-films or crystals. The mea-
sured rate of uptake was found to be very dependent on the
humidity that the particles were exposed to prior and during
the experiment (Beichert and Finlayson-Pitts, 1996; Davies
and Cox, 1998; Ghosal and Hemminger, 1999). The main
conclusion from these studies is that exposure to humidity
leads to water adsorption at defect sites of the NaCl crystal
lattice, followed by the formation of Cl− anions. Once such
a local aqueous phase has been established, HNO3 readily
dissociates and the acid-displacement (1) can proceed. In-
deed, Beichert and Finlayson-Pitts have observed that at high
humidity, uptake of HNO3 to crystalline NaCl films at 298 K
led to a significant release of HCl in the gas-phase. The over-
all kinetics seems to be controlled by the dissociative adsorp-
tion process (Davies and Cox, 1998) into the adsorbed water.
Scaled up to the case of fully dissolved (i.e. deliquesced)
sea-salt particles, one might expect that the kinetics will be
controlled by mass accommodation of HNO3 as acid disso-
ciation is known to be very fast in the aqueous phase. There-
fore, to quantify the impact of this acid displacement under
atmospheric conditions, one needs to measure the uptake of
HNO3 to deliquescent airborne sea-salt particles.

In a smog chamber experiment, Ten-Brink (1998) studied
the ionic content (Cl− and NO−

3 ) of airborne NaCl particles
during HNO3 uptake. The presence of nitrate was accom-
panied by an equivalent loss of chloride from the particles.
The authors found that the rate of substitution of chloride
ions by nitrates is independent of the size of deliquescent
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Fig. 1. Aerosol flow tube system and experimental set up to gener-
ate HNO3 and sea-salt particles.

NaCl particles, and suggested that the rate-limiting step for
reaction (1) is the formation or the release of HCl(g) and
not nitric acid uptake to the particles. More recently, Ab-
batt and Waschewsky (1998) measured the uptake of HNO3
to deliquescent NaCl particles at room temperature and at-
mospheric pressure using an aerosol flow tube. The authors
reported a value of 0.2 as a lower limit to the uptake coef-
ficient. The true uptake coefficient could not be derived be-
cause the mass transfer to the micrometer-sized particles was
limited by diffusion in the gas phase. In addition, the depen-
dence of the uptake coefficient on HNO3 concentration was
not investigated in detail.

In this work HNO3 uptake to deliquescent airborne sea-
salt particles (RH = 55%) is measured at HNO3 concentra-
tions ranging from 2 to 575 ppbv. Small particles (≈ 70 nm
diameter) are used in order to minimize the effects of gas-
phase diffusion on the mass transfer. The effect of the gas-
phase HNO3 concentration on the measured uptake coeffi-
cient and on the distribution of HCl between the aerosol and
the gas-phase will be discussed by an equilibrium thermody-
namic model applied to the NaCl/HNO3/H2O system.

2 Experimental

The experimental techniques employed here are similar to
those reported previously (Ammann, 2001; Kalberer et al.,
1999). Nitrogen oxides labeled with the short-lived radioac-
tive isotope13N are mixed with the aerosol particles in a flow
reactor. Gas-phase and particulate products are trapped in de-
nuders and in a filter, respectively, downstream of the reactor.
The concentration of each gaseous and particulate species is

obtained by counting the number of decays of13N in each
trap. The production of13N in the form of13NO has been
described in detail elsewhere (Ammann, 2001). The experi-
mental schematic to generate HNO3 and the sea-salt particles
is shown in Fig. 1, and described hereafter.

2.1 Production of HNO3

13N is transported as13NO in a carrier gas (He) to the chem-
istry laboratory through a capillary. A fraction of this13NO
is mixed with the buffer gas (1 slpm of N2). In the major-
ity of the experiments performed (except for uptake exper-
iments at low ppb levels of HNO3) additional carrier14NO
is added from a certified cylinder containing 10 ppm of NO
in N2 (using a calibrated mass flow controller), in order to
provide total NO concentrations ranging from 1 ppbv to 1
ppmv. 13NO and14NO (further designated as NO) are ox-
idized to13NO2 and14NO2 (further designated as NO2) by
reaction with O3 in a 2 liter flow reactor. Ozone is generated
by diluting a small flow of synthetic air with N2 and then
passing it through a quartz tube irradiated by a Xe excimer
lamp delivering UV light at 172 nm. The O3 concentration
is adjusted by varying the O2/N2 mixing ratio and the light
intensity, such that a minimum amount of O3 is left after the
complete conversion of NO to NO2. HNO3 is produced from
the reaction of NO2 with OH radicals: the flow containing
NO2 is humidified to 40% relative humidity at 25◦C and ir-
radiated with 172 nm light in order to produce OH radicals.
The hydroxyl radicals rapidly convert NO2 into HNO3 with
yields ranging from 80–90%. The overall oxygen content is
kept at a minimum in order to avoid O3 concentrations larger
than 100 ppbv after the second UV lamp. The O3 concentra-
tion in the system should be kept low in order to maintain the
high absorption efficiency of the denuders.

2.2 Production of the sea-salt particles

Sea-salt particles are produced by nebulising a solution of
commercially available sea-salt (BIOMARISR©, BIOREX
AG, Ebnat-Kappel, Switzerland) originating from the At-
lantic Ocean. The elemental composition of the sea-
salt used in these experiments has been analyzed by ion-
chromatography. Cl− ions represent more than 97% of the
total budget (molality) of the solvated anions (minor anions
are, acetate, formate, and methane sulfonic acid). Cations
are mainly represented by Na+ (93%), with traces of Potas-
sium (3%), Magnesium (3%) and Calcium (1%). Aerosol
conditioning and characterization were described in detail
by Wachsmuth et al. (2002). The sea-salt aerosol particles
are initially humidified to a relative humidity (RH) of 75% to
ensure that the particles are deliquescent before they are ad-
mitted to the flow tube where the final humidity is 55%. The
humidity in the flow tube is kept below 75% in order to min-
imize the effect of HNO3 retention on the walls. RH is mea-
sured using capacitance humidity sensors. The total aerosol
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Fig. 2. Growth factors of BIOMARIS sea-salt particles as a func-
tion of relative humidity, at 294 K. Dmin is the diameter of average
surface (45 nm) of the dry mono-disperse aerosol (RH = 6.3%). The
experimental growth factor data have been sorted by increasing RH
(filled circles) and by decreasing RH (empty circles). Increasing
RH means that the mono-disperse aerosol has been exposed to the
same RH after the first DMA and in the SMPS measurement system.
When a RH value of about 70% is reached the particles become del-
iquescent (a solution droplet is formed), as shown by the jump in the
growth curve (filled circles). Decreasing RH means that the mono-
disperse aerosols have been deliquescent (exposed to a RH value of
75% after the first DMA) prior to being measured at a lower rela-
tive humidity in the SMPS system. The particle size decreases with
decreasing humidity but the particles remain deliquescent until a
RH value of almost 40% (empty circles). For deliquescent parti-
cles, a fitted curve of relative growth factors as a function of RH is
presented, in order to estimate the decrease in size of the particle di-
ameter at RH = 55% compared to particles formed at the DRH value
of 70%. The rectangle area represents our experimental conditions,
where HNO3 uptake is measured.

surface to volume ratio in the flow tube is 7× 10−5 cm2 of
aerosol per cm3 of air, with a variability of 10% (1σ preci-
sion). The determination of the total aerosol surface to vol-
ume ratio is critical for an accurate evaluation of the uptake
coefficient, and is performed with a Scanning Mobility Par-
ticle Sizer (SMPS) consisting of a DMA (differential mobil-
ity analyser) and a condensation particle counter (CPC, TSI
3022). The same relative humidity is maintained in both the
DMA sheath air and in the aerosol flow tube (RH = 55%)
since the aerosol liquid water content and consequently the
particle diameter and the aerosol surface to volume ratio are
strongly dependent on the relative humidity.

Since the deliquescence properties of real sea-salt particles
are not well documented and in order to ensure that the par-
ticles remained deliquescent under our experimental condi-
tions (RH = 55%), we investigated the growth factors of our
sea-salt particles as a function of the relative humidity. To
achieve this, the poly-disperse dry aerosol is fed into an addi-
tional DMA delivering a mono-disperse aerosol (d1 = 45 nm

diameter in average), as represented by the dashed lines path
in Fig. 1. The mono-disperse aerosol is then neutralized, hu-
midified at an initial RH valuerh1, and the resulting size
(d1) of the dry/wet particles is measured at a second inde-
pendent RH valuerh2 with the SMPS system described ear-
lier. The growth factor study of our marine sea-salt aerosol is
presented and explained in Fig. 2. The purpose of this figure
is not to determine with accuracy the Deliquescence Rela-
tive Humidity (DRH) and the Efflorescence Relative Humid-
ity (ERH) values for our marine sea-salt aerosol but just to
confirm that particles remain deliquescent (supersaturated)
under our experimental conditions. Nevertheless, the growth
factor of our marine sea-salt aerosol is discussed to assess
the extent of supersaturation and to compare with the one
observed for a pure NaCl aerosol. Indeed, in the increasing
RH part of the curve (Fig. 2), whererh1 = rh2, the growth
factord2/d1 jumps from 1 to 1.8–1.9 at a RH value of 70%.
This RH value, which represents the deliquescence relative
humidity, is slightly lower than the one observed by Tang et
al. (1977) and by Gysel et al. (2002) for a pure NaCl aerosol
at 298 K (DRH = 75%), whereas the growth factors observed
are similar. The growth factord2/d1, presented in the de-
creasing RH part of the curve (Fig. 2) where sea-salt particles
are pre-humidified torh1 = 75%, decreases continuously
below the DRH value to reach 1.5–1.6 when the gas is dried
to arh2 value of 50–55%. Then, the growth factor drops to 1
when the gas is dried to anrh2 value of around 40% (ERH),
meaning that crystallisation takes place. This continuous re-
duction in particle size, called hysteresis effect, is the result
of the droplet becoming supersaturated and is very similar
to the one observed for a pure NaCl aerosol. This implies
that the particles are deliquescent and are supersaturated so-
lutions under our experimental conditions for HNO3 uptake
measurements (rh2 ≈ 55%).

The average diameter of the particles is 70 nm (smaller
than what is observed in the atmosphere) and the size dis-
tribution is lognormal. For aerosol flow tube experiments,
the small particle size is more convenient because, (i) uptake
of trace gas molecules is less affected by diffusion limitation
and therefore practically proportional to the total surface area
of the particles, and (ii) particles are less subject to impaction
losses in a flow system.

Aerosol and HNO3 flows are mixed in the aerosol flow
tube. This flow tube consisted of a PFA Teflon tube of 8 mm
inner and 10 mm outer diameter. HNO3 is admitted through
a 4 mm inner and 6 mm outer diameter PFA tube used as a
sliding injector. This injector can be inserted until the end of
the outer tube in order to determine HNO3 loss to the walls
without aerosol present (see below). The aerosol is intro-
duced to the flow tube through a T-connector into the annular
space between the injector and the flow tube. The flow tube
assembly is held at room temperature. A new outer tube, cut
to the length corresponding to the desired reaction time, is
used for every experiment, because even though the number
of sea-salt particles deposited on the walls is very low, they
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Fig. 3. Flow reactor and detection setup for gas phase molecules
(NO2, HONO and HNO3) and for HNO3 in particle phase
(HNO3(p)).

still affect the loss rate of HNO3 after some time.

2.3 The detection system and its calibration

After passing through the flow tube, the resulting flow en-
ters a narrow parallel-plate diffusion denuder with selectively
coated walls absorbing HNO3(g), HONO(g) and NO2(g), re-
spectively, followed by a particle filter collecting the sea-salt
particles with HNO3(p) and its products (Fig. 3). A small
amount of HONO (several % relative to HNO3) is always
produced from the reaction of OH with traces of NO during
HNO3 production. For HNO3, the walls of the first pair of
denuder plates (10 cm long) are wetted with a saturated aque-
ous solution of NaCl and then dried in N2. For HONO, the
second pair of denuder plate walls is wetted with a 1.4% so-
lution of Na2CO3 in 50% methanol/water and subsequently
dried in N2. We note that also HCl released from the particles
is absorbed on this section of the denuder. For NO2, the third
pair of denuder plates (12 cm long) is coated with a solution
of 1% NDA (N-(1-naphthyl) ethylenediamine dihydrochlo-
ride), 1% KOH and 10% water in methanol solution, and then
dried in N2 as well. In a denuder system, the gas passes in
a laminar flow profile. The absorption of molecules capable
of being taken up on the denuder plates is controlled by lat-
eral diffusion, whereas the particles pass through the parallel
plate denuder with close to 100% efficiency due to their very
low diffusion coefficient. Under the present flow conditions,
the characteristic time for this separation of HNO3 from the
aerosol is about 20 ms. The performance of this system has
been demonstrated previously (Ammann, 2001). The HNO3
uptake coefficient is derived from the concentration change
of HNO3 in the gas phase at the end of the flow tube when
the aerosol was admitted to the flow tube, and from the con-
centration equivalent to HNO3 taken up by the particles. At
a given flow rate, these concentrations are obtained from the
flux of 13N-labeled molecules into the corresponding trap,j ,
multiplied by the ratio of labeled to non-labeled molecules.
The concentration of non-labeled molecules is obtained us-
ing a chemiluminescence detector (see Fig. 1). The flux into

trapj , Ij , is equal to the saturating activity at this trap and is
derived from the difference between two consecutive activ-
ity measurements,Aj (i−1) andAj (i), recorded at timest(i−1)

andt(i). Each activity,Aj , is recorded every 3 min with an
integration time of 2 min, using a fixedγ detector. Fluxes, or
saturating activities, are derived from Eq. (2), whereλ is the
decay constant of13N (λ = 0.00116 s−1).

Ij =
Aj (i) − Aj (i−1)e

−λ(t (i)−t (i−1))

1 − e−λ(t (i)−t (i−1))
(2)

The relative counting efficiency of eachγ detector is ob-
tained by accumulating a certain amount of13NO2 on a pair
of denuder plates and then moving those plates in front of
each detector. The activity recorded with each detector is
corrected for the time elapsed since the end of the accumula-
tion.

The narrow deposition pattern in each denuder has been
well established (Ammann, 2001). It shows that the col-
lection efficiency of the molecules is 100% on the denud-
ers and on the filter. This is checked by regularly measuring
the amount of13N absorbed on each trap with a scanning
counting system described in Ammann (2001) that provides
a spatial distribution of13N along the denuders.

3 Results

3.1 Observation of uptake in the flow tube

In the experiments, we measure a net first order loss rate of
HNO3 in the gas phase and use it to derive the uptake co-
efficient (γupt). (see the next section for the definition of
the terms and for the derivation procedure). Each value of
γupt is obtained from individual experiments performed at a
given HNO3 concentration and reaction time. This is done
according to the procedure described hereafter and presented
in Figs. 3 and 4. For comparison purposes, typical records
from experiments at both high and low HNO3 concentration
are shown in Fig. 4.

Initially, a new PFA flow tube is installed. The injector
is introduced all the way inside the flow tube (position IN).
The UV lamp generating HNO3 is off, and no aerosol is in-
troduced in the flow tube. A constant flow of NO2 is es-
tablished (NO2(g)IN). Switching on the UV light leads to a
drop of the NO2 signal and to an increase of the HNO3 sig-
nal (HNO3(g)IN). Next, the injector is pulled out leading to a
drop in the HNO3 signal (HNO3(g)OUT), which is significant
at low concentrations (Fig. 4, upper panel) and much less so
at high concentrations (Fig. 4, lower panel). This observed
drop is used to determine the wall loss rate. This apparent
loss is caused by retention of HNO3 on the flow tube walls
due to reversible adsorption, and to the simultaneous decay
of 13N (not a true chemical loss process on the walls). Fi-
nally, the aerosol is introduced leading to another drop in
the HNO3 signal (HNO3(g)OUT,AER) and to an increase in
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the signal on the filter from HNO3 taken up by the particles
(HNO3(p)OUT,AER). The reaction time for each experiment
is given by the distance the injector is pulled out.

3.2 Derivation of the uptake coefficient

The uptake coefficient (γupt) is defined according to the re-
sistance model given by Hanson et al. (1994) and Hanson
(1997).γupt is the probability that a molecule colliding with
the particle surface is processed on or beyond the surface,
i.e. the probability that the molecule is definitely lost from
the gas phase. To clarify,γupt is not equal toα (mass accom-
modation coefficient) which is the probability that a molecule
loses its vertical kinetic energy after collision and is dissolv-
ing at the surface. Thus,γupt is expected to be smaller thanα

as a dissolved molecule may also evaporate back to the gas
phase.

From the observations made above, pseudo first order rate
constants of H13NO3 for wall loss (kw) and for uptake on the
sea-salt aerosol (kp) are derived according to the relations (3)
and (4), respectively, whereτ is the reaction time.

kw = −
1

τ
ln

[HNO3(g)OUT]

[HNO3(g)IN]
(3)

[HNO3(p)OUT,AER]

[HNO3(g)IN]
=

1 − e
−

(
kw+kp

)
τ

1 +
kw

kp

(4)

The first order loss rate constant in the gas phase (kp) is
related to the net uptake coefficient (γnet) via Eq. (5), where
Sp is the total surface of particles to volume ratio of air and
ν is the mean thermal velocity of HNO3:

kp = γnetSp

ν

4
(5)

γnet is significantly different fromγupt when the loss from
the gas phase is affected by diffusion, usually expressed as in
Eq. (6):

1

γnet
=

1

0diff
+

1

γupt
(6)

Using the approximate solution to this diffusion problem
provided by Fuchs and Sutugin (1970), the diffusion correc-
tion (0diff ) is given by Eq. (7), whereKn is the Knudsen
number given by Eq. (8),λ is the mean free path of HNO3
anddp is the aerosol diameter:

1

0diff
=

0.75+ 0.28Kn

Kn(1 + Kn)
(7)

Kn =
2λ

dp

(8)
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Fig. 4. On line records of HNO3(g) (green diamonds), NO2(g)
(blue triangles), and HNO3 attached to the particles (red squares)
for a typical experiment performed at 9 ppbv (upper chart) and at
575 ppbv (lower chart) of HNO3 present in the gas phase. Differ-
ent time axis are presented for the two charts, in order to show the
different steps of the protocol. Noteworthy, at low HNO3 concen-
tration (upper chart) the values are much more scattered, and thus
a longer recording time is required to improve the statistics of the
results. Also, at 9 ppbv of HNO3 the relative decay of H13NO3
due to retention on the wall is more significant (as seen from the
difference of the HNO3 signals between injector IN and OUT, but
aerosol OFF).

3.3 Uptake coefficient of HNO3

Experiments are performed and evaluated as described above
at HNO3 concentrations ranging from 2 to 575 ppbv and at
reaction times ranging from 0.2 to 2 s (obtained by using dif-
ferent flow tube lengths of 5 to 50 cm). From each of these
individual experiments the averageγupt derived are (0.55±
0.14), (0.53± 0.15), (0.41± 0.10) and (0.36± 0.09) for
2, 9, 57 and 575 ppbv of HNO3 concentration, respectively
(Fig. 5).

For the low HNO3 concentrations (2, 9, and 57 ppbv), no
dependence ofγupt with the flow tube length is observed.

www.atmos-chem-phys.org/acp/2/249/ Atmos. Chem. Phys., 2, 249–257, 2002
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Fig. 5. Measured average uptake coefficient (plain diamonds) as a
function of HNO3 concentration (2, 9, 57 and 575 ppbv). HNO3
taken up observed is shown for a representative reaction time of 0.7
s (empty triangles), corresponding to a flow reactor length of 20 cm.
For comparison, HNO3 taken up in the aerosol phase at equilibrium
and derived from the AIM model is also shown (empty squares).

Thus, an average value of (0.50± 0.13) forγupt is obtained
from all the individual measurements performed at 2, 9, and
57 ppbv HNO3 concentrations. The experimental scatters
given above are the standard deviation ofγupt values derived
from individual experiments.

Final errors (1σ ) include both experimental scatter (±

25%) and systematic errors (± 30%), combined by the
method of error propagation. The potential systematic error
is dominated by the uncertainty of the total particle surface
area to volume of air ratio (Sp). Whereas the particle di-
ameter can be determined to within 2% using the DMA, a
much larger systematic error is assigned to the uncertainty of
the particle number based on the CPC measurement. Aγupt
average value of (0.50± 0.20) is then derived from the mea-
surements performed at low HNO3 concentrations (57 ppbv
and below), including both systematic and experimental er-
rors.

However, at higher concentrations (575 ppbv), a signifi-
cant dependence ofγupt with the flow tube length is observed.
Since at this high concentration the wall loss rate was negli-
gible (see also Fig. 4),γupt could be obtained from the incre-
mental changes of the signals between two flow tube lengths.
Therefore, one can expressγupt as a function of the reaction
time. The result, plotted in Fig. 6, clearly shows the decrease
of γupt with reaction time at this high concentration.

The question arises whether the decrease ofγupt is due to
simple consumption of Cl− ions or due to other saturation
effects. It is assumed that at the deliquescence point our sea-
salt particles contain the same number of Cl− ions as a sat-
urated solution of NaCl. At the deliquescent point, the total
number of Cl atoms present in the system (NCl), calculated
from Eq. (9), is 9.6 × 1011 Cl atoms per cm3 of air.

NCl = (CAER Aν SNaClρ)/(MNaCl) (9)

Reaction time, s

0.0 0.3 0.6 0.9 1.2 1.5 1.8

U
p

ta
ke

 c
o

ef
fi

ci
en

t

0.0

0.1

0.2

0.3

0.4

0.5

H
N

O
3 

ta
ke

n
 u

p
, p

p
b

v

1

10

100

1000

Fig. 6. Measured uptake coefficient (plain diamonds) as a function
of reaction time, at 575 ppbv initial HNO3 concentration. HNO3 in
the aerosol phase observed (empty triangles) and predicted at equi-
librium (41 ppbv, horizontal line) are shown, assuming saturated
sea-salt aerosols.

CAER is the aerosol volume concentration per cubic cm of
air (3× 10−13 L cm−3), Aν the Avogadro number,SNaCl the
NaCl aqueous solubility at 25◦C (0.26 g of NaCl per g of so-
lution; Lorimer, 1991),ρ the density of a saturated aqueous
solution of NaCl at 25◦C (1200 g per liter of solution), and
MNaCl the molar mass of NaCl (58.5 g mol−1). However,
the particle diameter decreases by almost 20% between the
deliquescence relative humidity (DRH) of 70% and the RH
of 55% (Fig. 2). This is in line with observations on pure
NaCl particles with a DRH of 75% (Tang et al., 1977; Gysel
et al., 2002) and an about 15% decrease in diameter when
the humidity is decreasing from 75% RH to 55% RH. This
implies that in our experiment the particle volume decreases
by almost 50% resulting in an about 100% super-saturation
with respect to chloride. Therefore, the true chloride content
was approximately 2× 1012 Cl atoms per cm3 at 55% RH.
On the other hand, at 575 ppbv HNO3 concentration and for
a reaction distance of 10 cm in the flow tube, 11% of gas
phase HNO3 is observed to be taken up by the particles, cor-
responding to about 60 ppbv or 1.5 × 1012 molecules cm−3

lost from the gas phase. Therefore, under these conditions,
the number of HNO3 molecules taken up is similar to the
number of Cl atoms present in the sea-salt particles, and the
decrease ofγupt with reaction time seems to coincide with
the complete displacement of chloride. Thus, as long as the
sea-salt is not depleted of chloride,γupt is assumed to be in-
dependent of HNO3 concentration and an average value of
(0.50± 0.20) is then derived from the data performed at low
HNO3 concentrations (from 2 to 57 ppbv). We note that from
the measurements it seems that the fast uptake persists until
complete consumption of chloride in the particles under our
experimental conditions.
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4 Discussion

Based on the experiments, the uptake coefficient reported
(γupt = 0.50 ± 0.20) is very high. In principle it is signifi-
cantly different from 1.0 considering the conservative assess-
ment of errors reported. We also note that the particle diame-
ters are small enough so that the diffusion correction applied
to the data is very small: the resistance term due to diffu-
sion given by Eq. (7) (1/0diff ≈ 0.1) is much smaller than
the resistance term due to the uptake of HNO3 (1/γupt = 2).
Thus, the uptake coefficient calculated (γupt = 0.50) is very
close to the net uptake coefficient derived from the loss rate
(γnet = 0.48), according to the resistance model provided by
Eq. (6).

γupt is usually parameterized in the form (Hanson et al.,
1994)

1

γupt
=

1

α
+

1

0rxn
(10)

where 1
0rxn

denotes the resistance due to reaction, which is
given by the removal rate of HNO3 in the aqueous aerosol
phase, until the system approaches equilibrium. The colli-
sion rate of HNO3 (at 10 ppbv) with the surface of 70 nm
diameter particles is on the order of 105 s−1. Once dissolved,
we assume that the first order rate constants for dissociation
and protonation are faster than this by several orders of mag-
nitude. The inverse of the characteristic time for diffusion
across the particles is about 107 s−1. The rate of thermal des-
orption of HCl from acidic surfaces is also at least 107 s−1 at
room temperature (Morris et al., 2000). This means that the
rate limiting step of uptake is mass accommodation (given
by α), i.e. adsorption and solvation at the interface, unless
equilibrium with respect to either HNO3 or HCl is reached.

In what follows, we simulate the distribution of each
species, i.e. HNO3(g), H(aq), Cl(aq), NO3(aq), and
HCl(g) present at equilibrium for a NaCl-H2O-HNO3 sys-
tem for HNO3 concentrations ranging from 2 to 575
ppbv representative of our aerosol experiment. The pur-
pose is (i) to determine how far from equilibrium each
γupt measurement is performed and (ii) to assess whether
at high HNO3 concentration (575 ppbv) still all or al-
most all Cl(aq) can be released into the gas phase as
HCl. We used the North American Aerosol Inorgan-
ics Model (AIM), made available on the internet (http:
//mae.ucdavis.edu/wexler/aim.html ) where a
short description of this model is presented (Clegg et
al., 2000). The AIM contains a module for the system
H+-NH+

4 -Na+-SO2−

4 -NO−

3 -Cl−-H2O, originally described
by Clegg et al. (1998). This part of the AIM predicts aque-
ous phase activities of each ion, equilibrium partial pressures
of H2O, HNO3, HCl, NH3 and H2SO4, and saturation with
respect to nineteen solid phases, all at equilibrium.

Activity calculations for water and ions present in the
aqueous aerosol, the most critical part of the model, utilize
the Pitzer and Simonson (1986) and Clegg (1992) equations.
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Fig. 7. Simulated distribution of the hydrogen burden for a NaCl-
H2O-HNO3 system representative of our aerosol experiment, at
equilibrium, as a function of H and NO3 inputs. The 39.2 ppbv in-
put for H and NO3 (vertical dashed line) is equal to the total amount
of Cl present in the system, assuming saturated sea-salt aerosols.

The equilibrium state of the system is solved by Gibbs en-
ergy minimization. The model is developed for strong elec-
trolytes and assumes complete dissociation of strong volatile
acids in aqueous solution. The thermodynamic properties of
the system are represented at concentrations up to saturation
(with respect to the solid phases). The model input includes
ambient relative humidity (expressed as a fraction) and the
total number of each “ion” and water molecules introduced
in the system (expressed in mole per cubic meter of air). The
“ions” are hydrogen, ammonium, sodium, sulphate, nitrate
and chloride. Each “ion” can equilibrate within 3 phases, i.e.
either as true ion in the aqueous phase, as a salt in the solid
phase, or as an acid in the gas phase. The temperature is
298.15 K.

The model output provides the amounts of liquid water,
dissolved ions, and solids present at equilibrium, expressed
in terms of molecules per cubic meter of air and in molality
(mole per kg of water). The partial pressures of gas-phase
species present as HCl, HNO3, NH3, or H2SO4 that would
be in equilibrium with the condensed phase are also reported.

Because the model cannot treat supersaturated solutions,
the calculations were performed at the deliquescence point.
Then, the total number of sodium and chloride present in our
aerosol system is 1.60× 10−6 mol m−3 of air. This number
is derived from the NCl value of 9.6 × 1011 Cl atoms cm−3

calculated in the results section from the aerosol volume.
The relative humidity is set to a value between 0.7 and 0.8
in order to maintain an amount of liquid water of 1.46 ×

10−5 mol m−3 of air, equivalent to the estimated one in our
aerosol experiments.

Figure 7 simulates the distribution of the hydrogen species
present at equilibrium in the different molecular states as a
function of the initial HNO3 concentration in the flow reac-
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tor. For low initial HNO3(g) concentrations (2 ppbv or less),
more than 98% of the HNO3(g) is taken up in the aqueous
phase and is displaced as HCl into the gas phase when equi-
librium is reached. The fraction of initial HNO3(g) displaced
into HCl(g) remains even significant (almost 70%) when the
amount of HNO3 introduced is equal to the amount of Cl
present in the system (expressed as 39.2 ppbv at 1 atm and
298 K), which is, as mentioned in the results section, lower
than the true value for the supersaturated aerosol of the exper-
iment. The result from this model is consistent with earlier
model results on the HNO3 sea-salt system (Brimblecombe
and Clegg, 1988) reported for low HNO3/Cl ratios represen-
tative of the marine boundary layer. For 575 ppbv HNO3
initial gas-phase concentration, the model shows that (i) 41
ppbv of HNO3 is transferred to the aerosol phase at equi-
librium and (ii) almost all the Cl ions initially present in the
aqueous phase (39.2 ppbv equivalent) are displaced to the gas
phase as HCl (38.5 ppbv) at equilibrium.

When comparing the model results with the experimental
data, we assume that the model trends can simply be extrap-
olated to the supersaturated solution, i.e. the main effect of
the activity coefficients for supersaturated solutions is contin-
uing to lead to strong displacement of HCl to the gas-phase
compared to saturated solutions. We then expect that at 575
ppbv HNO3(g) still practically all Cl ions initially present in
the aqueous phase are released to the gas-phase. In addition
to the observed average uptake coefficients, Fig. 5 demon-
strates that the observed amount of HNO3 taken up for a reac-
tion distance of 20 cm (i.e. a reaction time of 1 s) remains far
from the amount of HNO3 expected to be taken up at equilib-
rium, for the experiments performed at 2, 9, and 57 ppbv of
HNO3 gas-phase concentration. However, this is not the case
for the experimental data obtained at 575 ppbv of HNO3 gas-
phase concentration. At 575 ppbv, the observed amount of
HNO3 taken up (106 ppbv) is in reasonable agreement with
the model expectation (82 ppbv) when 100% supersaturation
(doubled Cl content relative to saturation) is considered for
the aerosol in our experiment. The model calculations imply
that the equilibrium is only affecting the rate of uptake when
the gas-phase concentration of HNO3 significantly exceeds
that of aerosol chloride and that even under these conditions
all choride is displaced into the gas phase as HCl. There-
fore, the observed decrease ofγupt with increasing reaction
time (Fig. 6) goes directly along with chloride consumption.
It also seems likely that the uptake remains limited by mass
accommodation until the aerosol chloride starts to be signif-
icantly depleted.

5 Conclusions and atmospheric implications

The HNO3 uptake coefficient on the submicron deliques-
cent sea-salt aerosol of our experiments is measured to be
(0.50 ± 0.20). Primarily due the high ionic strength of the
salt solution, all HNO3 taken up is readily displaced as HCl

into the gas-phase. Since all processes in the liquid phase
(dissociation, protonation, diffusion) are faster than the rate
of uptake at low HNO3 concentrations, the measured uptake
coefficient is likely to be equal to the mass accommodation
coefficient. Such a high mass accommodation coefficient
seems to be reasonable for soluble species. Our result con-
firms the only previous study performed in a flow tube reactor
with deliquescent NaCl particles (Abbatt et al., 1998), where
a lower limit of 0.2 was reported for the uptake coefficient. It
is also in agreement with findings on solid NaCl surfaces ex-
posed to HNO3 and humidity, where the reaction rate scaled
with the degree of solvation of chloride into adsorbed wa-
ter at defect sites (Davies and Cox, 1998; Ghosal and Hem-
minger, 1999) and rapid release of HCl was observed (Be-
ichert and Finlayson-Pitts, 1996). The observed decrease of
the uptake coefficient observed at high HNO3 concentration
goes clearly along with the complete processing of available
chloride, and is not due to incomplete dissociation of HNO3
or incomplete displacement of HCl to the gas-phase.

Thus, an HNO3 uptake coefficient of 0.5 is a representa-
tive input value for modeling studies of marine air masses
with relatively clean sea-salt aerosol not yet affected by or-
ganic coatings etc. Also, this high uptake coefficient persists
until all aerosol chloride is displaced into the gas phase as
HCl. Nevertheless, in the marine boundary layer, the sea-salt
aerosol burden is mainly represented by coarse mode parti-
cles (> 1µm diameter) implying that the limiting factor for
the HNO3 transfer to the marine aerosol is not the reaction
kinetics or diffusion in the bulk but rather the diffusion in the
gas phase.
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