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Uptake of ethanol either on pure frozen ice surfaces or supercooled solutions doped with HNO3 (0.63 and
2.49 wt %) has been investigated using a coated wall flow tube coupled to a mass spectrometric detection.
The experiments were conducted over the temperature range of 213-243 K. Uptake of ethanol on these
surfaces was always found to be totally reversible whatever were the experimental conditions. The number
of ethanol molecules adsorbed per surface unit was conventionally plotted as a function of ethanol concentration
in the gas phase and subsequently analyzed using Langmuir’s model. The amount of ethanol molecules taken
up on nitric acid doped-ice surfaces was found to increase largely with increasing nitric acid concentrations.
For example at 223 K, and for an ethanol gas-phase concentration of 1× 1013 molecules cm3, the number of
adsorbed molecules are (in units of molecules cm-2): ∼1.3 × 1014 on pure ice;∼1.4 × 1015 on ice doped
with HNO3 0.63 wt %;∼7.5 × 1015 on ice doped with HNO3, 2.49 wt %, i.e. 60 times larger than on pure
ice. Since, according to the shape of the isotherms, the adsorption did not proceed beyond monolayer coverage,
the enormous increase of ethanol uptake was explained by considering its dissolution in either a supercooled
liquid layer (T < 230 K) or a liquid solution (T > 230 K). The formation of both was indeed favored by the
presence of the HNO3. Our experimental results suggest that the amount of ethanol dissolved in such
supercooled solutions follows Henry’s law and that the Henry’s law constants at low temperatures, i.e., 223-
243 K, can be estimated by extrapolation from higher temperatures. Such supercooled solutions which exist
in the troposphere either in deep convective clouds or in mixed clouds for temperature above 233 K, might
be responsible for the scavenging of large amounts of soluble species, such as nitric and sulfuric acids,
oxygenated VOCs including alcohols, carboxylic acids, and formaldehyde.

Introduction

The upper troposphere (UT) is characterized by its low
temperatures ranging from about 188 to 233 K and by the
presence of cirrus clouds covering a substantial portion (up to
25%) of the earth’s surface.1 Cirrus clouds are formed in the
troposphere at altitudes of 4-15 km where they can modify
both the incoming solar radiation and the outgoing terrestrial
infrared radiation and thus influence climate.

Below 233 K, clouds are predominantly composed of ice
crystals with number densities in the range 0.001-50 cm-3.1,2

However, above 233 K clouds composed of supercooled liquid
water droplets have also been observed either in mixed clouds
containing both ice crystals and supercooled droplets3 or in deep
convective clouds where most of the condensed water remained
liquid down to 235 K with densities up to 1.8 g m-3.4

It has been shown by model calculation5-7 that the presence
of pollutants, such as nitric acid, may substantially modify
supercooled cirrus formation at temperature above 233 K,
affecting the size and number concentrations of the droplets.
This in turns may have considerable climatic effects. Tropo-
spheric mixing ratios of nitric acid vary typically between 0.1
and 2.0 ppb for altitude range of 5-13 km,5 i.e. in both free
and upper troposphere. The partitioning of nitric acid in cirrus
clouds is still not well understood, although it is an important

parameter to understand the vertical redistribution of HNO3 in
the upper troposphere.6 Up to now, it seems that the adsorption
on the surface of ice particles is not the only process to be
considered to models the scavenging of HNO3 by clouds
particles6 and recent studies6-8 have also considered the
dissolution of nitric acid in liquid aerosol particles. The model
of Krämer and co-workers6 results in concentration of HNO3
in ternary (HNO3-H2SO4-H2O) and quaternary (NH3-HNO3-
H2SO4-H2O) solutions ranging respectively from 0.04 to 17
wt % and 1.2 to 41 wt % for temperatures between 213 and
223 K, relative humidity between 100 and 160%, and initial
gaseous HNO3 mixing ratio between 0.05 and 1.7 ppb.

Vertical advective transport influences the oxidation capacity
in the troposphere and therefore the concentration and vertical
distribution of trace gases. Deep convection can rapidly transport
anthropogenic pollutants such as NOx, VOCs and HOx precur-
sors from the planetary boundary layer (PBL) into the upper
troposphere,9 where they can participate to the photochemistry
and modify ozone concentration. During the convection, soluble
gas pollutants including nitric acid are likely scavenged by
supercooled droplets contained in polluted convective air masses.
When ice particles are then forming, HNO3 and other soluble
species contained in those particles that freeze are retained in
the bulk of these new ice crystals6,8 until they evaporate once
in the UT.

As a consequence of convection, Laaksonen et al.8 observed
correlated high mixing ratios of both acetone and nitric acid in
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the UT (see their Figure 2) suggesting that air masses had recent
contact with the polluted PBL. The presence of oxygenated
volatile organic compounds (VOCs) such as alcohols, ketones,
and carboxylic acids in the UT is also well established.10-13

Among the alcohols encountered in either the Troposphere or
the UT, methanol is the most abundant with concentrations
ranging typically between 400 and 900 pptv10,13 while ethanol
levels reach up to 50 pptv in the UT.10

Recent studies have focused on the adsorption of oxygenated
VOCs on pure ice surfaces14-19 and have highlighted that the
adsorption of such species on pure ice is a minor process so
that only gas-phase reactions have to be considered to describe
their chemistry in the UT.

If the amount of adsorbed organic molecules is always limited
on pure ice, Journet et al.20 have shown that acetone quantities
taken up by nitric acid doped-ice surfaces were 1 or 2 orders of
magnitude higher than those obtained on pure ice. Such an
amount of acetone molecules, up to 50 times higher than its
monolayer capacity on pure ice surfaces, cannot be adsorbed
on the ice surface and therefore, these molecules are most likely
dissolved in a supercooled liquid layer that forms the outermost
surface of the ice crystals.

This study aims to examine the interaction of ethanol with
nitric acid supercooled aqueous solutions mimicking supercooled
cloud droplets, at temperatures relevant for supercooled cirrus
clouds, i.e., around 233 K, and to compare the surface coverage
of ethanol on these HNO3 supercooled solutions with those
obtained on pure ice by Peyberne`s et al.14 with the same
experimental setup. As the temperature range of this previous
study was limited to 193-223 K, a first part of this work was
to extend this range to higher temperatures, i.e., 233 and 243
K. Nitric acid is easily scavenged by clouds to form supercooled
solution droplets. It is therefore important to study the interaction
of ethanol with nitric acid doped supercooled solutions. This
was done from 213 to 243 K under realistic nitric acid
concentrations, i.e., 0.63 wt % HNO3 (0.1 N) and 2.49 wt %
HNO3 (0.4 N). The concentrations used in our study are
therefore similar to those found in a ternary solution if the initial
HNO3 gas phase mixing ratio is 0.26 ppb and the relative
humidity in the range 100-130%. Such conditions are very
close to those measured by Gao and co-workers21 in a cirrus
cloud. The low HNO3 percentages in particles are also consistent
with those reported by Lin and Tabazadeh (in 2001) for a broad
range of upper tropospheric conditions.22 The vapor pressure
of HNO3 over our adsorbent was calculated using the equation
of Taleb et al.23 It ranges from 1.3× 10-10 to 1.6× 10-7 Torr
which corresponds to a mixing ratio of respectively 0.7 and
800 ppt (at a total atmospheric pressure of 0.27 atm) which is
in agreement with the findings of Gao and co-workers.21

To our knowledge, this work is the first to report uptake of
ethanol on nitric acid supercooled solutions. Our experimental
data were then used to estimate the partitioning of oxygenated
VOCs such as acetone and ethanol between the gas phase and
the supercooled liquid droplets in a typical convective cloud.

Experimental Section

The uptake of ethanol on ice surfaces and on supercooled
aqueous solutions was studied using a vertical coated wall flow
tube coupled to a mass spectrometer, already described else-
where.14,15,20We will therefore provide only a brief summary
of its principle of operation. The apparatus, which is shown in
Figure 1, has a double jacket to allow the system to be operated
at low temperature. The cooling fluid was circulated in the inner
jacket from a cooler/circulator (Huber, Unistat 385) while

vacuum was maintained in the outer jacket for thermal insula-
tion. The temperature of the flow tube could be cooled down
and regulated between 193 and 243 K.

The jacketed flow tube was approximately 40 cm in length
with an internal diameter of 2.8 cm. The ice surface was
prepared by totally wetting, with either Milli-Q water (18 MΩ
cm) or solutions containing HNO3 (0.63 and 2.49 wt %), the
inner wall of the flow tube that was precooled to 255 K for
pure water and 260 K for acid solutions. The viscous aqueous
film was then cooled down to the desired temperature over a
period of 10-15 min. The thickness of the ice film was
estimated between 40 and 100µm by weighting the resulting
liquid water, when the ice film was melted at the end of the
experiment.

The helium carrier gas (UHP certified to>99.9995% from
Alphagaz) was used without further purification. During the
experiment, water vapor was added to the main He flow in order
to provide a partial pressure of water, equal to the vapor pressure
of water over the ice film and therefore inhibit net evaporation
of this film. The resulting humidified helium flow was injected
at the upstream end of the flow reactor.

Ethanol (99.8%) purchased from Carlo Erba was further
purified before being used by repeated freeze, pump, and thaw
cycles as well as by fractional distillation. To perform an
experiment, ethanol was premixed with helium in a 10 L glass
light-tight bulb to form 5.1× 10-3 to 5.4× 10-2 % mixtures,

Figure 1. Schematic illustration of the vertical coated wall flow tube.
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at a total pressure of∼750-1200 Torr. The mixture containing
ethanol was injected into the flow tube reactor via a sliding
injector (Figure 1) that allows changing the exposed ice film
surface (30-230 cm2). The injector was jacketed, and a heating
tape was wound up in the jacket, to ensure a gentle heating of
the injector.15

All the gases flowed into the reactor through Teflon tubing.
The gas mixture containing ethanol and water vapor diluted in
helium was flowed through the reactor with a linear velocity
ranging between 30 and 100 cm s-1. Concentrations of ethanol
in the gas phase were calculated from their mass flow rates,
temperature and pressure in the flow tube. All the flow rates
were controlled and measured with calibrated mass flowmeters
(Millipore, 2900 series). The pressure that ranged between 1.9
and 2.9 Torr, was measured with two capacitance manometers
(Edwards, 622 Barocel range 0-100 Torr and Keller, PAA-41
range 0-76 Torr) connected at the top and bottom of the flow
tube. Under our experimental conditions, the mixing timeτmix

between ethanol flow and the main He flow was lower than 2
ms24 which corresponds to a mixing length smaller than 0.3
cm.

The gas stream coming out of the flow tube was analyzed
using a differentially pumped mass quadruple spectrometer
Pfeiffer Vacuum QMS. Ethanol was monitored at the main
fragment ion CH3CH2O+ peak atm/z) 45 amu using a temporal
resolution of 100 ms, an ionization energy of 70 eV and an
emission current of 1000µA.

Results and Discussion

Uptake experiments were performed by first establishing a
highly stable flow of ethanol in the injector, this injector being
positioned past the end of ice film. The injector was then moved
quickly to an upstream position so that the ice film was exposed
to ethanol. The uptake of ethanol on the ice film leads to a
drop of signal as shown in Figure 2. After a time scale ranging
from a few seconds to several minutes depending on the
investigated ice surface, the ice surface was then saturated and
the MS-signal returned to its initial level. When the injector
was pushed back, the ethanol desorbed from the ice surface and

the signal increased and then again returned to its initial level.
Similar experiments were conducted for various ice surfaces
(pure ice or doped-ice surfaces) over a temperature range 213-
243 K and for gas-phase concentrations varying from 8.8×
1010 to 1.9× 1013 molecules cm-3.

Adsorption on Pure Ice Surfaces.This study extends to
higher temperature (233 and 243 K) the previous work of
Peyberne`s et al.15 made on pure ice surfaces between 193 and
223 K. However, several data points were also collected at
213 and 223 K to check the reproducibility of our previous
results.

Surface Coverage.The number of ethanol molecules ad-
sorbed Nads on the ice surface was determined from the
integrated area of the adsorption peak (in molecule s cm-3) and
the total flow rate in the flow tube (cm3 s-1). The surface
coverageN (in molecules cm-2) of ethanol was then calculated
from the geometric exposed ice surface areaSice (in cm2)
according toN ) Nads/Sice. The experiments were performed
several times, using newly generated ice surfaces in order to
ensure the reproducibility of the data.

Surface coverageN vs gas-phase concentrations has been
plotted in Figures 3, for four temperatures: 213, 223, 233, and
243 K. The relative errors on the gas-phase concentrations which
range between 7 and 20% (horizontal error bars in this figure)
have been calculated from the possible uncertainties on each
flow, total pressure etc. The quoted errors onN (vertical error
bars) arise from uncertainties made on the total flow rate,
exposed ice area and concentrations in the gas phase. They also
include a systematic 2% error that corresponds to the error on
the integrated area of adsorption peaks. These resulting errors
on N vary between 14 and 30%.

Langmuir Isotherms. Langmuir’s theory, which main as-
sumption is that adsorption cannot proceed beyond monolayer
coverage, was used to analyze our experimental data. According
to this theory, the number of molecules adsorbed per unit area
of ice surface is related to the concentration of ethanol in the
gas phase. Equation 1 states this dependence:

Figure 2. Relative ethanol concentrations in the gas phase as a function
of time during the adsorption of ethanol on different ice surfaces at
223 K (with [Ethanol]gas phase) 3.38, 3.49, and 2.90× 1012 molecules
cm-3 for respectively pure ice, HNO3 0.63 wt % and HNO3 2.49 wt
%).

Figure 3. Adsorption isotherms of ethanol on pure ice surfaces.
Isotherms at 213 and 223 K have been obtained by Peyberne`s et al.15

and extended in this work while those at 233 and 243 K have been
exclusively measured in this work.

θ ) N
NM

)
Kads(T)[Ethanol]gas

1 + Kads(T)[Ethanol]gas

(1)
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whereθ is the fractional coverage,NM is the monolayer capacity
(in molecules cm-2), andKads(T) is the temperature dependent
adsorption constant that describes partitioning between adsorbed
and non-adsorbed molecules (cm3 molecule-1).

Figure 3 summarizes our experimental adsorption isotherms,
together with those of Peyberne`s et al.15 Only the data collected
at 213 and 223 K by Peyberne`s et al.15 were used for the
Langmuir’s analysis. Indeed, for temperature below 213 K, the
Langmuir’s model is no more relevant to describe the adsorption
phenomena.25 For these two temperatures, data were fitted
according to eq 1 considering bothNM and Kads as free
parameters. The resulting values for the Langmuir constantsKads

and monolayer capacitiesNM are reported in Table 1. The errors
bars are given at 2σ level and include experimental error that
can be estimated to approximately 5%. Since no significant
variation ofNM with temperature was found between 213 and
223 K an average valueNM ) (2.5( 0.7)×1014 molecules cm-2

has been calculated.
At 233 and 243 K,Kads(T)[Ethanol]gas , 1 in eq 1 andN

increases linearly with the ethanol concentration with a slope
NMKads(T) according to

At these temperatures neitherNM nor Kads(T) can be directly
derived. However, assuming thatNM does not vary between 213
and 243 K allows us to estimateKads(T) at 233 and 243 K (see
Table 1).

The temperature dependence ofKads(T) between 213 and 243
K was used to determine the adsorption enthalpy∆Hads of
ethanol on pure ice, according to

whereA is a constant andR is the perfect gas constant.
As expected, the plot of lnKads vs 1/T is linear for the

temperature range 213-243 K. This is shown in Figure 4 where
we have plotted the results of the present study together with
those obtained by Peyberne`s (in 2003)25 and Solokov and Abbatt
(in 2002).19 It can be seen here that for temperature below 213
K, values start to deviate due to the irrelevant description of
the adsorption via the Langmuir’s model.25 Nonetheless, the
BET model can be successfully used to analysis data obtained
at low temperatures.14 The resulting adsorption enthalpy of
ethanol on ice between 213 and 243 K, obtained by linear
weighted least-squares fitting, is∆Hads ) -68 ( 15 kJ mol-1

(the quoted errors are given at 2σ level + 5%).
Comparison with Previous Studies.Our valueNM ) (2.5

( 0.7)×1014 molecules cm-2 is consistent with those reported

in previous studies:NM ) 2.9× 1014 for T in the range 218-
233 K19 andNM ) (2.8 ( 0.8)×1014 for T in the range 193-
223 K.14 Similarly, our value of the adsorption enthalpy∆Hads

) -68 ( 15 kJ mol-1 compares favorably with the determina-
tions of Sokolov and Abatt19 (∆Hads) -61.8( 3.3 kJ mol-1)
and of Peyberne`s et al.14 (∆Hads ) -57 ( 8 kJ mol-1). Note
that the value obtained by Peyberne`s et al. (2004) was derived
from BET analysis.14

Adsorption on Ice Surfaces Doped with HNO3. Experi-
ments were conducted on ice films doped with HNO3 (0.1 and
0.4 N which correspond to 0.63 and 2.49 wt % of HNO3) at
temperatures ranging from 213 to 243 K. These temperatures
and nitric acid concentrations were chosen to mimic the
conditions which have been encountered in cirrus clouds.21,26,27

Consequently, for some temperatures (233 and 243 K) we were
operating in the liquid-solid domain of the equilibrium phase

TABLE 1: Values of the Monolayer Capacity NM and of the
Langmuir Constant Kads at 213 and 223 K Obtained with the
Langmuir Model, Where Values of NM × Kads at 233 and
243 K Have Been Determined from the Slopes of the Plots of
N vs Ethanol Concentration (see Eq 2) and the Quoted
Errors Correspond to 2σ Level + 5% (see Text).

T (K) NM
a (×1014) Kads

b (×10-13) NM × Kads(cm) model

213 2.37 ((0.27) 4.48 ((0.72) Langmuir
223 2.58 ((0.62) 1.01 ((0.32) Langmuir
233 0.12 ((0.04)c 2.94 ((0.23) linear plot
243 0.04 ((0.01)c 1.11 ((0.09) linear plot

a In units of molecules cm-2. b In units of cm3 molécule-1. c Deter-
mined by assuming thatNM ) 2.5 × 1014 molecules cm-2 is constant
between 213 and 243 K.

θ ) N
NM

) Kads(T)[Ethanol]gas (2)

ln Kads) ln A -
∆Hads

RT
(3)

Figure 4. Plot of Kads as a function of 1/T. The enthalpy associated
with the adsorption process is derived from the slope according to the
eq 3. Our values (b) are here compared with those obtained by (0)
Peyberne`s25 (in 2003) and (2) Sokolov and Abbatt19 (in 2002).

Figure 5. Adsorption isotherms on different types of ice at 223 K
(Logarithmic scale).
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diagram of the HNO3/H2O system,28 since the solidus lies at
230-231 K in this region of the diagram. The use of the lever
rule shows that for 2.49 wt % HNO3 solution and forT
in the range 233-243 K, 90-92% of the mixture is solid (pure
ice). These numbers translate to 97.5-98% for 0.63 wt %
solutions.

The adsorption peaks which, on pure ice extended over a
few seconds, spread out over more than 30 min for ice doped
with HNO3 (2.49 wt %) as shown in Figure 2. Note that
adsorption of ethanol was always reversible under our experi-
mental conditions whatever the concentration of HNO3. This
observation is consistent with the fact that no product has been
detected suggesting that no reaction occurred on the ice surface.
In addition, pH-metric analysis were performed on the liquid
resulting from the melting of the ice film after a series of
experiments and no significant loss or increases in acid
concentration were detected.

The number of ethanol molecules taken up on the ice surfaces
doped with HNO3 increased by one or two order of magnitudes
compared to pure ice surfaces and, as it can be seen in Figure
5, the surface coverage increases with the nitric acid concentra-
tion. At 223 K for example, temperature below the solidus line,
and for an ethanol gas-phase concentration of 1× 1013

molecules cm3, the number of adsorbed molecules are (in units
of molecules cm-2): ∼ 1.3 × 1014 (pure ice);∼ 1.4 × 1015

(HNO3 0.63 wt %);∼ 7.5 × 1015 (HNO3 2.49 wt %). With a
2.49 wt % acid concentration, the number of adsorbed molecules
is then 60 times more important than on pure ice. Even at the
lowest HNO3 concentrations, the amount of adsorbed molecules
is 1 order of magnitude higher than the one determined on pure
ice. Similar behaviors can be observed at 213, 233, or 243 K.

The huge quantities of ethanol taken up by nitric acid doped-
ice surfaces can be explained in two different ways. We have
seen above that the number of molecules taken up on a doped
surface can be 60 times higher than on pure ice. Therefore, one
could imagine that the ethanol molecules are adsorbed in
multilayers. However, the shapes of our experimental isotherms,
which tend to level off at high ethanol gas-phase concentrations,
are not consistent with those reported in Brunauer’s classifica-
tion29 for multilayer coverages.

The second possibility may reside in the dissolution of ethanol
in a liquid phase or in a supercooled liquid layer. At 233 and
243 K, the temperature is, as noted previously, above the solidus
temperature and therefore a liquid solution exists, which

Figure 6. Linear adsorption isotherms of ethanol on both type of nitric
acid doped-ice (a) on 0.63 wt % nitric acid doped-ice at 213 and 223
K (b) and at 233 and 243 K, (c) on 2.49 wt % nitric acid doped-ice at
223 and 243 K.

TABLE 2: Values of the Pseudo Henry’s Law ConstantH*
(in Mol L -1 atm-1) Calculated According to Eq 5, Where
Two Thicknesses Are Used for the “Ice” Films (40 and 100
µm) and the Quoted Errors Correspond to 2σ Level + 5%
(See Text)

HNO3

doped-ice
surface
(wt %) T (K) e (µm)

NM × Kads

(cm) H* H* (mean value)

0.63 213 40 509 ((48) 2.91× 105 2.04 ((0.9)× 105

100 1.16× 105

223 40 135 ((12) 7.38× 104 5.16 ((2.3)× 104

100 2.95× 104

233 40 32 ((4) 1.67× 104 1.17 ((0.6)× 104

100 6.70× 103

243 40 19 ((2) 9.53× 103 6.67 ((3.0)× 103

100 3.81× 103

2.49 223 40 753 ((63) 1.13× 105 7.91((3.5)× 104

100 4.51× 104

243 40 99 ((15) 1.38× 104 9.66 ((4.2)× 103

100 5.52× 103
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represents about 2-3% and 8-10% by weight for 0.63 and
2.49 wt % solutions respectively. From the phase diagram28 the
composition of this solution is about 27% (243 K) and 31%
(233 K) nitric acid by weight. The enhanced uptake for ethanol
at these temperatures most likely results because absorption into
a liquid (where diffusion is favored compared to a solid) is more
efficient than adsorption onto a solid.

For the lowest two temperatures, 213 and 223, which are
below the solidus curve, some degrees of supercooling cannot
be excluded and in such a case, the composition of the solution
would be close to 31% HNO3 by weight. In addition the
presence of ethanol, which is known to strongly depress the
freezing point of water, will also favor the supercooling of the
solution.

The presence of a liquid solution is consistent with the
adsorption/desorption cycles observed in Figure 2. The cycles
are much longer for experiments performed on nitric acid doped-
ice surfaces compare to those conducted on pure ice films. When
the liquid-phase exists, the kinetic of uptake and desorption
could be effectively driven by the diffusion rate of ethanol in
the solution. As shown in Figure 2, we can also note that this
time of the adsorption/desorption processes increased with
increasing of nitric acid concentration, which correspond to an
increase of the amount of solution.

Ethanol could then dissolve in the liquid solution according
to Henry’s law equilibrium:

whereH is the Henry’s law constant conventionally expressed
in mol L-1 atm-1, [Ethanol]liq is the ethanol concentration in
the liquid (in mol L-1), PEthanolis the partial pressure of ethanol
over the liquid phase (in atm).

Such a hypothesis is consistent with the fact thatN first
increases linearly with the gas-phase concentration of ethanol
(see Figure 6). In such a case a pseudo Henry’s law constant
H* can be introduced and derived by combining eq 2 and eq 4
which leads to

whereNM × Kads is the slope of the adsorption isotherms in
cm, e is the thickness of the ice film expressed inµm, p is the
percentage of liquid given by the phase diagram, andR is the
gas constant in J mol-1 K-1.

This equation was considered to estimateH* under our
experimental conditions, and the results are shown in Table 2.
Calculations were made for a film thickness of 40 or 100µm,
which are the two extreme values found by weighting the
solution at the end of an experiment (see the experimental
section) andp was estimated to 2.5 and 9% for 0.63 and 2.49
wt % nitric acid doped-ice surfaces, respectively.

Since the behavior of Henry’s law constants as a function of
temperature can be expressed with a Van’t Hoff equation, ln
H* have been plotted as a function of 1/T. As shown in Figure
7, a straight line can be fitted through the experimental data
set. Although our Henry’s constants refer to the partitioning of
ethanol between the gas phase and a water-nitric acid solution
in the liquid phase, it is tempting to compare our values ofH*

to those of the usual gas/water equilibrium obtained at 298 and
273 K, i.e., 192 ((9) and 1470 ((90) mol L-1 atm-1,
respectively.30 Although obtained under different conditions, the
two sets of data are in very good agreement. We observe that
the slopes derived from theses plots lead to 6.1 ((0.7) × 103

K and 5.7× 103 K for the uptake of ethanol on 0.63 and 2.49
wt % nitric acid doped-ice, respectively are close to that of
Snider and Dawson30 (in 1985), i.e. 6.6× 103 K. These
observations seem to confirm the existence of a supercooled
solution for the two temperatures below the solidus line.

Conclusion

The amount of VOCs scavenged by pure ice is negligible as
shown in this work and in previous laboratory studies.14-19 Our
experiments have shown that uptake of oxygenated VOCs such
as acetone and ethanol on supercooled liquid solutions was much
more important than that on pure ice. The corresponding
dissolved amounts depend on the value of the Henry’s law
constant at these low temperatures, which can be estimated by
extrapolation from higher temperature values, as shown in our
ethanol study.

These estimated Henry’s law constants can then be used to
evaluate the partitioning of oxygenated VOCs between the gas
and liquid phases inside a supercooled cloud at temperature close
to 230-240 K. Assuming that both mass accommodation and
gas diffusion do not limit the rate of gas uptake and therefore
that the equilibrium between the gas and supercooled liquid

Figure 7. Plot of ln H* as a function of 1/T. The resulting values of
our measurements on 0.63 wt % (b) and 2.49 wt % (O) nitric acid
doped-surface are compared with the values of Snider and Dawson30

(in 1985) (4) obtained for pure liquid water surfaces.

TABLE 3: Values of the Pseudo Henry’s Law ConstantH*
(in Units of mol L -1 atm-1) and of Atmospheric Aqueous
Fraction faq for Various Oxygenated VOCs at Supercooled
Cloud Temperature of 233 K, WhereH* Values Have Been
Estimated from Extrapolation of the Henry’s Law
Established at Higher Temperature as Suggested by Our
Results.

compound H(298K) -(d(ln H))/(d(1/T)) H*(233K) faq(233K)

methanol 220a 5200a 9.16× 104 0.76
ethanol 190a 6600a 2.86× 104 0.50
acetone 30b 4600b 2.22× 103 0.07
formic acid 5400b 5700b 1.12× 106 0.97
acetic acid 5500b 6300b 2.00× 106 0.98
formaldehyde 3200b 6800b 1.86× 106 0.98

a Snider and Dawson (1985).30 b Staudinger and Roberts (1996).33

H )
[Ethanol]liq

PEthanol
(4)

H* )
[Ethanol]liq

PEthanol
)

1.013× 106 NMKads

epRT
(5)
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phases is rapidly reached, the fraction of A in the aqueous phases
(fA,aq) can be estimated as follows:31

whereR is the ideal gas constant (in L atm mol-1 K-1), Lwc the
dimensionless liquid water content of the supercooled cloud,
andT the cloud temperature (in K).

In situ measurements in deep convective clouds have shown
that the supercooled droplets can reach a median volume
diameter of 17µm and amount to 1.8 g m-34 corresponding to
Lwc ) 1.80× 10-6, which is approximately 1 order of magnitude
higher than those usually reported for tropospheric clouds.32 On
the basis of this value ofLwc and on the extrapolated values of
H* reported in Table 3 for various oxygenated VOCs, the
calculated aqueous fractionfaq at supercooled temperature of
233 K are the following: methanol, 0.76; ethanol, 0.50; acetone,
0.07; formic acid, 0.97; acetic acid, 0.98; formaldehyde, 0.98.

Such aqueous fractions suggest that most of formaldehyde,
carboxylic acids and alcohols present in polluted boundary layer
air might be scavenged by supercooled liquid droplets of
convective clouds where they could be trapped inside after
freezing at temperature lower than 233 K. These organic species
could therefore be transported to the upper troposphere and
participate to the chemistry and ozone destruction cycles once
released in the gas phase by evaporation of ice crystals.
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