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Introduction

Snow-Pack - Air 
Exchange

- turbulent transport

- wind pumping
- diffusion through porous media

- partitioning
- diffusion in gas phase
- diffusion into bulk,qll,etc



Bartels-Rausch, T. et al., 2004.  Geophysical Research 
Letters, 31, p.L16110.

reversible  adsorption of 
acetoneThe temperature of the column was controlled by an

external cryostat and was varied between 193 K and
223 K. With the mass spectrometer, we monitored the
acetone-proton cluster H+(CH3COCH3) and water-proton
cluster H+(H2O)3. When the water-proton cluster signal
reached a stable value, equilibrium of the temperature in
the column was assumed and the acetone was turned on to
give a concentration of (2.0 ± 0.6) ! 1011 molecules cm"3

(adsorption mode). As soon as the acetone-proton cluster
signal reached a stable value, the acetone was turned off,
and the decay of the acetone signal was monitored (desorp-
tion mode). Monitoring these two proton clusters, rather
than the complete cluster spectrum as in Guimbaud et al.
[2003] resulted in an improved overall signal to noise ratio.
[4] The surface area available for adsorption was

assessed by a BET analysis of methane adsorption isotherms
obtained at 77 K [Legagneux et al., 2002]. The cations
sodium, ammonium, potassium, magnesium and calcium,
and the anions fluoride, acetate, formate, methane sulfonate,
chloride, nitrate, sulfate and oxalate were quantified using
ion chromatography after storing and handling the sample
[Eichler et al., 2000]. Total insoluble and black carbon in
the snow samples was determined using a thermal method
[Lavanchy et al., 1999a, 1999b].

3. Results

[5] Figure 1 shows a typical breakthrough curve for
both the adsorption and desorption modes at 223 K. The
retention times (tr), which were defined as turning point of a
logistic fit, were 12.1 min in adsorption and 10.4 min in
desorption mode. The fit aided visualization of this point
and has no physical importance. As in this example,
retention times in desorption mode were usually 5% to
15% shorter than those measured in adsorption mode. No
trend in column age or temperature could be seen. For each
column, the retention time of acetone was measured at
different temperatures over a period of 2 to 5 days. The
temperatures were varied at random. Retention times at one
temperature turned out to be reproducible during this time
period. At low coverage, the partitioning coefficient (ki) can
be deduced from the retention time (tr) according to equa-
tion (1). For a system containing a gas-phase and a surface
phase in a given volume, ki is defined as the ratio of the
number of adsorbed acetone molecules per cm3 (nads) to
their number per cm3 in the gas-phase (ngas) at equilibrium.
tm is the carrier gas hold-up time and tr

sys is the retention

time of acetone in the flow system before and after the
column. For this set-up, tm has been found to be 5s and tr

sys

was 46s. The slope and intercept of a van’t Hoff plot of
ln ki versus 1/T yield DHads and DSads

0 (equation (2)).
DGads

0 denotes the standard free energy of adsorption and
Kp the standard adsorption equilibrium constant. In analogy
to the standard state for the gas phase (p0 = 1 atm), the
standard state for the adsorbed species is a surface pressure
of 6 ! 10"8 atm cm [Kemball and Rideal, 1946], which has
also been adopted in other adsorption studies [Donaldson
and Anderson, 1999; Sokolov and Abbatt, 2002]. In
equation (2) the standard states are expressed as a standard
volume, V = 2.2 ! 104 cm3, and as a standard surface area,
A = 3.7 ! 1011 cm2 at 273 K. a/v is the surface to volume
ratio under the conditions to which ki refers.

ki ¼
nads
ngas

¼
tr " tsysr
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Figure 2 shows van’t Hoff plots with linear regressions for
each snow or ice sample. Data sets for repeated experiments
with different columns of the same packing, and experi-
ments in adsorption and desorption mode were merged. A
multiple regression and a pair wise partial F-test on the

Figure 1. Frontal Chromatogram of polycrystalline ice at
223 K. The plots are centered at their turning point and the
desorption curve (grey circles) is plotted against decreasing
time to facilitate comparison.

Figure 2. Van’t Hoff plots of acetone partitioning
coefficient versus inverse temperature. The regression lines
are calculated on the merged data sets of adsorption (black
circles) and desorption mode (grey circles). Measurements
at low temperatures (hollow circles) were not included in
the regression, see text for details.
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Lab Results: Partitioning of trace gases to ice surfaces



Winkler, A. et al., 2002. Physical Chemistry Chemical 
Physics.

Bartels-Rausch, T. et al., 2004.  Geophysical Research 
Letters, 31, p.L16110.

Adsorption  - Langmuir
The temperature of the column was controlled by an
external cryostat and was varied between 193 K and
223 K. With the mass spectrometer, we monitored the
acetone-proton cluster H+(CH3COCH3) and water-proton
cluster H+(H2O)3. When the water-proton cluster signal
reached a stable value, equilibrium of the temperature in
the column was assumed and the acetone was turned on to
give a concentration of (2.0 ± 0.6) ! 1011 molecules cm"3

(adsorption mode). As soon as the acetone-proton cluster
signal reached a stable value, the acetone was turned off,
and the decay of the acetone signal was monitored (desorp-
tion mode). Monitoring these two proton clusters, rather
than the complete cluster spectrum as in Guimbaud et al.
[2003] resulted in an improved overall signal to noise ratio.
[4] The surface area available for adsorption was

assessed by a BET analysis of methane adsorption isotherms
obtained at 77 K [Legagneux et al., 2002]. The cations
sodium, ammonium, potassium, magnesium and calcium,
and the anions fluoride, acetate, formate, methane sulfonate,
chloride, nitrate, sulfate and oxalate were quantified using
ion chromatography after storing and handling the sample
[Eichler et al., 2000]. Total insoluble and black carbon in
the snow samples was determined using a thermal method
[Lavanchy et al., 1999a, 1999b].

3. Results

[5] Figure 1 shows a typical breakthrough curve for
both the adsorption and desorption modes at 223 K. The
retention times (tr), which were defined as turning point of a
logistic fit, were 12.1 min in adsorption and 10.4 min in
desorption mode. The fit aided visualization of this point
and has no physical importance. As in this example,
retention times in desorption mode were usually 5% to
15% shorter than those measured in adsorption mode. No
trend in column age or temperature could be seen. For each
column, the retention time of acetone was measured at
different temperatures over a period of 2 to 5 days. The
temperatures were varied at random. Retention times at one
temperature turned out to be reproducible during this time
period. At low coverage, the partitioning coefficient (ki) can
be deduced from the retention time (tr) according to equa-
tion (1). For a system containing a gas-phase and a surface
phase in a given volume, ki is defined as the ratio of the
number of adsorbed acetone molecules per cm3 (nads) to
their number per cm3 in the gas-phase (ngas) at equilibrium.
tm is the carrier gas hold-up time and tr

sys is the retention

time of acetone in the flow system before and after the
column. For this set-up, tm has been found to be 5s and tr

sys

was 46s. The slope and intercept of a van’t Hoff plot of
ln ki versus 1/T yield DHads and DSads

0 (equation (2)).
DGads

0 denotes the standard free energy of adsorption and
Kp the standard adsorption equilibrium constant. In analogy
to the standard state for the gas phase (p0 = 1 atm), the
standard state for the adsorbed species is a surface pressure
of 6 ! 10"8 atm cm [Kemball and Rideal, 1946], which has
also been adopted in other adsorption studies [Donaldson
and Anderson, 1999; Sokolov and Abbatt, 2002]. In
equation (2) the standard states are expressed as a standard
volume, V = 2.2 ! 104 cm3, and as a standard surface area,
A = 3.7 ! 1011 cm2 at 273 K. a/v is the surface to volume
ratio under the conditions to which ki refers.

ki ¼
nads
ngas

¼
tr " tsysr
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Figure 2 shows van’t Hoff plots with linear regressions for
each snow or ice sample. Data sets for repeated experiments
with different columns of the same packing, and experi-
ments in adsorption and desorption mode were merged. A
multiple regression and a pair wise partial F-test on the

Figure 1. Frontal Chromatogram of polycrystalline ice at
223 K. The plots are centered at their turning point and the
desorption curve (grey circles) is plotted against decreasing
time to facilitate comparison.

Figure 2. Van’t Hoff plots of acetone partitioning
coefficient versus inverse temperature. The regression lines
are calculated on the merged data sets of adsorption (black
circles) and desorption mode (grey circles). Measurements
at low temperatures (hollow circles) were not included in
the regression, see text for details.
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Lab Results: Acetone

were purified by the freeze–pump–thaw method in a cold fin-
ger, formaldehyde was prepared by gently heating solid paraf-
ormaldehyde (Aldrich, 95%) and passing the resultant gas
through a glass spiral at 193 K on route to a darkened, glass
storage bulb prior to immediate dilution with He. The water
used to generate the ice film was generally of milli-pore quality
though no differences could be observed when HPLC grade
water was used.

3 Results and discussion

3.1 Adsorption isotherms of methanol, acetone and
formaldehyde on ice

An exemplary data set, showing the interaction of methanol
with an ice surface at 198 K is displayed in Fig. 1. Initially,
a steady flow of trace gas is introduced into the flow tube with
the end of the injector located level with the end of the ice sur-
face. This gives rise to the constant m/z ¼ 31 signal between 0
and 130 s during which there is no interaction between the
methanol and the ice surface. At t ¼ 130 s the injector is with-
drawn to expose a well defined length of ice coated insert (typi-
cally 10–14 cm) to the trace gas, and the QMS signal decreases
rapidly, before recovering within a few seconds to the pre-
exposure level. This profile therefore describes the uptake of
methanol to the surface until the rates of adsorption and de-
sorption from the surface are matched at equilibrium, and no
net uptake is observed. The total amount of gas that has been
accumulated at the surface, and which is required to maintain
equilibrium with the gas-phase can be derived by integrating
the area under this ‘‘adsorption peak’’. Upon re-inserting
the injector to the original position (t ¼ 290 s) the gas-phase
methanol concentration above the ice is decreased, which
causes desorption from the saturated surface and the resultant
increase in the signal (‘‘desorption peak’’, insert to Fig. 1).
Within experimental error, the integrated areas under the
adsorption and desorption peaks are the same, which implies
that, on the time scale of these experiments (the time between
adsorption and desorption was varied up to 600 s) the uptake
of methanol is fully reversible. This could be demonstrated by
the observation that several experiments on the same ice film

yielded the same integrated areas, precluding significant chemi-
cal ageing of the surface. These conclusions also apply to acet-
one and formaldehyde, for which raw data are not shown.
Once the QMS signal had been converted into a flux (in

molecules s"1), the integrated area under the adsorption or
desorption peaks was used to calculate the number of mole-
cules adsorbed per area of ice surface exposed, which, if it
obeys a Langmuir isotherm, depends on the concentration of
the gas-phase species:

y ¼ N

Nmax
¼ KðTÞC

KðTÞC þ 1
ð1Þ

where K(T) is the temperature dependent Langmuir constant
that describes partitioning between molecules in the gas-phase
and those adsorbed on the surface, N is the surface coverage in
molecules cm"2, Nmax is the surface coverage at saturation, y is
the fractional coverage, and C is the concentration of the gas
phase species in molecules cm"3 which was varied between
7.7& 109" 3.6& 1013, 3.8& 109" 4.7& 1012, and 1.4& 1012"
1.0& 1013 molecules cm"3 for acetone, methanol and formal-
dehyde, respectively. Thus defined, K(T) has units of cm3

molecules"1.
A plot of N vs. concentration of acetone at various tempera-

tures is given in Fig. 2 along with non-linear, least squares fits
to eqn. (1). Each experimental data point is generally the aver-
age of about 5 measurements at each temperature and acetone
concentration, and using more than one ice surface. The hor-
izontal error bars represent a 10% uncertainty in the concen-
tration of acetone, the vertical error bars are an estimated
12% error in the surface coverage arising from errors in base-
line subtraction whilst integrating signals such as those shown
in Fig. 1. The surface coverage shows a monotonic dependence
on the concentration of acetone, which is clearly well repro-
duced by eqn. (1), and suggests that multi-layer adsorption is
not occurring to a measurable extent. At high concentrations,
the plateau in the plot of N vs. acetone concentration signifies
the approach to saturation of the surface and that N tends to
Nmax . The value of Nmax is best defined in experiments at low
temperature where, for a given gas-phase concentration, the
surface coverage is largest. An analysis of the complete data
set at 198 K using eqn. (1) gave a best fit of Nmax ¼
(2.7' 0.7)& 1014 molecules cm"2. Analysis of data obtained
at higher temperatures gave rise to values of Nmax that were

Fig. 1 Raw data showing adsorption (peak at ( 130 s) and de-
sorption (peak at ( 290 s) of methanol (measured at m/z ¼ 31) from
the ice surface at 198 K. The initial concentration of methanol was
5& 1011 molecules cm"3. The insert is an expanded view of the de-
sorption peak, with an exponential fit to the data obtained once the
injector had been re-inserted (see text for details).

Fig. 2 Langmuir plot of surface coverage (N) vs. the gas-phase con-
centration of acetone ([acetone]) at various temperatures. The solid
lines are fits of the data according to eqn. (1). Data at 203 and 213
K are omitted for clarity of presentation.

Phys. Chem. Chem. Phys., 2002, 4, 5270–5275 5271



Short Summary

Langmuir Adsorption 
describes Laboratory experiments well

- reversible adsorption to specific adsorption sites
- saturation due to limited number of adsorption sites
- no adsorbate-adsorbate interaction

- environmental concentrations: linear range allows extrapolation from lab to 
field



Porosity:     0.6
Tortuosity:  1.5
SSA:           12 m2 kg-1

diameter:     400 - 500 µm

Partitioning to ice:
acetone ≈ MeOH << acetic acid

Analysis: Diffusion through porous of Snow-Pack

Deff = Dair 

× porosity/tortuosity 
× 1/adsorption



left: NO with and without snow
right: Methanol, Acetone (blue), 
Acetic Acid (red)

Diffusion slowed  
by porous medium 
and by adsorption

Results: Diffusion of NO and VOC



Take Home Message

Deff = Dair × porosity/tortuosity × 1/adsorption

Diffusion of adsorbing trace gases through snow-pack well described by 
geometry and Langmuir adsorption



and are marked with a blue square in Fig. 3. Temperature-scan
experiments such as those shown in Fig. 1 are represented by
arrows in Fig. 3. The criterion for assigning the transition
between no disorder (Fig. 3, red circles) and disorder (Fig. 3,
blue squares) and vice versa for these experiments was that an
abrupt change in the x and y signals with a magnitude ! five
times the noise must be observed during heating or cooling.

Clearly, we observed an increased refractive index, which we
interpret as formation of a disordered region on the ice surface,
at conditions in the vicinity of the phase equilibrium line,
including conditions encountered in the polar stratosphere
during polar stratospheric cloud events. To the best of our
knowledge, no prior direct experimental observations of HCl-
induced surface disordering at stratospheric conditions exist,
although we had predicted this phenomenon theoretically (7,
30). In the range of conditions on the interior of the ice stability
envelope on the HCl–ice phase diagram, surface changes were
not observed far from the phase equilibrium line. For example,
exposing an ice surface to 10!7 torr HCl was observed to induce
surface disorder only for T " 238 K and T #208 K and not for
238 K " T " 208 K.

This trend is also ref lected in the results of our f low
tube–CIMS studies of HCl uptake on zone-refined ice cylin-
ders (Fig. 4), which further showed that the nature of the
interaction of HCl with the ice samples was different under
conditions for which surface change was or was not observed
with ellipsometry (see Methods for details on zone-refined ice
cylinder preparation). We also investigated the ClONO2 $
HCl reaction on zone-refined ice cylinders by using the f low
tube–CIMS technique. As shown in Fig. 5, Cl2 production, and
thus the ClONO2 $ HCl reaction efficiency, was enhanced in
the presence of surface disorder. Referring to Fig. 3, if we were

to traverse the phase diagram along the 10!6 torr HCl partial
pressure line from 273 to 180 K, we would expect to start with
a liquid HCl!H2O solution, transitioning through a region
where HCl coexists with ice in the presence of surface disorder
until 243 K, then HCl adsorbed on ice with no surface disorder
from 243 to 210 K. At 210 K, we would expect surface
disordering to return, and then possibly see formation of the
metastable HCl hexahydrate phase at %188 K. This experi-
ment was performed at constant reactant concentrations (10!6

torr HCl and 5 & 10!7 torr ClONO2), at two different

Fig. 3. Summary of ellipsometer–CIMS study results: the HCl–ice phase
diagram adapted from Molina (7). Thermodynamically stable phases are
shown as a function of temperature and PHCl. Ice is the stable phase under
polar stratospheric conditions (circled area). Liquid refers to a liquid solution,
and HCl!3H2O and HCl!6H2O refer to the crystalline hydrate states. Blue
squares indicate conditions where a change in signal consistent with forma-
tion of a disordered region at the ice surface was observed, and red circles
indicate conditions where no surface change was observed. Arrows represent
constant PHCl (temperature scanning) experiments. Bars represent tempera-
tures at which cease!onset of surface changes were observed. Phase transi-
tions are indicated by open triangles.

Fig. 4. HCl adsorption on zone-refined ice at %7 & 10!7 torr HCl. Shown is
the HCl mass spectrometer signal (normalized to the baseline signal) vs. time.
(Upper) At 214 K (nondisordered conditions), 20% of adsorbed HCl (total
uptake ' 1.2 ( 0.1 & 1015 molecules!cm!2) is desorbed after removal of the
source. (Lower) Under disorder-inducing conditions (196 K), we observed a
nearly constant HCl flux (5 & 1011 molecules!cm!2!s!1) from the surface to the
interior of the ice sample, persisting throughout the experiment (%1 h). After
removal of the source, "80% of the molecules taken up are released to the gas
phase.

Fig. 5. The reaction of ClONO2 with adsorbed HCl on zone-refined ice at
%10!6 torr HCl and 5 & 10!7 torr ClONO2 and temperatures where we did (196
K; Right) and did not (218 K; Left) observe surface disordering with ellipsom-
etry. For each temperature, the ClONO2 (Upper) and Cl2 (Lower) mass spec-
trometer signals (normalized to the baseline signal) are shown vs. time. The
production of Cl2, and thus the efficiency of the reaction, was enhanced under
conditions where surface change was observed with the ellipsometer.

9424 " www.pnas.org!cgi!doi!10.1073!pnas.0603494103 McNeill et al.

Abbatt, J. et al., 2008.  Environmental Research Letters, 3(4), 
p.045008.

McNeill, V.F. et al., 2006. Proceedings of The National 
Academy Of Sciences Of The United States Of America, 103
(25), pp.9422–9427.

High temperaturs 
and/or concentrations

Environ. Res. Lett. 3 (2008) 045008 J P D Abbatt et al

Figure 3. Uptakes of benzene as measured in the BET apparatus
(Po (263 K) = 14.4 Torr, Po(255 K) = 8.51 Torr,
Po (246 K) = 4.49 Torr).

surface saturation on these ice films occurs at uptakes of about
2 to 3×1014 molecules cm−2 when using the geometric surface
area as a reference (Sokolov and Abbatt 2002, Winkler et al
2002, Kerbrat et al 2007a). Thus, surface saturation occurs
when a large fraction of a monolayer is present.

We should note that good agreement between adsorbed
quantities of acetone to different ice/snow surfaces has been
observed by others (e.g. Bartels-Rausch et al 2004), indicating
that the preparation mode of the snow appears to not affect the
uptake so long as the specific surface area is known. Also,
a recent comparison of two different methods to measure the
specific surface area of natural snow concluded that natural
snow is smooth up to the 30 µm size (Kerbrat et al 2007b).

Also plotted in figure 2 are ethanol uptakes to ice films
measured when the film was growing at an average rate of
between 0.7 and 2.4 µm min−1; experiments with benzene and
acetone were not attempted. See Ullerstam and Abbatt (2005)
for a detailed description of this experimental technique.
Contrary to nitric acid uptake where growing ice conditions led
to enhanced uptake, this effect was not observed with ethanol.
We interpreted enhanced uptake for nitric acid as due to the
formation of a metastable solution of nitric acid in the newly
formed ice. Given that the solubility of ethanol in ice will be
lower than that of nitric acid, the results are reasonable. They
indicate that the dynamic nature of ice growth exhibited in the
environment may not significantly affect the total degree to
which ethanol, and other similar molecules, is sequestered by
ice. It may only be extremely soluble molecules that show this
effect.

3.3. Uptake to snow in a static cell at T ! 238 K

Given the high surface area of the snow, initial experiments
were performed to evaluate VOC uptakes with a static BET
approach. In particular, by measuring the uptake onto snow
with a known total surface area, we generated uptake data of
the type shown in figures 3 and 4 for acetone and benzene.
Ethanol experiments were also performed but are not shown
due to space limitations; see below. In each plot, data from

Figure 4. Uptakes of acetone as measured in the BET apparatus
(Po (266.5 K) = 49.6 Torr, Po (263 K) = 40.8 Torr,
Po (255 K) = 25.5 Torr, Po (246 K) = 14.4 Torr,
Po (238 K) = 8.3 Torr).

Table 1. Saturated surface coverages from adsorption isotherm fits
for experiments on snow. For the BET experiments, the uncertainty
reflects the 1-σ uncertainty precision of roughly 4 replicate
measurements. For the flow tube experiments, the uncertainty
reflects the 1-σ uncertainty from the Langmuir fits.

Gas
Experimental
technique

Temperature
(K)

Apparent saturated
uptake amount (cm2)

Acetone BET 255 (5.7 ± 0.9) × 1014

Acetone BET 246 (4.8 ± 0.08) × 1014

Acetone BET 238 (3.5 ± 0.08) × 1014

Acetone Flow tube 214 (2.1 ± 0.2) × 1014

Benzene BET 263 (1.7 ± 0.2) × 1015

Benzene BET 255 (9.3 ± 0.4) × 1014

Benzene BET 246 (3.5 ± 1.2) × 1014

Benzene Flow tube 218 (5.1 ± 0.6) × 1013

individual uptake experiments at one temperature on one snow
sample were generated, and then fitted to a BET adsorption
isotherm. The apparent saturated surface coverages derived
from the BET fits are given in table 1, as averages of roughly
four measurements for each set of conditions. Note that the
pressures used in these experiments are very much higher than
in the flow tube experiments.

Benzene exhibits a type I adsorption isotherm charac-
teristic of uptake approaching a single monolayer coverage
(figure 3) (Adamson 1990). The saturated surface coverage
increases with increasing temperature. Note that in table 1 we
have also included the saturated surface coverage for benzene
at 218 K, as measured with the flow tube on snow (figure 2).
Whether this increase is due to increasing mobility in the
quasi-liquid layer is unclear. However, it is not unlikely
that a more rigid surface, such as that present at lower
temperatures, could accommodate fewer adsorbed molecules
in saturation. For example, if the benzene molecule is binding
to a specific configuration of water molecules on the surface,
that configuration is more likely to be encountered on a more
mobile surface.

The trend to increasing surface saturation values was also
seen in the data for acetone and ethanol, which exhibited type

4

Limits of Langmuir approach



Langmuir vs. Henry

How to parameterize uptake

Irving Langmuir 
(1881 – 1957) 

American 
chemist and 

physicist

William Henry
(1775 – 1836)

 English chemist

• K = [surface]/[gas-phase]

• determined on ice at 240 - 190 K 

• H = [aqueous-phase]/[gas-phase]

• measured in water 0 - 40 °C

http://en.wikipedia.org/wiki/Chemistry
http://en.wikipedia.org/wiki/Chemistry
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Chemistry
http://en.wikipedia.org/wiki/Chemistry
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Langmuir correlates with 
free energy of 
condensation
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Fig. 4, but at various temperatures. Temperature dependent
values of KlinC are not available for HCHO or hexanal so these
trace gases have been excluded from the plot. As at 228 K, the
plots of ln KlinC(T) versus DGg–l(T) are well approximated by
a linear function. From this dataset we can establish the
temperature dependence of the KlinC/DGg–l correlation lines
to derive a parameterisation for calculating KlinC at any
temperature, for which a value of DGg–l is available. As
described above, DGg–l can be obtained from vapour pressure
data or tabulated values of thermodynamic properties. The
expression obtained is:

ln KlinC = !A DGg–l(T) ! B (E10)

where A and B are temperature dependent parameters given
by: A = 1.08 " 10!6T + 6.232 " 10!4 and B = !4.643T2 +
0.2696T ! 33.925.

The use of this expression can be illustrated by calculating
partition coefficients for e.g. ethanol. At 228 K, DGg–l for
ethanol is B !15 500 J mol!1. Inserting this value into (E10)
results in a value of KlinC of 11.3 cm. At 203 K (DGg–l E
!19 300 J mol!1) we derive KlinC = 591 cm. These values
compare well with those calculated from the recommended
expressions for KlinC of 9.7 cm and 555 cm at these tempera-
tures, respectively.20 The fact that using (E10) works well for
ethanol is of course no surprise, as temperature dependent
data for ethanol were involved in setting up the correlation
between KlinC and DGg–l. For trace gases where there are
no data for reversible partitioning to ice we can make
rough estimates based on vapour pressure measurements.
For example, the 230 K vapour pressure of isoprene
(2-methyl-1,3-butadiene) is B3 " 10!2 bar, which via (E9),
converts to a value of DGg–l of !6820 J mol!1 and thus (via
(E10)) to KlinC = 0.3 cm at this temperature. Values of KlinC

derived by this expression are likely to be associated with large
uncertainties (possibly greater than a factor of five) depending
on how accurately DGg–l or the vapour pressure is known. We
also emphasise that the use of the correlation between KlinC

and DGg–l will be limited to trace gases that stick reversibly to
ice via formation of hydrogen bonds with surface H2O. For
trace gases which adsorb via different mechanisms such as
strong inorganic acids (e.g. HCl or HNO3), which may
dissociate at the surface, much larger partition coefficients
are observed.20

3.3 Atmospheric implications

The partition coefficients for H2O2 determined in this work
can be used to assess the fraction of H2O2 which will be
associated with cirrus clouds. The fraction (a) of a trace-gas
with partition coefficient KlinC(T) associated with the ice phase
can be given by:

a ¼ KlinC " A

KlinC " Aþ 1
ðE11Þ

where A is the ice surface area per volume of gas-phase and
may vary from 10!6 to 410!4 cm!1 for dense cirrus clouds.34

Fig. 5 Plot of KlinC at 228 K versus the free energy of condensation

(DGg–l) for a range of trace gases at different temperatures. The trace

gases are the same as in Fig. 4 with the exception of hexanal, for which

no temperature dependent data are available, and HCHO.

Fig. 4 Plot of KlinC at 228 K versus the free energy of condensation

(DGg–l) for a range of trace gases. The encircled data point for H2O2

was taken from Clegg and Abbatt,14 the one on the correlation line is

from the present study.

Fig. 6 Plot of the fraction (a) of H2O2 bound to the ice-phase of

cirrus clouds of various temperatures and ice surface area densities

(SAD).
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surface coverage (see Table 1). If adsorption is assumed to be
barrierless, the adsorption rate constant, kads, is defined as

where m is the molecular mass, kB is the Boltzmann constant,
and R is the mass accommodation coefficient.113 The desorption
rate constant, kdes, was calculated from b and kads according to
eq 2. In our models, R and b were adjustable parameters, but
estimates of b are available from our isotherm analysis (see
Table 1), and bounds can be placed on the value of R based on
measurements available in the literature.14,29 Since radial dif-
fusion is neglected in this model, the R values used in our
simulation encompass both gas-phase diffusion and surface
uptake.104

Hynes et al. measured an initial uptake coefficient, γ e0.05,
for HCl adsorption at T > 205 K and 1.1 × 10-6 Torr
(conditions for which no surface change was observed in our
ellipsometry experiments). The initial uptake coefficient can be
taken as an approximation of R.117 For T e 200 K at similar
HCl partial pressures (conditions where we observed surface

Figure 7. Flow tube model simulation results for adsorption of HCl onto smooth and zone-refined ice samples under non-QLL conditions (213 K,
7 × 10-7 Torr HCl). (A) Adsorption onto smooth ice. The upper panel shows adsorption onto a “fresh” ice sample, modeled using a two-site
Langmuir model. The lower panel shows adsorption for subsequent exposures. (B) Adsorption onto zone-refined ice, modeled with (thick gray
lines) and without (thin black lines) HCl diffusion into the bulk. The results of (i) a classical Langmuir model and (ii) a dissociative Langmuir
model are shown. See text for details.

Figure 8. The effect of surface disorder on smooth ice samples. Shown
is the measured adsorption isotherm for HCl on smooth ice at 196 K
(from Figure 2). For surface disordering conditions, uptake data from
the same ice sample have been represented using like symbols. The
dotted line demarcates the transition to surface-disordering conditions
(PHCl ∼ 3 × 10-7 Torr at 196 K). The Langmuir adsorption isotherm
fit using “non-QLL” data only is indicated. The parameters for the fit
are listed in Table 1. The horizontal line indicates the average surface
coverage for surface disordering conditions, 2.11 ((0.08) × 1014
molecules cm-2.

kads )
R

S(2πmkBT)
1/2 (5)

Figure 9. Simulations of the surface-to-bulk flux observed at long
times upon HCl uptake to zone-refined ice under conditions where HCl-
induced surface disorder was observed using ellipsometry in our
previous work (196 K, 7 × 10-7 Torr).107 Experimental data from our
previous work are shown for comparison. Simulations were performed
using the flow tube model framework and a model of absorption of
HCl to (a) a bulk ice layer, (b) a true liquid layer, and a surface layer
with kdes(Vfilm/Vgas) ) 1.5 × 10-6 s-1, which was (c) 100 nm thick and
(d) 1 nm thick. All models account for diffusion from the surface layer
to the bulk. The adsorption rate was calculated on the basis of gas
kinetic theory, and the rates of desorption for ice and water were
calculated using solubility data. Simulation results suggest that the
surface-to-bulk flux observed at long times upon HCl uptake on zone-
refined ice under QLL-forming conditions can best be described by
absorption into a surface layer with an HCl solubility intermediate
between that of a true liquid layer and bulk ice, regardless of layer
thickness.
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Who to parameterize non-adsorptive uptake

maximum uptake?
correlation with gas-phase conc.?

time?

McNeill, V.F. et al., 2006. Proceedings of The National 
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(25), pp.9422–9427.
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Partitioning to ice

... linear range well described by Langmuir/Henry

... this can be used to model diffusion through porous snow

… non-linear range open to debate
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