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The rate and thermodynamics of the adsorption of acetone on ice surfaces have been studied in the temperature
rangeT ) 190-220 K using a coated-wall flow tube reactor (CWFT) coupled with QMS detection. Ice films
of 75 ( 25 µm thickness were prepared by coating the reactor using a calibrated flow of water vapor. The
rate coefficients for adsorption and desorption as well as adsorption isotherms have been derived from temporal
profiles of the gas phase concentration at the exit of the flow reactor together with a kinetic model that has
recently been developed in our group to simulate reversible adsorption in CWFTs (Behr, P.; Terziyski, A.;
Zellner, R.Z. Phys. Chem.2004, 218, 1307-1327). It is found that acetone adsorption is entirely reversible;
the adsorption capacity, however, depends on temperature and decreases with the age of the ice film. The
aging effect is most pronounced at low acetone gas-phase concentrations (e 2.0 × 1011 molecules/cm3) and
at low temperatures. Under these conditions, acetone is initially adsorbed with a high rate and high surface
coverage that, upon aging, both become lower. This effect is explained by the existence of initially two
adsorption sites (1) and (2), which differ in nature and number density and for which the relative fractions
change with time. Using two-site dynamic modeling, the rate coefficients for adsorption (kads) and desorption
(kdes) as well as the Langmuir constant (KL) and the maximum number of adsorption sites (cs,max), as obtained
for the adsorption of acetone on sites of types (1) and (2) in the respective temperature range, arekads(1) )
3.8 × 10-14 T0.5 cm3 s-1, kdes(1) ) 4.0 × 1011 exp(-5773/T) s-1, KL (1) ) 6.3 × 10-25 exp(5893/T) cm3,
cs,max(1) e 1014 cm-2 andkads(2) ) 2.9× 10-15 T0.5 cm3 s-1, kdes(2) ) 1.5× 107 exp(-3488/T) s-1, KL(2) )
5.0 × 10-22 exp(3849/T) cm3, cs,max(2) ) 6.0 × 1014 cm-2, respectively. On the basis of these results, the
adsorption of acetone on aged ice occurs exclusively on sites of type (2). Among the possible explanations
for the time-dependent two-site adsorption behavior, i.e., crystallographic differences, molecular or engraved
microstructures, or a mixture of the two, we tentatively accept the former, i.e., that the two adsorption sites
correspond to cubic (1, Ic) and hexagonal (2, Ih) sites. The temporal change of Ic to Ih and, hence, the time
constants of aging are consistent with independent information in the literature on these phase changes.

1. Introduction

Studies of the interaction of atmospheric trace gases with
surfaces have become an important subject of atmospheric
chemistry ever since the discovery of larger regional atmospheric
changes, such as the springtime Antarctic ozone hole2-5 or the
tropospheric ozone depletion in the Artic.6-8 The characteristics
of each of these events is the rapid change of gas-phase chemical
composition due to the adsorption and chemical reaction of
halogen- and/or nitrogen-containing trace gases with the surfaces
of liquid or solid particles leading to the release of so-called
activated trace gases, which upon submission to solar radiation
are transferred into ozone-depleting free radicals.9

The rates of heterogeneous reactions in the atmosphere are
generally expressed by a collision number with the available
surface area multiplied by a reactive uptake coefficient,γ. The
latter is a composite of all individual processes that are
sequentially encountered in a heterogeneous reaction, i.e.,
adsorption, thermal equilibration, desorption, surface reaction,
phase boundary transition, and bulk reaction.10-13 The separation
of the individual elementary processes, notably the rate of
adsorption as expressed by a sticking or accommodation

coefficient, of a reactive uptake process has only been possible
in selective cases.14-17 Moreover, the theoretical framework has
just begun to be developed.18,19

An important part of heterogeneous interaction in the
atmosphere apart from chemical reaction is the adsorption of
trace gases on surfaces. In recent years, ice surfaces in the
atmosphere have received considerable attention. The reason
is that these surfaces may play an important role in some of the
reactive trace gas modifications encountered in large-scale
perturbations of atmospheric chemical composition. Ice surfaces
occur among polar stratospheric clouds (PSCs) at temperatures
below the lower stratospheric frost point,20-22 in the form of
cirrus clouds23,24 as well as condensation trails (contrails) of
jet aircraft,25,26 both at temperatures in the regime 190-220 K
as appropriate to the upper troposphere/lower stratosphere.24

Moreover, ice surfaces are generated regularly during strong
precipitation events of thunderstorms where rapid vertical
motions of air masses lead to super cooling events and
deposition freezing may become an important condensation
process at high ice supersaturations.27,28

As a result of their importance, studies of chemical reactions
and adsorption on ice surfaces have received substantial interest.
This interest focuses on reactive uptake coefficients (see review
by Abbatt, 200329) as well as on the kinetics and thermodynam-
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ics of adsorption processes. The latter have recently been
suggested to impact on oxygenated trace gases such as CH2O,
CH3OH, C2H5OH, acetone, and others due to the expected
strong interactions with ice surfaces at the low temperatures of
the UTLS region and because of the occurrence of these
compounds at surprisingly high concentrations in this part of
the atmosphere.30-32 Because such compounds are expected to
impact on the concentration levels of the HOx oxidation
system,33-36 investigations of their phase partitioning are
important prerequisites of the assessment of their atmospheric
chemical behaviors.

The aims of adsorption studies on surfaces focus on the
thermodynamics of adsorption (adsorption enthalpies, fractional
surface coverages) as well as on kinetic quantities such as
adsorption and desorption rate constants. More recently, dy-
namical studies on surface collisions such as thermalization and
energy dissipation37,38 as well as dynamic residence time
studies16,39,40 have been added to the list of approaches to
investigate surface/gas interactions. Needless to say that im-
portant contributions have also been provided by molecular
configurational studies of adsorbate/surface structures using
different levels of theory.41,42

Ice surfaces represent a special kind of surface due to their
relatively high vapor pressures even at temperatures around 200
K. Under equilibrium conditions with the vapor phase, ice
surfaces are extremely dynamic with simultaneous condensation
and evaporation events. Under these conditions, ice surfaces
have been found to be polycrystalline43 with cubic (Ic) and
hexagonal (Ih) ice being the most relevant structures. Both
phases have very similar physical properties, i.e., density and
interatomic distances.44,45

Adsorption studies on ice surfaces have frequently been
performed in coated-wall flow tube reactors (CWFTs).1,50-53

The advantage of this technique is that, in addition to adsorption
equilibria, the exposure time can be varied and, hence, adsorp-
tion rate coefficients can also be determined. Moreover, the
interaction of the gas phase with the surface can be kept
kinetically controlled and is not diffusion limited, at least in
the low-pressure operational mode.35

Adsorption measurements in flow reactors rely on the analysis
of the gas-phase component at the downstream exit of the flow
reactor. It has been found, though, in such studies1,52,53 that
temporal profiles of gas-phase components show complex
shapes due to the interaction of adsorption and desorption
processes. As a result, the derivation of thermodynamic and

kinetic data is complicated and a theoretical framework is
necessary to facilitate such analysis.1,54 In the present paper,
we present an application of this model to derive kinetic and
thermodynamic data for the adsorption of acetone on ice under
the effect of a changing adsorption capacity as a result of aging.
To our knowledge, this effect has not been observed in acetone
adsorption studies before.

2. Experimental Section

The adsorption of acetone on ice surfaces has been studied
in a tubular flow reactor with the detection of acetone (sensitivity
≈ 1010 molecules cm-3) using quadrupole mass spectrometry.
The reactor consists of a jacketed flow tube of 24-mm internal
diameter and 25-cm length that can be thermostated down to
180 K. Using a thermocouple, the temperature inside the reactor
was measured with an accuracy of(1 K. The injection of
acetone is through a sliding injector of 6-mm outer diameter.
A schematic representation of the experimental setup is shown
in Figure 1. The measurements were performed with typical
pressures in the flow tube of∼3 mbar and linear flow velocities
of ∼1.5 ms-1 using He as a carrier gas. Model simulations for
uptake kinetics in CWFT reactors indicate that the uptake is
not limited by diffusion in the gas phase at typical uptake
coefficients of aboutγ ≈ 0.011.

Surface ice films were generated by the deposition of gaseous
water upon injection of water vapor through the sliding injector
at temperatures of the reactor wall of around 200 K; the ice
film temperature was subsequently adjusted to that required in
the experiment. During coating, the injector is slowly moved
to generate an approximately uniform surface film. From the
amount of water deposited, it is estimated that the surface film
generated is approximately 50-100 microns thick, which
corresponds formally to approximately 40 000 monolayers. It
must be pointed out, however, that the concept of monolayers
may not be meaningful due to the expected morphological
roughness of the surface,46 which also causes the total available
surface area to exceed the geometric surface area (vide infra).
As will be discussed below, water condensation at temperatures
around 200 K generates a mixture of two different adsorption
sites.

During normal uptake studies, additional water has not been
added through the injector. It needs to be noted, though, that
due to the high dynamics of ice surfaces at temperatures around
andsmore effectivelysabove 200 K, continuous desorption

Figure 1. Schematic representation of differentially pumped coated-wall flow tube reactor with QMS detection.
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(evaporation) of water molecules from the surface will oc-
cur47,55,56 and will lead to a thinning of the surface film.
However, a more quantitative assessment of this effect leads to
the conclusion that this film thinning will only occur at the very
upstream end of the coated surface. Further downstream, the
water vapor will be re-adsorbed. In fact, it can be shown from
simple desorption/adsorption modeling that for the most part
of the total length of the flow reactor, the surface ice film is in
equilibrium with its corresponding vapor pressure and that a
net loss of water vapor only occurs at the expense of the most
upstream fraction of the surface layer. Additional water vapor
needs not be introduced into the flow reactor to compensate
for losses by pumping.1 All adsorption measurements are hence
being performed in the presence of equilibrium water vapor.
Whether or not the dynamics of the water surface is ac-
companied by a temporal reduction of the film roughness, and
hence of the total available surface area, is not known. On the
other hand, there is little reason to expect that this should be
the case because the morphology of the surface should be
invariable for isothermal conditions at reversible equilibrium
and under net adsorption flux as during coating.

3. Results
The kinetics and thermodynamics of the interaction of acetone

with ice surfaces in the temperature rangeT ) 190-220 K have
been investigated by measurements of the temporal profiles of
gaseous acetone as a result of increasing and decreasing,
respectively, exposure of acetone to the surface ice film. This
has been achieved by moving the injector in either upstream or
downstream direction, in which case adsorption and desorption
can be observed sequentially. To measure adsorption isotherms,
the acetone concentration has been varied between 2.5× 1010

and 1.0× 1014 molecules/cm3 at different temperatures.
3.1. Adsorption/Desorption Behavior and Aging Effects.

A typical sequence of adsorption and desorption profiles for
the interaction of acetone with an ice surface at lower temper-
atures, i.e.,T ) 198 K, and lower acetone concentrations, i.e.,
∼2 × 1011 molecules/cm3 , is shown in Figure 2. As can be
seen, adsorption and desorption profiles have different shapes
that result from the response of the flow-tube walls on the gas-
phase acetone concentration as a result of the change of the
injector position. In fact, it can be shown that these differences
in shapes are characteristic for reversible adsorption in CWFT

reactors that permit the independent determination of adsorption
and desorption rate constants1. The areas under the two parts
of the profiles, however, are identical within experimental error,
which implies that under these conditions, the adsorption of
acetone is entirely reversible. We have no evidence for a
permanent loss of acetone to the surface under all conditions
encountered in our experiments.

Figure 2 also exemplifies the differences that we observe for
an ice surface that is freshly prepared and one that has been
aged for several hours. Although the principal behavior for
adsorption and desorption is identical in each case, the areas
under the respective adsorption/desorption profiles are consider-
ably smaller for an aged ice surface. As a consequence, we note
a reduction of the adsorption capacity as a result of aging under
isothermal conditions. Because the total surface areas for
adsorption and desorption are found to be invariant with time,
aging does not seem to effect the reversibility of the uptake.

The amount of acetone adsorbed is increasing with the gas-
phase concentration. To investigate how these variables influ-
ences the aging behavior, we have performed similar experi-
ments at the same temperature but at higher acetone concentra-
tions. As can be seen in Figure 3, the resulting adsorption/
desorption profiles are substantially larger in size but exhibit
equally an aging effect, albeit apparently less pronounced
because the relative change of adsorption capacity is found to
be smaller. However, when the change of areas is converted
into absolute numbers of adsorbed molecules, the resulting
change of net adsorption capacity (i.e∼5 × 1013 cm-2) is nearly
identical to that observed for lower acetone concentrations.

As will be shown below, both experiments have been
performed under submonolayer adsorption and, hence, Langmuir
conditions. The effect of isothermal aging is then suggested to
be related to a change of the nature of surface sites from initially
type (1) tosfinallystype (2). Because each of these have their
individual properties with respect to the rate and thermodynam-
ics of adsorption (vide infra), aging is relatively less pronounced
at higher adsorptions. It should be noted, though, that, in
agreement with a two site adsorption model and a substantial
reduction of adsorption capacity with increasing temperature,
aging is not observed at higher temperatures.

The isothermal aging effect observed in our experiments at
lower temperatures occurs on the time scale of hours. To
investigate this kinetics in more detail, we have performed a
series of experiments in which we have systematically varied
the relative laboratory time (RLT) between successive adsorp-
tion/desorption profiles atT ) 198 K. In each case, we have

Figure 2. Adsorption and desorption profiles for acetone on ice atT
) 198 K andcgas ) 2 × 1011 molecules/cm3 as obtained by moving
the injector sequentially in upstream and downstream directions. The
two profiles are for different ages of the ice surface and correspond to
a total number of adsorbed molecules of 7.3× 1013 and 2.4× 1013

cm-2, respectively.

Figure 3. Same as for Figure 2 but for an acetone concentration of
1.6 × 1013 molecules/cm3. The change of the adsorption capacity due
to aging amounts to approximately 5× 1013 cm-2.
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measured the resulting adsorption capacity, i.e., the number of
acetone molecules adsorbed. The resulting variation of this
capacity as a function of relative laboratory time is shown in
Figure 4.

As can be seen from these experiments, this capacity
decreases with a time constant of∼50 min, and hence an aging
rate constant of∼0.02 min-1, at T ) 198 K. After complete
aging, roughly 2/3 of the initial capacity is lost. Included also
in Figure 4 is the result from a simulation study for the temporal
change of the maximum number of adsorption sites of type (1)
using a dynamic two-site model. The parameters used to
describe this change arekads(1) ) 5.4 × 10-13 cm3 s-1, kads(2)
) 3.0 × 10-14 cm3 s-1, kdes(1) ) 0.31 s-1, kdes(2) ) 0.1 s-1,
cs,max(1) ) up to 1.0× 1014 cm-2 (depending on RLT), and
cs,max(2) ) 6.0 × 1014cm-2.

A systematic variation of the aging rate constant with
temperature has as of yet not been performed. As mentioned
above, however, preliminary results indicate that aging is less
pronounced at higher temperatures and not observable at all
above 220 K. In more quantitative terms, the aging rate
coefficient is found to have an activation energy on the order
of 48 kJ/mol, whereupon aging at temperatures above 220 K
may easily escape our observation. This is because our experi-
ments cannot be performed much faster than over the time scale
of several minutes. It should also be noted that we have
experienced some influence on the aging effect caused by the
thickness of the ice film, which indicates that aging is not
exclusively a surface effect but is also somewhat influenced by
the bulk of the ice phase.57

3.2. Adsorption Isotherms.One of the major objectives of
the present work was to measure adsorption isotherms to extract
the enthalpy of interaction and to predict the amount of acetone
adsorbed on ice surfaces for different temperature conditions.
As a consequence, we have tempted to cover an as wide as
possible range of temperature. However, it became soon
apparent that, due to the magnitude of the interaction enthalpy
between ice and acetone, the accessible temperature range for
reversible adsorption was rather limited. Moreover, the effect
of aging has also been noted in adsorption isotherm measure-
ments and due care had to be takensat least at low temperaturess
to measure adsorbed amounts of acetone at comparable ages of
the ice surfaces.

Figure 5 shows the measured adsorption isotherm atT ) 193
K for a range of acetone concentrations of less than 2.3× 1012

molecules/cm3 and for different ages of the ice surface. As can
be seen, the data show an enormous scatter if they are taken as
measured and if the age of the ice surface is left unconsidered.
Only upon sorting of the overall data into different age “bins”
do single Langmuir curves become apparent from which
Langmuir constants (KL) and maximum coverages (cs,max) could
be extracted (vide infra ).

As much as for the areas of the adsorption/desorption profiles,
the effect of higher acetone concentrations on aging is also
noticeable for the adsorption isotherm. An extension of the data
of Figure 5 to acetone concentrations of up to 3.2× 1013

molecules/cm3 is shown in Figure 6. The most important point
to notice here is that although the aged isotherm is almost at
saturation withcs,maxin the order of 2.5× 1014 molecules/cm3

for the highest acetone gas-phase concentration applied, the
amount of acetone adsorbed for a young ice surface is still
increasing at this concentration, implying a still largercs,max

value. The curves representing the upper and lower boundaries
of the isotherms have been obtained from a two-site dynamic
model in which the maximum number of adsorption sites for
type (1) ice changes from 10× 1013 to 2 × 1013cm-2 over the

Figure 4. Temporal variation of the adsorption capacity (no. of
molecules of acetone adsorbed per cm2) of ice as a function of the age
of the ice surface as expressed by the relative laboratory time (RLT).
T ) 198 K, cg ) 2.0 × 1011 cm-3. Comparison of measured (•) and
simulated data (+) using a two-adsorption site model (see text).

Figure 5. Langmuir plot for acetone adsorption on ice surfaces atT
) 193 K and low (e 2 × 1012 cm-3) acetone gas-phase concentrations.
The data encompassed by the different curves are for (a) a fresh ice
surface (∼30 min) and (b) an aged ice surface (∼220 min). Within
each of the shaded areas,cs,max(1) changes from 9.5× 1013 to 8.0×
1013 cm-2 in case (a) and from 5.0× 1013 to 2.0× 1013 cm-2 in case
(b).

Figure 6. Same as Figure 5 but for an extended scale of the
concentrations. The data shown are obtained for ages of the ice surface
between 5 and 300 min. The upper and lower boundaries of the shaded
area correspond tocs,max(1) ) 10× 1013and 2× 1013 cm-2, respectively.
In each case,cs,max(2) ) 3 × 1014 cm-2.
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time interval 5-300 min, whereas the corresponding number
for type (2) sites is left time invariant at 3× 1014 cm-2.

As opposed to the adsorption isotherms measured at low
temperatures those measured at higher temperatures show a
much weaker aging effects. This is shown in Figure 7, where
we present adsorption isotherms for 198, 208, and 218 K. All
the data presented have been taken at ages of the ice surface
between 10 and 250 min. As opposed to the data at 198 K for
which there is still substantial aging, the effect is becoming
smaller at 208 K and is no longer noticeable for 218 K. The
upper boundaries for the isotherms at 198 and 208 K correspond
to initial maximum numbers of adsorption sites of type (1) of
9 × 101 and 4 × 1013 cm-2, respectively. For the lower
boundaries, this number has been set to zero in each case,
corresponding to complete conversion of type (1) into type (2)
sites after aging.

3.3. Adsorption at Two Different Surface Sites and Its
Dynamics. To account for the aging effect observed and to
extract adsorption parameters according to Langmuir theory,
we have used a two-site dynamic adsorption model. In this
model, the total adsorption of acetone onto an ice film is
supposed to be governed by two different adsorption sites
corresponding to type (1) and type (2) ice, respectively. Each
of these types have their individual Langmuir parametersKL

andcs,maxas well as their individual adsorption and desorption
kinetics. The effect of aging, and hence the loss of adsorption
capacity, is then attributed to a change of type (1) into the more
stable type (2) form.

The Adsorption Model.The rates of surface coverage under
conditions of reversible adsorption to each of the two different
adsorption sites are given by the following equations:

and

wherecs and cs,max are the surface concentrations of acetone
and their maximum values, respectively, in molecules/cm2 and
cg is the gas-phase concentration of acetone in molecules/cm3.
The rate coefficient for adsorptionkads (in units of cm-3 s-1 )
is given by the simple gas kinetic expressionkads) γadsσ0(1/4)

x(8RT/πM), whereγads is the uptake coefficient andσ0 is the
collisional cross section for adsorption (in units of cm2). The
productγadsσ0 is assumed to be temperature independent so that
the temperature dependence ofkads is simply given by the
temperature dependence of the average gas-phase molecular
velocity (T1/2). The rate coefficient for desorptionkdes(in units
of s-1), on the other hand, is given by a simple Arrhenius
expressionkdes) A × exp(-Ea/RT) whereEa is approximately
equal to the enthalpy of adsorption (∆Hads). With these
definitions, it is obvious that adsorption of acetone on two
different surface sites is associated with different kinetics and
thermodynamics whichsas a result of agingsboth change with
time, at least at lower temperatures.

The total rate of adsorption as expressed by the overall rate
of surface coverage is given by the sum of the two terms, i.e.,

The corresponding change of the gas-phase concentrationcg of
acetone is related to this surface change by the relation

which is valid for tubular reactors. Because in our experiment
only cg (or its proportional MS signal) is monitored, the above
equations and their integrals are being jointly used to extract
the desired parameter, namelykads, kdes, andcs,max for each of
the two adsorption sites. This is done by fitting of the calculated
gas phase concentration as a function of laboratory time to the
measured adsorption and desorption profiles. As will be shown
below, of the above parameters, onlycs,max(1) is concluded to
change with time as a result of aging and, hence, of the
conversion of type (1) to type (2) adsorption sites.

Thermodynamic and Kinetic Considerations.Adsorption/
desorption profiles such as those presented in Figures 2 and 3
contain two different kinds of information. The obvious one is
the size of the areas under the adsorption/desorption peaks that
are related to the Langmuir constantKL and/or the maximum
number of surface sitescs,max. These areas are expected to change
with temperature according to the van t’Hoff equation d lnKL/
dT ) -∆Hads/RT.

Moreover, changes of the overall adsorption capacity as a
function of relative laboratory time, as observed during aging,
are also related to these quantities. However,KL andcs,maxare
independent parameters that are, in principle, not coupled. They
can be derived from the shapes of the adsorption isotherms.
Needless to say that for submonolayer coverage,cs,maxcan also
be temperature dependent. However, from our measurements,
we have no evidence that this is the case.

A second and perhaps more important information contained
in adsorption and desorption profiles is the kinetics of the
interaction process, i.e.,kadsandkdes. In fact, the shape of these
profiles is fairly sensitively influenced by the magnitudes of
these rate coefficients, whereas the areas are reflecting the
number of adsorbed species and, hence,KL and/orcs,max . In
Figure 8, we present a comparison of measured and simulated
adsorption/desorption profiles as obtained from best fits. As can
be seen, the agreement is very satisfactory both with respect to
shape and total area. A more detailed test of the sensitivity of
best-fit parameters on the quality of the fits is demonstrated in
Figure 9a-c. In this figure, we present the results of simulations
in which we have varied the independent variableskads, kdes,
andcs,max. Varying the adsorption rate coefficient by a factor

Figure 7. Adsorption isotherms for acetone on ice surfaces for
temperatures of 198, 208, and 218 K. The upper and lower boundaries
of the isotherms at 198 and 208 K reflect fresh (0-5 min) and aged
(300 min) ice surfaces, respectively (see text).

dcs(1)

dt
) kads(1)cg(cs,max(1)- cs(1)) - kdes(1)cs

dcs(2)

dt
) kads(2)cg(cs,max(2)- cs(2)) - kdes(2)cs

dcs

dt
)

dcs(1)

dt
+

dcs(2)

dt

dcg

dt
) - 2

r

dcs

dt
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of 2 in either direction (Figure 9a) strongly influences the rate
of recoverysas expressed by the corresponding slopessof the
adsorption/desorption equilibrium. This is not the case for a
variation of kdes (Figure 9b). In each case, however, the total
areas change because, with the variations ofkads andkdes, also
the Langmuir constant is altered. Therefore, Figure 9c presents
the result of simulations in whichkads was varied but the total
number of adsorbed species was kept constant by modifying
cs,maxin accord with the impact ofkadson KL. As a result again,
the strong impact ofkads on the slope of the recovery fraction
of the adsorption profile is noted.

In summary, variations of the rate coefficients andcs,maxby
a factor of (2 are clearly distinguishable from the best-fit
curves. Hence, we conclude that the absolute accuracy of our
derived rate coefficients andcs,max is in the order of 50% for
the analysis of one single measurement. Using more than a
hundred measurements for one temperature and different initial
gas-phase concentrations leads to an error of<20% in the values
reported in Table 1. The sensitivities presented here and their
derived accuracies are found not to change with the age of the
ice surface.

The analysis of adsorption/desorption profiles using the a
numerical fit of the corresponding rate equations are the key to
the derivation of our kinetic and thermodynamic data. The
results obtained from fitting a total of more than 100 adsorption/
desorption vs laboratory time profiles are summarized in Table
1. As can be seen from this table, we have indeed succeeded to
extract independent kinetic and thermodynamic data for the
adsorption of acetone on ice films on two different active sites,
which according to our interpretation correspond to cubic and
hexagonal ice lattice structures (vide infra). The differences
between the two are both in the kinetics of surface occupation
as well as in the enthalpies of adsorption and the maximum
number of sites available in each case.

According to our model, the kinetics of adsorption is
determined by a second-order process between gas-phase
molecules and unoccupied surface sites. The rate coefficient
for this process is the gas kinetic collision number of these
molecules with active surface sites of cross section∼1 × 1015

cm2 31 multiplied with a reactive uptake coefficientγ1. Because
kads is on the order of 5× 10-13 and 5× 10-14 cm-3 s-1 for
both type (1) and type (2) surface sites, respectively, the
correspondingγ values differ by more than an order of
magnitude in favor of type (1) ice (cf. Table 1).

A similar difference as for the adsorption rates also exists
for the desorption rates. It is found that the desorption of acetone
from type (1) sites has a pre-exponential factor of∼4 × 1011

s-1, more than a factor of 10 larger than that of the type (2)
sites (Ades≈ 1 × 1010 s-1). In terms of transition state theory,
this difference implies a “looser” transition state configuration
or else a higher transmission factor associated with a higher
frequency of vibration in the critical coordinate. The rate
coefficient for desorption from the two different sites are
presented graphically in Arrhenius form in Figure 10.

Figure 8. Comparison of measured and simulated adsorption/desorp-
tion profiles for the adsorption of acetone on fresh ice atcg ) 1 × 1011

cm-3 andT ) 193 K. The resulting best-fit parameters for adsorption
under these conditions, i.e., for the predominant existence of adsorption
sites of type (1), are given in the insert of the figure.

Figure 9. Sensitivity of adsorption/desorption peak profiles for acetone
on ice surfaces on the rate coefficientskads and kdes as well as the
maximum surface coveragecs.maxat T ) 193 K. The effects of varying
kads and kdes individually are shown in (a) and (b), wheras in (c) we
present the combined variation ofkadsandcs,max.In each case, the bold
curve represents the default fit of the experimental data of Figure 8.
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The most interesting information of this plot is the difference
in activation energies. Whereas the value for type (1) sites is
on the order of 49 kJ/mol, the corresponding value for type (2)
is only around 30 kJ/mol. If the reverse process of adsorption
is assumed to occur without any barrier, as is indicated from
our measurements of the temperature dependence ofkads, then
this difference is clearly a reflection of the enthalpies of
adsorption, which is larger in the case of type (1) ice sites. This
is shown in Figure 11 where we present the van t’Hoff plot of
the Langmuir constants for each of the two adsorption sites.

4. Discussion

Adsorption of acetone on ice has previously been investigated
experimentally using a number of different techniques such as
CWFT,1,52,58,59chromatography,60-62 Knudsen cells,13 and volu-
metric methods.63 From these studies, kinetic as well as
thermodynamic quantities have been derived. In addition, a
number of theoretical studies using quantum chemical and
molecular dynamical approaches41,64-66 have been performed.
The results obtained with respect to adsorption enthalpies
(∆Hads) and the maximum numbers of adsorption sites (cs,max)
are summarized in Table 2.

The most important fact to note from this table is the
inconsistency/variability of the enthalpy of adsorption, which

TABLE 1: Summary of Rate Coefficients and Adsorption
Constants (KL, cS,Max) for the Interaction of Acetone
(Adsorption, Desorption) with Ice Surfaces in the
Temperature RangeT ) 193-218 K Differentiated for Sites
(1) and (2) Corresponding to Cubic (Ic) and Hexagonal (Ih)
Ice

Type (1)/Cubic Ice Type (2)/Hexagonal Ice

T
kdes

s-1
kads

10-13 cm3 s-1
kdes

s-1
kads

10-14 cm3 s-1

193 0.04 5.30 - -
198 0.09 5.37 0.31 4.03
203 0.18 5.44 0.55 4.08
208 0.39 5.50 0.64 4.13
213 0.67 5.57 1.08 4.18
218 - - 1.66 4.22

γ (8 ( 1) 10-2 (6 ( 1) 10-3

Eact, des/kJ mol-1 Eact, des/kJ mol-1

48 ( 3 29( 6

Type (1)/Cubic Ice Type (2)/Hexagonal Ice

T

KL

10-12 cm3

(Th)a

KL

10-12 cm3

(Km)b

KL

10-14 cm3

(Th)a

KL

10-14 cm3

(Km)b

193 11.6 13.3 - -
198 6.7 6.0 15.1 13.0
203 3.4 3.0 7.4 7.4
208 1.2 1.4 6.4 6.5
213 0.7 0.8 3.2 3.9
218 - - 2.5 2.5

Eact/kJ mol-1 (Th) Eact/kJ mol-1 (Km)

49(3 32( 6

cs,max/cm-2 cs,max/cm-2

e1 1014 6 ( 1 1014

a Th ) thermodynamics.b Km ) kinetic model.

Figure 10. Arrhenius representation of desorption rate coefficients of
acetone from cubic (type (1)) and hexagonal (type (2)) surface sites of
ice.

Figure 11. Van t’Hoff representation of the Langmuir constants of
acetone on cubic (type (1)) and hexagonal (type (2)) surface sites of
ice.

TABLE 2: Summary of Literature Studies for the
Adsorption Enthalpies (Hads) and Maximum Number of
Surface Sites (cs.max) for the Adsorption of Acetone on Ice
Surfaces

T range
K

∆HadskJ
mol-1

cs.max/
1014 cm-2 techniquek ref

0 -31.2d ab initio 64
-53.4e 64

0 -49 2.45 MD 65
50 -46.3 2.45 MD 41
150 -41.8 2.45 41
175 -38.9 1.27 41

average -43.8c semi 66

193-213 -55 ( 7 - volumetric 63

198-223 -46 ( 7 2.7( 0.7 CWFT 52
190-223 -43.7( 7.9 14g CWFT 59
193-223 -48.1( 3.1 1.37( 0.13 CWFT/Langmuir 58
193-223 -50.3( 2.5 1.30( 0.18 CWFT/BET 58
203-223 -46 ( 3 < 5%f CWFT 62

205-243 -54.4( 7.6i < 5%f chromatography 60
-56.0( 2.8j

198-223 -52c 0.1-6%f chromatography 61

130-180 -35 ( 2a 100%f TD 72-74
-40 ( 2b 100%f,h

190-220 -49(3 e 1g,h CWFT this work
-32(6 6g this work

a R state.b â state.c Average value (4 different types of ice).
d Adsorption on a nondefective surface.e Adsorption on a defective
surface.f Value obtained at this % of the full surface coverage (2.45
× 1014 cm-2). g Adsorption capacity depends on ice mass.h Annealing
reduces adsorption capacity.i Ice spheres.j Aged snow.k CWFT:
Coated Wall Flow Tube. TD: Thermal Desorption. MD: Molecular
Dynamic.
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differs by almost a factor of 2 between the different studies.
Because this quantity reflects the energy change upon interaction
of gas-phase acetone with an ice surface, it will depend on a
number of parameters (surface coverage, surface morphology
and porosity, surface crystallographic phases, and imperfections),
none of which can be considered as genuinely invariant between
these studies. Moreover, because there is no easy method or
technique available by which such variations could be quantified
or controlled, the comparison between these results can at best
be qualitative.

Nevertheless, one of the experimental parameters that can
be reasonably well controlled is surface coverage. As seen from
Table 2, most of the experiments performed at low surface
coverages (0.01%< θ < 7%) yield “high” values of adsorption
enthalpies on the order of-50 ( 6 kJ/mol. This is consistent
with the value obtained in the present work for a fresh ice
surface and a low gas-phase concentration (<1011 molecules/
cm3), which is attributed to adsorption on metastable cubic ice.
Of the theoretical predictions, agreement with this high value
is obtained only if molecular-surface defects are assumed to
exist.64 This is not consistent with our interpretation unless some
imperfection of the cubic structure is allowed for. Similarly,
high values of ∆Hads were also obtained in a series of
chromatographic studies using different ice (polycrystalline,
single crystal) and snow samples.61 Although the experiments
were performed on ice samples of different origin and thermal
history, preferred adsorption on dislocations and imperfections
on the ice surfaces cannot be excluded. Aging effects, however,
were not reported.

From more systematic investigations of the dependence of
∆Hadson the extent of surface coverage, Winkler et al.52 suggest
a systematic trend to decreasing values of∆Hadsfor increasing
coverages even below total surface coverages of 0.07%. This
trend could easily be reconciled if coverages were approaching
or even exceeding a monolayer. They are difficult to understand,
though, if surface coverages are extremely low and in a range
where consecutive adsorption events do not influence each other
energetically. In contrast to all other experimental techniques,
Knudsen cell experiments by Hudson et al.13 produce a much
lower value for the enthalpy of adsorption (∆H°ads) -28 ( 7
kJ) this is difficult to explain solely on the basis of surface
coverages because Knudsen cells operate, by definition, at very
low concentrations and coverages.

In the present investigation, a “low” value for the adsorption
enthalpy was obtained for an aged ice surface that has been
assigned to be of hexagonal structure. This finding is in
agreement with a theoretically predicted result for the adsorption
of acetone on a proton-ordered ice surface.64 Moreover, direct
observations of the molecular surface structure under experi-
mental conditions similar to those described by Hudson et al.
support the assumption that the value of∆H°ads) -28 ( 7 kJ
was measured on a ordered hexagonal ice surface. This structure
has a “full-bilayer termination”, meaning that molecules in the
outer layer are bound to the three molecules in the layer below
and have just one dangling bond pointing outward, the typical
termination of the upper surface of the hexagonal ice struc-
ture.67,68

Further evidence for the energetic and structural details of
gas-phase acetone interacting with an ice surface has been
obtained from MD calculations. From investigations of this
interaction on proton-ordered ice at 0 K, Picaud et al.65 found
that under these conditions acetone forms an ordered layer on
the ice surface with 2 molecules of acetone per surface unit
cell of ice. Hence, a monolayer of acetone on ice was found to

consist of 2.45× 1014 molecule cm-2, adsorbed with an energy
∆Uads ) -49 kJ/mol. Using the same approach, Picaud and
Hoang41 performed calculations at temperatures between 50 and
150 K, whereupon∆Uads was found to decrease to-46.3 and
-41.8 kJ/mol at 50 and 150 K, respectively. The temperature
dependence of the adsorption enthalpy was assigned to the
increasing flexibility of the surface molecules with increasing
temperature. As opposed to MD calculations, ab initio calcula-
tions as performed by Marinelli and Allouche64 indicate quite
different adsorption enthalpies with-53.4 kJ/mol for the
adsorption on molecular defects on the ice surface in comparison
to -31.2 kJ/mol on proton-ordered hexagonal ice.

In summary, although the majority of experiments performed
at low coverages, including our own, produce a high value of
the adsorption enthalpy, there is also experimental evidence for
lower values. The theoretical results indicate high values only
in the presence of surface imperfections, whereas lower values
correspond to adsorption on perfectly ordered hexagonal
structures. Except for our own work, aging effects have as of
yet not been reported. However, we cannot exclude that the
effect of aging and the observation of two different enthalpies
of adsorption re due to surface imperfections rather than a
change between two distinct crystallographic ice phases.

A further inconsistency in the literature data of Table 2 is
the maximum surface coveragecs,max, for which values between
1.3 × 1014 and 1.4× 1015 cm-2 have been found. From gas
phase vapor deposition under our experimental conditions and
for a coating time on the order of 1 h, a total number of active
surfaces sites on the order of∼1 × 1015 cm-2 is found in our
present experiments. This is in agreement with the ESEM and
BET studies of Keyser and Leu46 and Leu et al.69 and a previous
value from our group.59 As opposed to these results, all
experiments performed on frozen liquid water films produced
much lower maximum numbers of active surface sites. This
difference is most likely due to surface morphology for which
vapor deposition produces a larger roughness and, hence, larger
specific surface areas.

A major finding of the present work is the effect of aging of
the adsorption capacity. When generating ice films from the
condensation of water vapor at low temperatures (e 200 K),
cubic ice seems to be the preferentially formed ice modifica-
tion.45,46 Moreover, there is evidence from a number of other
observations that Ic forms easily at lower temperatures. For
instance, supercooled water preferentially freezes to cubic ice
at sufficiently cold temperatures.70 Clusters of 4000-6000 water
molecules have been shown to nucleate exclusively to Ic when
cooled by evaporation to 200 K.70 Rapid quenching of 3µm
droplets on a cryoplate led to Ic at 190 K but to Ih at 200 K.71

However, cubic ice is a metastable phase that tends to transform
into the thermodynamically stable hexagonal phase on a time
scale of several 10 min at temperatures around 200 K.44,46-49

Different adsorption behavior of acetone on ice surfaces
depending on the thermal history of the ice has previously been
observed in thermal desorption (TPD) experiments under
ultrahigh vacuum (UHV) conditions.72-74 From the preparation
of thin ice films (10-100 monolayers) by condensation of water
vapor onto the cold (90-130 K) metal substrate, two desorption
peaks of acetone at 140 and 157 K, designatedR- andâ-acetone,
respectively, were observed during TPD. Assuming first-order
desorption kinetics and frequency factors of 1013 s-1 75, the
corresponding activation energies were approximately 35 and
40 kJ mol-1, respectively. Annealing of the ice surface lead to
irreversible change of the desorption behavior for which only
the lower temperature state (R-acetone) was observed, very
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much in agreement with the present findings on the kinetics of
acetone adsorption under surface aging conditions. These
authors, however, differ from us in assigning the higher
temperature desorbingâ-acetone to correspond to an adsorption
on amorphous ice rather than cubic ice. Although the existence
of a thermally metastable cubic ice phase has been suggested
from electron microscopy and electron diffraction studies,48 other
observations favor the existence of amorphous ice at temper-
atures below 140 K.76 IR-spectroscopic studies performed by
Schaff and Roberts72-74 also indicated differences in the surface
chemical structure of the two ice phases. Whereas for the
R-adsorption state no specific hydrogen bonding is detectable
and the adsorption is referred to as physisorption, adsorption
in the â-state is via free and dangling OH bonds.

Experiments reported by Chaix et al.47 for the adsorption of
D2O on ice suggest that both the method of preparation and the
thermal history of the ice sample influence the morphology and
the microstructure of the sample and, hence, its adsorption
kinetics. For instance, it was found that the annealing of cubic
ice, prepared by condensing water vapor at 140 K, reduces the
γ value for adsorption of D2O irreversibly by a factor of 2. It
is also worthy of note that in our work, we also observe a
significant difference inγ values for fresh and aged ice with
the higher value being measured for cubic ice. Although this
difference may hint toward a contribution to adsorption at fresh
ice by surface imperfections, similar differences have also been
reported for the adsorption of H2O on ice surfaces.89

As discussed in the above sections of this work, we suggest
that the observed aging behavior of our ice films, as noted at
lower temperatures, is caused by a change of the crystallographic
phase of available surface sites, namely from cubic to hexagonal.
Any other explanation for the observed aging effect, i.e., a
change of surface topography or morphology, the presence of
molecular surface defects, as well as embossed or engraved
microstructures, is left unconsidered. Of these, the lifetime of
molecular surface defects should be in the order of milliseconds,
much shorter than the time scale of aging as observed in our
work. This is because of the high dynamics of the surface bilayer
structure42 and the fast adoption/desorption kinetics at 198 K.47

The presence of microstructures, on the other hand, is not
expected to change as a result of the dynamical behavior of the
surfaces structure but to sustain on the time scale of hours.
Therefore, we cannot, in principle, exclude changes of the
surface microstructures to be responsible for our observed aging
effects. Nevertheless, our observations do not contradict recent
observations reported in the literature on observed crystal-
lographic changes of ice surfaces.44,77

One of the more significant and characteristic observations
of cubic to hexagonal ice conversions that have been reported
is the rate of change and its temperature dependence.44,78

Measurements in the temperature range 160-220 K indicate
activation energies on the order of 34 kJ/mol and characteristic
times between 104 and 10 min.44 This is very much consistent
with the findings of the present work and, therefore, lends
independent support for our conclusions. Formation of meta-
stable cubic ice and its subsequent thermal conversion into stable
hexagonal ice is supposed to occur because the rate of surface
reconstruction to a structure of lower potential energy is slow
in comparison to the rate of condensation. In addition, cubic
ice may have a more energetic and reactive surface with highly
irregular surface structure and a substantial fraction of incom-
pletely coordinated surface water molecules. Indeed, computer
simulation suggests significant modification of the ice surface
structure with respect to the cubic crystalline interior, toward

loss of lateral order at 200 K.79 During annealing, a transition
of the ice structure from cubic to hexagonal is expected.44,77

In addition, the observed decrease of the adsorption capacity
is consistent with the assumed shrinking of the size of cubic
ice crystals, which is correlated with the mass transfer between
Ic and Ih.77 Because both modifications share a common vapor
phase, the differences in the vapor pressure, as estimated from
measurements of the free enthalpy of transformation of Ic to Ih
at around 200 K (∆G ≈ 50-160 J/mol71,80-82), leads to a
continuous decrease of the surface area of the cubic crystals. A
more detailed discussion of the conversion Ic to Ih depending
on temperature and the size of the cubic crystals in comparison
with the model of Murphy77 is in preparation.57

5. Summary and Conclusions
We have investigated acetone adsorption on ice surfaces and

have determined kinetic and thermodynamic constants associated
with this uptake. Moreover, our studies present evidence that these
constants are influenced by an aging effect of the surface leading
to a reduction of the adsorptive capacity. This change can, in prin-
ciple, be caused by a number of reasons, including crystal-
lographic changes or the presence of surface site imperfection
on both the molecular and the microstructure level. Although
we do not have direct proof, we still argue that this aging effect
is associated with a change of the crystallographic phase of our
ice films from initially metastable cubic to finally hexagonal.

The results of our study have not unravelled all of the
discrepancies/inconsistencies in the set of available literature
studies on the adsorption behavior of acetone on ice surfaces.
These discrepancies are thought to be jointly caused by
insufficient experimental control over parameters such as surface
morphology, total available surface area, number of active
adsorption sites, crystallographic phases and their imperfections,
etc. Therefore, it is suggested that further clarification on kinetic
and thermodynamic quantities for gas-phase adsorption on
highly dynamic surfaces such as ice is accompanied by improved
surface characterizations using morphology (i.e., ESEM) or
chemical (i.e., DRIFTS) sensitive techniques.

Finally it needs to be pointed out that the present finding of
phase-related adsorption properties of acetone on ice might also
be of relevance to the atmospheric environment. An important
mechanism for ice cloud formation is homogeneous nucleation
of ice in aqueous droplets. This process is generally assumed
to produce hexagonal ice.83,84However, there are some reports
that the metastable cubic crystalline phase of ice may also form
in the Earth’s atmosphere.77,85,86A much more direct observation
of Ic was made in Antarctic polar stratospheric clouds, where
about 25% of the ice crystals had clearly cubic morphology.87

Moreover, recent experiments confirm that the formation of
cubic ice is dominant when droplets freeze at temperatures
below 190 K, which is in the temperature range relevant for
polar stratospheric clouds and clouds in the tropical tropopause
region.88 If there were a significant fraction of cubic ice in some
cold clouds, this could increase their water vapor pressure and
modify their microphysics, ice particle size distributions, and
heterogeneous chemistry.
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