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Temperature, and Surface Acidity

S. M. Clegd and J. P. D. Abbatt*
Department of Chemistry, Usrsity of Toronto, 80 St. George St., Toronto, Ontario, Canada M5S 3H6

Receied: January 7, 2001; In Final Form: April 11, 2001

The uptakes of gas-phase S&hd HO, by ice surfaces have been investigated at temperatures from 213 to
238 K and from 107 to 10* Torr partial pressure. These experiments have been conducted in a low-
temperature, coated-wall flow tube coupled to an electron-impact, quadrupole mass spectrometer which monitors
changes in the SCand HO; partial pressure. The ice surfaces are formed by freezing liquid water. Unlike
the uptakes of strong acids such as HN@d HCI, the S@and HO, uptakes are fully reversible on the time

scale of the experiment and the surface coverages are roughly a thousandth of a monolay&iTatr10

partial pressure and 228 K. The Sptakes scale with the square root of the partial pressure of thg&0
indicating that dissociation of the hydrated form of adsorbed BQccurring on the surface. The,G,

uptakes scale linearly with the,B8, partial pressure, indicating that dissociation does not occur. The uptakes
are driven by H-bond interactions in this case. Support for these conclusions comes from uptake measurements
with ice surfaces which were formed by freezing either acidic or basic aqueous solutions. Althougthe H
uptakes are independent of pH, the acidic ice surfaces considerably inhibit thep&®e and the basic
surfaces enhance the S@ptake. The results in this paper are consistent with atmospheric observations which
show that both S(1V) and ¥D, have low retention efficiencies after supercooled cloud droplets freeze, whereas
the retention efficiency of HN@is high. The uptakes are sufficiently small that scavenging of &@ HO,

by ice clouds will not be significant.

Introduction how large is the uptake of a molecule that cannot dissociate,
but can participate in H-bonding? Hydrogen peroxide is an
interesting candidate in this regard because it is an extremely

with ice surface$;® our understanding of the nature of these weak acid but has the ability to bind via either one or two
interactions with other important atmospheric trace species is hydrogen bonds.
not nearly as well advanced. This arises in part because the A second motivation to perform these uptake studies is to
HNOs and HCI uptakes are large, thought by many to represent assess the extent to which these gases will be scavenged by ice
a large fraction of a monolayer under typical atmospheric clouds, and the impact that gas uptake may have on the surfaces
conditions, whereas other gases interact to a significantly smallerof the ice particles. If the uptakes are comparable to those
degree. For the strong acids, the driving force for the uptake is exhibited by HN@ and HCI, then the possibility for scavenging
believed to be the dissociation and subsequent hydration of theof these gases by cirrus clouds is quite strbhgawrence and
newly formed ions on the ice surface. Indeed, high-level Crutzen have predicted that there can be significant effects on
molecular dynamics calculations support the formation of a the atmospheric distribution of 8, if ice scavenging occurs
contact-ion pair at the ice surface with a large degree of in @ manner similar to that exhibited by HNO A third
hydration® Additional support for the dissociation mechanism motivation is that the uptakes and their dependence on partial
comes from infrared spectroscopy studies of HN{dsorbed pressure and temperature can help us to study the rate of the
on ice, which show the formation of nitrate on the surface.  reaction that occurs between adsorbed, 86d HO, on ice

As part of an effort to study the interactions of atmospheric surface$10
gases with ice, we present in this paper uptake studies ¢f SO 50, interactions with ice have been studied previously by a
and HO, at temperatures encountered in the free troposphere.nymper of workeré:18 Most notably, ice spheres of known
These experiments were designed to investigate several of thesize packed into a column have been exposed to a controlled
physical characteristics associated with the adsorption of chemi-fio\ of SO,.11.12|n this chromatographic-type experiment, the
cally dissimilar gases. For e>§ample, it i§ ur}clear what happenssigna| of SQ was monitored as a function of time, which
when a weak acid such as giteracts with ice. Furthermore,  4jjowed the S@uptake at “infinite” exposure time (i.e., for a

the degree to which these species dissociate is also unknowngayrated surface) to be estimated,Sptakes were measured
and the surface acidity of the ice may significantly impact this 55 4 function of temperature and reveal that the uptake was

process. In particular, does 5@_dsorb more strongly to an largest at the highest temperatures, which was taken as indirect
alkaline surface than to an acidic one? As a second example,Support for the presence of a liquisvater-like layer on the
surface of ice close to its melting point. Subsequent studies have
* To whom correspondence should be addressed. . . -
" Present address: Combustion Research Facility, Sandia National CONfirmed that S@uptake onto ice occurs and that it is enhanced
Laboratory, P.O. Box 969, MS 9055, Livermore, CA 94551-09609. at high temperatures?13-18 However, the ice surfaces used
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Although it is well-known that atmospherically important
gases such as HNGand HCI interact to a significant extent
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Figure 1. Diagram of the low-temperature, coated-wall flow tube
coupled to an electron-impact quadupole mass spectrometer. 02t 1

in these studies were for the most part rough and the surface L_,
areas were not quantified, so surface coverages could not be oof . . . . ; . . .
readily determined. Finally, it should be mentioned that in flow A e (s)500 o
tube studies, similar in nature to those presented here, Chu et . . , - T - " "

al. have recently reported uptake measurements fordBGce
at temperatures close to 200K.

An interesting observation is that $Q0ptakes onto real-world 0.80
snow samples lead to S(VI) formation, indicating that an oxidant
capable of reacting with SOis present in the sno. It is o.78
possible that the oxidant is either hydrogen peroxide or an
organic peroxide. kD, has been detected directly in snow and
ice core samples, at levels which are sufficient to oxidize 074
adsorbed S(1V) speciég20 An additional motivation for this
work is that, in contrast to the numerous studies of the adsorption
of SO, to ice, we are not aware of any studies of hydrogen o070 | ]
peroxide/ice interactions.
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Figure 1 contains a diagram of the experimental apparatus Figure 2. Uptake experiment where 3:6 1076 Torr SG; is exposed
which couples a low-temperature, coated-wall flow tube to an to ice at 228 K and monitored by the mass 64 spectrometer channel.
electron-impact quadrupole mass spectrometer. Ice films wereThe lower p_Iot isa signal_enhanced view of the first uptake expgri_ment.
prepared by coating the inner walls of a Pyrex reaction tube FOr approximately the first 160 s, the end of the moveable injector

. - : . - (Figure 1) is positioned beyond the ice film while a steady signal is
(2.5 cm inner diameter) with approximately 1 mL deionized obtained. As the moveable injector is pulled back-26 cm, SQ is

water (pH= 6.0), or aqueous solutions 0,80, N&SOs, or adsorbed onto the ice and a decrease in the signal is recorded. A surge
NaOH. The reaction tube was inserted into the cold flow tube in the spectrum is observed as the injector is pushed back to the original

and allowed to cool at atmospheric pressure for several minutesposition and S@desorbs from the surface. In this case, five uptakes
before the flow tube was pumped out. At the temperatures usedwere recorded using the same ice film and the average uptake is (4.6
in these experiments, 238 to 213 K, the film would begin to * 0-8) x 10 molecules/crh
form within 1 to 2 min. The ice film completely covered the
inner wall of the reaction tube and appeared to the eye to be adjusting the He flow rate. The concentrations in the absorption
smooth. For reasons described elsewhere, we believe that filmscell were determined by transmission measurements at 220 nm
prepared in this manner are relatively smooth at the molecular Where the optical cross section is 2.581071° cn¥.??
level2L Given the highly dynamic nature of the ice surface at ~ To illustrate the experimental method, an uptake experiment
these relatively warm temperatures, it is important to note that involving the exposure of 3.5 1076 Torr SQ; to ice at 228 K
the overall roughness of the film may not be determined solely is displayed in Figure 2. Both an absolute scale (top) which
by the manner by which it is prepared. Ice films were maintained illustrates a number of uptake cycles and a signal enhanced scale
by a flow of wet helium regulated by calibrated mass flow (bottom) which illustrates just one cycle are shown. The samples
controllers. Total carrier gas flows were approximately 300 sccm enter the flow tube through a moveable injector as depicted in
and the flow tube pressure was about 0.75 Torr. Figure 1. The end of the injector is initially positioned beyond
Known amounts of S@and HO, were delivered to the flow the ice covered reaction tube while a steady mass spectrometer
tube in a helium buffer gas also regulated by calibrated masssignal (at mass 64) is obtained, as shown in the first 160 s of
flow controllers. Dilute samples of S@Matheson, Anhydrous  the data in Figure 2. As the moveable injector is pulled back
Grade) in He (UHP Grade) were prepared without further on the time scale of a second or so,,%@sorbs onto the surface
purification. The S@ partial pressure in the flow tube was of ice and a momentary decrease in the mass spectrometer signal
calculated from changes in the bulb pressure as a function ofis observed. When the injector is pushed back to the original
time. Aqueous solutions of hydrogen peroxide (Aldrich, 50 wt position, SQ desorbs from the surface and a surge in the mass
%) were concentrated by bubbling dry nitrogen throughh@H spectrometer signal is observed. As described below, the
sample for approximately 2 weeks. Density measurementsintegrated area of these peaks is proportional to the amount of
indicated that greater than 95 wt %® samples were prepared SO, adsorbed onto or desorbed from the ice surface.

and maintained when used daily,® was introduced to the Uptakes of HO, on ice were performed by monitoring the
flow tube by bubbling a controlled flow of He through the®} mass 34 channel. The mass spectrometer sensitivity,@ H
bubbler and then through a 10 cm-long YVis absorption cell. was low at this mass, presumably because ionization leads to

Variations in the HO, partial pressure were obtained by the dissociation of most of theB, into two OH. Unfortunately,
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1.40 . . ; . free “plug”, and the mass spectrometer signal would go to zero.
130k 3 The fraction of signal loss due to this injector motion can be
readily calculated from the change in the signal level times the
time for the gas to travel the additional distance (i.e., change in
137 ¢ signal times change in injector position divided by flow
136 [ ] velocity). The observed loss of signal was within a factor of 2
135h 3 of the calculated “plug” area for the Ar experiments. As an
example, for the uptake experiment in the lower frame of Figure
3 the calculated loss of signal was 47% of the observed value.
133 ¢ E The discrepancy between the observed and the calculated values
132} ] is not obvious but in theory could arise from adsorption of Ar
to the flow tube surface. Later in the paper, we will also present
results from a few control experiments withb®} in a warm,
0 100 200 300 400 dry flow tube, where we found that the observed change in
Time (s) signal very closely matched the calculated value.
1.39 : . — . The SQ and HO; uptakes are considerably larger than the
amount of signal loss that may be due to this “plug”. Neverthe-
less, corrections were applied to all the Sahd HO, data
presented in this paper by subtracting the calculated intensity
of the SQ- and HO,-free plugs from the observed uptakes.
The magnitude of this correction is illustrated for both,%0d
H20; in the Results and Discussion section.

1.38 E

Signal (V)

1.34 | 1

1.31 1

Signal (V)

Results and Discussion

SO, Studies. The upper frame of Figure 2 shows a typical
sequence of uptake experiments performed with a single ice
film at 228 K. As described above, each momentary loss of
1.34 . : . . signal corresponds to the injector being pulled back over a fresh

100 120 140 160 180 200 . . .. .

ice surface, and each surge arises when the injector is pushed
back to its starting position. The integrated loss (or gain) of
Figure 3. Experiment where 5.6 107° Torr Ar is exposed to adry  signal arising from moving the injector is proportional to the
room temperature flow tube. Upper frame shows the Ar signal observed amount of S@ which has adsorbed to (or desorbed from) the
as the injector was withdrawn and pushed back in to its starting position surface. To within 20%, the adsorption amounts are the same

three times. For the first experiment (see lower frame), the injector is f ted f film to SOhis | indicati
withdrawn 15 cm at approximately 130 s and pushed back in at 180 s. or repeated exposures of one film to SOhis is an indication

The bulk flow velocity for this experiment was 1129 cm/s. of the relatively small errors that arise from integrating the
rapidly changing S@signal. From the lower frame of Figure
the OH signals at mass 17 could not be used due to the large2, it is clear that the desorption amounts are the same as the
amount of water involved in the experiment. Furthermore, highly adsorption amounts, to within experimental error. The shapes
concentrated D, is unstable and breaks down inte,®, and of the adsorption and desorption curves are also similar, with
H,O. The natural abundance of tFf©, isotopic component of ~ perhaps just a small amount of ‘tailing’ on the latter. This
O, is about 0.2%, which significantly increased the baseline indicates that the uptake is a fully reversible process and the
signal at this mass. Fortunately, measurements indicated thakinetics involved are faster than the time scale of the experiment.
O, does not adsorb strongly to ice and that our uptakes were From the mass flow rate of SQ@own the flow tube, which
due to HO, only. H,O, signals were corrected for the can be calculated from the SQartial pressure in the flow tube
component arising fron?*O, by subtracting the appropriate and total flow rate of He buffer gas, the adsorption areas in
fraction (i.e., the natural abundance ratic*#; to 320,) of the Figure 2 can be quantified in terms of the number of molecules
820, signal, which was monitored during each®4 experiment. of SO, lost from the flow. This quantity is then converted to a
Given that the S@and HO; uptakes on ice were small, we  surface coverage by referencing it to the geometric surface area
wanted to evaluate the smallest uptakes that could be measuredf the Pyrex reaction tube. For the conditions shown in the
with this technique by performing uptake experiments on dry figure, the average surface coverage (or uptake amount) is (4.6
Pyrex surfaces at room temperature. In particular, some experi-+ 0.8) x 10** molecules/cry where the uncertainty is a1 o
ments were done with Ar, a typical example of which is shown precision error. The “plug” correction is 20% of the observed
in Figure 3. There is clearly a reversible loss and recovery of loss of signal for this set of data. Given the uncertainties of up
Ar signal each time the injector is withdrawn and pushed back to a factor of 2 associated with making this correction (see the
in to the starting position. Aside from interactions that Ar may Experimental section), we believe this is the largest source of
experience with the wall surface, we believe that some of the systematic uncertainty in the reported surface coverages. The
loss in signal is due to the injector being withdrawn into a flow precision errors observed in the scatter in the data are at least
which has no Ar within it. To explain, consider a hypothetical as large as the systematic uncertainties and are likely due to
experiment where a trace gas is delivered to the flow tube the differences in the ice films from experiment to experiment.
through an injector that could be pulled back instantaneously. This surface coverage is very much lower than a full
Given the bulk flow velocity for typical experimental conditions, monolayer, which would correspond to roughly >6 104
it would require tens of milliseconds for the gas to reach the molecules/crafor a molecule the size of SOf the molecules
mass spectrometer detector. As the gas travels the additionakre packed on the surface next to each other. The measurements
distance to the detector, the detector would observe an analyte-of surface coverages derived in this manner for a wide range

135 F 1

Time (s}
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10 ; ' " accessible on the time scale of the experiment. For the analysis
below, either definition is appropriate. If we assume that
[H*(ads)] = [HSOs; (ads)], i.e., the acidity is determined by
the dissociation process, eqs 1 to 3 can be solved to give

10"

0 [S*(ads)]= KriPsor + (KriKrPsod>  (E4)
where the first term on the right-hand-side represents the
quantity of surface S(IV) in the form of undissociated, SDd
. pH= 4.1 ] the second term represents S(IV) on the surface as3HSO
o pH=104 Equation 4 predicts that, if the amount of HS®n the surface
v NaS0,pH=6 is much larger than the amount of undissociated, 8@ surface
- : : coverage should be proportional to the square root of the SO
107 10° 108 104 103 . L. . . .
P(SO,) torr partial pressure. This is th(aT behavior demonstrated in Figure 4.
Thus, the observations imply that $Qptake by a neutral
Figure 4. SO, uptake (molecules/cthplotted as a function of SO ice surface is driven by the dissociation of adsorbed S@i

partial pressure (Torr), at 228 K. The data sets represent experiment: : ; ; e
where ice films were prepared with deionized water (s+B) and Sthe subsequent hydration of the product ions. The dissociation

10V £

Uptake (molecules/cm®?)

1010 L

aqueous solutions o480y (pH = 4.1), NaOH (pH= 10.4), and Na presumably takes place in the uppermost few monolayers of
SQ (pH = 6). The slope of the best fit line for each data set s indicated the ice surface, given that diffusion times into bulk ice are long.
in the figure. It is important to note that elements of this aqueous-like model

for the interaction of S@with ice surfaces have been presented
of conditions are shown in Figure 4. In particular, the solid before'® However, it is our belief that although the chemistry
squares and the line-of-best-fit to those points represent uptakeappears qualitatively similar to that which occurs in aqueous
measurements as a function of the ;S@artial pressure  solutions, it seems unlikely that at a quantitative level the
performed on an ice film generated by freezing neutral {pH  aqueous model will be accurate, given the very different types
6) water. There is a clear dependence of the uptake upon theof interactions that take place between molecules in a liquid
partial pressure, indicating that the surface is not saturated undeand those on a solid. At a minimum, the values of the

these conditions. This is in agreement with the magnitude of equilibrium constant&g; and Kg, will be different.
the uptake itself, which is very much smaller than that of a  Support for this model involving dissociation and chemical

saturated _monolayer coverage. _ _ interactions with surface water comes from two directions. First,
Interestlngly,_the surface coverage varies with the square rootthe uptakes of SOfrom the gas phase were greatly enhanced
of the SQ partial pressure (the slope of the telpg plot in on films formed by freezing basic solutions (see pH 10.4 data

Figure 4 is 0.53). This is different from the linear dependence in Figure 4) and greatly reduced on acidic films (pH 4.1 data).
that is predicted by a simple Langmuir-type adsorption isotherm. For the basic case, the R2 equilibrium is pulled over to the right
We believe that this dependence indicates the manner by whichas the protons formed in the reaction are consumed by hydroxide
SO, adsorbs to an ice surface. Consider a model wherg SO jons on the surface. Indeed, the lack of dependence of the uptake
interacts with an ice surface via chemical interactions which on the SQ partial pressure is consistent with the number of
are analogous to, but not the same as, those of am@@cule accessible hydroxide ions being the sole factor which determines

dissolving in liquid water the uptake capacity of the film. For a pH 10.4 film and with
the volumes of solution that we use to make the films, we can
SO,(g) < SO (ads) (R1)  calculate the maximum number of OHons that could be

available for reaction, assuming that they all come to the surface
SO(ads)+ H,0 <= H'(ads)+ HSO, (ads)  (R2) when freezing of the solution occurs. The Saptakes are
roughly 5 to 10% of this maximum uptake amount. If the
where the (g) and (ads) symbols denote gas-phase and adsorbetrumber of accessible hydroxide ions determine the uptake
phase, respectively. S@ds) represents the adsorbed form of capacity, then it would suggest that 5 to 10% of Oidoves to
SO, which is likely to involve hydration via a small number  the surface upon freezing.
of water molecules on the ice surface. We do not consider the  For the acidic films, S@uptakes are considerably smaller
dissociation of HS@ into SOs?~ because the acidity of our  than those on neutral surfaces and their dependence on the SO

pH-neutral water was 6.0, and th&gof HSGO;™ is 7.22%i.e., partial pressure is closer to being linear (the slope of the line-
we expect little dissociation of the bisulfite ion. For these two of-best-fit in the log-log plot in Figure 4 is 0.76). These

reactions we can write equilibrium constant expressions observations are consistent with the surface protons inhibiting
the dissociation of adsorbed $Qwhich makes the uptakes

Kr1 = [SO,(ads)l/R, (E1) smaller, and with the first term in E4 becoming more important.

It is also possible that the sulfate ions that are part of the sulfuric
Kro= [H+(ads)][HSQf(ads)]/[SQ(ads)] (E2) acid solution used to acidify the water could have influenced
the uptake of S@ To test for this, we performed uptake
and define a quantity [S(ads)] which represents the total experiments with a pH-neutral 0.1 M B8O, solution, and
amount of S(IV) species adsorbed on the surface observed that the uptake is the same as on pure ice surfaces.
Thus, we feel confident that it is the protons close to the surface
[S*(ads)]= [SO,(ads)]+ [HSO, (ads)] (E3) which inhibit the uptake of SQon the acidified ice surfaces.
The second line of evidence, albeit indirect, that a substantial
Note that the concentration quantities in E1 to E3 may be viewed chemical interaction with water is occurring is given by the
either as surface coverages or as a concentration of adsorbetemperature dependence of the ;.S@ptake. In Figure 5, we
species in the top few monolayers of an ice surface which are present our uptake data on neutral ice surfaces forgo@@ial
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Figure 5. SO, uptake (molecules/cfnat 4 x 10°° Torr partial pressure  gjgure 6, Uptake experiment, analogous to that in Figure 2, where
vs T (K™) where the open and closed circles are from Clapsaddle 5 gy 10-5 Torr H:0; is exposed to ice at 228 K.

and LamB? and this work, respectively. At 228 K, our data point is

taken from our line-of-best-fit in Figure 4, whereas the point at 213 K . .
is the average of 5 uptake experiments on a single film. The other €XPECt this process to be exothermic, and that lower temperatures

points in the figure represent values interpolated for the same partial Would push the equilibrium to the right, contrary to the trend

pressure from the Clapsaddle and Lamb uptake measurements madshown in Figure 5. Similarly, the dissociation of adsorbed SO

at four different temperatures. should also be an exothermic process. What, then, is driving
the increased uptakes at higher ice temperatures? As has been

pressure of 4< 107 Torr for two temperatures, 228 and 213 e\iously suggested;La possibility is that the quasi-liquidiike

K. We also include data points from another experiment which |aver that has been hypothesized to exist on the surface%f ice

measured the uptake in a very different manner and at higheris'mqre developed at higher temperatures and thus more capable

temperature¥? Specifically, Clapsaddle and Lamb formed small of accommodating S©in the manner described above. In

spheres of ice by spraying water droplets into a liquid nitrogen 4 icylar, the increased mobility of water molecules that would
bath and then used these spheres to pack a chromatographife part of a quasi-liquid layer could facilitate the dissociation
column. SQ flowed through the column for periods of hours, ot 54sorbed S@by enhancing the ability of water molecules
and a surface coverage was calculated from the “breakthrough”; hydrate the H and HSQ" ions. Or, the layer may be simply

curve of SQ coming through the column. Experiments were inicker at higher temperatures, and thus able to accommodate
performed at a small number of partial pressures for a range of . .o S(IV) species.

relatively warm temperatures. To make the most appropriate . . . .
compari);on to our drz)ata we have interpolated the dg$a spets in H20, Studles.Analogqus experiments to thosejust .descrlbed
Reference 12 for each temperature and determined the uptak ere also performed with hydrpgen peroxide. In Flgur'e 6.a
at a SQ partial pressure of 4 1075 Torr. Quite remarkably, ypical set of uptakes gn anice film at 228 K and @Ozipa_rtlal
given the very different nature of the two experimental ap- pressure of 2.'8X 10 _Torr S shown. Nc_)te that the ISSues
proaches, the Clappsaddle and Lamb data set and ours appea?rssoc'ated with detectlng_geg In elec_tron-lmp_act mode give
to be consistent with each other. Specifically, when the logarithm rls;ettho sor?elz/v hat poore_: &gnal-to-r;)clnse thartlr:nlthe czse thss%
of the uptake is plotted versus the inverse temperature, the dat utthe uptakes are easily measurable nevertheless. As wit

he uptakes are smatfor this set of data the average surface

fall on the same line-of-best-fit within experimental uncertain- ; -
P coverage is (2.2 0.4) x 10 molecules/cri—representing a

ties. ;
Comparison to other uptake studies is not as fruitful. In small fraction of a monolayer.

particular, a number of studies involving uptake to snow do  The dependence of the uptakes upon ti®#partial pressure

not report snow surface areas and the surfaces are undoubtedifind upon the acidity of the ice film indicate a different type of
rough. We believe this may be the reason that Chu et al. reportchemical interaction occurs between ice angDhithan with

SO, surface coverages which are approximately 1 order of ice and SQ First, the dependence of the® uptake upon its
magnitude larger (2.4« 102 molecules/crh for 1.3 x 1076 partial pressure is linear from» 1078 Torr to 3 x 1072 Torr

Torr SQ) than those reported heteThe primary difference  (see Figure 7, where the slope of the tdgg plot is 0.94),
between the Chu et al. experimental approach and our own isindicating that the uptake is in the portion of the adsorption
that the former uses water vapor deposition to form the ice film, isotherm where the surface is unsaturated. The linear dependence
which may lead to a h|gh surface-area film. Indeed, we have is also an indication that 4D, is not diSSOCiating on the surface,
found that HCI uptakes on vapor-deposited films to be consider- as expected given thabB, is an exceedingly weak acid. Uptake
ably larger than on films formed by freezing liquid watér. studies were performed with both acidic and basic films, as
Given that the Chu et al. uptakes were performed at even lowershown in Figure 7, which demonstrate that there is no
temperatures (191 K) than our own, we would have expected, dependence on the extent of surface acidity. This supports our

if anything, the uptakes to be somewhat smaller than ours hadcontention that there is little dissociation of® on the surface.
the areas of the films been similar. Rather, the uptake is much more |Ik6|y being driven by the

There is a temptation to interpret Figure 5 in a van’'t Hoff formation of either one or two H-bonds betweep(d and the
manner, where the slope would be related to an energy of ice surface.
adsorption. But to do so may be incorrect, or at least incomplete, Also shown in Figure 7 are the calculated quantities of the
given the various processes that will determine the magnitude H,O,-free “plug” (see Experimental section) which were
of the uptake as a function of temperature. Consider the first subtracted from each of the uptakes. The “plug” values agree
step in the process, the adsorption of gas-phase @& would very well with the “uptakes” measured in three control experi-
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100 : . ; a capability which both HN@and HCI have but which $D,
does not. HO; is likely to bind via H-bonding and, as a result,

0| the uptakes observed are very much smaller. An intermediate

< case is that of SO SO, is a substantially weaker acid than either
< HNO; or HCI, and the uptakes are substantially smaller, roughly
(%; 0" comparable to those of J,. Interestingly, when the dissocia-
° tion channel of adsorbed $@ shut down by acidifying the
< 100 ice surface, the uptakes of 20@ecome considerably lower than
s o pH=60 those of HO,, probably because the intermolecular forces which
=) - . 2:2?67.7 ] drive the uptake of molecular S@vill be considerably weaker

e Plug than the H-bonding in which ¥#D, can participate.

o Control An additional indication that the uptakes of S&nd HO;

e 107 100 10° 104 differ in nature from that of strong acids is that they are largely

reversible on the time scale of the experiment, i.e., the amount
of gas which desorbs from the surface closely matches that
Figure 7. H.O, uptake (molecules/cfhplotted as a function of 40, which adsorbs. On the other hand, only a small fraction of HINO

partial pressure (Torr). As discussed in the text, the uptakes (0pen yegorhs under similar conditions, presumably an indication of

circles) were corrected by subtracting thghifree plug (closed circles) - .
from the integrated signals. The figure includes data points from control the strong binding strength of the hydrated products to the ice

experiments (open squares) performed by measuring the uptake orsurface.

room-temperature Pyrex surfaces. Uptake experiments were also Atmospheric Implications. The results from these studies

performed on ice surfaces that were prepared from aqueous solutionsgre in general agreement with field studies that examine the

of H,SQ (pH = 3.7) and NaOH (pH= 10.7). The best fit line reflects  cemical content of both supercooled water and ice droplets in

only the pH= 6.0 data (open circles) and the slope is 0.94. . . . .

order to determine the extent to which chemicals are retained

1e+12 , . . ; ; by cloud particles when freezing occurs. General conclusions

from these studies are that strongly acidic species, such as

HNOs3, are very strongly retained, whereas both,&@d HO,

have low retention efficiencie®:26 Given that the solubility of

P(H,0,) torr

8e+11 |

”g each of these gases in ice is low, it is likely that freezing of a
8 eerttp 1 supercooled water droplet transports the dissolved species to
%Es’ the surface of the newly formed ice particle. If there is a strong
T et | ] affinity of the molecule for the surface, as in the case of HNO

A;i 3 the observed retention will be high. Conversely, if the molecules

are not strongly bound to the surface, as in the case ¢80
H,0,, they will readily desorb and the retention will be low.

This behavior can have considerable impact on atmospheric
® oo oo owom ooom Toooss  ooos  oooar trace gas abundances, particularly in the upper troposphere
where deep convection is an important transport process taking
chemically active species up from the boundary layer. For
example, in a field campaign (TRACE-A) conducted in equato-
rial regions, the convective enhancement factors (the ratio of
gas abundances in convective outflow relative to levels in the

ments performed with dry Pyrex surfaces at room temperature. 8dsence of convection) were less than one for HNi@licating
The plug correction is on average 35% of the reported uptake. efficient scavenging, and larger than one foCi an observa-
The temperature dependence of the uptake ak21875 Torr tion which has been interpreted as being consistent with
partial pressure is considerably weaker than that exhibited by inefficient scavenging of kD by ice clouds’
SO, and sufficiently small that there is no statistically significant ~ Aside from interactions in convective systems, it has been
trend over the temperature range from 238 to 213 K (see Figurehypothesized that the interaction of HN®@ith ice surfaces
8). Assuming an adsorption energy of 5 kcal/mol (i.e., a typical could give rise to substantial scavenging of HN®the upper
H-bond), a van't Hoff dependence would predict that the uptake troposphere if the surface areas of cirrus clouds are sufficiently
would increase by a factor of 2.6 from 238 to 218 K. The fact high#5 This suggestion has been confirmed by some field
that we do not observe such an increase may be an indicationmeasurements which show that a fraction of Ngresumably
that additional factors determine the temperature dependencen the form of HNQ, is taken up by ice particle’.In addition,

2e+t1 |

UT (K

Figure 8. The H0, uptake (molecules/cthvs T-1 (K~1). Each data
point was the average between 5 and 15 uptakes (5 uptakes per film)
where the HO, partial pressures were 5.2:0.6) x 107 Torr.

of the uptake, e.g., the thickness of the quasi-liquid layer. a 3-D modeling study predicts that substantial effects on the
Comparison of Uptake Behavior of Different Gases.In spatial distribution of nitric acid through the free troposphere
an earlier study, we have shown that strong acids, such agHNO could arise through scavenging effects of this typ€his
and HCI, exhibit ice uptakes at partial pressures of 106 modeling study also predicts similar effects foi@d, assuming
Torr which are very much larger2 x 10 molecules/cri)* that the affinity of HO, for ice is roughly the same as that for

than those measured here for Sénd HO, (~2 x 104 HNOs. The results in this paper, which show that the surface
molecules/crhand 8x 10 molecules/crf respectively). Given coverages are in fact orders of magnitude smaller under typical
that the aqueous physical solubilities 0§®4 and HNQ are atmospheric partial pressures, suggest that such scavenging in
both extremely large and similar to each ofiés an indication unlikely to be important. To illustrate, consider that the thickest
that the uptake of gases by ice is driven by an additional factor. cirrus clouds have surface areas of about“l6nm?/cme. A

As in aqueous solutions, the primary determining factor for ice typical mixing ratio of HO, at 8 km in the free troposphere is
appears to be whether the species is able to readily dissociate500 pptv, or 167 Torr.2° The surface coverage for this partial
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pressure (see Figure 7) will be>8 10° molecules/cry, which (11) Sommerfeld, R. A.; Lamb, DGeophys. Res. Leti986 13, 349.
ing i 0 _ (12) Clapsaddle, C.; Lamb, O5eophys. Res. Lett989 16, 1173.
.CorreSponds to. scavenging just 0'02./0 of gas-phask tie., (13) Molina, M. J.; Tso, T.-L.; Molina, L. T.; Wang, F. C.-XScience
in one cnd of air, amount of HO; on ice surfaces= 8 x 10° 1987 238 1253.
molecules/crh x 1074 cm?/cm? = 8 x 10° molecules; amount (14) Valdez, M. P.; Bales, R. C.; Stanley, D. A.; Dawson, G.JA.
of H,O, in gas phase is 10 Torr, or 4.2 x 10° molecules, Geophys. Red 987 92, 9779. _
assuming 228 K). 94(11%)9glaldez, M. P.; Dawson, G. A; Bales, R. L.Geophys. Re4989
. (16) Conklin, M. H.; Bales, R. CJ. Geophys. Red.993 98, 16851.
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