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The uptake of nitric acid by thin ice films at temperatures from 209 to 220 K was studied using a Knudsen
cell flow reactor and FTIR reflection absorption spectroscopy (FIRAS). Using the measured HNQptake

along with the measured ice surface areas, equilibrium cover&@jesnd initial uptake efficienciesy] for

HNO; on ice were determined. A negative temperature dependence was observed for ledidnithe data.

The initial uptake efficiencies ranged fromm= 7 x 103 atT =209 Ktoy = 3 x 1072 atT = 220 K. Using

Puno, = 8 x 1077 Torr, the uptake of HN@saturated at around one monolayer (ML)Tat 213 K and
decreased with increasing temperature. At temperatures beElew213 K, multiple layers of HN@were
adsorbed usin@uno, = 8 x 1077 Torr. UsingPuno, = 1.7 x 107 Torr, temperature dependent uptake was

also observed, however the transition from monolayer to multilayer uptake occurred at a higher temperature
than when using a lower nitric acid pressure. A multilayer Frenkiglsey-Hill (FHH) model was applied

to our temperature dependent data and was used to facilitate comparisons with other laboratory and field
studies obtained at higher and lower nitric acid partial pressures. Our coverage values 2t3 K are
quantitatively lower than previous laboratory results by Abbatt, however extrapolations of our model to data
by Arora et al. agree within a factor of 2. We have also compared our modeled coverages to field observations
by Weinheimer et al. and Meilinger et al. of HNOptake on lee-wave and cirrus clouds, respectively. Modeled
coverages fit both sets of data well but lie slightly above the Meilinger et al. data.

Introduction of field data for HNQ on cirrus!2130ne difficulty in comparing
Nitric acid, HNQ, is one of the most important N@pecies the laboratory data to field_o_lata is the vastly different temper-
in the troposphere (NO= NO, + N2Os + HNO; + CIONO, ature and pressure cond.ltlons under whlch the data were
+ PAN + ...). By tying up NQ (NOx = NO + NO,) into a obtained. Here, we determlne_a relationship between gas-phase
less photochemically active form, HN@an impact photo- HNO; pressure and the resulting temperature-dependent cover-

chemical ozone production and the oxidative capacity of the 29€ on ice films. _ o _
atmosphere. Current models overestimate the ratio of HHO Our study has examined the uptake of nitric acid on ice over
NOy by factors of two to ter. This implies either a missing & ange of upper tropospheric temperatufes=(209-220 K7)

sink of HNOs, a missing source of NOspecies, or a missing ~ USIng nitric %C'd pressures ranging frdfnos = 7.9 x 107"
conversion from HN@to NO, also known as “renoxification.” 0 1.7 x 1072 Torr. In this study, we find sharp increases in
Many laboratory studies have investigated heterogeneous pathMiric acid coverage, to amounts greater than a monolayer, at

ways to identify a process that would correct this imbalance in € lowest temperatures studied. We also find an increase in
models. Heterogeneous reactions of HNiD soo22 aerosols ~ {NOs coverage on ice with increased Hi@ressure. The

and cloud dropletand dust and biomass burning partiéiés ~ Strong temperature and pressure dependences have not been
have all been proposed as possible pathways for ke@oval observed in previous laboratory studies.

or renoxification of the atmosphere. Because cirrus clouds are | N€ observation of coverages greater than a monolayer forces
prevalent and have large surface areas, ice is a natural surfac& revision of the monolayer model that had been applied to the

to consider for HN@ uptake and redistribution in the atmo- Previous laboratory daaThe multilayer FrenketHalseyHill
spherg’8 (FHH) model has been fit to the data from this study. The model

has also been applied to a previous laboratory measurement of
nitric acid uptake on ice particles and agreement is found to
within a factor of 2. We also extrapolate the model to determine
coverage using conditions representative of field observations
by Weinheimer et al. and Meilinger et &3

A number of studies have previously examined the hetero-
geneous removal of HN¢bn ice using a variety of techniques.
Laboratory results and models thereof predict coverages of 1
x 10" to 1 x 10 molecules cm? over a wide range of
temperatures and pressu?é&811There is also a limited amount

Experimental Section

T Part of the special issue “Jack Beauchamp Festschrift’. Dedicated to . . . . .
Jack Beauchamp, with many thanks for his guidance and support over the ~1N€ exp_erlmental setup has been described in detal! previ-
years. ously!* Briefly, a Knudsen cell flow reactdt and Fourier
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Expose to ice Isolate from ice because retraction of the Teflon cup results in an extremely small
volume change<0.05% of the chamber volume.) Furthermore,
351 Y Y | because the cup is made of Teflon and is never in contact with
“\ the gold substrate, no reaction takes place on the cup. If the ice
_a30d Somee 1 surface becomes saturated with H)\@s in Figure 1a, the
8 HNO; flow returns to its original level. If the uptake of HNO
Eg 25+ . 1 does not saturate within the time scale of our experiment, as in
] 2) P=7.9x 107 Torr Figure 1b or 1c, the HN®flow does return to its initial value
) T=214K g
S 20 . , . , L once the film is isolated.
‘;’ 25 1 The technique to determine the coverage of adsorbates has
2 M been discussed in detail previousfyBriefly, the uptake of
g 20l & | HNO; onto the ice surface, as shown in Figure 1a, is equivalent
g > to the decrease and recovery of HNflow (molecules s?)
254 | b) P=7.9x 107 Torr 1 from t = 0—1000 s. This integrated uptake. (m_olecules) is
T=209.5K _con\_/erted to an adsorbed_ HI\J_@overage by dividing by the_
20 : , : : ice film surface area. The ice film surface area was determined
using a BET measurement described in detail below.
5 The initial uptake efficiencyyops can be obtained from the
%3 204+ © P=79x10%Torr i initial drop in the mass spectrometer signal
E T=209.5K
E| 1 Vobs= ﬁ(F(’ F) (1)
C) A\ F
E3
g 1ot A
S whereAy, is the area of the escape orifice (0.173y is the
g 0044 surface area of the ice filnF, is the initial flow of HNG;

0 200 400 600 800 1000

through the chamber, arféis the value after exposure to the
time (sec)

film. With respect to Figure 1&, = 3.4 x 103 molecules s!
Figure 1. Mass spectrometer signahfz 46) calibrated to nitric acid andF = 3.1 x 103 molecules 3. The uptake efficiencyyops

the ice film att = 0 s and isolated from the ice film &at= 1000 s for - :
the following conditions in (a) small-limited uptakBuno, = 7.9 x surface becomes saturated with HNGiowever, HNQ is

1077 Torr, T = 214 K, (b) large-limited uptakePuno, = 7.9 x 107 extremely sticky and adsorbs to the walls of the chamber.
’ ’ [ 3 . . .

Torr, T = 209.5 K, (c) unlimited uptakePuno, = 7.9 x 107 Torr, T Therefore, when HN@adsorbs to the ice film, HN@desorbs

= 209.5 K. from the chamber walls to compensate for this loss creating an

additional HNQ source. This additional source of HN®an
transform infrared reflection absorption spectroscopy (FTIR  be accounted for in the uptake efficiency according to Aguzzi
RAS)® are used to simultaneously monitor gas and condensedand Ross#
phases, respectively. Thin ice films are deposited on a vertically
mounted, temperature controlled, gold substrate. The IR beam AN
reflects off the gold substrate at a grazing angle ¢f 88m Viue = Vobs T m )
the surface normal for high sensitivity to condensed phase °

species. Gas-phase concentrations of HNDd water are  \yhereN is equal to the total number of HNGnolecules that
determined using the mass spectrometer, ionization gauge, anQiasorb from the walls creating an additional source of HNO

absolute capacitance manometer. A Teflon cup is positioned 4y is the time required for the mass spectrometer signal to
directly across from the gold substrate so that, when extended, g5 jts steady-state value after the film has been exposed to
it isolates the gold substrate from the rest of the chamber. 14 nhitric acid.

In a typical experiment, the gold substrate is first cooled to  Determination of Ice BET Surface Area. Typically, the
a desired temperature and a thin ice film is deposited by surface coverage (molecules c%)'] of a species on ice is
introducing water vapor into the chamber. The water vapor optained by dividing the number of molecules lost from the
pressure is adjusted until a stable film is obtained. Film stability gas phase to the surface by the geometric surface area of the
is determined by monitoring the OH stretching region in the jce. During vapor deposition of ice films at temperatures greater
FTIR—RAS. Although thermocouples are attached to the back thanT = 211 K, a large amount of scatter was observed with
of the gold substrate, ice film temperatures are determined usingrTIR—RAS indicating rough film surfaces. For this reason, the
the relationship between temperature and water vapor pressurgrue surface area of the ice films is experimentally determined
from Marti and Mauersbergéf. through BET (Brunauer, Emmett, and Teller) measurements

Once a stable film has been established, the Teflon cup isusing butane as an adsorbate.
extended over the film, isolating it from the chamber. A flow The adsorption of butane was measured on smooth ice films,
of HNQgs is then introduced into the chamber and monitored deposited afl = 160 K, and rough ice films, deposited Bt=
using the mass spectrometer to ensure a steady flow. Typical211-219 K. After ice deposition at either the low or high
results of exposure of HN©Oto ice films at various HN@ temperature, the temperature of the ice film was decreasgd to
pressures and ice film temperatures are shown in Figure 1. At= 125 K for butane adsorption. The difference between the
t = 0 s in Figure 1a, 1b, and 1c, the ice films are exposed to amount of adsorbed butane on a smooth versus rough ice film
HNO; by retracting the Teflon cup and a drop in the HNO  will be used to determine a true ice film surface area.
flow is observed. It is important to note that any drop in the For our surface area determination we have measured the
HNO; flow corresponds to HN@uptake on the ice film surface  pressure dependent BET isotherm for butane on ide=atl25
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g 08T Figure 2b shows the isothermal desorption of butane from
E 0.6+ the ice film atT = 125 K. After butane adsorption, the ice
2 047 surface is again isolated from the butane flow and the chamber
2 024+ is evacuated. Once the chamber has reached its base pressure,
< Lol the Teflon cup is retracted from the surface (indicated by arrow)

and any butane that is physisorbed to the ice isothermally
desorbs.

As was described previously, the integrated area of the
adsorption curve can be used to obtain the number of molecules

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Desorption peak height (x1015 )

Figure 2. Mass spectrometer signal calibrated to butane flow upon
(a) exposure to ice film &fice im = 125 K, and (b) isothermal desorption

of butane from ice film into evacuated chamberTat 1m = 125 K. lost to the surface. However, due to the high pressures of butane
The inset in (a) is butane flow (7.95 10 molecules/s?) vs time used in these experimen®=5 x 10°° — 4 x 104 Torr, the
(—5—20 s) upon exposure to blank gold substrat@satace= 200 K. adsorption curves were fairly noisy and often difficult to

The arrows in (), (a) inset, and (b) indicate where the Teflon cup was integrate. For this reason, the peak height of the isothermal

retracted from the_ surface. c)_ Integrated adso'rptipn peqk area (m°"desorption peak was used analogously to that of the adsorption
ecules) vs desorption peak height (moleculé3fwith linear fit forced area. As shown in Figure 2c, there is a linear relationship

through zero. between the area of the adsorption curve and the peak height

K_ It has the form of the desorption peak. Thus, the desorption peak height is
converted to an integrated adsorption area using the slope in

® ceS Figure 2c (7.73 molecules (peak heigh)) A plot of ©/Omax
@maX: (1—9)[1+ (c— 1)S] 3 versus pressure of butane is shown in Figure 3 as open circles.

A fit to these data using the BET model (Equation 3) wit
4.6 is shown as the solid line. The BET model offers a
reasonable approximation to the butane data adsorbed to smooth
ice films.

The coverage of butane on rough ice films deposited fflom
= 211-219 K and then decreased To= 125 K for butane
exposure is shown as solid circles in Figure 3. As in the case
of the smooth ice film coverage calculation, the ice surface area

spherical butane can be determined and, in turn, a cross-sectiondP 2Ssumed to be the geometric area of the gold substrate, 5.07
area of butane is determined. We calculate a cross-sectional are§™ - A?‘ shown in 'ghe inset in Figure 3, this coverage is
of 3.61 x 1015 cn? molecule® of butane, or a maximum approximately 2.27 times larger than the coverage on a smooth
monolayer coverage Mmax = 2.77 x 104 molecules cm?. film. T_herefore, the surface area of the rough ice film must be
The adsorption of butane on ice is performed using the same?2-27 t|m(_as Iar_ger_than the s_ubstrate area, represented by the
technique as for HN@adsorption. Figure 2a shows the uptake smooth f||m, ylgldmg an ice f||m.surface area of 11.5%for
of butane on a smooth ice film depositedTat= 160 K then € rough ice film vapor deposited at= 211-219 K. No
cooled toT = 125 K for butane exposure. For comparison, the variation in surface area within this temperature range is
inset in Figure 2a shows butane exposure to a blank gold observed.
substrate al = 200 K using the same initial butane flow. No
decrease in the signal is observed, demonstrating that the
decrease in butane signal is due to adsorption onto the ice film Regimes of Nitric Acid Uptake. Figure 1 shows three
and not due to the small volume expansion when the Teflon different types of uptake observed upon exposure of nitric acid
cup is retracted. AT = 125 K, background levels of 4 in to ice films under varying conditions of nitric acid pressure and
the chamber would deposit onto the gold substrate. Thereforeice film temperature. The magnitude of the drop in flow varies
at T = 125 K, a true “blank” experiment where no ice is with ice film temperature as well as nitric acid pressure. Note
deposited onto the substrate cannot be performed. that the nitric acid flow in parts a and b are on the same scale

where® is the coverage at a pressiPeO@max = 2.77 x 1014
molecules cm? (the maximum monolayer coverag&js the
saturation ratio $ = P/P°) and P° is the experimentally
determined vapor pressure of butan& &t 125 K. The constant

c is a fitting variable ®mayx is calculated from the density and
molecular weight of butane. If we assume a butane molecule is
a sphere with density = 0.59 g/mL}° then the radius of the

Results and Discussion



Uptake of Nitric Acid on Ice J. Phys. Chem. A, Vol. 106, No. 42, 2002877

: 209}5 K 218.,3 K 20l a)
10" f : ) :
: 2095 K, . 204
i : !
5 | ) i Ne - 1
g K g —akd | : 10 * *
=) i e :
S 4 e ! L 00—y
g 0t N . ! _
3 4 Ph S 301 b
Icefsc. liquid ,..):“M : o
o7 ¢ curve ) .-«"’/“ : . 20+
| NAT ) : g
e ee | ' 2
; [ [ + ' g 10_
67849 3 4 5 6 THY 2 o
0.001 i 2
PiJ_.lI (Torr) < 0.0+
Figure 4. HNO;z; and HO phase diagram with vapor pressures of 304
HNOy/H,O supercooled solutions at three temperatufes; 199.4,
209.5, and 218 K from Hanson data 1990. The-titashed line is the 204

ice/supercooled HNgH,O solution equilibrium curve. For pressures
above this line, a supercooled solution can form. The small-limited
uptake (black circles a®u,0 = 0.016 Torr, T = 218 K) and large- 1.0 1
limited uptake (gray circles &,0 = 0.005 Torr, T = 209.5 K) are
well below the relative supercooled solution lines. However, the
unlimited uptake (solid triangles) &.,0 = 0.005 Torr T = 209.5 K)
andPy,0 = 0.001 Torr T = 199.4 K) are above or on the supercooled
solution lines. The gray line represents the ice/NAT line from Hanson
and Mauersberger, GRL, 1988.

0.0
1550 1500 1450 1400 1350 1300 1250
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Figure 5. FTIR—RAS spectra of the asymmetric NOstretches for
(a) small-limited uptakePuno, = 7.9 x 1077 Torr, Tice fim = 214 K,
(b) large-limited uptake, fRo, = 7.9 x 1077 Torr, Tice fim = 209.5 K,
(c) unlimited uptakePuno, = 7.9 x 1078 Torr, Tice fim = 209.5 K.

and that the nitric acid flow in part c is on an order of magnitude
larger scale.

In Figure 1a Puno, = 7.9 x 107 Torr, T = 214 K) a small 1b in Figure 4, corresponding to small- and large-limited uptake
decrease in the nitric acid flow is observed after exposure to experiments respectively, are well below their corresponding
the ice film followed by a gradual recovery to its original level.  supercooled HN@H.O solution isotherms as well as below the
As stated previously, this indicates an equilibrium coverage of jce/supercooled HNgHO solution equilibrium curve. There-
HNOz on ice has been attained. A slightly larger drop is fore, under these experimental conditions, it is thermodynami-
observed in the HN®flow in Figure 1b Pyno, = 7.9 x 1077 cally impossible to form supercooled solutions. Point 1c in
Torr, T = 209.5 K) followed by a gradual increase in the flow  Figure 4, corresponding to an unlimited uptake experiment, is
rate. Although not observed on this time scale, with longer apove and to the right of its corresponding supercooled BINO
exposures the HNOflow continues to return to its original  H,0O solution isotherm. Therefore, under these experimental
value. For future reference, Figures 1a and 1b will be referred conditions, it is thermodynamically possible to form a super-
to as small- and large-limited uptake, respectively. When the cooled solution. Another data point exists on The= 199.4 K
ice film temperature is kept constant®t= 209.5 K, and the  supercooled HN@H,O solution isotherm. This point also can
initial HNOg3 pressure is increased an order of magnitude, as form a supercooled solution. Both points 1b and 1c are above
shown in Figure 1¢,Runo, = 7.9 x 1078 Torr, T = 209.5 K), the ice/NAT equilibrium line and, therefore, in a regime where
an even larger drop in signal is observed followed by a NAT is the most thermodynamically stable form. However, our
continually decreasing signal. This type of uptake is also |R spectroscopic probe shows that NAT does not form in any
observed whe? = 7.9 x 107 Torr andT = 199.4 K. This of the experiments here, as discussed further below.
type of uptake will be referred to as unlimited uptake and will Figure 5 shows the IR spectrum in the region of the
later be identified as being due to formation of a supercooled asymmetric NG~ peaks (15061250 cn1?) for the three HNG@
HNO3/H,0 solution. uptake regimes shown in Figure 1. For all three spectra in Figure

Previous studies of HNon ice have observed uptake 5, a baseline has been subtracted for easier interpretation. No
behavior that depends on the phase of HEZ0 formed as a NOs~ peaks are present in Figure 5a as expected due to the
result of the interaction. Zondlo et al. observed enhanced nitric small submonolayer coverag® & 4 x 10'* molecules cm?).
acid uptake on thin ice films with the formation of a supercooled The coverage of HN@is equivalent in Figure 5b and 56 =
HNOs/H,0 solution relative to uptake on iéeAn HNOz/H,O 1.3 x 10 molecules cmZ2 It can be seen that for the large-
phase diagram supported these data being taken in the supenimited uptake in Figure 5b, the lower wavenumber peak at 1340
cooled solution regime. To help explain the three types of uptake cm~1 is larger than the higher wavenumber peak at 1440'cm
observed here, we too have examined these regimes with respecthe reverse is true for the supercooled HHO solution in
to the HNQYH,O phase diagram shown in Figure 4. The open Figure 5c.
squares are supercooled HpB,O solution vapor pressures We have compared our supercooled HNGQO solution
as determined by Hans8hwith solid lines fit to the data. The  spectrum (Figure 5c) with that of Zondlo et?aIDividing the
gray line is the ice/NAT equilibrium line determined by Hanson lower wavenumber peak amplitude (1x51072) by the higher
and Mauersbergét. The dot-dashed line is the ice/supercooled wavenumber peak amplitude §210-2) yields a value of 0.75.
HNO4/H>0 solution equilibrium curve. The points 1a, 1b, and This is in close agreement with the ratio of 0.76 from Zondlo
1c in Figure 4 correspond to the initial conditions of the et al. for a supercooled 4:1,8:HNO; solution2? which is
experiments and not to equilibrium conditions. Points 1la and expected from the phase diagram in Figure 4. Zondlo et al.
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verifies his spectra by comparison to spectra derived from optical 04F

constants from Toon et &h23 2 T
Although we do not believe Figure 5b to be representative 03l z

of a supercooled solution, we can again compare the spectrum

to a previously determined supercooled H)XO solution

Uptake Efficiency

spectrum from that of Zondlo et &.If we divide the lower 02t
wavenumber peak amplitude (0.6 1072 by the higher
wavenumber peak amplitude (0:51072) in Figure 5b, then o1l

we obtain a ratio of 1.2. This value is in close agreement with
the ratio of 1.13 from Zondlo et al. for a supercooled 23DH
HNOs solution?? Referring to the phase diagram in Figure 4, 0.0+ t } . LS
at T = 209.5 K, the nitric acid pressure required to form a 180 190 200 210 220
supercooled 2:1 yD:HNO; solution would be greater than 3 Temperature (K)

x 1075 Torr HNOs. Because the nitric acid pressure used in -4.5 F
this experiment i$ynos = 7.9 x 1077 Torr, we can say that

the spectrum in Figure 5b does not correspond to a supercooled
HNOs/H,O solution. 507

It should be noted that neither spectrum from Figure 5b or
5c resembles that of NAT. Although both experiments have
initial HNO3 pressure and ice film temperature conditions within
the NAT stability regime (see points 1b and 1c in Figure 4),
NAT is not observed. 6.0+

Initial Uptake Efficiencies for HNO 3 on Ice. Because we
have now determined that the small- and large-limited uptakes
are not supercooled solutions and the unlimited uptake is a
supercooled solution, we will discuss these results separately.
The initial uptake efficiency of HN@on ice can be calculated  Figure 6. (a) Initial uptake efficiency as a function of ice film

from the magnitude of the initial drop in signal (from Figure témperature foPuno, = 7.9 x 1077 (open circles), 8.5¢ 10°" (open
1a and 1b) and eq 2. The vali¥tss required for eq 2 was trlangles),a_nd 1.% 1(T‘5_ (filled s_quares) Torr. Hgnson (filled hourglas_s)

. . - ss ; - and Aguzzi and Rossi (asterisks) data are included for comparison.
obtained using data fdno, = 7.9 x 10" Torr andT = 208- Two points from the formation of the supercooled HX@O solution
211 K. This value is determined by integrating the number of ysingPyyo, = 7.9 x 107 and 7.9x 1075 Torr are shown as open
molecules of HN@ that re-adsorb to the walls (N) after the squares. (b) Plot to determireH and AS of HNOs on ice using the

Teflon cup is closed and dividing by the time it takes for the initial uptake efficiency. The symbols are initial uptake efficiency data
initial drop in HNO; signal to reach a minimunts). For our for the above three pressures. The line is the least-squares fit to the

b)

In(y/(1-y))

55+

450 455 460  4.65 470 475 4.80
1000 / Temperature (K)

purposesissis represented by the time it takes for the flow to data.

decrease by 90% of the full difference. For small- and large-

limited uptake experiments, a value Mftss= 4.8 x 10*2 + Within our data set of the small- and large-limited uptake,
1.4 x 10** molecules s' is applied. A value oN/tss = 6.4 x there is a close agreement of initial uptake efficiencies among
10" + 1.3 x 10" molecules s' was applied to the supercooled || three HNQ pressuresPino, = 7.9 x 1077, 8.5 x 107,
solution data. and 1.7x 1076 Torr as shown by the inset in Figure 6. A

As was shown earlier, we have two experiments that negative temperature dependence exists with values ranging
correspond to formation of a supercooled HX@O solution from ypue = 7 x 1073 at T = 209.5 K decreasing t@yue = 3
as determined by both the phase diagram (the solid triangles inx 1073 at T = 220 K. Although the data points at> 217 K
Figure 4) and spectroscopic evidence (Figure 5c¢). Our data,appear to level out, these points are extremely difficult to
shown as open squares in Figure 6, show a slight temperaturemeasure and should be used as upper limits. Atmospheric

dependence withryy,e = 0.11 atT = 199.4 K andyue = 0.06 implications of the uptake efficiencies on ice within the small-
at T = 209.5 K. A recent study by Aguzzi and Rossi, which and large-limited uptake regime will be addressed later.
accounts for the wall reactions of HNOreports uptake Other previous studies have also reported uptake efficiencies

efficiencies for HNQ on ice fromT = 180-211 K with values  of HNO; on ice. Hanson reported values from flow-tube studies
shown as asterisks in Figure!®The pressures used in the of HNO; uptake on ice off > 0.3 atT = 191 K andy > 0.2
Aguzzi and Rossi experiments range frétos = 2 x 1078 at T = 200 K25 shown as the filled hourglasses in Figure 7.

— 2 x 10°° Torr. Aguzzi and Rossi report temperature- ThePyno, in Hanson’s experiments werex8 108 Torr and 3
dependent uptake efficiencies for a number of experiments usedx 107 Torr atT = 191 K andT = 200 K, respectively. Under

for phase composition studies in which all Hiressures are  these nitric acid pressure and ice film temperature conditions,
within the supercooled HN&ZH,O solution formation regimé* a supercooled HNgH,O solution should not form, but NAT
There is good agreement between these data and our temperformation is thermodynamically possible. However, these results
ature-dependent uptake efficiencies in the supercooled4iNO do not have spectroscopic evidence of the film composition.
H>O solution regimes. However, Aguzzi and Rossi find that Regardless, because our small- and large-limited uptake data
while the uptake efficiency depends on temperature, the uptakedoes not extend to temperatures as low as Hanson reported and
efficiency is independent of HN{pressure. This differs from  without full knowledge of the composition of the films, we
our observation of a large HNQressure dependence, seen at cannot make any direct comparison with Hanson'’s results. We
T = 210 K, with much larger uptake efficiencies with the can say that our small- and large-limited uptake data should
formation of a supercooled solution. not be extrapolated beyond the temperature range of this study.
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Figure 7. Nitric acid coverage as a function of ice film temperature

and exposure time. The open symbols represent coverages that have
not yet saturated. The arrows indicate that the coverages are still
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assuming is unity. The initial uptake efficiency,is equal to

_ adsorption rate_ Ky
collision rate kA,

(%)

Using eq 4 and assuming a steady-state approximation for A
results in

kA
ATieTk,

Combining egs 5 and 6 and usiog= 1, a relationship between
the initial uptake efficiency an#, andky is established

(6)

VZm (7)

increasing. The solid symbols represent coverages that are saturated

by t = 2000 s.

Abbatt reported an uptake efficiency of HN@reater than
0.2 in his flow-tube studies of HNfuptake on ice filmg?°

Although his studies covered a wider range of temperatures

relative to this study, this value is taken from an experiment
performed atT = 218 K which falls within the temperature

range used in the present work. The pressures used in the Abbatt
study and ours are comparable. The Abbatt uptake efficiency

Following Jayne et af’ the expression for the ratio of rate
constants can be rewritten in terms of the observed Gibbs free
energy barrier of the transition state to chemisorbed BNO
relative to the gas phase

ka

"a B AGobsi )
Ky

:ex4 RT

(8)

is much larger than our reported values for small- and large- Combining eqgs 7 and 8 and substitutingops * = AHobs —
limited uptake. This value is also larger than the expected value TASops yields

based on the decreasingfor the supercooled solutions as

temperature increases from our work and Aguzzi and Rossi.
The reasons for the differences between our values and Abbatt

are not clear. One possibility for this difference is discussed in
greater detail when comparing the Hijl@overage from the
Abbatt study to that presented here.

Zondlo et al. report a lower limit of an HN Ouptake
efficiency ofy > 0.005? This value is taken from an experiment
performed aff = 211 K and at a similar nitric acid pressure to

t
_ — AGypg _

_ - AHobs+ ASobs
RT

RT R

)

Y
MQ-J
Therefore, from a plot of the left side of eq 9 versus inverse
temperature (shown in Figure 6b), thél,,s and ASpscan be
determined. From Figure 6b and Equation 9 we determifg,s
= —7.6 kcal/mol andASyps = —47 cal/mol K. Jayne et al.
measured the uptake of HN®y water surfaces and determined

the present conditions. Spectroscopic evidence was availableAHo,s = —6.6 kcal/mol andASy,s = —27.6 cal/mol K%’

in this study and formation of a supercooled HM&O solution

Although it was not an anticipated result, our value Adflgps

was not observed in this case. Even though the study by Zondlois quite comparable to that found by Jayne et al. In contrast,
et al. was performed in the same chamber as this study, majorour ASy,s is a much larger negative number. Perhaps the
chamber revisions have taken place. For example, in the Zondloincorporation of the dissociated HN@to the ice lattice could
et al. study, a butterfly valve separated two chambers. Whenaccount for the observed differences A% for ice versus

the ice film was exposed to the HNQa relatively clean

chamber is also exposed, accounting for a large amount of wall

loss. However, the same type of additional source of HM&GnM

water.
Using the thermodynamic values obtained, the initial uptake
efficiency of HNG; on ice can be fit to the following equation

the walls of the lower chamber also exists. Without being able (obtained by rearranging eq 9)
to account for the complex adsorption and desorption processes

we are left with this result being fortuitously in line with current
results.

Modeling the Uptake Efficiency. The uptake efficiency in
the limited uptake regime can be modeled following the
approach of Boudart and Oje—Mariadassou for gas uptake
onto solids?® The uptake on ice can be viewed as a two step
process with gaseous HNQ@A) first physisorbing to the surface
(Ap) followed by chemisorptionAc)

Ko Ka
A= A A

Physisorption can be viewed as molecular HN®eakly
interacting with the ice, whereas chemisorption may involve
HNO; ionization and incorporation into the ice lattice with

(4)

hydrogen bonding. The rate constants for physisorption, de-

sorption, and chemisorption aoekoy, K4, andk,, respectively,
wherea is the mass accommodation coefficient which we are

_ exp(-AG,J IRT)
4 1+ exp(AG,,d IRT)

whereAGgps* = AHops — TASys This equation represents our
HNO;3; uptake data on ice well fromi = 209 to 220 K using
AHops = —7.6 kcal/mol andASps = —47 cal/mol K.

Equilibrium Coverages of HNO3 on Ice. Figure 7 sum-
marizes the equilibrium coverage of nitric acid on icdato,
= 8.5x 1077 Torr, in both the small- and large-limited uptake
regimes. For the small-limited uptake experiments, solid circles,
the equilibrium coverage has been calculated directly from the
integrated uptake. However, in the cases of the large-limited
uptake, the signal does not fully return to its original flow within
the time scale of our experiments (Figure 1b). For these cases,
integrated coverages depend on the length of exposure (i.e., the
longer exposure yields a greater coverage.) The time-dependent
coverages are shown in Figure 7 as open symbols as a function

(10)
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Figure 8. Nitric acid coverage as a function of ice film temperature
at three different pressureB,= 8.5 x 1077 Torr (solid circles),P =
1.7 x 1078 Torr (solid squares) from this study, aRd= 5.0 x 1076
Torr (solid hourglass) from Arora et al. 1999. The open symbols

represent coverages that have not yet saturated. The solid symbols

represent coverages that are saturated either by or befor2000 s.
The curve through all three data sets is from the FHH model that was

Hudson et al.

=1.7 x 107 Torr data and the Arora et al. da@,no, = 5 x

107¢ Torr, were created by changing only the pressure t&m,

in eq 11. The curve is not expected to fit the open symbols for
either pressure as these are, as in Figure 7, coverages that are
still increasing as a function of exposure time. Because we do
not have data to fit the lowest temperature data, the model should
only be used over the temperature range for which data exist.
The inset in Figure 8 shows the coverage data on a log scale
with an extended temperature scale. For comparison, data from
Abbatt (asterisks) fronT = 208-248 K have been added for
Puno, = (6—9) x 1077 Torr. The agreement between our FHH
model and the Arora et al. data on ice particles using the FHH
model is within a factor of 2. This agrees well with the overall
uncertainty they state in their resul{sThe agreement with the
data of Abbatt is less favorable. Possible reasons for the
discrepancy are discussed further below.

Comparison of HNO3 Coverage to Previous ResultsA
significant difference exists between the present results and those
of Abbattl® Abbatt observes pressure independent uptake of

fit to the lowest pressure data. The pressure was adjusted for the twoHNO3 on ice of ® = 2 x 10 molecules cm? for HNO3
higher pressure curves. The boxed region is duplicated in the inset onpressures ranging fromt 1077 Torr to 3x 1076 Torr atT =

a semilog plot with added Abbatt data 1997.

of time. The arrows over the four experiments in Figure 7 are
to denote that the coverage is still increasing affter 2000 s
of nitric acid exposure to the ice film. It can be seen that
approximate monolayer HN{Ocoverages ®max ~ 5 x 10M
molecules cm? calculated by techniques described for butane)

form aroundT = 213 K and decreases as temperature increases.

At temperatures less thah= 213 K, coverages greater than
one monolayer form foPuno, = 8.5 x 1077 Torr.

Figure 8 shows HN@ coverage data a = 2000 s as a
function of ice film temperature at two pressuf@so, = 8.5
x 1077 Torr (open and solid circles) arflyno, = 1.7 x 1076

228 K. He also reports a slight negative temperature dependence
from T = 208 K to 248 K of® = 3 x 10* molecules cm? to

1 x 10" molecules cm? for Puyno, = 6 x 1077 Torr to 9 x

1077 Torr. Abbatt determines his coverages by integrating the
HNOs signal until it recovers to two-thirds its original value.
These could essentially be considered large-limited uptake
experiments with reported lower limits to the coverage.

The Abbatt data differs from the present study in that he
observes pressure independent uptake and that his values for
coverage generally are greater than those reported here for a
similar HNO; pressure range. This is with the exception of a
point atT = 208 K which is below the value predicted by our

Torr (open and solid squares) from this study where the open model. Again, Abbatt’s points can be considered lower limits
symbols again represent large-limited uptake experimentsdue to his integration technique.

(Figure 1b). ThePyno, = 7.9 x 1077 Torr data is not shown

While Abbatt’s ice surface area is not quantified, he does

for clarity because the coverage values are very close to thereport that his films are relatively smooth although not measured

Punos = 8.5 x 1077 Torr data. For comparison, the data point
from a study of HNQ uptake on ice particles by Arora et al. at
Punos = 5.0 x 107 Torr (solid hourglass) has been includéd.

Modeling the Equilibrium Coverage. The solid lines in
Figure 8 represent a multilayer Frenkélalsey-Hill (FHH)
model that has been applied to the data. The form of the FHH
model is

S) A |B

(@max) B ,n(%")

whereP° was chosen to be the vapor pressure of a 35 wt %
HNO3/H,0 solution (6.5:1 HO:HNO; solution) determined by
interpolating data provided by JaeckerVoirol efl.

11)

log ,P°(Torr) = (%‘) +10.184

(12)
andP is the pressure of nitric acid used in the experiment. The
vapor pressure of a 35 wt % HN®,O solution was used
because it provided the best fit to the data. The maximum
coverage of HN@for one monolayer®max has been set to be

5 x 10" molecules cm? The constant& and B have been
determined by a best fit to tHeno, = 8.5 x 1077 Torr data
and areA = 0.25 andB = 1.3. The model was only fit to the
Punos = 8.5 x 1077 Torr data. The curves through tifeino,

on a molecular level. In our work, we observe a factor of 2
difference in surface area for ice at temperatures below and
aboveT = 200 K. If Abbatt has underestimated his ice surface
area, his reported coverage would decrease bringing his data
toward our data. Another attempt to reconcile our data with
Abbatt’s is to look at differences in ice film stability. Spectro-
scopically, we have established our ice film stability throughout
HNO; exposures. Abbatt reports that nearly all experiments were
performed at the ice frost point and that water was added to
maintain the ice film. In personal communications, Abbatt has
stated that he believes his films are either stable, at 100% relative
humidity, or slightly desorbing, less than 100% relative humid-
ity. However, it is not possible for him to know the exact relative
humidity to within 2%. We have calculated that if the pressure
over the film were 2% higher than the vapor pressure,
corresponding to a temperature error of only 0.15 to 0.2 K, the
film would be growing at a rate of 0.65L.5um s ! when the
temperature of the film ranges from= 218-248 K, respec-
tively. Thus, a 92-2600um film could be deposited in thie=

1720 s time scale of his experiments. The solubility data from
Thibert and Domifeshow that the above-mentioned film
thicknesses could contain fro® = 1.4 x 104 — 5.5 x 104
molecules cm? HNOs, respectively?? If indeed the HNQ was

in the ice and not just adsorbed to the surface, one would predict
a temperature dependence just like that observed by Abbatt. If
this explanation is correct, then it implies that during film
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TABLE 1: Data Collected from Weinheimer et al. and Meilinger et al. for Figure 9

calculated calculated
gas-phase gas-phase HNO condensed  surface area NOy coverage
ref T (K) P (mbar) HNO; (pptv) (x 1078 Torr) NOy (pptv) (um? cm3) (x 10" molec cn1?)

Weinheimer et al. 209 192 25-7%° 0.36-1.09 2575 2000 0.84-2.51

Meilinger et al. 196 200 25—-110' 0.38-1.65 2-gdf 419 0.35-1.40
aJensen et & °Baumgardner et & ©Weinheimer et at? ¢ Meilinger et al** ©Schiller et af® Feigl et al**
growth, ice may take up HNgXo the solubility limit. At ice ) . -

film equilibrium, however, surface effects dominate the HNO — 103 k- ‘\.\P: 7 X1 Honn

1
F N
o1 /\\\ Y

41 -~
P=35x10"Torr | S _
2 e
N S
. Baa

Weinheimer et al.

uptake.

Arora et al. performed uptake experiments of HN&» 0.5
um diameter ice particles. A saturated coverag®ocf 1.2 x
10" molecules cm? at Puno, = 5 x 1078 Torr andT = 230 K
was determined. The Arora et al. results are within a factor of
2 of our extrapolated model. This is within the error reported
in their paper. Furthermore, the surface area of the ice particles

P =5.0 x 10® Torr

HNO, Coverage (molec/cm’)
=

in Aurora et al. has been well characterized using spectroscopic i Mellingeriot el

techniques. In contrast to the data of Abbatt on ice films, 10124 , . ; ; " . .
solubility of HNG; in the ice particle is not an issue due to the 185 190 195 200 205 210 215 220
small size of the particles. Calculations show that the maximum Temperature (K)

HNO; effective coverage obtainable due to solubility into the Figure 9. Semilog plot of HNQ coverage as a function of ice film
small particles is three decades below what is reported. temperature with modeled data from the FHH modePat 3.5 x
Therefore, we believe the Arora et al. data reports uptake of 107° and 1.7x 1078 Torr. The two solid lines indicate the range in
HNO; on the ice surface and is not influenced by bulk uptake. coverage outlined by Weinheimer et al. £ 209 K) and Meilinger et
This result is in good agreement with our extrapolated model al. (T = 196 K). The measured data should fall at or below the model
. S . . . o for surface uptake.
which reports uptake of nitric acid on an ice film. Additional
temperature and pressure dependent experiments of sHNO
uptake on ice particles would greatly help in investigating the
differences between the present data and the studies by Abbatt
Atmospheric Implications. The initial uptake efficiency data
can be used to determine the lifetime of gaseous INiEh
respect to heterogeneous loss on cirrus cloud particles within
the kinetic limit, assuming the particles are in equilibrium and
not growing or evaporating. The heterogeneous reaction rate
knet is related to the initial uptake efficiency as

multilayer model, can be used to estimate coverages of HiNO
on cirrus clouds. Below, we apply this model to the data of
NOy observations in a lee-wave cloud from Weinheimer et al.
and NQ observations on cirrus from Meilinger et &' The
data in Table 1 describes the conditions of temperature, pressure,
estimated gaseous HN@ondensed Ngand cloud surface area
reported in the studies of Weinheimer et al. and Meilinger et
al. The condensed phase N@ converted to a number of
molecules cm?® using the ideal gas law at the pressure and
y<uv>A temperature provided in Table 1. This value is then divided by
Knet = 2 (13) the surface area density of the cloud, also provided in Table 1,
to yield a condensed phase range of coverages as the final

where[@(is the average molecular velocity and A is the surface column in Table 1. The ranges of coverages for the two data

area density of the heterogeneous surface. The gas-phase lifetimgets are shown as vertical solid lines in Figure 9. Also shown
of the speciest, is defined as khet in Figure 9 is the FHH model assuming several pressures of

For the uptake efficiency data reported here, a range of HNOs. The pressures used for the FHH model, shown as dashed

lifetimes at the kinetic limit can be determined using the range curved lines outlining the shaded area in Figure 9, bracket the
in uptake efficienciesy = 7 x 1073 at T = 209 K decreasing pressure range to include both the Weinheimer et al. and
toy =3 x 103 atT = 220 K, and the range in possible cirrus Meilinger et al. pressure®pno, = 3.5 x 1079 — 1.7 x 1078
cloud surface areas, & 20—20 000um?2 cm 3. Using the range Torr. The Weinheimer et al. measurements fall above and
of initial uptake efficiencies, the lifetime;, of nitric acid with through the outlined region of possible gas-phase ENO
respect to heterogeneous loss to a2 cm2 cloud would pressures, whereas the Meilinger et al. data fall below. Assuming
betr = 251059 h fory = 7 x 103to 3 x 1073, respectively. surface uptake, the field observations should always lie at or
Many cirrus clouds will not exist for as long as 24 h, and below the FHH model. The model comes from experiments that
therefore, it is unlikely that the HN{n the gas phase will be  have equilibrium coverages of HN®@n ice. Coverages in the
significantly depleted. However, this time drops as the size of atmosphere are not likely to be at equilibrium due to a number
cloud increases to 20 0Q@m? cm3. In this case the lifetime  Of reasons including the time to reach equilibrium and gas-phase
with respect to heterogeneous loss ranges from1.5 to 3.5 diffusion limitations.
min for y = 7 x 1073 to 3 x 1073, respectively. Within this The Weinheimer et al. data is difficult to directly compare
time frame HNQ would be expected to be severely depleted because they had no direct measurements of gas-phase, HNO
in the kinetic limit. Gas diffusion limitations will increase these only of gas-phase NOOnN the basis of previous lab results from
time scales. For example, as graphed by Seinfeld and PandisZondlo et al. and Abbatt, Weinheimer et al. infer complete loss
on page 632, the mass transfer time for a 38 diameter of gas-phase HNgxo the wave cloud yielding the ratio of gas-
particle, assuming = 0.005, is approximately two times longer phase HN@NO, as 16-20% (25-75 pptv). In order for the
than the time in the kinetic limi® Weinheimer et al. data to fall below the model, the HNO
Assuming equilibrium HN@ coverages are attained in the pressure would need to IRno, = 5.0 x 1078 Torr consistent
atmosphere, the data collected here, modeled by the FHHwith a HNGJ/NOy ratio of 50% (375 pptv). A value of 50%
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HNO3/NOy ratio is quite reasonable as explained in Weinheimer
et al. Another possible explanation again refers to the solubility
of HNOs in the ice particles. A particle with a 1@m radius at

T =209 K andPyno, = 5 x 108 Torr could contain an HN®
mole fraction of 2.9x 1077 yielding an apparent HN§surface
coverage of 9.06< 10 molecules cm?. This value is at the
lower end of the observed uptakes by Weinheimer et al.

The Meilinger et al. data falls slightly below the model given

Hudson et al.

(9) Zondlo, M. A.; Barone, S. B.; Tolbert, M. AGeophys. Res. Lett.
1997, 24, 1391-1394.

(10) Abbatt, J. P. DGeophys. Res. Lett997 24, 1479-1482.

(11) Arora, O. P.; Cziczo, D. J.; Morgan, A. M.; Abbatt, J. P. D;
Niedziela, R. FGeophys. Res. Lett999 26, 3621-3624.

(12) Weinheimer, A. J.; Campos, T. L.; Walega, J. G.; Grahek, F. E.;
Ridley, B. A.; Baumgardner, D.; Twohy, C. H.; Gandrud, B.; Jensen, E. J.
Geophys. Res. Lett998 25, 1725-1728.

(13) Meilinger, S. K.; Tsias, A.; Dreiling, V.; Kuhn, M.; Feigl, C;
Ziereis, H.; Schlager, H.; Curtius, J.; Sierau, B.; Arnold, F.; Zoger, M.;

the range of pressures. However, the model is being used outsid&chiller, C.; Peter, TGeophys. Res. Lett999 26, 2207-2210.
of the measurement range and thus larger errors are expected. (14) Hudson, P. K.; Zondlo, M. A.; Tolbert, M. Al. Phys. Chem. A
Thus, the overall agreement between the model and data is quite?002 106 2282-2888.

good. One possible reason for the slightly lower observations
than modeled would be that the particles had not yet equilibrated

with the gaseous HN£due to gas-phase diffusion and uptake
limitations. However, Meilinger et al. show that their particles
were exposed to gas-phase HNOr approximately 20 h, which

may have been sufficient for equilibration depending on the 8

uptake efficiency values &= 196 K. Meilinger et al. propose
that HNG; was mainly contained in supercooled ternary
solutions (STS) coexisting with almost HN®ee ice® Labo-
ratory experiments which include the presence 8@, and
future field observations of gaseous and condensed HNO
cirrus clouds under a variety of conditions would be very useful
in constraining the models further.
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