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The heterogeneous reactions of SOHOX (X = Cl or Br) — products on ice surfaces at low temperature
have been investigated in a flow reactor coupled with a differentially pumped quadrupole mass spectrometer.
Pseudo-first-order loss of S@ver the ice surfaces has been measured under the conditions of concurrent
HOX flow. The initial uptake coefficient of SOreaction with HOX has been determined as a function of
HOX surface coverag@iox, on the ice. The initial uptake coefficients increase as the HOX coverage increases.
The uptake coefficient can be expressegas kiOnox, wherek, is an overall rate constant of 96 HOCI,

which was determined to be (28 0.6) x 1071 and (1.7+ 0.5) x 10 *® molecules!-cn? at 190 and 210

K, andk, of SO, + HOBr is (6.14 2.0) x 108 molecules!-cn? at 190 K. 6 yox is in the range 8.1x
10%-9.1 x 10" moleculescm 2. The kinetic results of the heterogeneous reaction of SG1OX on ice
surface are interpreted using the Eldgideal mechanism. The activation energy of the heterogeneous reaction
of SO, with HOCI on ice surface was determined to be abe@7 + 10 kJ/mol in the 196238 K range.

I. Introduction

The chemistry of small chlorine-containing compounds, such
as CIONQ, on ice surfaces has received a great deal of attention
in the past decade, since the discovery that these photochemi
cally inactive compounds are involved in stratospheric ozone

treated ice surfaces has been investigated at lower tempera-
ture?324 Chu et al. demonstrated that S@ss on 0.8-3.0 wt

% H,O.-ice is significantly higher than that on water-ice film

at 190 K; and they also showed that sulfate is a major product

of the reactior3

depletiont—3 Recently, considerable attention has been focused Halogen compounds have significant impact on the chemistry

on the role of chemistry of chlorine and bromine in the marine
boundary layer (MBL)Y:"1° Chlorine and bromine in the MBL

of the boundary layer. HOX (X Cl or Br) are major halogen-
containing compounds in the MBL. HOX has been shown to

can affect the concentrations of 0zone, hydrocarbons, and cloud®Xidize S(IV) in solutior?>~%" and atmospheric chemistry

condensation nuclei.
Sulfur dioxide is a pollutant in the atmosphere. The fate of
SO in the atmosphere is of importance, given that the, SO

modeling calculations suggested that nearly 40% of S(IV)
scavenged by sea-salt aerosols is oxidized by HOCI, and a
further ~20% by HOBY, in the remote MBEE The modeling

oxidation products are precursors for aerosol and cloud forma- calculation, which was based on the aqueous phase rate

tion. Atmospheric S@can be oxidized by OH radicals in the
gas phase. It also can be oxidized by, Oz, and oxidants
dissolved in cloud droplets, and it is eventually converted to

constants, indicated that the pathway accounts for the oxidation
of up to 60% of S(IV) in the boundary layer by HOCIl and HOBr
in the pH range of 5.57.2829The atmospheric model suggests

sulfate in the form of acid rain and snow, which reach the ground that HOCI and HOBr are generally more important thai®O

as precipitate$! The S(IV) oxidation in the condensed phase

can be significant under a variety of conditions. Field measure-

or Oz in the oxidation of S(IV) in sea-salt aerosols in the cloud-
free MBL .39 Deliguescent sea-salt particles contain mainly Cl

ments have shown that the concentration of sulfate in freshly and Br’; the chloride-to-bromide ratio is approximately 660:1,
fallen snow is higher than would be expected from particulate and HOX molecules scavenge from the particles with the

sulfate scavenginy:13Such a result is pertinent to the questions
of how gaseous S{enters snow ice by uptake, and how SO
undergoes oxidation processes.

The mean S@concentration over the Atlantic is 0.24%
ppbv1* SO, can be taken up by snow ice, and by sea-salt
aerosol, and adsorbed $@& readily oxidized*~16 Several
groups have studied the $@teraction with icet’~2° Valdez
et al. found that S@is efficiently converted to S(VI) in snow
samples in the field, with over 90% of the $®@ss due to
reaction at about 271 K Laboratory experiments have
confirmed that a reaction occurs between the 8ad HO, in
the presence of ice, over a temperature range of- 263 K 2122
Recently, the interaction of SQvith both water-ice and $D,-

reaction HOX+ Y~ <> XY + OH™ (X, Y = Cl or Br) 3! Water-

ice and sea-salt ice are important particulates in the MBL, and
atmospheric concentrations of $@.24 ppbv)* HOCI (~0.5
ppbv)32and HOBr (0.26 ppbv} are comparable. Presumably,
reactions between SCGand HOX are important in the MBL;
thus, the most suitable approach is to investigate ther&iation
with HOX on water-ice surfaces to test whether,SRidation

by HOCI is a significant pathway in the MBL. Recently, we
investigated the uptake of $S@n HOBr-treated ice surfaces
and found that uptake of Sn HOBr-treated ice is signifi-
cantly enhanced at 191 ®.However, the uptake coefficient
depends strongly on the temperature within the-1280 K
range. It is uncertain how rapidly HOCI molecules can oxide
SO, on snow/ice particle surfaces. This gap in our understanding

* To whom correspondence should be addressed. E-mail: Ichu@albany.edumotivated us to study the heterogeneous reaction of @@
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HOCI on ice surfaces at low temperatures, and to assess thea thicker film on the wall of the flow reactor, and an additional
reaction pathway and importance of S(IV) oxidation in the section of ice was deposited in the upstream end to compensate
boundary layer. for the migration of a small amount of ice (1®dmg/h at 190

In the present paper, we report measurements of the uptakeK) from the upstream end to the downstream end at a warmer
coefficient for the S@reaction with HOCI or HOBr on water-  temperature in each experiment; thus, the ice-film loss was
ice surfaces under concurrent flow conditions at-1988 K. minimized at warmer temperatures.
In the sections below, we briefly describe the experimental 2.3, SQ—He Mixtures. The SQ—He mixture was prepared
procedures used in the determination of the uptake coefficient. by mixing SQ (Linde; 99.98%) and helium in a glass manifold,
We present the determinations of the initial uptake coefficient which had been previously evacuatedt0-6 Torr. SG was
for the SQ reaction with HOCI on water-ice surfaces as a a high purity commercial gas and was not further purified. The
function of HOCI surface coverage (uptake amount) and ice typical SQ-to-He mixing ratio was 10 to 10°6. The SQ—
film temperature, and results are then compared with valuesHe mixture along with additional helium carrier gas was
for SO, uptake on HOBr-ice films. The reaction pathway is introduced into the flow reactor via the glass and PFA tubing.

discussed. The tubing was passivated by the S&e mixture to establish
_ equilibrium, as monitored by the QMS prior to every experi-
Il. Experimental Section ment. The amount of the SOHe mixture was controlled by

two stainless steel metering valves in series, and the flow-rate
was determined from the pressure change per minute in the
manifold. The relationship between the flow-rate and,SO

pressure change in the manifold was determined in a separate
experiment. The total pressure change in the manifold was

The measurements of the uptake coefficient for the, SO
reaction with HOX on an ice surface were performed in a flow
reactor coupled to a differentially pumped quadrupole mass
spectrometer (QMS). The flow-tube reactor and QMS vacuum
system were interfaced with a flexible stainless steel bellows : : )
and were separated by a valve. The details of the apparatus havgeveral Tprr out 0f-500 Torr during an experiment; thus, we
been discussed in our previous publicati®h&3 but we could maintain a constant flow-rate during the experiment.

provide a brief description and some modifications in the present  2-4. HOCI Preparation and Calibration. We previously

paper. prepared the HOCI solution by mixing NaOCI solution with
2.1. Flow Reactor.The cylindrical flow reactor was made MgSQ S_qlu'['on’gl's&sgbu'[. we found that HOCl yield was low.

of Pyrex glass with an inner diameter of 1.70 cm and a length We modified the synthesis method by using NaOCI and AgNO

of 35 cm. The outer jacket was a vacuum layer to maintain the A 15 mL aliquot of NaOCI solution (6% active chlorine;

temperature of the reactor. The temperature of the reactor wag-drich) was diluted with the distilled water to 50 mL. An
regulated by a liquid nitrogen cooled methanol circulator A9NOs solution (2.5 g AgNQ@dissolved in 50 mL distilled &)

(Neslab) and was measured with a pair of J-type thermocouples'VaS added to the diluted NaOCI solution, drop by drop in the
dark under continued stirring. The solution was then filtered,

located in the middle and at the downstream end of the reactor. o ;
During the experiment, the temperature was maintained at 190 [© remove precipitated AgCl. The pH value of the filtered
238 K, and the stability of the temperature was better th@rs solution was adjusted to 6-5.0 with diluted BSQ; solution.

K in every experiment. The total pressure inside the flow A clear HOCI/OCT solution was obtained and was kept in a
reaction chamber was controlled by a downstream throttle valve PUPbler at 273.15 Kin the dark.

(Model 651C; MKS Instruments), and was measured by a high-  Helium gas was bubbled through the HOCI solution that was
precision Baratron pressure gauge (690A; MKS Instruments). maintained at 273.15 K. Both HOCI vapor and a small amount
The stability of the pressure was better than 0.007 Torr in every of water vapor from the HOCI solution were admitted into the
experiment. A double capillary Pyrex injector was used to admit reactor. The water vapor was necessary to prevent HOCI
HOX, He-water vapor, and S@nto the flow reactor. To avoid ~ decomposition by the reaction of 2HOE! CI.0 + H20, during

the water vapor condensation in the capillary at low temperature, the transport of HOCI into the flow reactor. The partial water
we passed room-temperature dry air through the outside of thevapor pressure was controlled so as to be approximately equal
capillary, to keep it warm. to the ice vapor pressure at the ice-film temperature.

2.2. Water—Ice Film Preparation. The water-ice film was The HOCI vapor was admitted into the movable injector with
prepared by passing helium carrier gas (BOC; 99.9999%) PFA tubing connected by Teflon Swagelok. The flow rate was
through a high purity distilled water (Millipore Milli-Q Plus;  controlled by a Monel metering valve, which was treated with
>18 MQ cm) reservoir. The reservoir was maintained at 293.15 Halocarbon grease. The concentration of HOCI vapor was
+ 0.1 K by a refrigerated circulator (RTE-100LP; Neslab). calibrated by reacting with HBr on ice surfaces at 190 K in a
Helium saturated with the water vapor was introduced to an separate experimefit.In the HOCI calibration experiment, a
inlet of the double-capillary injector. During the course of the higher concentration of HBr was admitted into the flow reactor,
water-ice deposition, the double-capillary injector was slowly and the entire ice surface was exposed to HBr for about 15
pulled out from the downstream to the upstream at a constantmin, so as to obtain sufficient surface coverage. HOCI was then
speed, and a uniform ice film was deposited on the inner surfaceintroduced into the flow reactor, and it reacted with adsorbed
of the reactor, which was held at the temperature of the specific HBr molecules to produce BrCI. Because the concentration of
experiment. The amount of ice deposited was calculated from HBr was precisely prepared, HBr was excess in the reaction;
the water vapor pressure, the mass flow rate of the helium- assuming that the reaction obeyed a 1:1 stoichiometry, the loss
water mixture (as measured by a Hasting mass flow meter), of one HOCI molecule was equal to the formation of one BrCl

and the deposition time. The average film thickndsswas molecule. Thus, we have determined the signal ratio of HOCI
calculated from the geometric area of the film on the flow to BrCl by the QMS. In another experiment, HOCI was in
reactor, the mass of ice, and the bulk density=f 0.63 g/cnd) excess, and the same experimental procedures were repeated.

of vapor-deposited water i The average film thickness was In this case, the loss of HBr molecules was equal to the
about 3.3+ 0.2um at 190 K, and 7.5t 0.2 um at 210 K. In formation of BrCl molecules. We measured the signal ratio of
addition to raising the total pressure in the reactor, we preparedHBr to BrCl. From these two experiments, we determined the



Reactions of S@with HOCI and HOBr

14000

12000 |

Pull injector out

|

10000 |

8000 |

6000

HOCI Counts (A.U.)

4000

2000

Pull injector in

6

8

O 1 1
-4

4
Time (min)
Figure 1. Uptake of HOCI on water-ice film a®yoc = 2.7 x 1076
Torr and 189.5 K. @) represents the HOCI signal. The total pressure
is 1.000+ 0.002 Torr, and the water-ice film thickness is gr. The
uptake starts @= 0 min when the HOCI was exposed to the ice film;
HOCI lost on the ice film immediately. The background HOCI signal
was corrected. After HOCI had been exposed to the water-ice film for
approximately 5 min, the injector was pushed in, and adsorbed HOCI
was desorbed. Surface coverage of HOCI is (250.4) x 10
molecules/crh The error bar associated with each data point is
approximately the size of the plotted points.

12

signal ratio (QMS counts) of HOCI to HBr. Knowing both the
signal ratio of HOCI to HBr and the HBr QMS counts-to-

concentration ratio, we have determined the gas-phase HOCI

concentration.

When the HOCI molecule was exposed to the water-ice
surface, it was taken up the surface immediately. A typical time
course of HOCI take-up by a water-ice film at 190 K is shown
in Figure 1. Figure 1 shows that HOCI is taken up by water-ice
for about 5 min, for a HOCI surface coverageof2.5+ 0.4)

x 10" molecules/cri Then, the injector was pushed back to
the downstream end, the HOCI-ice film was heated by the
injector, and a portion of adsorbed HOCI| was desorbed
immediately.

2.5. HOBr Preparation and Calibration. The HOBr solu-
tion was prepared by addition of bromine (Aldrich; 99.5%) drop-
by-drop to an ice-cooled glass flask, in which 2.1 g of AgNO
(Baker; 99.9%) had been dissolved in 100 mL of distilleH
until the orange color indicative of excess bromine persisted
under continued stirringf-4041After the solution had been stirred
for a further 45 min, it was filtered to remove all precipitated
AgBr. The filtered solution was freed of Bby six successive
extractions with CGJl each with 20 mL of CGl A slightly
yellowish clear HOBr solution was obtained and was kept in a
bubbler at 273.15 K in the daf*?

The concentration of HOBr vapor was calibrated by reaction
of its vapor with HCI on ice surfaces at 190 K, in a separate
experiment, similar to the HOCI calibration; the details can be
found in our previous publicatiorf$:*2 The HOX calibration
was based on the stoichiometric ratio of the H®XY reaction
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Figure 2. The reaction of S@and HOCI on a water-ice film surface

at 190 K. (a) Relationship between the HOCI signal loss and exposure

time on a water-ice film surfaceaj represents the HOCI signal. The

plot shows the initial HOCI signal, before HOCI came in contact with

water-ice { < 0); the uptake, starting at= 0 min, when HOCI was

exposed to the ice film; and the loss of HOCI on the ice film. The

background HOCI signal was corrected. The HOCI surface coverage

is (3.84 0.6) x 10" molecules/crh (b) Relationship between the log

SQ; signal and reaction timezfy) on water-ice. @) represents the SO

QMS signal. The plot shows the initial $@ignal, before S@came

in contact with HOCI on the icet (< 0), and the loss of SQon the

HOCI-ice film under the condition of concurrent $énd HOCI flow.

The background Sgkignal was subtracted. The pseudo-first-order rate

constant was determined to ke= 20.4+ 2.0 s'%, and the corrected

rate constank, = 21.1+ 2.1 s'*. The initial uptake coefficient ig.

= (1.4 £ 0.2) x 1073 Pyoci = 4.2 x 1078 Torr andPso, = 1.4 x

10°6. The total pressure is 1.08D 0.002 Torr, and the water-ice film

thickness is 3.3tm. The error bars on the data points are about the

size of the plotted points.
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through the HOX solution, which was kept at 273.15 K. The
HOX vapor-He mixture was then admitted to one inlet of the
double capillary injector, and the $©He mixture was admitted

to the other inlet of the injector. Before S@acted with HOX

on the water-ice film, both initial SPand HOX signals were
determined by the QMS. HOCI was monitored by the QMS at
m/e” = 52, HOBr atm/e™ = 96, and S@Q at m/e™ = 64. Once

on ice. The precision of the HOX concentration measurement both SQ and HOX signals were stabilized, the sliding injector

was very good with a typical error of 10%; however, the

was slowly pulled out toward the upstream end of the flow

accuracy of the HOX concentration also depends on a systematiqeactor, 2 cm at a time. A typical QMS signal for 8&hd HOCI

error that was estimated up t650%.

2.6. Determination of the Uptake Coefficient.The initial
uptake coefficienty,, for SO, reaction with HOX (X= Cl or
Br) on the water-ice film under the condition of concurrent flow

on a water-ice surface is shown in Figure 2. The typical data
acquisition time was 1630 s per point, and the partial pressures
of HOCI (Pnoc) were always maintained higher than that of
Pso, during the reaction. Once the QMS sensitivity for HOCI

was determined as follows. First, a 20 cm length of water-ice was calibrated, the gas-phase HOCI concentration is known.
film was prepared by water vapor deposition on the inner wall The surface coverage of HOCI was determined by the integration
of the flow reactor, as described in section 2.2, for every of the calibrated HOCI signal over the exposure time (Figure
measurement. Second, the helium carrier gas was bubbled?a). The loss of S@reaction with HOCI on the water-ice film



8722 J. Phys. Chem. A, Vol. 110, No. 28, 2006 Jin and Chu

N
o

was measured by the QMS, as a function of the injector distance
z. For the pseudo-first-order rate under plug-flow conditions,
the following relationship holds for SO

w
o
T

In[SO,], = —k{(Z/v)+ In [SO,], 1)

N
o
T

wherez is the injector positiony is the mean flow velocity,
[SO,]; is the gas-phase S©@oncentration measured by the QMS
at positionz, and the subscript 0 is the initial injector reference
position. For a typical experiment of $& HOCI performed
on water-ice film at 190 K, the pseudo-first-order S0ss is
shown in Figure 2b. The pseudo-first-order loss rate constant, . ) . )
ks, was determined from the least-squares fit of the experimental 0 2 4 6 8
data to eq 1. A value oks = 20.4+ 2.0 st at 190 K was
obtained for S@+ HOCI. ks was then corrected for gas-phase
axial and radial diffusion using a standard procedd@iand the E‘i(g)lgle 3. fRelatiOﬂShip bﬁgweenttgg(i)n:?al Ugtz;@_ COtefgii(?l'}w(& t’g‘rf;}d
corrected rate constant was termed A diffusion coefficient DLl suriace coverage@y IS a and 4)1s a - 'he

. . : — thickness of the ice film is 3.3 0.2um at 190 K, and 7.5 0.2um
for SQ; in helium \’3\/215 estimated to b? .160 esr!-Torr at at 210 K. The partial pressure of SP(LB (1.4+ 0.2) x 10 Torr, gnd
190Kand 1.0 Tor?3#The uptake coefficient, was calculated e total pressure in the reactor is 1.08(0.007 Torr. It can be seen
from k,, using®4% thaty, increases as HOCI coverage increases. Included in the plot are

yw values of S@on water-ice at 191() and 210 K ). yw of SO,
Yw = 2RK/(w + Rk, (2) reaction with HOCI is higher thap, of SO, on water-ice.

-
o
T

a3

S0, Uptake Coefficient y,, x10*
o

HOCI Coverage x10™"* (molecules/cm?)

whereR is the radius of the flow reactor (0.85 cm) ands the (molecules/cr) at 190 K and at 210 K. We varied both HOCI
mean S@molecular velocity at the water-ice film temperature. flow rate (5-30 sccm) and partial HOCI pressuf@6ci = 1.5

The typical amount of SPloss to HOCI-ice surface is x 107%-5.1 x 107 Torr), to achieve different HOCI surface
~102-13 molecules/crf which is a factor of approximately 30 coverages. Due to the nature of HOCI and ice interaction, and
100 lower than the corresponding amount of HOCI taken up the constraint of the flow conditions for HOCI and S®IOCI
by the ice surface in the same time period (see Figure 2). This surface coverage can be varied only over a limited range. Those
shows that the pseudo-first-order approximation used in eq 1 isresults are shown in Figure 3, and detailed experimental
valid under the present experimental conditions. conditions are presented in Table j4y values are typically

It is generally accepted that the vapor-deposited ice film has averages of two to five measurements, and every measurement
internal surface areas and is porous. To obtain a “true” uptake was conducted on a freshly prepared ice film. The errors listed
coefficienty, as if the film were a geometrically smooth surface, in Table 1 and the error bars in Figure 3 include both 1 standard
we correcty,, for contributions from the internal porosity. On  deviation+o of the mean value and systematic errors of the
the basis of previous studies, which were conducted at similar pressure gauges, digital thermometers, and mass flow meters,
conditions?%47 H,O ice films can be approximated as hexago- estimated to be approximately 8%.is corrected for porosity

nally close-packed spherical granules stacked in la{feFhe of the ice film using eq 3. Figure 3 shows that the values
true uptake coefficienty;, is related to the valugy, by increase from 3.5 104 to 3.0 x 103, when the HOCI surface
coverage increases from 8x1 103 to 7.3 x 10 molecules/

\/§VW cn? at 190 K. At 210 K, the initial uptake coefficient,
"= o 3) increases from 8.% 1075to 1.1 x 1073, as the HOCI surface

{1+ 72(N. — 1)+ (3/2) T coverage increases from 4:2 1013 to 2.4 x 10 molecules/

) ) ) ) cn?. In general, the initial uptake coefficients for S@action
where the effectiveness factoy, is the fraction of the film \yith HOCI on water-ice film at 210 K are slightly lower than
surface that participates in the reaction adis the number  hat at 191 K. The S@uptake by reaction with HOCI on ice

of granule layers?“®Detailed calculations for these parameters g rfaces is enhanced compared to that on water-ice at both 190
can be found in refs 46-48. A tortuosity factor= 4 and true and 210 K34

ice density p = 0.925 gcm° were used in the above Surface Deactiation. They of SO, + HOCI on a water-ice

calculation. film decreases slightly as the number of repeated measurement
increases, when SQeacts with HOCI at 190.1 K (Figure 4).

lll. Results The initial uptake coefficienp,, is (1.24 0.15) x 1073, and

3.1. Uptake Coefficients for SQ on Ice Films with Various subsequeny values are (1.6t 0.14) x 1073, (9.6 + 1.4) x
HOCI Coverages. S on the HOCHIce Films. In this 1074, and (8.14 1.1) x 104 This indicates that the uptake
experiment, a 20 cm length of ice film was vapor-deposited on coefficient of SQ decreases 1820% after each repeated
the wall of the flow reactor. S@and HOCI were then exposed measurement, and it is an indication of weak surface deactiva-
to the freshly prepared ice surface simultaneously, as the slidingtion. The observation suggests that the surface is deactivated
injector was slowly pulled out in even increments. The gas- slightly, perhaps due to sulfate product that remains on the ice
phase S@loss was measured by the QMS as a function of the surface (see Discussion). The effect of surface deactivation on
injector distancez, and the HOCI loss was monitored as a measured initial uptake coefficients is very small, because the

function of exposure time. The typical S@ressure is (1.4- uncertainty of measurement is comparable in magnitude with
0.2) x 107 Torr. The pseudo-first-order rate constaxt,and the deactivation effect.
initial uptake coefficientyy, for SO, reaction with HOCI on a 3.2. Effect of Temperature on Initial Uptake Coefficients.

water-ice film, were determined using egs 1 and 2, respectively. We employed thicker ice films, 32 1 um, and a higher total
yw was determined as a function of the HOCI surface coverage pressure in the flow reactor, 2.0800.008 Torr, to cover wider
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TABLE 1: Uptake Coefficients for the SO, Reaction with HOCI on Ice Surfaces at 190 K and 210K

HOCI uptake amount

temp (K) Pso, (Torr) v (m/s) (molecules/crd) ks(1/s) kw (1/s) Yw Y
190.1+0.6  1.5x 10°® 5.1 (8.1+ 1.7) x 103 5.17+ 3.76 523382 (35£25)x10% 1.6x 105
189.5+ 0.4 1.4x 108 4.9 (2.840.4) x 10" 15.1+ 2.6 15.7+ 2.6 (1.0+£0.2) x 10°3 4.8x 10°°
190.1+£0.3  1.4x 10° 5.4 (3.5 0.5) x 101 16.8+ 2.3 17.3+ 2.4 (1.2£0.2)x 10°  58x 105
189.8+ 0.5 1.4x 108 5.6 (5.2+0.9) x 10 25.2+ 34 26.1+£ 3.5 (1.8+£0.3)x 1078 9.1x 107
190.1+ 0.4 1.4x 1078 5.9 (6.54 1.0) x 10* 36.7+ 5.9 38.9+ 6.4 (2.6+0.4)x 10°3 1.4x10*
190.1+ 0.5 1.3x 1078 6.1 (7.3 1.1) x 10* 414+ 6.1 44.0+ 6.6 (3.0+£0.5)x 1078 1.6x 10
209.8+ 0.3 1.5x 1078 5.8 (4.241.0) x 10% 1.28+ 1.02 1.28+ 1.02 (8.2+ 6.6) x 10°° 2.3x 1076
209.8+ 0.8 1.6x 107 5.9 (1.0£0.2) x 10 3.14+1.36 3.15+1.37 (2.0+0.9)x 104 5.6x 107
209.7+ 0.5 1.5x 1078 6.2 (1.440.3) x 10" 6.164+ 2.78 6.21+ 2.84 (4.0£1.8)x 10 1.1x10°
209.8£ 0.5  1.4x 10°® 6.4 (1.740.3) x 1014 9.174+2.51 9.27£254  (6.0£1.6)x 10*  1.8x 105
210.0+ 0.3 1.4x 1078 6.7 (2.1+:0.3) x 10" 13.6+ 4.5 13.8+4.7 (8.9+3.0)x 10 2.7x 105
209.7£ 0.4  1.3x 10°® 6.9 (2.44 0.4) x 1014 17.0+ 6.3 17.4+ 6.5 (1.1£0.4)x 10®  3.4x 105

2 Total pressure was 1.008 0.007 Torr; HO-ice films thickness was 3.& 0.2um at 190 K and 7.5 0.2 um at 210 K.P y; was calculated
from eq 3 by using\L = 6 at 3.3+ 0.2um at 190 K;N_ = 10 at 7.5+ 0.2um at 210 K using the data provided in ref 46 and 48.
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Figure 4. Plot of y of SO, reaction with HOCI on a water-ice film,

1000/T (1/K)
Figure 5. Relationship between the logarithm of the uptake coefficient,

shown as repeated measurements at 190.1 K. The background SO,, "ot the SQ reaction with HOCI on water-ice surfaces and.IThe
signal has been subtracted from the plotted values. The arrows indicategjiq line was fitted to the experimental data at @38 K using the

the reference positiorz, of each measurement. The initial uptake
coefficienty,, is 1.2 x 1072. The injector was pushed back to enable
subsequent measurements to be made on the same ice filalues
are 1.0x 1073, 9.6 x 104, and 8.1x 107 The result suggests that
a weak surface deactivation is occurriffgo, = 1.6 x 107 Torr, Puoci

= 2.8 x 107° Torr, the thickness of the ice film is 3&m, and the
total pressure is 1.00 Torr.

temperature ranges. The initial uptake coefficient for, SO
reaction with HOCI on water-ice filmy., decreases dramatically

from 1.8 x 1073t0 2.6 x 1075, as the temperature of the water-
ice film increases from 190 to 238 K, whereas the partial
pressure of HOCI is maintained at (440 0.5) x 10°® Torr

Arrhenius equation. The activation enerfy was determined to be
about—37 + 10 kd/mol.Pso, = (1.4 + 0.2) x 1078 Torr, Pyoci = (4.0
+ 0.5) x 1078 Torr, and the total pressure is 2.0800.008 Torr. The
water-ice film thickness is 32 1 um.

Torr, was measured by the QMS, as a function of the injector
distancez. The pseudo-first-order rate constakyg, and initial
uptake coefficienty,,, for SO, reaction with HOBr on water-

ice film surfaces were determined from egs 1 ang2was
measured as a function of the HOBr surface coverage at 190
K. The results are shown in Figure 6, and detailed experimental
conditions are presented in Table)3is corrected for porosity

(Figure 5). HOCI surface coverage decrease slightly from 189 Of the ice using eq 3. Figure 6 shows that fhevalues increase
to 218 K, but it decreases further as the temperature increasedrom 9.2 x 107 to 2.7 x 1072 when the HOBr surface
to 228 K, likely due either to an increasing evaporation rate of COVerage increases from 2:6 10 to 9.1 x 10'* molecules/
ice at warmer temperature or else to HOCI desorption from the M at 190 K. At a given surface coveragex510'* molecules/

ice surface. Table 2 summarizes the resuyltss corrected for
the ice film porosity. The activation energy for SO, reaction

cn¥, the initial uptake coefficient of SOon HOBr-ice is
approximately 1 order of magnitude higher than that on HOCI-

with HOCI on a water-ice surface was calculated from the slope /€€ at 190 K.

of the plot of logy; versus 1T at 190-238 K.E, was determined
to be about=37 + 10 kJ/mol (see details in section 4.3).
3.3. Uptake Coefficients for SQ on Ice Films with Various
HOBr Coverages. A 20 cm length of ice film was vapor-
deposited on the wall of the flow reactor. g&nd HOBr were

IV. Discussion

4.1. Uptake Coefficients of SQ Reaction with HOX on
Water—Ice Films. The initial uptake coefficients of SQvere
measured as a function of the HOCI surface coverage, at 190

concurrently exposed to a freshly prepared ice surface, as theand 210 K (Figure 3), and as a function of the HOBr surface

sliding injector was slowly pulled out incrementally toward the

coverage at 190 K (Figure 6)y was then corrected for the ice

upstream end. The amount of HOBr taken by the ice film was porosity using eq 3. The steady-state ,Sptake amount on

determined by the QMS. Again, both HOBr flow-rate—(20
sccm) and partial HOBr pressur{osr = 1.8 x 1075—6.6 x

water-ice is 2.4x 102 molecules/crhat 191 K, and the uptake
coefficienty; is ~5 x 1077.23 The uptake coefficient of HOCI

107% Torr) were varied to achieve a range of surface coverages.(y: = 6.9 x 1074 on the water-ice surface is orders of

The gas-phase loss of 3@t a pressure of (1% 0.2) x 107

magnitude higher than that of 3@nd the surface coverage
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TABLE 2: Uptake Coefficients for the SO, Reaction with HOCI on Ice Surfaces at Varying Temperaturé
HOCI
uptake amount
temp (K) Pso, (Torr) v (m/s) (molecules/crd) ks (1/s) kw (1/s) Yw Y
189.9+ 0.4 1.5x 1078 2.6 (2.540.4) x 10" 23.8+4.6 25.8+5.1 (1.8+0.4)x 1073 (45+1.5)x 10°
199.84 05 1.5x 10 2.7 (2.4+£0.5)x 104  13.24+7.0 13.9+ 7.5 (9.2+£4.1)x 10* (1.9+1.1)x 105
209.7+£ 0.3 1.3x 1078 2.8 (1.6 0.3) x 10 3.92+1.47 3.97+1.51 (2.6 1.0)x 107 (4.7£1.9)x 10
218.0+ 0.3 1.3x 1078 2.9 (1.2+0.2) x 10" 2.064+ 0.69 2.08+0.71 1.3+ 0.4)x 104 (2.3+0.7)x 10°¢
228.4+ 0.7 1.3x 108 3.0 (4.8+2.4)x 108 0.78+ 0.62 0.78+ 0.63 (4.9+3.8)x 105 (8.5+6.7)x 1077
238.0+1.1 1.3x 1078 3.1 (2.54+1.1)x 10% 0.424+0.21 0.42+0.21 (2.6+1.1)x 10°° (45+1.9)x 1077

2 Total pressure was 2.008 0.008 Torr; HO-ice film thickness was 3Z 1um; Pyoci was (4.0+ 0.5) x 107 Torr. ® y, was calculated from

eq 3 by using\, = 1648
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Figure 6. Relationship between the initial uptake coefficient of2.SO

yw, and HOBr surface coverag®)is yw on water-ice films at 190 K.

The thickness of the ice film is 3.% 0.2 um at 190 K. The partial

pressure of Sis (1.54 0.2) x 107¢ Torr, and the total pressure in
the reactor is 1.006 0.007 Torr. The plot indicates thai, increases

as HOBr coverage increases. The solid line is drawn as a visual aid.

for HOCI can be up to 1@ molecule/cri. These facts suggest
that the interaction between HOCI and water-ice surfaces is
stronger than that between g$énd ice at 190 K. On the basis

of this work and our previous wor¥,we deduce that HOCI is
adsorbed on the ice, and that incoming,$€acts with adsorbed

HOCI (Eley—Rideal mechanism). The reaction between, SO

and HOBr follows the same pathway:

HOX(g) %— HOX(ad) (4)
HOX(ad)% H* + OX (ad) (5)

SQ[g) + HOX(ad)% [HOX---SOZ(ad)]ﬁ’ product (6)

SQ(g)+OX’(ad)% [XO’---SOZ(ad)]E» product (7)

where X= Cl or Br. The observed gas-phase S@ss rate can
be written as

d[s
B % = ky[SO,(g)][HOX(ad)] —

k_3[HOX-+-SO)(ad)] + ks[SO,(9)][OX" (ad)] —
k_g[XO---SO,(ad)] (8)

where [SQ(g)] is the SQ concentration. We apply the steady-

state approximation to [HOX:-SO,(ad)] and [OX -+ SOy(ad)],
i.e., d[HOX:+-SOy(ad)]/d = 0 and d[OX ++-SOy(ad)]/d = O,

and then substitute the result into eq 8. We have

_dISG(9)] ki,

Gkt kg SOAIHOX(ad)] +
é%ﬁ[soz(g)][xo(ad)] (9)

Equation 9 can be expressed as

_ dISO@)] _ kioxdH T + kox K
dt Ky +[H]

4[SO,()[HOX (ad)};
(10)
where
k.k
hox =i, Tk, o= K:Sf s
[HOX(ad)}; = [HOX(ad)] + [XO ™ (ad)] = 6,0
ke _[H'XO]

andK, = sz = T [HOX]

The uptake coefficieng; of SO, can be expressed as
_ diSO,(9)] )
dt _ A(kyox[H T + kox-Ky)

" TS0 oK, + [H7])
4

Ohiox (11)

wherew is the mean molecular velocity of $Cand GLOX =
Onox + Oox- is the total HOX surface coverage on the ice
surface. Equation 11 indicates thais proportional to the total
HOX surface coverage. It explains the experimental data
(Figures 3 and 6) well: as HOX coverage increases, the initial
uptake coefficient increases. We can also express eq 11 as

Y= thLox

wherek, = 4(kqox[H™] + kox-Ka)lw(Kz + [HT]), an overall
rate constant, is the combination of all rate constants and
conversion factors. The experimental datawere fitted to eq

12; the results for the SQreaction with HOCI are shown in
Figure 7a, and the results for @action with HOBr are shown

in Figure 7b. The overall rate constdgtof SO, reaction with
HOCI was determined from the slope of the fit to be (3
0.6) x 10719 and (1.74# 0.5) x 10~ molecules-cn?, at 190

and 210 K, respectively, and the overall rate constaof SO,
reaction with HOBr was (6.3 2.0) x 1018 molecules!-cm?

at 190 K. The fitted line represents the experimental results well,
suggesting that the simple model represents a possible reaction
pathway. Examininds, values, we can conclude thatof SO,

12)
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TABLE 3: Uptake Coefficients for the SO, Reaction with HOBr on Ice Surface$

HOBr uptake amount

temp (K) Pso,(Torr) v (m/s) (molecules/crd) ks(1/s) kw (1/s) Yw Vi
190.0+ 0.3 1.5% 1078 4.8 (2.6 0.5) x 104 68+ 16 77+ 19 (5.241.3)x 1072 3.3x 10*
190.1+ 0.4 1.6x 1076 5.0 (4.240.8) x 10" 107+ 11 129+ 12 (8.7 0.8) x 10°° 6.9x 10
190.1+£ 0.3 1.5% 1078 5.3 (5.84 0.7) x 104 152+ 14 198+ 19 (1.3 0.2) x 102 1.3x 103
190.2+ 0.3 15x 108 5.5 (7.44+1.1) x 10" 215+ 19 316+ 29 (2.1+£0.2) x 102 2.8x 1078
190.1+ 0.4 15x 107 5.6 (9.1+ 1.3) x 10 255+ 27 411+ 51 (2.7£0.4)x 102 42x 108
aTotal pressure was 1.008 0.007 Torr; HO-ice film thickness was 3.5 0.2 um.
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Figure 7. Plots of “true” uptake coefficients versus HOX coverage.
(a) Relationship between the $@ue uptake coefficient;;, and HOCI
surface coverage at 190 @) and 210 K @). The lines are fitted to

eq 12, and the slope of the fit lg. (b) Plot of the S@true uptake
coefficient, y;, versus the HOBr surface coverage at 190@.(The
solid line is fitted to eq 12, and the slope of the fitkis The fitted
lines suggest that the uptake in the S@action with either HOCI or
HOBr on water-ice surfaces can be represented using the model outline

Figure 8. Plots of pseudo-first-order rate constants versus measured
HOX coverage. (a) Relationship between the pseudo-first-order rate
constantk, and total HOCI surface coverage at 190€) @nd 210 K
(a). The rate constank.?, was determined from the slope of the fit to
be (6.0£ 1.6) x 107 molecules®-cn?-s™* and (8.3+ 2.4) x 107
molecules®-cn?st at 190 and 210 K, respectively. (b) Relationship
between the pseudo-first-order rate constiagptand HOBr surface
overage at 190 K®). The second-order rate constant was determined

in the text. The plot also shows that thefor the SQ reaction with
HOBr is higher than the coefficient for the reaction with HOCI at a at 190 K.
given surface coverage and 190 K. See text for details.

reaction with HOBr is higher than that with HOCI on ice
surfaces for a given surface coverage and temperature. Equatio
10 also can be expressed in terms of

rate= k,"0fioxPsc,

(13)

rom the slope of the fit to be (5& 1.8) x 1073 molecules-cn?-s™*

The oxidation capability of hypobromite is weaker than that
of hypochlorite, on the basis of emf (egs 14 and 15). The present

HOBr+2e —Br +OH"

HOCI+2e —CI" + OH"

I){\/ork shows that the rate of S@eaction with HOBr on water-
E,°=0.766V (14)

E°=0.890V (15)

whereki? is the second-order heterogeneous rate constant, whichice fiims is more rapid than that with HOCkZ(HOBI)/k2-
can be determined from a plot &f versusf/,oy. A plot of ky
versusf, o is shown in Figure 8a, and a plot &, versus
005, is shown in Figure 8b. The rate constag? of SO,
reaction with HOCI was determined to be (6:01.6) x 10~
and (8.3+ 2.4) x 10~ molecules-cn?-s~1, at 190 and 210
K, respectively; the rate constagfof SO, reaction with HOBr
was (5.3% 1.8) x 10713 moleculest-cm?-s™1 at 190 K.

(HOCI) =9, ork,(HOBr)/k,(HOCI) = 26) at 190 K. Oxidation

of S(IV) by HOX in agueous solution has been studiegg®
=(5.0£1) x 1° M~ Is7?, andkyoc? = 7.6 x 1B M~1s 1 at

298 K 2527Because these rate constants were determined under
ambient conditions, we cannot make a direct quantitative
comparison between the aqueous rate ang tredues obtained
from the present study. However, it is clear that the same trend
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applies, i.e.knosr > kuoci. Reaction rates are affected by the
pH in solutions. We assume that uptake coefficients are affected
by the pH on the ice surfaces as well. TH&,walue of HOBr

is ~8.8, and the K, value of HOCI is~7.5 at 298 K2527 This
implies that [HOBr]/[OBr] > [HOCIJ/[OCIT] in a neutral or
slightly acidic environment. For example, at pH7, [HOBr]/
[OBr—] =120, and [HOCI)/[OCI] = 4.7. If we accept that the
reaction between HOX/OXand SQ on ice is nucleophilic,
analogous to the reaction in solution, we see that HOX, rather
than OX, is the reactantkiox > kox™) at pH ~ 7, and we
conclude that HOBr is more reactive than HOCI on the basis
of the Lewis acid-base theory. Foelman et%lproposed that

a reaction intermediate for HOX reaction with $O is
HOX:--SO2~ in solutions. We postulate that a reaction
intermediate for the reaction of HOX SO, on ice isl, and

H,0

I
X=ClorBr

that a reaction intermediate for OXeaction with SQis Il .

We assume that the reaction intermediate is similar to that
in solutions. S from S@nucleophilically attacks the halogen
atom in HOX, producing a good leaving group ®HPresum-
ably, the intermediate, HOX SO,, is hydrated on the ice surface
to form XSQP~. It is also possible that S attacks the oxygen
atom of HOX, resulting in a more electrostatic repulsive
intermediate with an X" leaving group. X* is a poor leaving
group, so this is not a favorable pathway. For reaction of OX
with SO, S nucleophilically attacks the oxygen atom of OX
(1), producing a good leaving group XThis is an anticipated
reaction pathway based on the chemical property of the leaving
group.

At pH ~ 5.5-7, we have [HOX]> [OX~] and kpox[HOX-
(ad)] > kox-[OX~(ad)]; eq 9 can be simplified to

_ dSO(9)] _

g~ Keox[HOX(@d)JISO9)]  (16)

This does not change the functional form of eq 12, #ig, ~
Onox. In other words, under neutral or slightly acidic conditions,
dissociation of HOX on ice (eq 5) may be omitted, as we did
in a previous publicatiof The rate of the HOBr reaction with
SO, is approximately an order of magnitude faster than that

reaction with HOCI, becaudgiog[HOBr(ad)] > knoc[HOCI-
(ad)] at the same pH and HOX coverage.

Jin and Chu
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Figure 9. Possible products of the heterogeneous reaction gf-SO
HOBr on ice surfaces at 190 K. A plot of the $@ss versus the
reaction time is shown on the left-haivdaxis. The formation of Br
detected by QMS at/e = 158, is shown on the right-handaxis of

the plot. The combination of plots suggests that a redox reaction is
occurring between HOBr and $Qwith potential products HSO and

X~. See text for details. The error bars are approximately the size of
the plotted points.

depicted in eq 18 If the reactions in eqs 1719 correctly depict
potential products on the water-ice surface, we should be able
to detect Bs or Cl, in the gas phase.

Figure 9 shows both the formation of Band the loss of
SO, for the reaction of HOBH- SO, on an ice surface at 190
K. The SQ signal is plotted on the left-sidé-axis, and the Br
signal is on the right-sid¥-axis. The plot shows that the $O
signal decreases with the reaction time, and that @stected
by the QMS aim/e = 158, is generated from the surface as the
reaction proceeds. For the HO@l SO, reaction on the ice
surface at 190 K, the gkignal increase is weak, as detected
by the QMS atm/e = 70. The C} signal intensity is not as
strong as that of Br Figure 9 shows that the reaction likely
proceeds via intermediateand presumably either intermediates
or reactants involve hydration steps, so that BfSi8 formed
near the surface. Finally, BrSOis converted to HS® and
Br~. The reaction between HOBr and Bproduces By. This
also implies that if heterogeneous reactions of H&®XSO,
occur on NaX-ice (X= Cl or Br), such as on the deliquescent
sea-salt ice particles in the remote MBL, reaction HOXX~
will take place first (eq 193?3°HOX will probably be consumed
on the NaX-ice surface first. Rates for the HGXSO, reaction
will be decreased, due to Band CI near the sea-salt particle
surfaces reacting with HOX to reduce the effective surface
coverage.

4.2. SQ Reaction with HOCI at Varying Temperature.
The uptake coefficient for SOreaction with HOCI on water-

We have demonstrated that heterogeneous reactions betweelf€ film decreases as the temperature increases from 190 to 238

HOX (X = Cl or Br) and SQ occur on the ice surface at 190
and 210 K. We can speculate that likely products are SO
and X, according to egs 17 and 18, similar to the aqueous
phase reactions. of HOX + X~ is larger than that of HOX-

ks

+ —
HOX + SO, ==~ H" + XS0, (17)
_ ks _
XS0,” + H,0(s)— HX(s) + HSO, (18)
ks
HOX 4 HX(s) — H,0(s)+ X, (19)

SO, on ice films3142 This suggests that the rate-limiting step
can be the reaction in either eq 17 or 18. Reactions occurring

K (Figure 5). This trend can be explained by the above model
(eq 12 or 16). The temperature dependence of the initial uptake
coefficient can be described using the Arrhenius equation, In
yi O —E4RT. The activation energy was determined from a
plot of log y: versus 1T (as shown in Figure 5) for the
temperature range of 19238 K. E; = —37 & 10 kJ/mol.y;
= 3.4 x 10715 exp(4.45x 10°%T). The negativeE, suggests
that the transition-state complex [HOEEGO,] is stabilized by
the ice surface. The heat of uptake of HOCI on ice surfaces is
approximately 35.5+ 8.4 kJ/mol3! After the stabilization of
transition-state complex by the ice is taken into consideration,
the valueE, = —37 + 10 kJ/mol is reasonable. We also expect
that ASF is negative, because the transition-state complex is
adsorbed on the surface.

4.3. Comparison with Previous Studies.There are no

in the aqueous phase indicate that the rate-limiting step is thatreported uptake coefficients for $&- HOCI on ice in the
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TABLE 4: Uptake Coefficients for the SO, on Ice Surfaces and Reaction with HOX Influenced by HO Vapor
HOX uptake amount

temp (K) Pso, (Torr) Py,o° (Torr) (molecules/crd) ks(1/s) K (1/s) Vw
190.8+ 0.2 1.6x 10° 0 0.65+ 0.09 0.65t 0.10 (4.4+0.6) x 10°°
190.3+ 0.3 1.4x 108 49x 1078 0 2.0+0.3 2.0+0.3 (1.3£0.2)x 10
190.0+ 0.4 1.4x 108 7.1x 103 0 3.6£0.4 3.7£04 (2.4+0.3)x 104
190.1+ 0.4 1.4x 108 1.1x 1072 0 4.2+0.7 4.2+ 0.7 (2.9+£0.3)x 10
190.8+ 0.2 1.6x 10° 3.3 x 10*(HOBr) 3.1+1.0 3.1+ 1.0 (2.1+£0.7)x 10*
189.8+ 0.7 1.6x 107 5.0x 1078 (3.04+0.5) x 10*(HOBr) 64.9+ 12.9 78.2+ 154 (5.0£1.0)x 10738
190.3+ 0.7 1.5x 1078 (2.0+ 0.3) x 10*(HOCI) 2.3+05 2.3+ 0.5 (1.5+£0.7)x 10
190.1+ 0.3 1.4x 108 49x 103 (3.54+0.5) x 10*(HOCI) 16.8+ 2.3 17.3+t 24 (1.2+£0.2)x 1073
19C¢ 1.4x10° ~1073 2.0 x 10%(HOCI) 7.3x 10

2 Data are taken from ref 32.Additional water vapor over the ice surfaceCalculated from Figure 3 @toci = 2.0 x 10 Py,o varies slightly
from experiment to experiment, typicBh,o < 1 x 1073

3.5 explanation to the observed difference is that, in the HOCI-
"g treated ice experiment, the ice vapor from the treated-HOCI ice
% 3.0r surface is re-adsorbed on top of some adsorbed HOCI molecules
Z o5l during the time period in which the $SQlow and the QMS
S signal stabilize. The water vapor adsorbs on top of adsorbed
g 20t HOCI effectively reduces HOCI surface coverage available for
3 the reaction with S and results in a lowep,, value. In the
o 15¢ SO, and HOCI concurrent flow experiment, a freshly formed
f“g 10k HOCI reactive site reacts with SQ@eadily and immediately.
s There is no reduction in the quantity of available HOCI sites.
g 05} » This explanation may also account for the observed differences
7 . . ) . . ) in yw values between SQon HOBr-treated ice surfaces and
0.0 0 5 4 6 8 10 12 SO, reaction with HOBr on ice in the concurrent flow
experiment. The ratiop,co flow/y,reaey, s is higher than
Additional H,0 Vapor Pressure PHzox103 (Torr) (VWCO_ﬂOW/VWtreatE()HO(:l- A possible explanation derives from the

Figure 10. Relationship between the initial uptake coefficient of,g0  [ollowing observation. The heat of uptake of HOBr on ice is
yw and presence of additionab® vapor on water-ice films at 190 K. higher than that of HOCI on ice. This implies that the ice film,
The thickness of the ice film is 3:& 0.2um. The partial pressure of ~ consisting of ice granules on a micrometer scale, is likely be
SQis (1.4+ 0.2) x 107 Torr, and the total pressure in the reactoris annealed after HOBr molecules adsorb on the ice, thereby
1.000+ 0.007 Torr. The plot shows thaty increases as the added  resulting in ice of a more dynamic nature. After the ice surface
H.O-vapor pressure increases over the water-ice surface. is treated by HOBY, increasing numbers ofdHmolecules can

o be re-adsorbed on HOBr sites, and the effective HOBr surface
temperature range of 19240 K. The reaction in the aqueous coverage becomes lower. Thusy,foflow/y, reated, (o >

phase occurs under conditions very different from those studies ,, co-fiow/,, treate
o : . ; (yw 7w Ypoct.
here, and it is not possible to make a direct comparison.
We not_ed that the initial uptake coefficiepy, value for th_e_ V. Conclusion
SO, reaction with HOBr under the concurrent flow condition

is nearly 24-fold higher than thg, of SO, on HOBr-treated We have studied the heterogeneous reaction of-8G10X
ice film at 190 K @nopr = (3.0 & 0.3) x 10 molecules/cry (X = Cl or Br) on ice surfaces using a low-temperature flow
Table 4)34 We define this ratio agy(,co~flow/y,reateq 5~ 24, reactor coupled with a differentially pumped quadrupole mass

One possible cause is additional water vapor in the flow reactor; spectrometer. The initial uptake coefficient was determined
this vapor was introduced into the reactor by bubbling He as a function of HOX coverage on ice film surfaceg.for the
through the HOBr solution that was maintained at 273.15 K, to SO, reaction with HOCI was determined to be in the range of
generate fresh ice surfaces and newly adsorbed HOBr that would(3.5+ 2.5) x 104to (3.04 0.5) x 1023 at 190 K, and (8.2

be immediately available for reaction with it the concurrent 6.6) x 1075to (1.14- 0.4) x 1073 at 210 K.y, for SO, reaction
flow experiment. We conducted an experiment to examine the with HOBr was determined to be in the range (5:21.3) x
effect of additional water vapor on uptake of S@h water-ice 103to (2.74 0.4) x 102 at 190 K. The effect of temperature
at 190 K. Figure 10 shows that thg, value of SQ on ice on the uptake coefficients for SQeaction with HOCI was
increases approximately 7-fold as the water vapor pressureinvestigated, and the activation enerBy was determined to
increases from the saturation ice vapor pressure to<1102 be about—37 £+ 10 kJ/mol at 196-238 K. The SQ uptake is
Torr. The experimental conditions are listed in Table 4. This discussed in terms of the EleyRideal mechanism. The present
pattern of increase suggests that eithep &@orbs onto newly  study suggests that SQptake is enhanced, due to reaction with
generated ice surfaces created by the water vapor or else wateHOX on ice, relative to S@uptake on water-ice at 190 and
vapor adsorbs over the $@dsorbed sites, so that additional 210 K; potential products of heterogeneous reaction of $O
SO, molecules can be further adsorbed on these sites. We alsdHOX on ice surfaces are X(X = Cl or Br) and HSQ™. SO,
found that they,, of SO, reaction with HOCI on ice in the  reaction with HOBr is faster than the analogous reaction with
concurrent flow conditions is larger than that of S&h HOCI- HOCI on ice surfaces at 190 and 210 K. However, fteof
treated ice (see Table 4). The ratio of these two coefficients is SO, reaction with HOCI on ice at the MBL temperatueZ30
expressed ag o flow/y, reated . ~ 8, Because we established K) is comparable with the,, of SO, on water-ice. Thus, SO
that the effect of surface deactivation @ in the concurrent oxidation by HOCI should not be a significant pathway in the
flow experiment is about X020% (cf. Figure 4), a reasonable MBL.
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