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Studies of HBr Uptake on Ice Films at 188 K
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The interaction of HBr with ice films has been studied in a fast-flow reactor, and the formation e3HBr

and HBr2H,0 near the ice film surface was determined at 188 K. The existence of the hydrates was further
verified by the construction of a low-temperature Hiize phase diagram under the experimental conditions.
Hydrate formation is a critical process in understanding the higher HBr uptake on ice films and the
heterogeneous reaction mechanism involving HBr on the ice surface. The effects of total pressure and ice
film thickness on HBr uptake were also investigated. The co-uptake of HBr and HCI showed that the HBr
uptake was in general more efficient than that of HCI. This study provides the detailed thermodynamic properties
of HBr on ice at the pressure range of 20-107° Torr and 186-220 K.

I. Introduction boundary-layer ozone depletion located near ground-level snow/
ice in the early springtim&-14 Understanding the interaction

of HBr with ice is an initial step toward understanding those
heterogeneous reactions occurring near the ice surface. It is a
necessary step in understanding the reaction mechanism of HBr-

Bromine and chlorine species are known to interact with
ozone in the stratosphere and tropospheteBromine is also
recognized to have a higher capacity to deplete ozone than
chlorine on a per atom basis in the lower stratosphélrke = .
heterogeneous reactions involving photochemically inactive conta|n|.ng he.terf)geneou.s reactions. . )
chlorine species on polar stratospheric clouds (PSCs) have FOr simplicity in experimental approach, ice films are used

become well recognized following the discovery of the Antarctic " the Ia;borat(_)ry to mimic type-Il PSCs. Hanson and Ravis-
ozone holé8 There are two main classes of PSCs: type |, hankara® studied the uptake of HBr on ice. They determined

which consists of nitric acidice composed of mainly the HBr surface concentrations as high-a5 x 10' molecules/

trinydrate and dihydrate, and type II, consisting of water ice S @t 201 K and a partial HBr pressure of 42107 Torr.
with small amounts of acidic impurities. These heterogeneous 1 NiS large uptake+10 times the monolayer coverage) suggests
interactions are typically involved with gaseous species occur- th€ Possible formation of a phase other than an HBr-in-ice solid,

ring on either cloud surfaces or aerosols. A typical reaction in OF the possible multilayer HBr adsorption on iceéAb!f%fmund
the polar ozone chemistry is that the uptake of HBr on ice is larger than510'® molecules/

cn¥ at an HBr pressure of 1.2 10~* Torr and 228 K with an

CIONO, + HCI(s)— Cl, + HNO(s) 1) ice film thickness of a few tenths of a millimeter. Chu and
Heron'” studied the uptake of HBr on ice films as a function of

partial HBr pressures and ice film temperatures. The uptake was

: : : : determined to be in the range of 1 10" — 7.7 x 10%
HCI) into photochemically active species on PSC surfaces. The . .
) into p icaly active spec . molecules/crhat 188 and 195 K as HBr partial pressures varied

general consensus about the bromine reservoir compounds (e.g,, 8 P .
HBr, BrONQ,) is that they are less stable than chlorine reservoir from :_3'7 x 10710 6.4 x 107 Torr. The _hlgher uptake am_ount_
species and, thus, their lifetimes are shorter. In the gas phase's believed to be related to the formation of hydrobromic acid

they are readily photodissociated by solar radiation. The hydrateg on ice films. The purpose of this .SIUdY Is to extend
concentration of bromine compounds is lower than that of Oﬁr prf"m'”ary thdy Ofl ':hBr up:ake ofn rllcil f':ms fand t?h
chlorine species. However, recent modeling and Iaboratoryc aracterize and reveal the nature of hydrates from the

studies show that heterogeneous reactions such as therquynqmlc ;tandpomt. ] ]
The identification of hydrobromic acid hydrates was reported

This reaction converts the reservoir compounds (ClQhitwi

BrONO, + H,0(s)— HOBr + HNO,(s) ) mainly at about 100 K. The infrared spectrum of HBr hydrates
was obtained by Delzeit et &.at below 120 K and Gilbert
HOCI + HBr(s)— BrCl + H,O(s) (3) and Sheppard at about 200 K. Delzeit et al. also provided the

detailed spectroscopic assignments of the hydrates. Lurjdren
determined the single-crystal structure of hydrobromic acid
monohydrate, dihyrate, and trihyrate at 91, 83, and 211 K,
respectively. More recently, Rieley et 4l.employed the
molecular beam scattering technique to study the sticking
coefficients of HBr and HCI on ice at 80130 K and high-

* Author to whom correspondence should be addressed. Fax: (518) 473-Vacuum conditions. They determined the sticking probability
2895. E-mail: Ichu@cnsvax.albany.edu. of HBr on ice to be 1.06t 0.05 and HCI on ice to be 0.9b

not only activate bromine species but also have the ability to
change the partitioning of other constitue?itst

The importance of heterogeneous bromine chemistry is also
reflected in understanding the sudden Arctic tropospheric
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0.05. After the sticking probability experiment, an FT-IR 1.6x10"
spectroscopic method was used to identifg@jHs;O as the
main IR-active species present on the surface. Adsorbed HBr 5L ™
and HCI are exclusively ionic in nature. | :

In this study, we examine the interaction of HBr on ice o0 .
surfaces under simulated polar atmospheric temperature, mo- ' .
tivated by the potential importance of bromine heterogeneous N
chemistry in both the stratosphere and troposphere and the — 1:0x10°[ -
fundamental understanding of interaction of HBr on ice at lower § g
temperatures. First, we will briefly describe the experimental % 8.0x10° k: 10 Her
apparatus and approach. Second, new experimental results wil 3
be presented, including the HBr uptake as a function of the total £ 4,05
pressure and ice film thickness; detailed thermodynamic studies n=2.99
of HBr hydrates and the HBtice phase diagram at the polar poxio®h | \ 10°
atmospheric temperature. Finally, we will present the competi- ’ T T o
tive co-uptake data of HBr and HCI on ice at 188 K. Pyyo (Tom)

) ) 2.0x10° - ey

Il. Experimental Section s

The uptake experiment was carried out in a tubular flow 0.0 |- T ottt Singiirind
reactor and the loss of HBr into the ice film was monitored by ! I ! L ! ! ! L .
a differentially pumped quadrupole mass spectrometer (QMS). 20 -0 0 10 20 3 40 S50 60 70 80
The experimental apparatus was described edrli@&iwe will Time (min)

include here only those det.a'llls related to the current StUdY' Figure 1. Plot of HBr (a) and water vapor@®) pressures versus the
Flow Reactor. The borosilicate flow reactor was 35 cm in uptake time at 188 K antPue, = 1.0 x 107 Torr. The uptake
length with an inner diameter of 1.7 cm. The temperature in experiment started at timte= 0, and a HBr desorption was observed
the reactor was regulated with a liquid-nitrogen-cooled methanol att ~ 57.5 min. The inset shows the plot of |8ge, vs logPu,0 during
circulator and controlled with a digital temperature controller the desorption event in the uptake experiment. Both HBr and water
(Neslab). The mean temperature of the reactor was measured@ressures (counts) were measured and then interpolated caurtie
with two J-type thermocouples located at the middle and exPe”me?ta' }'me.' The S'°pﬁcgthe p'Ot('iS eq‘?g"(?.thi”“mbe’ of
downstream end of the reactor, respectively. During the experi- water molecules in an HBr hydrate, as described in the text.
ment, the temperature was maintained withif.3 K. The . s
pressure insidepthe reactor was monitored by a high-precision.(Matheson’ 99'8.%) and hellum (MG, Suentnjc grade 99.9999%)
pressure gauge (MKS Instruments, Model 690A, 10 Torr full na gIasBS manifold, Wh.'Ch had been _prewogs_ly eva_cuated to
scale), which was located at the downstream end of the flow 2 X4 10° STO"' The typical HBr-to-helium mixing ratio was
reactor. 1074=10">. The amount of HBr along with additional helium

A quadrupole mass spectrometer (Extrel, C-50 electronics C"’.‘trr:'i/lr gals ﬂlntrodufed '?t(l) :jhe ﬂ(l)-IW EgactorTvt:ail monl'ttore;j
with 3/4 in. quadrupole rods) was housed in a differentially Wi onel flow meters (Teledyne-Hastings). The flow rate o

pumped ultrahigh vacuum (UHV) chamber. The background the carrier gas was in great excess so that a small variation of
pressure in the chamber wasé x 10-11 'forr This low HBr flow would not affect the total pressure. Before the up-
background pressure ensured that the detection limit of the QMStake expgrlment, the HBr m|xtgre was admitted into. the
in this system was as low as210-8 Torr (7 x 108 molecules/ reactor without contact with the ice film, the measured HBr
cm?) for HBr. The UHV chamber consisted of two stages: a signal being proportional to the concentration of HBr admitted
differential pumping stage and a detection stage, which was into the flow tube. The HBr signal from a known concentra-

pumped with a Varian VHS-4 diffusion pump and a titanium tion was used as a calibration standard for th(_a HBr signal i_n
sublimation pump. These two stages were separated by athe measurement. The HBr flow was then redirected to be in

molecular-beam skimmer (Beam Dynamics, Model 1). The contact with the ice film for the uptake experiment. The loss of
OMS was installed in the detection stage. In addition to the HBr onto the ice film was measured by the QMSnae™ =

UHV technique, the detection sensitivity was improved by using 80 @nd is shown in Figure 1 for a typical experiment. The
a pulsed molecular-beam sampling method and digital counting tot&l @amount of HBr loss into the ice film just before the

electronics. desorption (see Figure 1) is defined as the uptake of HBr on
Preparation of Ice Films. The ice film was prepared by ice films. The desorption feature was observed in nearly all
passing helium into a distilled water bubbler at 28:®.1 °C. experiments conducted. In many experiments, the ice vapor

The helium-water vapor mixture was then admitted into the Pressure was measured simultaneously during the uptake
low-temperature flow reactor by a sliding injector, which was €xperiment. The ice vapor signalye” = 18, was calibrated
moved out at a constant speed during the course of the ice@dainsta pure ice film at the constant temperature _(18_8 K) with
deposition. The ice film length was measured both just after the presence of the helium carrier gas at the beginning of the
the deposition and several minutes later. The latter length was€XPeriment.
shorter because the ice film evaporated and recondensed in the The HBr—HCI mixture was prepared by mixing pure HBr
flow tube and we used this length to calculate the ice film and HCI (Matheson semiconductor, 99.999%) gases at different
thickness. The typical ice film length was 15 cm. The average pressures in the glass manifold, which was already evacuated
thickness of the ice film was calculated by using the geometric to 10°® Torr. The amount of both HBr and HCI before the
area of the flow tube, the mass of ice deposited on the wall, mixing was calibrated at STP. The mixture was further diluted
and the bulk density of the vapor-deposited ice (0.63 &/&at* with helium in the glass manifold. To minimize the error in the
HBr —He and HBr—HCIl—He Mixtures and Uptake Mea- pressure measurements for HBr and HCI gases, we kept the
surements.HBr—He mixtures were prepared by mixing HBr  HCI-to-HBr mixing ratio in the range of 220.
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1x10"7 surface. Providing that a steady-state equilibrium was established
i among the hydrate, HBr, and,8 vapor pressures in the flow

o 027 Torr reactor, the following expression would be valid:
m 040 Torr o
¢ 0.71Torr

K'= PHBr’PnHzo (5)
1x10" L
i whereK" is the equilibrium constan®ugr and Py,o are the

partial pressures of HBr and.B, respectively, and is the
number of water molecules in the hydrate. B8tk andPh,0
were measured sequentially by the QMS and are shown in
Figure 1 by the solid circles and open triangles for the®H
vapor pressure and HBr pressure, respectively. The time
difference between the measured HBr signal versi@3 $ignal
was -3 s. The cubic spline method was used to interpolate
these signals into the same time frame. They are shown as the
solid lines in Figure 1 and open circles in the inserted figure.
These interpolated HBr and,B pressures were used in eq 5
- ] to determine the value. Then value was then determined from
X1 1x10 1x10 x10 the slope of a plot of logPxg, versus logPy,o (Iog Prgr = —n

Pyis: (Torr) log Pro + log K'). Since both HBr and D pressures were
determined at exactly theame timga dynamic steady-state

1x10" |

HBr Surface Density (molecules/cm?)

1x10™ |

Figure 2. Plot of HBr uptake on ice films at 188 K as a function of T .
the total pressures in the flow reactor and partial HBr pressures. The equilibrium among vapor pressures of HB({ and the solid

different symbols in the figure represent different total pressues. hydrate was expected at any time during the desorption. The
at 0.270+ 0.008 Torr, M is at 0.406+ 0.009 Torr, and® is at 0.708 typical fitting is shown as a solid line in the insert of Figure 1.
+ 0.009 Torr. The plot shows that there was no significant difference The averagen values are listed in Table 2 under various
in the HBr uptake among these total pressures in the reactor. The solidexperimental conditions. The numbers in the parentheses in
line is the curve-fitting result as described in the text. Table 2 indicate the number of experiments used to calculate
the meann value. The results show that hydrobromic acid
trinydrate was formed in most experiments and sometimes
HBr Uptake on a Water—Ice Film. HBr uptake as a hydrobromic acid dihydrate was also formed. It is very important
function of total pressures is shown in Figure 2 and Table 1 to point out that then values are either 2 or 3 for about 50
with the detailed experimental conditions. In this figure, the experiments. Further evidence supporting HBr hydrate forma-
uptake amount based on the geometric surface area is plottedion on ice films includes the phase diagram of the Hige
versus the HBr partial pressures and total pressures. The differensystem.
symbols in the figure show different total pressures in the flow  HBr —Ice Phase DiagramVapor Pressures of HBr andJ9.
reactor. A set of data with the total pressure of 0.4 Torr from Little is known about the phase diagram of HBce at
our previous study is also included in this figure. The results temperatures below 200 K in terms of partial HBr and water
show that the uptake increased as partial HBr pressuresvapor pressure®.The HBr—ice phase diagram was constructed
increased. The uptake was independent of the total pressureso understand the thermodynamic properties of hydrates. The
within the pressure range that we studied. This indicates that aknown thermodynamic properties of the HB,0 system are
steady-state equilibrium is established between HBr and ice in HBr vapor-liquid equilibrium data at 2855 °C2829 the

I1l. Results

the flow reactor. The solid line is fitted 162526 freezing points of the hydrafé,and AH of HBr-2H,0 at 258
K.28 The partial HBr and water vapor pressures above the
PHBrzKef 4) solution were calculated at their freezing points using a

thermodynamic modeéP The heat of sublimation of hydrates
wherePyg, is the HBr partial pressure arttis the HBr surface  and the heat capacity of the hydrates were also computed to

density on ice. We obtainefd= 0.83+ 0.05 and K= 5.1 + construct the phase diagram from thermodynamic considera-
4.7 x 10720 from the least-squares fit. The fittédsalue is in tions. . _ _
excellent agreement with our previous publication Gt80.0627 On the basis of a thermodynamic solution model developed

The HBr isotherm desorption amount is also listed in Table by Carslow et al* the partial pressure of HBr can be calculated
1. The desorption amount was usually equal to the uptake by
amount. However, the desorption amount was lower than the
uptake amount aPyg; < 3 x 1077 Torr. The likely cause is fiZXH+XBr-
that the desorption event was relatively rapid and we could catch Prer = — 6
only a few data points. This caused an error in computing the Ky ®)
desorption amount.

HBr Hydrates. A HBr desorption peak was observed toward wheref.. is the mean activity coefficient of two HBr iong,+
the end of the uptake experiment. This is shown as the triangles= ny+/(ny* + ng,~ + ni,0) is the mole fraction of H ion, xg~
in Figure 1. We attributed this to the formation of a hydrate of = ng,~/(ny* + ng~ + Nw,0) is the mole fraction of Br ion, and
hydrogen bromide on the ice film. A hydrate would be formed *Ky is the Henry's law constant on a mole fraction basis.
near the end of the uptake experiment if (1) the amount of HBr Carslaw et al. parametrized expression$,odnd*Ky for HBr
taken up by the ice surface could satisfy the stoichiometric solutions at 196330 K. The calculated partial HBr pressure,
requirement of the hydrate on the near-ice-surface layer, andPyg,, as a function of temperatures (including at the freezing
(2) water vapor was driven away by adding HBr onto ice film points) and compositions is shown Figure Bag; at the freezing
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TABLE 1: Uptake of HBr on Ice Films as a Function of Total Pressures and HBr Partial Pressures

J. Phys. Chem. A, Vol. 103, No. 3, 199887

Prer (Torr) Protar (ToOrr) temperature (K) flow speed (cm/s) uptake (mole&jcm desorption (molec/ci
4.08x 107 0.265 188.8 3.5% 10° (3.5+1.1)x 106 (3.84+1.0) x 10
1.62x 10°¢ 0.271 187.5 3.5% 10° (2.1+0.4) x 106 (2.2+0.6) x 106
1.19x 10°® 0.253 186.6 3.5k 10° (1.3+0.4) x 106 (1.24+0.9) x 10
9.65x 1077 0.270 186.8 3.5k 103 (8.3+1.7)x 105 (6.3+ 1.4)x 105
5.23x 1077 0.286 188.1 3.6X% 10° (3.1+1.2)x 10*% (22+1.1)x 10
2.77x 1077 0.275 187.2 3.6k 10° (2.6+0.9) x 10° (1.8+0.8) x 10'°
2.14x 1077 0.269 187.2 3.5& 10° (1.5+ 0.6) x 10° (5.5+1.8) x 10
1.63x 1077 0.269 188.8 3.6 10° 9.4+ 3.2) x 10 (3.8+1.6) x 10
5.69x 1078 0.269 188.4 3.54& 10° (2.6+£0.7) x 10t

5.10x 10°® 0.695 188.0 1.36& 1¢° (5.9+ 1.2) x 106

1.37x 1078 0.706 188.0 1.34% 10° (1.74+ 0.5) x 106 (1.74+0.6) x 106
8.54x 1077 0.720 188.3 1.46 1¢° (1.44+0.6) x 106 (1.44+0.6) x 10
4.67x 107 0.712 189.4 1.3% 10° (4.04+ 0.9) x 105 (2.7+1.0) x 105
3.80x 1077 0.695 188.9 1.4% 1¢° (3.74+0.9) x 10'° (2.3+1.2) x 10
1.63x 1077 0.716 187.9 1.44 10° (1.14+ 0.4) x 105 (5.9+ 1.4) x 10¢
1.57x 1077 0.706 188.8 1.5 1¢° (1.54+ 0.5) x 10 (1.54+0.4) x 10
1.20x 1077 0.719 187.9 1.44& 10 (1.24+ 0.5) x 105 (4.5+3.2) x 1018
8.43x 1078 0.705 188.0 1.4% 1¢° (5.0+1.7) x 10 (3.94+2.0) x 10
4.42x 1078 0.711 189.0 1.3% 1¢° (2.9+1.1) x 10

TABLE 2: Determined Number of Water Molecules in the Hydrates at Different Temperatures and HBr Partial Pressure$

Puer (Torr) T (K) T(K)
188.3+ 0.4 195.14+0.1
(3.07£0.04)x 10°¢ 2.974+0.10 (9) 2.00+ 0.04 (2) 1.96+ 0.09 (16)
(1.07+£0.03)x 107 3.044 0.06 (5) 2.00+ 0.01 (2) 1.98+ 0.01 (2)
(5.04+0.10)x 1077 2.95+4+ 0.07 (13)
meann value 2.99 2.00 1.97

a2The numbers in parentheses indicate the number of measurements conducted.

points can also be extrapolated by the Clausi@gpeyron
equation using partial HBr pressure data at 2928 K. The

(Einstein mode) of B50O,". This can be written as

extrapolated results, as the diamond symbol, are also shown in ions gR OufT ui4 A
Figure 3a. Considering the errors and uncertainty of the methods, C (lattice)= Z 0 du, (20)
the partial pressures of HBr calculated by two methods are in =1[0p)3 (e" — 1)
reasonable agreement at the freezing points. The water vapor —
pressure was calculated by T
. o jons3n—6  x<.@%i
Pro = &Pho ) C (internal)= RZ Z XIZ]— (11)
=& (@ — 1)

wherea; is the activity of the water anBy, , is the saturation
water vapor pressure. The water vapor p?essure calculated from C,~ C, = C (lattice)+ C (internal) (12)

eq 7 is shown in Figure 3b. We also tabulated all the parameters
used in eqs 6 and 7 along with boByg, and Ph,0 at their
freezing points in Table 3.

whereR is the universal gas constant amek hu/KT. Op is the
Debye temperature of HBR2H,O and is determined from the

AH of Hydrates The coexistence line between two solid highest phonon (lattice) vibrational frequeney200 cnt?).1°
hydrates can be constructed by using the heat of sublimationIn eq 10, the summation was carried over to both cation and

of HBr-nH,O and HBF(n + 1)H,O, wheren = 2, 3, or 4, at
the equilibrium temperature. The heat of sublimatiis,p,,
of HBr-2H,0 was calculated from the heat of formation of HBr
2H,0, —688 kJ/moP8 at 258 K.

anion groups in the hydrate. The second summation in eq 11
was carried over to then3-6 vibrational modes within an ionic
group and the other was summed over all ionic groups:

hv; /KT wherey; is a molecular vibrational frequency of the ionic

group. We used all known IR bari@$o calculateC,; however,

HBr-2H,0(s) HBr(g) + 2H,0(g) (8)

AHg,p = AH™", + 2AH0 — AHHBr2H0 (9)

AHgp that did not include all 8—6 modes. We assumed that the non-
IR active modes had similar contributions@p as the IR parts,
S0 to approximate, we usé&j(internal)~ 2C,(IR modes). The
calculatedC, ~ 2C,(IR modes}-C,(lattice) and AHsu, at

different temperatures are listed in Table 4. The temperature-

AH; can be calculated fromA\H + ﬂocpidT, wherei repre-
sents the individual specieS, is the heat capacity, amtiH{ is
the standard heat of formation. BatH;™®" and AH!"® can be
calculated using the temperature-dependent heat capla@ity
and heat of formatio®&! The heat capacity of HB2H,O can
be estimated using the Debye and Einstein theéfie@r-2H,0

dependent heat capacity can be writteiCas: C, = 14.715+
0.2723T— 2.853x 107“T2 (J/mokK) whereT = 258-180 K.

A similar approach has been successfully applied to calculate
the heat capacity of solid benzéfh@and ice3® We also used
the same method to estimate the heat capacity of solidsHNO
nH,O, n = 1, 2, 3. The difference between the calculated heat

is a molecular crystal with an ionic structure. The heat capacity capacity and experimental values was less thRi¥®1These
of the crystal has contributions from both lattice vibrations results clearly indicate that the calculated heat capacity of solid
(Debye mode) of the ions and internal molecular vibrations hydrates agrees reasonably well with the experimental data.



388 J. Phys. Chem. A, Vol. 103, No. 3, 1999

(a) 104

Pyg, (Torr)

Chu and Chu

TABLE 4: Calculated Heat Capacity of HBr-2H,0O and
Heat of Sublimation of Hydrates at Different Temperatures

C,(HBr-2H,0) HBr-2H,0*@ HBr-3H,0* HBr-4H,0?
T (K) (J/mol K) (kJ/mol) (kd/mol) (kJ/mol)
217.0 60.4 163.0 219.6 276.4
213.0 59.8 162.8 2195 276.2
203.0 58.2 162.5 219.2 275.9
193.0 56.6 162.1 218.8 275.5
183.0 55.0 161.7 218.4 275.1

a Heat of sublimatiomMHsy,. See text for details.

TABLE 5: Determination of b’ Parameter in eq 14

AHsubF AH(Ym—Fn) - AH(Xm)
species (kJ/mol) (kJd/mol) b' (kd/mol)
HCI-6H,0O 371.4 164.2 54.7
HBr %wt HCI-3H,0 207.2
HNO3:3H,0 232.2 56.9 56.9
(b) ) HNO3:2H,0 175.3 54.9 54.9
10°E sz K HNOs-H;0 120.4
sk H,SOw6Y,H,0  482.0 132.7 53.1
101 F 20K H,S0Oy:4H,0 349.3 55.6 55.6
293 H,SQO,-3H,0 293.7 58.7 58.7
— 100l H.S0Oy:2H,0 235.0 62.8 62.8
= H,SOH,O 172.2
2 mean 56.7 3.2
B 10!
E“ J . a After ref 36.
102F " AHsup, because the difference betwegH; and AHgyp of two
- - = hydrates is a constanhz(&H}*zO). Thus, eq 13 can be rewritten
103k n ] - n [ ] as
. 1 i A 1 1 — hWNR* ~ W
10;0 35 40 45 50 55 60 AHsub(ymn) - AHsub(xm) =bn"~bn (14)
HBr wt%

model predictions. The dashed line is the least-squares fit of the data
(®) from ref 28. Diamond symbols are extrapolated data at the freezing

pointed based on the Clausiu€lapeyron equation. The difference

The proportionality coefficient’ can be determined from a set
Figure 3. (a) Plot of partial HBr pressures over the solution at different  of hydrates. Values of' are in Table 5 for a series of solid
temperatures and compositions. Both the solid lines and squares Ay drates important to polar atmospheric chemistry. Using the

determined meab’ value, 56.7+ 3.2 kJ/mol, andAH{2/ 240

we estimatedAH

HBr-3H,0
subl

and AH

between two calculation methods is a way to reflect the absolute results are listed in Table 4.
Phase DiagramUsing the partial pressures of HBr and®{
and temperature. The squares were calculated vapor pressures at thhe freezing pointsT,, and AHgy, in Tables 3 and 4, we

determined the coexistence lines of the HB#,0, HBr-3H,0,

uncertainty. (b) Plot of KD vapor pressure as a function of composition

freezing points. Also see Table 3 for details.

HBr-4H,0
subl

subl ’

from eq 14. The

TABLE 3: Partial Pressures of HBr and H,O at Their
Freezing Points

HBr
wt %

T,
(K) Ky (atnr?)

fe

Prgi(Torr)

aH,0

Pr,o(Torr)

30.0
32.0
34.0
36.0
38.0
48.0

235.3 1.259% 10°
228.2 3.863% 10°
220.7 1.335& 10%
212.2 5.765% 10%
202.6 3.2306¢ 10t
209.5

11.2271
15.9155
23.5631

6.1693

1.47x 1077

8.2044 9.93« 10°8

6.23< 1078
3.35¢ 1078
1.50« 108

9.346% 101

212.478

7.78< 1076

0.6708
0.6245
0.5742
0.5197
0.4610
0.1954

8.22¢ 1072
3.42 1072
1.31x 1072
3.81x 1073
8.49% 1074
9.98x 1074

50.0
52.0
54.0
56.0
58.0
60.0

214.2
216.6
216.8
219.1
223.1
224.9

4.061% 10
2.667% 100
2.6084 10 1078.69
1.742% 10'° 1954.56
8.9606¢ 10° 3436.60
6.648& 10° 6610.94

5.18< 107
2.56< 104
9.99% 104
5.45¢ 1073
3.63 1072
2.00< 101

1.49« 1073
157 1073
1.13x 1073
1.07x 1073
1.16x 1073
9.46x 1074

341.569
582.573

0.1545
0.1169
0.0835
0.0581
0.0395
0.0248

Hisham and Bensdhshowed that the heat of formatiatHs,
of solid hydrates can be quantitatively correlated by a two-
parameter equation

AH(Yinn) — AH(x) = bn*

wherea andb are proportionality constants andis close to
unity. The quantitiesn and m + n are the number of water

(13)

and HBr4H,O phases. The coexistence lines in the phase
diagram can be expressedfs

din PHBr _ mAHsub(ym—%—n) = (m+ n)AHsub(Xm)
d@am nR

din PHZO _ AHsub(ym-kn) - AH:sub(xm)
d(am) nR

The calculated coexistence lines are shown as the solid lines
in Figure 4. At the triple point of HB2H,O, HBr-H,O, and
the liquid phase, the parametrized thermodynamic ni&del
predicts that the HBr partial pressure will be about 5-fold higher
than the literature valu®. The solid coexistence line (cyan)
between HB#2H,O and HBfrH,O was calculated from the
intercept of the isotherms and the equilibrium HBr vapor
pressure. The HBr vapor pressure was computed using eq 15a.
We assumed tha&yg, at the triple point was equal to the total
vapor pressury = 1700 Torr?® The water vapor pressure
at the triple point was estimated to be about 3072 Torr, so
this assumption was well justified. Isotherms at every two-degree
interval are also plotted in the figure. The slopen, of the
isotherm is—2.0,—3.2, and—4.0 in the HBr2H,0O, HBr-3H,0,

(15a)

(15b)

molecules in a hydrate. We apply this equation to calculate and HBr4H,O phase, respectively. The value is a good
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indication of thermodynamic consistency and, perhaps, repre-
sents a degree of the calculation accuracy. When one views this 1,497
3-D phase diagram (Figure 4a) from the front perspective, the :
phases in front of these colored planes belong to the stable
thermodynamic region. We also provide a top view of the phase
diagram in Figure 4b.

The uncertainty in the phase diagram can be estimated from €
several sources. Vapor pressures of HBr and water, the heat ol'g o= |
sublimation, and the freezing envelope are three critical [
components. The average deviation for estimating the heat of
formation is less than 1 kcal/mol using eq ¥3The standard
deviation of theb' value in eq 14 is 3.2 kJ/mol for a series of
low-temperature solid hydrates. Assuming that the same trend
applies to HBmMH-,O, the estimated error faxHs,p is less than
4 kJ/mol. Note that the uncertainty for the heat of sublimation ‘
is larger than that of the heat capacity of the solid hydrate. The X ®1.0x10° Torr  6,=1.1x10" molecule/cm?
uncertainty ofPyg; and Pn,0 at the freezing points and the I o 5.2x107 Torr  8,=6.1x10" molecule/cm®
freezing point itself seem to have the largest impact on the I m22x107 Torr  9,=2.9x10™ molecule/cm?
profile of the phase diagram. The absolute error of the partial I
pressures is estimated to be a factor of 2 to 5, on the basisof .\ =~ =~ = . |
Figure 3. 0 2 4 8 8 10 12 14 16 18 20

HBr partial pressures and ice vapor pressures monitored
during the uptake process were plotted in the 188 and 195 K

plane of Figure 4a as line A and line B, respegtively. Line A different partial HBr pressure®(1.02+ 0.03 x 106 Torr, & 5.15+
shows that the uptake starts from pure water-|c§ (before theo.so « 107 Torr, andm 2,19+ 0.30 x 10-7 Torr) and 188 K. The
uptake experiment) and then eventually transfers into the HBr ggjig |ines are fitted into an ice micro-granule model as discussed in
3H,O state as indicated by arrows. The formation of the the text. The fitted “true” surface coverages are 1.1x 10'5, 6.1 x
trihydrate is indicated by the slope of line A, as it approaches 10" and 2.9x 10" molecules/crifor Pusr = 1.0 x 1075, 5.2 x 1077,

the HBr3H,0 phase region, to be3. The final state of the =~ and 2.2x 107 Torr, respectively.

desorption in line A falls directly into the stable HBH,O ] ) ) )

region, and the line is in the front of the phase plane. This unique UPtake versus the film thickness at different partial HBr
evidence shows that a stable H8#,0 was formed toward the ~ Pressures. The uptake increased dramatically as the film got
end of the uptake experiment. The continuous evacuation in thicker in the region 0.55 um. The uptake increased by about
the flow tube forced line A to shift out of the HEBH,O phase & factor of 15 as the ice film thickness varied from 1 to0.
again. Line A also indicates that a meta-stable 13BsO was We bel!evg_that there are a few factors contributing to this, the
formed in the tetrahydrate phase region during the uptake. In most s.|gn|f|cant bqlng 3';:6 film surface morphology and the
some experiments, a meta-stable HBHO hydrate is the only ~ dynamic nature of icé”

product; the stable HB8H,O hydrate was never formed. There In this study, the ice film roughness originated from the water-
were cases in which meta-stable HB#,0 was formed in the vapor nucleation process on the glass reactor wall during vapor

stable hydrobromic acid tetrahydrate region, and this is indicated 4€Position and the recondensation of the ice vapor in the reactor.
by the slope of the partial HBr and,8 pressure curve of2 There are some differences in these two processes such as the

(line B in Figure 4a). This indicates that H2H,O was not saturation watefvapor _ratio_. As a first-order approxir_nation,
formed directly from the gas phase:; it is rather formed near the W& modeled the ice film 4'1n terms of micrometer-sized ice
ice surface through the transformation of adsorbed HBr. A granules stacked in layetd:The spherical ice granules were
similar situation was found in the HNSice phase diagram packed in an hexagonal structure layer by layer. The HBr uptake

where meta-stable HNEH,0 and HNQ-2H,0 were formed amount was proportional to the total surface area of the
in HNOs3H,0 phase regioif and HCHice phase diagrai#? hexagonal-packed ice granuf@¢? In the model calculation,
HBr-3H,0 is a thermodynamically stable compound, more so the mean ice granule size was assumed to be similar to that

than HBr2H,O. HBr-2H,0 would probably transform into HBr (J_Ieterzrmrled from separate experiments unq_er similar condi-
. . tions?#41thus the ice granule size was empirically correlated
3H,0. However, at the point of desorption, the vapor-phase

i . : to the ice film thickness. Keyser et @#* determined that the
species were constantly being evacuated by the pump in the . s L
mean ice granule size is about @& for an ice film of 1um

flow reactor. The residence time of newly formed hydrates in thickness, and is &m for an ice film of 10um thickness.

the flow tube was a few minutes (cf. Figure 455—58 min). h . | | be fitted i he mi
This time scale may not be long enough to have a phase _T e experimental results can be fitted into the micrometer-
sized ice granule model with the above ice granule size

transformation completed from HEH,O into HBr-3H,O. istribution23:40.41
However, the composition in the gas phase was already acrossdIS ributions
a phase boundary. This is a possible reason meta-stable HBr

HBr Uptake (molecules/c

1x10" |

Film Thickness (um)
Figure 5. Plot of HBr uptake as a function of ice film thickness at

2H,0 was obseryed in §ome experiments. Uptake= 0, l(ZNL — 1+ f_;) (16)
Effect of the Film Thickness on HBr Uptake. The HBr \/§

uptake on ice was measured as a function of ice film thickness

at different partial HBr pressures ranging from 01076 to where#, is the “true” HBr surface coverag®l_ is the number

2.1 x 1077 Torr. The film thickness varied from 0.45 to 16.7 of granule layers. A slightly different granule layer distribution
um. The results are shown in Figure 5 as the logarithm of the expression as determined by Keyser et'alas used in order
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TABLE 6: Co-uptake of HBr and HCI on Ice 2

Phpr

107 (Torr)

Prci
(Torr)

T(K)

HBr uptake
(molecules/cr)

HCI uptake
(molecules/crd)

2.85x 1078
3.68x 1078
4.71x 1078
5.59x 1078
5.69x 1078
5.71x 1078
6.85x 1078
8.16x 1078
1.05x 1077
1.05x 1077
1.10x 1077
1.13x 1077
1.37x 1077
1.62x 1077
1.67x 1077
1.99x 1077
1.99x 1077
3.02x 1077
3.76x 1077

3.86x 1077
Figure 6. Plot of HBr (@) and HC| @) co-uptake as a function of 5.66x 1077

partial HBr and HCI pressures at 188 K. The planes through the data 6.99x 107
are the best fits. HBr uptake was affected by the presence of HCIl on 1.01x 106
ice.

um/sa|noa|ou1) ayeldn

(

>106

108

2.80x 1077
1.84x 1077
2.39x 1077
5.49x 1077
5.13x 1077
1.44x 1077
3.32x 1077
8.02x 1077
1.08x 1077
5.29x 1077
9.95x 1077
2.85x 1077
6.76x 1077
1.46x 1076
4.21x 1077
5.07x 1077
9.84x 1077
3.11x 1077
3.73x 1077
9.82x 1077
1.44x 1076
6.94x 1077
1.00x 1076

188.2
188.2
188.0
188.2
188.0
188.2
188.5
188.0
188.0
188.2
188.0
188.0
188.2
188.0
188.1
188.4
188.1
188.2
188.3
188.3
188.3
188.1
188.4

(1.2+ 0.4) x 104
(2.3+ 0.4) x 104
(2.4+ 0.8) x 104
(1.6+ 0.4) x 104
(2.6+ 0.4) x 104
(3.6+ 1.0) x 104
(2.74+ 0.8) x 104
(2.9+0.7) x 104
(8.2 1.5)x 104
(6.0+ 1.2) x 104
(3.6+ 0.5) x 1014
(7.7 2.7)x 104
(6.1+ 1.7) x 104
(7.74+ 2.4) x 104
(1.2+0.4) x 10'5
(1.1 0.2) x 105
(6.74+ 0.9) x 104
(2.3+ 0.3) x 105
(4.0+ 0.7) x 10'5
(2.1 0.3) x 105
(4.7+ 1.8) x 105
(6.2 1.2) x 10'5
(9.3+ 2.9) x 105

(2.7+0.6) x 1014
(1.640.3) x 1014
(1.740.5) x 104
(3.440.7) x 1014
(4.440.7) x 1014
(1.940.7) x 1014
(2.1+ 0.5) x 104
(5.141.3) x 1014
(1.440.3) x 1014
(3.44 0.5) x 1014
(4.1+1.7) x 1014
(2.040.8) x 1014
(3.240.7) x 1014
(8.0+ 2.0) x 1014
(3.040.7) x 104
(3.94 0.9) x 1014
(4.241.0) x 1014
(2.5+ 1.3) x 1014
(4.340.9) x 1014
(5.04 1.9) x 104
(8.4+ 2.1) x 104
(4.941.0) x 1014
(7.24 3.0) x 1014

aThe error o) includes the HBr+ HCI preparation, calibration,

. . - and measurement errors in every experiment.
to cover all experimental thickness. The fitting results are shown y exp

in Figure 5 as the solid lines for three sets of experiments. The
determined, values are also shown in Figure 5. The error in
fitting 6, was very large because the HBr surface coverage
converged rapidly as a function of the ice film thickness. The
uncertainty factor irf, is about 2, is about 5-10-fold smaller . . . .
than the measured surface density shown in Figure 2 at the samdvhered is ”?e surfz,;}ce density of glther HBr or HCI. T.he ,f'tted
partial HBr pressure condition. The lowsg value indicates parameters’ andK are tabulated in Table 7. Fllgure6 indicates
that some HBr molecules were adsorbed on the inner ice granuleat the HBr uptake increased with HBr partial pressures and
layer surfaces through a pore diffusion mechanism. The true d€creased with HCI partial pressures. HCI uptake also increased
HBr surface coveragél, = 1.1 x 10 molecules/crat Pug; Wlth. HCI partial pressures and slightly decreased with HBr
1.0 x 10 Torr (see Figure 5), seems to indicate a Partial pressures. ,
“multilayer” adsorption. This analysis shows that the nature of _ 1he effect of HCl on HBr uptake can be explained as follows.
the multilayer is not the HBr uptake onto the inner ice granule BOth HCI and HBr molecules compete to occupy available ice
surface. It is rather the formation of hydrates near the ice granulesurface Sites at nearly the same r?étWhen a site is occupied
surface layer as was discussed previously. by an HCI mole(_:ule, it may not be ava|la_ble to HBr. The more
We can also fith, as a function of partial HBr pressures in HC! molecules in the gas phase, the higher the HCI surface
terms of eq 4. Thé value obtained from this fitting is 0.8% coverage. It ultimately decreases_, _the HBr uptake and the
0.24. The large error came from the larger uncertainty of fitted format|on'of !—|Br. hydrat(.es.. In add't,'on’,w'th the presence of
6. Thisf value is consistent with the= 0.83 value obtained ~ HCl resulting in higher acidity on the ice film surface, the nature
directly from fitting the experimental data. of HBr dissociation on ice may be modified. The large effect
Co-uptake of HBr and HCI on Ice. The experiments on of HCI, on the HBr uptake also comes from the facF that
the competitive co-uptake of HBr and HCI on ice were designed formation of hydrates involves four formula units per unit cell
to elucidate the effect of the presence of HCI on the HBr uptake Surface area (see below). .
on ice and to test the relative strength of uptake. In these On the other hand, when HCI reaches the saturation coverage
experiments, the HCI molecules reached saturation level quickly ©" the Ice surface, perhaps less than half of total surface sites
and the time needed to saturate with HBr molecules resembled®® occupied by both HCl and HBr molecules because HCI has
the HBr uptake experiment as illustrated in Figure 1. Again, & Submonolayer coverage on ice under PSC conditions. There
desorption of HBr toward the end of the co-uptake experiment are sufflment vacant” sites still available for both HB( and HCI,
was observed in all experiments. The changes in ice vaporand ultimately the .efft.act pf HBr on thg HCI uptake is smaller.
pressures near the end of the uptake process also forced thd Ne nature of HCl ionization over the ice surface is affected by
HCI molecules to desorb. For HBr and HCI pressures ranging 1€ Presence of HBr as well.
from about 1.0x 1078 to 2.8 x 1078 Torr, the HBr+ HCI
co-uptake at 188 K and at a film thickness of 3.3 um is
shown in Figure 6. Figure 6 is a 3-D logarithmic plot. The
vertical axis is the uptake of either HBr or HCI at a given partial
HBr and HCI pressure. Sometimes, it is difficult to read the
uptake amount from the 3-D plot, but it provides a nice profile differences lie in the hydrate stable regions. In the HN{e
of the uptake as function of bofPyg; andPyci. We also provide phase diagram, for example, the stable HN8BI,O phase exists
the uptake amount along with the standard deviations and in the concentration ranges from about 33 to 72 wt % in solution.
experimental conditions in Table 6. The two planes are the least-As a result, the liquietsolid coexistence line varies widely with

squares fit to the experimental data in the form of

log 6 = fyig, 109 Pug, + fiici I0g Py + K (17)

Discussion

HBr—Ice Phase DiagramThe general profile of the HBr
ice phase diagram is very similar to those for H@e, HNG;—
ice, and HSOy—ice at polar atmospheric temperatuté¥ Some
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TABLE 7: Comparison of the f Parameters in Different Experiments

' Her frier f'hel frer K' remark
co-uptake HBr 1.38: 0.05 0.72+0.03 —0.39+ 0.07 21.88- 0.4 this work
HCI 0.144+ 0.05 0.57+ 0.07 1.8+0.2 19.02+ 0.4 this work
uptake HBr 0.83+ 0.05 this work
HBr 0.80+ 0.06 ref 17
HCI 20+0.1 this work
HCI 1.8 ref 23

temperature. This is not the case for the FIB,O phase, which
exists in the concentration ranges from 54 to 60 wt % of the
aqueous phase. The liguidolid coexistence line varies slightly
with the temperature. This basically reflects the nature of those
hydrates at low temperature.

Figure 4a shows that there is a slight temperature discrepancy
between the isotherms and experimental data (e.g., line A). Line
A is abou 2 K warmer than the isotherm at 188 K. This slight
discrepancy may well be within the uncertainty of the measure-
ments and vapor pressure calculations. There are two possible
reasons for this. (i) The isotherms were calculated on the basis
of the heat of sublimation of hydrates and b&s, and P40
at the freezing points. Uncertainty exists Ailgyp, Prsr, and
Pu,0o as discussed previously and results in a temperature
uncertainty estimated to be about-2 degrees. (i) The
thermocouples, which measured the ice film temperature, were
placed on the outside wall of the glass flow reactor. The ice
film was deposited on the inside glass wall and the “true”
temperature of the ice film may have been abou®ldegree
warmer than measured. Therefore, the slight temperature dis-
crepancy is within experimental uncertainty.

Hydrates Molecular dynamic simulation of HCI on ice shows
that HCI molecules are adsorbed on the ice surface and then
ice growth incorporates the adsorbed HCI into the newly formed
bilayer#® This leads to the dissociation of the HCI molecule
near the ice surface. Similar processes may take place for HBr
on ice. We expect that the adsorbed HBr molecules probably
interact with many HO molecules in the initial uptake stage.
Most likely, the incorporation of HBr into the “ice lattice” has

to be in a specific configuration in order to form HBHO. It Figure 7. Crystal lattice structure of HB8H,O, redrawn after ref 20.
is reasonable to assume that the hydrate formed over the iceThe large balls represent the bromine atoms and the small balls represent
film surface has the same structure as the 43BsO single- oxygen atoms. Oxygen atoms are in two different crystal sites as

crystal (we ignore any defects and surface effects). In the bulk described in the text. Hydrogen atoms are not shown. The figure shows
structure?’ one oxygen atom O(1) is surrounded by two oxygen 4 Br atoms per unit cell. This hydrate is formed on the ice surface at
: . : 188 K.
atoms O(2) and two bromine atoms in approximately tetrahedral
coordination separated by the distance of a hydrogen-bond,a HBr-2H,O unit cell2° Both HBr-2H,O and HBF3H,O share
whereas the two other oxygen atoms O(2) have a pyramidal a common ionic group, i.e., 4@, Br~, which shows a similar
environment bonded to another bromine atom and neighboring chemical behavior; a similar uptake is expected. Note the HBr
oxygen atoms. This is illustrated in Figure 7. The O(2H-- uptake extends beyond the simple 2-D surface adsorption.
-*O(2) hydrogen-bond length is shorter than a hydrogen bond However, substantial incorporation of HBr or bromide into bulk
between normal water molecules. This indicates the formation ice is unlikely to occur. There are a few reasons: HBr or
of the ionic form HO," where a proton is transferred from  bromide remaining on the ice surface would be lower the surface
HBr. Gibbs free energy of the systeththe larger size of Br and
The high uptake of HBr on ice can be explained in terms of lower ion mobility of Br~ result in a lower diffusion rate of
the hydrate formation near the ice surface. Hydrates dramatically HBr than HCI in ice!’ the formation of the HBiBH,O crystal
change the coordination number of bromine tgOH In an inside the ice lattice results in a lattice-size mismatch. These
orthorhombic HBr3H,O unit cell, there are 4 Br atoms per unit  facts suggest that HBr molecules predominantly remain near
cell (see Figure 7). When HBr molecules adsorb on the ice the ice surface in a form of hydrate in the experimental time
surface, one (or more) layer of the orthorhombic HE#,0 scale.
crystal was then expected to fortbove the ice surface so that One would logically expect that a stable HBIH,O hydrate
hydrate has the sufficient vapor pressure to be detected by thecould be formed under our experimental conditions (cf. Figure
QMS in our experiments. If this were the case, four HBr 4). However, this study showed that both H&1,0 and HBF
molecules (assuming one unit-cell layer) would be taken up by 2H,O are formed aPpg; ~ 1076—10"7 Torr and 188 and 195
ice per hydrate unit-cell surface aredlthough this areais about K (see Table 2). A phase diagram presenting vapor pressures
twice the area of the ice basal plattét, would provide a higher as a function of temperature can be used to place constraints
HBr uptake. Also there are four formula units of HBH,O in on the existence of various solid phases in the laboratory
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experiments. The stability region of the phase diagram does not
necessarily imply formation of a solid hydrate. Nucleation needs
to take place first if a condensed phase (e.g.,-4BsO) is to

be formed from vapor or from a liquid or another solid phase.
Itis unlikely to form from the liquid phase in this study simply
because the substrate is ice at 188 K. Under the flow tube
conditions, the ice film is constantly evaporating and accom-
modating at the steady-state equilibrium. This behavior leads
to some degrees of nonequilibrium. The net result is as
follows: (1) It effectively changes the vapesolid partitioning
toward the end of the uptake experiment. Water molecules are
preferentially removed faster than HBr molecules because of
the higher vapor pressure. This is a limitation of the flow system . :
in studying thermodynamic equilibrium properties; however, it 107 10®
will not affect the determination of hydrate composition because Puc (Torr)

we used a dynamic measurement method. (2) The change of HCl
water vapor pressure near the desorption region, as with HBr, 1017
leads to a solid-phase transformation or across the coexistence __
lines. As already discussed, if the nuclei for the second phase %

do not form readily, the first phase persists into the stable region
of the second phase until the first solid evaporates (desorption
phenomena}® The meta-stable species of the second phase (e.g.,
HBr-2H,0 or HBr-3H,0) can be formed.

A long-term goal of this study is to understand the effect of
the ionic nature of 5O, Br—-H,0 or HsO,"Br~ hydrate on the
heterogeneous reactions on ice surfaces such as reaction &
Understanding the nature of the bonding between Br and ice
(hydrate) is essential to reveal the reaction mechanism at a
molecular level. For example, Hanson and Ravishankara noticed &
that the product BrCl in the CIONO+ HBr reaction on an ice 1013 . -
film was not detected directly in the gas phase when HBr is in 10° 107 10° 10°
excess?® Also, we found that it is difficult to detect gas-phase Phgr (Torr)

. . X A
grg: .m ctjh(te '105:!_'—&']_'& reacrtllon c:(vertr:he Icet.ﬂlrﬁ' \fN:gB Figure 8. (a) Comparison of the HCI uptak®) versus HCI co-uptake
rilis detected in the gas phase lor the reaction o ' (dashed line) at 188 K. The dark solid line is the least-squares fit of

HCI.164748This implies that the nature of the BrHO surface the HCI uptake data and the dashed line was calculated from eq 17
bond may be different from that of Clice. This is a first step with Pug; = 1 x 1077 Torr. (b) HBr (@) uptake versus HBr co-uptake
toward understanding the reaction mechanism at the molecularon ice. Two dashed lines were computed for HBr co-uptake amounts
level. at Pycy = 1077 Torr (— —) and 108 Torr (— -+ —), respectively. The
plot indicates that the HBr uptake is slightly higher than that of the
co-uptake amount at lowd?,c; conditions.
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Comparison with Previous StudiesHBr Uptake The HBr
uptake amount is independent of total pressure in the flow
reactor, thus the HBr uptake obtained from this study was g, o Hc| uptake behavior individually. We can trdat 1/’
|dgnt|cal to our previous study This result is in good agreement approximately. These new parametésis andfic are listed in
with the measurement of Hanson and Ravishankara. Table 7. The nearly identicdlvalues for both uptake and co-

Abbatt® studied this system at higher partial HBr pressures uptake experiments (columfigs; andfyc in Table 7) suggest
(1.2 x 107* Torr) and temperatures (228 K). Under those the interaction between HCI and HBr is small compared with
experimental conditions, if the system is in perfect thermody- the interaction between HCI and ice or between HBr and ice.
namic equilibrium condition, the final state of the uptake occurs A small negative value in Table 7 implies that HBr uptake is
in the liquid phase as illustrated in Figure 4b. in part inhibited by the presence of HCI on ice films. Also, a

Co-uptake of HBr and HCIThe difference between the very small, 0.14, value indicates that the HCI uptake amount in
uptake of HBr or HCI on ice versus the competitive co-uptake the co-uptake experiment was scarcely influenced by the
of HBr + HCl on ice is shown in Figure 8. The HCl uptake on presence of HBr.
ice was nearly identical to the amount of the HBrHCI co- Atmospheric Application. Whether hydrobromic acid hy-
uptake experiment as shown in Figure 8a. The measured HCldrates can be formed near the type Il PSC surfaces is of interest
uptake amount in this study was in excellent agreement with to atmospheric chemists. The gas-phase HBr concentration is
previous publicatioR®4?50The HBr uptake on ice was slightly  about 1.6-2 pptv in the middle latitude of the stratosphé&¥&2
higher than that of HBr in the HB+ HCI co-uptake experiment,  In the polar region, the gas-phase HBr concentration is likely
when partial HCI pressure was about 80 orr. The HBr uptake decreased by a factor of 10 or more with a source of HBr
amount in the HBr- HCI co-uptake experiment was close to  production absent and HBr uptake on PSE%his means the
the HBr uptake on ice in a lowétc ~ 1077 Torr region. These  partial HBr pressure is on the order of 20 Torr or lower.
trends are shown in Figure 8b. One can also examing the This pressure is lower than our experimental conditions. Our
parameters, determined from eq 4 for the uptake experimentexperimental results cannot directly reflect the HBr heteroge-
and eq 17 for the co-uptake experiment, to obtain similar neous uptake on type Il PSCs; however, it is possible to
conclusions, iff 'ygr andf "¢ are considered to be two linear comment on the thermodynamic state of HBr near the ice surface
independent coefficients, i.e., these parameters represent eitheon the basis of the constructed HBce phase. We replotted
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1o 24I10 2?0 2?0 21]0 2(I)0 1£I30 V. Summary
100 = The principal conclusion from this study is that HBr forms
5 both the dihydrate and trihydrate near an ice film surface at

L HBr-2H,0 Puer = 106—1077 Torr and 188-195 K. Hydrobromic acid

102} \\\\\\\ hydrate may not be expected to form under polar stratospheric
’g 109~ _ S#~ HBr3H.O condit?ons_ ac_:cording to the constructed HjEt_re phase diagram.
E T~ £ Even if this is the case, PSCs would efficiently scavenge HBr
o 107 Liquid A in the atmosphere. The uptake of HBr on ice is a function of
§ 10 -:\\\\ e HBr-4H,0 partial HBr pressure and is independent of the total pressure of
I the system. The uptake strongly depends on ice film thickness
e R and morphology. The co-uptake of HBr and HCI on ice films
a 107 - D shows that HBr, in general, is more efficiently incorporated into

10 208K~ .. ice than HCI at lower temperatures. The interactions between

10°k e ™~ - HBr and ice or HCI and ice are stronger than that between HBr

ol ~. and HCI.
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