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Uptake of Hydrogen Halides by Water Droplets
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The uptake kinetics of three different hydrogen halides, i.e., HCI, HBr, and HI, by aqueous surfaces were
measured as a function of temperature in the range from 262 to 281 K using the droplet train technique. The
reported mass accommodation coefficientsWere shown to decrease with increasing temperature. For HCI,

a decreases from 0.24 to 0.13 when the temperature was raised from 263 to 281 K. In the same temperature
range, the mass accommodation of HBr and HI decrease from 0.16 to 0.068 and 0.19 to 0.079, respectively.
This temperature trend suggests that the rate-limiting step during the accommodation process is part of the
physical solvation process as previously reported for nonreacting gases. The data were accordingly interpreted
using a model found in the literature which describes the mass accommodation process as a dynamical
nucleation event. The implications for the tropospheric chemistry of these findings are also discussed.

Introduction discussed reaction schemes, via aqueous phase photoproduc-

It has been shown over the years that heterogeneous ortion of Br, that Wi”_ introduce_ regction_ cycles involving
multiphase chemical transformations within the atmosphere may‘f‘]ypohalogeneogs acids that will give birth to the so-called
strongly alter its oxidation capacity especially by keeping in nalogen explosion?~12
their reactive form given families of radicaisin fact, the In both cases, however, the levels of halogenated radicals
observation since the mid 1970s of the stratospheric ozone holeare large enough to strongly modify the local or regional
and more recently the discovery of so-called “halogen explo- oxidation capacity. In fact, in a polluted zone, the measured CI
sion” in the Arctic’s boundary layéunderlined the importance  atom concentratiofisare in the range ¥9-10° cm~2 which
of chemical conversions at the gas/liquid interface. would imply, for example, a significant enhancement of the

In the marine boundary layer, the origin of halogenated oxidation rates of nonmethane hydrocarbons (NMHC). Such an
radicals in the gas phase has been attributed to transformationgnhancement was indeed observed in Lagrangian type field
occurring on sea-salt aerosélSeveral hints supported this  experimentd3where it was shown that OH oxidation alone was
hypothesis. In fact, it has been shown for a long time that sea- unable to describe the measured NMHC decay. The latter being

salt aerosols may display a large deficit in chloride compared consistent with a Cl atom concentration of about 80% cm™3
to the original composition of seawater. Since the mechanisms gt noon13

producing these aerosols (i.e., wave breaking and bubble
ejection) should not affect their composition, the observed deficit
was generally attributed to the displacement of halogenated
inorganic acids due to the uptake, by the aerosols, of strong
acids (HNQ or H;SQy).* In some cases, the observed deficit
reached even 90% of the original chloride content; however, ) - )
as noted by Keene et &lsuch a deficit cannot be explained by of mass accommodation coefflc_:lents of different hydrogen
acid displacement alone. Accordingly many authors postulated Nalides, i.e., HCI, HBr, and HI, which are presumably produced
that other reactions are involved in which stable ions are during halogen activation eplsodes._No_te thaf[ the data derived
transformed into halogenated radical precursors. The chemicalnere have a larger spectrum of applications since, for example,
mechanism leading to the formation of the observed levels of HClis present in all the troposphere due to volcanoes emissions
Cl radicals is still under discussion but it is now clear that it and/or emissions from a variety of industrial sources ranging
depends on the environment where the halogen activation takeffom incinerators to perchlorate-fueled space vehicles!

place, i.e., in NQfree (in the Arctic for example) or polluted

coastal regions. For the latter, it has been shown that the Experimental Section

chemistry of dinitrogen pentoxide is very important since it

produces large amount of easily photolyzable substances i.e., The rate of uptake of a trace gas by a liquid is a multistep
nitryl compounds (see refs 3 and-8 for a thorough discussion  process that can be related to fundamental properties of the gas,
of that chemical system). Whereas, in a Ni&e region, the of the interface, and of the condensed phase such as mass
halogen activation is thought to proceed, among other currently accommodation coefficientt, solubility, and reactivity. The

rate at which a trace gas molecule may be transferred into the
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Most of the recent available data have been implemented in
up-to-date box model in which chemistry is simulated with great
detailsi®1*however, there is still a lack of knowledge concern-
ing the rate of mass transfer at the air/water interface. Therefore,
we focused our attention during this study on the measurements
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1 TABLE 1: Henry's Law Constant and Dissociation
D= me‘y 1) Constants for HCI, HBr, and HI at 298 K 11.3%-41
physical Henry’'s  dissociation  chemical Henry’s

where [¢0is the trace gas average thermal velocityis the law constarit constarit law constarft
uptake coefficient (taking into account all processes potentially (M atm™) (M) (M atm™3)
affecting the uptake rate and therefore including andn is HCl 1 10 1.3 % 10°
the gas-phase density of the trace gas. HBr 0.75 10 2.0x 10°

The technique used to measure the uptake rates has already H! 25 3.2x 10° 25x 10°
been described elsewhefel® and therefore, we will only aFrom refs 11, 40, and 42.From ref 39.c From refs 40 and 41.

provide a brief summary of its principle of operation. The uptake

coefficient is measured by the decrease of the gas-phaseorder to enhance the amount of hydrogen halide swept out of

concentration of the trace species, due to their exposure to athe solution by the helium flux. The resulting HX concentrations

monodispersed train of droplets. These latter are generated byin the helium flux were in the range 1%-10% cm~3 with most

a vibrating orifice (75:m diameter) leading to droplet diameters experiments performed with a density of about3l@n=3. The

in the range 86150 um. gas-phase concentration was monitored using an ion-trap mass
The apparatus, where the contact between both phases takespectrometer (Varian model Saturn 4D) connected to the exit

place, is a vertically aligned flowtube which internal diameter ports of the flowtube. For that purpose, a small flux of helium

is 1.8 cm. Its length can be varied up to 20 cm, to change the (ca. 1 cn¥ STP) was continuously sampled through a/60

gas/liquid interaction time (620 ms) or the surface exposed pinhole, diluted with pure helium and then directly injected into

by the droplet train (6:0.2 cn?). Since the uptake process is the high vacuum chamber of the ion trap through a ca. 15 cm

directly related to the total surfac®@exposed by the droplets, long heated glass tube (i.d., 1 cm). The gases were then ionized

any changeAS in this surface results in a change of the with an electron beam with an energy of 70 eV. A full mass

trace gas density at the exit ports of the flowtube. Considering spectrum was taken every second.

the kinetic theory of gases and since we are measuring the All gases used during this study are highly sticky. Therefore,

averaged signal during the transit time due to changes in theto achieve a rapid steady state of the adsorptidesorption

exposed surface, it becomes possible to calculate the uptakeprocesses at the flowtube wall’s, all the gas delivery system

rate ast (including the flowtube itself) was heated to 31820 K. With
such experimental conditions, any change of the gas-phase
— 4k, In n @) density as monitored by mass spectrometry was simply related
V= <c>AS (n — An) to the uptake by the droplets as shown by the first order kinetics

. . which was measured (see Figure 1). It must also be underlined
whereF is the carrier gas volume flow rate through the system, that due to the moveable outlet of the flowtube, its inner glass
nis the trace gas density at the inlet of the flowtube Amd= surface-to-volume ratio was systematically varied by a factor
n— n wheren' is the trace gas density at the outlet port of the of 2. With such a variation, any wall effects would have been

interaction chamber. By measuring the fractional changes in easily detected, which was not the case during this study.
concentration /(n — An)] as a function of[C0AS4F,, it

becomes possible to determine the overall uptake coeffigient Results

as shown in Figure 1. . . . ,
Aqueous solgtions used to prepare the droplets were made All acids studied .her.e ha.ve. large effgctlve Henry's law

from Milli-Q water (18 MQ cm) and reagent grade salts when constants due to their dissociation according to

necessary. The different gaseous hydrogen halides were obtained _ n

simply by bubbling a known flux of He in an aqueous solution HX +HO0 =X +H,0 ®3)

of the corresponding acid. If the latter was not enough

concentrated, the solution was acidified with sulfuric acid in Where Xis either Cl, Br, or |. Table 1 lists the effective Henry's
law constant found in the literature. It should be mentioned that

2.0 T T despite the large solubility of these acids, physical Henry’s law
(i.e., just referring to gas/liquid partitioning without dissociation)
constants may be quite small. In fact, for HCI, the physical
15 _ Henry’s law constant was estimated to be on the order of 1 M
atm1, whereas the chemical dissociation increases this value
by several orders of magnitudeé®lt was found experimentally

that the uptake rates of these acids were not dependent on the
interaction time, meaning that saturation effects were absent.
In such a case, the uptake coefficient may be described
according té°
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0 2 4 6 8§ 10 12 14 16 where def is the effective droplet diametéf.The diffusion
AS<c>/4Fg coefficient Og) is not known and therefore had to be estimated
Figure 1. Typical plots of In(n — An) versusGrAS/4AF, for NOs by the method presented by Reid et%ln addition, since our

on pure water at 267 K for HCI. According to eq 2, the slopes of such Carrier gas is a mixture of helium and water vapor, it was
plots are a measure of the uptake coefficierithe solid line represents ~ Necessary to compute the diffusion coefficient in this back-
a linear fit to our data. ground. This was done according to the following equation:
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1 PHZO Pre TABLE 2: Gas-Phase Diffusion Coefficients, at 298 K and 1
= = + (5) atm, Estimated for the Hgydrogen Halides using Methods
Dy Dg-ho Dyhe Described by Reid et alt
DQ*Hzo DQ*HE
wherePy,0 andPye are the partial pressures of water and helium HCI 0.23 0.62
respectively Dg-1,0 and Dy are the binary diffusion coef- HBr 0.20 0.60
ficients of the trace gases in water and helium respectively (see HI 0.18 0.52

Table 2 for numerical values).

Uptake rate measurements were performed on pure water bu©0.16 to 0.068 when the temperature increases from 262 to 281
also m 1 M NaOH solutions. It was found that the uptake K. Itis also apparent that the mass accommodation coefficients
kinetics were strictly identical on pure water or on NaOH exhibit the following trend:apci > ansr &~ oy, Figure 2 also
solutions, i.e., independent of the interaction time. This means shows the excellent agreement with the previously published
that the measured uptake rates were not affected by anyresults obtained by Van Doren et*dlon HCI, leading to an
saturation effects which could have been introduced by a too increased level of confidence in the reported mass accommoda-
strong acidification of the surface, due to the in-coming acid tion coefficients in both studies. The agreement with other
nor to a low dissociation process. In fact, it can be safely studie®22is also satisfactory despite different experimental
assumed that reaction 3 is faster in alkaline solutions meaningconditions. In fact, Abul-Haj et & reported 0.1 as an upper
that if the uptake is limited by the dissociation kinetics, these limit for the mass accommodation coefficient of HCI on water,
effects should vanish at pH 14 used in some of our experiments.whereas Kirchner et &. measured a lower limit foe. of 0.01
Therefore, the observed uptake rates should have been large@t room temperature, i.e., our measured value lies between these
on solutions with pH= 14 than on pure water. Since this was two limits. These restricted sets of experiments were performed
not the case, we assume that we are measuring only the forwardn water, but many more data were published for the uptake of
rate of the entry of the trace gas into a liquid and that eq 4 HCI on ice or sulfuric acid® 33 Although the nature of the
fully applies to our system. surfaces are different, some similarities can be noted in the

Figure 2 shows the mass accommodation coefficients ob- uptake rates, especially when high concentrations of HCl in the
tained, as a function of temperature, once the uptake coefficientsgas phase>10'2 molecules/cr#) have been used.
have been corrected for diffusion limitations using eq 4. The ~ When studying the HCI uptake on ice, it was observed that
ratio between the measured uptake coefficients and the calcu-the initial uptake is very fast but decreased to a vai@e01*°
lated mass accommodation coefficients were in the range 1.3 after a few minutes. However, when high HCI concentrations
1.7, highlighting the strong interplay between diffusion and were used, there was unlimited uptake and no sign of saturation
interfacial transports. Also, by lowering the temperature, the was noted, a situation very similar to the one observed in the
mixed diffusion coefficient was affected, but we believe that present study. A possible explanation is that a supercooled layer
this introduces only a slight error since the temperature range of liquid forms on the surface of the ice, and large uptake can
of our measurements is restricted (because both of the propertiede sustained due to the rapid diffusion of HCI in the liquid phase
of water and of our experimental setup), meaning that the (as compared to solid). Under such conditions, the agreed lower
influence of the changes of water partial pressure is also limited. limit for o is 0.3 for a temperature range 19211 K. Of course,
However, in all cases, it was estimated that the diffusion for these temperatures, our extrapolated value would be larger
coefficients and partial pressures of the gases were known tothan 0.3, but it must be remembered that 0.3 represents a lower
within 30%. Such an uncertainty will in turn introduce an value. Our value would be in agreement with recent simulations
additional error orw of about the same level. Please note that Yielding a theoretical accommodation coefficient of urity.
the errors given below are just reflecting the experimental ~The observed negative temperature dependencesaems
uncertainties and are given at the 2vel. to be a general feature for the mass accommodation process of

The o values exhibit a clear negative dependence with soluble nonreacting gases (see refs-3% for a complete
temperature. For example, in the case of HBdecreases from discussion). In this case and in order to describe the temperature

dependence, several authors have considered that mass accom-

0.5 T T T T T T modation can be viewed as a multistep process where the trace
gas first thermally accommodates on the droplet surface (with
the assumption that the adsorption coefficient is close to unity)

04r T and remains adsorbed until it undergoes a further step into the
liquid or until it is released back to the gas phase. Davidovits

03k i et al3® hypothesised that the rate-limiting step in the mass
accommodation is part of the physical solvation process.
@ ¢ } Therefore, the transition from the gas phase into the liquid phase
0.2 -% } + % . can be summarized #s
L]
: %& ; S e kK
0.1F i! Fy T ng Kdesorb ns_> ns — nl (6)
& L L 0
0.0 . , . . . . where the subscripts g, s, and | refer to the gas, surface, and

260 265 270 275 280 285 290 295 liquid state of the trace gas. Since the interface is a dynamic
region where water clusters are formed and destroyed continu-
Figure 2. Plot of a versus temperature for HCI, HBr, and HI. The ously, .th'e solvation Process IS e>§pected to involve the.formatlon
error bars are given at thes2evel. (circles, HCl: squares, HBr: of liquidlike clusters. As in classical theory of nucleation, only

triangles, HI; filled symbols, this work; hollow circles, HCI from ref ~ clusters reaching a critical sizeny(in eq 6) may grow
17). indefinitely and finally merge with the nearby liquid. The critical

Temperature (K)
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Figure 3. Representation of Il — o) versus 1T according to eq 8 r ]
for HCI. The solid line represents a linear fit to our data and its results A6 e e
given value ofAH,  and AS,,. The error bars are given at the 2
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sizeN* is defined as the number of molecules in the cluster or AS (cal mol” K™)

more precisely the number of hydrogen bonds used to form the rigyre 4. Relationship betweeASandAH as given by Nathanson et
cluster. The mass accommodation coefficients therefore reflectal3” Filled symbols are the critical cluster size measured for the

the competition between the rate of solvatikg) and especially hydrogen halides.

of cluster formation Ks which is proportional toks,) and

desorption Kqesory Of the surface species. By considering this it seems clear that one of the clues could be found in the Gibbs
model, the flux of molecules crossing the interface (eq 1) can free energyAG,, . which is certainly related to fundamental

be rewritten as properties of the incoming gas and, as underlined in previous
1 1 work, especially to its ability to form hydrogen bonds with water
Mo = ~@H. — n =n 7 which are thought to be the driving force for the formation of
47797 470 Kiesors™ Mol ™ clusters. Davidovits et & and Nathanson et &l.demonstrated

L a direct relationship betweetHqns ASyps and the size of the
By considering that botkso andkgesorcan be expressed by an  cyitical cluster governed bi*. Therefore, this latter parameter

Arrhenius exponential temperature dependence relationship, €50 pe determined from the values of the enthalpy and entropy

7 can be rearranged, leading to given in Table 3. A graphical representation of this relationship

. is given in Figure 4, whereas numerical values are listed in Table

In{ o } _ AGgp, ®) 3.
1-aq, RT

As it can be seen from Table 3, the critical size increases
from 2.1 to 2.6 when going from HCI to HI (noninteger values
where AG,,; can be regarded as the height of the Gibbs free may be regarded as average sizes). This trend seems to inversely
energy barrier between the gas and the surface transition statefollow the capacity of hydrogen bonding of the hydrogen
The enthalpyAHqps and entropyASyys can be derived from a  halides. In fact, by looking at fundamental properties of these
plot of In(a/1 — a) versus 1T as displayed in Figure 3 for HCI.  acids (as listed in Table 3) such as dipole moment, partial charge,

The slope of such a plot corresponds-ta\HondR, while the ... and, as finally expected, the charge of both halogen and
intercept corresponds #S,,/R. The values obtained fakSyps hydrogen is decreasing when going from HCI to HI. This
and AHqps are summarized in Table 3. behavior would support the fact that mass accommodation

By applying this treatment to our data, we implicitly assumed proceeds via H-bonding, first at the interface and later in the
that the rate-limiting step for the uptake of the hydrogen halides bulk of the droplets. However, with regard to the limited data
is part of the physical solvation process and that the chemical set reported here (i.e., only three hydrogen halides were studied),
solvation (or acig-base dissociation) can be decoupled from it seems difficult to find a relation that may correlate for example

that process, i.e., it takes place after the physical step. Of coursethe dipole moment of a given chemical bonding to its contribu-
the experiments here are made at a macroscopic scale and wiltion to the critical cluster size.

give only poor insight into the molecular processes occurring

at the interface. Nevertheless, the similarity of behavior of these Atmospheric Implications

reactive hydrogen halides with the one observed for nonreactive

gases is supporting the observation that the common rate- By considering the theoretical work of Schwattit possible
limiting step is introduced by a physical process. In this context, to calculate the upper limit for the uptake rate due to gas-phase

TABLE 3: Estimated Critical Cluster Size N* and Fundamental Properties of the Hydrogen Halides

dipole HX bond partial electronegativity ASops AHops
N* moment D) length (A) charge of X (Pauling) (cal molrtK™) (kcal mof™)
HCI 2.10 1.11 1.27 0.18 3.16 —29.44+ 4.6 -7.2+1.0
HBr 2.50 0.83 1.41 0.12 2.96 —4154+75 —10.04+1.8

HI 2.60 0.45 1.61 0.06 2.66 4344.6 —10.6+1.1
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diffusion (Rj®) and interfacial mass transpoR{™*) accord-
ing to

e ©)
RTd
6P, Tt

= IRTd (10)

where Py is the partial pressure of the hydrogen halides of
interest (assumed to be equivalent to 2 ppt for all of them in
the present calculations) amtlis the diameter of the droplet
considered. At 273 K, where all mass accommodation coef-
ficients are larger than 0.1, it appears from these simple
equations that gas-phase diffusion is the limiting step during
the uptake on droplets having diameter larger thapmd,
otherwise the interfacial mass transport will influence the overall
kinetics. The latter situation will be observed for film drops

and secondary aerosols within the boundary layer, meaning that
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