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With use of a droplet train apparatus, the mass accommodation coefficients (R) of gas-phase HCl, HBr, HI,
and CH3COOH were measured for 1-octanol to probe the nature of the hydrophobic organic surface as a
function of relative humidity and temperature (263-283 K). In the absence of water vapor,R for both HBr-
(g) and HI(g) is unity, independent of temperature. The mass accommodation coefficients for acetic acid and
HCl are smaller, about 0.3 for acetic acid and 0.01 for HCl at 273 K, displaying negative temperature
dependence. The value ofR for acetic acid is independent of relative humidity. However, values ofR for
HBr, HI, and HCl change dramatically as a function of relative humidity. As the relative humidity increases,
the R values for HBr and HI decrease, andR for HCl increases. At a relative humidity of about 50%,R for
all three species converges to that on pure water. A model is proposed to explain these unexpected results.

Introduction

The importance of organic aerosols in tropospheric chemistry
has been discussed in the Introduction to the preceding
companion article1 where we described uptake studies, using
the droplet train apparatus, of several organic gas-phase species
by 1-octanol, selected as a surrogate for hydrophobic oxygenated
organic compounds. Here we present the second part of our
octanol studies describing the uptake of gas-phase hydrogen
halides (HI, HBr, HCl) and acetic acid (CH3COOH) as a
function of relative humidity and temperature. These studies
yielded the mass accommodation coefficients of these species
on octanol as a function of relative humidity and temperature.
These studies revealed unexpected, interesting information about
the nature of the octanol surface as a function of relative
humidity.

Background technical information, description of the ap-
paratus, basic experimental procedures, and data analysis used
in this study are provided in the preceding companion article.
Therefore, here, these aspects of the experiment will be
presented only in brief outline.

Modeling Gas-Liquid Interactions

In our droplet train experiments, a gas-phase species (in this
case the gas-phase acids) interacts with liquid droplets and the
disappearance of that species from the gas phase is monitored.
The disappearance of the species is expressed in terms of a
measured uptake coefficient,γmeas, which is related to the
experimentally observed flux (J) into a surface via gas-phase
density of the species (ng) and the thermal mean speed (cj) as

As is discussed in the companion paper, gas uptake is a
function of several interrelated processes which may include
gas-phase and liquid-phase diffusion, mass accommodation,
Henry’s law solubility, bulk phase, and surface reactivity.
Therefore, the parameterγmeasrepresents a convolution of these
processes, and the experimental challenge is to separate the
contributions of these processes to the overall gas uptake so as
to obtain the value of the parameter of interest. Following the
discussion in the previous paper and references therein, the
overall uptake process is expressed in terms of a resistance
formulation as

Here the parameterΓdiff takes into account the effect of gas-
phase diffusion on the uptake, andγ0 is the uptake coefficient
in the limit of “zero pressure”, i.e., in the absence of gas-phase
diffusion limitation. A modified Fuchs-Sutugin formulation for
Γdiff takes into account appropriately the effect of gas-phase
diffusion on the uptake as

Here, Kn is the Knudsen number defined as 2λ/df, whereλ is
the gas-phase mean free path. The mean free path is here
expressed asλ ) 3Dg/cj, whereDg is the gas-phase diffusion
coefficient of the species. In the formulation of eq 3,df ) (2.0
( 0.1)do, where do is the diameter of the droplet-forming
orifice.2

The parameterγ0 accounts for the effects on the gas uptake
of the mass accommodation coefficient, Henry’s law solubility,
and liquid and surface reactions, if any. Because of solubility
limitations, γmeas is, in general, a function of the gas-liquid
interaction time.

† Current address: Atmospheric Sciences Research Center, State Uni-
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A simple approximate expression forγ0 is obtained by
decoupling from each other the effects of mass accommodation
and solubility. In such a simplified representation, the uptake
coefficient Γsat takes into account the effect on the uptake of
Henry’s law solubility. In the absence of chemical reactions of
the gas-phase species,γ0 can be expressed as

The parameterΓsat is given by eq 3 (see the note in ref 39 of
the companion paper)

HereDl is the liquid-phase diffusion coefficient of the species
in octanol, t is the gas-liquid interaction time,R is the gas
constant (L atm K-1 mol-1), T is temperature, andH (M atm-1)
is the Henry’s law constant. Note thatΓsat measures the extent
to which the gas-phase species is out of equilibrium with the
liquid. As equilibrium is approached,Γsat approaches 0.

In a following section the mass accommodation process will
be further examined to account for the uptake of gas-phase acids
on octanol as a function of relative humidity.

Experimental Section

Uptake measurements in this study were performed by using
the droplet train apparatus shown in Figure 1 of the preceding
article. Briefly, in this apparatus gas uptake is measured by
passing a fast-moving (1500-2800 cm/s) and monodisperse
(150-300µm in diameter) collimated train of octanol droplets
through a 30 cm long, 1.4 cm diameter longitudinal low-pressure
flow tube that contained trace amounts (∼1013 to 1014 cm-3)
of the gases studied entrained in a flowing mixture of He carrier
gas.

The carrier gases are introduced at the entrance of the reactor.
The trace gases (diluted in He) are introduced through one of
three loop injectors located along the flow tube. By selecting
the injector and the droplet velocity, the gas-droplet interaction
time can be varied between 2 and 15 ms.

The droplets are formed by forcing liquid octanol through a
vibrating orifice located in a separate chamber. The liquid
1-octanol delivery lines were cooled to the desired droplet
temperature. A chromel-alumel thermocouple in a stainless
steel sheath was fixed in place just above the aperture and
provided a continuous measure of the droplet stream temper-
ature. The temperature of the droplets in the reaction zone is
maintained by matching the partial pressure of the equilibrium
1-octanol vapor in this region. To study the effect of relative
humidity on gas uptake, water vapor was added to the carrier
gas flow. The equilibrium conditions governing octanol-water
solutions are discussed in the preceding article.1

Gas uptake is determined by measuring the trace gas
concentration (ng) downstream of the flow tube as the surface
area of the droplets is changed in a stepwise fashion, by varying
the driving frequency of the piezoelectric ceramic. A measured
decrease in the trace gas signal (ng - ng′) resulting from an
increase in the exposed droplet surface area corresponds to an
uptake of the gas by the droplet surface. The uptake coefficient
(γmeas), as defined in Zhang et al.,1 was obtained from the
measured change in trace gas signal via eq 6, whereFg is the
carrier-gas volume rate of flow (cm3 s-1) through the system,
∆A ) A1 - A2 is the change in the total droplet surface area in

contact with the trace gas, andng and ng′ are the trace gas
densities at the outlet of the flow tube after exposure to droplets
of areaA2 andA1, respectively. Pressure balance in the system
is monitored as discussed in Zhang et al.1

The gases HCl, HBr, and HI were obtained from Matheson
Gas Products Inc. at>98% purity. The mass spectrum of normal
acetic acid overlaps that of octanol. Therefore, to study the
uptake of this molecule we used the 1-13C isotope of acetic acid
obtained from Cambridge Isostope Laboratories Inc. at 99%
purity.

Results and Analysis

In panels a and b in Figure 1 we show plots of ln(ng/ng′) at
R.H. ∼ 0 for HCl and HBr as a function ofcj∆A/4Fg at 273 K.
Here cj∆A/4Fg was varied by changing the gas flow rate and
the droplet surface area (∆A). Due to solubility constraint, gas
uptake under the stated conditions is a function of gas-liquid
interaction time (t). The measurements shown in Figure 1a,b
were obtained att ) 2.8 ms. Each point is the average of at
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Figure 1. Experimental data showing plots of ln(ng/ng′) as a function
of cj∆A/4Fg (a) for HCl and (b) for HBr, at droplet temperatureTd )
273 K. Solid lines are the least-squares fit to the data. The slope of the
lines isγmeas. Terms are defined in the text.
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least 10 area change cycles and the error bars represent one
standard deviation from the mean in the experimental
ln(ng/ng′) value. As is evident in eq 6, the slope of the plots in
Figure 1a,b yields the value ofγmeas, with precision indicated
in the following data: γmeas ) 0.0059( 0.0007 and 0.42(
0.02 for HCl and HBr, respectively. Similar plots were obtained
for a wide range of experimental parameters, for which the
uptake fraction, (ng - ng′)/ng, varied from 5% to 50%. As is
evident, in the absence of water vapor,γmeasfor HCl is almost
2 orders of magnitude smaller thanγmeasfor HBr. Measurements
of HI(g) and acetic acid uptake were conducted in the same
way.

The effect of gas-phase diffusion on the uptake is taken into
account byΓdiff calculated from eq 3. The gas-phase diffusion
coefficients (Dg) of HCl and acetic acid were taken from refs 4
and 5, respectively. These gas-phase diffusion coefficients vary
as T1.7 (helium as carrier gas) andT2.0 (H2O as carrier gas).4

The Dg values for HBr and HI are calculated by using the
method described by Reid et al.6 The Dg values for 298 K are
tabulated in Table 1. The parameterγ0 is then obtained via eq
2.

In Figure 2, values ofγ0 on pure octanol are plotted as a
function of gas-droplet contact time for HCl, HBr, and HI at
273 K and for acetic acid at 275 K. Note that the abscissa is
broken so that we may display the much smallerγ0 value for
HCl in the same figure. The uptake for HBr, HI, and acetic
acid is clearly time dependent, as is characteristic of solubility
limited uptake. The time dependence of HCl uptake is less
pronounced. The time dependence ofγ0 is expected to be given
by the parameterΓsat. The solid lines in Figure 2 are plots of
eq 4 with Γsat calculated from eq 5. As was stated in the
preceding article, the coefficientsH andDl for octanol in eq 5
have not been measured, therefore, the productH(Dl)1/2 was a
variable in the fitting of the experimental points. In accord with
eq 4,γ0 at t ) 0 is the mass accommodation coefficientR.

Time dependent uptake studies were performed at three
temperatures. The mass accommodation coefficients as a
function of temperature for HCl, HBr, and acetic acid on octanol
are shown in Figure 3. The mass accommodation coefficient
for HI was measured only at 273 K. That point is also shown
in the figure. Here again, the abscissa is broken to displayR
for all the species in the same figure. As is shown in Figure 3,
within experimental accuracy, the mass accommodation co-
efficients for HBr(g) and HI(g) on pure octanol are unity, and
for HBr, the mass accommodation coefficient is shown to be
independent of temperature. The mass accommodation co-
efficient for HCl(g) on pure octanol exhibits negative temper-
ature dependence and is about 2 orders of magnitude smaller
thanR for HBr and HI. The mass accommodation coefficient
for acetic acid has likewise a negative temperature dependence.
The magnitude ofR for acetic acid ranges from about 0.2 at
283 K to 0.45 at 265 K.

To study the effect of water vapor on the uptake of gas-phase
acids by octanol, we performed uptake studies at several water
vapor pressures (relative humidity, R.H., ranging from∼0 to
120%) as a function of droplet temperature and gas droplet
contact time. The uptake coefficientsγ0 as a function of gas-
droplet contact time for HCl, HBr, and HI at 273 K and for
acetic acid at 266 K are shown in panels a, b, c, and d in Figure
4, respectively. For HCl and HBr, similar plots were also
obtained at 263 and 283 K. The13C-labeled acetic acid is
expensive. Therefore, the relative humidity studies for this
species were done only at one temperature, 266 K. The solid
lines in the figures are best fits of eq 4 to the experimental
measurements, withΓsat given by eq 5, as outlined below. As
before,γ0 at t ) 0 is the mass accommodation coefficientR.

The following features in the data shown in panels a-d in
Figure 4 are immediately evident. The uptake of HCl increases
with water vapor pressure while the uptake of HBr and HI
decreases. Within experimental accuracy, the uptake of acetic
acid is independent of relative humidity.

Further, data in Figure 4a-c show that with increasing water
vapor pressure, the time dependence of the HCl uptake increases
and the time dependence of the HBr and HI uptake decrease.
This observation is explained in terms of the relative magnitudes
of the parametersR andΓsat in eq 4. The larger the value ofR
the more pronounced is the effect onγ0 of the time dependent
termΓsat. The time dependence observed in Figure 4a-c follows

Figure 2. Uptake coefficientγ0 as a function of gas-droplet contact
time at R.H. ) 0, for HCl (0), HBr (∆), and HI (O) at droplet
temperatureTd ) 273 K and for acetic acid (2) at Td ) 275 K. The
solid line is the best fit to the data via eq 4 withΓsat given by eq 5.

TABLE 1: Gas-Phase Diffusion Coefficients,Dg (atm cm2

s-1), T ) 298 K

carrier gas

trace gas He H2O

HCl 0.701 0.166
HBr 0.610 0.130
HI 0.520 0.111
acetic acid 0.433 0.096

Figure 3. Mass accommodation coefficients (R) for HCl (∆), HBr
(0), HI (O), and acetic acid (1) on 1-octanol as a function of
temperature at R.H.) 0. The solid lines are best fit via eq 8.
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because, as a function of relative humidity,Γsatremains constant,
while R increases for HCl and decreases for HBr and HI.

Henry’s Law Coefficients. As was previously stated, the
coefficientsH andDl to be used in eq 5 have not been measured
for octanol, therefore, the productH(Dl)1/2 is a variable in the
fitting of the experimental data shown in Figure 4a-d. In the
preceding article,1 we pointed to evidence that the Henry’s law
coefficientH and the diffusion coefficientDl are not likely to
be altered significantly by the water content of octanol at levels
present in our experiments (<0.2 mol fraction). Therefore, in
fitting of the time dependent uptake data for HCl, HBr, and
acetic acid at a given temperature, the productH(Dl)1/2 was held
constant, independent of R.H. TheH(Dl)1/2 values are obtained
from the best fits to the time dependentγ0.

As pointed out in Appendix 2 of the preceding article,1 the
diffusion coefficientsDl in octanol can be calculated from the
Hayduk-Minhas correlation.6 With use of the calculated values
for Dl, the Henry’s law coefficientsH were computed from the
measured values ofHDl

1/2. These values ofHDl
1/2, Dl, andH

are listed in Table 2. A best fit to theH values for HCl, HBr,
and acetic acid in Table 2 yields the following expressions for

H. For HCl

For HBr

Figure 4. Uptake coefficientγ0 as a function of gas-liquid contact time at different relative humidity (R.H.) values (a) for HCl at droplet temperature
Td ) 273 K, R.H.) 0% (O), 6% (0), 24% (∆), 41% (2), 120% (b), (b) for HBr atTd ) 273 K, R.H.) 0% (O), 2% (0), 4% (b), 6% (9), 18%
(∆), 87% (1); (c) for HI at Td ) 273 K, R.H.) 0% (O), 4% (0), 13% (∆), 34% (9), 83% (b); and (d) for acetic acid atTd ) 266 K, R.H.) 0%
(0), 75% (O), 115% (∆). The solid line is the best fit to the data via eq 4 withΓsat given by eq 5.

TABLE 2: Values of HD l
1/2, Dl, and H for ΗCl, HBr, and

Acetic Acid as a Function of Temperature

trace gas
T

(K)
HDl

1/2

(M cm atm-1 s-1/2)
Dl

(10-7, cm2 s-1)
H

(103, M atm-1)

HCl 263 7.80( 0.50 7.98 8.73( 2.37
273 6.10( 0.60 13.1 5.33( 1.67
283 5.10( 1.89 20.8 3.54( 2.26

HBr 263 42.6( 8.02 7.28 49.9( 20.9
273 28.6( 4.10 11.9 26.2( 9.61
283 13.6( 1.80 18.8 9.92( 3.51

acetic acid 266 11.0( 2.30 5.14 15.3( 4.78
275 4.04( 1.20 8.12 4.48( 1.82
283 2.18( 1.00 11.0 2.08( 1.21

ln H (M/atm) ) -(5.87( 1.46)+ (3.96( 0.39)× 103/T
(7a)

ln H (M/atm) ) -(9.35( 2.81)+ (5.31( 0.75)× 103/T
(7b)
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For acetic acid

Mass Accommodation Coefficient.The mass accommoda-
tion coefficients (R) for HCl, HBr, HI, and acetic acid as a
function of relative humidity at the temperatures studied are
shown in Figure 5, panels a, b, c, and d, respectively. The water
vapor pressure at R.H.) 1 at 263, 273, and 283 K is 2.15,
4.58, and 9.21 Torr, respectively. The solid lines are the results
of modeling via global fit of the experimental data at all the
temperatures studied. To highlight the main features of the data,
the mass accommodation coefficients as a function of water
vapor pressure and relative humidity for HCl, HBr, and HI at
273 K and for acetic acid at 266 K are brought together in Figure
6.

Clearly, water vapor has a dramatic effect on the mass
accommodation coefficient for the hydrogen halide gases. With
increasing water vapor pressure, the magnitude ofR decreases
for HBr and HI and increases for HCl. At a relative humidity
of about 50%,R for all three species converges toR on pure
water and is about the same for all three species. This is evident

from the listings in Table 3 that showR for HI, HBr, and HCl
at 273 K on pure octanol, on octanol with about 100% R.H.,
and on pure water. The dramatic change inR with relative
humidity for the hydrogen halides requires a deeper examination
of the uptake process.

Discussion

Mass Accommodation on Pure Octanol.As is shown in
Figure 3, within experimental accuracy, the mass accommoda-
tion coefficients for HBr(g) and HI(g) on pure octanol are unity,
and for HBr,R is shown to be independent of temperature. (The
mass accommodation coefficient for HI on pure octanol was
measured at one temperature only.) The mass accommodation
coefficient for HCl(g) on pure octanol exhibits negative tem-
perature dependence and is about 2 orders of magnitude smaller
thanR for HBr and HI. The mass accommodation coefficient
for acetic acid has likewise a negative temperature dependence
with the magnitude ofR ranging from about 0.2 at 280 K to
0.45 at 265 K.

In the preceding article we described mass accommodation
as a two-step process involving surface adsorption followed by
a competition between desorption from the surface (rate constant

Figure 5. Mass accommodation coefficients (R) as a function of relative humidity (R.H.) at different temperatures: (a) HCl at 263 (O), 273 (2),
283 K (0); (b) HBr at 263 (0), 273 (b), 283 K (∆); (c) HI at 273 K (2); and (d) acetic acid at 266 K (b). The solid lines are best fit via eq 16.
Terms are defined in the text.

ln H (M/atm) ) -(30.3( 6.90)+ (10.6( 1.85)× 103/T
(7c)
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kdes) and solvation into the bulk liquid (rate constantksol).7-9

With the thermal accommodation equal to 1, the mass accom-
modation coefficient (R) is then expressed as

The parameter∆Gobs) ∆Hobs- T∆Sobs is the Gibbs energy of
the transition state between molecules in the gas phase and
molecules solvated in the liquid phase. The functional form of
∆Gobs depends on the theoretical formulation of the uptake
process. Therefore, the parameter∆Gobs serves as a bridge
between experiment and theory. Uptake studies on water
surfaces led to the formulation of a nucleation critical cluster
model for mass accommodation that successfully explained
several features noted in our earlier uptake studies on aqueous
surfaces including the observation that a plot of∆Hobs versus
∆Sobs for all the species studied exhibits a near straight-line
relationship.7,8 As described in the preceding paper, the nucle-
ation model for mass accommodation seems to apply likewise
to the octanol surface for the organic gas-phase species discussed
there.

The values for∆Hobs and ∆Sobs can be obtained from the
experimental results by plotting the natural log ofR/(1 - R) as
a function of 1/T. The slope of such a plot is-∆Hobs/R and the
intercept is∆Sobs/R. The solid lines in Figure 3 are plots of eq
8 with best fit values for HCl of∆Hobs ) -(8.6 ( 2.6) kcal
mol-1 and∆Sobs) -(41.3( 9.7) cal mol-1 K-1 and for acetic
acid∆Hobs ) -(8.1 ( 1.4) kcal mol-1 and∆Sobs ) -(31.5(
5.2) cal mol-1 K-1.

Within the experimental accuracy, the mass accommodation
coefficients of HBr and HI on octanol are 1. In fact, the
formulation in eq 8 precludes the value ofR to be exactly 1. (R
) 1 implies thatksol/kdes ) ∞.) Therefore, in the context of eq
8, theR-value for HBr and HI is understood to be close to, but
not equal to, 1. For example, a value ofR > 0.99 impliesksol/
kdes> 99 and-∆Gobs/RT> 4.6. Since the mass accommodation
coefficient of HBr is independent of temperature within the
precision of the measurements, individual values for∆Hobsand
∆Sobs cannot be determined in this case.

The larger value ofR for HBr and HI on octanol indicates
(via eq 8) that the ratio ofksol/kdes is larger for HBr than that
for HCl. In terms of the nucleation model this implies that HBr
and HI interact more strongly with the octanol surface molecules
than does HCl. A related observation was made by Ringeisen
et al.10 in experiments studying the collisions of HCl and HBr
with liquid glycerol. Nearly all HBr molecules, thermalized at
the glycerol surface, enter the bulk liquid, whereas a significant
fraction (about 0.5) of the thermalized HCl departs the surface
without entering into the bulk liquid. The stronger interaction
of HI and HBr with octanol can perhaps be understood in terms
of the polarizability and acidity of the hydrogen halides (HX)
as was suggested by Ringeisen et al.10

The interactions of HX with octanol are expected to proceed
via the following steps designated asI , II , andIII :11,12

We expect that the entry of the HX molecules into liquid octanol
is governed by the formation of the ionic complexII . The
formation of this complex involves the scission of the X-H σ
bond. The ease of this scission in turn depends on the
polarizability (and consequently acidity) of the HX molecules.11

The polarizability and acidity of the hydrogen halides increase
in the order HCl< HBr < HI. The polarizabilities for the three
molecules are 2.63, 3.61, and 5.44 Å3, respectively.13 The
dissociation constants of HCl, HBr, and HI in water at 298 K
are 1.2× 108, 2.2 × 1010, and 5.0× 1010, respectively.14

Clearly, the mass accommodation coefficients for the HX
molecules are in accord with these trends.

Acetic acid is a weaker acid than HCl (Ka ) 1.6× 10-5 and
1.2× 108, respectively), yet its mass accommodation coefficient
is about a factor of 20 higher. Clearly, the interaction of acetic
acid with octanol is not governed by the acid properties of the
molecule. In fact the interaction of acetic acid with octanol is
similar to that of the organic gases described in the preceding
article. This can be deduced from two observations. First, as is
evident in Figure 10 of the preceding article, the∆Hobs and
∆Sobs values for acetic acid fall on the same straight line as
those for the organic gases. Second, as is the case for the organic
gases,R for acetic acid is likewise unaffected by relative
humidity. WhereasR for the HX gas-phase species exhibits the
already noted dramatic relative humidity dependence.

In terms of the nucleation model of mass accommodation,
the formation of the critical cluster leading to the uptake of the
organic gases by octanol is expected to occur via the attractive
interactions between the organic trace molecule and the
hydrophobic part of octanol. The uptake of acetic acid is likewise
likely to proceed via the mutual attraction of the hydrophobic
parts of the two species (that is acetic acid and octanol).

Mass Accommodation as a Function of Relative Humidity.
The behavior of the mass accommodation coefficient for the
HX molecules as a function of relative humidity, displayed in

Figure 6. Mass accommodation coefficients (R) as a function of
relative humidity (R.H.): HCl at 273 K (9); HBr at 273 K (b); HI at
273 K (2); and acetic acid at 266 K (0). The solid lines are best fit via
eq 16.

TABLE 3: Μass Accommodation Coefficients (r) for HCl,
HBr, and HI at 273 K on Pure Octanol, on Octanol at 100%
R.H., and on Pure Water

R

on 1-octanol
on 1-octanol
∼ 100% R.H. on water

HCl 0.008( 0.001 0.17( 0.03 0.22( 0.03a

HBr 1.01( 0.11 0.21( 0.02 0.21( 0.03b

HI 0.98( 0.10 0.18( 0.05 0.17( 0.02b

a Van Doren et al.24 b Zhang.25

C8H17OH + HX h C8H17OH--HX (I ) h

C8H17OH2
+ X- (II ) h C8H17OH2

+ X- (III ) (R-1)

R
1 - R

)
ksol

kdes
)

exp(-∆Gsol/RT)

exp(-∆Gdes/RT)
) exp(-∆Gobs

RT ) (8)
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Figures 5 and 6, is certainly unexpected. Even at a low relative
humidity of 50%, seemingly the uptake of every HX molecule
that strikes the octanol surface is governed by water. On the
other hand, the measured uptake of organic gases and acetic
acid is unaffected by humidity.

At first glance it seems as if, at these low humidities, the
entire octanol surface is covered by water molecules. Yet we
know that this cannot be the case. Only a small fraction of a
relatively hydrophobic surface, such as octanol, is expected to
be occupied by water. As will be shown, even at 100% R.H.
the water coverage on the octanol surface is only about 10%.
(At this point the bulk mole fraction of water is about 0.2.)
How then is one to account for the large effect of water vapor
on an essentially hydrophobic octanol surface? Clearly the
simple two-step process described by eq 9 of the preceding
article1 cannot explain the results.

Langmuir -Hinshelwood Model for Uptake of HX(g). The
Langmuir-Hinshelwood mechanism has been used previously
to elucidate heterogeneous processes in the atmosphere. For
example, Ammann et al.15 derived an expression via the
Langmuir-Hinshelwood mechanism for the study of surface
reaction on gas uptake by atmospheric particles. Remorov et
al.16 combined Eley-Rideal and Langmuir-Hinshelwood mech-
anisms to explain the experimental results of HO2 uptake on
solid NaCl. Here we utilize a Langmuir-Hinshelwood type
kinetic model to describe the uptake of the HX gas-phase acids
as a function of relative humidity. Quantitative values for the
parameters characterizing the model are not available. Therefore,
a rigorous test of the model is not feasible. However, by fitting
the experimental data to the model, it will be possible to
determine whether the values for the model parameters are
physically reasonable. The model is represented schematically
in Figure 7.

We begin by assuming that in the presence of gas-phase
water, the octanol surface is in dynamic equilibrium with the
water vapor (Figure 7a). In other words, when in equilibrium
with water vapor, there is a population of water molecules

(density ns
w cm-2) bound to the octanol surface. An HX

molecule that lands on the octanol surface (and thermally
accommodates to it) now may take three pathways. As before
(that is in the absence of water), it may (1) desorb from the
surface (rate constantkdes

HX), (2) enter into the bulk liquid (rate
constantksol

HX), or (3) in the presence of surface-bound water
molecules, it may encounter a surface water molecule and form
a new HX-H2O surface complex (rate of complex formation
ns

wkD) (see Figure 7b). HerekD is the surface diffusion
controlled reaction rate constant. We have no information about
the proposed HX-H2O surface complex. Experimental17 and
theoretical18,19 studies indicate that more than one water
molecule is required for complete ionization of HX. The
complex as we envision it involves initially only one water
molecule. The surface HX is certainly not fully ionized.
Subsequent association with additional water and/or octanol
molecules may result in HX ionization once entry into the bulk
liquid is initiated. The HX-H2O surface complex is governed
by its own desorption (rate constantkdes

c ) and solvation (rate
constantksol

c ) kinetics (Figure 7c). The model is represented in
eq 9.

The representation shown in eq 9 makes it evident that if the
ratens

wkD is sufficiently large, all the HX molecules that land
on the octanol surface are converted into a HX-H2O complex
and the uptake is governed entirely by the surface kinetics of
the complex. The rate equations for the process are

Herecj is the average thermal speed andRT is the overall mass
accommodation coefficient for the species HX. Under steady-
state conditions, eqs 10 and 11 yield

and

Figure 7. Representation of the kinetic model describing the uptake
of the HX gas-phase acids in the presence of water vapor.
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RTng
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4
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Combining eqs 12-14, we obtain

We define the mass accommodation coefficient for the HX-
H2O surface complex asRc ) ksol

c /(ksol
c + kdes

c ). Equation 15
then simplifies to

For convenience we repeat the definitions used in the above
equations.RT is the overall mass accommodation coefficient
for HX (X ) Cl, Br, I); Rc is the mass accommodation
coefficient of the surface complex HX-H2O; ns

w is the surface
concentration of water (cm-2); ksol

HX is the solvation rate
constant of HX (s-1); kdes

HX is the HX desorption rate (s-1); and
kD is the second-order HX-H2O surface reaction rate (cm2 s-1);

In the absence of water vapor, the mass accommodation
coefficient of HCl on octanol is very small (R < 0.01 at 273
K), implying that the ratio (ksol

HCl/kdes
HCl) is negligible compared to

the other terms in eq 16. Therefore, for HCl eq 16 simplifies to

On the other hand, in the absence of water vapor, the mass
accommodation coefficient of HBr is close to unity, implying
ksol

HBr . kdes
HBr. Therefore, for HBr eq 16 simplifies to

Rc in eqs 17 and 18 is the mass accommodation coefficient at
high R.H. (largens

w).
The measured mass accommodation coefficientRΤ is a

function of relative humidity and droplet temperature. Our aim
is to globally fit, via eqs 17 and 18, the measured mass
accommodation coefficients in Figure 5a,b at the three temper-
atures studied. The parameterRc in eqs 17 and 18 is obtained
from the measuredR at high relative humidity. As will be
shown, the surface density (ns

w) of water molecules can be
estimated via the equilibrium condition. This leaves one
unknown ratio of rates in each equation to be obtained by fitting
of the equation to the experimental data in the figures. The
unknown is (kD

HCl/kdes
HCl) in eq 17 and (kD

HBr/ksol
HBr) in eq 18.

We expect each of the rate coefficients in the ratios to have
an Arrhenius type dependence on temperature, therefore the ratio
(kD

HCl/kdes
HCl) in eq 17 can be expressed as

Similarly (kD
HBr/ksol

HBr) in eq 18 can be expressed as

Here T is the liquid temperature, andCHCl and CHBr are the
preexponential constants. Because the∆E term in each equation
is the difference between the energy dependence of two rate
constants,∆EHCl and∆EHBr can be either positive or negative.
Note that the ratios in eqs 19 and 20 are in centimeters
squared.

Surface Density of Water. The surface density (ns
w) of

water molecules is obtained via the equilibrium condition

Here kdes
w (s-1) is the desorption rate constant of water mol-

ecules from the liquid octanol surface andng
w is the density of

gas-phase water molecules. (ng
w is related to the partial pres-

sure of water vapor (Pw) via the ideal gas law. The partial
pressure of water over octanol-water solutions is derived in
Appendix 1 of the preceding paper.1) The rate constantkdes

w is
assumed to be of the form20

where∆Edes
w is the desorption energy of water molecules from

the liquid octanol surface and the preexponential 1013 s-1 is
the magnitude of typical molecular vibrational frequencies.

The value of ∆Edes
w is not known. However, it can be

estimated from the solvation enthalpy (∆Hsol
w ) of water in

liquid octanol that was measured to be-40 kJ/mol by Berti et
al.21 Adamson and Gast20 suggested that the surface energyEs

w

of a molecule with respect to the bulk is about one-fourth of
the solvation energy. Therefore, it follows that∆Edes

w =
-(∆Hsol

w - Es
w) ) 0.75(-∆Hsol

w ) ) 30 kJ/mol. With this value
of ∆Edes

w , eq 22 yieldskdes
w ) 1.1 × 107, 1.8× 107, and 2.9×

107 s-1 for 263, 273, and 283 K, respectively. From eq 21 we
obtainns

w (cm-2) that can be expressed as a function of water
vapor pressure as

HereA is in cm-2 Torr-1 and at the three temperatures studied,
263, 273, and 283 K, its value is 4.6× 1013, 2.8 × 1013, and
1.7 × 1013, respectively.

With the values ofns
w given by eq 23, the global fitting of

RΤ for HCl via eq 17 yields (withRT in kJ/mol)

and for the HBr data eq 18 yields

The single temperature study for HI atT ) 273 K yields

The rate constant ratios at the experimental temperatures
obtained from the model fitting of the data are listed in Table
4.

We will now examine whether the magnitudes of the rate
constant ratios in Table 4 are reasonable.

RT )
ns

wkDksol
c

(ksol
c + kdes

c )(ksol
HX + kdes

HX + ns
wkD)

+

ksol
HX

(ksol
HX + kdes

HX + ns
wkD)

(15)

RT )
Rcns

wkD + ksol
HX

ksol
HX + kdes

HX + ns
wkD

(16)

RT )
Rcns

w(kD
HCl/kdes

HCl)

1 + ns
w(kD

HCl/kdes
HCl)

(17)

RT )
1 + Rcns

w(kD
HBr/ksol

HBr)

1 + ns
w(kD

HBr/ksol
HBr)

(18)

kD
HCl

kdes
HCl

) CHCl exp(∆EHCl/RT) (19)

kD
HBr

ksol
HBr

) CHBr exp(∆EHBr/RT) (20)

ns
w kdes

w ) ng
wcj
4

(21)

kdes
w ) 1013 exp(-∆Edes

w /RT) (22)

ns
w ) APw (23)

kD
HCl

kdes
HCl

) (2.07× 10-12) exp(-10.1/RT) cm2

kD
HBr

ksol
HBr

) (5.00× 10-16) exp(13.8/RT) cm2

kD
HI

ksol
HI

) 1.43× 10-13 cm2
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Evaluation of Modeling Results.None of the rate constants
in Table 4 are known individually. However, a reasonable
estimate can be obtained forkdes

HCl and the maximum value for
kD can also be obtained.

To estimatekdes
HCl for HCl, we assume that the rate constant is

of the form kdes
HCl ) 1013 exp(-∆Edes

HCl/RT). Here ∆Edes
HCl is the

desorption energy of HCl from the liquid octanol surface.
∆Edes

HCl for HCl has not been measured. However, the solvation
energy of HBr (∆Hsol

HBr) in liquid octanol was measured to be
about-41 kJ/mol.22 To estimatekdes

HCl we will assume that the
same value holds for HCl. Further, as before we will assume
that ∆Edes

HCl ) -0.75 × ∆Hsol
HCl ) 30.7 kJ/mol. The calculated

values ofkdes
HCl andkD

HCl obtained from the ratios (kD
HCl/kdes

HCl) for
HCl are listed in Table 5.

The analysis of the HBr data is somewhat less firm. The value
of ksol

HBr cannot be readily evaluated. However, the maximum
value ofkD ((kD)max) can be obtained from the work of Allen
and Seebauer23 in terms of surface diffusion coefficientDs as
(kD)max ) 4Ds. The parameterDs can be expressed in terms of
the frequency factorA, diffusion jump distanceλ, and the surface
diffusion activation energyEs as Ds ) 1/4Aλ2 exp(-Es/RT).20

To estimateDs we will use typical order of magnitude values
of A ) 1013 s-1 and λ ) 10-8 cm. The surface diffusion
activation energy is usually taken to be about one-fourth of the
desorption energy20 (i.e.Es ) 0.25∆Edes) 7.67 kJ/mol for HX).
The maximum estimated value ofkD and the corresponding
maximum value ofksol

HBr for HBr are listed in Table 6.
While the rate constant values in Tables 5 and 6 certainly

cannot be considered as firm determinations, their magnitudes
seem physically reasonable. Specifically we note thatkD

HCl is
smaller than the limit set by the calculated value of (kD)max as
it must be. The magnitudes of the other rate constants likewise
are in acceptable ranges. We also note thatkD

HCl at 10-7cm2

s-1, while smaller than (kD)max, is considerably larger than the
surface reaction rate coefficients for O3 (ks ) 10-17 cm2 s-1)
obtained by Amman et al.15 This large difference is perhaps
explained by the nature of the interactions. The surface reactions
described by Amman et al. are chemical reactions involving

formation of new chemical bonds. However, the formation of
a HX-H2O complex in our experiment is expected to involve
polarization of species rather than bond breakage. The process
is therefore expected to be more facile, not hindered by
activation energy. In the absence of steric hindrance the complex
formation rate could be as high as the surface diffusion limited
rate.

We suggest that the Langmuir-Hinshelwood kinetic model
provides a reasonable explanation for the observed uptake of
the HX gas-phase acids as a function of relative humidity.
Further work is in progress to test the model described in this
article.

Finally, we would like to comment briefly on the connection
between the Langmuir-Hinshelwood model calculations and
the nucleation critical cluster model of mass accommodation.
In modeling the HX uptake by octanol via eq 9 as a function of
relative humidity, in the region whereR is changing with water
vapor density, the data are well fit by a linear dependence on
the density of water molecules. That is, in the rate eqs 10 and
11, the surface water density (ns

w) is taken to the power 1.
Consequently the simplest assumption is that once an HX-
H2O complex is formed, further aggregation of water molecules
to the complex does not aid uptake by octanol. In other words,
the formation of a critical cluster consisting of HX-H2O +
octanol molecules now proceeds independently of additional
water molecules that may associate to the cluster. From the
perspective of the nucleation model of uptake, the one water
molecule attached to HX enhances the formation rate of critical
clusters incorporating HCl and decreases the corresponding
process for HBr and HI. If the uptake of the HX species
proceeds via the ionizing sequence shown in eq R-1, then one
concludes that a water molecule complexed to HX(g) enhances
ionization for HCl and hinders the process for HBr and HI. At
this point the reason is not evident.

All atmospheric chemistry proceeds in the presence of water
vapor. This work demonstrates the dramatic effect of water
vapor on the uptake of HX(g) by an organic substance such as
octanol. The possible importance of such a phenomenon in the
atmosphere needs to be further explored.
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