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Recent field studies of collected aerosol particles, both marine and continental, show that the outermost layers
contain long-chain (Cg 18) organics. The presence of these long-chain organics could impede the transport
of gases and other volatile species across the interface. This could effect the particle’s composition, lifetime,
and heterogeneous chemistry. In this study, the uptake rate of acetic acid vapor across a clean interface and
through films of long-chain organics into an aqueous subphase solution containing an acid-base indicator
(bromocresol green) was measured under ambient conditions using visible absorption spectroscopy. Acetic
acid is a volatile organic compound (VOC) and is an atmospherically relevant organic acid. The uptake of
acetic acid through single-component organic films of 1-octadecanol (C18H38O), 1-triacontanol (C30H62O),
cis-9-octadecen-1-ol (C18H36O), and nonacosane (C29H60) in addition to two mixed films containing equimolar
1-triacontanol/nonacosane and equimolar 1-triacontanol/cis-9-octadecen-1-ol was determined. These species
represent long-chain organic compounds that reside at the air-aqueous interface of atmospheric aerosols.
Thecis-9-octadecen-1-ol film had little effect on the net uptake rate of acetic acid vapor into solution; however,
the uptake rate was reduced by almost one-half by an interfacial film of 1-triacontanol. The measured uptake
rates were used to calculate the permeability of acetic acid through the various films which ranged from 1.5
× 10-3 cm s-1 for 1-triacontanol, the least permeable film, to 2.5× 10-2 cm s-1 for cis-9-octadecen-1-ol, the
most permeable film. Both mixed films had permeabilities that were between that of the single-component
films comprising the mixture. This shows that the permeability of a mixed film may not be solely determined
by the most permeable species in the mixture. The permeabilities of all the films studied here are discussed
in relation to their molecular properties, pressure-area isotherms, and atmospheric implications.

Introduction

It has been well documented that organics comprise a
significant portion of the composition of atmospheric aerosols.1-8

These organics can be water-soluble9,10 and reside in the bulk
of an aqueous aerosol, or they can partition to the interface if
they are water insoluble.11-13 Surface-sensitive analysis tech-
niques, such as time-of-flight secondary ion mass spectrometry
(TOF-SIMS), have revealed that the outermost layers of both
marine and continental aerosols contain long-chain organics
leading to the formation of an organic coating.14-16 The
properties of an atmospheric aerosol may ultimately be deter-
mined by the organic layer at the surface of the particle.17-19

The presence of an organic film on atmospheric aerosols could
impede the transport of gases and other volatile species across
the interface, including the uptake of water, allowing the particle
to grow in humid environments, and the evaporation of water
contained in the core of the aerosol.20 The transport of other
volatile species, such as acetic acid and other small organics,
across the interface of aerosols could have a direct effect on a
particle’s composition, lifetime, and heterogeneous chemistry.

The change in condensation/evaporation rates of gaseous
species across the air-water interface when an organic film is
present is attributed to the added resistance to gas transport from
the monolayer.21 The total resistance to gas transport across the
air-water interface with an organic film,pA/UT, is simply the

sum of the monolayer resistance,r, and the bulk resistances,
pA/Uo, as shown:22,23

wherep is the pressure of the permeating gas (cm3 cm-3) and
A is the surface area of the interface (cm2). The total resistance
of the transport pathway can be determined by measuring the
uptake rate (cm3 s-1) of a gas across a clean interface,Uo, and
the uptake rate when a film is present,UT. The difference
between these two pathways is equal to the resistancer of the
film (s cm-1), which is a property of the film itself rather than
of the system and is independent of the method of measurement
and the conditions of the experiment (i.e., the absolute values
for p and A).20 The permeabilityPf (cm s-1) of the film is
determined by simply taking the reciprocal of the resistance
(1/r).23

The resistances and permeabilities of various organic films
as a function of their composition and structure have been
studied by systematically varying the length of the hydrocarbon
chain,24,25the functionality of the polar headgroup,26-28 and the
structure of the hydrocarbon chain.23,29For a homologous series
of compounds, further lengthening the hydrocarbon chain has
been determined to reduce the permeability of gaseous species
across the air-aqueous interface.23-26,29Our study expands on
this observation by measuring the permeability of acetic acid
through a C30 linear alcohol (1-triacontanol) in comparison to
a C18 alcohol (1-octadecanol). The permeability of another film-
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forming compound that has not been previously studied is a
C29 linear alkane (nonacosane). This alkane is not expected to
self-assemble because its lack of a polar headgroup, but it has
been shown to be extremely stable at the air-water interface
over long periods of time30 and could affect the transport rate
across the interface. Compounds that are not capable of forming
highly ordered films upon compression, such as branched-chain
surfactants, have little effect on the permeability rate.31-33 This
was studied here by comparing the permeability of a C18 bent-
chain alcohol (cis-9-octadecen-1-ol) to its straight-chain coun-
terpart (1-octadecanol).

The composition of atmospheric aerosols is highly complex
and pure films of surfactants are not expected to occur in nature.
The effect of the homogeneity (i.e., miscibility or immiscibility)
of a mixed film on the permeability of acetic acid was
investigated. Miscible films are considered to be more homo-
geneously mixed than immiscible films, which consist of
domains of the pure components. Barnes and co-workers
proposed that water evaporation only occurs through inter-
domains, regions between the pure domains, because the pure
domains will be highly ordered and impermeable to the water
molecules.20,34Thus, it could be expected that immiscible films
are more permeable than miscible films because of the in-
homogeneities in the film’s structure.

The permeability of a volatile species is expected to be
dependent upon its molecular dimensions and interactions with
both the organic film and the subphase. Acetic acid represents
a prototypical volatile organic compound (VOC) and is one of
the most abundant organic acids in the atmosphere.35 Its
absorption on water36,37and organic surfaces38,39has previously
been investigated, but to the authors’ knowledge this is the first
report of the uptake of acetic acid through organic films on an
aqueous subphase. Acetic acid is a relatively large compound
compared to water or CO2, whose permeabilities have been
previously studied. Larger volatiles will diffuse more slowly,
and there must be an area in the film large enough for the
permeating species to fit through, which results in both a
decreased uptake rate and permeability.20,21The ability of acetic
acid to change the pH of the subphase will give valuable insight
as to how the pH of an aerosol’s core may change as a function
of its composition as it ages in the atmosphere.

In this study, the uptake of acetic acid through single-
component and mixed organic films at the air-aqueous interface
was measured by visible absorption spectroscopy. The organic
film components studied here were chosen to represent species
commonly found on atmospheric particles and to extend the
experimental database with atmospherically relevant chemical
systems. All of the film components are long-chain organics
(C g 18), water insoluble, and will partition to the air-water
interface. The resistances and permeabilities of these films were
determined by comparing the uptake rate of acetic acid with
and without a film present at the air-water interface. The
permeabilities of these films are discussed in relation to their
molecular properties, pressure-area isotherms, and their atmo-
spheric implications.

Experimental Section

Materials. All materials were purchased from Aldrich
Chemical Co., Inc. (Milwaukee, WI) and used without further
purification. The aqueous subphase was composed of a 1:40
dilution of bromocresol green indicator (0.04 wt % solution in
water, Aldrich) in HPLC water (Burdick and Jackson, Muskeg-
on, MI). Individual solutions of the following were made in
benzene: 1-octadecanol (C18H38O, 99%),cis-9-octadecen-1-ol

(C18H36O, 99%), 1-triacontanol (C30H62O, 99%), and nona-
cosane (C29H60, 99%). Two binary solutions were composed
of equimolar 1-triacontanol/nonacosane and 1-triacontanol/cis-
9-octadecen-1-ol in benzene. Gas-phase acetic acid was gener-
ated inside the sample chamber from the vapor pressure above
1.0 mL of a 40 vol % solution of glacial acetic acid (Mallinck-
rodt Chemicals) in water. To avoid temperature fluctuations,
the vial containing the acetic acid solution remained in a
thermally insulating mineral oil bath at room temperature.

Sample Preparation.A volumetric pipet was used to transfer
10 mL of the indicator solution into a quartz dish with an
optically flat bottom. The mass of the indicator solution was
also measured to ensure an exact amount of subphase volume,
and thus the same optical path length through the sample. The
sample dish was placed inside the sample chamber prior to the
addition of the film. The organic films were formed by dropwise
addition of the single-component or binary spreading solutions
to the surface of the aqueous subphase. The spreading solvent
benzene was allowed to evaporate for a minimum of 30 min.

All films contained a total of 7.14× 1016 molecules and
occupied a surface area of 16.97 cm2 as determined by the
dimensions of the dish. The thin films studied here were
naturally formed and represent less-organized films that are more
applicable to the environment. For reproducibility in the organic
films’ structure, all films studied here were at their equilibrium
spreading pressure (on average approximately 20 mN m-1). For
these films, monolayer coverage was exceeded resulting in the
formation of a few minute islands of crystalline material at the
interface which are thicker than a single monolayer. For the
vast majority of the interfacial surface area, excluding the
islands, the organic film is approximately a monolayer thick.
Several trials were averaged so that any differences in each of
the individual films would not contribute to the overall
measurement.

Instrumentation and Procedure. A schematic diagram of
the experimental setup is shown in Figure 1. Light from a 50
W Xe lamp (Hamamatsu) was focused on the entrance slit of a
monochromator (Jobin Yvon HRS-2) set at 626 nm correspond-
ing to the maximum absorbance of the dark blue indicator
solution. The light exiting the monochromator was directed
upward by a 45° mirror through a lens (L1) and through an

Figure 1. Schematic diagram of the experimental setup.
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opening in the bottom of the sample chamber. The steel sample
chamber (33× 20 × 9.5 cm) has a removable face plate with
gas inlets and two openings (4.0 cm diameter) on the top and
bottom of the chamber. The quartz dish containing the sample
is placed directly over the opening in the bottom of the sample
chamber so that the light is absorbed as it passes longitudinally
through the sample solution, where it is then focused (L2) on
the photodiode detector, amplified, and recorded by a digital
voltmeter (Fluke Corp., USA). The voltmeter measured the DC
signal at 0.1 Hz and recorded the average of 20 s intervals.

The walls of the sample chamber were washed with a dilute
solution of sodium bicarbonate, rinsed with water, and purged
with N2 between each trial. This ensured that no acetic acid
vapor remained in the chamber or on the walls. Experiments
were conducted on samples that had no film added (a clean
interface) and those with single-component and mixed films.
The signal for all samples was monitored for at least 10 min in
order to ensure that it remained constant and that there was no
residual acetic acid in the chamber. Recording of the time
sequence was started when the open vial containing acetic acid
was inserted into the sample chamber which was then securely
closed. Both the sample dish and the acetic acid vial were placed
in the same positions inside the chamber ensuring that the
distance the acetic acid vapor has to diffuse is held constant.
All trials were performed at room temperature.

The intensity (I) of light reaching the detector was monitored
as a function of the sample’s exposure time to acetic acid vapor.
The intensity of the reference solution (Io) containing 10 mL
HPLC water in the same quartz dish was collected prior to every
experiment. As the amount of acetic acid permeating the
interface and diffusing into the subphase solution increases, the
pH decreases changing the indicator solution from blue (neutral,
low transmission) to yellow (acidic, high transmission). As the
acetic acid concentration in solution increases, the percent
transmission %T ) (I/Io) × 100% increases. The relatively slow
diffusion of acetic acid in the indicator solution resulted in slight
color gradients within the subphase. To compensate for this
effect, the incident light was kept diffuse with a large spot size
of ∼10 cm2 so that the transmission was averaged over a large
area. A minimum of three reproducible transmission curves were
acquired for each film studied.

The amount of acetic acid dissolved in the subphase solution
was determined from a working curve obtained by measuring
the percent transmission of known concentrations of acetic acid
in the indicator solution. The concentration of acetic acid in
solution (mol L-1) was used to determine the volume (cm3) of
acetic acid vapor adsorbed by the sample as a function of time.

Pressure-Area Isotherms. A PTFE Langmuir trough (52
× 7 × 0.5 cm) with two mechanical PTFE barriers was used to
collect surface pressure-area isotherms of all the films studied
here on both water and indicator solution subphases. The
software and computer interface used for operation were
purchased from NIMA (NIMA Technology Ltd., U.K.). Surface
pressures were measured with a Wilhelmy plate of chromatog-
raphy paper (Whatman Chr 1) suspended from a balance as a
function of surface area. Organic monolayers were formed by
dropping the spreading solution evenly over the entire air-
aqueous surface area between the barriers. The film-forming
compounds spontaneously spread across the interface and the
spreading solvent evaporates. Pressure-area isotherms were
collected at room temperature using a constant compression rate
of 100 cm2 min-1. At least three reproducible isotherms were
obtained for each film component.

Results

Visible absorption spectroscopy was used to directly and
continuously measure the uptake of acetic acid vapor into a
liquid subphase across a clean interface and through organic
films at the air-aqueous interface. The technique is readily
employable to measuring the permeability of a number of
different acidic or basic gas-phase species through various
surface films. Analogous spectroscopy techniques have been
developed by others to probe the uptake dynamics and pH of
aqueous aerosols40 and the evaporation kinetics of organically
coated aqueous aerosols.41 The transport of acetic acid vapor
into the aqueous subphase involves a number of steps including
(1) evaporation, (2) diffusion throughout the sample chamber,
(3) permeation of the interface with or without an organic film,
(4) solvation in the aqueous subphase, and (5) diffusion
throughout the subphase solution. It was assumed that these
processes were consistent for all trials performed under ambient
conditions except for the permeation of the organic film, the
composition of which was the only variable. The uptake
measurements reported here are for the net rate of acetic acid
uptake, which is defined as the difference in the absolute rates
of evaporation and condensation of acetic acid over the time
scale of this experiment. All the films were naturally formed
and are at their equilibrium spreading pressures, so the effect
of the surface pressure on the uptake rates will not be detailed.

The film-forming compounds studied here included two
straight-chain alcohols, a bent-chain alcohol, and a straight-chain
alkane. From this point on, 1-octadecanol (C18H38O), 1-tria-
contanol (C30H62O), nonacosane (C29H60), andcis-9-octadecen-
1-ol (C18H36O) will be abbreviated as C18OH, C30OH, C29, and
bent-C18OH, respectively. These compounds were chosen to
represent the wide range of long-chain organic species that are
atmospherically relevant. Additionally, these compounds, unlike
carboxylic acids and amines, do not contain ionizable head-
groups so they could not contribute to changes in the pH of the
subphase and their films would not be altered by the decreasing
pH of the subphase as the experiment proceeded. Pressure-
area isotherms provided necessary insight into the molecular
properties of the film and were used to help explain the
differences in permeability for the various films as a function
of their structures.

Acetic Acid Uptake. The acetic acid uptake through single-
component and mixed organic films at the air-aqueous interface
is shown in Figure 2, which includes data points from the
average of at least three trials and fitted curves to help guide
the eye. Error bars were not included in Figure 2 for the sake
of clarity. The error in the volume of acetic acid absorbed, which
is one standard deviation of the average of at least three trials,
increased from∼10% at the start of the experiment to up to
20% at 15 min. This is considered quite reasonable given the
sensitivity of the instrument and dynamics of the system. At
the start of each trial, the concentration of acetic acid vapor in
the sample chamber is zero. This results in a shallow slope for
the first minute of the experiment while the acetic acid vapor
pressure is increasing. All films were permeable to acetic acid
vapor as evidenced by the continuous rise of the traces; however,
the uptake rate and permeability of the films was directly
dependent on the composition of the film.

As seen in Figure 2, the acetic acid uptake for thebent-C18-
OH is the same as that of a clean interface. The C29 film results
in a significant decrease in the acetic acid uptake compared to
that of the clean interface. The uptake of acetic acid through
the C18OH film is even slower and continues to decrease as the
carbon-chain length increases, as seen for the C30OH film. Of
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all the films studied here, the C30OH film results in the largest
decrease in acetic acid uptake and is thus the least permeable.
The uptake through the mixed films is at an intermediate value
between both single-component films, so that the uptake of the
mixed film is not solely determined by only one of the film
components.

To determine the permeability of the films, the linear slope
of the uptake plot starting at 5 min and ending at 10 min was
determined for all trials. Over this time range the acetic acid
vapor-phase concentration is assumed to have approached a
steady value estimated from its Henry’s law coefficient, 5500
( 290 M atm-1,42 to be 1.3× 10-3 atm (0.97 Torr). The
measured uptake rates were used to calculate the film’s
resistance using (E2). The permeability of a film was calculated
by taking the inverse of the resistance. As detailed in Table 1,
the C30OH is the least permeable followed by the C18OH, the
C29, and finally thebent-C18OH which is the most permeable.
The error in the uptake rates was determined from a least-squares
linear regression. The large source of error in the values for
both the monolayer resistances and permeability calculations
is a direct result of the large uncertainty in the Henry’s law
coefficient required to determine the acetic acid gas-phase
concentration. Because the gas-phase concentration of acetic
acid was not experimentally determined, we present the
resistances to permeability and evaporation as approximations.

Pressure)Area Isotherms. Isotherms reveal the packing
ability of the organic films and are used to confirm the
miscibility of the mixed film components. The surface pressure-
area isotherms for all of the organic films on a water subphase
are shown in Figure 3. There were no appreciable differences
in the isotherms for the compounds on a water subphase and
the indicator solution subphase. While the indicator is a

relatively large organic molecule itself, it is highly soluble in
water and did not alter the properties of the film for any of the
compounds studied here. The isotherms depict the increasing
intermolecular interactions between the molecules as the mono-
layer film is mechanically compressed. The films for the
permeability studies were naturally formed, rather than me-
chanically compressed, and exist at their equilibrium spreading
pressures (ESP). Each component has a different ESP, but for
simple comparison purposes this can be estimated to be∼20
mN m-1 on average. Comparing the surface area per molecule
for each film at 20 mN m-1 in the isotherms will provide a
general guide to the relative packing of the different films in
the permeability studies.

For the single-component films,bent-C18OH remains more
expanded compared to its straight-chain counterpart C18OH. The
unsaturated bond at the midpoint of the hydrocarbon tail causes
a kink in the chain which does not allowbent-C18OH to pack
as tightly. The shape of C30OH’s isotherm differs slightly from
that of C18OH because of the increased intermolecular forces
in its lengthened hydrocarbon tail. The C30OH and the C29

isotherms are similar in shape; however, the C30OH film is
shifted toward a larger surface area as a direct result of the
presence of the alcohol headgroup. As illustrated in Figure 3,
both the hydrocarbon chain length and the functionality of the
polar group affects molecular packing and thus the degree of
molecular interactions between film components.

The isotherms of the binary mixtures can be used to determine
the miscibility or immiscibility of the film components. The
surface area of an immiscible film can be predicted by the
additivity rule

whereA12 is the average molecular area of the mixed film,N1

andN2 are the molar fractions of the components, andA1 and
A2 are the molecular areas of the two single component films

Figure 2. Acetic acid uptake when no film is present and for single-
component and mixed films at the air-aqueous interface. They-axis
is the volume of acetic acid (cm3 vapor) that permeated the interface
and dissolved in the bulk subphase. The data points are the average of
at least three trials. The solid lines are to help guide to the eye. The
films all contained the same number of molecules and all experiments
conducted under ambient conditions.

TABLE 1: Measured Acetic Acid Uptake Rates and the Calculated Monolayer Resistances and Permeabilities of All the Films
Studied

film composition
carbon

no./identifier
acetic acid uptake
rate, 105 cm3 s-1

monolayer
resistance, s cm-1

permeability,
103 cm s-1

no film 3.53( 0.18
1-triacontanol C30OH 1.69( 0.08 670( 100 1.5( 0.2
1-octadecanol C18OH 1.92( 0.10 510( 90 2.0( 0.4
nonacosane C29 2.22( 0.11 360( 80 2.8( 0.7
cis-9-octadecen-1-ol bent-C18OH 3.31( 0.17 40( 60 25( 42
1-triacontanol/nonacosane C30OH/C29 1.98( 0.10 480( 90 2.1( 0.4
1-triacontanol/cis-9-octadecen-1-ol C30OH/bent-C18OH 2.15( 0.11 390( 90 2.5( 0.5

Figure 3. Isotherms of the single-component and mixed organic films
on water. The mixtures C30OH/C29 and C30OH/bent-C18OH are equi-
molar solutions.

A12 ) N1A1 + N2A2 (E2)
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at the same pressure.43 An immiscible film, or one that is phase
separate, will abide by this rule as is the case for the C30OH/
bent-C18OH film whereA12 ) 27.7 Å2 and the measured area
of the mixed film is 27.5 Å2 at 20 mN m-1. The immiscibility
of this mixed film is a direct result of the large differences in
both the hydrocarbon chain length and compressibilities related
to their differing linearity.

A miscible film deviates from the additivity rule, indicating
that there are molecular interactions between the film compo-
nents. For the C30OH/C29 film, A12 ) 16.3 Å2 and the measured
area of the mixed film is much larger at 18.5 Å2 at 20 mN m-1.
The presence of the nonpolar alkane within the close-packed
film of C30OH increases the area per molecule of the mixed
film leading to a slight expansion of the more homogeneous
mixed film compared to the separate domains of each film
component in an immiscible film.44

Discussion

The films studied here are laboratory representations of
organic films on aqueous aerosols. While there are expected to
be subtle differences between the permeability of films on planar
surfaces and those on droplets, several uptake31,45and evapora-
tion 46,47 studies conducted on droplets show similar effects
related to the organic film. These results support the use of
planar Langmuir films as simplified proxies for organic films
on aqueous aerosols. The structure and properties of an
organically coated aerosol have been qualitatively defined in
an attempt to clarify the wide-ranging effects that an organic
film may have on an aerosol’s properties.17,18,48-51 The organic
film is expected to act as a semipermeable membrane that is
reactive toward atmospheric radicals.17,52Thus, the organic film
itself is dynamic and its physical, chemical, and morphological
properties as well as that of the aerosol itself will change
according to its environment and its age in the atmosphere. The
dynamic nature of the film’s properties would have a direct
effect on the aerosol’s ability to absorb or scatter radiation and
its ability to absorb water and act as cloud condensation nuclei.
Heterogeneous chemical reactions could also be impeded and
the chemical composition of the particle in the atmosphere as
it ages could be altered. This publication is focused on revealing
the effects that long-chain organic films have on the transport
of acetic acid, a prototypical gas-phase organic in the atmo-
sphere, across the air-aqueous interface.

Single-Component Films.All films, except for thebent-
C18OH, reduced the uptake rate of acetic acid into the subphase
solution. The degree to which the uptake rate was reduced
depended upon the architecture of the film, as determined by
its composition and illustrated by the pressure-area isotherms.
Our data closely follows the general trends for evaporation of
water through films as a function of their architecture. For the
homologous pair C18OH and C30OH, the uptake rate was
considerably less for the longer-chain alcohol. This is in
excellent agreement with the work of La Mer and co-workers
who studied a series of alcohols from C14 up to C22

25 as well
as C17 to C20 fatty acids24 and showed that the permeabilities
of these films are inversely related to the carbon-chain length.

The actual effect of a film on the evaporation rate at the
interface can be quantified by calculating the ratioro/r, where
ro is the resistance of a clean water interface andr is the
resistance when a film is present.24 The value ofro for acetic
acid is not reported here, but can be approximated from literature
sources and is analogous to the fraction of acetic acid molecules
in solution that have enough energy to desorb from the indicator

subphase into the gas-phase. The mass accommodation coef-
ficient, R, for acetic acid on a clean water interface at 273 K is
reported to be 0.067.37 This value can be used to approximate
the resistance of evaporation of acetic acid at the interface when
no film is present by using the equationr ) 4/(R〈υ〉), wherer
is resistance to evaporation (s cm-1), R is the mass accom-
modation coefficient, and〈υ〉 is the mean thermal velocity of
the gas (cm s-1).53 The resistance to evaporation of acetic acid
from solution with a clean water interface is thus approximated
to be 1.9× 10-3 cm s-1 at 273 K. This is in close agreement
with the resistance to water evaporation from a clean interface,
1.9 × 10-3 cm s-1 at 298 K.24 Assumingro ) 1.9 × 10-3 cm
s-1, the alcohol and alkane films studied here reduce the rate
of evaporation of acetic acid by a factor of∼106. Archer and
La Mer24 report a decrease in the evaporation rate of water
through fatty acid films of similar carbon number to be∼104.
This difference in evaporation rates is not unexpected and is
the result of two main factors: (1) fatty acid films have been
found to have lower resistances to evaporation because they do
not pack as tightly as fatty alcohol films23,54,55 and (2) the
permeants, acetic acid and water, have different molecular
dimensions.

By studying the permeation of various gases through the same
film, one can start to isolate the molecular properties of the
permeant and their affects on uptake rates and permeabilities.
Blank26 reports the permeability of CO2, O2, N2O, and H2O
through C18OH films on an aqueous subphase to be 0.0044,
0.0032, 0.0010, and 0.30 cm s-1, respectively. We report here
that the permeability of acetic acid through a C18OH film on
an aqueous subphase to be 0.0020 cm s-1 at room temperature.
Thus, water is 150 times more permeable than acetic acid
through a C18OH film while CO2 and O2 are only about twice
as permeable. These differences can be related to the molecular
dimensions of the molecules and the presence of water vapor
in the systems. Blank postulates that water vapor, which is
intrinsic to these studies where water is the subphase, acts as
an additional barrier to the permeation of all other gases.56 This
added barrier to permeation could significantly decrease the
mass transport of gases across the interface of aerosols because
the atmosphere contains significant amounts of water vapor in
addition to other gases that could compete in the permeation
process.

The uptake and permeability of volatile species are dependent
upon its molecular dimensions as well as its interactions with
the organic film and/or subphase. Not only will larger volatile
species diffuse more slowly resulting in a decreased uptake rate,
but there must be an area in the film large enough for a
permeating species to fit through.20,21,56If the volatile species
experiences intermolecular interactions, then the uptake of trace
gases is likely to occur via the attraction between the trace
molecule and the organic film.38 Films containing shorter-chain
organic surfactants (Ce 8) are porous57 and have been shown
to actually enhance the uptake of certain gas-phase species.58,59

Thus, organics at the interface may be analogous to an “organic
solvent”39 but also provide sites for hydrogen-bonding and
protonation,59 both of which will affect the uptake rate of the
individual species. If these interactions are favorable enough,
the initial uptake may be enhanced, but the mass transport into
the subphase could be reduced as the “permeant” would rather
reside at the interface rather than be transported into the bulk.
Further lengthening the hydrocarbon chain (Cg 8) will
eventually increase the effectiveness of the film as barrier to
mass transport resulting in decreased uptake rather than further
enhancing it.
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The interaction of water vapor and atmospheric aerosols is
of great interest as it relates to their lifetime60-62 and their
hygroscopic properties.63-67 Rubel and Gentry68 showed that
the water accommodation coefficient, the fraction of water
molecules accommodated after striking the surface, decreased
with increasing surface coverage by a fatty alcohol film. As
organic films are transported and age in the atmosphere, they
are susceptible to oxidization via heterogeneous reactions with
O3, •OH, NOx, and halide radicals. As the initially hydrophobic
organic film is oxidized and becomes more hydrophilic, the
uptake rate of water is expected to increase. This is indeed the
case, as the amount of water absorbed by an organic film has
been shown to be correlated with the oxidation state of the
organic film.69

The C29 film studied here represents a completely hydropho-
bic film. Not as many permeability studies have been done on
alkane films presumably because they cannot self-assemble at
the air-water interface and are not expected to be efficient
barriers to permeation. However, it has become evident that
these compounds are particularly important to atmospheric
surfaces. Nonacosane (C29) has been shown to be long-lived at
the air-water interface over atmospherically relevant time
scales,30 and octadecane (C18) has been shown to remain at the
interface longer when in the presence of a fatty acid.70 These
species could not only affect mass transport across the interface,
but also undergo heterogeneous radical reactions further altering
the structure and permeability of the film. We have shown here
that C29 films result in a decreased uptake of acetic acid. This
agrees with Daeumer31 who has shown that films of hexadecane
(C16) greater than 2 nm thick were capable of reducing mass
transport of gaseous ammonia across the interface of a sulfuric
acid aerosol decreasing the bulk neutralization reaction rate. A
typical oxidation product of C29 with •OH would be a long-
chain alcohol analogous to C30OH. If this were the case, then
the net uptake rate could be reduced by up to 50% upon
oxygenation of the alkane.

Unsaturated bonds can reduce the packing efficiency of the
molecule leading to highly expanded films. For thebent-C18-
OH studied here, the double bond caused a “kink” in the
hydrocarbon chain resulting in a film that was 10 times more
permeable to acetic acid than its straight-chain counterpart. The
bent-C18OH film had the least effect on the acetic acid uptake
of all the films studied. This is in good agreement with previous
work showing that oleic acid, a similarly unsaturated compound,
did not affect the uptake rate of water33 and CO2.23 In the
atmosphere, the unsaturated bond is likely to be cleaved upon
ozonolysis leading to the formation of smaller, more oxygenated
compounds.71 The presence of these reaction products are
expected to alter the film’s properties and have been shown to
reduce the evaporation rate of water droplets.47

Mixed Films. For a mixed film composed of organics with
various functionalities and chain-lengths, the film components
themselves could act as contaminants reducing the cohesiveness
of the film. The interactions between the film molecules and
any contaminants are expected to be relatively meager compared
to a film of homologous compounds. The contaminants could
create permanent holes in the film or at least sites of increased
permeability.24 In these experiments, the molecular properties
of the mixed film components were varied in order to determine
the effect on uptake and permeability. The mixed film composed
of C30OH and bent-C18OH represents an immiscible film
composed of two species of differing compressibility which
results in minimal interactions between the film molecules. The
C30OH and C29 mixture forms a miscible film where the

interactions between the long hydrocarbon chains are maxi-
mized. Both films reduced the uptake of acetic acid regardless
of their miscibility. The permeabilities of the two mixed films
were at intermediate values between that of the single-
component films. This observation was also made by Rosano
and La Mer28 as well as Garrett32 who studied films of binary
mixtures. So the presence ofbent-C18OH whose film is highly
permeable and could be considered to be a contaminant in the
mixed film with C30OH, was still effective in reducing the
uptake and permeability of acetic acid.

Subphase Composition.The pH and salinity of the subphase
may significantly alter the architecture of the film and thus have
a direct effect on the permeability. In these experiments, the
acidity of the subphase increases with time. Fatty alcohols could
be ionized if the acidity of the subphase was high enough, much
higher than the subphase acidities studied here. For films of
ionized alcohols, a marked decrease in the evaporation resistance
and the film cohesion has been observed.72 Langmuir and
Schaefer29 showed that the resistance to evaporation for films
of fatty acids increased as the pH decreased. At low pH, the
carboxylic acid headgroups remain neutral allowing the sur-
factants to form highly compact films.

Once a film component, such as fatty acids and alcohols, are
ionized by pH changes in the subphase, they can be stabilized
by interaction with counterions in the subphase. While the
salinity of the subphase was not studied here, it can have two
important effects on films at the air-water interface. Gilman
et al.70 showed that fatty acid films on a saline solution can
become soluble in the subphase as their salts if the pH is basic.
The second effect is termed “salting out.” As the concentration
of the salt is increased, the miscibility of the organic with water
decreases and the concentration of the organic in the surface
layer increases.73 A nascent marine aerosol is expected to have
an aqueous, basic (pH∼ 8), saline core approximating that of
the ocean.17 As the aerosol is transported through the atmosphere
it will become more acidic as it is exposed to gases such as
CO2, SO2, and small organic acids. The surface film composition
and properties would be continuously changing in accordance
with the pH change of the saline core. These observations
highlight the dynamic nature of an organic film on an
atmospheric aerosol and how its structure, properties, and
composition are continuously evolving.

Conclusions

This study focused on revealing the effect that long-chain
organic films have on the transport of acetic acid, an atmo-
spherically relevant gas-phase organic acid, across the air-
aqueous interface. We have detailed an experiment that directly
measures the acetic acid uptake into a subphase solution with
and without an organic film. From the measured uptake rate,
we were able to approximate the resistances and permeabilities
of the single-component and mixed films. The films studied
here were chosen to represent the organic components typically
found on atmospheric surfaces, such as at the interface of
aerosols. All films were permeable to acetic acid; however, the
uptake rates and permeabilities were determined by the com-
position of the films. Our study expanded on the current data
set of film-forming components by measuring the permeability
of acetic acid through C30OH (1-triacontanol) and a C29

(nonacosane). Our data closely follow the general trends for
evaporation of water through films as a function of their
architecture. Long, straight-chain alcohols are the least perme-
able, while the unsaturated alcohol has little effect on reducing
the uptake rate of acetic acid. We were able to compare the
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permeability of acetic acid through a C18OH (1-octadecanol)
film with literature values for the permeability of other volatiles
through a similar film elucidating the effect that the molecular
properties of the permeant have on its permeability.

The compositions of atmospheric aerosols are known to be
highly complex and the presence of single-component films of
surfactants is not expected to occur in nature. The effect of
mixed films, both miscible and immiscible, on the permeability
rate of acetic acids across the aqueous interface was investigated.
The miscibility of the film’s components was not a significant
factor in determining the permeability of the mixed films, both
of which proved to be effective barriers to permeation of acetic
acid across the interface. We have shown that immiscible films
of long-chain organics will have a definite effect on the mass
transport across the air-water interface. The transport of volatile
species such as water, CO2, acetic acid, and other small organics,
across the interface of aerosols could have a direct effect on a
particle’s composition, lifetime, and heterogeneous chemistry.
Thus, the properties of an atmospheric aerosol may ultimately
be determined by the species that reside at the surface of the
particle.
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