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The interaction of acetic acid with thin ammonium nitrate (AN) films has been studied using a Knudsen
cell-flow reactor coupled with Fourier transform infrared-reflection absorption spectroscopy (FTIR-RAS).
The gas phase was monitored with a quadrupole mass spectrometer (MS). The combination of mass
spectrometry and FTIR-RAS allows for the simultaneous observation of the gas and condensed phases,
respectively. Initial uptake coefficients (γ values) and coverages (θ values) were determined from MS data
over the temperature range of 200-240 K. The initial uptake coefficient varied fromγ ) 0.058 to 0.0024 for
temperatures from 200 to 240 K, respectively, and was independent of pressure over the range 5.7× 10-8 to
5.1 × 10-6 Torr. The temperature-dependent uptake coefficients were analyzed using a precursor-mediated
adsorption model to determine∆Hobs ) -32.3 kJ mol-1 and∆Sobs ) -182.2 J K-1 mol-1. In the absence of
water vapor [relative humidity (RH)< 1%], integrated coverages for acetic acid on ammonium nitrate ranged
from θ ) 19.6 monolayers (MLs) (9.4× 1015 molecules cm-2) at 200 K toθ ) 0.40 ML (2.1× 1014 molecules
cm-2) at 240 K. The uptake was largely irreversible, with∼15% of the adsorbed molecules isothermally
desorbing from the film. The IR spectra revealed that acetic acid ionized on the surface, despite the fact that
the ammonium nitrate film was effloresced. Adding small amounts of water vapor (4% RH) to the chamber
resulted in unsaturated uptake and dramatically increased values ofθ andγ. Higher RH resulted in further
increases of bothθ andγ. The IR spectra again revealed that acetic acid ionized on the surface. Furthermore,
the formation of a liquid layer was observed in the infrared when the acetic acid was taken up by the film at
RH > 10%. This observation suggests that the adsorption of water-soluble organics onto inorganic aerosol
may dramatically enhance the ability of the aerosol to take up water at low RH.

Introduction
It is now well-recognized that tropospheric particles consist

of a complex mixture of inorganic and organic components.1

Therefore, it is important to understand how organic compounds
interact with inorganic salt aerosol. To this end, many studies
have investigated the effect of organics on the water-uptake
properties of inorganic aerosol particles.2-9 The water-uptake
properties of the aerosol determine the aerosol phase and size,
important properties for predicting the effects of aerosol on
human health, visibility, climate forcing, and chemical reactivity.

While sulfate aerosol is thought to be the predominant
inorganic component of the global tropospheric aerosol, am-
monium nitrate (AN) can also be important regionally. AN
composes a large fraction of the aerosol in areas where
agricultural NH3 emissions mix with air containing HNO3.
Southern California and Denver, Colorado, are major population
centers that are particularly affected by AN pollution.10-15 AN
particles are estimated to be responsible for 40% of the light
scattering in the Los Angeles Basin16 and 17% of the light
scattering in Denver.17 Groblicki et al. estimate that the light
scattering by the aerosol in Denver would decline by 38% if
all of the water were removed from it.17 Clearly, the water
content of aerosol particles is an important determinant in an
aerosol’s effect on visibility.

The water content of an inorganic aerosol is dependent on
both the relative humidity (RH) and its physical state. Crystalline

salts exposed to increasing RH do not take up water until their
characteristic deliquescence relative humidity (DRH). Once the
aerosol has deliquesced, it remains an aqueous solution until
the RH falls below the efflorescence relative humidity (ERH)
of the salt, which is lower than its DRH. The DRH of pure AN
has been determined to be 62% RH at 298 K.9 Determination
of the effloresce relative humidity has been more problematic;
researchers report that AN remains an anhydrous liquid down
to ∼0% RH.9,18 For this reason, AN is often assumed to be
present in the atmosphere as a liquid; however, a recent study
suggests that the presence of solid inclusions or multiple
inorganic components induce crystalization to solid AN.19

Acetic acid (HAc) is one of most common organic acids
found in the troposphere. While the concentration of gas-phase
HAc depends strongly on the location, it has been identified at
significant levels in both polluted and pristine environments.20

Levels of HAc over rural midlatitude forested regions have been
measured to be 1.3-2.1 parts per billion by volume (ppbv)
during the growing season near ground level.21,22The concentra-
tion of HAc was observed to be 140 ppbv higher in forest fire
smoke plumes than background levels.23 While HAc mixing
ratios are generally higher in the boundary layer than in the
free troposphere, significant amounts of HAc are present at
higher altitudes.24 Over the South Atlantic Basin, Jacob et al.
report HAc mixing ratios of 2.6 ppbv at an altitude of 4-8 km
and 1.9 ppbv at 8-12 km.25

Although many studies have investigated the water-uptake
properties of mixed organic/inorganic aerosols, there are
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relatively few studies measuring the uptake of organic com-
pounds onto model aerosol particles.26-31 To investigate possible
interactions of HAc with tropospheric surfaces, we have
measured the uptake of HAc on AN using a Knudsen cell-flow
reactor32 coupled with Fourier transform infrared-reflection
absorption spectroscopy (FTIR-RAS).33 The combination of
these two techniques allows us to simultaneously monitor both
the gas and condensed phases. Experiments were conducted over
the temperature range of 200-240 K and as a function of the
HAc pressure and RH at 210 K. Our results show that the uptake
of HAc on AN is efficient under a wide range of upper
tropospheric conditions. This reaction represents a previously
unidentified sink for gas-phase HAc. Furthermore, we show that
the uptake of HAc dramatically alters the water-uptake proper-
ties of the AN film, which could affect the growth and optical
properties of the aerosol.

Experimental Procedure

Vacuum Chamber. Experiments were conduced in a high-
vacuum stainless-steel Knudsen flow chamber equipped with
FTIR-RAS. This instrument has been previously described in
detail.28 Briefly, the infrared beam from a Nicolet Magna 550
spectrometer passes into the vacuum chamber where it is
reflected from a gold substrate (d ) 2.54 cm) at a grazing angle
of 87° from the surface normal. The beam exits the chamber
and is detected with a mercury/cadmium telluride (MCT-A)
detector. The temperature of the substrate is controlled by
resistively heating against a differentially pumped liquid-
nitrogen cryostat. Temperature is monitored with a T-type
thermocouple attached directly to the substrate. The thermo-
couple is calibrated with respect to the ice frost point.34 A Teflon
seal surrounds the substrate and separates the chamber from
the cryostat, ensuring that the gold is the only cold surface
exposed to the chamber atmosphere. A Teflon cup, mounted
on a pneumatic linear translator, allows the surface to be isolated
from or exposed to the chamber atmosphere without significantly
altering the chamber volume. Three leak valves are used to
introduce the gas-phase species of interest into the chamber,
and pressure is monitored using a Baratron capacitance ma-
nometer (Baratron 690A) and an ionization gauge. RH is
determined by taking the ratio of the measured water partial
pressure to the vapor pressure of water, as determined from the
Wexler expression, at the substrate temperature.35 HAc and
water vapor are drawn from bulbs containing glacial HAc (ACS
grade) and water (HPLC grade), respectively, that have been
subjected to several freeze-pump-thaw cycles. Nitric acid
vapor was drawn from a bulb containing a mixture of 3:1 H2-
SO4(ACS grade)/HNO3(ACS grade) that had also been degassed
by several freeze-pump-thaw cycles. Ammonia (anhydrous
grade) was drawn directly from a gas cylinder and used without
further purification. Trace gas-phase species are monitored using
a MS (UTI 100C), which is calibrated to the ionization gauge
and the Baratron. Using this procedure, the absolute pressure
of the trace gases can be obtained with the MS. The condensed
phase is simultaneously monitored using FTIR-RAS when the
Teflon cup is open. In experiments where no water was added
to the chamber, the total pressure was equal to the HAc partial
pressure or the background pressure of∼1 × 10-6, whichever
is higher. In experiments where water was added to the chamber,
the total pressure was equal to the water partial pressure. In all
cases, the total pressure was below that required to operate the
Knudsen cell in the molecular flow regime.

AN Film Preparation. Thin films of AN are prepared by
vapor deposition as illustrated in Figure 1. The spectra in this

figure have been offset for clarity. First, HNO3 is deposited on
the substrate at 160 K to a thickness of∼30 nm (spectrum A).
This film is then exposed to a high partial pressure (5× 10-3

Torr) of gas-phase NH3 (spectrum B). The NH3 is then pumped
off, and the film is annealed to 260 K to remove any unreacted
HNO3 and to crystallize the film. A spectrum of the resultant
NH4NO3 film is shown in C and agrees well with literature
spectra of crystalline AN.36 The lack of scattering at the high-
energy end of the spectrum indicates that the film is flat, at
least on the scale ofλ/10 (∼200 nm). We believe that the film
is fully effloresced at this point; there are no liquid-water
features present in the IR spectra. Furthermore, we see no
evidence of liquid-water uptake in the IR if the sample is
exposed to increasing amounts of water vapor. Water uptake
on the pure AN film and the HAc-doped film will be discussed
in more detail later in this paper.

General Procedure.Once the sample has been prepared, the
Teflon cup is extended to isolate the substrate from the chamber
atmosphere. HAc is admitted into the chamber and monitored
at m/z ) 60.0 with the MS. The flow of HAc is adjusted until
the signal reaches the desired level and is stable. For the
experiments described herein, this flow corresponds to an HAc
partial pressure from 5.7× 10-8 to 5.1× 10-6 Torr. It is known
that carboxylic acids dimerize in the gas phase. A value ofKeq

) [dimer]/[monomer]2 ) 2.5 Torr-1 has been reported for HAc
at 295 K.37 Gas-phase HAc will quickly equilibrate with the
reactor walls, which are at room temperature; therefore, this
value ofKeq accurately represents our experimental conditions.
Using this value ofKeq, we find that the dimer concentration is
a factor of∼105 smaller than the monomer concentration under
the highest pressures of HAc studied herein. Therefore, the
presence of the gas-phase HAc dimer has been ignored in our
data analysis.

When the flow is stable, the cup is retracted, exposing the
sample to the gas-phase HAc. If uptake occurs, a decrease in
the MS signal is observed. Using the Knudsen effusion relation,
the initial uptake coefficient (γ) can be calculated according to
eq 1 whereS0 is the initial MS signal,S is the signal after the

Figure 1. IR spectra detailing the preparation of thin AN films. The
spectra have been offset for clarity. Spectrum A shows the deposition
of HNO3 at 160 K. Spectrum B shows the film at 160 K after the
addition of gas-phase NH3. Spectrum C shows the resultant AN film
after annealing to 260 K.

γ )
Ah(S0 - S)

AsS
(1)
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cup is opened,Ah is the area of the escape orifice (0.19 cm2),
andAS is the surface area of the sample.38 In all calculations,
the geometric surface area of the gold substrate (5.07 cm2) was
used to approximate the surface area of the sample. We believe
that this approximation is valid for several reasons. First, FTIR-
RAS is very sensitive to light scattering; therefore, the lack of
scatter in the IR spectra indicates that the deposited film is
smooth on the length scales of IR light.39 Second, the AN films
have a low vapor pressure and were grown at very low
temperatures, conditions that lend themselves to the growth of
smooth films. With the current apparatus, we can measure values
of γ between 0.001 and 0.3.

The integrated area under the uptake curve is used to calculate
the number of molecules lost to the surface, which is divided
by the surface area of the substrate to yield the surface coverage
(θ). The coverage limit of detection is approximately 0.1
monolayer (ML). If a sufficient surface coverage is reached,
condensed phase products can be identified in the IR. After 1000
s of exposure time, the cup is closed and the signal is allowed
to recover to its original level. The flow of HAc is then turned
off, and the chamber is evacuated. The cup is then opened again,
and HAc is allowed to isothermally desorb. The area of this
desorption peak can then be compared with the area of the
adsorption peak to make an estimate of the percentage of
molecules that isothermally desorb from the film.

Results and Discussion

Figure 2 shows typical raw experimental data for the uptake
of HAc on AN under a variety of experimental conditions. Trace
A shows the HAc signal for exposure to the blank gold substrate
at 200 K. Traces B and C were recorded in the absence of
additional water vapor at 210 and 200 K, respectively. Trace D
was recorded at 210 K and 37% RH. For clarity, trace A has
been offset by 3.5 units, trace B has been offset by 2.25 units,
and trace C has been offset by 1.0 unit. All experiments were
conducted at the same nominal HAc pressure. At the pressures
used in this study, there is no adsorption of HAc onto the blank
gold substrate (trace A). As seen in this figure, three distinctly
different uptake regimes were observed, saturated (trace B),

unsaturated uptake with partial recovery of the signal (trace C),
and unsaturated uptake with no recovery of the signal (trace
D). Saturated uptake (trace B) is marked by a slow recovery of
the HAc signal to its original value after the initial uptake. When
the cup is closed att ) 1000 s, there is no change in the MS
signal, indicating that the surface has fully saturated at this point.
After saturation, the coverage of HAc on AN is independent of
the total dose of acid. Saturated uptake was observed in the
absence of water vapor atT > 200 K.

The second type of uptake behavior observed in this study is
illustrated in trace C. In this uptake regime, the signal drops
when the cup is opened and recovers, as in trace B. However,
the signal reaches a steady state at a level that is slightly below
its original level. At this point, the AN film is continuously
taking up a very small amount of HAc. As a result, the coverage
is dependent on the dose of HAc. When the cup is closed att
) 1000 s, the signal fully recovers to its original level. This
type of behavior was consistently observed atT ) 200 K and
in two of the seven experiments at 210 K, in the absence of
water vapor.

The aforementioned uptake behaviors are in contrast with the
MS signal observed in the uptake regime shown in trace D.
Here, the signal shows no sign of recovery after 1000 s. When
the cup is closed, the signal begins to recover to its original
value. The coverage of HAc on AN in this regime is determined
to a large extent by the length of time that the cup is opened.
Longer exposure times lead to larger coverages. We will present
evidence later in this paper showing that the uptake in the
unsaturated regimes are not simply condensation of molecular
HAc onto the substrate.

Figure 3 shows the initial uptake coefficients (A) and
coverages (B) obtained for the uptake of HAc onto crystalline
AN as a function of the temperature at RH< 1%. No water
vapor was admitted to the chamber during these experiments.
All points on the graph are an average value of at least six
separate experiments conducted at that temperature. Error bars
are determined by performing at test at the 95% confidence
limit on the data. The coverages shown in B have been converted
into ML units by dividing the observed uptake by the ML
coverage of HAc (4.8× 1014 molecules cm-2). The ML
coverage was calculated from the bulk density of HAc (1.049
g/cm3) and is therefore approximate. The experiments shown
in Figure 3 were performed at an HAc partial pressure ranging
from 2.5 to 4.6× 10-6 Torr. As can be seen in Figure 3, both
the coverage and the uptake coefficients increase dramatically
as the temperature is decreased. The values of the uptake
coefficient range fromγ ) 0.058 at 200 K toγ ) 0.0024 at
240 K. For comparison the uptake coefficient for HAc on pure
water at 273 K is 0.067.27 Clearly, the uptake of HAc onto
effloresced AN is quite efficient. Note that we are reporting
initial uptake coefficients, not mass accommodation coefficients.
As such, the desorption of molecules from the solid phase is
not taken into account. Therefore, the values ofγ reported in
this work may be lower limits to the mass accommodation
coefficient under similar conditions. However, a recent model
by Ammann et al. suggests that desporption effects are negligible
when the surface coverage is much less than one ML.40 Indeed,
all of the values ofγ reported herein were calculated when the
coverage of HAc on the surface was much less than one ML.

To ensure that the uptake coefficients reported here are
accurate under tropospheric conditions, we have measuredγ
under a range of HAc partial pressures. The results of the
individual experiments conducted at 210 K are shown in Figure
4. Over the range of pressures studied, from 5.7× 10-8 to 5.1

Figure 2. Raw mass spectral data obtained atm/z ) 60.0 for HAc
adsorption onto the substrate. Trace A shows the signal during a control
experiment on the blank gold substrate. Traces B and C show the uptake
onto AN films in the absence of additional water vapor at 210 and 200
K, respectively. Trace C shows the uptake onto an AN film at 210 K
and 37% RH. Vertical lines have been drawn att ) 0 and 1000 s to
show when the substrate was exposed to and isolated from the gas-
phase HAc. For clarity, trace A has been offset by 3.5 units, trace B
has been offset by 2.25 units, and trace C has been offset by 1.0 unit.
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× 10-6 Torr, the initial uptake coefficients are independent of
the partial pressure, within error. Measurements of tropospheric
HAc levels generally fall within this pressure range.

The coverages of HAc on AN are also large, ranging from
20 to 0.5 ML from 200 to 240 K, respectively. The uptake at
200 K did not saturate on the time scale of the experiment (1000
s); the signal reached a steady-state value below the level of

the original signal and showed no signs of further recovery, as
seen in trace C of Figure 2. The steady-state uptake coefficient
at this point isγ ∼ 2 × 10-3, which is small when compared
to the initial uptake coefficient but above the detection limit.
Later in this paper, we show that the uptake of HAc onto AN
is extremely sensitive to the chamber RH. In light of this, we
believe that small amounts of residual water outgassing from
the chamber walls and gas handling lines are raising the RH
past the threshold value necessary for unsaturated uptake. MS
scans of the background gases in our chamber prior to the start
of experiments consistently reveal that the majority of the
background gas is water vapor. In fact, the water vapor signal
is generally 5 times greater than the next largest signal (N2). In
a few select experiments at 200 K and RH< 1%, the
background water signal was monitored with the MS. In these
experiments, uptake of background water onto the AN film was
observed. Although we do not have an accurate measure of the
RH at this point, we can set an upper limit of RH< 1%. The
data point at 200 K represents the amount of HAc adsorbed
after 1000 s of exposure; therefore, it is a lower limit on what
the saturated coverage would be at this temperature. In an
attempt to identify any gas-phase products that are released,
mass scans were taken while uptake was occurring. During these
experiments, no gas-phase products were detected. We specif-
ically looked for the evolution of water and nitric acid during
a few select experiments, but neither of these compounds was
detected in the gas phase. However, condensed-phase products
were observed in the IR spectra.

Figure 5 shows IR spectra of the condensed-phase products
of HAc on AN obtained under a variety of conditions; the
spectra have been offset for clarity and are not all on a common
scale. Spectra A and B are solid HAc and AN, respectively,
and are shown for reference. Spectrum C shows the AN at 200
K after approximately 1000 s of exposure to HAc at RH<
1%. When this spectrum is compared to that of condensed HAc,
one can clearly see that molecular HAc is not simply condensing
on the AN at 200 K. An experiment at 200 K was conducted in
which the HAc partial pressure was incrementally increased up
to a factor of 8-10 times higher than the pressures used in this
study. During this experiment, no condensation of HAc was
observed with the IR. Furthermore, the vapor pressure of solid

Figure 3. Data obtained for the uptake of HAc on AN as a function
of the temperature. (A) Initial uptake coefficients. (B) Ratio of the
observed coverage to the calculated ML coverage. The line in plot B
indicates 1 ML. The arrow on the data point at 200 K indicates that
the coverage did not saturate on the time scale of the experiment (1000
s).

Figure 4. Initial uptake coefficients for HAc adsorption onto dry AN
films at 210 K as a function of HAc pressure.

Figure 5. IR spectra of the species studied in this work. Spectrum A
is solid HAc at 160 K. Spectrum B is AN at 200 K. Spectrum C shows
the AN film after exposure to HAc at 200 K. Peaks attributed to the
formation of the CH3COO- ion are highlighted with an asterisk.
Spectrum D shows the AN film after exposure to HAc at 210 K and
37% RH. Liquid-water peaks have been indicated with an arrow. The
spectra have been offset for clarity and are not on a common scale.
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HAc at 200 K reported in the literature is 2.8× 10-5 Torr,
which is well above the partial pressure of HAc used in these
studies (2.5-4.6× 10-6 Torr).41 Finally, experiments in which
HAc was exposed to the bare gold surface at 200 K (trace A of
Figure 2) showed no uptake. Instead, the most obvious spectral
change is the feature growing in at 1580 cm-1. We have
assigned this peak as the C-O stretch of the acetate-ion-based
literature spectra of sodium acetate42,43 and of HAc ionizing
on surfaces.44,45This peak is absent in the spectrum of molecular
HAc shown in spectrum A and in the literature spectra of
unionized HAc.42,43 A less intense peak at 1708 cm-1 is also
observed to grow into the IR spectrum. The assignment of this
peak is more tenuous. We attribute this peak to the bending
mode of the H3O+ ion, on the basis of the intensity of the peak
and literature spectra.46 There is no peak at this location in the
spectra of the acetate ion.42,43 However, the CdO stretch of
molecular HAc does absorb here.42,43,45It is possible that a small
amount of HAc physisorbs and remains unionized on the
surface. We do not see a loss of AN in the infrared, and no
gas-phase products were detected with the MS. In light of these
observations, we believe that ionization, as shown in eq 2 is

the only chemical reaction occurring when HAc adsorbs on AN.
Although we believe that the HAc is ionized upon uptake, we
also believe that the film is fully effloresced under these
experimental conditions. Therefore, we hypothesize that a
limited amount of surface-adsorbed water controls the ionization.
Once this limited amount of water is consumed by the ionization,
the uptake is no longer thermodynamically favorable and halts.

To elucidate the importance of water on the uptake of HAc
on AN, a series of experiments were conducted in which the
temperature was held constant at 210 K and the RH was varied.
Figure 6 shows the effect of increasing RH on the initial uptake
coefficients (A) and coverages (B). For the substrate temperature
of 210 K, the data points at 0, 4.4, 10.0, 18.6, and 37.4% RH
correspond to water partial pressures of<10-6, 4.4 × 10-4,
1.0× 10-3, 1.9× 10-3, and 4.4× 10-3 Torr, respectively. As
can be seen, the uptake coefficients increase dramatically with
RH, ranging fromγ ) 0.03 at<1% RH toγ ) 0.24 at 37%
RH. Higher RH always resulted in an increase inγ. At 37%
RH, we are near our upper limit of detection; the signal
essentially drops to the background level of HAc upon opening
the cup. The addition of water vapor to the chamber also had a
dramatic effect on the observed coverages. The addition of a
small amount of water vapor (4% RH) shifted the uptake regime
from saturated to unsaturated. As a result, all of the coverages
shown in Figure 6 at RH>1% are lower limits of the maximum
uptake under those conditions. The coverage at 4% RH is a
factor of 7 larger than the coverage at RH< 1%. Further
addition of water vapor resulted in further increases in the
coverage, until it begins to plateau around 20% RH. At this
point, the coverage is limited only by the flow of acid into the
chamber and the integration time; essentially, all of the HAc
admitted to the chamber is taken up by the film. These results
show that the RH is even more important than the temperature
in controlling the uptake of HAc on AN.

The infrared spectrum of the products in the presence of 37%
RH is shown in spectrum D of Figure 5. In addition to the peaks
growing into the spectrum at 1580 and 1708 cm-1, there are
now clearly changes around 3400 and 700 cm-1. These features
are attributed to the OH stretch and libration, respectively, of

liquid water. Liquid-water features were clearly observed in the
condensed-phase spectra when HAc adsorbed onto AN at RH
> 10%. These features continued to grow into the IR with HAc
exposure, indicating that water and HAc are simultaneously
adsorbed to the film. Liquid-water features were not observed
in the AN spectrum at theses relative humidities in the absence
of HAc.

It is unclear from the spectrum whether the film is fully
deliquesced or is made up of a liquid layer rich in HAc, AN,
and water over solid AN. However, it is clear that the adsorption
of HAc is altering the water-uptake properties of AN at RHs
that are quite low. Interestingly, films containing this liquid
water were clearly visible with the naked eye, while the dry
films were not. Thus, the presence of HAc and water vapor
together affected the growth and optical properties of the AN
film. Unfortunately, we are not able to quantify the water uptake;
therefore, we are unable to report growth curves for this system.
However, we can estimate the mass of HAc and AN present in
the film and set a lower bound on the water content of the film.
The mass of HNO3 deposited in the initial stages of the AN
film preparation can be calculated directly from Baratron
pressure data. Assuming that all of the deposited HNO3 is
neutralized, we can estimate the mass of the AN film. As
described previously, the integrated area under the uptake curve
yields the mass of HAc that is taken up by the film. Assuming
that at least one water molecule is necessary to ionize one HAc
molecule, we can set the lower bound on the water content of

Figure 6. Data obtained for the uptake of HAc on AN at 210 K as a
function of the RH. (A) Initial uptake coefficients. (B) Ratio of the
observed coverage to the calculated ML coverage. The line in B
indicates 1 ML. The arrows on the data points at RH> 1% indicate
that the coverage did not saturate on the time scale of the experiments
(1000 s).

CH3COOH (g)+ H2O (ad)f

CH3COO- (ad)+ H3O
+ (ad) (2)
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the film. Using these assumptions, we estimate that the
composition of the films shown in spectrum D of Figure 5 is
55% AN, 34% HAc, and 11% water by mass. Using the same
numbers, we estimate that the volume of the film has increased
by a minimum of 81% because of the adsorption of water and
HAc. Again, these estimates represent a lower bound for the
amount of water adsorbed; the actual amount and thus the
growth factor is likely to be significantly larger.

To better illustrate the effect of acetic acid on the liquid-
water content of the AN film, the integrated area of the liquid-
water OH-stretching region from 3750 to 3400 cm-1 has been
plotted as a function of RH in Figure 7 for two films at 210 K.
As indicated by the squares in this figure, there are no changes
in the liquid-water region of the infrared in the absence of HAc
as the RH is increased. This is not surprising, considering a
crystalline salt is not predicted to take up water until its
characteristic DRH. The DRH of AN at 298 K has been
measured to be 62%.9 Although the DRH at 210 K is unknown,
a thermodynamic model predicts that the DRH for AN is 85%
RH at the eutectic temperature of 256.8 K.47 The same model
predicts that the DRH of AN is inversely related to the
temperature; therefore, the DRH at 210 K should be greater
than the DRH at the eutectic temperature.47 In contrast, the area
of the liquid-water peak is strongly dependent on the RH in the
presence of HAc. From this figure, we can conclude that the
adsorption of HAc onto AN enhances its water content at RHs
as low as 10%.

After each uptake experiment, the area of the isothermal
desorption peak was measured, as previously described. Com-
paring the number of molecules that isothermally desorb to the
number of molecules that adsorbed gives an estimate of the
reversibility of the adsorption process. When no water vapor
was added to the chamber, approximately 15% of the molecules
that adsorb on the surface isothermally desorb. This percentage
is independent of the temperature. The low percentage of
molecules that isothermally desorb from the film suggests that
the uptake is largely irreversible at all of the temperatures studied
in this work. The desorption process was more complicated in
the experiments involving RH> 1%. In these experiments, both
the water and HAc flows were turned off before the desorption
peak was measured. Here, the desorption percentage varied
exponentially with the initial RH, with 53% desorption at 4%
RH and 3% desorption at 37% RH. The water incorporated in
the film appears to help the AN retain adsorbed HAc.

To get a more quantitative understanding of the adsorption
process, the uptake coefficients of HAc on AN at RH< 1%
have been analyzed using a precursor-mediated adsorption
model as described in previous publications.27,39 The overall
reaction scheme is shown in eq 3 where HAc (g), HAc (p), and

HAc (c) represent gas-phase, physisorbed, and chemisorbed
HAc, respectively. In this model, molecules in the gas phase
are in equilibrium with molecules physically adsorbed to the
surface andR is assumed to be unity. Physisorbed molecules
can then irreversibly chemisorb to the surface. Using this model,
one can derive the relationship betweenγ and∆Gobs shown in
eq 4 From eq 4, a plot of ln(γ/(1 - γ)) versus 1/T yields a line

with slope-∆Hobs/Rand intercept∆Sobs/R. Figure 8 shows the
initial uptake coefficients for HAc uptake on dry AN plotted
and fit according to eq 4. From this fit, we determine∆Hobs )
-32.3 kJ mol-1 and∆Sobs ) -182.2 J K-1 mol-1. While this
value of∆Hobsmay seem small for chemisorption of a molecule
to a surface, one must consider that the ionization is occurring
on a highly ionic substrate. Bonding of ionized HAc to the AN
surface would require the disruption of the lattice structure,
which would be energetically unfavorable. Furthermore, the
values determined here are in excellent agreement with Jayne
et al., who report∆Hobs ) -33.9 kJ mol-1 and∆Sobs ) -146
J K-1 mol-1 for HAc adsorption onto pure water drops.27 The
similarity of these values lends further support to our hypothesis
that surface-adsorbed water is ionizing the HAc on the AN film.

Conclusions and Atmospheric Implications

In this paper, we have shown that the adsorption of HAc onto
effloresced films of AN is quite efficient at upper tropospheric
temperatures. To estimate the importance of this reaction in the
upper troposphere, we have calculated the lifetime of HAc in
the upper troposphere under the following conditions. Neumann
et al. report a fine particle mixing ratio of 1-35 ppbv,13 which
translates into a particle volume of 2-73 µm3/cm3. These
measurements were taken under conditions where HNO3 and
fine-particle mixing ratios were anticorrelated. The authors

Figure 7. Integrated area of the liquid-water OH stretch from 3750 to
3400 cm-1 as a function of the RH. The circles represent this area in
the presence of HAc, and the squares represent this area in the absence
of HAc.

Figure 8. Fit of the temperature-dependentγ data according to eq 4.
Values of∆Hobs ) -32.3 kJ mol-1 and∆Sobs ) -182.2 J K-1 mol-1

were extracted from the slope and intercept, respectively.
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attribute this anticorrelation to particlulate AN formation.
Assuming a particle radius of 0.4µm yields a surface area of
16-550 µm2/cm3. Using our experimentally determined value
of γ ) 0.0024 at 240 K and RH< 1%, we obtain a lifetime for
HAc between 3 and 100 h with respect to heterogeneous removal
by AN, in the kinetic limit. For comparison, the lifetime of HAc
with respect to the reaction with the OH radical is more than 1
week.20 Clearly, the heterogeneous removal of HAc will
dominate over gas-phase reactions, even at RH< 1%. Under
atmospherically relevant RH, the lifetime of HAc would be even
shorter. It should be noted that the steady-state coverage of HAc
on AN at 240 K at RH< 1% isθ ) 0.4 ML. Therefore, if the
ambient RH were less than 1%, the atmospheric loadings of
AN described above could only remove a small percentage of
the gas-phase HAc before becoming saturated. However, we
have also shown that the presence of small amounts of water
(RH ) 4%) in the gas phase shifts the uptake regime from
saturated to unsaturated. Therefore, under atmospherically
relevant RH, AN could represent a significant sink of gas-phase
HAc.

In our experiments, adding even small amounts of water vapor
to the chamber (RH∼ 4%) dramatically increased the values
of both θ andγ. Under conditions where RH> 10%, liquid-
water features were observed to grow into the IR spectra when
HAc was taken up by the film. These features were not present
under similar conditions in the absence of HAc. The HAc is
enhancing the water-uptake properties of the AN, allowing it
to take up water at RHs well below the DRH. Therefore, AN
aerosol that had been exposed to organic acids could contain
liquid water under a wider range of conditions than predicted
for the pure solid. The presence of a liquid layer was observed
to have a dramatic effect on the growth properties of the aerosol
and could affect visibility in polluted environments. Further-
more, the presence of this liquid layer could enhance hetero-
geneous reaction rates, because data has shown that reactions
are generally faster on liquid aerosol particles.48

The observations presented in this paper show that volatile
organics can partition into the aerosol phase. Even in the absence
of water vapor, significant amounts of HAc irreversibly adsorbed
onto the AN films. In the presence of water vapor, the
partitioning to the film was even more dramatic. At RH> 20%,
essentially all of the gas-phase HAc was taken up by the film.
Clearly, even volatile organics can be present in the condensed
phase at significant levels. The presence of HAc in the aerosol
phase could further influence aerosol partitioning by reacting
with other organics to form lower volatility products.
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