11314

J. Phys. Chem. R004,108,11314-11320

Uptake of Acetic Acid on Thin Ammonium Nitrate Films as a Function of Temperature and
Relative Humidity
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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 infraretflection absorption spectroscopy (FHRAS).

The gas phase was monitored with a quadrupole mass spectrometer (MS). The combination of mass
spectrometry and FTIRRAS allows for the simultaneous observation of the gas and condensed phases,
respectively. Initial uptake coefficienty falues) and coverage8 {alues) were determined from MS data

over the temperature range of 20240 K. The initial uptake coefficient varied fropm= 0.058 to 0.0024 for
temperatures from 200 to 240 K, respectively, and was independent of pressure over the rand65.t

5.1 x 10°® Torr. The temperature-dependent uptake coefficients were analyzed using a precursor-mediated
adsorption model to determimeH,ps = —32.3 kJ mot? andASys= —182.2 J K mol~. In the absence of

water vapor [relative humidity (RH¥ 1%], integrated coverages for acetic acid on ammonium nitrate ranged
from 60 = 19.6 monolayers (MLs) (9.4 10" molecules cm?) at 200 K tod = 0.40 ML (2.1x 10" molecules

cm?) at 240 K. The uptake was largely irreversible, witi5% 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 valuearafy. Higher RH resulted in further
increases of both andy. 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.

salts exposed to increasing RH do not take up water until their

It is now well-recognized that tropospheric particles consist characteristic deliquescence relative humidity (DRH). Once the
of a complex mixture of inorganic and organic componénts. aerosol has deliquesced, it remains an aqueous solution until
Therefore, it is important to understand how organic compounds the RH falls below the efflorescence relative humidity (ERH)
interact with inorganic salt aerosol. To this end, many studies Of the salt, which is lower than its DRH. The DRH of pure AN
have investigated the effect of organics on the water-uptake has been determined to be 62% RH at 298 Betermination
properties of inorganic aerosol partic%§. The Water-uptake of the effloresce relative hum|d|ty has been more problematic;
properties of the aerosol determine the aerosol phase and sizel€searchers report that AN remains an anhydrous liquid down
important properties for predicting the effects of aerosol on t0 ~0% RH?8 For this reason, AN is often assumed to be
human health, visibility, climate forcing, and chemical reactivity. Present in the atmosphere as a liquid; however, a recent study

While sulfate aerosol is thought to be the predominant suggests that the presence of solid inclusions or multiple
inorganic component of the global tropospheric aerosol, am- inorganic components induce crystalization to solid AN.
monium nitrate (AN) can also be important regionally. AN Acetic acid (HAc) is one of most common organic acids
composes a large fraction of the aerosol in areas wherefound in the troposphere. While the concentration of gas-phase

agricultural NH emissions mix with air containing HNO HAc depends strongly on the location, it has been identified at
Southern California and Denver, Colorado, are major population significant levels in both polluted and pristine environméfits.
centers that are particularly affected by AN pollutin!> AN Levels of HAc over rural midlatitude forested regions have been

particles are estimated to be responsible for 40% of the light measured to be 1-3.1 parts per billion by volume (ppbv)
scattering in the Los Angeles Ba&inand 17% of the light  during the growing season near ground Ié¥&FfThe concentra-
scattering in Denvel! Groblicki et al. estimate that the light tion of HAc was observed to be 140 ppbv higher in forest fire
scattering by the aerosol in Denver would decline by 38% if smoke plumes than background lev&dVhile HAc mixing
all of the water were removed from 1it.Clearly, the water ratios are generally higher in the boundary layer than in the
content of aerosol particles is an important determinant in an free troposphere, significant amounts of HAc are present at
aerosol’s effect on visibility. higher altitudeg* Over the South Atlantic Basin, Jacob et al.
The water content of an inorganic aerosol is dependent on report HAc mixing ratios of 2.6 ppbv at an altitude of 8 km
both the relative humidity (RH) and its physical state. Crystalline and 1.9 ppbv at 812 km2°

*To whom correspondence should be addressed. E-mail tolbert@ Although many studies have investigated the water-uptake

colorado.edu.

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 partickés3! To investigate possible
interactions of HAc with tropospheric surfaces, we have
measured the uptake of HAc on AN using a Knudsen cell-flow g0
reacto?? coupled with Fourier transform infraredeflection
absorption spectroscopy (FTHRAS)32 The combination of

these two techniques allows us to simultaneously monitor both , %7
the gas and condensed phases. Experiments were conducted over
the temperature range of 26040 K and as a function of the 3 woad €
HAc pressure and RH at 210 K. Our results show that the uptake
of HAc on AN s efficient under a wide range of upper
tropospheric conditions. This reaction represents a previously e

! e B
unidentified sink for gas-phase HAc. Furthermore, we show that
the uptake of HAc dramatically alters the water-uptake proper- A
ties of the AN film, which could affect the growth and optical 000

properties of the aerosol. 3500 3000 2500 2000 1500 1000

Wavenumber (cm )
Experimental Procedure Figure 1. IR spectra detailing the preparation of thin AN films. The
spectra have been offset for clarity. Spectrum A shows the deposition

Vacuum Chamber. Experiments were conduced in a high- of HNO; at 160 K. Spectrum B shows the film at 160 K after the
vacuum stainless-steel Knudsen flow chamber equipped with addition of gas-phase NHSpectrum C shows the resultant AN film
FTIR—RAS. This instrument has been previously described in after annealing to 260 K.
detail28 Briefly, the infrared beam from a Nicolet Magna 550 _ ) )
spectrometer passes into the vacuum chamber where it isfigure have been offset for clarity. First, HN@ deposited on
reflected from a gold substraté € 2.54 cm) at a grazing angle ~ the substrate at 160 K to a thickness-80 nm (spectrum A).
of 87° from the surface normal. The beam exits the chamber This film is then exposed to a high partial pressure<(30~
and is detected with a mercury/cadmium telluride (MCT-A) Torr) of gas-phase Ni{spectrum B). The Nkiis then pumped
detector. The temperature of the substrate is controlled by Off, and the film is annealed to 260 K to remove any unreacted
resistively heating against a differentially pumped liquid- HNO; and to crystallize the film. A spectrum of the resultant
nitrogen cryostat. Temperature is monitored with a T-type NHaNO;z film is shown in C and agrees well with literature
thermocouple attached directly to the substrate. The thermo-SpPectra of crystalline AN® The lack of scattering at the high-
couple is calibrated with respect to the ice frost péfr&. Teflon energy end of the spectrum indicates that the film is flat, at
seal surrounds the substrate and separates the chamber frod¢ast on the scale af10 (~200 nm). We believe that the film
the cryostat, ensuring that the gold is the only cold surface is fully effloresced at this point; there are no liquid-water
exposed to the chamber atmosphere. A Teflon cup, mountedfeatures present in the IR spectra. Furthermore, we see no
on a pneumatic linear translator, allows the surface to be isolatedevidence of liquid-water uptake in the IR if the sample is
from or exposed to the chamber atmosphere without significantly €xposed to increasing amounts of water vapor. Water uptake
altering the chamber volume. Three leak valves are used toon the pure AN film and the HAc-doped film will be discussed
introduce the gas-phase species of interest into the chamberin more detail later in this paper.
and pressure is monitored using a Baratron capacitance ma- General Procedure.Once the sample has been prepared, the
nometer (Baratron 690A) and an ionization gauge. RH is Teflon cup is extended to isolate the substrate from the chamber
determined by taking the ratio of the measured water partial atmosphere. HAc is admitted into the chamber and monitored
pressure to the vapor pressure of water, as determined from theat m/z = 60.0 with the MS. The flow of HAc is adjusted until
Wexler expression, at the substrate temperafutéAc and the signal reaches the desired level and is stable. For the
water vapor are drawn from bulbs containing glacial HAc (ACS experiments described herein, this flow corresponds to an HAc
grade) and water (HPLC grade), respectively, that have beenpartial pressure from 5. 108to 5.1 x 1078 Torr. It is known
subjected to several freezpump-thaw cycles. Nitric acid  that carboxylic acids dimerize in the gas phase. A valuikgf
vapor was drawn from a bulb containing a mixture of 3:2 H = [dimer]/[monomer} = 2.5 Torr ! has been reported for HAc
SOy(ACS grade)/HNQACS grade) that had also been degassed at 295 K37 Gas-phase HAc will quickly equilibrate with the
by several freezepump-thaw cycles. Ammonia (anhydrous reactor walls, which are at room temperature; therefore, this
grade) was drawn directly from a gas cylinder and used without value ofKeq accurately represents our experimental conditions.
further purification. Trace gas-phase species are monitored usingUsing this value oKeq, We find that the dimer concentration is
a MS (UTI 100C), which is calibrated to the ionization gauge a factor of~10F smaller than the monomer concentration under
and the Baratron. Using this procedure, the absolute pressurehe highest pressures of HAc studied herein. Therefore, the
of the trace gases can be obtained with the MS. The condensegyresence of the gas-phase HAc dimer has been ignored in our
phase is simultaneously monitored using FFIRAS when the data analysis.
Teflon cup is open. In experiments where no water was add_ed When the flow is stable, the cup is retracted, exposing the
to the chamber, the total pressure was equal té) the_ HAC parualsample to the gas-phase HAc. If uptake occurs, a decrease in
pressure or the bfs\ckground pressure-afx 107 whichever the MS signal is observed. Using the Knudsen effusion relation,
is higher. In experiments where water was added to the chambery jnitia| uptake coefficienty() can be calculated according to

the total pressure was equal to the water partl_al pressure. In aIIeq 1 whereS is the initial MS signalSis the signal after the
cases, the total pressure was below that required to operate the
L

Knudsen cell in the molecular flow regime.
vapor deposition as illustrated in Figure 1. The spectra in this AS

0.10

AN Film Preparation. Thin films of AN are prepared by (1)
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6 unsaturated uptake with partial recovery of the signal (trace C),
A and unsaturated uptake with no recovery of the signal (trace

s D). Saturated uptake (trace B) is marked by a slow recovery of
B the HAc signal to its original value after the initial uptake. When

the cup is closed d@t= 1000 s, there is no change in the MS
signal, indicating that the surface has fully saturated at this point.

60.0)

é ¢ After saturation, the coverage of HAc on AN is independent of
5 3 the total dose of acid. Saturated uptake was observed in the
g absence of water vapor @t> 200 K.

2+ 0 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,

" L the signal reaches a steady state at a level that is slightly below
its original level. At this point, the AN film is continuously
oy T . T T taking up a very small amount of HAc. As a result, the coverage
20 ° 2% 0 ey ° 500 1000 1200 is dependent on the dose of HAc. When the cup is closed at
Figure 2. Raw mass spectral data obtainedmiz = 60.0 for HAc = 1000 s, the signal fully recovers to its original level. This

adsorption onto the substrate. Trace A shows the signal during a controltype of behavior was consistently observedrat 200 K and

experiment on the blank gold substrate. Traces B and C show the uptakein two of the seven experiments at 210 K, in the absence of
onto AN films in the absence of additional water vapor at 210 and 200 \ater vapor.

K, respectively. Trace C shows the uptake onto an AN film at 210 K . . . .
and 37% RH. Vertical lines have been drawrt at 0 and 1000 s to The aforementioned uptake behaviors are in contrast with the

show when the substrate was exposed to and isolated from the gasMS signal observed in the uptake regime shown in trace D.
phase HAc. For clarity, trace A has been offset by 3.5 units, trace B Here, the signal shows no sign of recovery after 1000 s. When
has been offset by 2.25 units, and trace C has been offset by 1.0 unit.the cup is closed, the signal begins to recover to its original
value. The coverage of HAc on AN in this regime is determined
cup is opened4y, is the area of the escape orifice (0.193%m  to a large extent by the length of time that the cup is opened.
andAs is the surface area of the sampldn all calculations, Longer exposure times lead to larger coverages. We will present
the geometric surface area of the gold substrate (5.GY was evidence later in this paper showing that the uptake in the
used to approximate the surface area of the sample. We believainsaturated regimes are not simply condensation of molecular
that this approximation is valid for several reasons. First, FTIR  HAc onto the substrate.
RAS is very sensitive to light scattering; therefore, the lack of  Figyre 3 shows the initial uptake coefficients (A) and
scatter in the IR spectra indicates that the deposited film is ¢overages (B) obtained for the uptake of HAc onto crystalline
smooth on the length scales of IR lightSecond, the AN films AN as a function of the temperature at RH 1%. No water
have a low vapor pressure and were grown at very low yapor was admitted to the chamber during these experiments.
temperatures, c.onditions that lend themselves to the growth of o|| points on the graph are an average value of at least six
smooth films. With the current apparatus, we can measure valuesseparate experiments conducted at that temperature. Error bars
of y between 0.001 and 0.3. are determined by performingtatest at the 95% confidence

The integrated area under the uptake curve is used to calculatgimit on the data. The coverages shown in B have been converted
the number of molecules lost to the surface, which is divided jnto ML units by dividing the observed uptake by the ML

by the surface area of the substrate to yield the surface coverageoyerage of HAc (4.8x 104 molecules cm?). The ML

(6). The coverage limit of detection is approximately 0.1 coverage was calculated from the bulk density of HAc (1.049
monolayer (ML). If a sufficient surface coverage is reached, g/cn?) and is therefore approximate. The experiments shown
condensed phase products can be identified in the IR. After 1000jn Figure 3 were performed at an HAc partial pressure ranging
s of exposure time, the cup is closed and the signal is allowed from 2.5 to 4.6x 1076 Torr. As can be seen in Figure 3, both

to recover to its original level. The flow of HAc is then turned  the coverage and the uptake coefficients increase dramatically
off, and the chamber is evacuated. The cup is then opened agaings the temperature is decreased. The values of the uptake
and HAc is allowed to isothermally desorb. The area of this gefficient range frony = 0.058 at 200 K toy = 0.0024 at
desorption peak can then be compared with the area of thez40 K. For comparison the uptake coefficient for HAc on pure
adsorption peak to make an estimate of the percentage Ofyater at 273 K is 0.0677 Clearly, the uptake of HAc onto

molecules that isothermally desorb from the film. effloresced AN is quite efficient. Note that we are reporting
) ) initial uptake coefficients, not mass accommodation coefficients.
Results and Discussion As such, the desorption of molecules from the solid phase is

Figure 2 shows typical raw experimental data for the uptake Not taken into account. Therefore, the valueg akported in
of HAc on AN under a variety of experimental conditions. Trace this work may be lower limits to the mass accommodation
A shows the HAc signal for exposure to the blank gold substrate coefficient under similar conditions. However, a recent model
at 200 K. Traces B and C were recorded in the absence of by Ammann et al. suggests that desporption effects are negligible
additional water vapor at 210 and 200 K, respectively. Trace D When the surface coverage is much less than onéNtdeed,
was recorded at 210 K and 37% RH. For clarity, trace A has all of the values ofy reported herein were calculated when the
been offset by 3.5 units, trace B has been offset by 2.25 units, coverage of HAc on the surface was much less than one ML.
and trace C has been offset by 1.0 unit. All experiments were To ensure that the uptake coefficients reported here are
conducted at the same nominal HAc pressure. At the pressuresaccurate under tropospheric conditions, we have measured
used in this study, there is no adsorption of HAc onto the blank under a range of HAc partial pressures. The results of the
gold substrate (trace A). As seen in this figure, three distinctly individual experiments conducted at 210 K are shown in Figure
different uptake regimes were observed, saturated (trace B),4. Over the range of pressures studied, from>6.7078to 5.1
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B 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
254 formation of the CHCOO™ ion are highlighted with an asterisk.
Spectrum D shows the AN film after exposure to HAc at 210 K and
20 -4 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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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 isy ~ 2 x 1073, which is small when compared
o i to the initial uptake coefficient but above the detection limit.
} Later in this paper, we show that the uptake of HAc onto AN
U i is extremely sensitive to the chamber RH. In light of this, we
200 o 30 a30 240 believe that small amounts of resi.duall water outgqssing from
TH0 the chamber walls and gas handling lines are raising the RH
Figure 3. Data obtained for the uptake of HAc on AN as a function Past the threshold value necessary for unsaturated uptake. MS
of the temperature. (A) Initial uptake coefficients. (B) Ratio of the Scans of the background gases in our chamber prior to the start
observed coverage to the calculated ML coverage. The line in plot B of experiments consistently reveal that the majority of the
indicates 1 ML. The arrow on the data point at 200 K indicates that background gas is water vapor. In fact, the water vapor signal
the coverage did not saturate on the time scale of the experiment (1000;g generally 5 times greater than the next largest signgl (N
S). a few select experiments at 200 K and RH 1%, the
100 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
80 RH at this point, we can set an upper limit of RH1%. 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
60 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
o o . experiments, no gas-phase products were detected. We specif-
.‘.g * * o o ically looked for the evolution of water and nitric acid during
* . . . a few select experiments, but neither of these compounds was
*e . . 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
P x 105 Tom) spectra have been offset for clarity and are not all on a common
Figure 4. Initial uptake coefficients for HAc adsorption onto dry AN scale. Spectra A and B are solid HAc and AN, respectively,
films at 210 K as a function of HAc pressure. and are shown for reference. Spectrum C shows the AN at 200
K after approximately 1000 s of exposure to HAc at RH
x 1078 Torr, the initial uptake coefficients are independent of 1%. When this spectrum is compared to that of condensed HAc,
the partial pressure, within error. Measurements of tropospheric one can clearly see that molecular HAc is not simply condensing
HAc levels generally fall within this pressure range. on the AN at 200 K. An experiment at 200 K was conducted in
The coverages of HAc on AN are also large, ranging from which the HAc partial pressure was incrementally increased up
20 to 0.5 ML from 200 to 240 K, respectively. The uptake at to a factor of 8-10 times higher than the pressures used in this
200 K did not saturate on the time scale of the experiment (1000 study. During this experiment, no condensation of HAc was
s); the signal reached a steady-state value below the level ofobserved with the IR. Furthermore, the vapor pressure of solid

I T T T
1 2 3 4

w -
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HAc at 200 K reported in the literature is 2:8 107> Torr, 025
which is well above the partial pressure of HAc used in these
studies (2.54.6 x 107 Torr).** 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 dmWe have 045
assigned this peak as the-O stretch of the acetate-ion-based
literature spectra of sodium acetdfe*® and of HAc ionizing
on surface$**5This peak is absent in the spectrum of molecular
HAc shown in spectrum A and in the literature spectra of .
unionized HAc*?“3 A less intense peak at 1708 chiis also 005 R
observed to grow into the IR spectrum. The assignment of this o
peak is more tenuous. We attribute this peak to the bending
mode of the HO™ ion, on the basis of the intensity of the peak 000 -
and literature spectr®.There is no peak at this location in the o 10 20 30
spectra of the acetate idh*3 However, the &O stretch of RH (%)
molecular HAc does absorb he¥e'3#3It is possible that a small
amount of HAc physisorbs and remains unionized on the T
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 T
60
*

0.20 —

)

yix10

0.10 —

*—>

80 *

CH,COOH (g)+ H,O (ad)—
o
CH,COO (ad)+ H,0" (ad) (2) ® a0

ML
*—»

the only chemical reaction occurring when HAc adsorbs on AN. 20 -

Although we believe that the HAc is ionized upon uptake, we

also believe that the film is fully effloresced under these o

experimental conditions. Therefore, we hypothesize that a s T T T
limited amount of surface-adsorbed water controls the ionization. 0 1o 20 30

Once this limited amount of water is consumed by the ionization, R

the uptake is no longer thermodynamically favorable and halts. Egg{i%r?'oft)t?}: gtl’-:al(r,f)dlL?triatlhﬁ;tg}(aeki:éf?ggn?g A("B\') aFte zftilc? ('ff ?ﬁea
To eIUCIdat.e the Import.ance of water on the upFake qf HAC observed coverage to the calculated ML coverage. The line in B
on AN, a series of experiments were conducted in which t_he indicates 1 ML. The arrows on the data points at RH.% indicate
temperature was held constant at 210 K and the RH was varied.that the coverage did not saturate on the time scale of the experiments
Figure 6 shows the effect of increasing RH on the initial uptake (1000 s).
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 liquid water. Liquid-water features were clearly observed in the
correspond to water partial pressures<af0%, 4.4 x 1074, condensed-phase spectra when HAc adsorbed onto AN at RH
1.0x 1073 1.9x 10738, and 4.4x 1072 Torr, respectively. As > 10%. These features continued to grow into the IR with HAc
can be seen, the uptake coefficients increase dramatically withexposure, indicating that water and HAc are simultaneously
RH, ranging fromy = 0.03 at<1% RH toy = 0.24 at 37% adsorbed to the film. Liquid-water features were not observed
RH. Higher RH always resulted in an increaseyinAt 37% in the AN spectrum at theses relative humidities in the absence
RH, we are near our upper limit of detection; the signal of HAc.
essentially drops to the background level of HAc upon opening It is unclear from the spectrum whether the film is fully
the cup. The addition of water vapor to the chamber also had adeliquesced or is made up of a liquid layer rich in HAc, AN,
dramatic effect on the observed coverages. The addition of aand water over solid AN. However, it is clear that the adsorption
small amount of water vapor (4% RH) shifted the uptake regime of HAc is altering the water-uptake properties of AN at RHs
from saturated to unsaturated. As a result, all of the coveragesthat are quite low. Interestingly, films containing this liquid
shown in Figure 6 at RH 1% are lower limits of the maximum  water were clearly visible with the naked eye, while the dry
uptake under those conditions. The coverage at 4% RH is afilms were not. Thus, the presence of HAc and water vapor
factor of 7 larger than the coverage at RH 1%. Further together affected the growth and optical properties of the AN
addition of water vapor resulted in further increases in the film. Unfortunately, we are not able to quantify the water uptake;
coverage, until it begins to plateau around 20% RH. At this therefore, we are unable to report growth curves for this system.
point, the coverage is limited only by the flow of acid into the However, we can estimate the mass of HAc and AN present in
chamber and the integration time; essentially, all of the HAc the film and set a lower bound on the water content of the film.
admitted to the chamber is taken up by the film. These results The mass of HN@ deposited in the initial stages of the AN
show that the RH is even more important than the temperaturefilm preparation can be calculated directly from Baratron
in controlling the uptake of HAc on AN. pressure data. Assuming that all of the deposited BINO
The infrared spectrum of the products in the presence of 37% neutralized, we can estimate the mass of the AN film. As
RH is shown in spectrum D of Figure 5. In addition to the peaks described previously, the integrated area under the uptake curve
growing into the spectrum at 1580 and 1708 énthere are yields the mass of HAc that is taken up by the film. Assuming
now clearly changes around 3400 and 700 trithese features  that at least one water molecule is necessary to ionize one HAc
are attributed to the OH stretch and libration, respectively, of molecule, we can set the lower bound on the water content of
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Figure 7. Integrated area of the liquid-water OH stretch from 3750 to  Figure 8. Fit of the temperature-dependentlata according to eq 4.
3400 cntt as a function of the RH. The circles represent this area in Values of AHgps = —32.3 kJ mot! andAS,,s= —182.2 J K1 mol
the presence of HAc, and the squares represent this area in the absenagere extracted from the slope and intercept, respectively.
of HAc.

To get a more quantitative understanding of the adsorption
the film. Using these assumptions, we estimate that the process, the uptake coefficients of HAc on AN at RH1%
composition of the films shown in spectrum D of Figure 5is have been analyzed using a precursor-mediated adsorption
55% AN, 34% HAc, and 11% water by mass. Using the same model as described in previous publicatiéh The overall

numbers, we estimate that the volume of the film has increasedreaction scheme is shown in eq 3 where HAc (g), HAc (p), and
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- HAC (c) represent gas-phase, physisorbed, and chemisorbed
water content of the AN film, the integrated area of the liquid- HAC, respectively. In this model, molecules in the gas phase
water OH-stretching region from 3750 to 3400 ¢nhas been are in equilibrium with molecules physically adsorbed to the
plotted as a function of RH in Figure 7 for two films at 210 K.  surface andx is assumed to be unity. Physisorbed molecules
As indicated by the squares in this figure’ there are no Changescan then irreVerSiny chemisorb to the surface. USing this model,
in the liquid-water region of the infrared in the absence of HAc ©ne can derive the relationship betwgeand AGo,s shown in
as the RH is increased. This is not surprising, considering a €d 4 From eq 4, a plot of I{(1 — )) versus 1T yields a line
crystalline salt is not predicted to take up water until its AG AH AS,
characteristic DRH. The DRH of AN at 298 K has been In( Y ) - _ obs__ obs bs (4)
measured to be 62%Although the DRH at 210 K is unknown, 1-—vy RT RT RT
a thermodynamic model predicts that the DRH for AN is 85%
RH at the eutectic temperature of 256.8KTrhe 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 temperattifén 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 percentageC lusi d At heric Implicati
is independent of the temperature. The low percentage of onciusions an mospheric implications
molecules that isothermally desorb from the film suggests that In this paper, we have shown that the adsorption of HAc onto
the uptake is largely irreversible at all of the temperatures studied effloresced films of AN is quite efficient at upper tropospheric
in this work. The desorption process was more complicated in temperatures. To estimate the importance of this reaction in the
the experiments involving RH 1%. In these experiments, both  upper troposphere, we have calculated the lifetime of HAc in
the water and HAc flows were turned off before the desorption the upper troposphere under the following conditions. Neumann
peak was measured. Here, the desorption percentage varieet al. report a fine particle mixing ratio of-135 ppbvi3 which
exponentially with the initial RH, with 53% desorption at 4% translates into a particle volume of-Z3 um3cm?. These
RH and 3% desorption at 37% RH. The water incorporated in measurements were taken under conditions where
the film appears to help the AN retain adsorbed HAc. fine-particle mixing ratios were anticorrelated. The authors

HAC () === HAC (p) ~* HAC (¢) @3)

with slope—AHqpdR and intercepASpdR. Figure 8 shows the
initial uptake coefficients for HAc uptake on dry AN plotted
and fit according to eq 4. From this fit, we determifielyps =
—32.3 kd mot! and ASyps = —182.2 J K1 mol~1. While this
value of AHqpsmay 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 reporAHq,s = —33.9 kJ mot! andAS,s= —146

J K~ mol~1 for HAc adsorption onto pure water dropsThe
similarity of these values lends further support to our hypothesis
that surface-adsorbed water is ionizing the HAc on the AN film.
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attribute this anticorrelation to particlulate AN formation. o &) l;%rgar,sPéZ’g Broekhuizen, K.; Abbatt, J. P.Axmos. Chem. Phys.
Assuming a pamde.radlus of Om yields a Surfac.e area of ISC(LE{>:)SSI.3roeakhL;izen,.K.; Kumar, P. P.; Abbatt, J. P.®eophys. Res. Lett.
16—550 um?/cm?. Using our experimentally determined value 004731 01107,

of y = 0.0024 at 240 K and RH 1%, we obtain a lifetime for (7) Cruz, C. N.; Pandis, S. NEnviron. Sci. Technol200Q 24, 4313.
HAc between 3 and 100 h with respect to heterogeneous removal ~ (8) Raymond, T. M.; Pandis, S. N.. Geophys. Re£002 107, 16.

by AN, in the kinetic limit. For comparison, the lifetime of HAc 253)0 '1'825;%2‘;"‘]' M.; Onasch, T. B.; Imre, D.; Oatis JSPhys. Chem.
with respect to the reaction with the OH radical is more than 1~ (10) sioane, C. S.; Watson, J.; Chow, J.; Pritchett, L.; Richards, L. W.
week20 Clearly, the heterogeneous removal of HAc will Atmos. Emirgn. 1?{91J ZSBA 101% £ Sei Technol1973 7. 645
dominate c-)ver gas-phase reactlo_ns_, even atREb. Under 83 (Saglror(rig‘n, 3 A Sr);?rrrln,on,. L. r(]gl.?ana.IL '?'I CZZS?%.EI%v?roﬁ. Sci.
atmospherically relevant RH, the lifetime of HAc would be even  ¢¢1011992 26, 1594,

shorter. It should be noted that the steady-state coverage of HAC (13) Neuman, J. A.; Nowak, J. B.; Brock, C. A.; Trainer, M.; Fehsenfeld,
on AN at 240 K at RH< 1% is® = 0.4 ML. Therefore, if the F. C.; Holloway, J. S.; Hubler, G.; Hudson, P. K.; Murphy, D. M.; Nicks,
ambient RH were less than 1%, the atmospheric loadings of 3\ " roprfﬁ”"G'%;Eﬁgs's'};Eg&gﬁy@?%é' B.; Sueper, D. T.; Sulivan,
AN described above could only remove a small percentage of "(14) Russell, A. G.; McRae, G. J.; Cass, G./Rmos. Eniron. 1983
the gas-phase HAc before becoming saturated. However, wel7, 949.

have also shown that the presence of small amounts of water (15) Chow, J. C.; Watson, J. G.; Fujita, E. M.; Lu, Z;; Lawson, D. R.;
P Ashbaugh, L. L Atmos. Emiron. 1994 28, 2061.

(RH = 4%) in the gas phase shifts the uptake regime from "~ g White, W. H.. Roberts, P. TAtmos. Eniron. 1977 11, 803.
saturated to unsaturated. Therefore, under atmospherically (17) Groblicki, P. J.; Wolff, G. T.; Countess, R.Atmos. Emiron. 1981,

relevant RH, AN could represent a significant sink of gas-phase 15, 2473.. ) _
HAC (18) Richardson, C. B.; Hightower, R. lAtmos. Emiron. 1987, 26A

. . 971.
In our experiments, adding even §ma|| amounts of water vapor  (19) Martin, S. T.; Schlenker, J. C.; Malinowski, A.; Hung, H.-M.
to the chamber (RH- 4%) dramatically increased the values Geophys. Res. Le2003 30, 2102. _
of both @ andy. Under conditions where Rkt 10%, liquid- g(l); _(IEQI%%?"RA-\?N Qaégiréhiﬁmoa Fzg?r?s'slgsacggcﬁsslw o
water features were obser_ved to grow into the IR spectra whenGeophyS_ Red088 93 1638. R P
HAc was taken up by the film. These features were not present  (22) Talbot, R. W.; Sosher, B. W.; Heikes, B. G.; Jacob, D. J.; Munger,
under similar conditions in the absence of HAc. The HAc is %Wiggg%)gd%sgg Keene, W. C.; Maben, J. R.; Artz, R1.SGeophys.
; _ ; ; ; es. .
enhancing the water-uptake properties of the AN, allowing it (23) Yokelson, R. J.: Goode, J. G.: Ward, D. E.: Susott, R. A.: Babitt,
to take up water at RHs well below the D_RH._Therefore, AN R E.;Wade, D. D.; Bertschi, I.; Griffith, D. W. T.; Hao, W. M. Geophys.
aerosol that had been exposed to organic acids could contairRes.1999 104, 30. _
liquid water under a wider range of conditions than predicted Begc‘:])erTa&b%JRG\é\géh@ngggbé\/'d 9%?125”65“8'”1' H.; Jacob, D. J;
for the pure sohd_. The presence of a liquid Iaygr was observed (25) Jacob, D. J.- Heikes, B. G.: Fan, S.-M.: Logan, J. A.; Mauzerall,
to have a dramatic effect on the growth properties of the aerosolp. L.; Bradshaw, J. D.; Singh, H. B.; Gregory, G. L.; Talbot, R. W.; Blake,
and could affect visibility in polluted environments. Further- D.(R.;)Sachlse, G. \nﬂ Geophys. Reir?% 101, 24235.
is i _  (26) Carlos-Cuellar, S.; Li, P.; Christensen, A. P.; Krueger, B. J,;
more, the presence of this liquid layer could enhance heter_o Burrichter. C.- Grassian, V. HI. Phys. Chem. 2003 107, 4250,
geneous reaction rates, because data has shown that reactions (27) Jayne, J. T.: Duan, S. X.; Davidovits, P.; Worsnop, D. R.: Zahniser,
are generally faster on liquid aerosol particiés. M. S.; Kolb, C. E.J. Phys. Chem1991, 95, 6329.
The observations presented in this paper show that volatile 0(()228)10'%113382, P. K.; Zondlo, M. A; Tolbert, M. Al. Phys. Chem. A
organics can partition into the aerosol phas_e. Even_ in the absencé (29) Sokolov, O.: Abbatt, J. P. O. Phys. Chem. 2002 106 775.
of water vapor, significant amounts of HAc irreversibly adsorbed  (30) zhang, H. Z.; Li, Y. Q.; Davidovits, P.; Willams, L. R.; Jayne, J.
onto the AN films. In the presence of water vapor, the T.;Kolb, C. E.; Worsnop, D. RJ. Phys. Chem. 2003 107, 6398.
it A ; ; 0 (31) zhang, H. Z.; Li, Y. Q.; Xia, J. R.; Davidovits, P.; Williams, L.
partltloplng to the film was even more dramatic. At RH20%, R.Jayne, 3. T Kolb, C. E.: Worsnop, D. R.Phys. Chem. 2003 107,
essentially all of the gas-phase HAc was taken up by the film. g3gg°
Clearly, even volatile organics can be present in the condensed (32) Golden, D. M.; Spokes, G. N.; Benson, S. #gew. Chem., Int.
phase at significant levels. The presence of HAc in the aerosol Ed(31§)73612, 5|34.R G5, Chem. Phys1966 44 310
H s H : reenler, R. . em. Y ) .
phase could furt_her influence aerosol p_arntlonlng by reacting (34) Marti, J.: Mauersberger, IGeophys. Res. Let1993 20, 363,
with other organics to form lower volatility products. (35) Wexler, A.J. Res. Natl. Bur. Stand.976 73A 493.
(36) Koch, T. G.; Holmes, N. S.; Roddis, T. B.; Sodeau, JJ.RChem.
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