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The heterogeneous uptake of theBfluorotelomer alcohol, F(GsCH,CH,OH, on liquid water surfaces

over the temperature range 25873 K and on 1-octanol surfaces over the temperature range 285K

has been investigated with a droplet train flow reactor. The uptake coefficient on water droplets is zero within
the error of the measurement@.01) and is independent of droplet temperature. In contrast, significant uptake
onto 1-octanol is observed. Measured uptake coefficients for 1-octanol showed a negative temperature
dependence, varying from 0.034 0.005 () at 295 K to 0.103 0.009 at 264 K. The measured uptake
coefficients on 1-octanol were independent of gliguid contact time, for typical contact times varying
between 3 and 15 ms, and independent of th@ 8uorotelomer alcohol gas-phase concentration, indicating

that the uptake coefficients are equivalent to mass accommodation coefficients. The uptake coefficients on
1-octanol were also independent of relative humidity. These results show that the uptake of FTOHs on or
into the agueous component of cloud/fog droplets or aqueous aerosol particles is not likely to be an important
atmospheric sink for these compounds. In these experiments, 1-octanol was used as a model compound for
organic-containing atmospheric particles. The larger uptake coefficient measured for 1-octanol surfaces indicates
that FTOH partitioning to organic-containing cloud/fog droplets and aerosol particles may be an atmospheric
loss mechanism.

Introduction The gas-phase oxidation chemistry of FTOH compounds has
Fluorotelomer alcohols (FTOHSs) are polyfluorinated linear been Stgd'ed by severgl groups. FTOHs have been _shown to
molecules with the formula F(GJRCH,CH,OH and are typi- react with photochemically produced hydroxyl radicals to

cally designatedn—2 FTOH wheren is the number of produce the corresponding fluorotelomer aldehydeg Ciz),-
fluorinated carbonsn(= 6, 8, 10, and 12 are most common). CH:CHO as sole primary oxidation productsThis initial
FTOHs are used as a raw material in the manufacture of 0Xidation reaction has been well-studied and yields a relatively
fluorotelomer-based surfactant and polymeric products that Short atmospheric FTOH chemical lifetime of10-20 days.
provide surface modification properties in a wide variety of end The fluorotelomer aldehydes can in turn be oxidized to produce
usest2 The surface-active nature of fluorotelomer-based prod- Perfluorinated aldehydes GEF,),CHO as secondary oxidation
ucts Originates from the r|g|d' hydro_’ and 0|e0ph0bic fluoro- prOdUCtS. Smog chamber studies indicate that perfluorinated
telomer functionality. FTOHs are a residual raw material present carboxylic acids may be produced as one of several tertiary
in products and have sufficient vapor pressure to be present inoxidation products under low NConditions, although there
the gas phas&* Residual FTOH materials are likely to be is considerable uncertainty about the chemical mechanisms
released to air during industrial us&he 6-2, 8-2, and 16-2 involved and the yield of perfluorinated carboxylic acids. Under
FTOHSs have been detected in the atmosphere over several Nortltonditions with high ambient [NO} [NO2], the fluorotelomer
American sites in concentrations ranging from 11 to 165 pg alcohols will oxidize to produce fluorinated aldehydes and
m~—357 FTOHs are of interest because their gas-phase atmo-organic nitrates with little predicted formation of perfluorocar-
spheric oxidation may produce perfluorinated carboxylic acitfs, boxylic acids812
which are known to be highly persistent environmental pollut-  FTOHs may also be removed from the atmosphere by
antstt mechanisms other than homogeneous chemistry. Experimental
T Part of the special issue “David M. Golden Festschrift”. and thlig)retlcal studies .h.ave. ru'.ed. out direct photolysis of
* Corresponding author. Phone: 978-663-9500 x421. Fax: 978-663- I 1OHS;” and wet deposition is limited by the low aqueous
4918. E-mail: Williams@aerodyne.com. solubilities of the FTOH$:14
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In contrast to the extensive work on gas-phase reactivity, there  Two additional effects limit the net flux. First, as the gas
has been little study of the atmospheric heterogeneous fate ofmolecules enter the liquid, new molecules have to move toward
FTOHSs. Estimates of agqueous Henry's law constants would the liquid surface to replenish the gas-depleted region near the
suggest that significant heterogeneous uptake by aqueous cloudiquid surface. The rate of transport toward the liquid surface
and aerosol droplets in the traditional sense of mass accom-is determined by gas-phase diffusion that can limit the rate of
modation followed by aqueous-phase solvation or reaction is uptake by the liquid. Second, as the gas-phase species enters
unlikely. However, there remains a possibility that the fluoro- the bulk liquid, a fraction evaporates back into the gas phase.
telomer alcohols will condense on the surface of aqueous This process is governed by gas/liquid partitioning. The
droplets and either remain dispersed on the surface acting as @&xperimentally observed fluxJgead into a surface may be
surfactant or segregate into a separate organic phase. It is wortlexpressed in terms of a measured uptake coefficjgnts that
noting that both effects have previously been advanced to takes into account these effects.
explain observations that a range of high molecular weight

organic species, including pesticides and plasticizers, are found _ NyCmeas

to be enriched in fog droplets at ratios up to several thousand means™ 4 @)
times higher than their aqueous Henry’s law constants would

allow 1516 To a good approximation, these effects can be de-coupled,

If the FTOH compounds showed a propensity to condense andymeascan be expressed as the sum of the gas-phase diffusion
on or dissolve in atmospheric cloud droplets and/or aerosol resistance and the uptake coefficiepg, due to gasliquid
particles, this atmospheric lifetime could be shortened signifi- interactions in the limit of “zero pressure”, i.e., under conditions
cantly. To date, there has been no comprehensive study of thevhere gas-phase diffusion does not limit the flux across the
heterogeneous uptake of gas-phase FTOHSs on liquid dropletsnterface
and the effect of uptake on atmospheric lifetime is unknown.

In this paper, we report temperature-dependent droplet train 1 _ 1 + L
flow reactor studies of the heterogeneous uptake kinetics of gas- Vmeas Lait Vo
phase 82 fluorotelomer alcohol (F(ClsCH.CH,OH, 8-2
FTOH) on liquid water surfaces, representing cloud droplets
and deliquescent aerosol particles, and on 1-octanol surfaces

chosen as a model for atmospheric organic particles based orfhe gas-phase species far from the droplet train. The gradient

the use of octanefair partition coefficients to model gas to N the gas density due to depletion near the droplet surface is
particle partitioning”-8We have also performed the 1-octanol taken into account by gi. Analytical equations for gas-phase

studies as a function of relative humidity to see if the presence diffusive transport of a trace gas to a train of moving droplets
of water vapor affects uptake on organic surfaces. do not exist. However, an empirical formulation of diffusive

transport to a stationary droplet developed by Fuchs and
Sutugir?® has been shown to be in good agreement with
measurement&??2and can be modified for use with a train of

In the droplet train flow reactor, a gas-phase species interactsMoVving droplets. In the FuchsSutugin formulationIi for a
with a continuously renewed stream of liquid droplets, and the Single droplet is expressed&s
disappearance of the species from the gas-phase is monitored.
The measured loss of gas-phase molecules can be interpreted 1 _0.75+0.283Kn
in terms of a phenomenological description of ghguid e Kn(1+ Kn)
interactions. First, the gas-phase molecule is transported to the .
liquid surface, usually by gas-phase diffusion. The subsequentWhere the Knudsen number ka 24/d, 2 (cm) = 3D¢/C is the
entry of the species into the liquid is governed by the mass 9as-phase mean free path(cm) is the droplet diameter, and
accommodation coefficienty, which is the probability that a D (C? ™) is the gas-phase diffusion coefficient. In a train of
molecule striking a liquid surface enters into the bulk liquid MoVving droplets, the FuchsSutugin expression is modified by
phase. Mass accommodation can be thought of as a two-step>€tting
process involving surface adsorption followed by a competition
between desorption and solvatitiOther possible steps in the
gas-liquid interaction include reaction at the surface, reaction . . . e
in the bulk liquid, and diffusion back to the surface followed wheredo (cm) is the diameter of the droplet forming orifice.

by re-evaporation. Each of these steps can be probed by varyind\IOte th_at the effective KnL_ste_n number_ defined by eq 5 fo_r
the conditions of the droplet train flow reactor experiment. calculating the gas-phase diffusion correction in the droplet train

In the absence of surface reactions. the mass accommodatio experiments depends on the orifice diameter and not on the
- . urtac lons, 5 'OQjiameter of the droplets. Equation 5 for the effective Knudsen
coefficient limits the maximum fluxJ (molecules cm? s71),

f into a liquid number was determined empirically from droplet train flow
ot gas Into a fiqu reactor experiments over a wide range of Knudsen numbers,
- gas mixtures, and uptake coefficieAtsRecent theoretical

4

@)

The parameteF g takes into account the effect of gas-phase
diffusion on the uptake. In this formulationg is the density of

Gas—Liquid Interactions

(4)

Kn = A/d, (5)

J=-- 1) calculations of gas-phase diffusion in a droplet train flow reactor
by Morita et al?® support the conclusion that the effective
Knudsen number depends on the orifice diameter rather than
Here,ng (molecules cm?3) is the molecular density of the gas  the droplet diameter.
molecules, anc (cm s1) is the average thermal speed. If The parametep, accounts for the effects on the gas uptake
reactions occur at the ga$quid interface, then the flux of  of the mass accommodation coefficient, Henry’s law solubility,
species disappearing from the gas phase may exceed that giveand liquid-phase or surface reactions, if any. In the absence of
by eq 1. The flux cannot exceed the collision rate mgE)/4. chemical reactions, a simple approximate expressiory§as
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Figure 1. Schematic of the droplet train flow reactor.

obtained by decoupling the mass accommodati@n,and
solubility limitation processes

1.1, 1 ©)

Yo B a I‘sat

The termI'sy takes into account re-evaporation of trace gas

molecules that have entered the bulk liquid phase (I'ew
represents the effect of gas/liquid partitionindg)a: can be
approximated by the expressf6i’

1_ ¢t [at
T 8RTH\/D7 )

Here, Dy (cn? s71) is the liquid-phase diffusion coefficient of
the trace gas species in the droplefs) is the gasliquid
interaction time,R (L atm K= mol~1) is the gas constant,
T (K) is the gas-phase temperature, dtdM atm™1) is the

Henry’s law constant. Note th&t,measures the extent to which
the gas-phase species is out of equilibrium with the liquid. As

equilibrium is approached;s,; approaches 0.

Experimental Description

In the droplet train flow reactor shown in Figure?%28

Li et al.

or 1-octanol vapor at a partial pressure in equilibrium with the
liquid droplets. Careful matching of the water or 1-octanol vapor
with the equilibrium vapor pressure of the droplets ensures that
condensation or evaporation does not change the temperature
or size of the droplets.

The trace gas is introduced through one of three loop injectors
located along the flow tube. By selecting the gas inlet port and
the droplet velocity, the gasdroplet interaction time can be
varied between about 3 and 15 ms. The flow tube wall is heated
to 323 K to prevent condensation on the walls and thus improve
the stability of the experiment.

The velocity of the liquid droplets is determined by the orifice
diameter and the pressure of the gas that forces the liquid
through the orifice and is in the range +2.0 m s1. The
uniformity of the droplets and the droplet velocity along the
flow tube are monitored by passing cylindrically focused-He
Ne laser beams through the droplet train at three heights along
the flow tube (only one laser beam is shown in Figures®1).
The droplet velocity along the flow tube is measured to be
constant to within 3%. Note that these droplets are large enough
(>2.0 x 10* min diameter) that their curvature has a negligible
effect on the equilibrium vapor pressure.

Uptake coefficients are measured by switching the droplet
generating frequency and thus the surface area of the droplets.
A measured decrease in the trace gas concentration resulting
from an increase in the exposed droplet surface area corresponds
to uptake of the gas by the increased droplet surface area. The
density of the trace gas is monitored with a quadrupole mass
spectrometer. The-& fluorotelomer alcohol concentration was
monitored at m/z 95, corresponding to theFgH," fragment
ion.

The uptake coefficient(nead as defined by eq 2 is calculated
from the measured change in trace gas signal vial@é8

Vmeas— TAA né

Here,Fq (cm® s71) is the carrier-gas volume flow rate-{00

to 500 cnt s~1) through the system\A (cn?) = A; — A is the
change in the total droplet surface area in contact with the trace
gas, anchg (molecules cm?) and ny (molecules cm?®) are the
trace gas densities at the outlet of the flow tube after exposure
to droplets of area$, and A, respectively.

To minimize the effect of gas-phase diffusion, uptake is

usually measured at the lowest possible overall gas pressure in

heterogeneous uptake is measured by exposing a trace gathe flow tube. The minimum operating pressure for this
species to a fast-moving, monodisperse, spatially collimated train experiment was 3.5 Torr (467 Pa), where the operating pressure
of liquid droplets. The droplet train is produced by forcing the is the sum of the partial pressures of the carrier gas, the added
liquid, distilled water or 1-octanol in these experiments, through vapor corresponding to the equilibrium vapor pressure of the
a 70um-diameter platinum electron microscope aperture sur- droplets, and the trace gas. The added 1-octanol vapor pressure
rounded by a donut-shaped piezoelectric ceramic. For a givenranged from 0.016 Torr (2.1 Pa) at 264 K to 0.21 Torr (28 Pa)
liquid flow rate (typically 167 m? s™1), the number of droplets  at 295 K. For the water droplet experiments, the added water
produced per second and their diameter are determined by thevapor ranged from 1.4 Torr (187 Pa) at 257 K to 4.6 Torr (613
driving frequency applied to the piezoelectric ceramic. The Pa) at 273 K. The partial pressure of the BFTOH in the
driving frequency was switched between around 3 kHz and flow tube was typically 0.008 Torr (1 Pa or about-3 10*
around 30 kHz, generating droplets with diameters of 8.0  molecules cm?®) after dilution by the carrier gases. Experiments
104 m and 2.0x 10~* m, respectively. The liquid was cooled were also conducted as a function of Knudsen number, Kn, by
to the desired temperature before entering the vibrating orifice. increasing the partial pressure of the He carrier gas or by using
The droplet train passes through a 30-cm-long, 1.4-cm-inner- Ar as the carrier gas.
diameter, longitudinal low-pressure (3:85 Torr or 4672000 The overall pressure balance in the flow tube was checked
Pa) flow reactor that contains the trace gas species, in this caseby monitoring simultaneously both the trace species studied and
8—2 FTOH, at a concentration of approximately>2 10 the concentration of an inert reference trace gas, in this case,
molecules cm®. The trace gas is entrained in a carrier gas Xe, that is effectively insoluble in the liquid droplets. Any
mixture consisting of an inert gas (usually helium) and water change in the reference gas concentration with droplet switching
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Figure 2. Measured uptake coefficient for- FTOH on water as a
function of gas-droplet contact time. Data at four different droplet
temperatures are averaged together.

determines the “zero” of the system and was subtracted from
observed changes in trace gas concentration. In the present 4

experiments, this correction was less than 5%.

We tested for wall loss by turning off the droplet generation
system and injecting the-8 FTOH through each of the three
loop injectors. If 8-2 FTOH is lost to the walls of the flow
tube, this would be evident as a decrease #28FTOH
concentration with increasing exposure time to the walls. No
change in the 82 FTOH concentration was observed. There-
fore, wall loss in this experiment is negligible, and no correction

for wall loss has been applied to the measured uptake coef-

ficients.

The 8-2 FTOH was obtained from E. I. du Pont de Nemours
Co. (Wilmington, DE) and used as provided. The 1-octanol
(reagent grade) was obtained from Aldrich (Milwaukee, WI)
and used without further purification. The water was treated
with a Millipore (Billerica, MA) filter system (Milli-DI, >1
MQ cm) before use.

Results and Analysis

Uptake on Water Droplets. Figure 2 shows the measured
uptake coefficient for 82 FTOH on water as a function of
gas-droplet contact time. The uptake coefficient is zero within
the error of the measurement@.01 at contact times 10 ms)

J. Phys. Chem. A, Vol. 110, No. 21, 2008317
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Figure 3. Plot of In(n/ny) vs CAA/4F, for 8~2 FTOH uptake on

1-octanol droplets at 268 K. Solid line is the least-squares fit to the
data. Slope of the solid line igneas= 0.075+ 0.003 (see eq 8).
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Figure 4. Uptake coefficient,ymeas as a function of Kn for FTOH
uptake on 1-octanol droplets at 264 K. The line is calculated from eq
3, using egs 4 and 5 to calculatd 3.

systematic offset in the data. For the rest of the dgtRasis
determined from the slope with the intercept fixed at zero.

As shown in eq 3ymeasincludes a contribution from the gas-
phase diffusion limitation on the uptake. The gas-phase diffusion
contribution, I, is calculated using eq 4 with Kn defined by
eq 5 for the moving droplets in the droplet train flow reactor.
The gas-phase diffusion coefficiemy, for 8—2 FTOH in He

and is independent of droplet temperature. Data collected at fourwas estimated to be 0.135 atm&sn' at 298 K using the Fuller
different droplet temperatures between 256 and 273 K are et al. method described in Reid et?&lThe temperature of the

averaged together in Figure 2. The concentration-e2 &TOH
was varied over 1 order of magnitude with no effect on the
uptake coefficient. The error bars are derived from multiple

gas for theDy calculation was assumed to be the average
between the wall temperature (323 K) and the droplet surface
temperaturé® The temperature dependencedgfwas assumed

measurements (at least three) under the same conditions. Notéo be T'7.2? Because the experiments were done at a relatively
that the error bars are larger at shorter contact times, because i_lOW pressure of He, the gas-phase _d|ffu_3|on correctiong(fy
takes some time for laminar flow to redevelop after the trace is small. For example, for the data in Figure 3yrldas= 13.3

gas is injected through the loop injector into the carrier gas flow.

and 14z = 1.1, less than a 10% correction. The resultjing

At the shortest contact times, the flow disruption introduces a = 0.082.

larger, random error into the gadroplet contact conditions.
Uptake on 1-Octanol Droplets. Figure 3 shows typical
experimental data for the uptake of-8 FTOH on 1-octanol
droplets at 268 K plotted as Im{n) vs CAA/4F,. The value of
CAA/4F4 was changed by varying the gas flow rate. Each point

To further test the effect of the gas-phase diffusion limitation
on the uptake measurements, we performed experiments as a
function of Kn by varying the total pressure in the flow tube
and by using Ar as the carrier gas. The gas-phase diffusion
coefficient for 8-2 FTOH in Ar was estimated to be 0.035 atm

in Figure 3 is an average over ten changes in surface area, anadn? s™! at 298 K2° Figure 4 showg/measas a function of Kn

the error bars represent one standard deviation ing/in.
The slope of the least-squares fit through the points givess
as shown in eq 8. For this set of dajgheas= 0.075+ 0.003,

for FTOH uptake on 1-octanol droplets at 264 K. The line is
calculated from eq 3, using egs 4 and 5 to calculal@;i/and
provides a good fit to the experimental data withas the only

where the error bar is derived from the least-squares fit and theadjustable parameter. The asymptote at large Kn,ise., the

error on each point. The intercept (0.00850.003) is slightly
nonzero but is within the error bar of zero, indicating no

uptake coefficient in the absence of gas-phase diffusion limita-
tions.
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Figure 5. Uptake coefficient;yo, for 8—=2 FTOH on 1-octanol as a
function of gas-droplet contact time at 264 K (solid squares). The
solid line shows the time-independent average valueder 0.103+
0.009. The dashed line shows a fit with eq 6, using eq Ttar
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Figure 5 showsy, for 8—2 FTOH uptake on 1-octanol at
264 K as a function of contact time between the gas-phase
species and the droplets. The contact time is varied by injecting
the trace gas through the three different loop injectors located
along the flow tube (see Figure 1). Within the error bars on the
data points,yo is independent of contact time as shown with
the solid horizontal line. The lack of a time dependence indicates
that 1I's4:in eq 6 is small compared tod/and the uptake is
not limited by Henry’s law solubility. In this casep = a.

We can estimate a lower limit for the Henry’s law solubility
by fitting the data with eq 6, using eq 7 fbka: The fit is shown
with the dashed line in Figure 5 and gives a value of 13 M
atn! cm s Y2 for the fit parameteHD,Y2 However, because
the data points are fit equally well (within their error bars) with
no time dependence (solid line), this is a lower limit FD,1/2
In other words, ifHD\¥2 were larger, the change in the data
points with time would be greater than their error bars. We can
estimateD; ~ 2 x 10 7cm? s 1 for 8—2 FTOH in 1-octanol at
264 K using the Scheibel correlation method discussed in Reid
et al.?? yielding a lower limit of 3 x 10* M atm™! for the
Henry’'s law solubility in 1-octanol.

Li et al.
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Figure 6. Mass accommodation coefficients, for 8—2 FTOH on
1-octanol as a function of temperature. The solid line is a fit to the
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TABLE 1: Mass Accommodation Coefficients for 8-2
FTOH on 1-octanol as a Function of Temperature (data in
Figure 6)

temperature mass accommodation coefficient
(K) (o)
264 0.103+ 0.009
268 0.082+ 0.006
277 0.069+ 0.008
284 0.052+ 0.008
295 0.034+ 0.005

the observation of no change in the uptake coefficient as a
function of 8-2 FTOH gas-phase density probably rules out

the contribution of surface reactions or the formation of surface
complexes to the measured uptake coefficient.

Discussion

Mass Accommodation.As shown in Figure 6, the mass
accommodation coefficients for-@ FTOH on 1-octanol have
a negative temperature dependence. A negative temperature
dependence for. was observed in previous uptake studies

No time dependence was observed for the uptake coefficientconducted with 40 hydrophilic gas-phase species on agueous

of 8—2 FTOH on 1-octanol at the five temperatures investigated
in this study. The measured uptake coefficients, corrected for

surfaces? as well as for HCI on ethylene glycol surfaé&and
HCI, acetic acidy-terpinenep-cymene, and 2-methyl-2-hexanol

gas-phase diffusion, are therefore equal to the mass accom®©n 1-octanol surface®:>As discussed in our previous publica-

modation coefficients and are plotted as a function of temper-
ature in Figure 6. The data are given in Table 1. The mass
accommodation coefficient exhibits a negative temperature
dependence similar to that observed previously for a wide variety
of gas-phase molecules on aqueous and organic sufate®

The uptake of 82 FTOH on 1-octanol droplets was studied
as a function of relative humidity at 264 K by adding water
vapor to the flow tube carrier gas. Previous experiments have

tions, the mass accommodation coefficient can be expressed

a 1
o _ @ _ E'X%_AGO!)S)
1-a kdes RT

wherekso andkgesare the rates of solvation and desorption for
the trace gas molecules interacting with the liquid surface,

9)

shown that the near-surface region of the droplets reachesrespectively. The paramet&Gops= AHgps — TASbsis derived

equilibrium with the gas-phase water vapor within the transit

from the postulated free energy diagram for the vapiguid

time between the droplet generation chamber and the flow tubeinterface described in detail in Nathanson etdh this free

where uptake is measurétiNo change in the uptake coefficient
was observed even at 100% relative humidity.

Experiments were performed with different gas-phase densi-
ties of the 8-2 FTOH ranging from 2< 10'* molecules cm?
to 8 x 10" molecules cm?. No change in the uptake coefficient
was observed. We estimate that the number o2 &TOH
molecules deposited in the maximum gakoplet contact time

(20 ms), assuming the largest measured uptake coefficient,

corresponds to between 2 and 8 monolayers—2 &TOH for

energy scheme, the trace gas molecule can be in the gas phase,
in a surface-bound state, or fully solvated in the liquid. There
is no barrier between the gas-phase state of the molecule and
the surface-bound state, while the barrier between the surface-
bound state and the fully solvated state is related to the formation
of critical clusters as described in the next paragraph.

Uptake studies on water surfaces led to the formulation of a
classical nucleation critical-cluster model for mass accommoda-
tion.31:35In the nucleation critical-cluster model, the surface of

the lowest and highest gas-phase densities, respectively. Thusthe liquid is envisioned as a sharp but finite transition region
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00— T T T T T T T T droplets. Furthermore, because estimated Henry’s law constants

1 in water are small for the FTOHSs of interest at atmospheric

& y-terpinene °
2F- | & p-cymene n temperature® the uptake of FTOHs on or into the aqueous
- | ® 82FTOH N=1 ] component of cloud/fog droplets or aqueous aerosol particles
4 Vv  2-methyl-2-hexanol a . likel b - heri ink f h
4 acetic acid is not likely to be an important atmospheric sink for these
] compounds.

7 In contrast, the larger uptake coefficient measured for

] 1-octanol surfaces indicates that FTOH partitioning to organic-
7 containing cloud/fog droplets and aerosol particles may be an
effective loss mechanism under some atmospheric conditions.

Cloud/fog droplets may have significant amounts of organic
| | | | | | materials that are accessible to low vapor pressure gaseous
45 40 35 30 25 20 45 40 5 0 molecules, as evidenced by the measurements of Glotfelty et

AS (cal mol™" K™ a:.15vt1.6.that fourlld ae(;aﬂvflil mtsoluble ?r%gnlctpesttlc?hes andd
asticizers in cloud droplets at concentrations tens to thousands

Figure 7. Experimental and calculated values/Miflons and ASys for P P

mass accommodation on 1-octanol surfaces. Symbols: (solid circle) of times hlg_her th_an thelr Water Henry's la.lw solubility values
8—2 FTOH, this work; (open diamond)-terpinene; (open triangle)  Would predict. This will most likely occur if the fog droplets
p-cymene; (open inverse triangle) 2-methyl-2-hexanol; (open wedge) contain an organic phase that can host the excess organic species.
acetic acid; (crossed square) calculated valuesk,s and ASyps for It is now widely recognized that organic material originating
the indicated cluster size, from refs 27 and 34. from both natural and anthropogenic sources makes up a large
fraction of much of the fine atmospheric aero%cei® The
over several molecular diameters within which the density possibility that organic molecules adsorbed on the surface of
changes from liquid-phase to gas-phase values. This interfaceaqueous aerosol particles may influence heterogeneous chemical
is a dynamic region where small clusters or aggregates of processes has also been recogn#éfRecent measurements
molecules constituting the liquid (in this case, 1-octanol) are indicated that even continental sulfate aerosol particles may have
continually forming, falling apart, and re-forming. The driving  significant coatings of organic surfactaftsturthermore, by
force, as described by classical nucleation theory, is such thatysing a novel aerosol mass spectrometer developed and used
clusters smaller than a critical siz&") fall apart, whereas in our laboratories, we have shown that the organic fraction
clusters larger than the critical size serve as centers for furthertypically constitutes betweeH, and %3 of the nonrefractory
aggregation and grow in size until they merge into the adjacent (i.e., not graphitic soot or mineral matter) mass fractions of
bulk liquid. In this model, gas uptake proceeds via the growth aerosol particles with aerodynamic diameters belgum4243
of critical clusters. The incoming gas molecule, upon striking This is important because these “accumulation mode” particles
the surface, becomes a loosely bound surface species thatisually dominate the aerosol particle surface area and thus
participates in the surface nucleation process. If such a moleculecontrol atmospheric trace gas aerosol particle heterogeneous
becomes part of a critical-sized cluster, it will be incorporated processes.
into the bulk liquid via cluster growth. In this formulation, the The impact of organic material associated with cloud/fog
critical cluster corresponds to the transition state between thedroplets and aerosol particles on the atmospheric lifetimes of
surface-bound molecule and the fully solvated molecti@ps airborne FTOHs will vary with the levels of organic material
corresponds to the difference in Gibbs free energy between thefound in the atmosphere. Atmospheric models do not currently
critical cluster and the gas phase, since there is no barrier quantify accurately either the amounts or the chemical speciation
between the gas-phase state and the surface-bound state.  of aerosol or fog/cloud droplet organic materials or capture their
The solid line in Figure 6 shows a fit to the mass accom- complex heterogeneous kinetit'swhile the observed uptake
modation data using eq 9, yieldin§Hqps = —5.4 & 0.5 kcal of 8—2 FTOH on 1-octanol strongly suggests that uptake by
mol~t andAS;ys= —24.7+ 1.9 cal mof* K~% Figure 7 shows  condensed-phase airborne organic matter will reduce the
the value ofAHopsplotted versud\S,psfor mass accommodation  atmospheric lifetimes of FTOHs, especially in regions with high
of 8—2 FTOH on 1l-octanol as determined in this study along anthropogenic or biogenic organic emissions, the quantitative
with AHopsandASpsvalues for several other organic molecules  evaluation of this effect will require more sophisticated hetero-
on 1-octanok”3* AHons and ASyss values for over 40 trace gas  geneous chemistry models than those currently available. Since
species on water surfaces lie on a straight line, a result that hashe distribution of organic aerosol varies strongly with location
been successfully explained with the critical-cluster nucleation and time of year, and the degree to which uptake on 1-octanol
theory31-35The fact that the values dHonsandASypsfor uptake surfaces represents the uptake to typical organic aerosol particle
on 1-octanol lie on a straight line suggests that the nucleation surfaces is unknown, the potential effect of heterogeneous uptake
model of mass accommodation may also apply to uptake onof FTOHs on organic aerosol particles and the organic com-
1-octanol surfaces. The crossed squares show calculated valuegonent of cloud/fog droplets represents a significant uncertainty
of AHonsand ASys for uptake on 1-octanol for various cluster in our current knowledge of FTOH atmospheric fate.
sizes. (See ref 27 for the equations and details of the calcula-
tions.) The relative size dfi* represents the ease with which Acknowledgment. The authors dedicate this paper to David
an incoming gas molecule enters into the nucleation or ag- Golden to honor his pioneering role in the application of the
gregation process with molecules of the liquid at the interface. Knudsen cell technigue to the study of trace gas uptake kinetics
Molecules with the ability to form strong bonds with 1-octanol on liquid surfaces representative of atmospheric aerosol patrticles,
form critical clusters more easily and thus exhibit a smaiter and to recognize his many other contributions to physical
Atmospheric Implications. The small upper limit for the chemistry and its applications. L. R. Williams acknowledges
uptake of 82 FTOH on pure water indicates that, for and greatly appreciates mentoring by David Golden in the early
atmospherically relevant conditions, the molecules are not likely stages of her career. Funding for this work was provided by
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