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With use of a droplet train apparatus, the uptake by 1-octanol of gas-phaisene,y-terpinenep-cymene,

and 2-methyl-2-hexanol was measured as a function of relative humidity and temperatur@436iK).
1-Octanol was selected as a surrogate for hydrophobic oxygenated organic compounds found in tropospheric
aerosols. The mass accommodation coefficient®{ y-terpinenep-cymene, and 2-methyl-2-hexanol obtained
from these measurements exhibit negative temperature dependences. The upper and lowerwalu285f

and 290 K, respectively, are as follows: fpiterpinene 0.12 and 0.076; fprcymene 0.20 and 0.097; and

for 2-methyl-2-hexanol 0.25 and 0.11. The uptakexgbinene is solubility limited, yielding values for the
product HOY2 for a-pinene in 1-octanol{ = Henry’s law constan), = liquid-phase diffusion coefficient).

With use of estimated values B the Henry’s law constant is obtained asHn(M/atm) = —(6.59+ 1.16)

+ (3.80+ 0.31) x 10¥T. The presence of water vapor does not affect the uptake of the above organic
gas-phase species. Uptakes of the gas-phase species beng2ngsland HS were also studied and were
found to below the detection limit of the droplet apparatus. This implies that the uptake coefficient for these
species is less than 19for trace gas/liquid droplet interaction times up to k5102 s.

Introduction For our first organic liquid studies, we chose ethylene glycol
as a surrogate for hydrophilic organic compouhd¥e mea-
sured uptake of gas-phase HCl and HBr on a pure ethylene
glycol surface and on ethylene glyeolater mixture surfaces

as a function of water mole fraction (0 to 1) under ligtid

Tropospheric aerosol particles were initially envisioned as
consisting mainly of inorganic salts, soot, and/or minerals.
Recent field studies have shown that their composition is far

more complex. It is now clear that organic compounds are I - . .
abundant in many regions of the troposphere and represent avapor equilibrium conditions. The uptake studies yielded mass

significant mass fraction of tropospheric particles. For example, 2ccommodation and thermal accommodation coefficients, and

over the continental USA the mass percentage of organic provided mformatlo_n about th(_a nature_ qf hydrophilic organic

compounds in aerosols is often in the range of-20% for surfaces as a function of relative humidity.

particles less than 2,0m in diametei2 In the present study, 1-octanol was selected as a surrogate
Organic aerosols, as do other aerosols, directly affect the for hydrophobic oxygenated organic compounds. Octanol was

atmospheric radiative budget and are expected to play anchosen as a surrogate compound for several reasons. While

important role in the chemistry of the atmosph&feurther, octanol is not a significant component of atmospheric particles,
hydrophilic organic aerosols can serve as cloud condensationit shares properties with some organic compounds found in such
nuclei, often as effectively as inorganic sulfate aero$éksnd aerosols. Like octanol, the alcohols linalool and 4-terpineol, and

thus also indirectly affect the atmospheric radiative budget. caprylic and stearic acids are all polar and are only slightly
During the past decade, considerable phenomenological infor-gg|yple in water. Further, 1-octanol has been used as a model
mation has been gathered about inorganic aerosols. Howevergerasol compound in several experiments that studied aerosol
much about the formation, evolution, and important interactions 4ir and aerosetwater partitioning coefficients for volatile and

of organic aerg§ols remains unkno@vﬁ._ ) semivolatile organic compounds®® Finally, in experiments
The composition of organic aerosols is often highly complex, sych as ours, which require a significant amount of the liquid,

consisting of hundreds of compounds with a large fraction still ., is 5 factor.

unidentified2® To obtain basic information about the atmo- , o o

spheric behavior of organics, in the face of such complexity, Octanol is a hydrophobic, oily, low vapor pressure liquid.

one must study surrogate compounds representing classes ofYapor pressures at 273 _""”d 298 K are 0.005 a”‘_j 0.079 Torr,
Organic Species found in aeroséls_ reSpeCtlve|y.) The SO|ubI|Ity Of 1'0Ctan0| In water Is |0W (At
298 K the mole fraction solubility is 7.45% 1075.14) On the
T Current address: Atmospheric Sciences Research Center, State Uni-ot[her hand, the solubility of yvater n _O_CtanOI IS S!gn'f'cam'y
versity of New York, 251 Fuller Road, Albany, NY 12203. higher. At 298 K the mole fraction solubility of water is 0.275
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(The corresponding equilibrium water vapor pressure at that The challenge in experimental trace gas/liquid interaction studies
point is close to that of pure water.) is to design techniques to deconvolute the processes involved

With use of a droplet train apparatus, two sets of uptake in the overall gas uptake, allowing the mass accommodation
studies were performed with 1-octanol. In the first set of studies, coefficient, and other fundamental parameters of interest, to be
reported in this article, uptakes of the organic gas-phase speciesletermined.
a-pinene,y-terpinene,p-cymene, and 2-methyl-2-hexanol by General solutions to the uptake flux equations (eq 2), which
1-octanol were measured as a function of relative humidity include the coupled effects of gas-phase diffusion, mass
(R.H.) and temperature (26293 K). With the exception of = accommodation, Henry’s law solubility, and chemical reactions
2-methyl-2-hexanol, these are monoterpenes emitted into the(if any), are not available. However, solutions under various
atmosphere by various evergreen tr&es8 In a fir forest, the restricted conditions have been presented in the literddife.
atmospheric concentration of monoterpenes was observed to bén the basis of the available analytical solutions, approximate
as high as 2.9 ppb¥.The oxidative products of these molecules expressions for gas uptake have been formulated in which the
are important components of organic aerosols. The moleculevarious processes are decoupled.
2-methyl-2-hexanol was added to the study as a convenient As noted above the first process to occur is gas-phase
surrogate for biogenic alcohols, such as 2-methyl-3-buten-2-ol transport of the trace species to the gas/liquid interface. To our
(MBO),2° (32)-hexenok! and n-hexanoP? which are also knowledge, gas-phase diffusive transport of a trace gas to a train
emitted by evergreens and certain types of oak. of moving droplets, as used in many of our experiménta!

In the second set of studies, the uptake coefficients of gas-has not been treated analytically. In fact, gas-phase diffusive
phase HCI, HBr, HI, and acetic acid were measured to probe transport even to a single stationary droplet does not lend itself
the nature of hydrophobic organic surfaces as a function of to a straightforward analytical solution over the range of
relative humidity and temperature. While the measured uptake Knudsen numbers covering the continuum and transition flow
of the organic gas-phase species is in accord with expectationsyegimes. However, an empirical formulation of diffusive
the observed uptake of the gas-phase acids, as is described itransport to a stationary droplet developed by Fuchs and

the following companion article, is quite surprising. Sutugir¥? has been shown to be in good agreement with
- . experimental daté
Gas-Liquid Interactions The Fuchs-Sutugin formulation can be written as a resistance

In the droplet train apparatus, described in the following equation that decouples gas diffusion and interfacial pro-
section, a gas-phase species interacts with liquid droplets andcesse$4-36 such that
the disappearance of that species from the gas phase is
monitored. A phenomenological description of the entry of gases 1 _ 1 .1 3)
into liquids is straightforward. First, the gas-phase molecule is Ymeas Lait Vo
transported to the liquid surface, usually by gas-phase diffusion.
The initial entry of the species into the liquid is governed by Here the parametdryis takes into account the effect of gas-

the mass accommodation coefficieat, phase diffusion on the uptake, apglis the uptake coefficient
In the absence of surface reactions, the mass accommodatiorn the limit of “zero pressure”, i.e., in the absence of any gas-
coefficient determines the maximum fluk,of gas into a liquid, phase diffusion limitation. In the FuchSutugin formulation
which is given by: for a stationary droplet i is
. nyCat 1 1 _ 0.75+ 0.283Kn )
=i @ Tar  Kn(1+ Kn)

Hereng is the density of the gas molecules of interest arsl Here, Kn is the Knudsen number defined dg¢d2 wherei is
their average thermal speed. If reactions occur at the lgggd the gas-phase mean free palhs the diameter of the particle,

interface, then the flux of species disappearing from the gas andDy is the gas-phase diffusion coefficient of the species. The
phase may exceed that given by eq 1. Of course, the flux cannotmean free path is here expressedias 3Dy/C.
exceed the collision rateC)/4. An extensive set of experiments reviewed by Worsnop & al.
In a laboratory experiment, gas uptake by the liquid is usually has shown that with a simple modification, the FueBsitugin
limited by gas-phase diffusion and, in the absence of rapid formulation also provides a good representation of diffusive
surface and/or liquid-phase reactions, can also be limited by transport to a train of closely spaced moving droplets. In the
solubility constraints as the species in the liquid approaches modified expressiond in the definition of Kn is replaced by
Henry's law saturation. In the latter process, some of the an effective diameter for the diffusive proceds,given byds
molecules that enter the liquid evaporate back into the gas phase= (2.0+ 0.1)d,, whered, is the diameter of the droplet-forming
due to the limited solubility of the species. As expected, this orifice. The principal features of the diffusive transport model
effect increases with gadiquid interaction time. At equilibrium, as used in our work have been recently derived theoretically
the liquid is saturated and the flux of molecules into the liquid by Sugiyama et &’ and Morita et aP8
is equal to the rate of desorption of these molecules out of the  The parametey, accounts for the effects on the gas uptake
liquid. The net uptake is then zero. Chemical reactions of the of the mass accommodation coefficient, Henry’s law solubility,
solvated species in the bulk liquid can provide a sink for the and liquid and surface reactions, if any. Because of solubility
species, reducing the effect of saturation, and this increases thaimitations, ymeasis, in general, a function of the gasiquid
species uptake from the gas phase. In experiments subject tdnteraction time.

these effects, the measured flj {nto a surface is expressed It is possible to obtain a simple approximate expression for
in terms of a measured uptake coefficieptheas as: yo by de-coupling from each other the effects of mass accom-
B modation and solubility. In such a simplified representation, the
J= NGCY meas ) uptake coefficientl'sy: takes into account the effects on the
4 uptake of Henry's law solubili§? (see note, ref 39). In the
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) Droplet Generation Chamber through one of three loop injectors located along the flow tube.
Helium and __ . . .
Liquid Vapor By selecting the gas inlet port and the droplet velocity, the-gas
droplet interaction time can be varied between about 2 and 15

ms.
I Depending on the frequency of orifice vibration and the liquid
g:;e ! flow rate, the 70- and 3pm-diameter orifices used in this study
« e : generate droplets cl)f diamelterfin the ranfge of-1300 and 66—f
Liquid 130um, respectively. Droplet formation frequencies range from
Manceeciammer I, Raservor 8 t0#48 ng. The l)jniforr%ity of the droplgts and the groplet
::g'; P;:Sé:;@ velocity along the flow tube are monitored by passing cylindri-
== | el _|r ? cally focused He-Ne laser beams through the droplet train at
Helimm.: =yl three heights along the flow tuB&The droplet velocity along
= H the flow tube is measured to be constant to within 3%. Note

that these droplets are large enough that their curvature has a
Ll negligible effect on the equilibrium vapor pressure.
Figure 1. Schematic of the droplet train flow reactor apparatus. A Th_e d;ﬁmeter:,tﬁn(fil he?ct()e t_he ﬁurfacg _areatof the cfjropr)ll_ets
description is found in the text. (Reprinted with permission from passing ,rouQ _e, ow tube s ¢ ang_e nas eF_’W'Se as |9n
Nathanson et al., 1996; Copyright 1996, American Chemical Society.) bY changing the driving frequency applied to the piezo ceramic
in contact with the droplet-forming orifice. The density of the
present studies, chemical reactions of the gas-phase species wittrace gas is monitored with a quadrupole mass spectrometer.
the liquid do not occur, and therefoyg can be expressed as, The uptake coefficienty(nead as defined by eq 2 is calculated
from the measured change in trace gas signal via ¥Here

1_1 1
vo o Ty ©) _ ﬁ In Ny )
Vmeas (—:AA n !
The parameteFs, is given by® 9
_ Fq is the carrier-gas volume flow rate-(00 to 500 cris™)
1 __c mt (6) through the systerhA = A; — A; is the change in the total
ey 8RT D, droplet surface area in contact with the trace gas, gnahd

) o o o ng are the trace gas densities at the outlet of the flow tube after
whereD,; is the liquid-phase diffusion coefficient of gas-phase exposure to droplets of ares and A, respectively.
molecules in the liquidt is the gas—liqL_Jid interaction timeR An important aspect of the experimental technique is the
is the gas constant (L atm/(K mol)], is temperature, anéh careful control of all the conditions within the apparatus,
(M atm™) is the Henry’s law constant. Note thBfxmeasures  ggpecially the 1-octanol vapor pressure in the droplet generation
the extent to which the gas-phase species is out of equilibrium champer and in the flow tube. Experiments with 1-octanol were
with the liquid. As equilibrium is approachelis, approaches performed between 263 and 293 K where the equilibrium
0. ) ) ~ 1-octanol vapor pressure varies from 0.0015 to 0.048 Torr

The above decoupled formalism leads to a resistor model in yepending on temperature. The liquid 1-octanol delivery lines
which 1k, is represented as an electrical circuit withul/  \yere cooled to the desired droplet temperature. The temperature
connected in series tolld The resistor circuit for the measured  of the droplets in the reaction zone is maintained by introducing
uptake (i.e. I/meas is then the series combination of k4 and a partial pressure of 1-octanol equal to the equilibrium vapor
1/yo as in eq 3° The separability of thg processes repre.sentecj pressure at the droplet temperattft&he required equilibrium
by these parameters has been verified by our experimental]_gctanol vapor is produced by bubbling helium gas through
results?>~293t the liquid 1-octanol in a temperature-controlled bubbler and
flowing the gas into the droplet generation region at the entrance
of the flow tube reactor.

In the droplet train apparatus shown in Figuré®1%a fast- To conduct gas uptake studies as a function of relative
moving monodisperse, spatially collimated train of droplets is humidity, a known amount of water vapor is introduced into
produced by forcing a liquid through a vibrating orifice located the droplet generation region at the entrance of the flow tube
in a separate chamber. In this experiment the liquid is 1-octanol reactor. Water vapor is produced by bubbling helium carrier
obtained at 99% stated purity from Sigma-Aldrich Inc. The gas through liquid water contained in a temperature-controlled
speed of the liquid droplets is in the range of 15@800 cm vessel. The helium in the flow tube is at a partial pressure
s 1 determined by the pressure of the gas that forces the liquid between 2 and 6 Torr, depending on experimental conditions.
through the orifice, and the orifice diameter. The droplet train  The equilibrium relationship between the water vapor pressure
is passed through-a30 cm long, 1.4 cm diameter, longitudinal  (Pn,0) and the liquid mole fraction of waterXf,o) in the
low-pressure (219 Torr) flow reactor that contains the trace 1-octanot-water solution was obtained from the work of
gas species, in this casepinene,y-terpinene p-cymene, or Apelblat! and Marcu&* as described in Appendix 1. From these
2-methyl-2-hexanol at a density betweex 20" and 3x 10* studies, we obtaifPy,o as a function ofXyo as displayed in
cm~3. The flow tube wall is heated to about 5Q to improve Figure 2. The equilibrium water vapor pressures for pure water
the stability of the experiment. However, the data are indepen- at 267, 273, and 283 K are 2.93, 4.58, and 9.21 Torr,
dent of wall temperature tested from 25 to 1T respectively, and are indicated by arrows in the figure.

The trace gas is entrained in a flowing mixture of an inert  In our first studies of the effect of relative humidity on gas
gas (usually helium) and 1-octanol vapor at equilibrium pressure uptake, droplets were formed from octanelater solutions at
with the liquid 1-octanol droplets. The trace gas is introduced a water concentration set to be in equilibrium with the water

Experimental Description
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Figure 2. Partial pressure of water vapd®{o, Torr) as a function of ~ Figure 3. Experimental data showing plots of f(ny) as a function
liquid-phase mole fraction of wateX,o) in the 1-octanctwater binary of CAA/4F, for y-terpinene 4) at droplet temperaturg; = 267 K and
system at 267, 273, and 283 K (see Appendix 1). for p-cymene M) and for 2-methyl-2-hexanolY) at Tq = 275 K. Solid

lines are the least-squares fit to the data. The slope of the linggsds

vapor in the flow tube in accord with the calculations in Terms are defined in the text.

Appendix 1 and Figure 2. Experiments with the organic vapors TABLE 1: Gas-Phase Diffusion Coefficients, [ (atm cm?
as well as with gas-phase acids (see the following article) s2), Estimated at 298 K

showed that the gas uptake is the same with droplets formed carrier gas

from pure octanol and exposed to water vapor or from

equilibrium octanotwater solutions. This indicates that the near trace gas He ko

surface region of the droplet reaches equilibrium with the water 2-methyl-2-hexanol 0.311 0.092
vapor during the transit time between the droplet-forming orifice g:‘g&ige ggﬁ 8'83?
and the first trace gas injector loop (about 10 ms). Because y-terpinene 0.211 0.081

experimental procedures are significantly simplified, most of
the relative humidity studies were performed with droplets was assumed to be the average between the wall temperature
initially formed of pure octanol. and the droplet surface temperature (see Worsnop“}. al.
Overall pressure balance in the flow tube was checked by The parametey, the uptake coefficient in the absence of
monitoring simultaneously both the trace species studied andgas-phase diffusion limitation, is then obtained via eq 3. To
the concentration of an inert reference gas, in this case Xe. Thisminimize the effect of gas-phase diffusion, uptake is usually
gas is effectively insoluble in the liquid droplets. Any change measured at the lowest overall gas pressure consistent with the
in the reference gas concentration with droplet switching required equilibrium vapor pressure of the droplets and the
determines the “zero” of the system and was subtracted from necessary inert carrier gas flow. However, in most of our studies
observed changes in trace gas concentration. In the presentve validate our treatment of gas-phase diffusive transport by

experiments this correction was always less than 5%. measuring trace gas uptake as a function of increasing inert gas
background pressure, and with different inert gases, significantly
Results and Analysis changing the Knudsen number. As noted, droplet-forming

orifices of two diameters were used (30 anduf), generating

As an example of experimental data, we show in Figure 3 a droplet diameters ranging from 60 to 3@@n. The uptake
plot of In(ng/ng’) at R.H.= 0 for y-terpinene (267 K)p-cymene  coefficientymeasfor y-terpinene at 276 K as a function of Kn
(275 K), and 2-methyl-2-hexanol (275 K) as a functiortav is shown in Figure 4. The solid line is a plot of eq 3 wilthg
4Fy. HereTAA/4F, was varied by changing the gas flow rate given by eq 4. As is evident, our formulation of gas-phase
and the droplet surface areAA). Each point in the figure is  diffusion provides a good fit to the experimental data. The
the average of at least 10 area change cycles and the error bargsymptote at large Kn, designatedyasis the uptake coefficient
represent one standard deviation from the mean in the experi-in the limit of “zero pressure”, i.e., in the absence of gas-phase
mental Infy/ng) value. As is evident from eq 7, the slope of diffusion limitation. (In the absence of solubility limitation or
the plots in Figure 3 yields the value pheas in this case with  surface reactiony, = a.) These gas-phase diffusion studies
a precision 0f+5%. These data yielfmeas= 0.103, 0.144, and  are in accord with previous experiments conducted with sulfuric
0.190 fory-terpinene (at 267 K)p-cymene, and 2-methyl-2-  acid and water droplef§:43
hexanol (at 275 K), respectively. The precision for these |n previous experiments with water and aqueous acid droplets
measurements is also indicated in the figure. Similar plots were we tested the validity of our formulation dfg over a wide
obtained for a wide range of experimental parameters, for which range of Kn valued? However, in those experiments we could
the uptake fraction,ng — ng')/ng varied from 3% to 50%. not simply add water vapor to test the effect of decreasing Kn,

The effect of gas-phase diffusion on the uptake is taken into because water vapor itself affects the uptake properties and the
account byTy calculated from eq 4. Here the gas-phase surface temperature of aqueous liquids. In the present uptake
diffusion coefficientDg4 (see Table 1 for numerical values) used studies on octanol, water vapor is simply an inert gas. In these
to calculate Kn is estimated by using the method described by studies;y, is in the range 0.20.2 and in the usual set up, with
Reid et al*2 The temperature of the gas for tbg calculation about 7 Torr of He as the carrier gas, Knl.2, and Wi is
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Figure 4. Uptake coefficientymeasas a function of Knudsen number

(Kn) for y-terpinene at 276 K. Open symbol data were obtained with

the 30um droplet-forming orifice; filled symbol data were obtained

with the 70um orifice. Data obtained with argon carrier gas are shown

0.01

as squares; data obtained with helium carrier gas are shown as circles. 2

The solid line is the best fit to the data via eq 3 withk given by eq
4.

0.8 T T T

0.6

0.4

(F di ff)meas

0.2

0.0 | | |
0.0 0.2 0.4 0.6

(rdiff)calc
Figure 5. The diffusion parameted ir)measObtained from measure-

ments as discussed in the text plotted ver$igg )cac Obtained from eq
4. See Table 2 for experimental parameters.

0.8

about 0.4. Under these conditions the correction for diffusive
transport is less than 10% [i.e:o(— Ymeag/yo]. Water vapor is
added and a measurelqf)measiS computed from L) meas
= 1/ymeas — 1lyo. The diffusion parameteitt)measiS then
plotted vs the value of the calculateBgf)caic Obtained from
eq 4. A combined plot fop-terpinenep-pinene, ang-cymene

Zhang et al.

TABLE 2: Values for the Relevant Parameters Related to
the Numbered Points in Figure 8

Plot PHQO
data (Torr) (Torr) Kn Yo Ymeas
1@ 29.2 31 0.030 0.10%0.017 0.03Gt 0.002
22 17.8 53 0.054 0.105%0.017 0.046t 0.003
3 118 4.3 0.166 0.116:0.013 0.07# 0.008
4p 6.1" 4.1 0.201 0.116£ 0.013 0.079t 0.005
5¢ 7.3 34 0.300 0.20%#0.022  0.145t 0.003
6° 9. 0.0 0.340 0.105:0.017 0.088t 0.002

aData points in Figure 5 are in the above order from left to right.
Key: a= y-terpinene; b= a-pinene; c= p-cymene; |= argon; ll=
helium.

0.25 T T T T T T T
0.20 - —
y-terpinene, T = 276 K

0.15 -
o0 % """ % % """" o B E
0.05 - —
0.00 | | | | | | |

0 2 4 6 8 10 12 14

Gas droplet contact time (ms)

Figure 6. Uptake coefficient, for y-terpinene as a function of gas
liquid contact time at droplet temperatufg= 276 K. R.H.= 0 (O);
R.H.=90% (5.10 Torr water vapor pressur@)( The dashed line is
the best straight-line fit to the data.

Therefore, fory-terpineney, = a. Likewise, the uptake is
independent of relative humidity (R.H.). Similar plots were
obtained at all other temperatures studied. The uptakes of
p-cymene and 2-methyl-2-hexanol are likewise time independent
of the scale of the experimental gd&uid interaction times.
The mass accommodation coefficients) (as a function of
temperature fop-terpinenep-cymene, and 2-methyl-2-hexanol
are shown in Figure 7 and the data are tabulated in Table 3.
The accuracy of these results, determined principally by
uncertainties in flow rate measurements, is estimated to be about
+15% as indicated in the table.

By contrast, the uptake coefficiemt for a-pinene is time
dependent as shown in Figure 8. Hexg at 273 K, is plotted
as a function of gasdroplet contact time. The uptake was
measured under three conditions: (1) pure octanol droplets R.H.
=0 (O); (2) initially pure octanol droplets R.H= 94% (4.10
Torr water vapor pressure®f; and (3) octanotwater solution

with argon and helium carrier gases is shown in Figure 5. Values droplets withXy,0 = 0.2 (liquid mole fraction of water) and
for the relevant parameters related to the numbered points incorresponding equilibrium water vapor pressure 3.99 Torr (R.H.
the figure are listed in Table 2. They include the partial pressures= 87%) @). As is evident, uptake af-pinene does not depend

of the carrier gases, Knyo, and ymeas The diameter of the
droplet-forming orifice in these experiments was . The
correlation betweenl{if)measand Caitt)calc iS 0.988.

In Figure 6,y values fory-terpinene on octanol at 276 K
are plotted as a function of gadroplet contact time at 0%

and 90% relative humidity, open and solid square symbols,

respectively (at 90% R.H. water vapor pressaré.l Torr).
As is evident, on the scale of the experimental gaguid
interaction times the uptake of gas-phaseerpinene is time
independent, that is, I, is negligible compared to &/

on relative humidity but is clearly a function of gadroplet
contact time indicating a solubility limited uptake. The solid
line in the figure is a plot ofl's5;as given by eq 6.

The coefficientdd andD, for a-pinene in eq 6 have not been
measured independently. Therefore, the prodit/2 was a
variable in the fitting of the experimental points. The best fit to
the data in Figure 8 at 273 K was obtained witD,12 = 1.32
M cm/(atm $4/3). Similar plots were obtained at the other
temperatures studied, yieldimtpD,22 = 1.65, 0.90, 0.65 M cm/
(atm $/9) at 263, 283, and 293 K, respectively.
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O 2-methyl-2-hexanol
A p-cymene
03 O  y-terpinene .

0.0 | ] |
260 270 280 290 300

T(K)
Figure 7. Mass accommodation coefficients)(for y-terpinene ©),
p-cymene Q), and 2-methyl-2-hexanod) on 1-octanol as a function

of temperature. Solid lines are obtained via eq 10 Wil,ps and ASyps
values listed in Table 3.

0.20

= 0.10
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Figure 8. Uptake coefficienty, for a-pinene as a function of gas
liquid contact time at droplet temperatufg= 273 K. The uptake was
measured under three conditions: (1) pure octanol dropletsR.®.
(0); (2) initially pure octanol droplets R.H= 94% (4.10 Torr water
vapor pressure)); and (3) octanctwater solution droplets with,0

= 0.2 (liquid mole fraction of water) and corresponding equilibrium
water vapor pressure 3.99 Torr (R.H.87%) @). The solid line is
the best fit to the data via eq 5, wilha given by eq 6.

TABLE 3: The Mass Accommodation Coefficients &) for
y-Terpinene, p-Cymene, and 2-Methyl-2-hexanol at the
Temperatures Shown Corresponding to Figure 7

T a
(K) y-terpinene p-cymene 2-methyl-2-hexanol
265 0.124+ 0.015
267 0.113+ 0.014 0.20 0.020
269 0.107+£ 0.012 0.168+ 0.021 0.246+ 0.028
273 0.097+ 0.012
275 0.103£ 0.015 0.165+ 0.022 0.22G£ 0.027
282 0.093f 0.011 0.135t 0.014 0.162+ 0.018
286 0.088+ 0.011
290 0.076+ 0.010 0.09A 0.016 0.112+ 0.013

While the diffusion coefficienD, of a-pinene in octanol has
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TABLE 4: Values of HD,\2, D}, and H for a-Pinene as a
Function of Temperature

T HD, Y2 D H
(K) (Mcmatnm!s1?) (cm?s™h (M atm™1)
263 1.65+ 0.09 3.95x 1077 (2.55+0.37)x 10°
273 1.32+ 0.10 6.46x 107  (1.644 0.27)x 1C®
283 0.90+ 0.60 1.01x 10°® (8.93+£1.39)x 17
293 0.65+ 0.11 1.53x 106 (5.21+ 1.39)x 102

is outlined in Appendix 2. With use of these values fyr the
Henry’s law coefficientdd were computed from the measured
values of HD/¥2 The measured values dfiD|¥? and the
computed values dd; andH are listed in Table 4. A best fit to
the H values in Table 4 yields the following expression for
(T in K).

In H (M/atm) = —(6.59+ 1.16)+ (3.80=+ 0.31) x 10%/T
(8)

Because solubility limitation dominates thepinene uptake,
our experiments do not yield an accurate value fortignene
mass accommodation coefficient. Only a lower limit éocan
be extracted from the uptake data. The uptake-pinene was
measured at four temperatures: 263, 273, 283, and 293 K. An
error analysis yields a lower limit af at these temperatures of
0.30, 0.25, 0.21, and 0.10, respectively. Howewecould be
as high as 1 at all temperatures studied.

Uptake of the gas-phase species benzep®, BG, and HS
was also studied and was found to be below the detection limit
of the droplet apparatus. This implies that the uptake coefficient,
ymeas fOr these species is less than-1dor trace gas/liquid
droplet interaction times up to 1.6 1072 s.

Discussion

Mass Accommodation.As is shown in Figure 7, the mass
accommodation coefficients fop-terpinene,p-cymene, and
2-methyl-2-hexanol show a negative temperature dependence.
A negative temperature dependencenofvas observed in our
previous uptake studies conducted with 30 or so hydrophilic
gas-phase species including alcohols, hydrogen peroxide, and
acetone on aqueous surfaééas well as HCI, HBr, DCI, and
H.O on ethylene glycol surfaceThese results are consistent
with the following formulation of mass accommodation that was
developed for the mass accommodation of gas molecules on
water.

Mass accommodation can be viewed as a two-step process
involving surface adsorption followed by a competition between
desorption and solvation as shown in egf-9*

l%ds ksol
NG NN 9

First, the gas molecule strikes the surface and is thermally
accommodated. It has been shown that at relatively low energies
the thermal accommodation coefficient is close to uffitsf
With this assumption, the adsorption rate constaki{js= t/4.

This adsorbed surface species then either enters the liquid (rate
constantksy) or desorbs (rate constakded from the surface.
Evaporation of the species out of the bulk liquid is taken into
account separately, via the teriisy in eq 6. The mass
accommodation coefficientd is then shown to ¢

exp(_AGsor/RT) _ F(AGobs

k
o Psol —
eXP(-AGRT) ) w

T K

not been measured, a value for this parameter can be calculated

from the Hayduk-Minhas correlatiort? The calculation method

The parameteAGops = AHops — TASpsiS the Gibbs energy of
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TABLE 5: AHgys and ASqps for p-Terpinene, p-Cymene, and Kaesorb Ksal
2-Methyl-2-hexanol — -
AHabs ASws i
(kcal mol%) (cal molFtK-1) N i
2-methyl-2-hexanol —(6.87+ 0.92) —(27.74+ 3.3) 15 AGos
p-cymene —(4.42+1.17)  —(19.5+4.2) 1.3 D

y-terpinene —(2.63+£ 0.34) —(13.9+1.2) 12 Vapor =3

the transition state between molecules in the gas phase and
molecules solvated in the liquid phase. The valuesAbiyps

and AS,ps can be obtained from the experimental results by
plotting In(@/(1 — a)) as a function of I. The slope of such

a plot is—AHgpdR and the intercept iAS,dR. The AHqpsand AGusp
ASypsvalues fory-terpinenep-cymene, and 2-methyl-2-hexanol
are listed in Table 5.

The functional form of AGgps depends on the theoretical
formulation of the uptake process. Therefore, the parameter m
AGgpsserves as a bridge between experiment and theory. Uptake ) ’ ’ ’ .
studies on water surfaces led to the formulation of a nucleation
critical cluster model for mass accommodation that successfully _. . - .

. . . .2 Figure 9. Postulated free energy diagram for the liquid vapor interface.
explained several featyres n_oted in our earh_er uptake studiesygie the change in reaction coordinateNit= N* (see text). The
on aqueous surfaces including the observation that a plot of experimentally measuretiGosscorresponds to the difference in energy
AHopsversusASysfor all the species studied exhibits a straight-  between the vapong) and surface transition state*(). NegativeAHops
line relationshipt*46 The AHqps and AS,ps values for the three  and ASys values imply that ther*s barrier is entropic in nature, with
molecules studied here likewise form a straight line with a slope the barrier height determined by the critical cluster si¥§.(The mass
about 30% higher than observed for the aqueous surfaces. Thigccommodation kinetics are controlled by the relative ratey@bn
observation suggests that the nucleation model of mass accom? nd ko (Reprinted with permission from Nathanson et al., 1996;

. . Copyright 1996, American Chemical Society.)
modation may also apply to the organic 1-octanol surface. As
will be seen, in keeping with the nucleation critical cluster model
of gas uptake, the difference in the water and octanol slopes isthat the uptake process involves primarily only two of the
simply due to the difference in the parameters determining the various interfacial configurations of the trace molecule; the most
energetics of nucleation. weakly interconnected species;, and the species within a

In the nucleation critical cluster model of mass accommoda- critical cluster, n%. The free energies with respect to the bulk
tion the gas-liquid surface is envisioned as a dynamic region liquid for these two species arkGs and AG*s. A postulated
where due to thermal fluctuations, small clusters or aggregatesfree energy diagram for the relevant species in the region
of liquid molecules are expected to be continually forming, between liquid and gas is shown in Figure 9 (reproduced with
falling apart, and re-forming. Therefore, the driving force is such permission from Nathanson et4l49).
that clusters smaller than a critical si2¢*) fall apart, whereas One has to be careful in interpreting the reaction coordinate
clusters larger than the critical size serve as centers for furtherin Figure 9. To the left of the sminimum, the reaction
condensation and grow in size until they merge into the adjacentcoordinate represents the distance between the trace gas
bulk liquid. In this model, gas uptake proceeds via such growth molecule and the interface. However, to the right of this
of critical clusters. The incoming gas molecule upon striking minimum, distance is no longer a well-defined quantity. The
the surface becomes a loosely bound surface specjethét trace molecule is now within the interface. We suggest that here
participates in the surface nucleation process. If such a moleculethe appropriate reaction coordinate is the number gideof
becomes part of a critical size cluster that grows, it will the aggregate containing the trace molecule. Thus at the n
invariably be incorporated into the bulk liquid via cluster minimumN = 1. AsN increases, the free energy first increases
growth 4446 and then, past the critical size (id.= N*), the free energy

In this model, the ease with which a molecule can be decreases and the cluster grows until it merges with the bulk
incorporated into bulk liquid depends on its ability to enter the liquid. In Figure 9,AGyps the experimentally measured free
nucleation or aggregation process with the molecules of the energy, corresponds to the difference betw&&),, andAG*s,
liquid at the interface. The critical cluster consists of a specific the free energies of the vaporg(rand the critical cluster (r,
number of moleculell*, which is the sum of the trace molecule  respectively. As shown in Figure 8Gyaps= [AGvap — AGg]
plus the additional number of molecules of the liquid substance is the free energy of the gas-phase specigswith respect to
required to form the critical cluster or aggregate leading to the surface speciesg.n
growth and subsequent uptake by the bulk liquid. This number  The model formulation of critical cluster nucleation invokes
N* required to form a critical cluster depends on the structure transition state theory to account for the barrier ag tifat
of the specific molecule undergoing the uptake process. controls observed accommodation kinetics. We note that, since

The incoming molecule, once adsorbed in the interface surfaceAHqpsandASyysare always both negative, the free energy barrier
region, can be found in various aggregate configurations. at n*sis entropic in nature. In the model formulation, formation
However, since the gas-phase species under consideratiorof the critical cluster is always favored enthalpically; the
consists primarily of monomers, detailed balance considerationsnegative entropic term reflects dissolution of the vapor into
lead to the conclusion that molecules of the species leave theliquid, with a large contribution due to the surface tension of
interface primarily as monomers via the breakage of an small clusters. Note that the kinetics within the interface,
interfacial bond associated with the most weakly bound un- represented by the diagram in Figure 9, serves as a bridge
aggregated species, Mherefore, it seems reasonable to assume between the vapor and the liquid phases. Interfacial transport,

Liquid
N=1 N=N" N=very large
DISTANCE <— —— CLUSTER SIZE
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characterized by, is distinct from bulk phase transport that is 0 Fr T T T T T T T T T T T T T T T T T AT
controlled by solubility and diffusion.

ASpps= (N* — 1)[AS +

RIN(PMRT)] + (N*22 — 1)

3v, | -10
4SN,, N | ASaps
V,

In our previous work we presented a quantitative formulation 2 _ ® y-terpinene N* = 1
for the nucleation criticatcluster model of mass accommoda- £ | ® pcymene

tion, using simple nucleation theory. The formulation yielded 3 : ié’zgzhg"c‘fj‘he"ano'
expressions foAHqps and ASy,s asH*46 4E
° E
AH o= (N* — 1)AH, + E oF
%213 3V \? E - 2
(N** = 1)[ 47EN,, —4”NAV — AH,5ps (11) T f
< 8F

vl bt bt bt bt b iy

(12) -12
Eoodoaaa byt o bav s te s by vt e sty
The parameterdH. and A& are related to the free energy of -40 -30 -20 -10 0
condensation for the liquid under consideration, in this case A S (cal/mol/K)

octanol AG. = AH. — TAS). That is,AG; is the free energy Figure 10. Experimental and calculated values &Hqps and ASyps

of transferring a mole of gas-phase octanol into liquid octanol y-terpinene (solid circle)p-cymene (solid square); 2-methyl-2-hexanol
without volume change rather than the usually tabulated standard(triangle); acetic acid (inverse triangle); cand alculations (crossed
free energy of condensation. The parametsirs andAS. are square). The dashed line in the figure is the calculaiBihs — ASs
only slightly temperature dependent and for octanol at@5 relationship for water.

they areAH. = —18 kcal/mol andAS; = —34 cal M1 K™%, TABLE 6: Calculated Values for AH s and AS,ps Obtained
tabulated in the paper by Ben-Naim and MartUsThe via Egs 13 and 14

parameter&s andS; are related to surface tensi@rexpressed AHobs ASps

asff = Es — TS. Surface tension for octanol as a function of N* (kcal molY) (cal molFt K™Y
temperature was obtained from data compilation by Daubert 1.0 18 9.2

and Dannef8yielding Es= 1.2 x 10 %cal cnT?2andS,= 1.9 15 —6.4 —26

x 1070 cal cnT2 K1, Formally, in classical nucleation theory, 2.0 -11 —45

the parametep in eq 12 is the vapor pressure of the nucleating 25 -17 —63

species in the region where the nucleation is occurring. In the ] ) ]

present application we reinterpreto make the expression in ~ We a@lso show in the figure experimental valuesAddops and

eq 12 meaningful at the gaiquid interface. Accordingly, here ~ ASwbs for acetic acid presented in the following companion
we regardp as an equivalent 1-octanol density € nRT) in article®® As is evident, the fo_rmulatlons foxHobsandA_SmS|_n _
the surface region where the incoming trace molecule collides €9S 13 and 14 for the organic gases as well as acetic acid are in
with the interface, and is adsorbed. To simplify the fitting @ccord with the measurements.

procedure we will use the same value foas was determined Clearly individual critical clusters must contain an integer

from fits to data for aqueous surfacddsie., p = 67 Torr, number of molecules. However, for a given trace molecule the
RIn(p/MRT) = — 15 for octanol. In our calculations we assume number of octanol molecules required to form a critical cluster
that AGyaps= 1 x AHc — fo x AST. (Note thatAGp is the (N* — 1) may depend on the orientation of the trace molecule
negative of the free energy of condensation, i&Gya, = with respect to the bulk liquid and its penetration into the

— AG) interfacial region. We interpret noninteged* values as

Equations 11 and 12 now contain two unknown parameters: 'épresenting an average number of molecules in a critical cluster
f, andf,. Our strategy is to obtain values flarandf, for selected or aggregate in the interfacial region. For example, in the case
values ofN* so as to provide a fit to the set of experimental Of 2-methyl-2-hexanol, where the measured valuestdfysand

data in Table 5. A good fit to the experimental data is obtained ASwsare best matched with* = 1.5, the critical-sized cluster
with f; = 0.10,f, = 0.27. With these and other previously ~consists of the molecule itself with either one or two octanol

discussed numerical values for the relevant parameters wemMolecules aggregated with it, depending on its position and

obtain, orientation within the interfacial region.
We expect that the number of octanol molecules required to
AH,, = —18(N\* — 1)+ 14 34\1*2/3_ 1) — form a critical cluster (with a given trace gas) will depend
obs "

L inversely on the attraction between the trace gas and octanol.
0.10x 18 (kcal M) (13) (That is, the trace gas that exerts the largest attractive force
23 will be associated with the smalleBF.) This expectation is
ASps= —34N* — 1) — I5(N* — 1)+ 22.7(\*"" — 1) — supported by the results show in Table 5. The molecular weights
0.27x 34 (cal MK ™) (14) of y-terpinenep-cymene, and 2-methyl-2-hexanol are 136, 134,
and 116, respectively, and the vapor pressures are 1.1, 1.5, and
Calculated values oAHqns and ASyps for selected values of 2.1 Torr at 298 K. The attractive forces exerted by organics on
N* are shown in Table 6. These values together with the each other are commonly proportional to molecular weight and
measurements are plotted in the Figure 10. The valuéétof  inversely proportional to vapor pressure. (We assume here that
for the organic gases studied are also shown in Table 5. Theself-attraction (determining the vapor pressure) is proportional
dashed line in the figure is the calculatéHops — ASops to the attraction of the molecule to octanol.) Tevalues in
relationship for watef#46 For the purpose of future discussion, Table 5 are ordered accordingly. That is, the molecule with
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the largest molecular weight and smallest vapor pressure ( studied in this work should utilize accurate values of the mass
terpinene) displays the lowebt. accommodation coefficient.

Finally we note that the quantitative formulation of the mass ) i
accommodation process yielding the values\éfin Table 6 Appendix 1: Partial Pressure of Water Over a
entails several assumptions and approximations. (This is dis-Vater—Octanol Solution
cussed in previous publicatiof$*9 Therefore, the values for As was mentioned in the text, water is partially soluble in
N* in the table are not to be considered as accurate representa-octanol. Here we present an expression relating the liquid mole
tions of the critical cluster size at the interface. Rather, the listing fraction of water in the 1-octanelwater solution to the

shows the relative ordering &* and it illustrates thatN* is equilibrium water vapor pressure. The water vapor pressure

relatively small. However, the actual critical cluster size could (Py,0) in equilibrium with the 1-octanetwater solution can

be significantly larger, say 4 or 5. be expressed in terms of the equilibrium vapor pressure of pure
Effect of Relative Humidity on Liquid Octanol. As was  water @}, ;) and the activity of water in the 1-octarelvater

pointed out, the mass accommodation coefficientsyfder- solution @,0) as

pinene, p-cymene, and 2-methyl-2-hexanol, as well as the

product HD|Y2 for a-pinene, are independent of water vapor Puo=Pho X a0 (Al1-1)

density (i.e. independent of the mole fraction of water in liquid

octanol). This is not surprising, because there is evidence that The water activity §,0) as a function of liquid mole fraction
neither the relevant surface nor the bulk properties are alteredof water (X,0) between 0.05 and 0.27 was measured at 298 K
significantly by the water content of octanol at levels present by Apelblat?! In this rangean,o increases from 0.28 to 1 and
in our experiments<0.2 mol fraction). First, we measured the its values can be fit (in this range only) to within 2% accuracy
surface tension of octanol at 298 K, as a function of mole by the expression

fraction of water. Within the experimental accuracy of the )
measurement~5%), the surface tension remained un-altered 8,0 = 6.17X, 5 — 9.13(;,0) (A1-2)

up to about 0.27 mol fraction of water (corresponding to a

saturated solution at 298 K). This result is consistent with the ~ The temperature dependenceagjo has not been measured.
experiments of Ishida et &% who measured the surface tension However, over the temperature range of the present stuligs,

of a lithium bromide aqueous solution as a function of added is not expected to deviate significantly from eq A1-2. (Typically,
1-octanol. They found that adding as little as 1ol fraction activity coefficients change by only a few percent for a 10-deg
of octanol to the solution reduced the surface tension from that change in temperatufé Combining eq A1-1 and eq A1-2, we
of pure water to that of pure octanol (72.8 dyn/cm to 27.5 dyn/ obtain (again in the range 6,0 = 0.05 to 0.27)

cm). These results indicate that the surface of octanalter ,

solutions consists predominantly of octanol molecules. Pio = Pho x [6.17X0 — 9.13K,0)1  (A1-3)

There is also evidence that the liquid-phase diffusion coef-
ficient of octanol D)), is not changed substantially by the Figure 2 in the text shows a plot of this equation at the three
addition of water. Model calculations of DeBolt et 5%l  temperatures of the present study.
performed at 40C show that that the addition of an equilibrium ) o - ) )
amount of water to octanol increases self-diffusion from (0.68 APPendix 2: Diffusion Coefficients of a-Pinene in
+0.01)x 105 cm? st to (0.70+ 0.01) x 105 cnRs L, an  L-Octanol
increase of only about 3%. The calculations are within abouta  The Hayduk-Minhas expression (eq A2-1) for the diffusion
factor of 2 of the measured valugs. coefficient in nonaqueous solutions is given by Reid eal.

While there is no direct information about the valuetbhs
a function of added water, the following considerations would
lead one to conclude that this parameter likewise remains
substantially unaltered. Dallas and Cérmeasured the free

energy of transfer for 11 alcohols into pure and water-saturatedWhereDI (cr?/s) is the mutual diffusion coefficient of soluge
octanol. They concluded that “the water is almost completely (here,a-pinene) in solvenb (here, 1-octanol)Vs is the molar
associatgd with 1-octanol and scarcely effects the properties of,,51ume of solvenb (1-octanol) at its normal boiling temperature
the media.” (Tp = 468.3 K). (HereVs = 191.3 cnd¥/mol.) , is the viscosity

Atmospheric Implications. Our measurements show that of solventb at temperaturd. The parameter®, (for solute)
hydrophobic organic gas-phase species have a relatively largeandPy, (for solvent) are expressed in terms of the molar volume
mass accommodation coefficient on octanol (at 278 I§ in V, (for solute, cnd/mol) andV, (for solvent, crdmol), and the
the range 0.£0.3). As was the case for aqueous liquids, here surface tensiow, (for solute, dyn/cm) andy, (for solute, dyn/
also the mass accommodation coefficient exhibits a negativecm) at the required temperatures, respectively, as,
temperature dependence. Even thouagis large, under some

.1 T pg-5°
D,=1.55x 10 °—— — —— (A2-1)
V%ZS 773.92 Pg.42

conditions it may still be the limiting factor in the growth of P,=Vo
octanol-like aerosols. As is evident from egs 3 and 5, the uptake
of highly soluble gas-phase species by aerosols is a function of P, = ngbl/“

the mass accommodatiom and gas-phase diffusion uptake

coefficients Cqir). The parameten limits the uptake rate when  Note thatVg andV, are not the same. The former is the molar
o < I'gr. At 1 atm, the diffusion uptake coefficienE'q) is volume at the boiling point and the latter is the molar volume
greater than 0.1 for particles smaller than 2r. Therefore at temperaturd. Values for required parameters that #ig

for aerosols of such size will affect uptake. Realistic modeling ~ Vy, on, Va, ando, were obtained from Daubert and Danf¥er
of aerosol/particle interactions with organic gases of the type and are listed in Table 7.
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TABLE 7: Values of Required Parameters for the
Calculation of Diffusion Coefficients of a-Pinene in
1-Octanol (Values Obtained from Daubert and Danner
(1989))

T b Vi Op Va 0Oa

(K) (cP)  (cm¥mol)  (dyn/cm) (cm®¥mol)  (dyn/cm)
263  32.77 153.5 29.93 154.2 30.06
273 20.24 154.8 29.12 155.5 29.11
283  13.07 156.1 28.32 156.8 28.18
293 8.78 157.5 27.51 158.2 27.24

Equation A2-1 is valid for low concentrations of solute. In
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(23) Sherwood, T. K.; Pigford, R. LAbsorption and Extraction2nd
ed.; McGraw-Hill: New York, 1952.

(24) Danckwerts, P. VGas-Liquid Reactions McGraw-Hill: New
York, 1970.

(25) Jayne, J. T.; Duan, S. X.; Davidovits, P.; Worsnop, D. R.; Zahniser,
M. S.; Kolb, C. E.J. Phys. Chem1991, 95, 6329.

(26) Duan, S. X.; Jayne, J. T.; Davidovits, P.; Worsnop, D. R.; Zahniser,
M. S.; Kolb, C. E.J. Phys. Chem1993 97, 2284.

(27) Hu, J.; Shorter, J. A.; Davidovits, P.; Worsnop, D. R.; Zahniser,
M. S.; Kolb, C. E.J. Phys. Chem1993 97, 11037.

(28) De Bruyn, W. J.; Shorter, J. A.; Davidovits, P.; Worsnop, D. R.;
Zahniser, M. S.; Kolb, C. EJ. Geophys. Red.994 99, 16927.

(29) Shi, Q.; Davidovits, P.; Jayne, J. T.; Worsnop, D. R.; Kolb, C. E.

the present experiments, the mole fraction of solute is on the J- Phys. Chem. A999 103 8812.

order of 104 The expression in eq A2-1 has been shown to be

accurate to about 1598.Calculated values for the diffusion
coefficients ofo-pinene in 1-octanol are listed in Table 3.
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