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Atmospheric particulate matter is a complex mixture
consisting of organic and inorganic chemicals. Their sources
include various combustion processes, aerosolized dusts
and soils, and chemical reactions which produce
secondary aerosols. The partitioning of semivolatile toxic
organic compounds (SOCs) between particulate matter
and the gas phase is strongly influenced by temperature,
water concentration, chemical composition of the par-
ticulate matter, and the organic fraction of the particulate
matter. Many investigations have recently suggested
that a considerable portion of the gas-particle (G/P)
partitioning in the ambient atmosphere takes place between
the liquid phase of organic aerosols and the surrounding
gas phase. It has been shown that the equilibrium G/P
partitioning constant, Kp, of an SOC partitioning to a given
particle’s liquid medium is inversely related to both the
activity coefficient iγom and its saturated subcooled liquid
vapor pressure, pL

o. Hence, in principal, the Kp of any
SOC can be estimated from its vapor pressure and activity
coefficient in a given liquid mixture. To calculate activity
coefficients of SOCs in the liquid phase of different types of
particles, semiempirical thermodynamic models based on
additive chemical functional group methods were used.
Outdoor chambers were used to generate G/P partitioning
data sets for a range of SOCs in the presence of particles
from wood and diesel combustion and secondary aerosols
from the reaction of R-pinene with ozone. The partitioning
SOCs ranged from nonpolar alkanes to polar organic acids.
Plots of log (iγomKp) vs log pL

o showed a vast improvement
over typical log Kp vs log pL

o plots. These results suggest
that equilibrium partitioning of many different types of
SOCs can be estimated in almost any organic layer of an
atmospheric aerosol.

Introduction
A simple relationship for the gas-particle partitioning of
semivolatile organic compounds (SOCs) as a functionof their
saturated vapor pressures was observed by Bidleman et al.
(1) and has received extensive treatment by Pankow and co-
workers (2-6). TheoriginalPankowmodel forahomologous
series of SOCsdistributedbetween theparticle andgasphases
defined an equilibrium constant, Kp, at a given temperature:

where F is the SOC particle-phase concentration in nano-
grams per cubic meter, A is the gas-phase concentration in
nanograms per cubicmeter,TSP is the concentration of total
suspended particulate matter in the atmosphere in micro-
grams per cubic meter, and pL

o is the subcooled liquid vapor
pressure of a semivolatile compound in millimeters of
mercury. From theory (2-6), the slope mr should be close
to -1 for a homologous series of compounds such as PAHs
oralkanes, andbr canbe regardedas an intercept asdescribed
by Pankow (2-6).

A mathematical description derived by Pankow in 1994
(5) for the partitioning of SOCs between the gas and the
particle phases (G/P) to the outer liquid organic layer of a
particle has the form of

whereT is temperature (K), fom is themass fraction of organic
material inparticulatematter,MWom is the averagemolecular
weightofagiven liquidmedium(g/mol), and iγom is theactivity
coefficient of a given organic compound, i, in a given organic
mixture. When the pL

o is inmillimeters ofmercury and R, the
gas constant, has units of 8.31 J K-1 mol-1, a conversion factor
of 7.501 is necessary. The activity coefficient thermodynami-
cally represents the nonideality of the SOC dissolved in the
liquid layerof the particle. The activity coefficients of a given
SOCvarywith the compositionof theorganic layerassociated
with the particulate matter. For the purpose of this work, a
new partitioning coefficient, Kp,γ, is defined as the product
of Kp for a given compound i and its activity coefficient iγom,
which is a unique function of the chemical composition of
the organic material in a given particle.

Equation 2 in its log form becomes

Although the equilibriumpartitioning constant oforganic
compounds in each medium includes an activity coefficient
term, linearity between log Kp and log pL

o has been observed
in the chamber studies for a homologous series of alkanes,
chlorinated organics, and PAHs in ambient air (1-7). This
occurs because the activity coefficients for each of the
compounds from a homologous series in the given aerosol
mixture may often be similar. However, if one looks at
compounds with different polarities and functional groups,
iγom will differ from compound to compound, and a direct
relationship which considers only log Kp and log pL

o dete-
riorates. Combining individual log Kp values with log iγom

(i.e., logKp,γ) should, however, improve the relationship with
log pL

o, but this necessitates a means for estimating the
activity coefficient for a given SOC in a given organic liquid
mixture.

In this study,wehave attempted to enhance thepredictive
capability for atmospheric equilibrium partitioning relation-
ships by calculating activity coefficients using group con-
tribution methods. The partitioning coefficients predicted
from thermodynamic model approaches were compared to
data obtained from outdoor smog chamber experiments. To
test the utility of these approaches, different types of realistic
aerosol systems (7, 8), which have different polarities and
liquidorganic layers,wereused, anda thermodynamicmodel* Corresponding author e-mail: kamens@unc.edu.

log Kp ) log[(F/TSP)/A] ) mr log pL
o + br (1)

Kp ) (7.501RTfom)/(109MWom
iγompL

o) (2)

Kp,γ ≡ iγom Kp (3)

log Kp,γ ) -log pL
o + log[(7.501RTfom)/(109MWom)] (4)
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forabsorptivepartitioningof SOCs onaerosolswas compared
to experimentally determined partitioning estimates.

Experimental Methods
Gas and particle SOC concentrations for this study were
created in large outdoor Teflon film chambers (7, 9, 10). All
experimentswere carriedout in thedark. Experimentsbegan
with the addition of different types of SOCs to the gas phase
of the chambers by volatilizing a “cocktail” of a liquid-solid
mixture of SOCs in a hot manifold at ∼200 °C (10). After
sampling the initial gas-phase SOCs, combustion particles
were added or secondary aerosols were created in the
chambers.

Wood smoke and internal combustiondiesel exhaustwere
used as sources for combustion particles. The reaction of
gas-phase R-pinene and ozone (O3) was used to generate
secondary aerosols. Experimental conditions are reported
in Table 1. Two 25 m3 chambers, designated as the east and
west chambers, were used for the diesel exhaust and wood
smoke particle experiments. A 1980 Mercedes Benz sedan
(model 300SD) engine was the source of diesel emissions,
andwood smokeparticleswere createdbyburningdry yellow
pine inanArrowcatalyticwood stoveoperated in the catalytic
bypass mode. To generate secondary aerosols, 0.58 ppm of
ozone was added to our 190 m3 chamber; this was followed
by the volatilization of 1 mL of liquid R-pinene into the
chamber atmosphere.

Gas- and particle-phase samples were simultaneously
collectedwith a sampling train that consisted of anupstream
5-channel annular denuder, followed by a 47 mm Teflon
coated glass fiber filter (typeT60A20, Pallflex ProductsCorp.,
Putnam, CT), which was followed by another denuder. The
detailed sampling techniques, workup procedures, and
quantitative analysis have been reported in previous studies
(7-11). Filters for combustion particle samples were ex-
tracted in soxhlet extractors with a 40:30:30 (v/v) solvent
mixture of hexane, acetone, and dichloromethane (DCM). A
50:50 hexane/DCM mixture was used to extract secondary
aerosols. After extraction, filters were dried at room tem-
perature and reweighed to estimate the mass fraction of
organic particulate matter, fom. Losses of filter fibers during
the extraction process were addressed by extracting blank
filters. This mass was typically less than 5% of the extracted
mass and was applied to the calculation of fom. Appreciable
particulate matter was not lost in the soxhlet extracts during
extraction, as evidenced by the lack of particles in the final
concentrated sample volume (100 µL) which was transferred
from the soxhlet receiving flasks. In addition, extraction of
0.5-1.5 mg of an aerosolized mineral dust, which has a very
low organic content, showed less than a 2% difference in the
filterparticlemassbothbeforeandafterextractionwithDCM.

Quantitative analysis was carried out with a Hewlett-
Packard 5890 gas chromatograph interfaced to an HP 5971A
mass selective detector (MSD) using a J&W 30 m DB-5 fused
silica column (7, 10). Identities were referenced to authentic
compoundsorcommercially available standards (7). Wehave
previously reported that the measurement precision in our
lab through the entire workup procedure with U.S. National
Institute of Standards andTechnologydiesel soot (SRM1650)
was generally at or below (12.5% ((1 relative sd) for PAHs
and (15% for NPAHs (7, 10).

Theory
Calculation of Activity Coefficients. The most promising
method forcalculatingactivity coefficients employs a concept
called the group contribution method. This technique takes
advantage ofmolecular structural information and has been
used to calculate thermodynamic quantities such as molar
volumes,Henry’s lawvalues, andoctanol-waterpartitioning
coefficients (12). Groupcontribution techniques structurally
subdivide compounds into functional groups. Assignments
associated with these functional groups are used to calculate
cohesive energies or interaction parameters, which, in turn,
are used to calculate the activity coefficient of the compound
(13, 14). This approach has been applied to coal and crude
oil systems, paint formulations and pesticides (15), and
biological andenvironmental systems (16-19). Twodifferent
group contribution methods were employed in this study.

Hansen’s Cohesive Energies and Solubility Parameters.
Group contribution techniques for calculating activity coef-
ficients all have the sameorigin; they startwith the freeenergy
ofmixing,which is given in termsof its enthalpic andentropic
contributions. The activity coefficient (iγj) is

where ijA is Hildebrand’s exchange cohesive energy density,
which is a quantitative measurement of the cohesive proper-
ties of a compound i in a medium j, iV is the molar volume
of compound i, and ijd is a combinational size effect term in
a binary system (20, 21). A quantitative measure of the
cohesive properties of a substance is the cohesive energy,
Ecoh, in joulespermole. Thecohesiveenergydensity isdefined
as ecoh ≡ Ecoh/iV in joules per cubic centimeter and is closely
related to the internal pressure, a quantity appearing in the
equation of state. The square root of the cohesive energy
density is called the solubility parameter, δ, where δ ≡ ecoh

1/2,
in (joules)1/2 per (centimeters)3/2, which equals (Ecoh/iV)1/2.
Solubility parameters are widely used for the correlation of
chemical/solvent interactions (22). The above parameters
arecalculated fromtheirmolarattractionconstants,FA,which
aredefined asEcoh

1/2/iV1/2. FA values are semiempirical values
for different functional groups and can be used as additive
quantities. For liquids of lowmolecularweight, the cohesive
energy,Ecoh, is closely related to themolarheatofevaporation,
∆Hvap, where Ecoh equals the internal cohesive energy, ∆Ucoh,
which equals, ∆Hvap - p∆V ≈ ∆Hvap - RT.

In 1967, Hansen (23) extended Hildelbrand’s original
theoryof the cohesive energy topolar andhydrogen-bonding
systems. Hansen’s original approach was developed for the
solubility of solvent-polymer systems (13). The group
contributionparametersdevelopedbyHansenandBeerbower
(13) were used in the present study. It was assumed that the
cohesive energy of a compound i could be divided into three
parts, corresponding to the three solubility components of
the interaction forces: dispersion (iδd), polar (iδp), and
hydrogen bonding (iδh) terms, where d, p, and h denote
dispersion, polar, and hydrogen bonding forces (24-26):

TABLE 1. Conditions for the Outdoor Smog Chamber Experiments
date particle source chambera (µg/m3) temp (K) RH (%) TSP (µg/m3) fom (%)

O ct. 25, 1995 d iese l 25 (W) 285.6 83 700 0.53
O ct. 25, 1995 w o o d 25 (E) 287.0 76 5070 0.98
A u g . 14, 1996 w o o d 25 (E) 295.2 88 3190 0.85
A u g . 5, 1996 R-p in e n e/O 3 re actio n 190 296.3 58 1420 1.00

a W a n d E d e n ote th e d esig n ate d w est a n d e ast ch a m b er.

ln iγj ) (iV/RT) ijA + ijd (5)

iEcoh )
iEd +

iEp +
iEh (6)

iδ2 ) iδd
2 + iδp

2 + iδh
2 (7)
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The solubility parameter, iδ, of compound i is then calculated
by

From compiled molar attraction constants, FA, for different
functional groups, it is possible to calculate the individual
solubility parameter components by

where k is a given functional group in an organic molecule,
i.

Hildebrand’s cohesive energy and Hansen’s group con-
tribution methods can be extended to a multicomponent
organic mixture. The van derWaals volume of the structural
units, which is bounded by the outer surface of a number of
interpenetrating spheres, is approximated by the sum of the
van der Waals volumes of the composing structural groups,
and these are also compiled in a group contribution table
(13). The solubility parameters of the organic matter of a
multicomponent mixture, omδ, then become

where ix is the mole fraction of SOC i, iV is the molar volume,
which is also calculated from an additive rule method (12),
and iφ is the volume fraction of a component i (∑iφ ) 1).

In an infinitely dilute solution, the volume fraction of
organicmatter, omφ, has a value of 1, and the resulting activity
coefficient, iγom, for a regular solution can be shown to be

where the (omδ - iδ)2 terms are measures of the interaction
energies and ib is a weighting factor based on dispersional
forces (27). When the entropic effects are included, iγom in
eq 17 becomes

TheUNIFACModel. UNIFAC, or the universal functional
groupactivity coefficientmodel, is oneof the commonlyused
thermodynamicmodels forpredicting activity coefficients of
nonelectrolytes in a liquid medium (28, 29). UNIFAC has a
combinational term that depends on the volume as well as
the surface area of each molecule and a residual term that
is fit to the experimental data. The residual term is related
to the energetic group interactionparameteramongdifferent
functional groups. The activity coefficient iγ is calculated
fromthe sumof thecombinational iγCand the residual activity
coefficient iγR terms:

Thecalculationprocedure for theUNIFACmodelhasbeen
extensively documented by many others (13, 28-30). Cur-
rentlyweareusingaFORTRANprogramwrittenbyPrausnitz’s
groupatUC-Berkeley (31)anda simplifiedmixture consisting
of four to six components to approximate an aerosol liquid
mixture. UNIFACdoesnotdistinguishbetween isomers (e.g.,
phenanthrene vs anthracene and fluoranthene vs pyrene).
UNIFAC also cannot compute proximity effects from in-
tramolecular geometry. Sandlerhas reported various results
for estimating activity coefficients using the UNIFAC model
(14).

Results and Discussion
Chemical Composition of Chamber Aerosols. From the
abovediscussion, it is apparent that thechemical composition
of the aerosol is of great importance in the calculation of
activity coefficients. Differences in composition can be
illustrated by comparing aerosols from wood and diesel
combustion and secondary aerosols. Wood smoke particles
contain highly polar oxygenated compounds such as sub-
stituted phenols, substituted aromatic acids, and substituted
aromatic aldehydes and ketones (32-35). Diesel soot, which
is composed of aliphatic hydrocarbons and long-chain
aliphatic acids, represents a nonpolar particle medium.
Approximately 70-95% (by mass) ofwood soot particles and
20-75% of diesel soot particles is extractable using organic
solvents (8, 9). Table 2 illustrates the compounds, mole
fractions, volume fractions, andmolarvolumesusedas inputs
to theHansenmodel forwood smoke and diesel combustion
particles. Speciation data reported by Rogge et al. (36, 37)
were used to create Table 2. For wood and diesel soot
particles, the compounds in Table 2 represent ∼20-30% of
the extractable particle mass. Implicit in the use of these
data is the assumption that these compounds represent the
entire distribution of compounds in the organic fraction, fom,
of the particle. It was also assumed that all of the organic
mass behaves as a liquid.

Monoterpenes are important organic compounds emitted
into the troposphere from vegetation. A very important
feature of monoterpene reactions is aerosol formation. The
major degradation pathways of monoterpenes in the atmo-
sphere are by reaction with ozone and by reaction with
hydroxyl radicals. Hull reported that products from the
reaction of R-pinene with O3 in the gas phase included
compounds such as cis-pinonaldehyde, cis-norpinonalde-
hyde, cis-pinonic acid, and norpinonic acid (38). The mole
fractions of the major aerosol products from the reaction of
R-pinene with O3 were constructed from Hull’s work and are
given in Table 3. Secondary aerosols from the R-pinene/O3

reaction are 100% extractable in methylene chloride and
consist almost entirely of organic compounds. At moderate
temperatures, this aerosol behaves as a viscous liquid.

Given the constraints of the UNIFAC model, the compo-
sition of wood and diesel soot aerosols were simplified to
mixtures of six components (Table 3). To calculate thewater
concentration in the particle organic medium, wCom, it was
assumed that the water uptake by the organic layer was
controlledbyHenry’s lawandwasproportional to the relative
humidity, RH. The theoretical wCom could then be estimated
using the UNIFAC-calculated activity coefficient of water,
wγom

∞, such that wCom ) RH/(100wγom Vom).
Predicted Activity Coefficients. To estimate activity

coefficients by theHansenmethod, it is necessary to calculate
the solubility parameters, omδd, omδp, and omδh, for the organic
phase of each of the different aerosol types. From the
compositions for wood and diesel aerosols (Table 2) and for
R-pinene/O3 secondaryaerosols (Table3), estimatedsolubility
parameters of organicmedia are given inTable 4. Weighting
factors for given compounds (ib values in eq 18) were taken
fromAshen et al. (27) and listed inTable 5. Table 6 compares
the resultant Hansen and UNIFAC activity coefficients for

iδ ) (iδd
2 + iδp

2 + iδh
2)1/2 (8)

iδd )∑Fd,k/
iV (9)

iδp ) (∑F2
p,k)

1/2/iV (10)

iδh ) (∑Eh,k/
iV)1/2 (11)

omδd )∑(ix∑Fd,k)/(∑ix iV) (12)

omδp ) [∑(ix∑Fp,k
2)]1/2/(∑ix iV) (13)

omδh ) [∑(ix∑Eh,k)/(∑ix iV)]1/2 (14)

iφ ) ix iV/(∑ix iV) (15)

∑ix iV ) Vom (16)

ln iγom ) iV[(omδd -
iδd)

2 + ib(omδp -
iδp)

2 + ib(omδh -
iδh)

2]/RT (17)

ln iγom ) iV[(omδd -
iδd)

2 + ib(omδp -
iδp)

2 + ib(omδh -
iδh)

2]/RT + [ln(iV/Vom) +1 - iV/Vom] (18)

ln iγ ) ln iγC + ln iγR (19)
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wood smokeparticles, diesel soot, andR-pinene/O3 aerosols.
We found good agreement between the two approaches for
wood soot particles. Smaller activity coefficients are associ-
ated with a higher preference for the liquid particle phase.

For wood smoke particles and R-pinene aerosols, the prefer-
ence for partitioning into the organic phase goes from polar
to nonpolar compounds: phenols > substituted aromatics
with an aldehyde and long-chain alkanoic acids > PAHs >

TABLE 2. Model Chemical Compositions of Diesel Soot and Wood Smoke Particles based on Rogge et al. (36, 37)
compound MW ixa (×100) iVb IOc (×100)

Diesel Soot
n o n a d eca n e 268 10.06 340.7 11.67
e icosa n e 282 17.80 356.8 21.62
h e n e icosa n e 296 11.51 372.9 14.61
d ocosa n e 310 5.94 389.0 7.86
tricosa n e 324 3.77 405.1 5.20
tetracosa n e 338 3.24 421.2 4.64
p e ntacosa n e 352 4.81 437.3 7.16
h e x acosa n e 366 2.26 453.4 3.48
h e x a n o ic acid 116 6.95 125.9 3.00
h e pta n o ic acid 130 3.87 142.5 1.88
octa n o ic acid 144 2.23 159.1 1.21
n o n a n o ic acid 158 4.71 175.7 2.82
d eca n o ic acid 172 2.28 192.3 1.49
u n d eca n o ic acid 186 7.35 208.9 5.22
d o d eca n o ic acid 200 1.81 225.5 1.39
h e x a d eca n o ic acid 256 3.03 287.4 2.96
octa d eca n o ic acid 284 1.29 318.9 1.40
b e nzo ic acid 122 7.09 100.0 2.41
tota l 100 100

Wood Smoke Particles
h e x a d eca n o ic acid 258 1.29 287.4 2.59
e icosa n o ic acid 314 0.49 351.8 1.21
d ocosa n o ic acid 342 0.56 384.0 1.50
tetracosa n o ic acid 370 0.64 416.1 1.86
pro p a n e d io n ic acid 104 8.75 73.1 4.51
p e nta n e d io n ic acid 132 1.20 105.3 0.89
d e h y dro a b ietic acid 300 2.96 263.2 5.47
sa n d aroco p i m aric acid (w ith Iso m er) 302 6.14 273.8 11.80
3,4-d i m eth o x y b e nzo ic acid 182 8.52 134.8 8.06
h o m o v a n illic acid 182 10.85 127.6 9.72
1,4-b e nze n e d io l 110 13.40 86.4 8.12
3-m eth y l-1,2-b e nze n e d io l 124 6.72 93.7 4.41
4-m eth y l-1,2-b e nze n e d io l 124 3.76 93.7 2.47
4-pro p y l-b e nze n e d io l 152 2.94 126.9 2.62
1-g u a iacy lpro p a n e 166 2.81 149.4 2.94
2-m eth o x y-5-(1-pro p y l)-p h e n o l 166 1.16 140.4 1.14
v aratry laceto n e 180 1.38 149.2 1.44
1-(2,4-d i m eth o x y p h e n y l)pro p a n e-2-o n e 194 1.10 165.8 1.28
g u a iacy laceto n e 166 5.21 126.7 4.63
1-(4-h y dro x y-3-m eth o x y p h e n y l)pro p a n-2-o n e 180 5.21 143.8 5.24
1,4-d i m eth o x y-2-m eth y lb e nze n e 152 4.41 138.7 4.29
v a n illin 152 4.59 106.8 3.44
3,4-d i m eth o x y b e nza ld e h y d e 166 3.25 129.3 2.95
sitostero l 414 2.62 402.9 7.41
tota l 100 100

a M o le fractio n . b M o lar v o lu m e (c m 3/m o l). c v o lu m e fractio n .

TABLE 3. Simplified Particle Compositions for UNIFAC Calculations
diesel soot

composition ix
wood smoke

particle composition ix
r-pinene/O3 aerosol

composition ix

h e n e icosa n e 0.45 h e x a d eca n o ic acid 0.19 cis-p in o n ic acid 0.53
tetracosa n e 0.14 p e nta n e d io ic acid 0.07 n orp in o n ic acid 0.11
h e x a n o ic acid 0.11 h o m o v a n illic acid 0.18 cis-p in o n a ld e h y d e 0.23
u n d eca n o ic acid 0.17 4-pro p y lb e nze n e d io l 0.28 cis-n orp in o n a ld e h y d e 0.13
h e x a d eca n o ic acid 0.06 1-g u a iacy lpro p a n e 0.17
b e nzo ic acid 0.07 v eratra ld e h y d e 0.11

TABLE 4. Solubility Parameters for Different Particle Liquid Media
omδd (mPa1/2) omδp (mPa1/2) omδh (mPa1/2) omδ (mPa1/2) Vom (cm3/mol)

R-p in e n e/O 3 pro d ucts 18.6 7.1 10.4 22.5 139
w o o d s m oke p article 19 5.2 13.8 24 142.5
d iese l so ot 16.2 0.9 4 16.7 293.9
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alkanes. For diesel soot, activity coefficients of ∼1 were
estimated for alkanes by both methods. This would be
expected since diesel soot particles have a high content of
long-chain alkanes and alkanoic acids. For diesel soot,
UNIFAC tended to be a bit higher than the Hansen method
for PAHs, and was a factor of 4 higher for PAH carboxalde-
hydes. For R-pinene/O3 aerosols, UNIFAC and the Hansen
method gave similar iγom values for PAHs. Although both
methods correctly gave high activity coefficients for alkanes
on these particles, UNIFAC was a factor of 5-7 higher than
Hansen. The differences in the computational approaches
are responsible for predicted activity coefficient differences.

Theory vs Chamber Data. To generate semivolatile G/P
partitioning data for model comparisons, separate chamber
experiments were conducted with wood smoke particles,
diesel combustion particles, and secondary aerosols from
the reactionofR-pinene andO3. Compounds shown inTable
7 were monitored. G/P data were used to calculate the
experimental partitioning coefficients, Kp, according to Kp )
(F/TSP)/A (eq1). LogKp foreachcompoundwas thenplotted
vs log pL

o calculated at the temperature observed during
sampling. Vapor pressures were calculated using different
literature techniques: PAHs, Yamasaki et al. (39); alkanes,
interpolated from Pankow et al. (6, 40); alkanoic acids, Tao
et al. (41); 1-hydroxynonamethylcyclopentasiloxane (D4D′OH),
Dow Corning (42); other compounds, Reid et al. (43). For
some compounds it was necessary to estimate boiling points
according to Joback’s method, as described by Jones and

Bursey (44), which were used to calculate entropies of
vaporization and vapor pressures (12). Different vapor
pressure calculation techniques (12, 39, 40, 43, 44) generally
agree to within a factor of 2 or 3 (0.3-0.5 on a log scale), but
larger differences are possible.

Given the range of errors associated with gas and particle
sampling, a maximum standard deviation of (25% for Kp

was estimated. In spite of vapor pressure and Kp errors, the
importance of activity coefficients, iγom, in predicting theG/P
partitioningcanstill be successfullydemonstratedoverawide
range of vaporpressures (10-2 to 10-7 torr) formany different
typesof SOCs. Figure1A shows theexperimental logKp values
for SOCs on wood smoke particles at a temperature of 22 °C
and a relative humidity of 88%. When log Kp was plotted vs
log pL

o, a regression line with some scatter was obtained
(slope ) 0.80 and r2 ) 0.66). However, the inclusion of iγom,
as calculated from the UNIFAC model (to give Kp,γ as per eq
3), dramatically improved the relationship. A plot of log Kp,γ

vs log pL
o had a slope of 1.07 and an r2 of 0.92 (Figure 1B).

UNIFAC interaction parameters were unavailable for silox-
anes, 9,10-anthraquinone, and 9-nitroanthracene, so the
Hansen’s group contribution method was used for these
compounds. Withwood smoke,when theHansen technique
was used to estimate all of the iγom values, similar improve-
ments to the partitioning fits were obtained. In Figure 1B,
BHT (2,6-di-tert-butyl-4-methylphenol) was excluded from
the regressionanalysis, because theactivity coefficient of BHT
maybeunderestimatedbyUNIFAC. This is becauseUNIFAC
cannot account for geometric effects aswell as specific strong
interactions such as a hydrogen bonding. For example, the
phenolic group of BHT is hindered by tertiary butyl groups
in the 2 and 6 positions. Hence, it was not surprising that
the BHT point was outside of the 90% confidence interval for
the estimated iKp,γ values in wood soot, which is dominated
by substituted phenols and aromatic carboxylic acids.

Partitioningof SOCs onto secondary aerosols formed from
the R-pinene/O3 reaction is shown in Figure 2. An experi-
mental slope of -0.53 was obtained from a log Kp vs log
pL

o correlation (Figure 2A, r2) 0.31). This improved to a slope
of -0.94 (Figure 2B, r2 ) 0.84) when log Kp,γ was plotted vs
log pL

o using activity coefficients from UNIFAC. Although

TABLE 5. Weighting Factors, ib (27)
compound ib

a ll a lka n es of carb o n n o . 16-22 0.09 (0.07-0.13)
P A Hs 0.13
9,10-a nthra q u in o n e 0.14
aro m atic carb o x a ld e h y d e 0.12
a lka n o ic acid 0.12
su bstitute d p h e n o ls (n o n h in d ere d) 0.25
9-p h e n a nthro l 0.2
9-n itro a nthrace n e 0.13
D4D′O H 0.07

TABLE 6. Comparison of Activity Coefficients of Organic Compounds Using UNIFAC and Hansen Group Contribution Methods at
RH ) 0%

compound
UNIFAC
wooda

Hansen
wooda

UNIFAC
dieselb

Hansen
dieselb

UNIFAC
r-pinene/O3

a
Hansen

r-pinene/O3
a

a nthrace n e 2.8 3.4 2.8 1.7 3.6 2.4
p h e n a nthre n e 2.8 3.9 2.8 1.3 3.6 2.5
p yre n e 4.0 4.0 4.3 2.6 5.3 2.7
flu ora nth e n e 4.0 3.9 4.3 2.2 5.3 2.6
b e nz[a]a nthrace n e 4.1 5.6 4.8 5.2 5.7 3.8
9-m eth y la nthrace n e 2.1 3.9 2.9 1.8 4.2 2.6
h e pta d eca n e 27.3 28.1 1.2 1.2 38.8 10.6
n o n a d eca n e 36.4 33.8 1.2 1.2 54.3 11.6
e icosa n e 41.9 37.0 1.2 1.2 63.9 12.1
d ocosa n e 55.1 44.2 1.2 1.2 88.2 13.2
d o d eca n o ic acid 2.8 3.0 1.5 1.1 2.1 2.1
tetra d eca n o ic acid 3.5 3.4 1.4 1.1 2.7 2.3
h e x a d eca n o ic acid 4.4 5.3 m cc 1.1 3.5 3.0
9,10-a nthra q u in o n e n ac 2.5 n a 5.7 n a 1.9
9-n itro a nthrace n e n a 2.7 n a 4.0 n a 1.8
p h e n a nthre n e-9-carb o x a ld e h y d e 1.8 1.8 11.5 2.9 3.3 1.5
4-b ip h e n y lcarb o x a ld e h y d e 1.5 1.6 8.4 2.3 2.5 1.4
B H T 0.9 1.4 1.6 2.7 0.6 1.3
v a n illin 2.5 2.9 198.0 98.8 cn pc 4.1
3,5-d i m eth y lp h e n o l 0.8 1.2 2.4 2.5 0.4 1.4
2-iso pro p y lp h e n o l 0.9 1.1 2.0 2.8 0.3 1.3
d eca m eth y lcyclo p e ntasilo x a n e (D5) n a 64.9 n a 1.7 n a 22.6
D4D′O H n a 24.6 n a 2.1 n a 12.2
a A t 295 K . b A t 285 K . c n a: U NIF A C interactio n p ara m eters w ere n ot a v a ila b le . m c: w as use d as a m a jor a eroso l co m p o n e nt (se e T a b le 3). cn p:

ca lcu latio n n ot p ossib le b eca use th ere w ere to o m a n y fu nctio n a l gro u ps for ca lcu latio n .
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these results give approximately the desired theoretical slope
of near -1 (eq 4), we did not see a systematic reason why
some compounds deviated more than others from the ideal
partitioning line in Figure 2. When the Hansen method was
used with secondary aerosols to calculate all the activity
coefficients, more scatter was observed in log Kp,γ vs log
pL

o regressions than when UNIFAC was used.
As a final example in this study, two outdoor chamber

experiments were simultaneously conducted on the same
day. Wood smoke particles were added to one chamber and
diesel soot to the other. Gas andparticle sampleswere taken
from both chambers within 30 min of each other, and hence
sampling from the two chambers occured under similar
temperature andhumidity conditions (Table 1). Ineq4, both
wood and diesel soot would have different intercepts, log
[fom(7.501RT)/(109MWom)], because the values of fom and
MWom are different in the different media. Since fom and
MWom were estimated forbothdiesel andwood sootparticles,
the quantity log [fom(7.501RT)/(109MWom)] can be subtracted
from the log Kp,γ values for each compound. This permits
SOCs from both the diesel and wood soot experiments to be
plotted on the same log Kp,γ vs log pL

o graph. As shown in
Figure 3 (UNIFAC model), a good fit was observed for
partitioningdataderived fromthese twoverydifferentparticle
systems (slope ) -1.07, r2 ) 0.96).

These results suggest that activity coefficients can vastly
improve our ability to calculate the partitioning of a variety
ofdifferent SOCs having a range ofpolarities. For conditions
when the atmosphere is close to equilibrium, this approach
can be applied directly. When the atmosphere is not in
equilibrium, these predictions of equilibrium become the
chemical potential “driver” for intraparticle diffusionmodels
of the type developed by our lab and by others (46-48). As

FIGURE 1. (A) Log Kp values vs log pL
o correlation for semivolatile

compounds on wood smoke particles (Aug. 14, 1996) with 1 standard
deviation error bands for log Kp values. The temperature was 22 °C,
and the RH was 88%. Numbers correspond to compounds listed in
Table 7. (B) Log Kp,γ values vs log pL

o for semivolatile compounds
on the same wood smoke particles as Figure 1A. The solid line is
a idealized plot of log Kp,γ vs log pL

o for wood soot, with fom ) 0.85
and MWom ) 94.3.

FIGURE 2. (A) Log Kp vs log pL
o for semivolatile compounds

partitioning on to an r-pinene/ozone aerosol (Aug. 5, 1996) at 23 °C
and 58% RH. Numbers correspond to compounds listed in Table 7.
(B) Log Kp,γ values vs log pL

o for semivolatile compounds on the
same r-pinene/ozone aerosol in Figure 2A. The solid line is an
idealized plot of log Kp,γ vs log pL

o.

FIGURE 3. Intercept-adjusted log Kp,γ values vs log pL
o for

semivolatile compounds from separate diesel and wood soot
experiments on the same day (October 25, 1995).
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such, this work is an additional step in developing the ability
to predict the partitioning and ultimately the fate of SOCs in
the atmosphere under various conditions.
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TABLE 7. Vapor pressures for compounds at 295K and 285K
(mmHg)

no. compounds

log
pL

o at
295 K

log
pL

o at
285 K ref

1 flu ore n e -2.63 -3.06 39
2 d10-flu ore n e a -2.62 -3.05 39
3 a nthrace n e -3.43 -3.91 39
4 d10-a nthrace n e a -3.43 -3.90 39
5 p h e n a nthre n e -3.42 -3.88 39
6 d10-p h e n a nthre n e a -3.39 -3.86 39
7 flu ora nth e n e -4.44 -4.96 39
8 d10-flu ora nth e n e a -4.42 -4.95 39
9 p yre n e -4.64 -5.16 39

10 d10-p yre n e a -4.62 -5.16 39
11 b e nz[a]a nthrace n e -5.91 -6.51 39
12 9-m eth y la nthrace n e -3.59 -4.08 12,43
13 d36-h e pta d eca n e b -3.36 -3.67 6,40
14 d38-n o n a d eca n e b -4.40 -4.55 6,40
15 e icosa n e -4.89 -5.08 6,40
16 d42-e icosa n e b -4.89 -5.08 6,40
17 d ocosa n e -5.84 -6.31 6,40
18 m yristic acid -4.01 -5.03 41
19 p a l m itic acid -5.31 -6.41 41
20 9,10-a nthra q u in o n e -4.80 -5.36 12,43
21 9-n itro a nthrace n e -5.67 -6.26 12,43
22 p h e n a nthre n e-9-carb o x a ld e h y d e -4.83 -5.38 12,43
23 4-b ip h e n y lcarb o x a ld e h y d e -3.33 -3.82 12,43
24 B H T -2.47 -2.94 12,43
25 v a n illin -2.22 -2.65 12,43
26 3,5-d i m eth y lp h e n o l -1.39 -1.80 12,43
27 2-iso pro p y lp h e n o l -1.15 -1.55 12,43
28 D4D′O H -3.05 -3.72 42

a T h e v a p or pressures of d e uterate d P A Hs w ere b ase d o n n o n d e u-
terate d P A H liq u id v a p or pressure d d ata fro m Y a m asaki a n d K u g e (39).
b T h e v a p or pressures of d e uterate d a lka n es w ere b ase d o n n o n d e u-
terate d a lka n es (6,40).
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