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Executive Summary

The principal objective of this research program was determination of the
equilibrium distribution of pollutant materials between the gas and aerosol phases and of
the subsequent relationships between the ambient aerosol and resultant visibility
deterioration in the South Coast Air Basin of California. The Southern California Air
Quality Study (SCAQS) data base was used extensively in addressing these two issues.

Equilibrium Distribution of Volatile Salts Between Gas and Aerosol Phases

Stelson et al. (1979) proposed in 1979 that particulate ammonium nitrate levels in
the atmosphere are determined by thermodynamic equilibrium among ammonia, nitric
acid, and ammonium nitrate. Ambient measurements of ammonia, nitric acid, and nitrate
prior to SCAQS (Hildemann et al. 1984; John et al. 1985; Jacob et al. 1986) were not
sufficiently extensive to test in detail whether equilibrium truly exists for ammonium
nitrate between gas and aerosol phases. This basic question is important because in a
polluted urban environment, the ammonium salts NH4NO3 and NH4Cl account for 10-
30% of the fine aerosol mass, and accurate prediction of the quantity of ammonium salts
in the aerosol phase and their distribution with respect to particle size is essential to a full
understanding of the source-receptor relations that govern the formation of the
atmospheric aerosol.

By evaluating the time scales for equilibration of the vapor-phase species with a
population of aerosol particles, we have found that ammonium salts in the gas and aerosol
phases are not always in equilibrium, especially under less polluted and cooler
conditions. Thus, both transport and thermodynamic properties of the acrosol population
govern the distribution of ammonium salts. The transport rate is governed by the phase
state (liquid, solid, or liquid/solid) and composition of the aerosol. We have developed
an aerosol inorganic model that assumes (1) thermodynamic equilibrium within the
aerosol and between water in the gas and aerosol phases; and (2) transport of inorganics
between gas and aerosol phases.

One of the most intriguing aspects of atmospheric aerosols concerns the behavior
of ammonium nitrate. As noted above, Stelson et al. (1979) first suggested that aerosol
ammonium nitrate levels could be determined from the equilibrium among ammonia,
nitric acid, and aerosol ammonium nitrate. The assumption of thermodynamic
equilibrium has been employed to partition the volatile compounds between the gas and
aerosol phases (Bassett and Seinfeld, 1983; Russell er al. 1983; Saxena et al. 1983, 1986;
Russell and Cass, 1986; Russell et al., 1988) and to predict their aerosol size distribution
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(Bassett and Seinfeld, 1984; Pilinis et al., 1987; Pilinis and Seinfeld, 1987, 1988).
Although the equilibrium assumption has been supported by some ambient data (Doyle et
al., 1979; Grosjean, 1982; Hildemann er al., 1984), other data indicate that it may not
always hold (Cadle et al., 1982; Tanner, 1982; Allen et al., 1989).

In previous work we have predicted that under certain atmospheric conditions, the
volatile inorganic components of atmospheric aerosol may not be in equilibrium with
their gas-phase counterparts due to transport limitations, so that under such conditions
mass transport between the gas and aerosol phases may have to be explicitly modeled.
We also predicted that even if the aerosol is in equilibrium with the gas phase, the size
distribution of the volatile inorganic components of atmospheric aerosols often cannot be
uniquely determined from thermodynamic considerations alone, and thus mass transport
usually has to be included to determine the size distribution of the volatile inorganic
components (Wexler and Seinfeld, 1990). In a subsequent work, we developed a
transport model of atmospheric aerosols that assumes the aerosol particle are in internal
equilibrium to predict their surface partial pressures of ammonia and nitric acid, and
explicitly models transport between the gas and aerosol phases. In that work we
compared the predictions of the model to 1) laboratory measurements and 2) the
predictions of other aerosol equilibrium models (Wexler and Seinfeld, 1991). The
dynamics of the departure from equilibrium has also been examined by Harrison and
MacKenzie (1990), who tested their hypothesis of a kinetically-limited departure from
equilibrium with a model of gas-to-particle transport and surface reaction processes.

Comparison of measured gas-phase ammonia and nitric acid concentrations with
those predicted from aerosol composition often indicate departures from equilibrium
(Cadle et al., 1982; Tanner, 1982; Allen et al., 1989) without identification of the cause
for the observed departure. The purpose of the present study is to analyze the ammonium
and nitrate size distribution data from the four SCAQS B+ sites (Wall et al., 1988; John
et al. 1989a, 1989b, 1990), identify departures from equilibrium, and show how these
departures correlate to the predicted time constants for equilibration. This work has been
reported in full elsewhere (Wexler and Seinfeld, 1992).

A Proposed Indicator for Departure from Equilibrium

Accurate measurement of the aerosol phase ammonium nitrate concentration and
the gas-phase ammonia and nitric acid concentrations in the atmosphere are difficult even
when sampling times in excess of a few hours are employed. Furthermore a comparison
of the measured ammonia, nitric acid, and ammonium concentrations to those predicted
by equilibrium calculations often leads to serious disagreement, with the source of
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disagreement unidentifiable from the comparison alone. Transport limitations provide
one possible explanation for these departures from equilibrium. As we have shown, the
time scales for equilibration between the gas and aerosol phases may range from a few
seconds to over a day under conditions that often occur in, for instance, the SoOCAB
(Wexler and Seinfeld, 1990). Thus we seek an indicator of departure from equilibrium,
and correlations between this indicator and the estimated time constants for ammonium
nitrate equilibration. Observation of such a correlation adds support to the hypothesis
that transport limits equilibration between gas and aerosol phase ammonium and nitric
acid.

For equilibrium to exist between ammonia and nitric acid in the gas phase, and
ammonium nitrate and ammonium sulfate in the aqueous phase, the ratio of aerosol
ammonium to aerosol nitrate must be the same for all particle sizes (Wexler and Seinfeld,
1992). Since particles of all sizes are exposed to the same gas phase concentrations of
ammonia and nitric acid, the size distribution of ammonium and nitrate must be the same
for equilibrium to hold. Thus suggests an equilibrium indicator based on the overlap
between the ammonium and nitrate distributions. We define this overlap Cg;,, which
ranges from 1 when the overlap is 100% to zero when there is no overlap for a sample, as

Dp Na

Can =1- 17 (M) Ma(Dy)

where M;(Dp) and M,—‘ = Ig’ M; (Dp)de are the molar size distribution and total number

of moles of nitrate, i = n, and ammonium, i = a, DpNa is the size of particle below which
the number of moles of sodium is less than one tenth the number of moles of ammonium

Dp,Na Dp,Na
o MaPp)dDp>10[ " Myy(Dy)dD, 2)

where My,4(Dp) is the molar size distribution of sodium.

The time constant, 7., for equilibration of the gas and aerosol phases is

-1 3D
Too =
2.303

= m(log1g Rp)dR,

I 3

0 A
(1+E>R,3,pp

where m(log10(Rp)) is the aerosol mass distribution, D is the molecular diffusivity, R is
the particle radius, A is the mean free path, pp, is the particle density, and o is the
accommodation coefficient.




Figures 1-3 show the correlation between Cygy, and 7., for the summer B+ sites.
It is clear from these figures that the aerosol during SCAQS had a wide range of
coincidence factors and that the degree of coincidence correlates with the estimated time
constant 7., . The lack of coincidence between the ammonium and nitrate size
distributions indicates that the surface partial pressures of ammonia and nitric acid are
different for particles of different size, and that these particles are not in equilibrium with
each other. Since there is a strong correlation between this lack of equilibrium and the
estimated values of 7., we can conclude that, as predicted in earlier work, transport
limitations contribute to the lack of equilibrium (Wexler and Seinfeld, 1990).

Conclusions

The major hypothesis investigated in this work is that transport on a time scale
proportional to 7., limits equilibration between gas and aerosol phase ammonium
nitrate. To investigate the validity of this hypothesis we showed that ammonium nitrate —
ammonium sulfate aerosols must have a coincidence factor of unity for all the aerosol
particles to be in mutual ammonium nitrate equilibrium, and that lower coincidence
factors indicate departures from equilibrium. We demonstrated that a significant
correlation existed during SCAQS between the calculated coincidence factors and the
estimated time constants. Thus we conclude that transport limitations are a significant
factor in the observed departures from equilibrium, but because there is still substantial
scatter in the data, we cannot conclude that transport limitations are the sole cause for
these observed departures.

Visibility Modeling

Severe visibility reduction is a widely-recognized effect of air pollution in Los
Angeles. Work done by Larson ez al. (1988) has shown that Mie theory calculations can
describe local visibility reductions. The measurement programs used to collect data to
drive such calculations have generally been both time and work intensive. The question
is then raised, can the measurements required to drive a Mie theory scattering calculation
be made as part of a continuous air monitoring network. If so, a regional visibility
problem could be characterized using a visibility model based on Mie theory calculations,
supported by routinely collected data.

The Southern California Air Quality Study, or SCAQS experiments, provide a
unique set of data on aerosol size distributions and chemical composition at multiple sites
across a large air monitoring network. The SCAQS experiments were carried out in 1987
and over 200 samples are available for visibility modeling. SCAQS sampling sites are
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shown in Figure 4, a map of the Los Angeles area. Samples were collected at Claremont,
Long Beach, and Rubidoux during five periods in the summer. Central Los Angeles and
Long Beach were the site of three winter sampling periods. The information available
from the SCAQS experiments includes aerosol size distributions from electrical aerosol
analyzers (EAAs), and optical particle counters (OPCs). Filter based chemistry sufficient
to estimate the aerosol refractive index is also available as well as nephelometer
measurements of light scattering by ambient particles.

Before performing light scattering calculations some basic consistency checks
were applied to the data set, including aerosol anion and cation balances, material
balances on the chemical composition of filter samples, and a comparison of aerosol
volume from the size distributions to the volume inferred from the filter samples.
Comparisons were also made of scattering coefficients measured with nephelometers at
the same site. Figure 5 illustrates the anion-cation balance for Long Beach in August and
September for the PM10 sample. Each paired set of stacked bar graphs shows the anion
and cation concentrations for a sampling period. There is a good cation-anion balance for
these samples as is true for the data set in general.

Figures 6, 7, and 8 show comparisons of the gravimetrically determined filter
mass and the sum of the mass of the chemically species. These figures show that there is
a good material balance for Claremont in the summer and Long Beach and Central Los
Angeles in the fall. Figures 9, 10 and 11 are comparisons of the volumes. Comparisons
are made between the volume measured with the EAA and OPC and the volume inferred
from the filter measurements. These figures show that the two measurements are highly
correlated, although there is not a one-to-one correlation in all instances. At some sites
more than one nephelometer was used to make measurement of the light scattering
coefficient. Data is available from three instruments at Claremont. There are differences
between the instruments in their wavelength sensitivities and the presence or absence of
heated inlets. One would expect the relationship or ordering of the data from the
different instruments to remain relatively constant. This is generally the case at
Claremont, although not at Long Beach. No visibility could be expected to agree with all
the nephelometer measurements given the disagreement seen in the measured values in
Figures 12 and 13. To perform a Mie theory calculation of the light scattering coefficient
it is necessary to know the aerosol size distribution and the refractive index of the
aerosol. The refractive index was calculated from the filter based chemistry with two
approaches, as a volume average and using partial MOLAR refractive indices. Both
methods provide nearly identical values. It is noted that the light scattering coefficient
calculated by Mie theory is more sensitive to variations of the aerosol size distribution
than variations in the refractive index.




Aerosol size distribution information is available from three instruments, with
data for over 100 channels with some overlap. Figure 14 shows the raw size distribution
data for the sampling period beginning at midnight in Claremont on the 27th of August.
The EAA is shown with a solid line and the two OPCs are shown with broken lines.
Figure 15 shows similar data for the sampling period beginning at 9:00 a.m. in Claremont
on the 27th of August. We see similar patterns of overlap and agreement between the
instruments in these figures. For a final size distribution used in calculations, no overlap
is desired, and the data is taken from the most reliable channels of the instrument. In
Figure 16 we see a final aerosol size distribution for all sampling periods of August 27 at
Claremont. Data is taken from the EAA for diameters less than .23 micron and the
PMS/OPC data is used between .23 and 2.5 microns. Comparisons of the gravimetrically
inferred volume between 2.5 and 10 microns suggest that the Climet OPC underestimates
the volume present in this size range. Figure 16 also illustrates a uniform dV/dlogD,
distribution used between 2.5 and 10 microns with a volume matching that inferred from
the filter samples.

To carry out the actual Mie scattering calculation a scattering efficiency is
calculated for each diameter. The particle light scattering coefficient is then the integral
over the size distribution of the product of scattering efficiency and the number of
particles. Light scattering coefficients were calculated with three different cases of
aerosol size distributions. In case A, only fine particle data for diameters less than 2.5
micron was used. In case B, a uniform dV/dlogD,, distribution was included for the
coarse aerosol, and in case C the size distribution from the EAA and OPC was rescaled to
match the aerosol volume inferred from the filter samples. Figure 17 shows a comparison
between the observed light scattering coefficients and those calculated with our model.
Observations are shown with a solid line and the model results are shown with a dash
line. This time series is for size distribution case A in Claremont in the summer sample
periods. There is relatively good agreement between observations and the model result at
this site with some underprediction in September. The model results shown in Figure 18
are virtually the same when aerosol size distribution case B is used. The inclusion of the
coarse aerosols does not affect the results markedly. This is not surprising as particles in
the 0.1 to 1 micron diameter range dominate light scattering. Figure 19 illustrates the
results for Claremont using aerosol size distribution case C. We see some improvement
in agreement, particularly in June and September, and some overestimation in July and
August for Claremont. Figure 20 shows the results for Long Beach in the summer. We
see underprediction in all cases using aerosol size distribution case A. In Figure 21, using
aerosol size distribution case C, the results are improved and agreement is good in June
and July and improvement is seen for August and September. Figure 22 shows a time
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series of the results for Central Los Angeles. We see relatively good agreement between
model predictions and observations in November and overprediction by the model in
December. Using aerosol size distribution case C, when the volume is rescaled to match
the volume inferred from the filter we see improvement in the December results in
Central Los Angeles. Regression analysis shows relatively high correlation coefficient
for Claremont and the underprediction at Long Beach in the summer is reflected in the
low value of alpha (Tables 1 and 2). The overprediction at Central Los Angeles is
likewise reflected in the high value of alpha. The regression results for aerosol size
distribution case C show higher correlation coefficients in all cases and values of alpha
closer to unity.

Conclusions

The conclusions we can draw from this work are that the SCAQS network aerosol
data can be used to support visibility model calculations. There is a good fine particle ion
balance and a reasonable fine particle material balance. The fine aerosol volume from the
EAA and the OPC data are highly correlated with the volume inferred from fine filter
samples. It is also noted that co-located nephelometers are often in disagreement.
Therefore, no light scattering model can agree with all of the nephelometer data. The
light scattering values calculated assuming dry aerosol match nephelometer light
scattering measurements well in those cases where the nephelometer data are not in
doubt. It appears possible to maintain a network of monitoring sites that can be used to
track the effective pollutant properties on visibility using Mie theory calculations.
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Figure 1: The ammonium nitrate coincidence factor as a function of the equilibration
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Regression Analysis - Case A

Predicted = o Observed + g

alpha beta n (r)
Case A

Claremont GM summer
0.874 0.030 53 0.900
Long Beach CC SC summer
0.120 0.058 55 0.457
Long Beach CC GM fall
1.352 0.043 29 0.957

Central LA SC fall

3.340

-0.135

27 0.873

Table 1




Regression Analysis - Case C

Predicted = o Observed 4 5

alpha beta n (r)
Case C

Claremont GM summer
1.113 0.050 53 0.952
Long Beach CC SC summer
0.379 0.069 55 0.681
Long Beach CC GM fall
1.400 0.047 29 0.964

Central LA SC fall

1.873

-0.019

27 0.879

Table 2




Disclaimer

The statements and conclusions in this report are those of the contractor and not nec-
essarily those of the California Air Resources Board. The mention of commercial products,
their source or their use in connection with material reported herein is not to be construed

as either an actual or implied endorsement of such products.
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Abstract

The principal objective of this research program was determination of the equilibrium dis-
tribution of pollutant materials between the gas and aerosol phases and of the subsequent
relationships between the ambient aerosol and resultant visibility deterioration in the South
Coast Air Basin of California. The Southern California Air Quality Study (SCAQS) data
base was used extensively in addressing these two issues.

The question of whether equilibrium exists for ammonium nitrate between gas and aerosol
phases in the atmosphere is important because in a polluted urban environment, the ammo-
nium salts NHy;NO; and NH,Cl account for 10-30% of the fine aerosol mass, and accurate
prediction of the quantity of ammonium salts in the aerosol phase and their distribution with
respect to particle size is essential to a full understanding of the source-receptor relations
that govern the formation of the atmospheric aerosol.

By evaluating the time scales for equilibration of the vapor-phase species with a pop-
ulation of aerosol particles, we have found that ammonium salts in the gas and aerosol
phases are not always in equilibrium, especially under less polluted and cooler conditions.
Thus, both transport and thermodynamic properties of the aerosol population govern the
distribution of ammonium salts.

To calculate the aerosol light scattering coefficient values via Mie theory aerosol size
distribution data collected by the SCAQS air monitoring network have been combined with
filter—based determinations of aerosol chemical composition.

It was found that the time series of the measured light scattering coefficient values could
be reproduced well by the visibility model in those cases where redundant nephelometer
measurements were available to assure that the measured light scattering coefficient values

were not in doubt.
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Abstract—The chemical and physical processes that govern the distribution of ammonium salt condensate
over a size- and composition-dispersed aerosol particle population are considered. From an analysis of the
concentration profiles of ammonia, nitric acid, and hydrochloric acid vapors surrounding an aerosol
particle, the single particle fluxes of these species are derived. By evaluating the time scales for equilibration
of the vapor-phase species with a population of aerosol particles, it is found that ammonium salts in the gas
and aerosol phases are not always in equilibrium, especially under less polluted and cooler conditions. The
principles that govern the distribution of ammonium salts on aerosol particles of different size and
composition are identified, and it is found that thermodynamic equilibrium often does not uniquely
determine the distribution of ammonium salt condensate. Thus it is concluded that both transport and
thermodynamic properties of the aerosol population govern the distribution of ammonium salt condensate.

Key word index: Ammonium nitrate, ammonium chloride, atmospheric aerosol, thermodynamic equilib-
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rium, aerosol size distribution, time constants.

INTRODUCTION

In a polluted urban environment, the ammonium salts
NH,NO; and NH,Cl account for 10-30% of the fine
aerosol mass, and the total inorganic salts account for
25~50% of the fine aerosol mass (Gray et al., 1986;
Heintzenberg, 1989). Stelson et al. (1979) postulate
that these ammonium salts are in thermodynamic
equilibrium with their vapor-phase components,
NH;, HNO; and HCI. This equilibrium postulate is
supported by ambient measurements (Hildemann et
al., 1984; Doyle et al., 1979; Tanner, 1982; Grosjean,
1982), and the equilibrium constants for ammonium
nitrate and ammonium chloride in the solid and
aqueous phases have been calculated as a function of
ambient temperature, relative humidity, and particle
composition (Stelson et al., 1979, Stelson and Seinfeld,
1982a; Pio and Harrison, 1987). A number of re-
searchers (Russell e al., 1983; Saxena et al., 1983, 1986;
Bassett and Seinfeld, 1983; Russell and Cass, 1986;
Russell et al., 1988) employ the equilibrium postulate
to calculate the total mass of ammonium salt aerosol
and others (Bassett and Seinfeld 1984; Pilinis et al.,
1987; Pilinis and Seinfeld, 1987, 1988) use an extension
of this postulate to partition the condensed ammon-
lum salts over a size- and composition-dispersed
aerosol. Recently this postulate was questioned in an
experimental investigation (Allen et al., 1989).

Since accurate prediction of the quantity of ammon-
ium salts in the aerosol phase and their distribution
with respect to particle size is essential to a full
understanding of the source-receptor relations that
govern the formation of atmospheric aerosol, a study
of the physical and chemical principles governing this
partitioning is undertaken here. Atmospheric aerosol
particles are considered to be composed of inorganic
species in the solid and/or aqueous phases, perhaps
coated by organic surface active agents. NH;, HNO,
and HCI condense or evaporate from each particle
depending on the relative concentrations of these
species in the background gas and at the particle
surface. The vapor-phase species are depleted from the
gas phase in response to condensation on the aerosol
particle, which results in a tendency for the particle
population and the gas phase to equilibrate. Simulta-
neously, but at a slower rate, condensation and evap-
oration may occur such that individual aerosol par-
ticles tend to equilibrate with each other.

The analysis we are about to present is divided into
three sections. To further our understanding of aer-
osol growth via condensation of ammonium salts, we
first analyze the physical and chemical processes that
govern transport of NH, and HX, the vapor-phase
components of a general ammonium salt NH,X,
between the gas phase and a single aerosol particle.
The processes that we consider are the reversible gas-
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phase reaction NH,X(g)==NH,(g)+HX(g), the re-
versible particle surface accommodation reactions
NH, X(a)=NH,(g)}+ HX(g) and NH,X(a)=NH_X(g),
and diffusion of NHi(g), HX(g) and NH,X(g)
between the background gas and the particle surface.
By solving the differential equations that describe
conservation of mass for the diffusing species, we
obtain expressions for the net flux of NH; and HX to
and from aerosol particles.

The equations describing the flux to a single particle
enable us to answer a number of questions concerning
populations of aerosol particles in the second section.
We begin by identifying the characteristic times for a
population of acrosol particles to equilibrate with the
gas phase and, using these time scales, examine the
atmospheric conditions under which the equilibrium
assumption is valid. Next we identify the character-
istics of aerosol particles that enable the equilibrium
assumption to be used to partition ammonium salt
‘condensate among the aerosol population. As a conse-
quence, we also identify the characteristics of aerosol
particles such that transport properties govern the
distribution of ammonium salt condensate and equi-
librium constderations play little or no role.

In the final section, we estimate the likely un-
certainties in the relevant physical properties of aer-
osol particles and the resulting inherent uncertainty
that we expect in the predicted size distribution of
ammonium salts.

TRANSPORT OF NH,(g), HNO,(g) AND HCl(g) TO A SINGLE
PARTICLE

Let us consider the equations governing mass trans-
port of NH; and HX, the vapor-phase components of
a general ammonium salt NH,X, between gas and
aerosol phases. The physical and chemical processes
that we consider are (1) molecular diffusion of the gas-
phase species NH,(g), HX(g) and NH_X(g), (2) the
reversible gas-phase reaction NH,(g)+HX(g=
NHX(g), and (3) the surface reactions NH,(g)+
HX(g)=NH,X(a) and NH,X(g)}==NH,X(a), where
NH,X(a) is an ammonium salt in the aqueous or
solid aerosol phase.

The transport of NH,(g), HX(g), and NH,X(g)
between the gas and an aerosol particle is governed by
the differential equations for mass conservation in the
gas phase

%Cyux  Dyuix 8 rzaCNH‘X)
ot 2 o\ or

- — a(:NH;; . DNH; d (rzaCNH:;)

~

o  r oor ér
_ _Cux_ Dix 0 (rzacﬂx>
ot r2 or or

=k Cp, Cux—k - Crnx

where C, are the gas-phase concentrations, D, are the
molecular diffusivities, t is time, r is the radial distance
from the center of the aerosol particle with radius R,
and k, and k_ are the forward and reverse rate
constants for the reversible gas-phase reaction. We
proceed in steps to consider the magnitude of each of
the terms in this equation and then to solve it. The first
step is to consider the time derivative terms.

Gas-phase diffusion and reaction time scales

Let us consider a solid- or aqueous-phase particle of
NH,X in chemical equilibrium with the surrounding
gas-phase. Suppose the concentrations of either or
both of the gas-phase species, NH;(g) and HX(g), far
from the particle are instantaneously increased, result-
ing in condensation on the particle as new equilibrium
conditions are approached. The initial changes in the
gas-phase concentrations far from the particle are
propagated toward the particle until a steady state
concentration profile is established. There are two
time scales associated with this relaxation to a steady
state profile: one associated with the time, 1y, required
for the gas-phase concentration profile to reach a
steady state by molecular diffusion, and the other
associated with the time, 7y, required for the concen-
tration profile to reach a steady state with respect to
the reversible gas-phase chemical reaction.

We assume that far from the particle the gas-phase
concentrations of NH, and HX are known and that at
the particle surface there is condensation of these
species. For species that do not undergo a significant
gas-phase reaction, the characteristic time for estab-
lishment of the steady state profile due to molecular
diffusion is 7~ RZ/D; (Seinfeld, 1986), which under
typical atmospheric conditions and particle size is less
than 107¢s.

The characteristic time for equilibration of the gas-
phase reaction NH,(g)+HX(g)=NH,X(g) is 1,
={k,(Cnn,e+Cux.c)+k-17", where Cyy,,. and
Cux,. are the equilibrium concentrations of the gas-
phase species (Hill, 1977). Since the equilibrium con-
stant is given by Kyy,x =k-/k., we can express this
time scale as

1/k
K= .
CrnyoeCux, e + Knnaxee)
Determination of the equilibrium constant,

Kanng» for the reaction NH;(g)+HCl(g=
NH,Cl(g) was an active area of research around the
turn of the century. Most of the investigations were
carried out at temperatures much higher than at-
mospheric (see Table 1). The data concerning the
dissociation of NH,Cl are usually expressed in terms
of the dissociation constant, byy,q;, for the reaction

NH,;(g) + HCl(g) - by . NH; (g)
+bnu,c HCL(g)
+(1 — byp,c) NH4Cl(g).
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Table 1. Dissociation constant and equilibrium constant of NH,Cl(g)

Temperature banailg) K,
Investigator (K) (%) (atm)
Ramsay and Young (1886) 553 70-80 —
Smith and Lombard (1915) > 553 60-70 3Ix 1077 at 300 K*
Rodebush and Michalek (1929) 562 100 —
Stephenson (1944) — 100 —
Clementi and Gayles (1967) <2000 100 1.3x107* at 300 K*
Shibata (1970) 523 ~60 —
de Kruif (1982) 352 85 1x10°%

*Inferred from data available in these papers.

The equilibrium constant can be expressed in terms of
the dissociation constant as

2
_PnuPua  blua

K NH4Clg) =

Pruscr l—bgu-ncx '
where p, is the total pressure of NH,(g), HCl(g) and
NH,Cl(g) (de Kruif, 1982).

There are no reported measurements of the dis-
sociation constant of NH,Cl(g) at typical atmospheric
temperatures and pressures. At elevated temperatures
and somewhat lower pressures numerous meas-
urements and calculations have been performed and
are in substantial disagreement. Since the data of de
Kruif (1982) are by far the closest to atmospheric
temperature of any of the measurements or com-
putations in the literature and since he finds that the
dissociation constant is relatively insensitive to tem-
perature, we use 85% as the dissociation constant of
NH,Cl at 352K along with the total pressure of 0.4 Pa
to obtain

Kyu.cp=1%10"% atm

under atmosphetric conditions.

In the same set of experiments, de Kruif (1982) finds
the dissociation constant for NH,NO,(g) at 352K to
be 66%. Again assuming that the dissociation con-
stant is a weak function of temperature along with the
measured total pressure of 0.40 Pa, we find

PNu; Puno,

Knnnos@ = =3x10"¢ atm.

PnnNOs

We can estimate the maximum likely concentration of
NH,Cl(g) and NH,NO,(g) by assuming that the
maximum concentration of the dissociated species are
each 100 ppb. Using these concentrations with the
equilibrium constants Kyy,cig and Kny,nos @ results
in pnu,cr=1ppb and pyy,no, =3 ppb. A more typical
concentration for the dissociated species is 10 ppb,
which results in pyy,=001ppb and pyy.q
=0.03 ppb. Thus we find that under atmospheric
conditions the concentration of the associated species
is considerably less than the concentrations of the
dissociated species. This is used in a later section when
the boundary conditions are developed.

Returning to evaluation of 1, under typical at-
mospheric conditions the concentrations of NH,(g),
HCl(g) and HNO,(g) are considerably less than the
values of Kyy,ci(p) a0d Kygy,nos(g)» SO the time constant
for the concentration profiles to reach steady state due
to the reaction NH,(g)+HX(g)=NH,X(g) can be
simplified to

. 1
K k+ KNHAX(g)

To evaluate the time constant, 7y, for the reaction to
reach steady state, the values of the forward or reverse
rate constants for these reactions are needed. Countess
and Heicklen (1973) measured the number concentra-
tion of NH,CI(s) particles formed in a nucleation
experiment. From the initial rate of particle formation,
they infer the forward rate constant to be k.
=467 atm ™' 5™, In a check of this rate constant, they
measured the rate of disappearance of NH,(g) from a
batch reactor containing NH,(g), HCI(g) and N,(g).
Also in a nucleation experiment, Henry et al. (1983)
find double the value of this rate constant fit their data
better.

An upper limit for k, for NH,X is given by the -
collision rate:

8kT no?
k. [——
nu kT
where k is the Boltzmann constant, T is the tempera-
ture, u=193x10"2%kgmolecule ! and mo?=1.5
%x 107! m? are the reduced mass and cross-section
for NH, and HCI collisions, while up=223
x 10726 kgmolecule ™! and 7o2=1.8x 10™1° m? are
the same quantities for NH, and HNO; collisions.
Evaluating this expression at 298K gives k. <2.7
x10° atm~'s™! for NH,Cl and k,<3.0x10°
atm™*s~?* for NH,NO,. Clementi and Gayles (1967)
predict that the energy barrier for the reaction forming
NH,Cl(g) is small, which suggests that the collision
theory estimate may not be too many orders of
magnitude from the actual value. There are a number
of possible explanations for the large discrepancy
between the three measured values and the maximum
value calculated from collision theory.
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The rate constant based on collision theory is high
because the actual reaction probably requires a third
molecule, M, to stabilize the NH, X(g) molecule:

NH;+HX—-NH X*
followed by
NH X*+M-NH,X+M.

In both experiments the total pressures are nearly
atmospheric, so concentrations of M are represen-
tative of atmospheric values. The experimental data
may be low simply due to limitations in the rate of
mixing of the two gas streams, as in both experiments
the flow was laminar; thus the measured reaction rate
may not be limited by the chemical kinetics but rather
by the rate of diffusion.

Using the equilibrium and rate constants, we can
evaluate the time constant for the gas-phase concen-
tration profiles to reach steady state due to the gas-
phase chemical reaction. For the forward rate con-
stant based on collision theory, we obtain 7, > 1075 s,
and for the forward rate constant based on the exper-
imental data of Countess and Heicklen (1973) and
Henry et al. (1983), we obtain 7y ~ 3.5 min.

Either characteristic time is probably short com-
pared to those of the other processes affecting the
ambient concentrations of NH,(g), HX(g) and
NH,X(g). We assume this is the case and thus that
transport of NH(g) and HX(g) to and from an aerosol
particle in response to changes in background gas-
phase concentrations occurs with the gas-phase con-
centration profiles in steady state. This assumption is
supported by other findings in a later section.

For aqueous-phase particles there are additional
time scales related to (1) attaining interfacial equilib-
rium and (2) diffusion in the liquid phase. For the
species being considered here, both of these time scales
are less than 1s (Seinfeld, 1986).

Thus the gas-phase concentration profiles of
NH,(g), HX(g) and NH,X(g) are governed by the
steady state form of the continuity equation

DNHaX S_ <r2dCNH4x>= DNH; d (rz dCNH;)

rr dr dr r dr dr
= _M_<,zdcﬂx)
r? dr dr

=k_Cnx—k. Crn; Cuix -

It is worth emphasizing here that although the gas-
phase concentrations are in steady-state they are not
necessarily in chemical equilibrium. In the vicinity of
the particle, molecular diffusion to and from the
particle perturbs the gas-phase concentrations, driv-
ing the species out of equilibrium, while the reversible
chemical reaction NH, X(g)= NH,(g) + HX(g) drives
these concentrations toward equilibrium. Steady-state
is reached when molecular diffusion and chemical
reaction balance.

The diffusion-reaction length scale

If we non-dimensionalize the above differential
equation, we find that the characteristic thickness of
the diffusion-reaction boundary layer surrounding
the particle is

A=/ Dauxlk- E\/DNHAX/KNHAX(E)k"‘ ‘

The square of the ratio of the particle radius over the
diffusion—reaction boundary layer thickness is the so
called Damkéhler number, y=R2/4? (Schultz et al,
1974). When there are no gas-phase reactions, NH,(g)
+HX(g)=NH, X(g), the concentration profile is gov-
erned exclusively by molecular diffusion, 4 is infinite,
and y is zero. When k_ and k. are small but non-zero,
4islarge, y is small, and the gas-phase reaction slightly
perturbs the concentration profile due to molecular
diffusion alone. When k_ and k. are large, A is small, y
is large, and the gas-phase reactions have a significant
effect upon the concentration profiles. These three
cases are illustrated qualitatively in Fig. 1.

Before we proceed, let us try to obtain a greater
physical understanding of the diffusion-reaction
boundary layer thickness, 4. Imagine a control volume
surrounding the particle and encompassing this
boundary layer. There are two competing processes
that are at balance within the control volume: the gas-
phase chemical reaction, which drives the local con-
centrations toward equilibrium, and molecular diffu-
sion of the gas-phase species through the surface of the
control volume, which drives the concentrations out
of chemical equilibrium. The thickness of the
diffusion-reaction boundary layer defines a spherical
shell surrounding the particle where in a qualitative
sense the molecular diffusion through the surface of
the shell balances the gas-phase chemical reactions
occurring within the volume of the shell.

To illustrate the effect of the gas-phase reaction, let
us consider condensation of NH,(g), HX(g) and
NH,X(g) on a solid NH,X particle. If, for example,

Cim 7

I

r{{1

7=0
(Pure Diffusion)

Concentration

Cia 1

Distance from Particle Surface

Fig. 1. Typical concentration profile as a function
of Damkghler number, 7.
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surface accommodation is via NH,X only, and if the
Damkéhler number is large, NH;(g) and HX(g) will
diffuse toward the particle along with NH,X(g). In the
thin boundary layer near the particle surface, the
reaction NH;(g)+ HX(g)—~NH, X(g) takes place, and
the NH,X(g) is accommodated. Without the chemical
reaction, only diffusion of NH,X(g) may contribute to
overall transport to the particle, since there is no gas-
phase mechanism for forming NH,X and only NH,X
can be accommodated, but with the chemical reaction,
the overall transport is augmented by diffusion of
NH;(g) and HX(g) toward the particle in addition to
the diffusion of NH, X(g).

If the Damkéhler number is small, an insufficient
amount of NH,(g) and HX(g) are converted to
NH,X(g) in the vicinity of the particle to affect the
gas-phase concentration profiles or the overall trans-
port. Furthermore, if accommodation is via NH,(g)
and HX(g) instead of NH, X(g), even a large Damkéh-
ler number does not have a significant effect on the
concentration profiles or the transport because under
typical atmospheric conditions the concentrations of
NH;(g) and HX(g) are considerably greater than the
concentration of NH,X(g). We will now estimate the
magnitude of the Damkdhler number and, in the
following section, the mode of accommodation onto
solid and aqueous-phase particles.

The length of the diffusion-reaction boundary layer
can be expressed in terms of the characteristic time for

the gas-phase reaction as i.=\/ Dyy x T - Assuming
that Dyy,x~10"°m?s™!, this expression can be
evaluated at the 7, value obtained from the exper-
imentally determined kinetics of Countess and Heick-
len (1973) and Henry et al. (1983) to obtain A~ 5 cm, or
at the collision theory value of 7, to obtain A> 10 um.
Thus, for both of these time constant values we find
that the Damkohler number, y, is probably much less
than unity, and we are led to the conclusion that, at the
size of typical atmospheric aerosol particles, diffusion
governs the concentration profiles surrounding the
particle.

We have now determined that the concentration
profile surrounding the particle is in steady state and
that the gas-phase reaction NH,(g)+HX(g)=
NH, X(g) does not significantly affect these concentra-
tion profiles. The resulting continuity equations
governing the concentrations are

DNH..X d <r2dCNH4x>= DNH3 d (erCNHJ)

r? dr dr r? dr dr
- _%i(,deHX)=
r? dr dr

To solve the equations, we now develop the boundary
conditions.

Accommodation of NH;, HX and NH X on the particle
surface

NH,(g), HX(g) and NH, X(g) can sublime or con-
dense on the particle surface according to the reac-

tions NH;(g) + HX (gy=NH, X(s), NH,(g)=NH,(aq),
HX(g) = HX(aq), or NH,X(g)==NH,X(a). Since the
concentration of NH,X(g) is considerably less than
the concentrations of NH,(g) and HX(g), the predic-
ted rate of mass transport to and from the particle may
differ by an order of magnitude or more, depending on
whether sublimation and condensation is via the
associated or dissociated species. Also, the rate of this
accommodation reaction governs whether the accom-
modation rate or gas-phase diffusion dominates trans-
port to and from the particle. We will now address
these questions.

Chaiken er al. (1962) measure the sublimation rate
of NH,CI(s) tablets and strands and find results in
agreement with those of Schuitz and Dekker (1956) in
the temperature range 420-1000 K, giving an Arrhen-
ius form of the sublimation rate, B, in terms of the rate
of change of the particle radius:

—13,200 calmol] !
B=0.6exp RT [ms~1]

Sturges and Harrison (1988) measure the evaporation
rate of solid NH,Cl particles and find B= 1.3
x1070ms 1 Unfortunately, they do not state the
temperature at which the experiment was performed,
but imply 293 K. Evaluating Chaiken’s expression at
293 K gives B=0.85x 10" ms~! and at 298 K gives
B=1.25%10"1"ms™!, which are both in excellent
agreement with the Sturges and Harrison value.

Schultz and Dekker (1956) propose that the dis-
sociation NH,Cl—-NH, +HCI occurs on the surface
of NH,CI(s) so that dissociated vapor leaves the solid
during sublimation. This proposal is confirmed by
Tang and Fenn (1973) at 358 K. Countess and Heick-
len (1973) and Dahlin et al. (1981) infer that nucleation
and condensation occur via the associated species 50
that the surface reaction is NH,Cl(g)—NH,CI(s).
Since the sublimation experiments were carried out at
elevated temperatures and the nucleation experiments
at elevated concentrations compared to typical at-
mospheric conditions, we are left with an indefinite
conclusion regarding the appropriate mode for the
surface reaction.

If we assume that the accommodation reaction
occurs via the dissociated species, we can estimate the
maximum sublimation rate from kinetic theory. The
maximum condensation rate occurs when every NH,
and HCI molecule that strikes the particle surface is
accommodated. Then the maximum rate of condensa-
tion, R, is governed by the species with the lower
rate of collision with the particle:

R \/ 8kT (PNH, \/leh Pch)
max — min ) g E)
My, RT "N myq RT

where myy, and my, are the masses of the correspond-
ing molecules. For pyy, = pyc,, which corresponds to
most of the experimental data,

R =\/__8kT Pua
"N wmye RT'
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If the gas phase is not far from equilibrium with

the aerosol phase, the partial pressure of HCl(g)

is approximately the equilibrium partial pressure,

Puci~+/ Kxsiacis) - Pio and Harrison (1987) calculate

the equilibrium constant, Kny,cis) = Pru, Prcy, for this

reaction from accepted thermodynamic data and find
21,320

T
In Knycie =2-2358In (ﬁ) B +36.729

—8.167x 1073 T+4.644 x 10~7 T2
—~1.105x 1071073

where Kyy.ci 1S in atm?,

Near equilibrium the condensation rate is approxi-
mately the same as the sublimation rate, R_,, ~ B
and we find

max max»

5~ /M V Kncno

mmyq  RT

Evaluating this expression at 298 K gives B,,,=59
x 107! ms~! afactor of 45 higher than the observed
rate.

If we now assume that the accommodation occurs
via NH,Cl(g), we can use the assumption that the gas
phase is not far from equilibrium with the aerosol
phase in order to estimate the maximum sublimation

rate:
R = \/ 8kT Pun.a
max mmyy,a RT

Near equilibrium, we have pyy,ci= Knpucis/ Knnaci
=69 x 107! atm at 298 K. Evaluating R, at 298 K
gives B,,,=0.035x 1071 ms™", a factor of 30 lower
than the observed rate. Thus we are able to eliminate
NH,Cl(g)=NH,Cl(s) as the gas—solid aerosol ac-
commodation mechanism under atmospheric tem-
perature and pressure.

There are far less data available for sublimation of
NH;NOj;(s) than are available for NH,Cl(s). Ander-
sen et al. (1958) measure the evaporation rate of
NH/NO,(s) strands at surface temperatures above the
melting point, 443 K, using the same procedures em-
ployed by Chaiken et al. (1962) for NH,Cl. The data fit
the Arrhenius form, but a sharp change in the kinetics
occurs in the neighbourhood of the melting point—a
not unexpected finding—and insufficient data were
obtained below the melting point to arrive at a
sublimation rate. It is clear from their data that the
sublimation rate expressed in terms of the rate of
change of particle radius is many orders of magnitude
lower than 107® ms™! at atmospheric temperatures.

Richardson and Hightower (1987) measure the sub-
limation rate of solid ammonium nitrate particles and
find the rate to be initially 0.23x 107! ms™!, but
after 4 hitis only 0.06 x 107 '° ms™!. Later these same
investigators (Hightower and Richardson, 1988) ob-
tain a rate of about 0.4x107'°ms~! with mixed
ammonium nitrate-ammonium sulfate salts and a
value of 22 x 107 ms~* when extrapolated to pure

NH,NO;. When these particles were exposed to
relative humidities of 20-60%, the rate for mixed salts
was about 4x 1079 ms™1,

Let us assume that dissociation into NH, and
HNO; occurs at the particle surface and that the
equilibrium constant is not changed substantially by
the NH,NO; being in the same crystal lattice or solid
solution with (NH,),SO,. We can then evaluate the
expression for the maximum sublimation rate using
the equilibrium constant (Stelson ez al., 1979)

InK 43.054 24110 5.931 ( T

N RANHNOss) =42 T -731n m>,
where Knp,noss = PansPrno, 1S In atm?, to obtain B,
=36x10"!°ms"~!, 1.5-600 times higher than the
observed rates.

If we assume the accommodation occurs via
NH,NO;(g) and the gas and solid phases are not far
from equilibrium, the maximum sublimation rate is
Bax=0.065%10"""ms™! at 298K, which corre-
sponds to the lowest reported experimental value.
Although the case is not as conclusive here as for
ammonium chloride, we conclude that the mecha-
nism for accommodation is most likely NH,(g)
+HNO;(g)=NH,NO,(s).

The laboratory data of Hightower and Richardson
(1988) suggest a unity accommodation coefficient for
NH,4(g) and HNO,(g) on aqueous-phase particles.
Under atmospheric conditions, Gill et al. (1983) sug-
gest that aerosol particles are likely to be completely
coated by organic surface active agents that reduce the
sticking coefficient of water molecules on water to
1/300 or less. In a subsequent work (Graedel et al.,
1983), a sticking coefficient of 1/500 for other at-
mospheric constituents is assumed. If we assume that
the sticking coefficient is relatively independent of
which species is being accommodated, transport to
and from the aqueous phase is dominated by NH;(g)
and HX(g), since their gas-phase concentrations are
much higher than those of NH,X(g). Thus we can
conclude that sublimation and condensation occur
primarily via the dissociated species for both solid-
and aqueous-phase aerosol particles.

For solid particles, the experimentally determined
surface rate constants are 10-50 times smaller than
the value based on collision theory, and thus we
assume that the accommodation coefficient is in the
range of 1/10-1/50 for solid particles. For aqueous-
phase particles, we will explore the effect of the
accommodation coefficient on transport, considering
values between 1 and 1/500. Since (1) accommodation
is via the dissociated species and (2) the gas-phase
reactions do not significantly affect the concentration
profiles, the concentration profile of NH, X(g) does
not affect the transport process. These conclusions
also support the steady state assumption made earlier.
The continuity equations can be further simplified to

Dy, d ( deNHS) Dux d ( 2dCHx>_
—_tlrfre—l=—1tr —0.
rt dr dr r? dr dr
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The boundary conditions for this differential equa-
tion state that (1) far from the particle the concentra-
tions of NH;(g) and HX(g) are known

CNH,("—’OO)=CNH;.eo
CHx("—'OO)=CHx.ao

and (2) at the particle surface, surface reactions govern
the accommodation of only the dissociated species,
NH;(g) and HX(g), into the aerosol phase. For solid-
phase particles, the flux of NH, must balance the flux
of HX so the boundary conditions are

D dCyu, — dCux

NH oo mr, WX, ok,
=akcoll.NH4X(S)(CNH3(Rp)CHX(Rp)
—KNHAX(S))a

where K., nn.xes 1S the collision-limited surface reac-
tion rate constant and a is the sticking coefficient. For
aqueous-phase particles, the boundary conditions are

dcC
DNH; dNHJ =°‘kcon.NH,(CNH3(RP)—Ce.NH;)
r r=Rp,
dC
Dyx d:x =akcoll,HX(CHX(Rp)_Ce.HX)
r=R,

and k. ; is the mean speed of molecules of the
condensing vapor-phase species, NH, and HX.

The appropriate non-dimensionalization of these
boundary conditions yields for solid particles

_ \/ Disx Bynxin 4Cux
p=1 Dy, C dp

_ Cruy (p=1)Cyx(p=1)—~ Knpxes)
c? ’

where By xe =1/ Dyuy Dux/otkeon, np x RpC 15 the
dimensionless surface accommodation factor which

indicates whether gas-phase diffusion or surface ac-
commodation limit transport to and from a solid
particle, p=r/R, is the dimensionless radial co-
ordinate, and  C=(Dyy,Cny,. 0+ Dux Cuix. o)/
v/ Dnn,Dux is a diffusion weighted average of the
concentrations far from the particle. For aqueous-
phase particles, non-dimensionalizing yields

Dy, Bum,xisy dCn,
Dyx C dp

p=1

dC
ﬂNH;% =Cup,(p= 1)_Ce.NH3
P p=1
dcC
Bux de =Cux(p=1)—C, ux
P p=1

where §;=D;/ak.,, ;R, is the surface accommodation
factor for aqueous-phase particles. If « is unity, every
molecule that strikes the particle surface is accom-
modated, and §; is at its minimum for a given species.
Transport to the particle must be limited by diffusion,
since surface accommodation is ideal. As « decreases,
B increases, and the transport of species to the particle

Cim

Concentration

Cie '4

Distance from Particle Surface

Fig. 2. Typical concentration profile as a function of
surface accommodation factor, f.

becomes more limited by the surface accommodation.
Eventually, « is so small that diffusion no longer limits
transport and the vapor concentration profiles sur-
rounding the particle are flat (see Fig. 2). As will be
seen in subsequent derivations, when f;~1, both
diffusion and surface accommodation affect transport
to the particle.

Evaluating D/ok oy, nu,xcs)~/ Knitaxes for NH,CI(s)
gives ~0.5 um, whereas evaluating it for NH,/NO,(s)

gives 0.01-10 um. For aqueous-phase particles with
surface accommodation coefficient, «, in the range
0.1-0.01, we find D, /atkqy, ; in the range of 0.3-3 ym. In
all of these cases we find §;~ 1 and thus transport is in
the realm where diffusion and surface kinetics are both
significant,

Why is it that for the fastest experimentally deter-
mined surface reaction rates (corresponding to an
accommodation coefficient of 0.7), the transport is not
diffusion limited? As we now demonstrate, this is due
to the fact that the radii of typical atmospheric acrosol
particles are not much larger than the mean free path
of the diffusing species. Let us evaluate B~D/kR, for
transport of hypothetical condensible molecules to
and from an aerosol particle. The diffusivity can be
approximated by D=4; ., ¢;32(1+(M/M,,,)) (Flagan
and Seinfeld, 1988), where /; ,;, is the mean free path of
molecules of species i in air, ¢; is the mean speed of
molecules of species i, M; is the molecular weight of
species i, and M, is the mean molecular weight of air.
We can relate the mean free path of a dilute species i in
air to the mean free path of air molecules in air by A aie
=A’air 2Mair/(Mi+Mair)(ofir/a%air)s Where Gair iS the
collision diameter for air molecules with each other
and o, ,; is the collision diameter for molecules of
species i with air molecules (Adamson, 1979). The rate
constant can be expressed in terms of the mean
molecular speed by k=0a¢; for condensation on aque-
ous-phase particles, where « is the accommodation

s —
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coefficient (Moore, 1972). For condensation on solid
particles an appropriately weighted mean speed is
used. Combining gives

Aoy 31 \/ M, + M, a,,,
aR 32

ilf l 3“‘

Since the mean free path of molecules in air at STP
is about 0.065um and 3% ./2(M,,+M)/M,,
(02,/0% ;) is of order unity, we can evaluate § at STP
to obtain

0.065 um
R )

P

For 10 ym particles and accommodation coefficient
near unity, the transport is diffusion limited, < 1. For
0.1 um particles, this limit does not hold even for unity
accommodation coefficient, since particles this small
challenge the continuum approximation. Thus we see
that since the size of fine aerosol particles (0.1-1 ym
radius) are about the same as the mean free path, i,
small deviations from unity in the accommodation
coefficient of these particles can shift the transport out
of the diffusion limited regime.

Whether transport is governed by molecular diffu-
sion, surface accommodation, or both is not only
central to determining the rate of mass transport; it
also determines the distribution of condensate with
respect to particle size. To first order, if condensation
is diffusion limited, the distribution of condensate is
proportional to the first moment of the aerosol size
distribution, whereas, if the condensation is surface
accommodation limited, the distribution of condens-
ate is proportional to the second moment of the
aerosol size distribution.

At this point, we have been able to simplify the
continuity equations and boundary conditions such
that they describe the essential physics and chemistry
of the mass transport of volatile inorganics between
the gas and aerosol phases. We will now solve these
equations for the flux of the chemical species under
consideration.

Mass transport between the gas and aerosol phases

The concentration profiles of NH,(g) and HX(g)
that satisfy the differential equations and the bound-
ary conditions at infinity are

R
C.'=Ci.uo _Ai'—p
r

where the A; are arbitrary constants that depend on
the boundary conditions at the particle surface.

Applying the boundary conditions for solid-phase
particles gives

dc;
Ji=4nr*D,—
dr

=27R;/ Dyy, Dyx C(ﬁm—uxm +1)

X I:l —-\/1 —_4 Crtts. 0 Cuix, — Knnaxes }
Cz(ﬂNHAX(s)+ 1)?

where J;=Jyy, =Jpux.
Applying the boundary conditions for aqueous-
phase particles gives the flux of ammonia as

dCNH3

dr

(CNH3, © CNH;.e)
B, + 1

—Amp?
Jrn, =4nr* Dyy,

=4nR,Dny,

and the flux of acid as

dCyyx
r

{(Cux, o —Cux.e)
Bux+1

where C, , signifies the equilibrium gas-phase concen-
tration of NH, or HX at the particle surface. Al-
gorithms for calculating C; , are given in Stelson and
Seinfeld (1982b) for an ammonium nitrate and nitric
acid solution. For more complex solutions, the meth-
ods described in Pilinis and Seinfeld (1987) can be
used.

These expressions allow us to calculate the fluxes of
NH, and HX to a single particle. There are other
considerations that may affect this mass flux, such as
(1) surface heating due to the latent heat of condensa-
tion and (2) motion of the particle with respect to the
background gas due to settling and turbulent shear.
These processes have all been considered and can be
shown to be negligible.

With these expressions for the single particle mass
fluxes, we are now able to address the problems of
determining the mass flux to a population of aerosol
particles and thus assessing the ultimate distribution
of ammonium salt condensate.

Jux =4nr? Dyy

=4n R, Dyx

AEROSOL POPULATION MASS TRANSFER

We have derived expressions that describe the fluxes
of NH,(g), HNO,(g) and HCl{g) between the back-
ground gas and a single aerosol particle. Using these
expressions, we now address the question: what are
the physical and chemical processes that govern the
distribution of ammonium salt condensate over a size-
and composition-dispersed aerosol? We approach this
problem by first examining the time scales for equili-
bration between the gas-phase concentrations and
those at the aerosol surface. Then we address the more
qualitative question of when there is a preference for
condensate to appear on one particle size instead of
another.

Equilibrium between the vapor phase and a population
of aerosol particles

As we have just shown, transport between the gas
and aerosol phases is in part determined by the
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concentrations of NH; and HX at the particle surface
and these concentrations in the background gas. Let
us examine the situation where at first these concen-
trations are in equilibrium and then the background
concentrations are suddenly increased so that conden-
sation ensues. In general, the gas-phase concentra-
tions decrease and the concentrations at the particle
surface increase until equilibrium is attained. The
decrease in background concentrations is due to
depletion of species from the gas phase as they con-
dense. The characteristic time, t,, for the two phases
(aerosol and gas) to equilibrate due to this depletion is
proportional to the total flux of gas-phase species to
the aerosol phase.

For solid-phase aerosol particles, the surface con-
centrations are constant and t,, is the only relevant
time scale for the relaxation to equilibrium. For
aqueous-phase particles, the gas-phase concentrations
at the surface of the particles may increase as conden-
sation proceeds, and this increase also tends to equi-
librate the two phases. This change in gas-phase
concentrations at the surface of a particle is due to
changes in the chemical composition of the particle as
condensation proceeds. We assume here that the gas-
phase particle surface concentrations respond rapidly
to changes in particle composition (Seinfeld, 1986).
The characteristic time, 7,, for the two phases to
equilibrate due to the increase in particle surface
concentration is proportional to the total flux of gas-
phase species to the aerosol phase and, in addition, to
the chemical composition of the aerosol phase.

The magnitude of 7, is related to the ability of the
acrosol phase to absorb NH, and HX. For solid
particles, this absorptive capacity is infinite, since as
ammonium salts condense, the surface equilibrium
concentrations remain constant. The absorptive ca-
pacity of aqueous-phase particles is dependent on the
composition of the particles. For certain composi-
tions, the absorptive capacity is infinite, but for other
compositions the absorptive capacity is finite. In the
next section, we relate the composition of aqueous-
phase particles to their absorptive capacity. In the
remainder of this section, we estimate the magnitude
of these two time scales, 1., and Tp-

The evolution of the background gas-phase concen-
tration, C; ., due to transport to a monodisperse
aerosol can be described by

dC"' @

dr !

where J; is the single particle flux (which is defined in
the previous section for both solid- and aqueous-
phase particles), i is NH, or HX, and N is the number
concentration of aerosol particles. The characteristic
time for gas-phase concentrations to change in the
presence of transport to solid- or aqueous-phase par-
ticles is

B+1
4nNR,D

w©

where D is an average diffusivity of the gas-phase
species.

For solid aerosol particles, the surface concentra-
tions remain constant as condensation proceeds and
thus t, is irrelevant. For aqueous-phase particles, the
surface concentration of condensing species may or
may not change as condensation proceeds. In the next
section we will discuss the cases where (1) water and
ammonium salt condense on particles together to
maintain constant molality and (2) the water content
of the particle remains constant so that the molality
changes during condensation. At this juncture, it is
sufficient to state that both of these cases exist, but
particle surface concentrations change most if the
particle water content remains constant as inorganic
species condense. In this case, the evolution of the
liquid-phase molality, m;, is given by

where my, is the liquid water mass of aerosol per unit
volume of air.

The gas-phase surface equilibrium concentration,
Ci.e, Is related to the liquid-phase molality by an
equilibrium constant, K;(kgm~?), which is a function
of the composition of the particle and the ambient
temperature, such that C; .=K;y,m,, where 7, is the
activity coefficient for species i. For activity coeffic-
ients of order unity, we obtain

Ci.eNKimi'

Combining these two expressions gives an equation
describing the evolution of the gas-phase surface
equilibrium concentrations

dc;. K;
- ~ — N"i;
dt My
and thus we find the characteristic time for the aque-
ous and gas phases to equilibrate due to changes in the
gas-phase surface concentration is

My
=T

K

T
1}
In the derivation of this expression for T,, WE assume
the water content of the aerosol is not affected by
condensation of the inorganics. If the water content
increases with condensation, the surface concentra-
tions will not change as rapidly, and 7, will be larger.
We can express both time constants in terms of the
mass of aerosol per unit volume of air, m,
=4/3nR}p, N, if we make the assumption that aque-
ous-phase particles are mostly water, that is m, ~m,.
This assumption is best for dilute acrosol particles that
occur under conditions of high relative humidity and
may be off by at most a factor of 5 for highly
concentrated particles that occur under conditions of
low relative humidity. Note that if the refative humid-
ity drops so low that NH,X(s) condenses, 7, is no
longer a relevant time constant. The restated time
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constants are then

and

Notice that 7, is not dependent on the thermodyn-
amic parameter K;, but only on the transport par-
ameters R, and D;, whereas 7, is dependent on the
thermodynamic parameter K; in addition to the trans-
port parameters. Qualitatively, 7, is the time scale for
the gas and aerosol phases to equilibrate due to
transport, whereas 1, is the corresponding time scale
due to thermodynamics. In the next section we will
relate the relative magnitude of these time scales to
whether transport or thermodynamics is the primary
process that governs the distribution of ammonium
salt condensate with respect to particle size. Let us
now evaluate these time scales for some typical at-
mospheric conditions.

The ranges of these time constants are explored in
Figs 3 and 4. The gas-phase time constant, To, IS
primarily a function of the mean particle radius and
the aerosol mass concentration, and ranges from as
little as a few seconds under conditions of high aerosol
mass concentration and small mean radius to more
than 1 day for low mass concentration and large
particle radius. The particle surface time constant, Tp
is primarily a function of the mean particle radius and
temperature, since for NH,Cl(aq) or NH,NO, (aq) the
equilibrium constant varies by many orders of magni-
tude over the range of typical atmospheric
temperatures. The equilibrium constant used in Fig. 4

is K* of Stelson and Seinfeld (1982a) for

Fig. 3. The vapor phase time constant as a func-
tion of aerosol mass concentration and mean
radius for NH; at 298K and a=0.1.
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Fig. 4. The particle surface concentration time con-

stant as a function of ambient temperature and mean

aerosol radius for NH, in aqueous phase particles and
a=0.1.

NH4NO;(aq), and from this figure we see that T,
ranges from a few seconds for high ambient temper-
atures and small mean aerosol radius to over 1 day
for low ambient temperatures and large mean radius.
The ambient temperature and aerosol mass concen-
tration govern how the magnitude of 7, compares to
that of 7,. As will be discussed further in the next
section, the relative size of these time scales is one
factor that determines whether equilibrium or trans-
port considerations govern the size distribution of
ammonium salt condensate.

Two limiting cases may be identified from these
figures for a location such as Los Angeles. Under
coastal conditions (cool, low aerosol mass concentra-
tions, and primary aerosol sizes), ., ~1,>30h, and
the aerosol surface concentrations are not necessarily
in equilibrivm with the gas phase. Under inland
conditions (hot, high aerosol mass concentrations, and
small aerosol sizes), 1, ~1,~4s, and equilibrium be-
tween the gas and aerosol phases is reached rather
quickly. It is noteworthy that the data supporting
thermodynamic equilibrium between the gas and aer-
osol phases were gathered at inland locations (Doyle
et al., 1979; Stelson et al., 1979). In fact, our estimate of
these time constants generally supports and is suppor-
ted by the calculations and data of Russell and Cass
(1986) and others that have focused on the inland
conditions just described. Even if the particle is coated
by surface active organics that result in an accom-
modation coefficient of 1/500, .. is still less than
about 5 min.

For inland conditions, therefore, the assumption of
equilibrium between the gas and aerosol phases is
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evidently valid. Under other conditions, and especially
those in Los Angeles coastal regions, the two phases
are predicted not to be in equilibrium, and transport
considerations will govern the distribution of con-
densate over particle size. In the next section, we will
demonstrate that even under conditions where equi-
librium is attained rapidly, equilibrium considerations
do not always uniquely determine the distribution of
condensate with respect to particle size.

Thermodynamics is not enough

In this section we explore in more detail the ques-
tion of when thermodynamic considerations deter-
mine the distribution of ammonium salt condensate
over particle size. The conclusion that will be reached
is that under some conditions thermodynamics domi-
nates, under other conditions transport dominates,
and there is a range of cases where both play a role.
Thus, a full description of the thermodynamic and
transport properties of the aerosol population must be
used to determine the distribution of ammonium salt
condensate over particle size.

A number of assumptions are useful in the analysis
that follows. First, the water content of the aerosol is
assumed to be in instantaneous thermodynamic equi-
librium with the environment, such that the activity of
the liquid water is always equal to the relative humid-
ity. Second, the water content of the atmosphere is
much larger than the water content of the aerosol, so
that the ambient relative humidity is assumed to be
unaffected by condensation of inorganics and water
on the aerosol. Both of these assumptions can be
justified by the fact that the mass concentration of
water vapor is much larger than the mass concentra-
tion of inorganic species under even the most polluted
conditions.

Third, of the five prevalent inorganic compounds—
sodium, ammonia, nitrate, sulfate and chlorine—
sodium and sulfate are not volatile. Thus the primary
concern is with condensation and evaporation of
NH;, HCl and HNO;. And fourth, the Kelvin effect
can be ignored, since in the range of particle radii of
interest, 0.1-10 um, the Kelvin effect plays a small role
(Seinfeld, 1986).

When the aerosol is in thermodynamic equilibrium
with the environment, the concentrations of the vola-
tile inorganics at the surface of the particle must be
equal to the concentrations of these species in the
atmosphere. By extension, two acrosol particles of
different size or composition are in thermodynamic
equilibrium with each other if the concentrations at
their surfaces are equal. Condensation on aerosol
particles is proportional to the difference between the
particle surface equilibrium gas-phase concentrations
and the background concentrations, as well as the
molecular diffusivity of the condensing species, the size
of the particles, and the surface reaction rate constant.
If two particles have identical surface equilibrium
concentrations, the partitioning of condensate be-
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tween the particles is governed by transport consider-
ations. However, if two particles have different equilib-
rium surface concentrations, thermodynamics may
govern the partitioning of condensate between them.
Let us examine the cases where thermodynamics does
and does not play a role in this partitioning.

When the ambient relative humidity is sufficiently
low, the aerosol is a solid, and the product of the
surface concentrations, Cyy, Cye and Cuu, Cunos» 18
identical for all particles, independent of size. Thus, the
driving force is identical for all solid particles, the
distribution of condensate over particle size is deter-
mined solely by transport considerations, and thermo-
dynamic equilibrium plays no role.

Under conditions of intermediate relative humidity,
the aerosol may consist of both an aqueous phase and
an NH,X(s) phase. If we assume these two phases to be
in equilibrium, the product of the particle surface
concentrations is governed by the existence of the
solid. Thus, the presence of solid inclusions in an
otherwise aqueous phase is thermodynamically identi-
cal to a solid phase.

Under conditions of sufficiently high relative
humidity, the aerosol is an aqueous solution. For
simplicity, let us consider the dissolution of one spe-
cies, NH,X. Thermodynamics plays more or less of a
role in the distribution of NH,X over particle size
depending on how osmotically dominant NH,X is in
the aerosol solution. NH,X is termed osmotically
dominant when the concentration of NH,X in the
aerosol is much greater than the concentration of the
other species. In this case, the amount of NH,X in the
aerosol controls the amount of water in the aerosol.
(This is only true for relative humidities less than
100%; we are not considering fogs or clouds in this
analysis.) This concept can be clarified by considering
the ZSR expression used to calculate the water content
of aerosol (Pilinis and Seinfeld, 1987):

)

m;

— 1
mg ;(r.h.)

where m; is the molality of electrolyte i and mg ; is the
molality of electrolyte i such that the water activity is
equal to r.h. in a solution whose only electrolyte is i.
The molality can be expressed in terms of the moles of
electrolyte i in the droplet divided by the mass of water
in the droplet, m; = M,/ W, so that the expression above
can be rewritten as

MNH4x

- Mo Niax (F-D) 2 Nmx Mg ;(r.h))

where‘we have broken out the NHA4X term.

I Mywx/ Mo npax (1) > Ei s Mi/mg i(rh), NH, X
is osmotically dominant, the particle water content is
governed almost completely by the mass of NH,X in
the particle, and thus myy,x =mg nyx(t.h.). As NH,X
dissolves in the particle, water condenses in order to
maintain the water activity identical to the atmos-
pheric relative humidity, and thus the molality of
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NH,X is constant and equal to mg nu,x (r.h.). There-
fore, if a population of size-distributed particles, osmo-
tically dominated by NH,X and in thermodynamic
equilibrium with each other and the gas phase, is
exposed to new gas-phase concentrations of NH, and
HX, the size distribution of the condensate (or evapor-
ate) is governed only by transport considerations,
since the thermodynamic driving force between the
gas and aerosol phases is identical for all particles
osmotically dominated by NH,X. Note that a particle
can have at most one osmotically dominant species.

In the opposite limit, the mass of NH,X is low
compared to other solutes—NH,X is osmotically
benign, My x/Mo. nux (t-0) €20 pux Mi/mg ; (£h)—
and the water content of the particle is not affected by
small changes in the particle NH,X mass content.
Here we find that the molality of NH,X is roughly
proportional to the mass of NH, X dissolved, and thus
the surface concentrations of the components of
NH,_X reflect the mass of NH,X in the particle. When
NH,X is osmotically benign, thermodynamics may
govern its distribution over particle size, since the
mass of NH,X in the aerosol is reflected in the
equilibrium surface concentrations and thus affects
the driving force.

Let us now relate the previous time scale analysis
and the osmotic dominance of an ammonium salt to
the salt’s distribution with respect to particle size. If
the salt is osmotically dominant, the surface concen-
trations do not change as condensation proceeds and,
as with solid aerosol particles, the particle character-
istic time, 7, is irrelevant. As we have shown, trans-
port considerations govern the distribution of NH, X
with respect to particle size for (1) particles that
contain NH,X(s) and (2) aqueous-phase particles os-
motically dominated by NH,X(aq).

For an osmotically benign ammonium salt, whether
transport, thermodynamics, or a combination of the
two governs the distribution of ammonium salt is
dependent on the relative magnitudes of 7., and Tpe
Imagine a population of aerosol particles in equilib-
rium with the surrounding gas. At time t=0, the gas-
phase concentrations are suddenly increased in order
to promote condensation. On the one hand, if 1, <1,
the particle surface concentrations change until t ~ 7,
when they have come into equilibrium with the at-
mospheric concentrations and each other. During this
equilibration, the gas-phase concentrations do not
change significantly, because 7, is large. Since the
particles are in equilibrium, thermodynamic consider-
ations govern the distribution with respect to particle
size.

On the other hand, if 7, T, the background
concentrations adjust considerably faster than the
particle concentrations until t~1_, when the back-
ground concentrations come into equilibrium with the
average gas-phase particle surface concentrations.
Since 1, is long compared to 1, the particle surface
concentrations do not have time to change, and we
conclude that transport considerations alone have
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thus far governed the distribution of condensate. At
this point, the particle surface concentrations, aver-
aged over the aerosol population, are in equilibrium
with the gas-phase concentrations, but particles of
different size or composition may not be in equilib-
rium with each other. For r>t,, these different
aerosol particles tend to equilibrate, until t~7, when
they reach a state of mutual equilibrium and thermo-
dynamic considerations govern the distribution of
condensate.

In conclusion, we find that transport considerations
govern the distribution of condensate with respect to
particle size for (1) solid particles; (2) an osmotically
dominant ammonium salt in aqueous-phase particles,
and (3) osmotically benign ammonium salts in aque-
ous-phase particles under the conditions just outlined.
Otherwise, thermodynamic considerations or a com-
bination of thermodynamic and transport consider-
ations must be taken into account when distributing
condensate over a size- and composition-dispersed
aerosol population.

ACCURACY OF THE PREDICTED SIZE DISTRIBUTION

We have demonstrated that thermodynamics and
transport both determine the distribution of ammon-
lum salt condensate over a size-distributed aerosol.
Furthermore, we have derived the governing equa-
tions for the flux of gas-phase species to a particle of a
given composition. In this section, we examine the
accuracy that we might expect to achieve in predicting
the distribution of ammonium salt condensate over
particle size.

There are three factors that determine the size
distribution of condensing inorganics. First, the size
and composition of the particles determine the magni-
tude of the Kelvin effect, which provides a thermodyn-
amic driving force that moves NH, X from smaller
particles to larger ones.

Second, if particles of a given size have a uniform
composition, the difference in composition between
different size particles establishes a thermodynamic
driving force between them. If, however, particles of a
given size have very different compositions, there is
also a thermodynamic driving force between particles
of the same. In either case, particle composition affects
the distribution of condensate via changes in the
surface equilibrium concentrations.

Third, the surface rate constants not only govern
the rate at which condensation and evaporation occur,
but also the moment of the size distribution that
determines the placement of the ammonium salts in
the size spectrum. These rate constants are not well
known under atmospheric conditions due to the limi-
ted data on the effective accommodation coefficient of
surface active chemical species and which of these
species are adsorbed on aerosols under different at-
mospheric conditions.
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Ultimately, the model of the condensation of am-
monia, nitric acid, and hydrochloric acid on aero~ols
that we have developed here will need to be in-
corporated into trajectory (Pilinis er al., 1987) and
Eulerian (Pilinis and Seinfeld, 1988) models of urban
and regional scale air pollution. In previous work, the
assumption is made that the composition of aerosol
particies of a given size is uniform (Pilinis and Seinfeld,
1988). In addition to this approximation, there are
inherent uncertainties in how well we can determine
thermodynamic and physical properties of the agrosol
population. In light of these approximations and
uncertainties, we expect some uncertainty in the pre-
dicted size distribution of ammonium salt condensate.
We will now estimate the source and magnitude of
these uncertainties.

The Kelvin effect

The chemical potential of a species in a spherical
aerosol particle, y,, can be related to its chemical
potential in the bulk phase, Uy, by the Gibbs-
Thompson equation

20v

Hp=liy +R_p
where ¢ is the surface tension and v is the molar
volume of the species. For a pure particle, the Kelvin
effect serves to increase the equilibrium partial press-
ure over the particle by a factor of exp(20v/R TR,).For
a solution droplet, the Kelvin effect tends to decrease
the equilibrium water activity below the atmospheric
r.h. by this factor while increasing the equilibrium
solute vapor pressure by this factor. In this section we

examine the magnitude of the Kelvin effect.

Uncertainties in the magnitude of the Kelvin effect
arise primarily because of a lack of surface tension
data. In general, surface tension data are available for
aqueous solution droplets and solid NH,CI or
NH,NO, particles in a vacuum. We assume that these
surface tension values are applicable under atmos-
pheric conditions in spite of the fact that atmospheric

constituents adsorbed onto the particle surface would
tend to lower its surface tension (Gill ez al., 1983).

Table 2 shows the value of 260/RTR, for various
particle compositions and sizes. Since these values are
all significantly less than unity, we can expand the
exponential in a Taylor series and retain the first two
terms to obtain exp(26v/R TR,)~1+20u/R TR,, so
that 26v/R TR, is approximately the change in surface
partial pressures due to the Kelvin effect. If the Kelvin
effect is taken into account, equilibrium is reached for
solid particles when the volatile species have evapor-
ated from the smaller particles and condensed on the
largest ones. For aqueous solution particles, a volatile
osmotically dominant species evaporates along with
water until another species becomes osmotically
dominant. This may substantially affect the size dis-
tribution of the aerosol, depending on the time scales
involved. We expect that the surface tension may be
uncertain by as much as 20%, so that from Table 2 we
see that errors in surface equilibrium concentrations
due to errors in the evaluation of the Kelvin effect may
be as high as 3% but are usually less than 1%.

Surface equilibrium concentrations

Errors in the size distribution of condensate may
result from the approximation that the volatile in-
organic composition of the aerosol in a size range is
uniform if in reality it is not. We might expect that
non-volatile inorganics may not be uniformly dis-
tributed within a size range, but that the distribution
of volatile species should be relatively uniform. We
assume that this is the case and that errors in the
surface equilibrium concentrations are due to in-
accuracies in the calculation of the thermodynamic
properties of the aerosol.

To assess the effect of these inaccuracies, let us
examine the rate of NH,X mass transfer between two
arbitrary particle sizes. In the case of an aerosol
containing solid NH, X, the surface concentrations are
determined by the equilibrium constant, which is

independen\  article size or composition. When the
J

Table 2. Kelvin effect at 300K

R,=003 ym R,=0.1 um
Particle Molality I v 200 2o
composition (molkg™!) (ergscm™?) (mlmol~!) RTR, RTR,
NH,Cl(s) — 80* 36§ 0.07 0.03
NH,NO,(s) — 120+ 46§ 0.15 0.05
Pure water — 73t 18§ 0.04 0.01
NH,Cl(aq) 0 73% 36 0.07 0.02
NH,Cl(aq) 6 801 36 0.08 0.02
NH,NO,(aq) 0 73% 48] 0.09 0.03
NH,NO;(aq) 6 78% 26|| 0.05 0.02

*Average of values in Henry er al. (1983).
tExtrapolated from Shah and Roberts (1985).
{Pruppacher and Klett (1980).

§Perry and Chilton (1973).

Interpolated from Perry and Chilton ( 1973).
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particles are an aqueous solution and NH,X is osmo-
tically dominant, the surface concentrations are deter-
mined by the equilibrium constant and m, ,(r.h.)
which again is independent of particle size. Thus, in
both cases, the mass transfer and the resulting mis-
placed condensate are small. It is fortunate that the
solid and osmotically dominant cases are not greatly
affected by errors in the surface concentrations. Since
the surface concentrations in these two cases are
insensitive to the quantity of NH,X in a particle, large
amounts of material could be erroneously transferred
from one particle size to another.

For an osmotically benign species, errors especially
in the ZSR relation and in the Bromley model (Pilinis
and Seinfeld, 1987) can lead to erroneous transfer of
NH,X between different size particles. A 10% error is
reasonable for the ZSR and Bromley methods, and we
use this error estimate in conjunction with subsequent
time scale analysis to estimate the effect on the predic-
ted distribution of NH,X with respect to particle size.

Surface kinetics

Although the accommodation coefficients and sur-
face accommodation rate constants are not well
known, they may not greatly affect the distribution of
condensate. Under the coastal conditions that we
described previously, the aerosol is most likely aque-
ous, coated with either a biogenic or anthropogenic
surface active hydrocarbon. If all particle sizes have a
similar coating of organic, their accommodation coef-
ficients are similar and the condensation is propor-
tional to the second moment of the size distribution.
Under these conditions, condensation proceeds rela-
tively slowly and thus absolute errors in the accom-
modation coefficients or relative errors between the
accommodation coefficients of different size particles
only affect the distribution of a small quantity of
condensate.

Under inland conditions typical of Los Angeles, the
condensation proceeds rapidly due to the shorter time
scales. Here we expect the gas and aerosol phases to be
in relative equilibrium and thermodynamic differences
between the composition of particles to govern the
distribution of condensate (rather than the surface rate
coefficients).

Time scales for movement of condensate between par-
ticle sizes

Uncertainties in the surface tension or thermodyn-
amic properties of aqueous-phase aerosols may result
in uncertainties in the distribution of inorganic con-
densate. To quantify this latter uncertainty, we now
examine the movement of condensate between differ-
ent size ranges of particles:

drh;
"dT‘_'NjJi.ijMi

where #; is the particle mass at size j, J; ; is the molar
flux of species | to a particle of size j, M, is the
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molecular weight of species i, N; is the number density
of particles of size j, and f is the change in total
aerosol mass due to condensation of the volatile
inorganic. f; accounts for the condensation of water
that results from the condensation of the ammonium
salt. For solid particles or an osmotically benign
species in aqueous particles, f, is about one since the
mass of water in these particles does not change
significantly during condensation, however, for the
osmotically dominant species,

1000
Mo, wuax (1) Mgy x .

The molar flux can be expressed in terms of the
concentration difference by J; ;~4nD;R, AC/(B;+1).
If the uncertainty in surface concentration is the
product of the background concentration and some
factor, ¢, then AC;=¢C; . The mass of aerosol in
size range j can be expressed in terms of the particle
radius, density, and number concentration by
m;~4/3nR3 ;p N;. Combining these expressions
gives the characteristic time, 7,, for movement of
species I from one size particle to another

R;.jpp(ﬁ'i' 1)

3Dnrax M, xECnmx, o fov

Ju~14+

Ts

Under coastal conditions, let us assume that
Ci .o~ 1 ppb and f, ~ 10 since the aerosol is a dilute
aqueous phase, which gives 7,~20 days for £=0.1.
Thus, under coastal conditions, mass transfer between
particles is so slow that a small error in surface
concentrations has a small effect on the distribution of
ammonium salt.

‘Under inland conditions, let us assume that
Ci.«~50 ppb and fy ~ 1, which gives t,~2 min for ¢
=0.1. Errors in the surface tension or thermodynam-
ics may be reflected in the predicted size distribution in
only 2 min, whereas with ¢=0.01, the error would take
20 min to be reflected in the distribution. Uncertain-
ties in the surface tension do not seem to be reflected in
significant uncertainties in the size distribution of
ammonium salt condensate, since they are generally in
the range of 1% or less. If under inland conditions the
aerosol is in the solid phase, the surface partial press-
ures are well characterized and a 1% uncertainty is
reasonable.

If the aerosol is a highly concentrated aqueous
solution, the surface partial pressures of the osmotical-
ly dominant species are predicted fairly accurately, but
we would not expect 1% accuracy for an osmotically
benign species or a species of intermediate osmotic
impact. Fortunately, these species do not comprise a
large fraction of the total aerosol mass (since they are
not osmotically dominant), and, although we expect
some error, this error will not have a large impact on
the total mass in a given size range. The largest
uncertainties in the distribution probably occur under
conditions of moderate humidity such that the aerosol
is a highly concentrated solution, but such that there
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is a substantial fraction of the smaller size particles.
Under these circumstances, 7, is small and the surface
concentrations of all but the osmoticaily dominant
species are poorly defined.

CONCLUSIONS

Over the past decade, a number of investigators
have estimated the quantity of ammonium salt in
atmospheric aerosol by assuming that chemical equi-
librium exists between NH,Cl and NH,NO; in the
aerosol phase and NH;, HCl and HNO, in the gas
phase. We have undertaken a theoretical analysis of
the chemical and physical processes that govern the
formation of these aerosol ammonium salts and find
that the time scales for the gas and aerosol phases to
equilibrate depend crucially on the ambient condi-
tions and the composition and state of the aerosol. In
particular, these characteristic times are too long to
justify the equilibrium assumption under cool ambient
conditions or when the aerosol particles are large.
Allen et al. (1989) find departures from equilibrium
under cool conditions or under conditions of higher
r.h. (when the particles are expected to be large due to
increased water content) in agreement with our pre-
dictions.

Whether there is a thermodynamic preference for
ammonium salt condensate to appear in one size
particle over another depends on the state of the
condensed ammonium salt (aqueous or solid), the
osmotic dominance of the ammonium salt if it exists in
the aqueous phase, and the relative magnitude of the
time scales for the aerosol and the gas phase to
equilibrate if the ammonium salt is not osmotically
dominant. Thus an accurate prediction of the quantity
of ammonium salt in atmospheric aerosol and its
distribution with respect to particle size can only be
obtained by explicitly modeling the transport of NH;,
HNO, and HCI between the gas and aerosol phases.
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