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ABSTRACT

Considerable evidence exists for the presence of multicomponent
aqueous electrolytic aerosols in the atmosphere. The size and chemical
composition of these aerosols depend in large part on the interfacial
equilibrium between the aerosol and surrounding gases, and correct
description of condensation/evaporation on/from the particle requires
knowledge of the thermodynamics at the interface.

Four models used for predicting the water activity and solute

activity coefficients of electrolytic aerosols are examined in this

study. The predictions of these models are compared to data of wvarious
electrolyte solutions, including data on I SO “* - (NH”“and
(NHA*SO~-NH”NO*-1“0 systems. Particular emphasis is placed on model

predictions for low water activities, which are important for aerosol
modeling in arid regions.

Using the equilibrium chemistry for liquid phase oxidation of NO
and NO”, the characteristic parameters of a nitrate aerosol are predicted
In the final section, the size and chemical composition of an aerosol
droplet exposed to SO*, NO, NO”, NH*, H”SO” and H”"O are predicted as a
function of time. The gas phase oxidation of SO* to H”SO” is included.
For both cases, Bromley's model is used to predict the multicomponent
thermodynamic data. The gas phase concentrations used are typical of

those measured in the atmosphere.



CHAPTER 1
PROPERTIES OF SECONDARY AEROSOLS IN ARID REGIONS

Particulate matter is continﬁqusly generated and removed in air
by different mechanisms. The ﬁhysical and chemical properties of these
particles are lafgely determined by the nature ofithe sources, both
natural and anthropogenic, and the meteo;ology and the topography of
the specific location.

Materials such as smoke and dust, directly emitted into the
atmosphere in particulate form,are termed pfimary aerosols. On the
other hand, particles generated in the atmosphere by gas—to-particle
conversion are referred to as secondary aerosols. Formation from the
gas phase tends to produce fine particles. Aerosols can be the cause
of climatic changes and visibility degradation and may also be hazardous
to human health. Such adverse effects associated with the aerosol be-
havior bear stréng functionality to the size, concentration and chemi-
cal composition of these airborne particles. Therefore major efforts
in urban aerosol studies are intended to gain a comprehensive under-
standing of the formation mechanisms, composition, growth rates and
size distributions of the atmospheric aerosols.

Muchvwork is done to measure éﬁd correlate the concentration
of different elements and ionic species in urban atmospheric aerosols
(Moyers, Ranweiler, Hopf and Korte, 1977; Gaarenstroom, Perone and Moyers,
1977; Sadasivan, 1980). These factor analysis techniques have been

1



instrumental in identifying the sources and interpreting gas to particle
conversion processes.

The chemical form of these species within the aerosol phase has
been a topic of investigation in recent years. Biggins and Harrison
(1979) identified specific chemical compounds like ammonium sulfate, lead
sulfate, sodium chloride and sodium sulfate in roadside aerosol samples.
High mass fraction of sulfates within the total aerosol mass was noted by
Tanner and Marlow (1977). These sulfates were found to be associated with
ammonium (NH*) and hydrogen (H+) ions. Hitchcock, Spiller and Wilson
(1980) , Dzubay, Snyder, Reutter and Stevens (1979), Forrest, Garber and
Newman (1979) and Dawson (1978) have all identified and measured ionic

2 + -
species, predominantly sulfate (SO* ), ammonium (NH”~), nitrate (NO*), hy-

drogen (H+), chloride (C£ ), magnesium (Mg+”) and sodium (Na+) in atmo-
spheric aerosols. Metal chlorides were detected primarily in marine
aerosols (Hitchcock, Spiller and Wilson, 1980). Sadasivan (1980) proved

that only half the total sulfate in marine aerosols was from seasalt.
Oxides of nitrogen and sulfur may be oxidized to more stable
nitrate and sulfate species, respectively, either by gas phase photo-
chemical oxidation (Calvert, Bottenheim and Strausz, 1978; Altshuller,
1979; Sander and Seinfeld, 1976) or by liquid phase oxidation. Gas
phase oxidation results in the formation of sulfuric acid and nitric
acid molecules in vapor phase and these molecules subsequently condense
on the existing aerosol droplets or may cause the formation of new
particles by nucleation and growth (Yue, 1979). Both catalytic (Hegg

and Hobbs, 1978; Beilke and Gravenhorst, 1978) and non-catalytic (Hegg
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and Hobbs, 1979) mechanisms have been proposed by different investigators
to describe the liquid phase oxidation of sulfur dioxide. Relatively few
workers have studied the liquid phase oxidation of oxides of niﬁrogen to
nitrates (Peterson and Seinfeld, 1979; Orel and Seinfeld, 1977).

- Though pH values of atmospheric aerosols reported by different
workers (Hitchcock, Spiller and Wilson, 1980; Hegg and Hobbs, 1979)
differ and range from 1 to 6, there is a general agreement that atmo-—
spheric sulfate aerosols are acidic in nature, and the Eulk of the sul-
fate is partially or fully neutralized by ammonia (Charlson, Covert,
Larson and Waggoner, 1978). Observations made by Kadowaki (1977) and
Orel and Seinfeld (1977) agree in that the principal nitrate compound in
coarse marine aerosols is sodium nitrate whereas submicron inland par-
ticles are dominated by ammonium nitrate.

All this experimental evidence leads us to conclude that second-
éry aerosols can be described chemically as multicomponent solutions of
strong electrolytes. While inland aerosols are dominated by ammonium
sulfate and ammonium nitrate, marine aerosols contain seaéalts like
sodium and magnesium chlorides in addition. Furthermore theée aerosols
are acidic in nature and contain small amounts of unneutralized sulfuric
and nitric acids. |

Ambient concentrations of ionic species in the arid southwestern
U.S.A. have been measured by various workers (Moyers, Ranweiler, Hopf
and Korte, 1977; Gaarenstroom, Perone and Moyers, 1977; Macias, Blumen-—
thal, Anderson and Cantrell, 1980). ' Trijonis (1979) has analyzed 25

years of airport visibility data and 10 years of particulate data in the
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southwest and concludes that historical decrease in visibility is caused
b& secondary aerosols dominated by sulfafes and nitrates. - The author
(Trijonis, 1979) also notes that these secondary aerosols are formed in
the accumulation size range (0.1-1.0 micron); Macias, Blumenthal,"
Anderson and Cantrell (1986)7attribute as much as forty percent of the
total scattering coefficient of light to ammonium sulfate.

Relative humidities in arid regions are low in general (can be
less than ten percent) and undergo very wide variations. Henry and
Hidy (1979) observed that sulfate variability ﬁas strongly correlated
with relative humidity in regioﬁs where relative humidity fluctuated
over a Wide range of values. The mass fraction of water in a single
aerosol droplet is directly related to the moisture content, i.e., reia—
tive humidity, of the surrounding air by phase equilibrium felatipnéhip.
Low water vapor pressure of the surroundings will lead to relatively
small concentration of water in the aerosol droplet which in turn implies
higher concentrations of -solutes, e.g., ammonium sulfate, ammonium ni-
trate, sulfuric acid and‘nitric acid.

Hygroscopic compounds like sulfuric acid exhibit monotonic growth
curves, i.e., continuous absorption or deéorption'of water with changes
in relative humidity. Binary salts like (NHA)ZSOA’ NH4HSO4 and NHANoé,
extensively identified\and measured in atmospheric aerosols, however,
"exhibit ; step change behavior. These compounds suddénly absorb water
when relative_humidity exceeds a certain lével and similarly suddénlyv
release water when decreasing humidity falls below a certain level.

These phenomena of sudden uptake and release of water'are termed deli-

quescence and efflorescence,.respectively. Corresponding relative
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humidities are called deliquescence and efflorescence points. These two
are not equal in general (Charlson, Covert, Larson and Waggoner, 1978;
Tang, 1980).‘ As the water activity of an aerosol droplet is directlyr
related to the moisture content of the surrounding air by interfacial
equilibrium relationships, separation of the solid phase may occur when
tﬁe relative humidity reaches a value corresponding to the water activity
of the saturated solution (Tang, 1976; Tang, 1980). Thus in contrastrfo
multicomponent electrolytic aerosols in high humidity conditions, similar
aerosols in arid regions exist at relatively high concentrations of
solutes and under extreme conditions of humidities these aerosols may
be saturated with or without the separation of solid phase.

It i; possible to calculate the sizes and compositions of these
multicomponent electrolytic aerosols if extensive multicomponent thermo-—
dynamic data are available. Such data are usually available for binary
solutions only. Tang (1976, 1980) and Peterson and Seinfeld (1979) have
stressed the need of adequate multicomponent thermodynamic .infermation,
at relatively high concentration of solutes, to aCCurétely predict the
sizes and compositions of atmospheric aerosols.

It is the purpose of this work, thgn, to find some accurate means
of predicting multicomponent thermodynamic properties of electrolytic
solutions. Further, we seek to prove the applicability of such a pro-
cedure by comparisons with experimental data for multicomponent systems.
The data to be compared will be fér systems found to exist in the étmo—
spheric aerosols or closely resembling them in terms of chemical proper-

ties. Heavy emphasis is laid on predictions and comparisons at high



concentrations of solutes. Finally, the applicability of such an
approach is illustrated for predicting the properties of atmospheric

aerosols.



CHAPTER 2

THERMODYNAMIC CONCEPTS

There is considerable inconsistency in the notation used by
different authors in thermodynamic literature, and it is the purpose
of this chapter to establish a sound thermodynamic framework, free from
any inherent error or ambiguity. A brief review of common notation and
definitions is presented here and the physical significance of thermo-

dynamic parameters used in subsequent chapters is duly stressed.

Activity Coefficients of Electrolytes
For an ideal multicomponent phase, the chemical potential

of the i«u component is given by

Pi = y° + RTIn xi (1)

where is the mole fraction of component i and p° its chemical

potential in some standard state.

Ideality of a solution implies the absence of any interactions
among the particles constituting it. The presence of long-range coulom-
bic interactions differentiates the solutions of electrolytes from those
of nonelectrolytes. For noneletrolytes, the long-range coulombic inter-
actions are nonexistent and the short-range interactions caused by
dipole-dipole or dispersion forces would become appreciable only for
small separation distances between the solute particles, i.e., when the

solute concentration is high. Though the coulombic interactions, due



to their inverse proportionality to the interionic distance, would also
decrease with the increasing separation distance (dilution), in general,
for electrolytes the solute-solute interactions are stronger than those
for nonelectrolytes. Moreover the solute-solvent interactions must also
be strong for the formation of ions (Petrucci, 1971; Pass, 1973). There-
fore for electrolytes, even in dilute solutions, we have a system of
interacting constituents; ions with opposite charges and solvent mole-
cules. Chemical potential changes for such a solution is obtained by

using effective rather than true concentration in Eq. (1):

y. - yz RTIn xifi Q)

1

where x*f* is the "effective" concentration or the activity,
a”, of the component i and f* is an empirical concentration
correction factor called the activity coefficient of the

component i, so that

(3)
From Egs. (1) and (2)

. RTIn f£f. (4)
[*J Real [ydJdIdeal i

The left hand side of Eq. (4) is the chemical potential change arising
from the interactions (solute-solute and solute-solvent) in the solution,
and activity coefficient, thus, is a measure of this change.

Activities and corresponding activity coefficients can be defined

on three different scales of concentration measurement (Robinson and



Stokes, 1965):

Molal scale : a(m) = ym
Molar scale : a(ec) = yc
Mole fraction scale : a(N) = £N

where a(m), a(c) and a(N) are activities on molal, molar and mole
fraction scales respectively, y, y and fare corresponding activity
coefficients; m is the molality of solute inmoles/kg ofsolvent,

c is molarity in moles/liter of solvent and N is mole-fraction (one

often uses x to denote the same quantity).

Standard State

The standard state for each scale is so chosen that the mean
ionic activity coefficient of the solute on that scale approaches unity
when the concentration is reduced to zero. This applies to every
temperature and pressure.

For solvent, the standard state is generally taken to be the pure
solvent at the temperature and pressure of the solution. A similar
standard state can not be chosen for solutes because most electrolytes
have very different physical and chemical properties in pure state.

For example some common electrolytes like ammonium sulfate, ammonium
nitrate and sodium chloride are solid and unionized at normal temperature

and pressure.

Mean Ionic Activity Coefficient
The activity coefficient of an individual ion, by definition,

is dependent upon the free energy changes when that species is added to
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the solution. It would be impossible to measure such changes for an

ionic species alone and the only quantity accessible to such measure-

ments is the activity coefficient of an electrolyte as a whole, i.e.,

of at least two ionic species together. There is a need to conceptually

relate the activity coefficient of an electrolyte in solution (experi-

mentally measurable) to that of individual ionic species constituting it

For an ionic solute yielding vi cations and V: anions on dis-

sociation, the "mean ionic activity coefficient" is defined by:

Y+ = Yxvi1i Y2v2 (5)

where Y: andy: areindividual (ionic) activity coefficients
and v =vj +v2e
Geometric means are taken in the case of y+ because the effects of

activity coefficient on free energy are multiplicative (Bockris and

Reddy, 1970). For strong electrolytes the ionization is essentially
complete andgeven if it isnot, it is conventional (Denbigh, 1971) to
assume that m+ = vim and m_= v_m.The activity coefficient, Y+ » thus

estimated includes the effect of incomplete ionization or dissociation

or any deviations from ideality.

Solvent Activity and Osmotic Coefficient

Activity of the solvent is defined by

Ma - = RTln aA (s )

Also, we have

UA = w£(V) + RT1ln pA (7)
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and

U? = Ha (V) + RTln PA (8)

from the condition of vapor-liquid equilibrium for solution and pure

solvent respectively. Here p” (V) is the chemical potential of the

vapor in a standard state of solution temperature and one atmosphere

pressure, p”, is the solvent partial pressure over the solution and
its vapor pressure at the solution temperature.

From Egs. (), (7), and (s)

aA = PA/PA (9)

Vapor is assumed to be ideal so that fugacities can be replaced
by the pressures.

Solvent activity is thus independent of concentration measure-
ment scale.

The osmotic coefficient of the solvent is a logarithmic func-
tion of its activity. It is useful when the activity coefficient of
the solvent differs fromunity by a very small amount, makingactivity
coefficient a poor indicator of deviations from ideality.

The "rational" osmotic coefficient, g, is defined by:

/ vmW \
In a. = gin N. =- gin (1 + —— (10)

where a” is the activity of the solvent and is its molecular weight.

On a molal scale, the osmotic coefficient is defined by:

IxI a4 = ~ 1000 (11)
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The product vm (v is the total moles of ions liberated by dis-
sociation of one mole of solute and m is its molality) should be summed

over all solutes for multicomponent solutions.

Mole Fraction

A conceptual difficulty arises when defining mole fractions of
ionic solutes. It can be defined either as the ratio of total number of
solute particles (ions) to the total number of ions plus molecules of
solvent, or as the ratio of formula weights of solute to the total

number of formula weights of solute ions plus solvent, i.e.,

N = A -
B Zvm + 1000/WA

or,

B Evm + 1000/WA

The first definition is used throughout this work, although the rela-
tionship between the rational activity coefficient and the other
representations is unaffected by this choice.

Ionic Strength and Ionic
Strength Fraction

Theionicstrength is a measureof the electricalenvironment
of ions in asolution. It is related totheconcentrations as follows:
1 = f£ Im.Z2 2 (12)
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where is the concentration of the i * species and is the formal
charge on it. Summation is to be carried over all ionic species present
in the solution.

Another very commonly used parameter is the ionic strength frac-

tion, defined as

yB = T (13)
where Y = ionic strength fraction of solute B
= ionic strength of solute B
and I = total ionic strength.

The Gibbs-Duhem Equation

This equation restrains the manner in which the activity coeffi-
cients of the components may vary with temperature, pressure, and compo-
sition. Derived from the conditions of restraint on the partial molal
quantities of a multicomponent solution, it can be written as (Smith and

Van Ness, 1975):

A dr + dP = 2Zx.dlnf. (14)
RT: RT i i

where T is the temperature, P the pressure and AH and AV are enthalpy
and volume change of mixing, respectively. This equation must be satis-
fied for each phase of the system.

If we assume constant temperature and pressure, Eq. (14) simpli-
fies to

Zx.dlnf = 0 (15)
i
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While most activity and osmotic coefficient data are presented
on a molal scale, the Gibbs-Duhem equation, as evident, is written
employing "rational" thermodynamic quantities. For a solution contain-

ing more than one electrolyte, the two activity coefficients are related

by
f+ = y+ (1 + o.001 WAZvm) (16)

where

v = number of moles of ions formed by the ionization of one

mole of solute

A = Miilccular weight of the solute

m = moles of solute per kg of solvent
and f+, y+ = mean rational and molal activity coefficients

respectively.

Notation convention of standard electrochemistry texts is used

in this work with one exception of x replacing N for mole fraction.



CHAPTER 3

EQUILIBRIUM ASPECTS OF AEROSOL GROWTH

As noted in the earlier chapter, it is widely accepted that
atmospheric aerosols are dominated by aqueous solutions of sulfates
(H*SO”*, (NH"):%0 " etc.) and nitrates (HNO”, NH~NO” etc.) Any attempt
to study the formation and growth of such secondary aerosols from pri-
mary pollutant gases, in terms of characterization of size and composi-
tion, would require an understanding of both kinetic and equilibrium
steps involved in this process. In this chapter attention is focused
on equilibrium mechanisms, both phase and chemical, included in overall
aerosol growth model. Different methods to estimate the thermodynamic
parameters required to calculate chemical and phase equilibria are

elucidated.

The Interfacial Equilibrium

Solute Gases

Henry's law is assumed to hold and a linear relationship
exists between the concentration of an absorbed gas and its surface
pressure. This simplifying assumption will not introduce any error for
atmospheric chemistry problems because pollutant gases are present in
parts per million or parts per billion concentrations, ensuring
liquid phase concentrations small enough to justify the use of
Henry's law.

15
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The Solvent

Aerosol particles composed of water soluble compounds undergo
changes in both size and chemical composition as a consequence of expo-
sure to gases and water vapor in the atmosphere. The changes which take
place in aerosol size are dictated by the interfacial equilibrium for
the solvent. Koehler (1936) used Raoultls law to describe this equili-
brium, but such a relationship would hold only for very high humidities
(i.e., xwater = 1). Moreover, the effect of curvature on surface pres-
sure cannot be neglected for small particles (less than :.. pm), which
dominate tropospheric aerosols and cause visibility degradation and
adverse health effects. Two prime factors influencing the vapor-liquid

equilibrium for water are discussed here.

The Kelvin Effect. This effect tends to increase the vapor pres-

sure above a curved surface. It is represented for a binary system by
(17)
where
P .. = vapor pressure of i over a droplet of radius r, atmospheres
ci
Pfi = vapor pressure of i over a flat surface, atmospheres

a = droplet surface tension, dyne/cm
= partial molar volume of species i, liter/mole (liquid phase)

Xj = mole fraction of species j (X. =:1 - X%)

Suitable derivation of this relationship could be found in

Nair and Vohra (1975).



If density and surface tension changes are independent of drop-

let composition, Eq. (17) is simplified to:

pci = Pfi exp ( TRrT) (18)

This assumption may hold good for dilute solutions of electro-
lytes. For aerosols containing organic compounds, even in trace con-
centrations, this may be a highly erroneous assumption due to surfac-
tant properties of many organic compounds.

The Solute Effect. While the Kelvin effect accurately relates
the surface pressure over a curved surface to that over a flat surface

with identical composition, the solute effect accounts for the presence

of solutes and establishes a relationship between the surfacepressure
of the solvent in pure state and in a solution of given composition by

Pfi = fixiPsat. (19)
where

equilibrium saturation pressure of i over a flat
surface at tempterature T of solution

f. = activity coefficient of i in the liquid phase.

Here the vapor phase is assumed to be an ideal gas.

For aqueous aerosols Eq. (19) can be written as
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Finally Eq. (20) can be substituted in Eq. (18) to obtain an expression
that relates the surface pressure of water above a curved surface to

conditions within the aerosol droplet:

Py (1)

Surface pressure, p”?, can be related to the relative humidity and hence
it is possible to predict equilibrium size for a given relative humidity
provided that water activity is known as a function of composition of

the multicomponent electrolyte solution in the aerosol. The range of
values over which water activity must be known (as a function of composi-
tion) typically lies between : (dilute solutions) and o.: or lower,

depending on the fractional relative humidity of the surroundings.

The Chemical Equilibrium

Liquid phase oxidation of sulfur dioxide and oxides of nitrogen
into sulfate and nitrate respectively and the subsequent neutralization
of these compounds by atmospheric ammonia is commonly modeled as a series
of equilibrium reaction steps and a rate controlling kinetic step
(Scott and Hobbs, 1967; Orel and Seinfeld, 1977). Information on species
activity coefficients is required in order to properly define these equi-
librium conditions. This is particularly true for aerosols in arid en-
vironments, where aqueous electrolytic solutions must be sufficiently
concentrated (therefore high ionic strengths) to remain in equilibrium
with the low water vapor pressure of the surroundings.

While thermodynamic data are available for many binary aqueous

electrolyte solutions over a reasonable range of solute concentrations.
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extensive data on water activity and solute activity coefficients for
multicomponént electrolytes are not available. It is necessary, there-
fore, to utilize a thermodynamic model to predict multicomponent water
activities and species activity coefficients from available binary data.

Both solute-solute interactions and solute-solvent interactions
affect the water activity and solute activity coefficients of multi—
component electrolyte solutions. Many of the more comprehensive models
(Reilly, Wood and Robinson, 1971; Pitzer, 1973; Scatchard, Rush and
Johnson, 1970) consider the nonidealities of both these interactions.
However, specification of interaction parameters for these modeis re-
quires multicomponent aata which are simply not available in general.
While assumption of ideality for both solute-solute and solute-solvent
interactions in electrolytic solutions would obviously lead to gross
inaccuracies in the prediction of thermodynamic quantities, it may be
possible to accurately characterize these quantities by correctly de-
scribing solute-solvent interactions while assuming ideal solute-solute
interactions. Simply, this approach accounts for the nonidealities
experienced in binary electrolytes between the solute and solvent, but
neglects any additional interactions incurred by "combining'" binary
electrolytic solutions to form a multicomponent system. Models deﬁeloped
under this assumption require activity data for all binary pairs of.
solute-solvent type in the multicomponent system, but do not require any
information on interactions between the solutes themselves. Intuitively
this assum%tion would hold up best for dilute solutions, which for

atmospheric aerosols implies high humidity conditions. The applicability
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of such an assumption for concentrated electrolyte solutions (low humid- '
ities) remains to be shown. By utilizing models presently available to
predict aceivity coefficients and water activities for multicomponent
electrolytes, and comparing these predictions to the data available
(usually ternary data at best), some confidence can be placed on the use
of ﬁhese medels for atmespheric aerosols conteining acids. and ammonium
sulfates and nitrates.

A'comparative and comprehensive study of a number of models
predicting water activities has been reported by Sangster and Lenzi
(1974). They report on models of Reilly,Wood, and Robinson (1971),
Robinson and Bower (1965), Meissner and Kusik (1973) and Zdanovskii,
Stokes and Robinson (1936, 1966) (RWR, RB, MK and ZSR respectively).

All these models neglect solute-solute interactions, and predict either
water activity or osmotic coefficients for multicomponent electrolytes.
Their results-allow them to make the following observations:

1. There appears no obvious advantage in using the more complicated

RWR and MK models over the RB and ZSR models.

2. MK does poorly for electrolytes of unequal charges (e.g.,

MgSO, and NaCl). The RWR model actually reduces to the MK

4
model for electrolytes of same valence type.
3. For common-ion electrolytic solutions, RB holds a slight advan-

tage over ZSR. Electrolyte solutions with no common ion are

. better represented by ZSR.
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As mentioned earlier, a knowledge of species activity coeffi-
cients is imperative in solving equilibrium chemical reaction equations
for the composition of an aerosol droplet. Some of the earlier workers
(Scott and Hobbs, 1967; Beilke, Lamb, and Muller, 1975; Freiberg, 1976)
have used concentrations rather than activities in their equilibrium
calculations. This would restrict the application of such analysis to
only ideal (hence yi s = 1) solutions which in turn implies very low con-
’
centration of chemical species. Some recent studies (Peterson and Sein-
feld, 1979, 1980; Beyak and Peterson, 1980) have significantly overcome
this limitation by including activity coefficients in chemical equilib-

rium equations. These coefficients were computed from Davies approxima-

tion which is

@2)

where

N
I

ionic charge

A

0.5085 mole -kg for water.
This equation is valid up to ionic strengths of 0.5 moles-kg 1.

Davies approximation is an empirical modification of the well-
known Debye-Huckel limiting law and assumes that the activity coefficients
do not depend on the particular ionic species but only on their valence
type. Moreover all these studies (Peterson and Seinfeld, 1979, 1980;
Beyak and Peterson, 1980) predicted concentrations significantly higher

than 0.5 moles-kg : and sometimes as high as 6.7 moles-kg 1.
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Some work has been done in recent years to predict the activity
coefficients of eléctrolytes in multicomponent solutions of relatively
high iénic strengths. Notable among them are Lietzke and Stoughton
(1972) , Meissner and Kusik (1972) and Bromley (1972, 1973). Lietzke
and Stoughton propose a simple equation (hereafter referred to as LS(I))
for species activity coefficients-that utilizes binary data for each
electrolyte at the total ionic strength of the solution. Meissner and
Kusik's formulation, derived from Bronsted's theory of specific ionic
interactions, is more rigorous in_that it utilizes the binary data of
not only electrolytes present in the solution but of all possible elec-
trolytes that can be forﬁed by a combination of various cations and an-
ions present in the solution. This takes into account all possible binary
ionic interactions between the ions of unlike charges but does assume
the interactions between ions with like charges to.be negligibly small.
Bromley (1973) has proved that the equations proposed by Meissner and
Kusik (1972) involve an implicit assumption of equality of charges for
all ions of like charge (i.e., all the negative ions have one charge
and all the positive ions have the same or another charge) and proposed
a similar but more involved equation. Seemingly two isolated problems
of water activitj estimation and solute activity-coefficients prediction
can be reduced to one by realizing that the calculationvof water activity
from models predicting solute activity coefficiehts>is possible through
the Gibbs-Duhem equation. It would be useful, therefore, to investigate
models predicting activity coefficients of solutes, to estimate water

activities using these predicted activity coefficients and the Gibbs-Duhem
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equation, and to compare these results to available multicomponent data.
We can also review the accuracy of two simple methods for predicting
water activities, namely the ZSR model and another model proposed by
Lietzke and Stoughton (1974) for the prediction of osmotic coefficients
of multicomponent solutions (hereafter referred to as LS(II)). These
models cannot provide us with estimates of solute activity coefficients,
however.

Here we utilize the models of Lietzke and Stoughton (1972) and
Bromley (1973) to predict the activity coefficient of each electrolyte

in a multicomponent aqueous solution of electrolytes.

Lietzke and Stoughton Model

The Lietzke and Stoughton (1972) model (LS(I)) is written as:

log Y. = — "log’ ¥

log Y. ™ log Y

(23)
where Z+ and Z represent the charges on the cation and anion respec-
tively, Y . is the mean ionic activity coefficient of the i“* component
in a mixture of n electrolytes with a common ion; superscript o implies
activity coefficient values in binary state at the total ionic strength
of the multicomponent solution and is the ionic strength fraction of

jcomponent.
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Many methods of activity coefficient prediction for multicom-
ponent electrolyte solutions use the activity data of each component in
the "pure" state (i.e., aqueous solution). Usually, the method of least
squares is employed to correlate the functional dependence of the activ-
ity coefficient of each component in the pure state with its binary
concentration in the ion-component treatment. This involves the deter-
mination of coefficients relating pure state activity coefficients to
corresponding concentrations and later these coefficients are combined
to predict the activity coefficient of each component in a multicompo-
nent electrolyte solution. In contrast Eq. (23) uses the binary activ-
ity coefficient values of each electrolyte at the total ionic strength
of the mixture directly.

For an aqueous solution of two electrolytes Eq. (23) simplifies

to

2iZi

If all the ionic species were of the same valence type, the charges
(i.e., Z4, 2. etc.) would disappear from Eq. (24), and the resultant
expression is similar to an equation proposed by Harned and Owen (1958)
which follows from Guggenheim’s treatment of the theory of specific ion

interactions.
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Although this model is purely empirical, its authors claim
(Lietzke and Stoughton, 1972) their results for a number of ternary and
quaternary solutions are consistent with values predicted with more
elaborate ion-component models. In most cases, results of Eq. (23)
agreed within a few percent of these more elaborate models. In this
work, we go a step further. With Eq. (23) and the Gibbs-Duhem Eq. (15),
water activities of multicomponent (in this case ternary) electrolyte
solutions are estimated. These estimates are compared to available
data, where available, and the applicability of this approach to atmo-
spheric electrolytic aerosols is discussed.

For a ternary electrolyte solution, Eq. (15) can be rearranged

and integrated to yield:

rb
3Inf 3 (25)

where, a and b are lower and upper limits of integration respectively
and this operation (differentiation and subsequent integration) has to
be carried out at constant mole fraction of component :
Two steps are involved in the estimation of water activities of
a multicomponent electrolyte solution:
1. Computation of ternary activity coefficients of electrolytes
from binary data and Eq. (23).
2. Numerical differentiation and integration to obtain water

activities from Eq. (25).
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We can therefore compare both calculated solute activity coefficients

and water activities to experimental data for these parameters.

Bromley's Model

This model, proposed for ionic strengths up to s , is given by

A \Z1Z2\12 ZiZ, £ £
log Y:: r— + Zi+2 + A (26)
1+ I i+Z: 4l z]
where
Fi = Y21i lOgYiz ° + Ya: lOg‘Ylvo + Y6 lOg’YisJ+
Ayl r .
+ P 21Z2Y21 + z1z4Y41l 4+ Z1Z6Y 61 eee]
1+I2 L J (27)
and
X12 log Y12°4+ X32 lo8 Y32+
Ayl r )
+ r IZiz2X12 + 2Z3Z2X32 + seee] (28)
1412 L J
Z12m2 z1+z2 \ m:
21 ) - (29)
and 2 x 2
X4o (30)

The cations are designated by the subscripts 1,3,5, etc. and anions by
2,4,6, etc. The terms Z”» and Z: use absolute value of the charge
irrespective of its sign.

For the prediction of properties of water, the author (Bromley,

1973) has treated the multicomponent electrolytic solution as a solution



of a single complex salt

B, as

where i and j summations

respectively and

Here K designates all ionic species and

of ions of species K.

Bromley has tabulated

and defined an effective interaction parameter

4LIIB Z 2y v
ij i3 49 i 3
T 2
\)_K \)K ZK

(31)
V £ VK ZK

are to be carried over all cations and anions

is the stoichiometric number

values for a large number of electro-

lytes and these can be used to estimate the effective parameter MB",

which in turn is used in

solution:

and

*(31) = J-

31 (1+al,) 2

1+, a1_ _

the osmotic coefficient expression for binary

2.303A Z z

2.303(0.06 + 0.6B) |z Z

- 2 In (1l+pls (33)

1+P$2

1ln(l+al) (34)

al
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respectively and p = 1.0; a = 1.5/|2+2 |; A = 0.511 Kg: mole . at 25°C

and

|1Z+Z-1 = (35)

The author has successfully employed this method for estimating proper-
ties of seawater.

In the next section we employ these models to predict multi-
component thermodynamic properties and compare the results to available

data.



CHAPTER 4

MODEL PREDICTIONS AND COMPARISONS
WILTH PUBLISHED DATA

Again, the purpose of this study is to determine which thermo-
dynamic model is most appropriate for describing chemical and inter-
facial equilibria for growing and reacting atmospheric electrolytic
aerdsols, and to subsequently employ this model for aerosol growth
studies in low humidity environments. Here we compare the predictibns
forwarded by the models previously discussed to data on selected aqueous
electrolyte solutions.

The'prediction of solute activity coefficients is necessary in
aerosol growth calculations because of therionic equilibrium dependence
on these 'coefficients. Knowledge of these activity coefficients be-
comes all the more important in an arid enviroﬁment, where an aqueous
electrolytic solution must be sufficiently concentrated to remain.in
equilibrium with the low water vapor pressure of its surroundings.
Previous work by Peterson and Seinfeld (1979, 1980) and Beyak and
Peterson (1980) has shown that the nonideality of equilibrium condi-
tions as represented by the solute aétivity coefficients must be in-
ciuded.

Interfacial equilibrium of an aerosol droplet is strongly
dependent upon its water activity. Under low humidity conditions
equilibrium water contents of such aerosol droplets are small and thus

29



water activity is significantly less than one. It would range between
1 and 0.1 or lower depending upon relative humidity. Due to large
departures from ideality (i.e. , a* = 1) water activity must not only
be known accurately for correct description of interfacial equilibrium
but must also be included in the chemical equilibrium equations.
Two types of comparisons have been made in the present work:
1. Comparisons of solute activity coefficient calculated from
Eq. (23) and from Eq. (26) with published data.
2. Comparisons of water activities estimatedfrom Egs. (23) and
(25) and from Eq. (32) with published data. For completeness,

comparison is also made to the ZSR and LS(II) models.

The ZSR model, commonly used in previous aerosol growth calculations
(Peterson and Seinfeld, 1980; Beyak and Peterson, 1980; Tang, 1976)

is given by

(36)
i
where is the molality of component i in the multicomponent solution
and m”* (a”) is the molality in the binary state at the desired water

activity, a”, of the multicomponent solution.

The LS(II) model predicts the osmotic coefficient, (" of a

multicomponent solution by
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where vy is the number of ions released by the complete dissociation of
one molecule of component i, m, is its molality, and ¢i is the osmotic
céefficient of the binary solution of component i at the total ionic
strength of the multicomponent solution.

Experimental measurements of Yho1 for aqueous HC1-KCl solutions
were made by Hawkins (1932) for reiatively high ionic strengths of 3-4
moles Kg_l. Comparison of these measurements to Yac1 calculated from
Egs. (23) and (26) is presented in Fig. 1. Relative error is typically
less than 5% for both'Eq. (23) and Eq. (26) and the linearity noted by
Hawkins between log Yac1 and ml is evident.l It should also be noted
that Eq. (23) and Eq. (26) provide as good a comparison to the data as
the more sophisticated ion-interaction model of Guggenheim (1955), as
shown by Sengupta, Pal, and Chakravarti (1977).

Khoo, Lim and Chan (1979) have used cell EMF measurements to
evaluate the acid activity coefficient, Ygpy ! for aqueous HBr—BaBr2
solutions. They also calculated interaction parameters for use in
Pitzer (1975) and Scatchard (1970) models, and used these models to
estimate YBaBrZ' Figures 2 and 3 compare these measured and calculated
values for activity coefficients to those predicted by Eq. (23) and by
Eq. (26)i Typical percentage errors in predicting Yipr and YBaBrz from
Eq. (23) are 5 and 7 percent respectively. Equation (26) is somewhat
more accurate and error is never more than one percent. For both Eq.

(23) and Eq. (26), at any given ionic strength, the error decreases

with increasing ionic strength ratio.
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HCI- KCI-H20 SYSTEM

10 "HCT

DATA OF HAWKINS (1932)

D A“HCI 1=4.0 moles kg"

A AT 1=3.0 moles kg"
A: EQUATION (23)

(Y

EQUATION (26)

0.2 0.4 0.6 0.8 10
IONIC STRENGTH FRACTION, YHC,

Figure 1. Activity coefficients for HCl vs. ionic strength fraction
of HC1l in the HCI-KCI-H:0 system. Data of Hawkins (1932),

predictions of Equations (23) and (26).



33

HBr-BoBrg-HgO SYSTEM
Data of Khoo et al «(1979)

O XHBr at I = 1.0 moles -kg'

A XHBr at 1 =15 moles - kg1

0.04 XHBr at | =2.0 moles - kg™
----------------- EQUATION [23]

P — EQUATION [26]

0.00

-0.02

XT
-0.04

-0.06
-008
- 0.12

-0.14
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

IONIC STRENGTH FRACTION 'V,

Figure 2. Activity coefficients for HBr vs. ionic strength fraction
of HBr in the HBr-BaBrg-HgO system. Data of Khoo, Lim and
Chan (1979), predictions of Equations (23) and (26) for ionic
strengths of (A.) 2.0; (B.) 1.5; (C.) 1.0 moles kg 1.
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-018
HBr-BoBr2- H20 SYSTEM
Data of Khooet ol (1979)
-0.20
O YBoBr2 ot 1* 1.0 moles -kg'1
A Br2 ot I* 1.5 moles -kg*1
-022
o /Bo Br2 ol 1$20 moles -kg™
-024
-0.26
N
-0.28
-0.30
-0.32
-036
02 03 0.4 0.5 0.6 07 08 0.9

IONIC STRENGH FRACTION k /j

Figure 3. Activity coefficients for BaBr: vs. ionic strength fraction
of BaBr: in the HBr-BaBr:-H:. system. Data of Khoo, Lim
and Chan (1979), predictions of Equations (23) and (2b) for
ionic strengths of (A.) 2.0; (B.) 1.5; (C.) 1.0 moles Kg :
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Water activities are calculated from Eq. (23) with the help of
the Gibbs—Duhem equation (25) and from Eq. (32). In previous aerosol
growth calculations (Peterson and‘Seinfeld, 1980; Beyak and Peterson,
1980; Tang, 1976), multicomponent water activities have been estimated
using the ZSR model (Eq. 36), which is much simpler to use than either
of the two methods mentioned here. The LS(II) model has been used for
the accurate prediction of the osmotic coefficients of multicomponent
electrolyte solutions at ionic strengths as high as 9.0 moles—Kg_l,
and this modél is also considered. The results of Egs. (36) and (37)
are included in water activity comparisons, even though these models
do not predict solute activity coefficients, as previously discussed.

The applicability of thése models for predicting water activi-
ties is illustrated in Figs. 4, 5, 6, and 7, where the predicted vs.
measured water activities for various ternary electrolytic systems are
presented. Obviously, a single measured value of water activity in a
ternary system does not uniquely define the solution composition, but
the purpose of these figures is simply to show the relative accuracy
of the models discussed here. Table 1 describes the specific systems
presented in Figs. 4 through 7, including the range of ionié strength
ratios, water mole-fraction, maximum ionic strength and minimum water
activity for these éystems. All measurements are for a temperature of
25°C. It should be noted that the LS(I) model is proposed for solutions
with a common jon only, which accounts fér the somewhat larger devia-
tions seen with the data of the KC1-Na,SO, system. Results of Figs. 4

274

through 7 are summarized in Fig. 8 to provide an overall cohparison of

L}
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KCI-MgCl2-H 20 SYSTEM
O EQUATION [23] AND [25]

098
o EQUATION [32]
A EQUATION [36]
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V EQUATION [37]
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WATER ACTIVITY (COMPUTED)
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0.82
080
080 082 084 086 088 090 0.92 094 0.96 098 Lo
WATER ACTIVITY (MEASURED)
Figure 4. Comparison of experimentally determined water activity vs.

computed water activity using predictions of Equation (23)
with (25), Equation (32), Equation (36), Equation (37) and
data of Padova and Saad (1977) for the system KC1l-MgCl2~ H:0.
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KCIl- KH2P0O4- H20 SYSTEM

O EQUATIONS [23] and [25]
o EQUATION [32
A EQUATION 36
V EQUATION [37"

0.98

097

096
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WATER ACTIVITY (MEASURED)

Comparison of experimentally determined water activity vs.
computed water activity using predictions of Equation (23)
with (25), Equation (32), Equation (36), Equation (37) and
data of Childs, Downes and Platford (1974) for the system
kci-kh: po: -h:zo0.
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MgCI2 - Mg(N03)2 - H20 SYSTEM
O EQUATION [23] AND [25]

o EQUATION [32]

A EQUATION [36]

V EQUATION [37]

0.60 070 0.80 090 Ioc
WATER ACTIVITY (MEASURED)

Comparison of experimentally determined water activity vs.
computed water activity using predictions of Equation (23)
with (25), Equation (32), Equation (36), Equation (37) and
data of Plat ford (1971) for the system MgCl:-Mg(No s )z2~Hzo .
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KCl -Na2S04 -H2 SYSTEM
O EQUATIONS [23] ond[25]
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WATER ACTIVITY (MEASURED)

Comparison of experimentally determined water activity wvs.

computed water activity using predictions of Equation (23)

with (25), Equation (32), Equation (36), Equation (37) and

data of Robinson, Platford and Childs (1972) for the system
KC1l-Na: So r—Hz20 .



Table 1

Experimental Parameters for Electrolytes Presented in Figure 8

Range of Range of Max imum

Ionic Strength Water Mole TIonic Minimum

Ratio Fraction Strength  Water Maximum % Error in Water
Electrolyte (min/max) (min/max) (mole/kg) Activity Activity Estimates Reference

1 2 Y, Y, x I a, Bromley LS(I) ZSR LS(II)

KC1 MgCl2 0.25/0.84 0.16/0.75 0.88/0.98 5.64 0.86 ~1.39 0.41 0.98 0.077 (a)
j KH2P04 0.23/0.74 0.26/0.78 0.94/0.99 2.1 0.95 0.62 0.52 0.35 0.35 (b)
MgCl2 Mg(N03)20.14/0.87 0.13/0.86 0.79/0.97 14.1 0.52 - 3.76 1.02 5.13 8.09 (c)
Kcl Na2504 0.37/0.63 0.37/0.64 0.91/0.97 4.39 0.92 0.95 3.57 0.32 2.02 (q)

(a) Padova and Saad 1977

(b) Childs, Downes and Platford 1974
(¢) Platford 1971

(d) ©Robinson, Platford and Childs 1972

0¥
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Figure = .

WATER ACTIVITY (MEASURED)

Comparison of experimentally determined water activity vs.
computed water activity using predictions of Equation (23)
with (25), Equation (32), Equation (36), Equation (37), for
ternary electrolytic systems defined in Table 1.
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the relative applicability of different models. While the systems
presented in Fig. s and Table 1 are not purported to represent ambient
electrolytic aerosols, they are nonetheless typical electrolytic sys-
tems, and provide a reasonable test of model effectiveness. Moreover
most of the ionic species considered are found to be present in atmo-
spheric aerosols (Hitchcock, Spiller and Wilson, 1980; Forrest, Garber
and Newman, 1979).

Of greater interest from an atmospheric aerosol standpoint are
the comparisons made for the H*SO*- (NH*)“*SO~-H"O and (NH”*)*SO~-NH~NO~-H”O
systems. The data from these systems quite possibly represent conditions
found in atmospheric aerosols.

Isopiestic measurements of Frolov and Nasonova (1974) are used
for the comparisons made for the H*SO”- (NH”)*SO”-H”O system and the
results are shown in Table 2. It should be noted that the measurements
of Frolov and Nasonova for the binary system H*SO*-H"O are significantly

different from those reported in Robinson and Stokes (1965), and used

in this present work. As a result, the error in prediction decreases
as we move from a binary H”SO”-H”O system (i.e., ¥Y*=1l.) to lower ionic
strength ratios of H”SO*. Emons and Hahn (1970) have made vapor pres-

sure measurements of saturated ternary solutions of (NHA*SO” and
NHANO”* at different temperatures. It is not possible to use the ZSR,
LS(I) or LS(II) models to estimate water activities for comparison with
these measurements. The measurements were made for ionic strengths
ranging from 17 to 25, and all these models require binary data for
(NH”)2 SO*-H20 and NHANO~-H”O systems for these ionic strengths. At

25°C, the aqueous solution of (NH~A~SO” saturates at an approximate
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Water Water
Activity Activity
(Ls(1)) (Bromley)
0.9724% 0.9724%
0.9715 0.9584
0.9665 0.9519
0.9610 0.9445
0.9636% 0.9636%*
0.9620 0.9496
0.9565 0.9410
0.9520 0.9344
0.9460 0.9261
0.9318*% 0.9318*
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0.8940 0.8671
0.9460 0.9261
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Table 2

-(NH, )..S0,-H O System
(NH,),50,-H)0 Sy
Water Water

Activity Activity

(ZSR) (Ls(11)) LS(1)
0.9724% 0.9724%

0.9627 0.9624

0.9570  0.9568 1.42
0.9515 0.9509

0.9636% 0.9636%

0.9535 0.9534

0.9500  0.9461 1.51
0.9415  0.9406

0.9350  0.9340

0.9318% 0.9318%

0.9225 0.9217

0.9130 0.9118

0.8980 0.8966 . 3.90
0.8890 0.8861

0.8805 0.8771

0.9350  0.9340

0.9330  0.9319

0.9335 0.9326 0.18
0.9350 0,9343

0.9426% 0,9426%

Average Percent
Absolute Error

Bromley

0.90

1.14

2.50

1.75

ZSR

0,84

1.03

LS(1L)

0.99

0.75

€y
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0.5000
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data as reported in Robinson and Stokes (1965).
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molality of 5.8 (1=17.40) and hence no activity data are available for
higher ionic strengths.

The values of constant B in Eq. (32), reported by Bromley (1973),
are recommended for ionic strengths up to ¢ . In Figs. 9 and 10 we have
made a comparison for experimental values of water activities for the
systems (NH”)~*SO*-H”O (Robinson and Stokes, 1965) and NHANO”~-H”O (Wu
and Hamer, 1969) with those predicted by B values in Table 1 of Bromley
(1973) and Egs. (31) and (32). It is evident that these predictions are
grossly inaccurate and call for a better representation of binary data.
On the basis of suggestions made by the author (Bromley, 1973), the
following alternatives for better data representation were attempted:

(a. ) Estimation of new values of B by fitting the entire range of
available binary data to Eq. (32) by least squares. Curve B
in Figs. 9 and 10 depicts these fits.

(b.) Inclusion of a second order term in ionic strength in the

expression for solute activity coefficient which now reads:

(0.06+0.6B) |Z2+Z2 |I
+ + BI + Cl: (38)
(1r + al):

The expression for osmotic coefficient is modified to:
1_ T2 A
1- ¢ = 2.303A2A |zzZ2 IY o(pI2)

-2.303(0.06 + 0.6B) |Z2+2Z2" | y Mai)

I 12
-2.303B j- - 4.606C = (39)
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Water activity vs. (NH: ):SOumolality for binary (NH:):S0.-H20
system. Data reported in Robinson and Stokes (1965) and model
predictions from (A.) Equation (32) and parameter B reported
in Bromley (1973); (B. ) Equation (32) and parameter B by

least squares; (C.) Equation (39) and parameters B and C by
least squares; (D. ) Equation (41) and parameters B, C and

D by least squares.
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Figure 9.



Constants B and C
Egq. (39) by least
in Figs. 9 and 10
(c.) Inclusion of both

in the expression

now reads:

log¥Y+

and consequently

1-4)

As apparent in Figs. 9 and

48

are estimated by the fit of binary data to
squares. Results of such fits are shown

(Curve C) .

second and third order term in ionic strength

for solute activity coefficient. Equation
AN |Z+2Z |V* (0.06+0. ¢B) |z2+Z |1
1+ pi”2 (1 + al):
+ BI + Cl: + DI (40)
(39) is changed to
= 2.303A |27Z | j o(pls
-2.303(0.06 + 0.6B) |2+Z~ | j ip(al)
4.606CI2 6.909DI
-2.303 B -
10 (Curve D), this yields the best fit to

binary data for both systems.

Table 3 and Fig.

activity data of Emons and

11 summarize the comparisons of ternary water

Hahn (1970) with:

1. The results of Eq. (32) and binary B values reported by Bromley
(1973),

2. The results of Eq. (32) and binary B values estimated in this
work as described in (a),

3. The results of Eq. (39) and binary B and C values estimated in

this work as described in

(b) and

(38)
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Comparison of Predicted vs. Measured Water Activity for

the (NH4)2804—NH4N03—H20 System
aW

I Y1 experimental a(l) a(z) 3(3) a(4)

(Mol/Kg) (Emons and Hahn, 1970) ¥ v w W
17.46 1.00 0.801 0.939 0.853 0.801 0.812
(17.23) (6.49) (0.00) (1.37)

18.06 0.874 0.767 0.936 0.833 0.769 0.786
(22.03) (8.60)  (0.26) (2.48)

19. 64 0.629 0.727 0.939 0.833 0.694 0.733
‘ (29.16) (14.58) (-4.54) (0.83)

20.76 0.543 0.700 0.950 0.795 0.653 0.714
(35.71) (13.57) (-6.71) (2.00)

23.25 0.386 0.655 0.992 0.754 0.559  0.691
- (51.45) (15.11) (-14.66) (5.50)

23.84 0.360 0.662 1.005% 0.750 0.538  0.691
(13.29) (-18.73) (4.38)

24,54 0.303 0.657 1.022% 0.742 0.507 0.690
(12.94) (-22.83) (5.02)

25.02 0.242 0.651 1.037% 0.734 0.482 0.689
(12.75) (-25.96) (5.84)

25.91 0.207 0.625 1.065% 0.730 0.449 0.702
(16.80) (-28.16)(12.32)

25.30 0.00 . 0.615 1.052% 0.704 0.427 0.659
- (14.47) (-30.52) (7.15)

Numbers in parentheses denote the Z error im a .

1. Water activities computed from binary
Bromley (1973) and Equation (32).

2. Water activities computed from binary
binary data to Equation (32) by least
of binary activity data available.

3. Water activities computed from binary

B's reported in Table 1 of

B's computed by the fit of
squares over the entire range

B's and C's computed by the

fit of binary data to Equation (39) by least squares over the entire
range of binary activity data available.

4. Water activities computed from binary

B's, C's and D's computed by

the fit of binary data to Equation (41) by least squares over the
entire range of binary activity data available.

*Physically impossible values.
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Figure 11. Osmotic coefficient vs. total ionic strength for ternary
(NH: )2 SO« -NH:NO:-H:0 system. Data of Emons and Hahn (1970)
and model predictions from (A.), (B.), (C.) and (D.)

described in Figure 9 for fit of binary data.
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4. The results of Eq. (41) and binary B, C and D values estimated

in this work as described in (c).

Complex constants C and D are obtained by using binary constants

and equations similar to Eq. (31).

Equation (41) gives the best estimates with maximum error less

than 13%. Finally we have used Egs. (40) and (41) to generate activity

data for another system of importance in atmospheric aerosol studies,

namely the aqueous H”SO”-HNO” system. Osmotic coefficient data for

these two binary systems (H*SO*-H”O and HNO*-H”0) were fit to Eq. (41)

to yield the values of the constants B, C, and D for each system. For

nitric acid, the maximum error in water activity estimation up to an

ionic strength of 28.0 was less than 1%. Equation (41) well represents

binary activity data for aqueous H”SO” up to ionic strengths as high as

84.0 (maximum error in water activity estimation is 5%).

Figure 12 presents the activity coefficients for HASO” and HNO*

for the HASO*-HNO”~-H”"O system as a function of mole fraction. Figure 13

presents the water activity as a function of solute mole fraction for the

same system.

Summary and Conclusions

In this work we have compared the applicability of four differ-

ent models for estimation of activity coefficients and water activities

of multicomponent aqueous electrolytes. Particular emphasis has been

pPlaced on each model’s ability to estimate these parameters for a wide

range of ionic strengths, since equilibrium conditions of atmospheric

aerosols in low humidity environments require such application.
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system vs. mole fraction H:S0:. (mole fraction HNOs: as a

parameter), as estimated by Equation (40) and parameters
B , C and D by least squares fit of binary data.
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Figure 13. Water activity in H: SO.-HNOs-H:0 system vs. mole fraction
H: SO: (mole fraction HNO: as » parameter), as estimated by
Equation (41) and parameters B , C and D by least
squares fit of binary data.
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Successful comparisons have been made between model predictions and
experimental data for a number of ternary systems, including two sys-
tems important in atmospheric aerosol modeling.

With proper use, there are no major differences in accuracy
among the models considered. However, there are major differences in
applicability, ease of use and the information provided among the
models. \

The ZSR and LS(II) models are relatively easy to use, but pro-
vide estimates for water activity only. These models require water
activity data for all binary systems present up to the total ionic
strength of the multicomponent solution. This can cause problems not
only due to the paucity of such data, but because electrolytes in a
multicomponent system are often at total ionic strength that would
exceed the saturation point in the binary system, and as such no binary
data would exist. This is true particularly for aerosols containing
(NH4)2804 in low humidity environments.

The LS(I) model is strictly proposed for>common—ion electro-
lytes only.: It also suffers from the requirement of binary data at
the total ionic strength of the multicomponent system. The model pro-—
vides estimates of both solute activities and water activity, but the
latter is obtained only by numerical differentiation and integfation
of the Gibbs-Duhem equation. This would become extremely éumbersome
with more than three components, and is not émenable for Qater activity

estimation at specified composition.
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The Bromley model provides estimates of both solute activities
and water activity without the necessity to numerically integrate the
Gibbs-Duhem equation. Rather than rely on the actual binary activity
data, this model utilizes parameters estimated from these data. Binary
data are not required up to the total ionic strength of the multicompo-
nent system, but more accurate predictions are available by estimating
the binary parameters for ionic strengths over the most likely range of
interest.

It appears that by appropriate improvement of the form of the
Bromley model (e.g., Egs. (38) through (41) ) and careful estimation of
the binary parameters of the model, successful prediction of water
activity and solute activities can be made. It has yet to be deter-
mined how successful such a model will be for four- and five-component
electrolytic aerosols, containing, for example, (NH”*)“*SO~-NHANO”-HNO*

-HASO*-H”O. Data of this type are difficult to find.



CHAPTER 5

APPLICATIONS FOR ATMOSPHERIC
AEROSOL GROWTH STUDIES

As discussed earlier, various gases in urban atmospheres undergo
chemical transformations resulting in the formation of multicomponent
electrolytic aerosols. The impact of such secondary aerosols, formed
by gas to particle conversion processes, on human health and visibility
is directly related to the particle size and chemical composition.
Mathematical modeling of aerosol behavior must therefore accurately
predict chemical composition and size of multicomponent atmospheric
aerosols. In this chapter the prediction of size and chemical composi-
tion of an aerosol droplet exposed to pollutant gases, identified in

the atmosphere, is presented.

Modeling of Gas-to-particle Conversion Process

Consider the fate of a submicron size water droplet exposed
to atmospheric concentrations of SO*, NO, NO: , NH*, and water
vapor. These gases diffuse into the aerosol phase due to concentration
gradients and are transformed into more stable nitrate and sulfate salts
by chemical reactions. This leads to a lowering of water activity of
the droplet and, to maintain the interfacial equilibrium, water condenses
into the droplet causing it to grow. This continuous process can be
divided into three steps:

56
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1. Transport from the gas phase to the particle surface.
2. Interfacial Equilibria and
3. Chemical reactions within the droplet.

Figure 14 illustrates these processes.

Transport from the Bulk (Gas)
Phase to the Particle Surface

The following relations describe the diffusion of various gases

and vapors from the gas phase to the particle surface (Peterson and

Seinfeld, 1980):

d [so2 ] 4"rDso2
dt RT(1 + £Kn)
d[NO] = . TTxDNO

dt RT (1 + £Kn)
d [NO2 ] 47TrDNO 2

dt RT (1 + £Kn)
d[NH3] 47 TrDNH3

dt RT (1+ £Kn)
d[Hz 4 ] 47TrDH: o

dt RT (1 + £Kn)

d1+s0j  ZI'tDH2S04

dt RT (1 + £Kn)

I °0S0:

zZp
I “NO

P
V' »NoO:

P
V “NHs

I “H20

©co0H2 S

4/3 + 0.71 Kn- :

Where 1! 1+ Kn-"

P
surf SO0:

P N
surf NO

P
surf NO:
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surf H20

P
04 surf H”SO*
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where Kn = A/r is the Knudsen number; A is the mean free path and r is

the particle radius.

Interfacial Equilibrium

The combined Kelvin and solute effect (Eq. 21) describes the
interfacial equilibrium for water. The interfacial equilibria for pol-
lutant gases is represented by the Henry's law. Effect of curvature
(Kelvin effect, Eq. 18) on the surface pressures to be used in Henry's

law should be accounted for.

Chemical Reactions within the Dfoplet

A series of equilibrium and kinetic steps oxidize oxides of sul-
fur and nitrogen into sulfate and nitrate ions respectively and these
speéies are subseqﬁently neutralized by ammonia. Details of aqueous
chemistry shall be considered in later case studies. Transport within
the droplet is ignored because the particles have very small radii (1 um
or less) and diffusion in the liquid phase is rapid aé compared
to other rate controlling processes (typical value of diffusivity is of

the order of 107° cm?/sec and this gives a diffusion time of r2%10~3 sec

where r is the particle radius in um). Thus the liquid phase can be

safely assumed to be well-mixed.

Equilibrium Nitrate Chemistry

Though nitrate salts are identified as some of the major compo-
nents dominating atmospheric aerosols, relatively few workers have inves-
tigated the nitrate formation processes (Orel and Seinfeld, 1977; Peter—

"son and Seinfeld, 1979).
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The purpose of this first study is to check the applicability
of Bromley’s model for water activity and solute activity coefficients
prediction on the equilibrium chemistry of a water droplet exposed to
NO, NO: , and water vapor. Table 4 summarizes the equilibrium chemi-
cal reactions included. Bromley's model, with three parameters, is used
to predict solute activity coefficients and water activities needed to
solve chemical equilibrium equations in Table 4 for species concentra-
tions. As we wish to study the applicability of Bromley's model to
solve the atmospheric equilibrium chemistry problems exclusively, growth,
diffusion and chemical kinetic processes are not included. Thus surface
concentrations of all gases are assumed to be equal to bulk (gas) phase

concentrations, i.e.,

d[NO02]

d[NH3]

d[NQ] ~ o
dt

Furthermore gas-phase concentrations used are those measured in
the polluted urban atmospheres (Tuazon, Winer, Graham and Pitts, 1980;
Doyle et al., 1979). As we are restricting ourselves to equilibrium
chemistry, sulfate conversion or condensation kinetics and time-dependent
growth of particle due to intake of water are not considered. Parameters

used for simulations are listed in Table 5. It should be noted that the



Reaction
H70(qg) H70U)
H 0(5.) =+ H+ + OH-
NH (g)== NH3(")

NH (d) ~ NH+ +OH"

3 ~ 4

H 0( i + NO(g) +NO (g)

2~2hno2 2

2N02 (g) + H20( H)

== HNO2 + H++ NO~

HNO2 # H+ + NO~

Table 4

Equilibrium Chemistry for Nitrate Aerosols

Equilibrium Constant

1/8 = aw/
nSat,, PH: o

[H+]1[OH ] vh+ voh_

=[NH (%)]/
HA J NHA

= [NH41C°H 1 YNH+ YOH~

A — mjw]

= [HN® 2]
IN

= [HNO2] [H+] [NO3] Yh+ Yno-
2N "

PNO2 ~

[H+] [NO2] YH+ YNO"

i m_ﬁqu _____

Value at 25°C

31.99 atra"l

1.008 x 10 14 moles2 &2

57 moles § 1 atra 1

1.774 x 10~5 moles 8,'l

122 moles2 1~2 atm"2

em pm2 "

4.3 x 105 moles3 J-3atm"2

5.1 x 10"4 moles 8,"1

Reference

Perry 1974

Robinson and Stokes

Morgan and Maass 1931

Robinson and Stokes

1965

Orel and Seinfeld 1977

ick 1920

Kolthoff and Elving



Table 5

Parameters for Equilibrium Nitrate Chemistry

P P
Run NH, No,
I 1.E-7 5.E-8
11 4.E-8 5.E-8
111 1.E-8 ‘ 5.5-8
v 1.E-9 " 5.5-8

v 1.E-9 5.E-7
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water activity is included in equilibrium chemistry (Table 4) because
it must be significantly different from 1 in arid environments. Results
of simulations are shown in Figs. 15, 16, and 17.

Ionic strength is plotted as a function of partial pressure of
NO in Fig. 15. Only chemical compound present in appreciable quantity
is ammonium nitrate with small amounts of unneutralized nitric acid
that causes an acidic pH. The formation of ammonium nitrate in liquid
phase can be delineated as a two step process involving the conversion
of oxides of nitrogen to nitrate and subsequent neutralization of this
nitrate by the atmospheric ammonia. As evident from Table 4, nitrate
concentration is directly proportional to (NO* a P~,AV [H+])
and thus increased P * would result in higher concentration of ammonium
nitrate. Similarly higher concentration of ammonia, by increasing the pH,
would stimulate nitrate formation. Nitrate concentration in general
would decrease with increasing P”* due to the inverse proportionality
between [NO”] and P*. Higher concentrations of ammonia would make
solution less acidic, while increased P * causes pH to drop sharply.
Of particular interest is the fact that ionic strengths as high as 24,
very close to the saturation point of ammonium nitrate, and water
activities as low as 0.40 are predicted. This substantiates the evidence
for the existence of highly concentrated aerosol droplets (with or with-
out the separation of solid phase) in low humidity regions.

Simultaneous Sulfate and Nitrate
Formation and Droplet Growth
In this final section, characteristic parameters of an aerosol

particle experiencing chemical reactions and growth due to exposure to
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different runs. Parameters are listed in Table 5.
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SO, NO, NO”, NH”, H”SO” and water vapor are predicted as a function
of time. In addition to liquid phase nitrate formation, described in
first study, we have included:
1. Aqueous chemistry of SO: ,
2. Gas phase oxidation of SO* to sulfuric acid and kinetics of dif-
fusion of this sulfuric acid into the aerosol droplet,
3. Condensation of water vapor and resultant time dependent growth

of the particle.

It is assumed that

1. The surface pressures of all pollutant gases except H"SO” are

in equilibrium with respective gas phase pressures.

2. Due to the extremely low vapor pressure of , the surface
pressure of H”SO” is negligible, i.e., there is no resistance to trans-
port of 12SO” across the interface.

Hence
d[s02]

~dt

d [NO]
dt
d [No 2 ]

“dt

d [NH: .
dt
d [H20 ]

dt

and PsuerZSO" = 0
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Thus we have

d[H2S04 ] 4TTYDH2S04 P”H2S04

dt = RT(1 + AKn)

Details of aqueous equilibrium chemistry are given in Table ¢ .
Peterson and Seinfeld (1979) have proved that the total sulfuric acid
content of an aerosol droplet is unaffected if liquid phase oxidation
of SCG: to H:S0: (both catalysed and uncatalysed) is included in addition
to the condensation of H:S0:. from gas phase. Peterson and Seinfeld
(1979) have used relatively simple ZSR model and Davies approximation
respectively, to compute the water activity and the solute activity
coefficients. We have duplicated their (Peterson and Seinfeld, 1979)
runs for aerosol growth studies for marine aerosol in the Los Angeles
area except that we have used more involved three parameter Bromley's
model to compute water activity and solute activity coefficients.

By comparing the results of these two studies, both qualitatively and
quantitatively, we can discern the impact of different methods of thermo-
dynamic data prediction on the results of aerosol growth studies. We

have studied the formation of sulfate and nitrate in a marine aerosol,
i.e., an aerosol particle initially comprising an aqueous solution of

the major sea-salts, NaCl and MgCl: in equilibrium. This aerosol droplet,
upon exposure to pollutant gases, undergoes chemical composition and size
changes. Gas phase concentration levels used for three different runs

are listed in Table 7. These are typical ambient levels for Los Angeles

area and were used by Peterson and Seinfeld (1979) in their simulations.



Table 6

Equilibrium Chemistry for Nitrate and Sulfate Aerosols

Reaction Equilibrium Constant
H20(g) * H20 (H) 1/? = aw/p
Sat w H20
K20U) ¢ OH' = 1H " 0l I YH* YUH'
W
SO (g) v= SO (§) K = [so (8)1p
4 s02
[H+J[HS0~] YH> YhSO-
S02«1) H+ + HS03------- Kls--------- Ti*aT]-—-—---
IH+J18072) Y,> Yso-2
HS03 - " * so3 K2s ' ' e
[nsOj] Yhso-
NH] (g) * NH3 (J,) = [NH3 (K,)]/PNH

Value at 25°C

31.99 atm"1

1.008 x ID"14 M les2 L"2

1.24 moles &"1 atm"1

0.0127 moles i~1

6.24 x 10-* moles V *

57 moles g,"l1 atm"1

Reference

Perry 1974

kobinson and Stokes

1965

Johnstone and Leppla
1934

Yui 1940

Yui 1%4,0

Morgan and Maass 1931



Table 6 (Continued 1)

NE3 (U ~ Na* + OH¥

H20 (J.) + NO(g) + NO (9
2

2HNO2

2N02 (g) + H20(8,)

= HNO2+ H+ + NO3

HNO2 = H+ + NO"

MgCl2 Mg+2 + 2Cl

NaCl ~ Na + 1

bl
]

k =
IN

[NHAL[OH ] Ynh”~ ~0h-
[NH- (i1) ]
3

lhn°2 ~

? P a
NO NO2 w

[aN02][H 1(N031 Yh+ v

[H ] (NO02] vh+ ¥n()_
[ENO

2

1Mg+2] [Cr]2 v, + Y2
e Mg cr

- i
(MgC12 (2)]

[Na+1[Cl~] ¥YNa+ Ycl-

= [NaCl (2) 1

1.774 x 10™ moles 8™

122 moles2 & 2 atm 2

4.3 x 10 moles 2

5.1 x 10

moles 2

atm

Robinson and Stokes
1965

Orel and Seinfeld
1977

Pick 1920

Kolthoff and Elving
1959

Peterson and
Seinfeld 1979

Peterson and
Seinfeld 1979



Table 6 (Continued 2)

HCl(g) — HC1 (J1) _ . International
KHH = 1HC1(il)1l/PHC1l Critical Tables
1928
[H+][C1'] Yh> Ycl-
HCKi) -5= H+ + Cl Kln = [HC1(8.) ] Robinson 1936



Table 7

Gas Phase Concentrations for Three Different Runs
for Nitrate and Sulfate Aerosols

Initial P h PNO P
Radius Ph. ° esos na PH2504 nos
Run I . (ym) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
A 0.. 28,140 0.01 0.01 5.E-6 0.1 0.05
B 0.1 28,450 0.01 0.01 5.E-6 0.1 0.05
0.1 28,140 0.01 0.01 5.E-6 0.1 0.01
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Remarks

Base Case

Relative
Humidity
Increased

P
no:

Decreased
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Figures 18 through 22 describe the variations of particle size,
PH, sulfate concentration, nitrate concentration and ammonium concentra-
tion, respectively, as a function of time.

Figure 18 illustrates the particle radius with respect to time.
The rate of particle growth increases with increasing humidity. This is
due to the fact that to maintain the interfacial equilibrium at higher
humidity, larger quantities of water must condense as sulfuric acid is
transported across the interface. A decreased value of results in
slower growth rates because the concentration of NO* is reduced
(NO: a (P*q »%/2 This implies a4 higher value of water activity and
thus smaller driving force for particle growth by condensation of the
water vapor.

From Figure 19 it can be easily inferred that the increasing
relative humidity tends to increase the pH by dilution. A lower value
of causes a sharp decrease in nitrate level and thus increases the
water activity. As a result, the particle grows slowly and contains a
higher concentration of sulfate, making the particle more acidic.

Figure 20 describes the sulfate concentration as a function of
time. An increased relative humidity leads to higher dilution or smaller
concentration of sulfate. At a constant relative humidity, a decrease
in P*9 would result in lower nitrate concentration and higher water
activity as earlier discussed. Thus the particle grows slowly and con-
tains higher levels of sulfate.

Figure 21 shows the nitrate level as a function of exposure time.

Increasing relative humidity decreases nitrate concentration by dilution.
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As previously noted, nitrate concentration drops sharply due to decrease
in PNO2 (N°3 a PNO: )

Ammonium concentration is plotted as a function of time in
Fig. 22. Increasing relative humidity increases the pH by dilution,
and as the concentration of ammonium is directly proportional to the
acidity of the solution, decreases the ammonium concentration. Similarly
a lowered value, as earlier explained, decreases the pH (i.e.,
increases the concentration of hydrogen ion) and thus increases the
ammonium ion concentration.

Table ¢ provides a comparison of results of this study with those
of Peterson and Seinfeld (1979). There is a very good qualitative agree-
ment in terms of both the functional dependence on time of parameters
predicted and the impact of variations in relative humidity and P * on
this functional dependence. Quantitatively, results are significantly
different. Present study predicts smaller particle radii with higher con-
centration of sulfate, nitrate and ammonium ions. The values of pH pre-
dicted in these two studies are close. This indicates that the disagree-
ment in numbers is entirely due to the method used for solute activity
coefficients and water activity predictions. The quantitative disagree-
ment between the results of Peterson and Seinfeld (1979) and present study
over the effect of increasing humidity on nitrate concentration may also
be attributed to different methods used for thermodynamic data predic-
tions. It should be noted that for only one percent change in relative
humidity (Runs A and B are for relative humidities of 90 and 91 percent

respectively), there is a significant change in the concentrations



Run

I1:

Table 8

Comparisons with Previous Study

Particle Radius

pm pH
1 I I 1T
0.74 0.50 2.84 2.82
1.31 0.67 2.90 2.83
0.41 0.21 2.77  2.66

Results from Peterson and Seinfeld (1979) for an exposure time of

120 min.

Sulfate Conc.
MOL/L :

I I1
0.26 0.55
0.12 0.30
0.83 2.59

Nitrate Conc.
MOL/L

i I1
0.94 4.00
1.28 3.77
0.073 0.70

Results from present study for an exposure time of 120 min.

80

Ammonium Conc.
MOL/L

I II
1.46  5.13
1.08  4.41
1.69  5.74
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predicted and particles at lower humidity tend to be more concentrated.
Keeping in mind the fact that relative humidities in arid regions can be
much lower (annual average for Tucson is approximately 38%), one is led
to believe that aerosols in such environments are highly concentrated in
secondary pollutants. Low humidities coupled with deliquescent and
efflorescent properties of (NHA*SO”, NH* HSO” and NH”NO” may generate
aerosols comprising saturated solution of these compounds with possible
separation of solid phase in thermodynamic equilibrium with saturated

solution.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

We have addressed ourselves to the problem of accurate
description of interfacial and chemical equilibria for multicomponent
electrolytic aerosols in this study. The effect of low humidities on
the chemical properties of these atmospheric aerosols was elucidated.

It was found that atmospheric aerosols in arid regions could be domi-
nated by multicomponent aqueous solutions of (NHA~SO”~ NH”~NO”, H”SO*
and HNO” at relatively high concentrations of solutes. We showed that
the assumption of ideality of these concentrated solutions would lead
to erroneous results, and for an accurate description of aerosol growth
process, these non-idealities must be accounted for in terms of solute
activity coefficients and solvent activity.

It was found that multicomponent thermodynamic data were not
available for electrolytic systems believed to exist in the atmosphere.
In view of this paucity of thermodynamic data, four different models
used for water activity and solute activity coefficients predictions
were examined. All these models utilize binary activity data which are
more readily available. To check the applicability and accuracy of these
models, the predictions of these four models were compared to species
activity coefficients or water activity data of various electrolyte
solutions. Comparisons were also made for two systems of importance in

atmospheric aerosol studies, namely the SO”*- (NH*)~SO*-H”O and the

82
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(NH**SO*-NHANO*-H”0O systems. The applicability of these models for

concentrated solution was tested by making these comparisons for high

ionic strength solutions. There were no major differences in accuracy
of the predictions from four models examined. There were, however,
major differences in applicability. It was found that Bromley's model,

with appropriate modification and careful estimation of the binary
parameters, could accurately predict water activity and solute activity
coefficients for a wide range of concentrations.

The ability of Bromley's model to deal with atmospheric chem-
istry problems was examined in the first case study. Characteristic
parameters of a nitrate aerosol were predicted by using equilibrium
nitrate chemistry, i.e., equilibrium chemistry of a water droplet
exposed to atmospheric NO, NO” and NH”. Bromley's model with three
parameters was used for predicting thermodynamic data required. No
diffusion, growth or kinetic mechanisms were included. Fairly high
concentrations predicted strongly supported the evidence for the
existence of aqueous atmospheric aerosols in arid regions at high ionic
strengths.

Temporal variations in size and chemical composition of a water
droplet exposed to SO”, NO, NO”, NH”, H*SO” and water vapor were
predicted in the second case study. Homogeneous sulfate formation
mechanisms, diffusion of this sulfuric acid into aerosol phase and
equilibrium chemistry of aqueous SO* were included. Again, to check the
impact of Bromley's model for species activity coefficients and water

activity predictions on the overall aerosol growth process, the runs
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of a previous study were duplicated. Relatively simple ZSR model and
Davies approximation, for water éctivity and solute activity coeffi-
cients predictions respectively, were used by Peterson and Seinfeld
(1979) to study the growth of a marine aerosol. There was a qualitative
agreement between the results of this present study and earlier study due
to Peterson and Seinfeld (1979). However, the present study tends to
predict smaller aerosol particles at higher concentrations of solutes.
It was shown that a decrease in relative humidity results in an increase
in the ionic strength of the aerosol droplet and that an aerosol droplet
in low humidity regions may comprise saturated solutions of secondary
pollutants with possible separation of solid phase.

In light of deliquescent and efflorescent properties of salts
dominating atmospheric aerosols, future work in this field should con-
sider the existence and properties of aerosol particles in equilibrium
with solid phase. Analytical tools should be developed to predict the
physical and chemical properties, e.g., size, composition and mass of

each phase, for certain given gas phase concentrations and humidity.



APPENDIX A

NUMERICAL SOLUTION OF GIBBS-DUHEM EQUATION

Water activities were computed from Lietzke and Stoughton model
(Egq. 23) for solute activity coefficients with the help of Gibbs-Duhem
equation (Eq. 25). An example of such procedure for the ternary system

MgCl” - MgCNO”)” - H”O is given in the program. Equation (25) is solved

by the trapezoidal rule. Each numerical integration is performed for
constant (e.g., X» = 0.005, 0.01, etc.). Step size or width of the
interval is kept small ((M1l)*+~ - (M1)~ = 0.2). For each interval,

X*, Xg, and X* are approximated by average values of these parameters
for that interval.

M2 can be computed for each Ml from the relationship.

x = m
2 3M1 + 3M2 + 55.51

Lietzke and Staughton model is used to compute multicomponent

activity coefficients (gama : and gama : ) from those molalities and
binary activity coefficients data contained in two subroutines. Point
"a" (lower 1limit of integration) is chosen to be a point of relatively

low concentration (Ml = 0.2 and M2 defined by X”) so that ZSR model can
be used to compute the water activity. Once the results of the simu-
lations are available, they (exponential of R.H.S. of Equation (25)) can
be multiplied by (f%)”* to obtain (f*)*. A graphical presentation of
these results (a”* as a function of X* with X* as a parameter) makes it

possible to read activities at any desired concentration.
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PROGRAM VERFIO(INPUT,OUTPUT,TAPES=INPUT,TAPEG=DUTPUT)
THIS PRCGGRAHM CALCULATES THE ACTIVITY COEFFICIENTS AND
WATER ACTIVITY IN THE SYSTEM MAGNESIUM NITRATE-
MAGNESIUM CHLORIDE-WATER

THIS PRGGRAM IS LISTED IN A FILE CALLED MAT65.F4

(PPN 5700,22453)
000000000000000000000D0000000000000000000000000000000U0 D
REAL M1,oM2, IONICST,M10,M20, MEANX1,REANX3, LUP,LLOVW

REAL NEWX1sNEWXK2yNEWX3yNEWWLoNEWWZ2oNEWWIoNEWHL NEWM?
EACH INTEGRATION STEP IS PERFORHMED AT CONSTANT X2

X280

X22%2+0.,01

IF(X2.6T.0.,20) GO TO 50

WRITE(656) _

FORMAT(1H1,20Xs4%1H STARTING NEW ITERATION FOR A CONSTANT X2,/77/7/77)
GAMAl=GAMAZ2sGAMA10=2GAMAZ20=1,
DELOG1eDELOG2sMEANX1sHMEANT7320L0X1=0LDLGF1=0LDLGF2s0MEGA=M10=0,
M1=MOLALITY OF MAGNESTUR NITRATE

M2sMOLALITY OF MAGNESIUM CHLORIDE

SUBSCRIPT O INDICATES BINARY PROPERTIES AT THE TOTAL
IONIC STRENGTH OF THE SOLUTION

M1=0,

M10=0,

AREA=Q,

I=1

M2= (3%#M1%X2+55,51%X2)/(3. *(lo-XZ))

IONICSTe3.%M143,.,%M2

IFCIONICST.GT.15.) GO TO 10

M20=I0NICST/3.

IF(HM1.EQ.0.) GO TO 110

M10=I0NICST/3,

CALL DATAMAN(MYIO, ACTVTYL,ACTYTY2,LLOW,LUP)

GAMA1O0s({ (LUP-M1O)®ACTVTYL1+(R10-LLOW)SACTVTY2)/(LUP-LLEW)
CALL DATAMAC(M205ACTVTY3,ACTVTY4»XLOWsXUP)

GAMA202( (XUP~M20)=ACTVTY3+(M20~-XLOW)FACTVTYS)/{XUP=XLOW)
IF(Ml1.EQ.0.) GO TO 120

FOLLOWING ARE GAMALl AND GAMA2 FROM LIETZKE AND STOUGHTON
MOCEL(1972)

GAMAlBEXP(ALDG(GAHAIO)¢H2/(2 *M20)®*(ALOG(GAMA20/GAMALQ) )Y
GAMAZ=EXPIALUGICAMAZ20)+ML/ (2. %M10)*(ALOG(GANALO/GAMA20)))
F1 AND F2 ARE ACTIVITY COEFFICIENTS ON RATIONAL SCALE
F1=GAMALl%(1.40.018%(3,%M1¢3.%M2))
F2oGAMA2%({1.+0.018% (3, %M1+3,%M2))

GO TO 130

GAMA2=GAMA20

Fl=slo '

F10=1l.

F2a2GAMA2%(1.+0,018%3.%M2)

Wils W2sW3 ARE WT. PERCENTS,
W1lol4800.%M1/7(1480.%¥M1+95,%M241000,)
W239500.%M2/7 (148, %ML*395,%M2+1000.)

W32100.-W1l-W2

X1=23,%M1/(3,%M24+3,%¥M1+55,51)

X33ls-X1-X2

{F{M1.EQ.0.,) GO TN 25

DELOGFlsALOG(F1)~0OLDLGF]

DELOGF2=ALOG(F2)~0LOLGF2

DELX1=X1-DLOX1

MEANX1=(X1¢0LDX1)/2.

MEANX3a(X3+0LDX3) /2.
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FOLLOWING IS THE SOLUTION OF GIBBS-DUHEM EQUATION
OHEGAB—(DELDGFI/DELXIQHEANXIIHEANX3¢DELDGFZIDELX1¢X21HEANX3)
IF(I.LT.3) GG TO 25

AVOMEGA=(CHEGA+COLDHMEGA)/ 2,

AREA=AREA+AVOMEGA® (MEANX1-DLDMNX1)

RTGAMA3=EXP (AREA) :

RTACTY3sHMEANX3*RTGAMA3
HRITE(6;15)XZpX19X3yH19HZ»HlyH29H3910NICSTyGAHA10yGAMAZOyGAMAlp
/GAMA2,0HEGA
FORMAT(1HOs2X53(F5.353X)92(F60353X)93(F5.2s3X)sF6.353X54(F6.353X)>
[ETo4)

IF{I.LT.3) GO TO 35

CNEWX1=MEANX1

NEWX3=aMEANX3

NEWX231.~NEWX1=-NEWX3

NEWHML=NEWX1/NEWX3%55,51/3,

NEWM2sNEWXZ2/NEWX3%55.51/3,
NEHH1214B00o*NEHM1/ (148, *NEWM1+95,%¥NEWM2+1000,)

NEWHZ229500. 02NEWM2/ (148 . NEWH1+95 . ¢NEWH2+1000. )
NEWW3=100,-NEWH1-NEWW2

WRITE(6545) NEWX2ZyNEWX1oNEWX3,NEWMLy NEWM2y NEWW1,NEWW2s NEWW3,
/AREAS RTGAMA3SRTACTVI

FORMAT (3Xs3(F5.393X)52(F6e353X153(F5.253X)5F60352Xs2(FT0bs4X))
OLDX1l=x1 '
OLDX3sX3

OLDLGF1=ALOG(F1)

OLDLGF2=ALLG(F2)

IF(I.LT.2) GO TOQ 40

OLDMEGAcSOREGA
DLDMNXLﬂHEANXl
Hl=aM1+0.2
Is1+1

GO 710 20
ST0OP

END

SUBROUTINE DATAHAN(HlO»ACTVTYlpACTVTYZ»LLUH»LUD)

THIS SUBRCOUTINE LINEARLY INTERPOLATES THE BINARY

DATA OF MAGNESIUM NITRATE

ACTIVITY CGEFFICIENT DATA OF MAGNESIUM NITRATE

REAL LLOW»LUPsM1O0

DIMENSION ACTVTY(21)521(21)

DATA ACTVYTY/0522504890467904659046F904785048B5:5015.5189.5365.58»
{06315 0691507585083591008851044951093652065953.5054.74/
DATA Z1/0150256350%90590650T7968909915102510491065168520052:553.05
/3n59‘¢n09"05)500/

I=1

IF(M10.LE-ZL(I)Y GO TO 30

[=1+¢1

GO T0 70

LLOW=21(1I-1)

LUP=2Z1(1)

ACTVTY1=ACTVTY(I-1)

ACTVTY2=2ACTVTY (1)

RETURN

END

SUBROUTINE DATAMAC(M20,ACTVTY35sACTVTY&sXLOWs XUP)
THIS SUBROUTINE LINEARLY INTERPOLATES THE BINARY DATA
OF MAGNESIUM CHLORIDE,

ACTIVITY CCEFFICIENT DATA FOR MAGNESIUM CHLORIDE

REAL M20

DIMENSION ACTVTX(21),22(21)

~
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DATA ACTYTXN/o52850488904769 47490489 0499050555219 0543505695 .63
/07085 08025091451005151.5385203253.5555.95358.72513.92/

DATA 72/00150290320%905906907908950699580106291049166951089520520:553.0»
/305)40094059500/

I=1

IF(HM20.LE.22(1)) GO  TO 30

Ial21

GG TYO 70

XLOW=Z2(I=1)

XUpP=Z2(1)

ACTVTY3cACTVTX(I-1)

ACTYTY4sACTVTX(I)

RETURN

END



APPENDIX B

BROMLEY'S MODEL PARAMETERS ESTIMATION BY LEAST SQUARE FIT

XTRACTR-10 package was used to fit binary osmotic coefficient
data to Bromley's model with ohe, twe, or three parameters (Equations
(32), (39), and (41) respectively). Details of this package could be
found in the User's Manual for XTRACTOR (Parameters Estimation Through
Nonlinear Regression) available in the Chemical Engineering Department
of the University of Arizona. This program is designed to run on the
DEC System — 10 of the University of Arizona. HANDLR, an interactive
program, sets up the batch run input data file. User model has to be
defined in a user subroutine called USUBR. An example of this subroutine
for the fit of binary osmotic coefficient data of aqueous sulfuric acid
to the Bromley's model with three parameters is presented on the next

page.
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SUBROUTINE USUBRINPROB,NDATAsNUPAR,NDsF)
FIT OF BINARY DATA OF H2504 WITH THREE PARAMETERS
BY LEAST SQUARES METHOD(EXTRACTOR)
DIMENSION F(200),X(200),Y(200) :
CORMON/USER/B»CoDsDUM(37)
COMMON/ZUSER/ Yy X, ARRAY(20058)
COMMON/USER/LP

DATA NSTRT/1/

DO 20 I=1,NDATA

Tls31.+S5QRT(X(TI))

T231lo41.5%X (1)

T391.40,75%X (1)

TaaX(I)2X(1)

TERM1=22.3537/X{1)0({T1-1./T1-2.%ALOG(T1))
TERM22T2/(T3%73)-AL0G(T3)/(0.75%X (1))
TERM322.303%X(I)/2,

TERN4o4.,606%T4/3,

TERM536,909%T4nX(I}/4,

90

FII)=TERM1-0.3685%TERM2~B*(3.684B8%TERM2+TERH3)-C*TERMSL-DRTERMS

CONTINUE
RETURN
END



APPENDIX C

AN OUTLINE OF THE PROGRAM FOR GROWTH CALCULATIONS

The program GROWTH predicts the size and chemical composition of
a marine aerosol exposed to atmospheric concentrations of SC”, NO, NO*,
NH”~, H*SO”, and water vapor as a function of the exposure time. Equi-
librium chemistry of nitrate formation and aqueous SO”, gas phase
oxidation of SOg to H;SOA and subsequent diffusion kinetic of this HIESO,4
into the aerosol droplet are included. The condensation of water causes

the particle to grow.

GROWTH: This is the main program and it reads all the information
required, i.e., bulk (gas) phase concentrations, initial conditions for
differential equations, number and size of time steps and the initial
composition and size of the particle. It prints out results; particle

size and composition as a function of time.

EQLBRM: This subroutine calculates the concentrations of wvarious ionic
species from initial guesses of the hydrogen ion concentration, the
solute activity coefficients and the water activity. It checks to see
whether the electroneutrality equation is satisfied and if not, it calls
the subroutine BROMLEY to compute activity coefficients. From a new
guess of hydrogen ion concentration obtained by the bisection method and
these new activity coefficients, it again predicts the ionic concen-
trations of the different species. This procedure is repeated until the

electroneutrality equation is satisfied.
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" DIFFUN: This subroutine provides the differential equations to be
solved by RKGS routine. It utilizes subroutine EQLBRM to obtain ionic
concentrations and subroutine SIZE to obtain a new particle size. Two
differential equations are solved; one describing the diffusion of
sulfuric acid into the particle and another describing the diffusion of

the hydrochloric acid from the particle.

BROMLEY: This subroutine is called by EQLBRM. It computes the solute
activity coefficients and osmotic coefficients for the given concen-
trations of various ionic species. It uses Bromley's model with three

parameters for calculating these multicomponent properties.

RKGS: This is a standard integration package. It uses a fourth order
Runge-Kutta algorithm with variable step size to solve the differential
equations. Subroutine DIFFUN provides these differential equations.

RKGS can solve up to twenty differential equations.

OUTP: This is a dummy subroutine and is not used anywhere. But it must

be supplied for RKGS subroutine.

SIZE: This subroutine computes a new particle size from total amounts
of each ionic species that lowers the water activity and the osmotic

coefficient provided by BROMLEY.
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Initial Region Limits for pH and Estimates
for Activity Coefficients and Water Activity

It is important to provide these estimates with a certain degree
of accuracy to enable the equilibrium calculations to converge. The
accuracy at which these estimates should be provided increases with
increasing expected ionic strength of the solution. Program GARCIA
predicts the activity coefficients of HNO” and NH”NO” and water activity
for the ternary HNO~-NH”NO~-H”0O system as a function of the ionic
strength of NHANO". Concentration of hydrogen ions is taken to be 1.0
E-3 though the results are not significantly affected if pH is between
2 and 5. An example of the utilization of results of GARCIA to provide
initial guesses for equilibrium calculations is presented here.

From Table 4:

K2N PNO 3w
[NO-] =

(kin pno pno: aw” [H : YH+ YNO"

and
kia kha pnh tH . YH+
For electroneutrality equation to be satisfied,

[NH*] = [NO~]



also
NV pemwos V
A A
WHE %"\ .No,
4 J
and
YH+ YNO“ <iHNO3)
Let
PNO: = 5 -c- 3
pnha = 4 -k 8
PNO = s E -7

[NH*]

[NOJ

for

= 0.5720 =

= 0.2904 =Y

= 0.8089

avgama:

avgama3

then from the results of GARCIA:

= 1.9248 x 10: [H+]

= 1:6916 X *

[H+]

[NH*] = [NO3]
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[H+J = 2.9645 x 10

which in turn predicts

[NH*] =5.7

[NO3] = 5.7

I should be decreased thus

Let I = 5.4

By following the identical procedure, we get

[NH*] = [N033 = 5.41

[H+] = 3.209 x 10

and gamal = 0.5676
gama2 = 0.3043
a = 0.8279
w

Ionic strength is thus between 5.4 and 6.0 and the values of

hydrogen ions predicted can be used as upper and lower bounds.
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PROGRAM GROWTH{INPUT»OUTPUT, TAPES=INPUT»TAPES=QUTPUT)
THIS PROGRAW IS ON A FILE CALLED FIJI.F4 (PPN 57005226453)
REAL M1oM2sM3oMayMSs M6, HT>HBoMIs ML2o) M1 4 M16

REAL MSO,H60s,HT70,NTS5o T, MT 7 »
OIMENSION DTHN(2)sDTHX(2),STERP(2)> TINC(2), TFINL(2)
DIMENSION PRMT(5)sDERY(3)

DIMENSION Y(2)oYY(2)pAUX(852)

DIHENSION CHI(2)»>GAMLI(2)5,GAM2(2)sHATA(2)5CION(L)

EXTERNAL DIFFUN

EXTERNAL QUTP

COMMON/ XMOL/R1oM2oM3M4 M5 M6 MTo MByH129M14o M1G
CONMON/XHOLO/HS50, 60,70 MT9s MTESMT Y :
COMMON/ZXHMISCL/FLAMSRGAS, TEMPsPSAT,SIGHA
COMMON/XVOL/VYH20, VS025 VNH3» YNO1oYND2, VHCL » VHNO3,VH2S04
COMMON/XDIFF/DH2504»DHCL

COMMON/XYES/NYsYY .
COMMON/XVARE/VT,VOL,RsTH2Q0, CURVE
COMMON/XBULK/PBND1»PBND2sPBNH3,PBS025sPBHZ2SO4s PBHZN
COMMONS XSURF/PSNO1,PSNO2sPSNH3,PSS02,PSH2S045PSH20s PSHCL
COMMONIXPRES/PNO1,PNO2,PNH3,PS02,PH20
COMMON/XEQLB/CHyAWS,CION,GAMI»GAM2yWATA
COMMON/XIONIC/IsGAMAL,GAMA2sNUGAMLSGsNUGAM3 4o NUAY
ONE=1.0D+00

TH0=2,0D+00

THREE=3.0D+00

 FOUR=4,0C+00

PI=aFOUR®ATAN(ONE)

MEAN FREE PATH(UR)

FLAM=20.055D+00

GAS CONSTANT(LITER-ATMOSPHERE/GMOLE.DEG K)
RGAS=0.0821

TEMPERATURE (DEG K)

TEMP=32G8.,0D+00

WATER SATURATION PRESSURE(ATH)

PSAT=223,76D¢00/760.

SURFACE TENSION UF PARTICLE(ERG/CM*%2)
SIGHA=72.0D+00

ERROR CRITERION(TEPS)

TEPS=0,05

NOo. OF DIFFERENT TIME INTERVALS(NTIME)

NTIHE=2

NO. Nf DIFFERENTIAL EQUATIONS TQ BE SOLVED(NY)
NYsa2

READ MINIMUM AND MAXIMUM ALLOWABLE STEP SIZEs
INITIAL STEP SIZE,TIME BETWEEN ODUTPUTS AND FINAL TIME.
DTMN(1)=0,001 '

DTHX{1)=1.0

3TEP(1)=0,05

TINC(1)21,0

TFINL{1)=10

DTMN(2)50.,001

DTHX(2)=21,0

STEP(2)=0.05

TINC(2)=10,

TFINL(2)5120,

SUBSCRIPYT CNDE IS EXPLAINED HERE

ALL CATICONS ARE DESIGNATED BY QDD NOS.

ALL ANIONS ARE DESIGNATED BY EVEN NOS.
1sHYDROGEN



(o] OO0 O

OO OOOOOOOOO M

(e X a)

97

30 AMMONTUM

S5aMAGNES IUM

7=S0DIUM

25SULFATE

4=NITRATE

6sCHLORIDE

82HYDROXIDE

12=SULFITE -

14sHYDROGEN SULFITE

16oNITRITE

INITIAL "STOICHIDMETRIC®™ CONCENTRATION(MOLES/LITER)
M502000460

M60=20,7227 Y
M70:0.6307

INITIAL DROPLET RADIUS(UM)

R20.1D400

PARTIAL LIQUID MOLAR VOLUMES FOR DIFFUSING SPECIES
IN LITERS/MOLE

VH20=PARTIAL MOLAR VOLUME OF H20 :
vs02=PARTYAL MOLAR VODLUME OF 502

VNH3=PARTIAL MOLAR VOLURE OF NH3

VNG1=PARTIAL MOLAR VGCLUME OF NO

VNO2=PARTIAL HOLAR VOLUME OF NO2

VHCLoPARTIAL MOLAR VOLUME OF HCL

VHNO3=PARTIAL MOLAR VOLUME OF HND3

VH2S04=PARTIAL MOLAR VOLUME OF H2S04

MOLAR VOLUME OF A GAS IN LIQUID PHASE IS APPROXIMATED
BY THE MOLAR VOLUME OF ITS ACID (VSO2aVH2SD4 ETC.)
VH2020,018

VS02=0.05368

UNH320,039

UNDO120.04189

VNO2:50,04189

VHCL=0,045

VHND330.04189

VH250420,05368

DIFFFUSIVITY OF H2S04(CMu%2/SEC)

DH2304=0.54 ,

DIFFUSIVITY OF HCL (HYDROCHLORIC ACID)

DHCL=0.185

BULK POLLUTANT CONCENTRATIONS(PB)IN ATHMOSPHERE
PBNOL1=1.0D-07 -

PBNO2=5.0D-08

P3NH3=21,0D-08

PBS02=1,00-08

PBH2S0415,00~12

PBH20=2.8140-02

INITIAL CONDITION FOR Y(UUMOLES OF SULFATE AND CHLGRIDE)
Y(1)=20.00

Y(2)53,02740-06

YY{1)=Y(1)

YY(2)5Y(2)

CALCULATE coooao

CALCULATE INITIAL PARTICLE VULUME(UM%®63)
VT=FOUR®PI#R*R&®R/THREE :

vOL=avT

CALCULATE INITIAL WATER IN PARYTICLE(UUMOLES)
TH20255.51%VT51 . 0E~03

CALCULATE INITIAL MASS(MOLES) OF MAGNESIUM;SODIUM AND
CHLORIDE.

MT5:M508VT%1.0D=-15
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MT6sH60%YT¢1.0D~15

MT7aK700YT*1.0D-15 !

WRITE(65131)VT

FORMAT (1HO, 11H VT(UM%%3)=,015,5)

CALCULATE CURVATURE TERM TO BE USED IN KELVIN EQUATION
THE UNITS(AFTER CONVERSION FATORS)ARE UM®(MOLES/LITER)
CURVESTHO®*SIGMA®10.41D-03/(RGAS*TEMP#1,055D+00)

PS IS SURFACE PRESSURE(ATH)

P IS PRESSURE OVER A FLAT SURFACE(FOR HENRY?®S LAW)IN ATH,
PSNO1 =PBNO1

PSND2sPBND2

PSNH3=PBNH3

PSS02=PBSO2

PSH2504aPBH2 S04

PSH20SPBH20

PNO1=PSNO1=EXP (—CURVE=VYNOL/R)

PND2=PSND2%EXP (~CURVE=VNO2/R)

PNH33PSNH32EXP (=CURVESVNH3/R)
PS02=PSSO2%EXP(=CURVE®YSO2/R)
PH20sPSH20%EXP(—=CURVE®VH20/R)

PROVIDE INITIAL CONDITIONS FOR DIFFERENTIAL EQUATION
TLAST=0,00400

TNEXT=0,00+00

DT=STEP(1)

PROVIDE PARAMETERS FOR RKGS ROUTINE

SEE RKGS FOR DESCRIPTION OF PARAMETERS
PRMT(1)=0.0D+00

PRMT(2)sTINC(1)

PRMT(3)aSTEP(1)

PRMT(&)sTEPS

DERY(1)=ONE/NY

DERY(2)sONE/NY

DERY(3)=ONE/NY

T30.00+00

NT=1

SET INITIAL REGIGN LIMITS FOR PH

AND GUESSES.FOR ACTIVITY COEFFICIENTS AND WATER ACTIVITY
THE PROCEDURE FOR GETTING THESE INITIAL GUESSES IS
EXPLAINED IN THE APPENDIX OF MoSo. THESIS OF PRADEEP
SAXENA.

CH(1)=1.2845D-03

CH(2)51,28450-03

AWaPH20/PSAT

GAM1(1)20.5592

GAM2(1)=0,3723

WATA(1)20.8907

GAM1(2)30.5592

6AM2(2)20.3723

WATAL2)20.8907

WRITE(6527)Y(2)sMT5sHT6,MT7

27 FORMAT(1HO,6H Y(2)=9D12.555Xs5H HTS=;D12 595Xs5H MT6=,

/D12:595X95H MT725D12.5)
WRITE(6,200)VT

200 FORMAT(1HOs4H VT=2,D012.5)

CALL EQLBRM(Y)

7 CONTINUE

IF(ToLT.TNEXT) GO TO 12
TNEXToaTNEXT+TINC(NT)
HRITE(65114)ToVTsR

114 FORMAT(1HO»,8H TI(MIN)=,D12, 5»5X911H VTI(UM%%3)5,D12655

/ 5X:7H R(UM)=,D12.5)
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WRITE(6,107)PNO1,PNO2,PNH3,PS025PH20 )
107 FORMAT(1HO»6H PNO1=2oD12.553Xs6H PNO22,D12.553X5
/ 6H PNH3=,D12.553X,6H PSD235D12.553Xs6H PH202,012.5)
WRITE(65108)PSNO1sPSNO2sPSNH3
108 FORHAT(IHO»7H PSNO1=,D12.555Xs7H PSNO22,012.555¥%>
/7H PSNH3=,012.5)
WRITE(65109)PSS02,PSH20 / .
109 FORMAT(LHO,7H PSS02=,D12.555Xs7H PSH202,D012.5)
HRITE(69157) M1 M3, M5, M7 .
157 FORHMAT(1HOp4H HM1ooD120.5s5%04H H325D012.595%s4H. M53,5,012.555X>s
/4H H7=,5012.5) ’
WRITE(65158)H2, M4 M6, M8 ‘
158 FURMAT(1HOp4H M255D12.555Xs4H M4opD12.555154H Mb=9D12.555X>»
/4H MB=yD12.5) :
WRITE(6-,159)M12,M14sR16
159 FORMAT(1HO,S5H M1225012.555Xs5H M1459oD012.555Xs5H M16=25D12.5)
13 CONTINUE
12 CONTINUE
PERFORM NEXT TIME STEP
2)o ALLOW H2SO% AND HCL DIFFUSION KINETICS
2).ALLOY PARTICLE TO GROW/SHRINK BY
CONDENSATION/EVAPORATIONS
CHECK TO SEE IFf FINAL TIME HAS BEEN REACHED
IFITLAST.GE-TFINL(NTIME) ) CALL EXIT
IF(TLAST.LT.TFINL(NT) } GO TO 16
NTaNT+1
RESET THE STEP SIZE
PRMT(2)sPRMT(2)=TINC(NT=1)
DT=STEP(NT)
PRMT(2)sPRHT(2)+TINCINT)
PRMT(3)=DT
16 CONTINUE
CALL RKGS(PRHMTs>YsDERYsNYs INDsCIFFUN,QUTP, AUX)
TsPRHT(2)
TLAST=T
IFLIND.GE-11) GO TO 11
DERY(1)=0ONE/NY
DERY(2)a0ONE/NY
DERY(3)=0ONE/NY
PRMT(1)=PRHMT(2)
PRMT(2)=PRHAT(2)+TINCINT)
CALL SIZE
GO 10 7
11 CONTINUE
. HRITE(65123)INDsT»Y
123 FORMAT(1Xs7H ERRDOR=s155/51X53(8D15.55/) )
CALL EXIT
END
SUBRIJUTINE EQLBRMI(Y)
THIS SUBRCUTINEGcococaso
1) .CALCULATES THE CONCENTRATIONS OF VARIOQUS IONIC
SPECIES FROM AN INITIAL GUESS OQF H¢ CONCENTRATION,
ACTIVITY COEFFICIENTS UOF NH4NDO3 AND HNO3 AND AHW.
2)oCHECKS TO SEE WHETHER THE ELECTRONEUTRALITY
EQUATON IS SATISFIED.
REAL KWoKlAsKHA)K1SsKHSoK2SoKINsK2NyK3NsKHH,K1H
REAL NUGAMA1,NUGAMAZ2,NUGAMA3,NUAWY
REAL NUPH,1
REAL NUGAM14,NUGAM3G
REAL MloM2,M3,Hés MO, Mo, M7y M8y HI» M129 M1 4o M16
REAL MTS5,MT7
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DIMENSION CION(1)»CH(2),GAM1{2),6AH2(2)5WATA(2)
DIMENSION DCH(2)

DIMENSION Y (2)
COMMON/XMOL/H1o M2y H3oM4o Moo HESHT o MBI MI2sH14,M16
COMRON/XHMOLO/R50,M60, MTOsMTSsMTESNT 7

COMMON/ XMISCL/FLAMOIRGASS>TENPyPSAT,SIGNA
COMMON/ZXVOL/VYH20,VS025 YNH3> YNO1, VNO2, VHCL s VHNO3 5 VH2S04
COMHON/XDIFF/DH250450HCL

COMMONZXYES/NY,YY

COMMON/XVARE/VT,VOL,RyTH20,CURVE
COMMON/XBULK/PBND1,PBND2,PBNH3,PBS02,PBH2S04,PBH20
CIMMONZXSURF/PSNOL1sPSNO2,PSNH3,PS502,PSH2504,PSH205PSHCL
COMMION/XPRES/PNO1,PNO2sPNH3,P502,PH20

COMMON/Z XEQLB/CHs AW, CION,GAM1» GAM2,WATA
COMMON/XIONIC/IsGAMALSGAMA2, NUGAMI4,NUGAM34sNUAY
EPSLON IS THE MAXIMUH TOLERABLE ERROR IN THE
ELECTRONEUTRALITY EQUATION.

EPSLON=0,01

FOLLOWING ARE THE EQUILIBRIUM CONSTANTS( FOR REF,

SEE PETERSON AND SEINFELDSAICHEJ 19795P, 831 o
KW=1,008D-14

KlA=21,774D~05

KHA357,0

K1$20.0127 '

KHS=21.24

K2S5S=6.,24D-08

K1N=122,

K2N=4,3D+05

K3N=5,10-04

KHH=19,0

K1lH=1,3D+06

TEMP=298

INDEX=1

PARAMETER J IS A COUNTER FOR ITERATIONS ON ACTIVITY
COEFFS. FOR EVERY GUESS OF CION(1).NORMALLY IT SUFFICES
TG DO ONE ITERATICN( JolLTo2 IN IF STATEHMENT).SOMETIMES
RESULTS MAY CONVERGE FASTER IF THE NO. OF ITERATIONS
IS INCREASED ( TO AS MUCH AS 20).SUCH COMPUTATIONS ARE
NOT PERFORMED FOR INITIAL ©"BOUNDARIES SETTING®™ AND J
IS ALWAYS KEPT EQUAL TO 20

J=20

PARAMETER K INDICATES WHEN TWO SUCCESSIVE COMPUTATIONS

SHOW EQUAL VALUES GF CH(1) AND CH{2).THIS WOULD IMPLY THAT

ACTUAL SOLUTION HAS BEEN "JUMPED"™ OVER.
Ks0

ONE=1,0D+00

Td0=2,0D+00

FOUR=4,0D+400

CONTINUE

XMULT IS A VARIABLE MULTIPLIER TO INITIALLY CHANGE
UPPER AND LOwER BOUNDS ’
XMULT=1.001

CION(1)aCH{INDEX)

GAMAl=GAM1(INDEX)

GAMA2=GAM2(INDEX)

Ad=WATA(INDEX)

GO 7O 1

CONTINLE

J=0

NERES!

CIDN(I)DCHNEXT

100
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GAMAl IS THE ACTIVITY COEFFICIENT OF HNO3(ALSO CALLED
GAMALlS)

GAMA2 IS THE ACTIVITY COEFFICIENT DF NH&NDO3 ( ALSO CALLED
GAMA34 ) :
GAMAl=NUGAMLS

GAMAZ2=NUGAM34

CONTINUE

CALCULATE IONIC CONCENTRATIONS,GIVEN AN INITIAL

GUESS FOR THE H+ CONCENTRATION (CION(1) )

AVERAGE GAMAS ARE THE RATIOS OF MEAN TIONIC ACTIVITY
COEFFICIENTS (SEE HoSo THESISsPRADEEP SAXENA )
AVGAMAZ2=(GAMAL/GARA2 )%%2, '

AVGAMA3cGAMAL®GAMAL

ClBK1A¢KHA¢PSNH3¢AVGAMA2/(AHﬁKH)

C2oKW=AY

C3=sK1S*KHS%PSSO2

C4aK13»KHS2®K25%PSSO2

C5=K3N#SQRT(KIN®PSND1*PSNOZ®AH)
COoK2NS(PSNOZ2#PSND2% A4 )/ (SART(KIN*PSNOL*PSNO2%AW) ®AVGAMAZ)
Ml=CION(1)

H3=C1leCION(1)

M5=MT5/(VT#1.00-15)

M7aMT7/7(VT%1.0D-15)

M2=Y(1)%1.00+03/VT
MeasC6/CICN(L)
M6=Y(2)%1.00+03/7/(VTH(ONE+CION(1)/K1H) ) .
M8=C2/CICN(L) v
M12=C4/(CION(1) )*=%2, ’
M14=C3/CICNI(1)
M16=C5/CION(1)

ELECTRCNEUTRALITY EQNo. IS SOLVED HEREcecosocoo
1), SPLUS=SUMMATION OF CONCENTRATIONS OF CATIUNSo
2)s SHINUS=SUMMATION OF CCNCENTRATICNS OF ANICONS.
THEN ABS(SPLUS-SMINUS)/(SMALLER QF THE TWO)
SHOULD BE LESS. THAN EPSLON.
SPLUS=M14M3+RT+2.%M5

SHINUS=H4 +MO+HB+M14+M16¢2, ¢(H2+H12)
DELT=SPLUS-SMINUS
CHPLUS=SMINUS-SPLUS+CION(1)
DELCH=CHPLUS-CION(1)

ABSDELT=ABS(DELT)

IF(SPLUS.GT-SMINUS ) EROR=ABSDELT/SMINUS
IF(SPLUS.LE.SHINUS ) EROR=ABSDELT/SPLUS
Call BROMLEY :
IF(EROR.LE.EPSLON) GO T3 9

IF(I.GT.,100 ) GO TQ 66

IF{J3oLT.2) GO TO 10

IF(INDEX.GT.2) GO TO 2

DCH(INDEX)=DELCH

SIGN=DCH(INDEX)*((~ 0NE)¢¢(INDEX¢1) )

NPOWER= (=ONE)**INDEX

IF(SIGN,GT.0.00+00 ) GU TO 3
CHUINDEX)=CHUINDEX)® (XMULT#*NPOWER)

XMULT =XMULT*1,01

GAML(INDEX)=sNUGAM14

GAMZ (INDEX)=NUGAM34

Gg TO 7

CONTINUE

INDEXSINDEX+1

IFCINDEX.GT.2 ) GO TO 6

Gg 10 7
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67

77
78

CONTINUE

DEPENDING UPON SIGN OF DELCHs REPLACE LEFT OR RIGHT
HAND VALUES OF SEARCH INTERVAL

IF (DELCH.GT-0,00+00 ) GO TO 5

CH(2)=CION(1)

DCH(2)sDELCH

GAM1(2)=NUGAM1¢

GAM2{2)=NUGAH34

GO 10 6

CONTINUE

CH(1)=CICNI(1)

DCH(1)=DELCH

GAM1(1)=NUGAM14

GAM2(1)=NUGAM34%

CONTINUE

GET NEXT 'GUESS FOR C(H¢) BY BISECTION METHGD
Al=ALOG1O(CH(1) )

A2=ALOGIO(CH{2) )

Bl=Ale (A2-A1)/THO

CHNEXTs10.%%B1

INDEX=INDEX#+1

IF(CH{L)EC.CH(2) ) K=Kl

IF(K.GT.2 ) GO TO 77

IFCINDEX.GT.1000) GO TO 20

GQ 7O 8

CONTINUE

TERMLIz1,0D0403/ (VT*KHH®(1.00¢00¢K1H/CION(L) } )
PSHCL=TERM1ISY(2)%EXP(CURVERVHCL/R)
PH=-ALOGIO(CION(1) )

GO TO &5

WRITE(6,567)1

FORMAT(1HO,3H I=5F6.3)

G0 710 85

WRITE(6,78)CH(1)sCHI(2)5K

FORHMAT(1HO»36H CH(L) AND CH(2) VALUES BECOME EQUAL>»

T /5Xs7H CH(1)25D120595Ks7H CH(2)25D120555Xs 3H Ksp [2)

GO 7O &5

WRITE(6,55)

FORMAT (1HO» 20X, 29H CALCULATIONS DO NOT CONVERGEs/////7)
CONTINUE

RETURN

END

SUBRJUTINE DIFFUN(T,Y>YDOT)

THIS SUBRCUTINE CALCULATES THE DERIVATIVES QF THE
FUNCTIONS TO BE INTEGRATED.THE TIME STEP IS ALWAYS MIN.
DIMENSION YY(2),Y(2)5YDOT(2) p
DIMENSION CH(2),CION(1)

DIMENSIOGN GAM1(2),GAM2(2),WATA(2)

COMMON/ XMOL /M1, M2 M35 Mas M5, MO, M7 M8, M125M145M16

COMMON/ XMOLO/M505sMB0s MT0, TS5, MTE MTT
CIMMON/XHMISCL/FLAHM,RGAS, TEHP,PSAT,SIGHMA
COMMON/XVOL/YH205VSU2,VNH3, VNO1s VNC25 VHCL » VHNO3,VH250%
COMMON/XDIFF/DH2S5S045DHCL

COMMON/XYES/NYs YY

COMMON/XVARE/VT>VOL,R, TH205 CURVE
COMMON/XBULK/PBNDO1,PBNDO2>PBNH3,PBS02,PBH2S0%»PBH20
COMMON/XSURF/PSNO1»,PSNO2,PSNH3,PSS025PSH2S04sPSH20sPSHCL
COMMON/XPRES#PNO1,PNO2,PNH3,PS02,PH20
COMHMON/XEQLB/CH, ANSCION, GAM1, GAM2,HATA
COMMON/XIONIC/I-GAMALyGAMA2SNUGAML4,NUGAN34,NUAY

DO 2 J=1,5NY

102
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YY(J)=Y(Jd)
CONTINUE
ONE=1.0D+00
TW0s=2.,0D+00
THREE=3,0D¢00
FOQUR=4,0D0+00
PIz4. OATAN(ONE)
Rz (THREEZVT/ (FOURSPL) )=&x{ONE/THREE)
UNITS OF P ARE ATHMOSPHERES
PNO1=PSNO1%EXP{(~CURVE®VYND1/R)
PNO2sPSNC2wEXP (-CURVE®VYND2/R)
PNH3=PSNH3®EXP(-CURVE®YNH3I/R)
PSO2oPSSOD2%EXP (~CURVE®VSQO2/R)
PH20sPSH20%EXP (~CURVE#*YH20/R)
AdaPH20/7PSAT
CH{1)=CIDON(1)
CH(2)=CION(1)
GAM1(1)=GAMAL
GAM2(1)=GAMA2Z
WATA(L)=AY
GAM1(2)3GAMAL
GAM2(2)3GAMA2
WATA(2) =AY
CALL EQLBRM(Y)
CALL SIZE
GNUDsFLAM/R
ELo(Q0,71D+00+FOURSGNUD/ THREE)/ (ONE+GNUD)
ELKN=EL®GNUD -
CONSTeFOURTPI%R/(RGASY*TEMPZ (ONE+ELKN) )
RETURN DERIVATIVES IN UNITS OF (UUMDLES/MINUTE)
YOOT(1)=6.0D+00%CONSTHDH2504%PBH2504%1.00+06
YDO0T(2)3=6,0D+00%CONST*DHCL*PSHCL*1,004+06
RETURN
END
SUBROUTINE BROMLEY
THIS SUBROUTINE CALCULATES:®

‘1) ACTIVITY COEFFICIENTS OF HNO3 AND NH4ND3

2)sCSHOTIC COEFFICIENT
FROM EQNS 6 THRU 11 AND EGNS 19 AND 20 OF SAXENA AND
PETERSON(1980)
FOR ACTIVITY COEFFICIENTS CIMPUTATION PURPQSE
THE MULTICOHMPOUNENT SOLUTIGN IS ASSUMED TO CONSIST CF
H2SD4sHND3 s (NH4)2S04 AND NH4NO3.
no"°°°oooﬂ°°°°°°°°°°°°°°°°°00000000000000000
FOR OSMOTIC COEFF. COMPUTATION MGCL2(MAGNESIUM CHLORIDE)
AND NACL(SODIUM CHLORIDE) ARE ALSO INCLUDED,
REAL M1y M2, M3,M4s M5, M6, RT
REAL I,NUAH,NUGAM14sNUGAM34
COMMON/XMOL/M1oM25 M3, Mes M5 Mb s MToMBsM125H14sM16
COMMON/XMOLO/M50s MEOSMTOsMTE5s MTEINT T
COMMON/XMISCL/FLAMIRGAS)TEMPyPSATH,SIGMA
COMMON/XVOL/YH20,VYS025YNH3 5 YNOLy VNO2, VHCL s VHNO3 s VH2SO4
COMMON/XDIFF/DH2S04,DHCL
COMMIONZXYES/NY,YY
COMMON/XVARE/VT)VOLyRyTH20, CURVE
COMMON/XBULK/PBNO1yPBNO2, PBNH3oPBSO02,PBH2S045sPBH20
COMMONZXSURF/PSNOL1yPSNO2sPINH3,PSS02sPSH2504,PSH205PSHCL
COMMON/XPRES/PNQL,PND2»PNH3,PS025PH2N
COMMON/XEQLB/CHsAWSCION,GAM1»GAM2,WATA
COMMON/ZXIDONIC/I»GAMAL)GAMA2sNUGAM14,NUGAM34,NUAY
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COMMON/XBROUM/OSHO,» SUHL

HERE ARE CONSTANTS IN BROMLEY?S MODELcoococcoe
B12=0.03772

C12s-0.0001679

D12=-00,00000028%

B32=-0,03398

€32=0,002868

D325-0,00007936

B14=0.08337

Cl4=2-0,002743

01420.0000303%

834=2-0.03564

C34s0.,001124

D34=-0,0000148¢4

B5620.1129

C56=0.00

D56=0.00

B76=20,0574

C76:20,00

D76=0.00

COMPLEX B »C AND D ARE COMPUTED FROHM EQUATIONI(15)
OF BROMLEY(1973) WITH MOLALITIES INSTEAD OF NU
THESE COMPLEX COEFFICIENTS ARE DESIGNATED AS BMEAN,CHEAN
AND DHREAN

SUM1aM1+M2+M3eM4+ME+MO+H7
SUM23M1464.%M2+M3+Me2 4. 3ME5+ME+MT
SUM33B34*M3eMNG4BL4EMLIXMG+BTOEEXMTENE+TFo/b0%
/{B32%*MIEM2+BL2%M1RH2+B56*M54H6)
SUM&sC340M32Me+CL42MIOMNG+CTEOMTERO490 /40 %
/(C328M30H2+4C12uM1¥MH2+C56%M58M6)
SUM52D34%H35H4+D14MLITNEG+DTOEIMTING+Fo /4%
/(D32%M3%M2¢D12*H1*M2+D56%R5%N6)
BMEANZ&,xSUNM3/(SUHMI%SUNM2)

CHEAN=40SUM&/ (SUM12SUM2)

DMEAN=& o #SUMS5/ (SUM1%SUH2)

IONIC STRENGTH(I) COMPUTATION

I=0.5%5UMH2

Z0T1=20.511%SQRT (L) /(1. +SQRT(Y) )
20T2320%1/(1ot0.75%1})8%2,

Z0T3=I/(1l.v1.5%])%%2,

Z0T4s 9]

I0T5=20T4%1

GAMA1205, GAMA140,GAMA320 AND GAMA340 ARE BINARY ACTIVITY
COEFFICIENTS(EQN., 19 OF SAXENA AND PETERSON 1980)°
GAMAL120210.%% (=2,220T14(00,06¢+0,6%B12)%Z0T2+812%1+C12%20T%
/+D12%70T5)
GAMAL40810,%%(=20T14(0.0640,6%814)%20T3+B14*I+C14%Z0T4¢
/D14%Z075)
GAMA320=10,%%(=2.%20T14(0.06%40.6%B32)=20T2¢4B3221¢C32220T¢4+
/D32%2075) ’ .
GAMA340810.%%(~Z0T14(0,06+0.6%B34)%70T3¢B34%I¢C34*Z0AT4*
/03464%2075)

S129./4,#M2/I%AL0G10(GARAL20) +M&/I%ALOG10(GAMAL40)
S2=2Z0T1% (0. 45%M2/14M4/T)

F1=2S1+52
33=29./4.%M2/[*ALUGLI0(GAMA320)+M4/T*ALOGIO0(GANA340) .
$64323T1%{(0.45%M2/1+M&/])

F3=253454 .
S5aM1/I=ALOGLIO(GAMALS4O)¢M3/ [*ALOGLO(GAMA340)
S6sZ0T1*(M1/1+M3/1)

F4s355+56
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GANAl4]10, 8% (-Z0T1¢0.5%(F1+F4) )
GARA36010o%%(=Z0T1+0.5%(F3+F4) )
GAMAl4 AND GAMA34 ARE ACTIVITY COEFFICIENTS OF
HNO3 AND NH4NO3 RESPECTIVELY
HERE IS THE COMPUTATIONN.OF OSMOTIC COEFFICIENT(OSHMO)
I0T6=1.+SORT(I)
TleZ0T6-10/20T6-2.2A4L0G(Z0T6)
TERM1=2,303%0.511%1,6/1%T1
Z0T7=21.0¢1.875%1
20T78210040,9375%]
T2=Z0T7/12078470T78)-ALOG(Z0T8)/(Z0T8~-1.0)
TERM222.303%(0,06+0.6%BHEAN)®1.6/0,9375%T2
TERM3282,.303%BMHEAN®I/2,
TERM&4=26,6068CHEANSZOTS /3,
TERM5 26,9094 DMEANZZQTS5/ 4,
COMPsTERM1-TERMZ2-TERM3-TERN4=TERMKS
0SHR0=1,-CORP
C THIS OSHOTIC COEFF. IS USED IN SUBRODUTINE SIZE

NUGAM14=GAMALSL

NUGAM34=GAMA3S

RETURN

END

OO0
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SUBROUTINE RKGS

PURPGSE
TQ >0LVE A SYSTEM OF FIRST DRDER NRDINARY DIFFERENTIAL
EQUATIONS WITH GIVEN INITIAL VALUES.

USAGE
CALL RKGS (PRMT,YsDERY,NDIM, IHLF, FCT,OUTPs AUX)
PARAMETERS FCT AND CUT? REQUIRE AN EXTERNAL STATEMENT.

DOOOOOOOOOOOO0O0

DESCRIPTION OF PARAMETERS

C PRMT - AN INPUT AND OUTPUT VECTOR WITH DIMENSION GREATER
COR EQUAL TO 5, WHICH SPECIFIES THE PARAMETERS OF

CTHE INTERVAL AND OF ACCURACY AND WHICH SERVES FOR
CCOMMUNICATION BETWEEN OUTPUT SUBROUTINE (FURNISHED

CBY THE USER) AND SUBRDUTINE RKGS. EXCEPT PRMT(5)

CTHE COMPONENTS ARE NOT DESTROYED BY SUBROUTINE

CRKGS AND THEY ARE

C PRMT (1)~ LOWER BOUND OF THE INTERVAL (INPUT),

C PRMT(2)- UPPER BOUND NF THE INTERVAL (INPUT),

C PRMT(3)= INITIAL INCREMENT OF THE INDEPENDENT VARIABLE
CCINPUT),

€ PRMT(4)=- UPPER ERROR BOUND (INPUT). IF ABSOLUTE ERROR IS
CGREATER THAN PRMT(4)s INCREMENT GETS HALVED.

CIF INCREMENT IS LESS THAN PRMT(3) AND ABSOLUTE

CERROR LESS THAN PRMT(4)/50, INCREMENT GETS DOUBLED.

CTHE USER MAY CHANGE PRMT(4) BY MEANS OF HIS :

CUUTPUT SUBRCUTINE. '

C PRMT(5)- NO INPUT PARAMETER. SUBROUTINE RKGS INITIALIZES
CPRMT(5)s0, IF THE USER WANTS TO TERMINATE

CSUBROUTINE RKGS AT ANY CUTPUT POIN1s HE HAS TO

CCHANGE PRHT(5) TO NON-ZERO BY MEANS OF SUSROUTINE

COUTP. FURTHER COMPONENTS OF VECTOR PRMT ARE

CFEASIBLE IF ITS DIMENSION IS DEFINED GREATER

CTHAN 5, HOWEVER SUBROUTINE RKGS DNES NOT REQUIRE

CAND CHANGE THEM. NEVERTHELESS THEY MAY BE USEFUL



CFOR HANDING RESULT VALUES TO THE HMAIN PROGRAH
C(CALLING RKGS) WHICH ARE OBTAINED BY SPECIAL
CMANIPULATIONS HWITH OUTPUT DATA IN SUBROUTINE DUTP.

cy -~ INPUT VECTOR OF INITIAL VALUES. (DESTROYED)
CLATERON Y IS THE RESULTING VECTOR OF DEPENDENT
CVARIABLES COMPUTED AT INTERMEDIATE POINTS X,

C DERY ~ INPUT VECTOR OF ERROR HEIGHTS. (DESTROYED)
CTHE SUH OF ITS COMPONENTS MUST BE EQUAL TO 1.

CLATERON DERY IS THE VECTOR OF DERIVATIVES, WHICH
CBELONG TO FUNCTION VALUES Y AT A POINT X,

C NDIH - AN INPUT VALUE, WHICH SPECIFIES THE NUMBER OF
CEQUATIONS IN THE SYSTEHM.
C IHLF - AN DUTPUT VALUE, WHICH SPECIFIES THE NUMBER OF

CBISECTIONS DF THE INITIAL INCREMENT., IF IHLF GETS
CGREATER THAN 10, SUBROUTINE RKGS RETURNS WITH

CERROR MESSAGE IHLFs11l INTO MAIN PRGGRAM. ERROR

CMESSAGE IHLF=12 QR IHLF=13 APPEARS IN CASE

CPRMT(3)=0 OR IN CASE SIGN(PRMT(3)) . NE.SIGN(PRMT(2)-

CPRMT (1)) RESPECTIVELY.

C FCT - THE NAME GF AN EXTERNAL SUBRQUTINE USED. THIS
CSUBROUTINE COMPUTES THE RIGHT HAND SIDES DERY OF

CTHE SYSTEM TO GIVEN VALUES X AND Yo ITS PARAMETER

CLIST MUST BE X,Y»DERY. SUBROUTINE FCT SHOULD

CNCT DESTROY X AND Y. .

C ouTP - THE NAME OF AN EXTERNAL OQUTPUT SUBROUTINE USED.
CITS PARAMETER LIST MUST BE XsYsDERY,IHLFsNDIYs PRMT,

CNONE OF THESE PARAMETERS (EXCEPT», IF NECESSARY,
CPRMT(4)yPRMT(5)r000) SHOULD BE CHANGED BY

CSUBROUTINE DUTP. IF PRMT(5) IS CHANGED TO NON-ZERO»
CSUBROUTINE RKGS IS TERMINATED.

C AUX - AN -AUXILIARY STORAGE ARRAY WITH 8 ROWS AND NDIM
CCULUMNS .

REMARKS

(1) MORE THAN 10 BISECTIONS OF THE INITIAL INCREMENT ARE
" NECESSARY TO GET SATISFACTORY ACCURACY (ERROR MESSAGE
IHLF=11)»
(2) INITIAL INCREMENT IS EQUAL TO O QR HAS WRONG SIGN
(ERROR MESSAGES THLF=12 QR IHLF=13),
THE WHOLE INTEGRATION INTERVAL IS WORKED THROUGH»
SUBROUTINE OUTP HAS CHANGED PRMT(5) TO NON-ZERQ.

SUBRCUTINES AND FUNCTIGN SUBPROGRAMS REQUIRED
THE EXTERNAL SUBROUTINES FCT(XsYsDERY)} AND

. HETHOD
EVALUATION IS DONE BY MEANS 0OF FOURTH GRDER RUNGE=-KUTTA
FORMULAE IN THE MODIFICATION DUE TO GILL., ACCURACY IS
TESTED COMPARING THE RESULTS OF THE PROCEDURE WITh SINGLE
AND DOUBLE INCREMENT.
SUBROUTINE RKGS AUTOMATICALLY ADJUSTS THE INCREMENT DURING
THE WHOLE COMPUTATION BY HALVING OR DOUBLING, IF MORE THAN
10 BISECTIONS OF THE INCREMENT ARE NECESSARY TO GET
SATISFACTORY ACCURACY, THE SUBROUTINE RETURNS WITH
ERRUR MESSAGE IHLF=11 INTO HAIN PROGRAM.
TO GET FULL FLEXIBILITY IN QUTPUT, AN OUTPUT SUBROUTINE
MUST BE FURNISHED BY THE USER.
FOR REFERENCE, SEE '
RALSTON/WILFs MATHEMATICAL METHODS FOR DIGITAL COMPUTERS»

OO A OO0 0O0

THE PROCEDURE TERMINATES AND RETURNS TO CALLING PROGRAM, IF

OUTP(X»YsDERY»IHLFyNDIM, PRMT) MUST BE FURNISHED BY THE USER. -
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SUBRAOUTINE RKGS(PRMT»Y»DERY,NDIMs IHLF,FCT,QUTP, AUX)

DIMENSION Y(1)sDERY{1)5AUX(8s1)sA(4)sB(4),Cl4&)sPRNTI(1)
DO 1 I=1,NDIH

AUX (85 I)n.06666667*DERY(T)

XaPRHT (1)

XEND=PRMT(2)

HsPRMT(3)

PRMT(5)=0,

CALL FCT(XsY,»DERY)

ERROR TEST
IF(H* (XEND=X))3853752

PREPARATIONS FOR RUNGE-KUTTA HMETHOD
All)=o5
A(2)=.,2928932
A(3)=1,707107
Al4)=,16666607
B(1)=2,
Bl{2)=1.
B({3)=1.
B(4)=2,
C(l)s.5
C(2)2.2928932
C(3)81.707107
Cl4)=,5

PREPARATIONS OF FIRST RUNGE-KUTTA STEP
DO 3 IslsNDIM
AUX(1s1)=Y(1)
AUX(251)8DERY(I)
AUX(35,1)=0,

AUX (6510200
IREC=0

HsH+H

IHLFa=~]

ISTEP=O

IEND=0

START OF A RUNGE-KUTTA STEP
IF((X+H=-XEND)¥H) 75655

HeX END=X

IEND=1

RECORDING OF INITIAL VALUES OF THIS STEP
CALL QUTP(XsYsDERY,IRECINDIM,» PRMT)
IF(PRMT(5))4058540

ITEST=0

ISTEP=ISTEP+1

START OF INNERMOST RUNGE-KUTTA LOQP
J=1
AJ=A(d)



OO0

OO

oo

o0

11
12

13
14

15

16
17

18

19

20

21

22

23

24

25

S 27

28

BJ=B(J)

CJd=C(J)

D0 11 I=1,NDIH

R1=HSDERY (I) , ' , \
R23AJ% (R1-BJXAUX(651))
Y{I)=Y(T)+R2

R2=R2+R2¢+R2
AUX(6,I)2AUX {6, 1)4R2~CJ%*R1
IF{J=4)12515515

Jsd+l

IF(J=-3)13514513

XaX4o5%H

CALL FCT(X»Y»DERY)

G070 10

"END OF INNERMOST RUNGE-KUTTA tOOP

TEST OF ACCURACY
IF(ITEST)16516520

IN CASE ITEST=0 THERE IS NO POSSIBILITY FOR TESTING OF ACCURACY
DO 17 Is1,NDIM
AUX(45I)=Y(1)
ITEST=1
ISTEP=ISTEP+ISTEP~2
IHLF=IHLF+1

X=X-H

Ho o 5%H"

DO 19 I=1,NDIM
Y(I)=sAUX{(151)
DERY(I)=AUXI2,1)
AUX(651)Y=2AUX(351)
GJdTo 9

IN CASE ITEST=1 TESTING OF ACCURACY IS POSSIBLE
IMOD=ISTEP/2

IF(ISTEP-IMOD-IMND)21523,521

CALL FCT(XsY,DERY)

DO 22 I=1,NDIN

AUX{551)=Y(T)

AUX(751I)sDERY(I)

GaT0 9

COMPUTATICN DF TEST VALUE DELT
DELT=0, .

00 24 I=1,NDIM
DELT=DELT+AUX(B8,I)*ABS(AUX(4,1)-Y(I))
IF(DELT~-PRMT(4))28528,25

ERRQOR IS TUG GREAT
IF(IHLF-1C)26536536
DO 27 I=1sNDIH

AUX (45 I)3AUX(551)
ISTEP=sISTEP+ISTEP~4
X=X=H

IEND=O

GOTO 18

RESULT VALUES ARE GUOOD
CALL FCT(X»Y»DERY)
DO 29 I=1»NDINM
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29

30

31

32

33

34
35

36

37

38
39
4«0

AUX(15I)=Y(I) :
AUX(2,1)=DERY(I)
AUX (3, 1)=AUX(651)
Y(I)=AUX(551)
DERY(I)=AUX(751)
CALL OUTP(X- HprDERYpIHLFpNDIHyPRHT)
IF(PRMT(5))40530540
DO 31 I=1,NDIM
Y(I)=AUX{1s1)
DERY(I)=sAUX(251)
IRECSIHLF '

I (IEND)325 32,39

[INCREMENT GETS DUUBLED
IHLF=aIHLF~1

ISTEP=ISTEP/2

HoH+H

IF(IHLF)45335,33
IMODsISTEP/2
IF(ISTEP-INMOD-IMOD) 453454
IF(DELT—.02%PRMT(4))35,35,54
IHLF=IHLF=1
ISTEPUISTEPIZ

HoH+H

GOTO ¢4

RETURNS TO CALLING PROGRAM

[HLF=11

CALL FCT(XsYsDERY)

GOTO 39

IHLF=12

GOTO 3¢9

IHLF=13

CALL QUTP(XsYsDERYsIHLFoNDIMy PRMT)

PETURN

END

SUBROUTINE QUTP(XsYsDERYs IHLFsNDIMsPRMT)

THIS DUMMY SUBROUTINE IS NOT USED»

8UT MUST BE SUFPLIED FOR RKGS.

DIMENSIUN Y(2)sDERY(3),PRMTI(5)

RETURN

END -

SUBROUTINE SIZE

REAL Ml M25M3o Mo M5 MOEsMT, M8, M12oM14,M16

REAL M50sM60sMT70sMTS5sMTESMT T ]

DIMENSION CH(2)sCION(L),GAML(2),GAM2(2)sWATA(2)
CIMMON/XMOL/M1,yM2oM3, Mo M5, MO, MToMBoM12,M145M16
CIMMON/XMGLO/MB0sME0sHT70sMT S MTESHT 7

COMMON/ XMISCL/FLAMORGAS,TEMPsPSAT,SIGHA
COMMON/XVOL/VH20, VSO25 VNH3s YNOL1s VNQO2s VHCL» VHNO3, VH2E04
COMMON/XDIFF/DH2S04sDHCL

CIMMON/XYES/NY, YY

CCMMON/XVARE/VT,YOLsR»TH20,CURVE -
CIMMON/XBULK/PBNO1,PBNO2, PBNH3,PB502,PBH2S045PBH20
CIMMONI/XSURF/PSNOC1,PSNO2sPSNH3,P53502,PSH2S04sPSH2ds PSHCL
COMMON/XPRES/PNOL»PNJ2sPNH3,PSN2,PH20

COMMON/ XEQLB/CHsAW»CIONSGAML,GAM2,WATA
COMMION/XIONIC/I,GAMAY>GAMA2)NUGAM14,NUGAM3 4, NUAY

COMMON/ XBRCMZCSMD, SUML

DNE=1.CD+00
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THREE®3,0D+00
FOUR=24,0D+00

PI=sFJUR2ATANI(ONE) :

THIS SUBROUTINE CALCULATESoccoccoccaosn
1).TOTAL MOLES OF EACH IONIC SPECIES FROM NEW
CONCENTRATIONS AND OLD VOLUME.
2).FRCH EQUATION (5) OF BROMLEY(WITH THREE
PARAMETERS) Ro.H.S IS EVALUATED BY USING NEW IONIC
STRENGTHSoTHIS GIVES A NEW OSMOTIC COEFFICIENT.
3).FROM NLD WATER ACTIVITY,NEW OSMOTIC CDEFFICIENT
AND TOTAL MOLES OF ALL SPECIES NEW VOLUME IS
COMPUTED.THIS VOLUME GIVES A NEW RADIUS

TMOLES=SUML®VT

VNEWs=TMOLES®0.018%0SHO/ALOG(AW)

RNEW= (THREE®VNEW/ (FOUR®PI) )so(ONE/THREE)

R=RNEY

VieVNEW

VOLs=VT

RETURN

END
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111
PROGRAM GARCIA(INPUT»NUTPUT»TAPES=INPUT,TAPES=QUTPUT)
THES PROGRAM CALCULATES ACTIVITY COEFFICIENTS OF
HNO3 AND NH4NO3 AND AW IN THE TERNARY SYSTEM(AQUEDOUS)
CONCENTRATION 0OFf HYDROGEN IOMN IS KEPT CONSTANT.
A THE CCNCENTRATION OF HNO3 IS VERY SHMALL THE SOLUTION
IS PREDOMINANTLY THAT OF NH4NDO3.THIS PROGRAM PREDICTS
THE ACTIVITY DATA AS A FUNCTION OF THE IONIC STRENGTH OF
NH4NO3 (FROM I=20.2 TO I=230 ) )
THE RESULTS 0OF THIS PROGRAM ARE USEFUL IN MAKING A GUESS
FOR H+ CONCENTRATICN AND GAMAl,GAMA2 AND AW FOR EQLERH
CALCULATIGNS
REAL M1,M2,M3,Mes NUAWSNUGAHALSNUGAMA2, NUGAMA3,NITRATES I
1 STANDS ‘FOR HYDRCGEN IQON
3 STANDS FOR AMMONIUM ION
4 STANDS FOR NITRATE ION
DO 100 J=25300s52
133710,
SIGMA=2%]
M1=1,0D-03
M3=al
Mée I
Yel=Y43cM4/ ]
X12=X14=M1/1
X32=X34=M3/1
814=0,08337
B34=-0,03564
Cl4=-0,002743
€34=20,001124
D14=0,000C303%
D343-0,00001484
bmeans(bl4+b34)/2.
CMEAN=(Cl4+C34)/2,
dmean=(dl4+d34)/2.
Z3T1206.511%SQRT(LI)/7(1.4SQRT(I))
INT22I/((1le+1o5%1)1%(1s4+1.5%1))
Z0T3=s1%]
I074=1%70T3
I0T521,+SCRT(I)
20T6=104+3 %1
Z0T731lo41la5%1
TERM1=1,17687I%(Z20T5-1,/20T5=2.%AL0OG(20T5))
TERM2aZ0TE/ (20T 7%Z0T7)~ALCG(ZCT7)/(1.5%1)
TERM3I=2,303%1/2.
TERM4n 4, £CERZCT3/3,
TERMS5=26,909%20T4/ 4%,
TERM62] o =TERM140,0921%TERM2
OSHO=TERMES BMEANR (0., 92124 TERM2+ TERM3)+CHEANSTERMA+DHE ANRTEPMS
NUAKWSEXP((-SIGMA)%*0.018=0SHQ)
GAMAL40=10,%%(~I0T14(0,0640,6%814)%70T24B14%12C14%20734C14%2CT¢%)
GAMA34C0o1C.*%(~70T1+(0.0640.6%B34)*70T2¢B34%I+C34*70T3+D34*7ICT4)
slaxl4%aloglO(gamals0)+x34%aloglO(gama3s0) '
floy4lealoglO(gamalsO)+zotlRysl
f3zy43d%aloglO(gama340)+zo0tl®*ys3
faosl+zotl*(xl4+x34)
GAMAL4=10.%2(~ZDT14(FL1+F4)/2.0)
CAMAIL=10*%(=Z0T1+{F3+F4)/2,0)
HUG AMAL=GAMALS
NMUGAMA2=GAMA3,
WRITE(65120)1sGAMA1405GAMA340,GAMALG,GAMA34sNUAW

120 FORMAT(1HO»6(F10.655X))
100 CONTINUE
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END
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NOMENCLATURE

' X
Constant in Debye-Huckel limiting law (0.5085 mole® -Kg ° for
water)

Activity

Water activity
Molarity
Diffusivity
Activity éoefficient on mole fraction scale
Osmotic coefficient on mole fraction scale
TIonic strength
\
Knudsen number, Kn = )\/r
Noncontinuum correction factor
Molality
Mole fraction
Total pressure
Vapor pressure of solvent
Partial pressure of 1
Partial pressure of i over a curved surface
Partial pressure of i over a flat surface
Ambient pressure
Universal.gas constant
Droplet radius
Initial droplet radius
Absolute temperature
time
Partial molar volume (liquid phase)
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AV
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Molecular weight

Mole fraction

Ionic strength fraction

Activity coefficient on molar scale
Ionic charge

Activity coefficient on molal scale

“Activity coefficient of component i in binary solution at the

total ionic strength of the solution

Enthalpy change of mixing

Volume change of mixing

Mean free path‘

Chemical potential

Chemical potential of component i in standard state

Number of ions formed by complete dissociation of one molecule
of i '

Surface tension

Osmotic coefficient on molal scale
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