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9 Thermodynamics of Aerosols

Several chemical compounds (water, ammonia, nitric acid, organics, etc.) can exist in both
the gas and aerosol phases in the atmosphere. Understanding the partitioning of these
species between the vapor and particulate phases requires an analysis of the thermody-
namic properties of aerosols. Since the most important “solvent” for constituents of at-
mospheric particles and drops is water, we will pay particular attention to the thermo-
dynamic properties of aqueous solutions.

9.1 THERMODYNAMIC PRINCIPLES

An atmospheric air parcel can be viewed thermodynamically as a homogeneous system
that may exchange energy, work, and mass with its surroundings. Let us assume that an air
parcel contains k chemical species, has a temperature 7, pressure p, and volume V. There
are n; moles of species { in the parcel.

The first section of this chapter is a review of fundamental chemical thermodynamic
principles focusing on the chemical potential of species in the gas, aqueous, and solid
phases. Further discussion of fundamentals of chemical thermodynamics can be found in
Denbigh (1981). Chemical potentials form the basis for the development of a rigorous
mathematical framework for the derivation of the equilibrium conditions between different
phases. This framework is then applied to the partitioning of inorganic aerosol components
(sulfate, nitrate, chloride, ammonium, and water) between the gas and particulate phases.

" The behavior of organic aerosol components will be discussed in Chapter 13.

9.1.1 Internal Energy and Chemical Potential

In addition to the macroscopic kinetic and potential energy that the air parcel may have, it
has internal energy, U, arising from the kinetic and potential energy of the atoms and mol-
ecules in the system. Let us assume that the state of the air parcel changes infinttesimally
(e.g., it rises slightly) but there is no mass exchange between the air parcel and its sur-
roundings, namely, that the air parcel is a closed system. Then, according to the first law of
thermodynamics, the infinitesimal change of internal energy, dU, is given by

dU =dQ +dW (9.1)

where d Qis the infinitesimal amount of heat that is absorbed by the system and 4 W is the
infinitesimal amount of work that is done to the system. Equation (9.1) can also be viewed
as a definition of the internal energy of the system, U. '
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492 THERMODYNAMICS OF AEROSOLS

The infinitesimal work done to the system by its surroundings is equal to
dW=—pdV 9.2)

where p is the pressure of the system and dV its infinitesimal volume change. Note that, if
the parcel expands, dV is positive and the work done to the system is negative (or alterna-
tively the work done by the system is positive). Because of this expansion, if there is no
heat exchange, dU < 0 and the internal energy of the system will decrease. On the con-
trary, if the parcel volume decreases, dV < 0, dW > Q0 and if 40 = 0 the internal energy
of the system increases.

A thermodynamically reversible process is defined as one in which the system changes
infinitesimally slowly from one equilibrium state to the next. According to the second law
of thermodynamics, the heat added to a system during a reversible process, d Qrey, i given
by

dQwy =T dS (9.3)

where § is the entropy of the system. The entropy is another property of the system (like
the temperature, volume, and pressure) measuring the degree of disorder of the elements of
the system; the more disorder the greater the entropy. Combining (9.1), (9.2), and (9.3)

dU=TdS—pdV 9.4)

for a closed system. This equation contains the whole of knowledge obtained from the ba-
sic thermodynamic laws for a closed system undergoing a reversible change.

In our discussion so far we have assumed that the system is closed. According to (9.4),
if the number of moles of all system species r, ny, ..., #; are constant, the change in in-

ternal energy U of the system depends only on changes in § and V. However, for variable
composition we must have

U=U(S, V, ny, 02, ..., Bi)

and thus the total differential of U is
U U 1}
dU = (—_) 4s + (——) av + (m) dn; (9.5)
35 Vo v S.n; ; on; 8, V.n;

In this expression, the subscript n; in the first two partial derivatives implies that the
amounts of all species are constant during the variation in question, On the other hand, the
last partial derivative assumes that all but the i"* substance are constant. Note that for a
closed system dn; = 0 and from (9.5)

at/ ol
dU = | — 48 — dVv 2.6
(aS)v.n,- +(3V)s.m 00

Comparing (9.4) and (9.6) that are both valid for a closed system, we obtain

U AU
T=(Z d —p=(22
(as)vﬂ an r (av)&m
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Finally, (9.5) can be rewritten as

k
dU:TdS—pdV+Z(-§-[-{)  dn (9.8)
i=| ny S.V.ny

Let us define the chemical potential of species i, u;, as

i = (3—U) ©9.9)
an‘. S. V.Hj .

s0 that {9.8) can be written as

k
dU:TdS—pdv+Z,u,- dn; (9.10)

i=]

The chemical potential, u;, has an important function in the system’s thermodynamic
behavior analogous to pressure or temperature. A temperature difference between two bod-
ies determines the tendency of heat to pass from one body to another while a pressure dif-
ference determines the tendency for bodily movement. We will show that a difference in
chemical potential can be viewed as the cause for chemical reaction or for mass transfer
from one phase to another. The chemical potential, s, greatly facilitates the discussion of
open systems, or of closed systems that undergo chemical composition changes.

9.1.2 The Gibbs Free}.Energy, G

Calculation of changes, dU, of the internal energy of a system U, requires the estimation
of changes of its entropy S, volume V, and number of moles #;. For chemical applications,
including atmospheric chemistry, it is inconvenient to work with entropy and volume as in-
dependent variables. Temperature and pressure are much more useful. The study of atmos-
pheric processes can therefore be facilitated by introducing other thermodynamic variables
in addition to the internal energy /. One of the most useful is the Gibbs free energy, G,
defined as -

G=U+pV-TS (9.11)

Differentiating (9.11)
dG=dU+pdV+Vdp—TdS—SdT (9.12)

and combining (9.12) with (9.10) one obtains

. . I
dG = —SdT + Vdp+ Y p; dn; (9.13)

=1
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Note that one can propose using (9.13) as an-alternative definition of the chemical poten-
tial, that 1s,

= (?ﬁ) (9.14)
anj T.P.ﬂ_,‘

Both definitions (9.9} and (9.14) are equivalent. Equation (9.13) is the basis for chemical

thermodynamics.
For a system at constant temperature {(dT = 0) and pressure (dp = 0)

k
dG = Z i dn; {9.15)

i=1

For a system under constant tempexrature, pressure, and with constant chemical composi-
tion (dn; = 0), dG = 0, or the system has a constant Gibbs free energy. Equation (9.13)
provides the means of calculating infinitesimal changes in'the Gibbs free energy of the sys-
tem. Let us assume that the system under discussion is enlarged m times in size, its tem-
perature, pressure, and the relative proportions of each component remaining unchanged.
Under such conditions the chemical potentials, which do not depend on the overall size of
the system, remain unchanged. Let the original value of the Gibbs free energy of the sys-
tem be G and the number of moles of species i, n;. After the system is enlarged m times,
these quantities are now mG and mn;. The change in Gibbs free energy of the system is

AG =mG -G =(m—1)G (9.16)
and the changes in the number.of moles are
-An,- =mn; —H;

and as 7, P, and u; are constant using (9.15)

AG = iﬂq‘ AR;

i=1

k
G= Z#ini

i=l1

Equation (9.18) applies in general and provides additional significance to the concept of
chemical potential. The Gibbs free energy of a system containing k chemical compounds
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can be calculated by
G = pny + pang 4+ -+ + weny,

that is, by summation of the products of the chemical potentials and the number of moles
of each species. Note that for a pure substance

w=2 (9.19)
i

and thus the chemical potential is the value of the Gibbs free energy per mole of the sub-
stance. One should note that both (9.13) and (9.18) are applicable in general. It may appear
surprising that 7 and p do not enter explicitly in (9. 18) To explore this point a little fur-
ther, differentiating (9.18),

k k
dG = Z ny dps + Z wi dn; (9.20)
=] i

and combining with (9.13) we obtain

P
—8dT + Vdp = Zn,- i (9.21)
=l .

This relation, known as the Gibbs—Duhem equation, shows that when the temperature and
pressure of a system change there is a correspondmg change of the chemical potentials of
the various compounds.

9.1.3 Conditions for Chemical Equilibrium

The second law of thermodynamics states that the entropy of a system in an adiabatic
(d @ = 0) enclosure increases for an irreversible process and remains constant in a re-

versible one. This law can be expressed as
d§ =0 (9.22)

Therefore a system will try to increase its entropy and when the entropy reaches its maxi-
mum value the system will be at equilibrivm. One can show that for a system at constant
temperature and pressure the criterion corresponding to (9.22) is

dG <0 ' 9.23)

or that a system will tend to decrease its Gibbs free energy. For a proof the reader is referred
to Denbigh (1981).




496 THERMODYNAMICS OF AEROSOLS

Consider the reaction A =B and let us assume that initially there are na moles of A and

ng moles of B. The Gibbs free energy of the system is, using (9.18), f
I
G = nppip + 1B, fi
i
If the system is closed §]
IT
Ry = na + s = constant
and this equation can be rewritten as
G == ny(xapea + (1 =~ xa)1tp) -
where i"
Xn = na  _ Ba -
A hatne  nr : T
the mole fraction of A in the system. Let us assume that the Gibbs free energy of the sys-
tem is that shown in Figure 9.1. If at a given moment the system is at point K, (9.23) sug- _
gests that 4G < Oand G will tend to decrease, so x4 will increase, B will be converted to COIf
A, and the system will move to the right. o
Tl
ac
T [ T l 1 I 1 l 1
| T, p = const.
- > - !
)
b
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FIGUREY.1 Sketch of the Gibbs free energy for a closed system where the reaction A = B fakes
places versus the mole fraction of A.
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If the system at a given moment is at point M, once more dG < 0, so the system will
move to the left (A will be converted to B). At point L, the Gibbs free energy is at a mini-
mum. The system cannot spontaneously move to the left or right because then the Gibbs
frée energy would increase, violating (9.23). If the system is forced to move, then it will re-
turn to this equilibrium state. Therefore, for a constant T and p, the point L and the corre-
sponding composition is the equilibrium state of the system and (xa), the coresponding
mole fraction of A, At this point dG = 0.

Let us consider a general chemical reaction,

aA +bB = ¢cC+4dD
which can be rewritten mathematicaily as
aA+bB—-cC—dD =90 (9.24)
The Gibbs free energy of the system is given by
G = napa + npps + nciic + npin
If dn moles of A react, then according to the stoichiometry of the reaction, they will also
consume (b/a)ns moles of B and produce (c/a)na moles of C and (d/a)ns moles of D.

The corresponding change of the Gibbs free energy of the system at constant 7 and p is,
according to (9.153),

dG = pp dnp + pp dag + tic dnc + up dnp
b c ' d
= ua dna + B dna — S lc dna — ZHD dna (9.25)
b c d
=|#ua+ —up— —pc~ —up ) dna
a a a

At equilibrium dG = 0 and therefore the condition for equilibrium is

b c d
KA+ —pp — —pc— —pp =0
a a a

or

apa +bur — cpc —dup =0 (9.26)

Let us try to generalize our conclusions so far. The most general reaction can be written
as

D uA=0 (9.27)
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where £ is the number of species, A;, participating in the reaction, and v; the correspond-
ing stoichiometric coefficients (positive for reactants, negative for products). One can eas-
ily extend our arguments for the single reaction (9.24) to show that the general condition
for equilibrium is :

k
Zviﬂ«i =0

i=1

This is the most general condition of equilibrium of a single reaction and is applicable
whether the reactants and products are solids, liquids, or gases. .
If there are multiple reactions taking place in a system with k species,

k

Z Vi A =

iz

k

z szAj =0

i=l

k
Z Vip Aj =0

i=I

“the equilibrium condition applies to each one of these reactions and therefore at equilib-
rium

k
Z Vijpey =O, _] = 1, - R

i=1

where w; is the stoichiometric coefficient of species { in reaction j (there are n reactions
and k species).
For example, let us assume that the following reactions take place:

2 NH;3(g) + HzS04(g) = (NH4)2504(s)
NHs(g) + HNOs3(g) = NH;NO3(s)

At equilibrium the chemical potentials of gas-phase NHj, and Hy804 and solids
(NH4)2804 and NH4NO; satisfy '

20eNK; + HH:50, — HNH),50, =0 (9.31)

MNH; + HLHNO, — UNHNO; = 0
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Determination of the equilibrium composition of this multiphase system therefore requires
determination of the chemical potentials of all species as a function of the corresponding
concentrations, temperature, and pressure.

9.1.4 Chemical Potentials of Ydeal Gases and Ideal Gas Mixtures

In this section we will discuss the chemical potentials of species in the gas, aqueous, and
aerosol phases. In thermodynamics it is convenient to set up model systems to which the
behavior of ideal systems approximates under limiting conditions. The important models
for atmospheric chemistry are the ideal gas and the idea! solution. We will define these
ideal systems using the chemical potentials and then discuss other definitions.

The Single Ideal Gas We define the ideal gas as a gas whose chemical potential 4 (7, p)
at temperature T and pressure p is given by

u(T, p) = p°(T,1atm) + RT In p (9.32)

where p° is the standard chemical potential defined at a pressure of I atm and therefore is
a function of temperature only. R is the ideal gas constant. Pressure p actually stands for
the ratio (p/1 atm) and is dimensionless. This definition suggests that the chemical poten-
tial of an ideal gas at constant temperature increases logarithmically with its pressure.
Differentiating (9.32) with respect to pressure at constant temperature -

‘ B,u,) (B,u“) dlnp
— ] = + RT 9.33
(Bp T 8/ dp 633

But 4° is not a function of pressure and therefore its derivative with respect to pressure is

zero, 50 for an ideal gas
9 RT
(_&) _ BT (9.34)
ap/r p

Using (9.13), one can calculate the derivative of G with respect to pressure

(B_G) v (9.35)
ap /r

but for a system consisting of » moles of a single gas (sec (9.18))
G=nu 9.36)

and therefore from (9.35) and (9.36)

(ﬁﬁ) = Y (9.37)
T
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Combining (9.34) and (9.37) we see that our definition of an ideal gas entails

pV =nRT {9.38)

the traditional ideal gas law.
Deviations from ideal gas behavior are customarily exp

ibility factor C

ressed in terms of the compress-

v
c=2 (9.39)

T nRT

Both dry air and water vapor have compressibility factors C, in the range 0998 < C <1
for the pressure and temperature ranges of atmospheric interest (Harrison, 1965). Hence
hoth dry air and water vapor can be treated as ideal gases with an error of less than 0.2%

for all the conditions of atmospheric interest.
The Ideal Gas Mixture A gaseous mixture is defined as ideal if the chemical potential
of its ith component satisfies :

pi=p(T)+RT 1n p+ RT Iny; (9.40)

where p.2(T) is the standard chemical potential of species i, pis the total pressure of the

mixture, and y; is the gas mole fraction of compound i. For y; = 1 {pure component},
(9.40) is simplified to (9.32) and therefore . is precisely the same for both equations. This
le (recall for pure compounds

standard chemical potential is the Gibbs free energy per mo
G = pn) of the gas in the pure state and pressure of 1 atm.
By defining the partial pressure of compound i as

pi=¥p (9.41)

a more compact form of (9.40} is

i = po(T) + RT In p; (9.42)

Onec

an also prove that (9.42) is equivalent to the more traditional ideal gas mixture de-
finition, g

in = niRT
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The atmosphere can be treated as an ideal gas mixture with negligible error (Pruppacher
and Klett, 1980).'

9.1.5 Chemical Potential of Solutions

Atmospheric aerosols at high relative humidities are aqueous solutions of species such as
ammonium, nitrate, sulfate, chloride, and sodium. Cloud droplets, rain, and so on are also
aqueous solutions of a variety of chemical compounds.

Ideal Solutions A solution is defined as ideal if the chemical potential of every
component is a linear function of the logarithm of its aqueous mole fraction x;, according

to the relation

Wi = Ju,;-k(T, p)+ RT Inx; (9.43)

A multicomponent solution is ideal only if (9.43) is satisfied by every component. A so-
lution, in general, approaches ideality as it becomes more and more dilute in all but one
component (the solvent). The standard chemical potential @7 is the chemical potential of
pure species i (x; = 1) at the same temperature and pressure as the solution under discus-
sion. Note that in general .} is a function of both 7 and p but does not depend on the
chemical composition of the solution.

Let us discuss the relationship of the above definition with Henry’s and Raoult’s laws,
which are often used to define ideal solutions. Assuming that an ideal solution of i is in
equilibrium with an ideal gas mixture, we have the reaction '

I(g) = I(aq)
and at equilibrium
#i(g) = pifaq)
according to {9.28). Using (9.42) and (9.43)

#i(T) + RT In p; = (T, p) + RT ln x;

or

Pi = exp (&R-:T—M‘) x = Ki(T, p)x; (9.44)

The standard chemical potentials i and g are only functions of temperature and pressure
and therefore the constant K; is independent of the solution’s composition.

’Fdr a discussion of nonideal gas mixtures, the reader is referred to Denbigh(1981). The discussion of these mix-
tores is not necessary here, as the behavior of all gases in the atmosphere can be considered ideal for all practical

purposes.
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If x; = 1 in (9.44), then K;(T, p) is equal to the vapor pressure of the pure component
L, p;, and the equation can be rewritten as

Pi = pix; (9.45)

Equation (9.45) states that the vapor pressure of a gas over a solution is equal to the prod-
uct of the pure component vapor pressure and its mole fraction in the solution. The lower
the mole fraction in the solution the more the vapor pressure of the gas over the solution
drops. Thus (9.45) is the same as Raoult’s iaw.

Most solutions of practical interest satisfy (9.43) only in certain chemical composition
ranges and not in others. Let us focus on a binary solution of A and B. If the solution is ideal
for every composition, then the partial pressures of A and B will vary linearly with the mole
traction of B (Figure 9.2). When x5 = 0, the mixture consists of pure B and the equilib-
rium partial pressure of B over the solution is pp and of A zero. The opposite is true at the
other end, where x4 = 1 and py = Pa-

The partial pressures of A and B in a realistic mixture are shown in Figure 9.3. Note that
the relationships between p,, pn, and x, are nonlinear with the exceptions of the limits of
xa — Oand x4 — 1. When x4 — 1, we have a dilute solution of B in A. In this regime

Pa = Paxa (9.46a)
i f I ' { l 1 I 1
N .
D,
~
e [ i
2| o
%] -~
o
o = -
5
T
o
a | _
P
2 Be
i I 1 i 1 I 1 I 1
0.0 0.2 0.4 0.6 c.8 1.0
Pure B - ZL'A Pure A

FIGURE 9.2 Equilibrium partial pressures of the components of an ideal binary mixture as a func-
tion of the mole fraction of A, x4.
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FIGURE 9.3 Equilibrium partial pressures of the components of a nonideal mixture of A and B.
Dashed lines correspond to ideal behavior.

and Raoult’s law applies to A. In the same regime
pe = Hyxp (9.46b)

where HY is a constant calculated from the slope of the pp line as xs — 1. This relation-
ship corresponds to Heary's law, and Hy is the Henry’s law constant” (based on mole frac-
tion) for B in A {equal to the slope of the line BN). At the other end (x4 — 0) we have
PB ™ ppxp
9.47)
pa = Hyxp

and B obeys Raoult’s law while A obeys Henry’s law.

Summarizing, if a solution is ideal over the whole composition range (often called per-
fect solution), (9.44) is satisfied for every x;. In this case K; is equal to the vapor pressure
of pure i, which is also equal in this case to the Henry’s law constant of /. Nonideal solu-
tions approach ideality when the concentrations of all components but one approach zero.
In that case the solutes satisfy Henry’s law (p; = H/x;), where the solvent satisfies Raoult’s

law (p; = pjx)).
*For a dilute agueous solution (9.46b) is equivalent to
[B(zq)] = (0.018H}) ' py
‘The Henry’s law constant Hg defined in Chapter 6 is then' related to Hy, by
Hg = (0.018H)™!
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Non ideal Solutions Atmospheric aerosols are usually concentrated aqueous solutions
that deviate significantly from ideality. This deviation from ideality is usuaily described by
introducing the activity coefficient, y;, and the chemical potential is given by

wi = (T, p) + RT ln(yix:) (9.48)

The activity coefficient y; is in general a function of pressure and temperature together with
the mole fractions of all substances in solution. For an ideal solution ; = 1. The standard
chemical potential uf is defined as the chemical potential at the hypothetical state for
which y; — 1 and x; — 1 (Denbigh, 1981). The product of the mole fraction x; of a solu-
tion component and its activity coefficient y;is defined as the activity, o, of the component

(9.49)

and the chemical potential of a species i is then given by

i = ,(,(,:.*(T, p)+ RT In o (9.50)

As a matter of convenience, the amount of a species in solution is often expressed as a
molality rather than as a mole fraction. The molality of a solute is its amount in moles per
kilogram of solvent. For an aqueous solution containing n; moles of solute and n,, moles
of water (molecular weight 0.018 kg mol -1y the molality, m;, of the solute is

n;

™= 0018 ng

Another measure of solution concentration is the molarity, [{ ], expressed in moles of
solute per liter of solvent (denoted by M). For water solutions at ambient conditions, be-
cause 1 liter weighs 1 kilogram, the molality and molarity of a solution are practicaily
equal.

Traditionally, the activity of the solvent is almost always defined on the mole fraction
scale ({9.48) and (9.50)), but the activity coefficient of the solute is often expressed on the

molality scale,

wi = p + RT In(yim;)
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In this case 1 is the value of the chemical potential as m; — land 7 — 1.

The activity coefficients y; are determined experimentally by a series of methods in-
cluding vapor pressure, freezing-point depression, osmotic pressure, and solubility mea-
surements {Denbigh, 1981).

Pure Solid Compounds The chemical potential of a pure solid compound { can easily be
derived from (9.43) by setting x; = 1, so that

i (solidy = u¥(T, p) (9.53)

The chemical potentiai of the solid is therefore equal to its standard potential and is a func-
tion only of temperature and pressure.

Solutions of Electrolytes Most of the inorganic aerosol components dissociate upon
dissolution, for example, NH;NO; dissociates forming NI—L}L and NOJ. The concentration

of each ion in the aqueous solution is traditionally expressed on the molality scale and the
chemical potential for each ion in a NH;NO; solution is

Mgy = M;E,H: + RT In(yyg; mingg; )

Hnoy = M;’,o; + RT In(yyo; myo;)

where Mgt and MiNo; are the ion molalities and Yeu and ¥No; the corresponding activ-
ity coefficients. The dissociation reaction

NH,NO; = NH] + NO7

is at equilibrium and therefore the chemical potential of NH4;NO; satisfies

MNHNO; = M + o
or

MNHNO; = Mﬁﬂr + u;:c,; + RT In(yng; Yvo; w; Mivo; ) (9.54}

The binary activity coefficient for NH4;NO3 can be defined as

?'1\21H4N03 = VNH] ¥NOj {9.55)

and (9.54) can be rewritten as

HiENo, = Mg + Hno; + RT 10, N0, NHE N0, ) (9.56)




506 THERMODYNAMICS OF AEROSOLS

If the electrolyte dissociates completely and the initial meolality of NH;NOs is mng,no,,
then

MNo; = Mnpp = MINHNO,
and
2 2
UNH.NO, = JU«:;H; + '”';:o; + RT In(yip,n0,"Ne, N0, ) 9.57)

9.1.6 The Equilibrium Constant
The equilibrium expression (9.28) can be used to obtain a useful expression for aerosol
equilibrium caiculations. Let us consider the general reaction,

k

ZU,‘M,'=O

i=l

Then substituting (9.50) into (9.28)

k
D wi(uf + RT Ine,) =0
i=1

or

[Ter =& - (9.58)

1
K; =exp ~%T vii] - (9.5%

If, for example, the species participating in the reaction are all gases, then the activity
can be replaced with the partial pressures and

[1r" =k (9.60)

As another example, consider the reaction

H2504(g) + 2 NHs(g) = (NH4),504(s)

for which vy,s0, = I, vap, = 2, and V(NH,),50, = — 1. The condition for equilibrium is

2 iNH, + HH,80, — H(NHa,50, = 0

or following (9.59) and noting that o = 1 for solids,

“fNH.;) 50, T 2MNH, ™ 1Y S0,
exp ( == ? == | = K(T) = ply, P 50,

RT




NH4NO3 is MmNy, NO;»

(9.57)

tpression for aerosol

(9.58)

(9.59)

s, then the activity

(9.60)

r equilibrium is

H;50,

and therefore at equilibrium the product of the square of ammonia partial pressure and of
sulfuric acid partial pressure should equal a constant. The value of the constant is a strong
function of temperature.

9.2 AEROSOL LIQUID WATER CONTENT

Water is an important component of atmospheric aerosols. Most of the water associated
with atmospheric particles is chemically unbound (Pilinis et al., 1989). At very low relative
humidities, atmospheric aerosol particles containing inorganic salts are solid. As the arbi-
ent relative humidity increases, the particles remain solid until the relative humidity
reaches a threshold value characteristic of the acrosol composition (Figure 9.4). At this RH,
the solid particle spontancously absorbs water, producing a saturated aqueous solution. The
relative humidity at which this phase transition occurs is known as the deliquescence rela-
tive humidity (DRH). Further increase of the ambient RH leads to additional water con-
densation onto the salt solution to maintain thermodynamic equilibrium (Figure 9.4). On
the other hand, as the RH over the wet particle is decreased, evaporation of water occurs.
However, the solution generally does not crystallize at the DRH, but remains supersatu-
rated until a much Jower RH at which crystallization occurs (Junge, 1952; Richardson and
Spann, 1984; Cohen et al. 1987). This hysteresis phenomenon with different deliguescence
and crystallization points is illustrated in Figure 9.4 for (NH,)z SO4. The relative humidi-
ties of deliquescence for some inorganic salts, which are common constituents of ambient
aerosols, are given in Table 9.1.

2-4 Al T L) l 4
[ —— (NH,),SO :
22l 472 4 1
[ --- NH.HSO, -
| == H,S0, N
2.0 - 7]
o ]'8 —_ -—_
Q r ]
""-n- : -t
Q 1.6 —
L4 3
1.2:— - 5
T ] I - - L4 . ]

0 20 100

Relative Hﬁnﬁdity, %

FIGURE 9.4 Diameter change of (NH,),50,, NH,HSO,, and H,SO, particles as a function of
relative humidity. Dy, is the diameter of the particle at 0% RH.
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TABLE 9.1 Deliquescence Relative Humidities of
Electrolyte Solutions at 298 K

Salt DRH (%)

KCl 842 £ 03
Na,SO, 842 = 0.4
NH,CI 80.0
(NH,),50, 79.9 = 0.5
NaCl 753+ 0.1
NaNO, 743 04
(NH,);H(50,), 69.0
NH,NO, 61.8
NaHSO, 52.0
NHHSO, 40,0

Sources: Tang (1980} and Tang and Munkelwitz (1993),

One should also note that some aerosol species do not exhibit deliquescent behavior.
Species like H,S0, are hygroscopic and therefore the water content associated with them
changes smoothly as the RH increases or decreases (Figure 9.4).

For each relative humidity a single salt can exist in either of two states: as a solid or as
an aqueous solution. For relative humidities lower than the deliquéscence relative humid-
ity the Gibbs free energy of the solid salt is lower than the energy of the corresponding so-
lution and the salt remains in the solid state (Figure 9.5). As the relative humidity increases
the Gibbs free energy of the corresponding solution state decreases, and at the DRH it be-
comes equal to the energy of the solid. When the RH increases further the solution repre-
sents the lower energy state and the aerosol spontaneously absorbs water to form a
saturated salt solution. This deliquescence transition is accompanied by a significant in-
crease in the mass of the particle (Figure 9.4). For even higher RHs the solution state is the
preferable one. When the RH decreases reaching the DRH the energies of the two states be~
come once more equal. However, as the RH decreases further, for the particle to attain the
lower energy state (solid), all the water in the particle needs to evaporate. This is physically
difficult, as salt nuclei need to be formed and salt crystals to grow around them. In the at-
mosphere, where these salts are suspended in air, this transition does not occur at this point
and the particle remains liquid. As the RH keeps decreasing the water in the particle keeps
evaporating and the particle is now a supersaturated solution. The solution eventually
reaches a critical supersaturation, and nucleation (crystailization) takes place, forming at
last a solid particie at RH significantly lower than the DRH (Figure 9.4).

9.2.1 Chemical Potential of Water in Atmospheric Particles

Water vapor exists in the atmosphere in concentrations on the order of grams per m of air
while its concentration in the aerosol phase is less than 1 mg m ~3 of air. As a result, transport
of water to and from the aerosol phase does not affect the ambient vapor pressure of water in
the atmosphere. This is in contrast to the cloud phase where a significant amount of water ex-
ists in the form of cloud droplets (see Chapter 15). Thus the ambient RH can be treated as a
known constant in acrosol thermodynamic calculations. Considering the equilibrium,

H,0(g) = Hx0(aq)
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FIGURE9.5 Gibbs free encrgy of a solid salt and its agueous solution as a function of RH. At the
DRH these energics become equal. .

and using the criterion for thermodynamic equilibrium and the corresponding chemical po-
tentials,

MU0 = HH:00g)

or
Hio + RT In py = o + RT Iney (9.61)

where p,, is the water vapor pressure (in atm) and o, is the water activity in solution. For
pure water in equilibrium with its vapor, &, = 1 and py = b5, (the saturation vapor pres-
sure of water at this temperature); therefore

#,0 — Mi0 = RT In py, 9.62)
Using (9.62) in (9.61) yields
_puw _RH 9.63
Uy = P; 100 ( )

because the ratio p,,/pS, is by definition equal to the relative humidity expressed in the O
to 1 scale. Thus the water activity in an atmospheric aerosol solution is equal to the RH (in
the 0.0 to 1.0 scale). This result simplifies significantly equilibrium calculations for atmos-
pheric aerosol, because for each RH the water activity for any liquid aerosol solution is

fixed.
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Water equilibrium between the gas and aerosol phases at the point of deliquescence re-
quires that the deliquescence relative humidity of a salt will then satisfy
DRH _ 9.64)

100 ~ "
where o, is the water activity of the saturated solution of the salt at that temperature. The
water activity values can be calculated from thermodynamic arguments using aqueous salt
solubility data (Cohen et al., 1987; Pilinis and Seinfeld, 1987; Pilinis et al., 1989).

9.2.2 Temperature Dependence of the DRH

- The DRH for a single salt varies with temperature. The vapor-liquid cthbnum of a salt
S can be expressed by the following reactions: -

H,0(g) = H;0(aq) G (a)
HgO(aq) =+ nS(s) == nS(aq) (b)

where n is the solubility of S in water in moles of solute per mole of water (Table 9.2). The
heat that is released in reaction (a} is the heat of condensation of water vapor, which is
equal to the negative value of its heat of vaporization, —A H,,. The heat that is absorbed in
reaction {b) is the enthalpy of solution of the salt A H;. This enthalpy can be readily calcu-
lated from the heats of formation tabulated in standard thermodynamic tables, Values of
AH; are shown in Table 9.3 (Wagman et al., 1966). The overall enthalpy change, AH, for
the two reactions is

AH =n AH, — AH, (9.65)

The change of the vapor pressure of water over a solution with temperature is given by the
Clausius—Clapeyron equation (Denbigh, 1981)

dlnp, AH (9.66)

dT =~ RT?

which for this case becomes

dinp, AH, _HAHS
dT ~ RT? RT?

TABLE 9.2 Solubility of Common Aerosol Salts in Water as a Function of
Temperature (n = A + BT 4+ CT% # = mol of solute per mol of water)

Salt n (at 298 K) A B C

(NH,),S0, 0.104 0.1149 —4.489 x 104 1.385 x 10-6
Na,$0, 0.065 0.3754 —1.763 x 1073 2.424 % 107¢
NaNO, 0.194 0.1868 -1.677 x 107% 5714 x 10~
NH,NO, 0.475 4.298 —3.623 % 1072 7.853 x 1075
KCl 0.086 —0.2368 1.453 x 1073 —1.238 % 10~
 Na(l 0.111 0.1805 —5.310 x 10~* 9.965 x 1077

.

1
3
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TABLE 9.3 Enthalpy of Solution for Common

Aerosol Salts at 298 K
Salt AH, (kT mol™
(NH,),50, 6.32
N32S04 _9.76
NaNOQ, _ 13.24
NH,NO, 16.27
KCl 15.34
NaCl 1.88

Applying the Clausius-Clapeyron equation to pure water we also obtain

din p:J - AHU (9.68)
dT RT? :

where py, is the saturation vapor pressure of the water at temperature T, Combining (9.67)

and (9.68)
din(pw/p,)  AH; (9.69)

ar  'RT?

and substituting (9.63) into (9.69) and applying it to the DRH
dIn(DRH/100) AH; (9.70)
dT = TRTE
The solubility n can be written as a polynomial in T (see Table 9.2) and the equation can
be integrated from T, = 298 to T to give

DRH(T)  AH; 1 1 T _
"DRE(Ty) ~ R [A (?—f}) —-B lﬂﬁ c(r To)] 9.71) ._

or

AH, 1 1 T
DRH(T) = DRH(298) exp{ R > [A (? - 29—8) — 8 Ino2

(9.72)
-C(T - 298)]

The only assumption used in {9.72) is that the heat of solution is almost constant from
298 K to T. Wexler and Seinfeld (1991) proposed a similar expression assuming constant -
solubility, namely, B = C = 0 in (9.72), while expression (9.72) was derived by Tang and
Munkelwitz (1993).

The predictions of (9.72) are compared with measurements from a series of investiga-
tions in Figure 9.6. These results indicate that the DRH for (NH4)2S0; is practically con-
stant within the temperatote range of atmospheric interest while for others (i.e., NaNQj) it

varies significantly.
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FIGURE 9.6 Deliquescence RH as a function of temperature for (a) (NH,),SQ,, (b) NaNQ,, (c)
KCl, (d) Na,80,~NaNO; mixed salt, and (e} NaCl-KC] mixed salt. Reprinted from Azmos. Environ.,
27A, Tang 1. N. and Munkelwitz, H. R., Composition and temperature dependence of the deliques-
cence properties of hygroscopic acrosols, 467-473, Copyright 1993, with kind permission from
Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OX5 1GB, U.X.
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FIGURE 9.6 (continued)

9.2.3 Deliquescence of Multicomponent Aerosols

Multicomponent aerosol particles exhibit similar behavior to single-component salts. As
the ambient RH increases the salt mixture is solid, until the ambient RH reaches the deli-
quescence point of the mixture, at which the aerosol absorbs atmospheric moisture and
produces a saturated solution. A typical plot of a multicomponent particle deliquescence,
growth, evaporation, and then crystallization is shown in Figure 9.7 for a KCI-NaCl
aerosol particle. Note that the DRH for the mixed-salt particle occurs at 72.7% RH, which
is lower than the DRH of both NaCl (75.3%) and KCl (84.2%).

Following Wexler and Seinfeld (1991), let us consider two electrolytes in a solution ex-
posed to the atmosphere, The change of the DRH of a single-solute aqueous solution when
another electrolyte is added can be calculated using the Gibbs—Duhem equation, (9.21).
For constant T and p and for a solution containing two electrolytes (1 and 2) and water (w):

nyduy+naydps +ny dipy, =0 (9.73)

where n1, ny, and n,, are the numbers of moles of electrolytes 1, 2, and water, respectively,
while ty, pa, and p,, are the corresponding chemical potentials. Let us assume that ini-

e e e




—
40

symponent salts. As
H reaches the deli-
heric moisture and
icle deliquescence,
7 for a KCI-NaCl
t 72.7% RH, which

€6 in a solution ex-
20us solution when
n equation, (9.21).
d 2) and water {w):

(9.73)

water, respectively,
us assume that ini-

AERQSOL LIQUID WATER CONTENT 513

1 1 ] 1 T I 1

70
KC1/ NaCl

6.0

5.0F

4.0

3.0

Particle mass / Dry particle mass

20
¢ Deliquescence
o Crystallization

1ol el—et g — 1 I 1 1
60 65 70 75 - 80 85 90 95

Relative Humidity, %

FIGURE 9.7 Hygroscopic growth and cvaporation of a mixed-salt particle composed initially
of 66% mass KCl and 34% mass NaCl. Reprinted from Atmos. Environ., 27A, Tang L N. and
Muakelwitz, H. R., Composition and temperature dependence of the deliquescence properties of hy-
groscopic aerosols, 467-473, Copyright 1993, with kind permission from Elsevier Science 1td., The
Boulevard, Langford Lane, Kidlington OX5 1GB, UK.

tially electrolyte 1 is in equilibrium with solid salt 1 and the solutior: does not yet contain
electrolyte 2. As electrolyte 2 is added to the solution, the chemical potential of electrolyte
1 does not change, because it remains in equilibrium with its solid phase. Thus dyty = 0in
(9.73). The chemical potentials of electrolyte 2 and water can be expressed using (9.50) to

get

nydlney +ny dlna, =0 (9.74)

Taking into consideration that nz/ny, = M ,m3/1000, where m is the molality of elec-
trolyte 2 and M,, is the molecular weight of water,

dln o, =0 (9.75)

1000
ma dln oz + i

w
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Integration of the last equation from m} = 0 to m} = m, gives

law(mz)_ My, (™ my dog(m))

- dn,
@, ©) 1000 Jo ap(my) dm, 2

©76)

Wexler and Seinfeld (1991) have argued that doay/dm; > ( and therefore the integral js
positive, and then

oy (ma) < ay(my =0) 9.7

Hence the activity of water decreases as electrolyte 2 is added to the system, until the so-
lution becomes saturated in that electrolyte too. The aerosol is exposed to the atmosphere
and therefore its DRH also decreases,

The above analysis can be extended to aerosols containing more than two salts. Thus
one can prove that water activity reaches a minimum at the deliquescence point of the
aerosol. Another consequence of this analysis is that the DRH of a mixed salt is always
lower than the DRH of the individual salts ia the particle. Wexler and Seinfeld (1991)
solved (9.76) for the case of the system containing NH,NO, and NH,CI. Their calculations
at 303 K are depicted in Figure 9.8.

0.9 T T T T

a | -
DRH(NH, Ct , -
0.8—/_R(H4C) 1 ' (>

0.7

DRH(NH, NO,

Water Activity at Saturation

06p.
c
oS5 "7 -—"—7"—7"7"""———— D RHT 1
‘ d
0.4 | | ! l
0 02 04 0.6 0.8 1.0
*NH,NO,

FIGURE 9.8 Water activity at saturation for an aqueous solution of NH,NQ; and NH,C1 at 303 K.
Reprinted from Atmos. Environ., 25A, Wexler, A. S. and Seinfeld, J. H., Second-generation inorganic
aerosol model, 2731-2748, Copyright 1991, with kind permission from Elsevier Science Lid., The
Boulevard, Langford Lane, Kidlington OX5 1GB, UK.
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When there is only NH,CI in the particle {xnuno, = 0} the DRH of the particle is
77.4%. If the RH is below 77.4%, the particle is solid; if it is above 77.4% it is an aqueous
solution of NH} and Cl1™. (Note that the calculations in Figure 9.8 are at 303K.)

There are seven different RH composition regimes in the figure:

(2) RH > DRH(NH4CI) > DRH(NH4NO;). When the RH exceeds the DRH of both
compounds the aerosol is an aqueous solution of NH, NOj, and CI".

(b;) DRH(NH4C}) > RH > DRH(NH;NO;)—left of {1). In this regime the aerosol
consists of solid NH4Cl in equilibrium with an aqueous solution of NH{, NO3, and CI”.

(b;) DRH(NH4CI) > RH > DRH(NH;NO;)—right of [1]. If the aerosol contains
enough NH4NO; so that its composition is to the right of line [1], the aerosol is an aque-
ous solution of NHF, NOJ, and CI™. In this regime addition of NH4NO resuits in com-
plete dissolution of NH4Cl even if the RH is higher than its DRH.

(¢1) DRE(NH,CI) > DRH {(NH4;NO;) > RH > DRH *—-left of (1]. The aerosol con-
sists of solid NH4C! in equilibrium with a solution of NH{, NO7, and CI”.

(c2) Right of [1], left of [2]. In this regime there is no solid phase and the aerosol con-
sists exclusively of an aqueous solution of NHI, NOy, and Cl1™.

(c3)} Right of [2]. Here the aerosol consists of solid NH4NO3 in equilibrium with an
aqueous solution of NHf, NO7, and CI"™.

(d) RH < DRH*. If the relative humidity is below DRH* = 519%, the acrosol consists

" of solid NH4NO5 and solid NH,C).

In conclusion, for this mixture of salts, if both are present, the aerosol will contain some
liquid water for RH > 51%. However, if we are below the solid line in Figure 9.8, the
aerosol will also contain a solid phase in equilibrium with the solution. Only above the
solid line is the particle completely liquid.

It is instructive to follow the changes in a particle of a given composition as RH in-
creases. For example, consider a particle consisting of 40% NH4NOs and 60% NH4Cl as
RH increases from 40 to 90%, assuming that there is no evaporation or condensation of

' these salts. At the beginning (RH = 40%) the particle is solid and it remains solid until RH

reaches 51.4% ( = DRH*). At this point, the particle deliquesces and consists of two
phases—a solid phase consisting of solid NH;Cl and an aqueous solution with the compo-
sition corresponding to the ewtonic point (xnpno; = 0.811, xnpcr = 0.189). As the RH
increases further, more NH 4Cl dissolves in the solution and the composition of the aque-
ous solution follows line [1]. For example, at RH = 60% the acrosol consists of solid
NH ,C! and a solution of composition xXn,No; = 0.73, xn,c1 = 0.27. At 70% RH, most
of the NH4Cl has dissolved and the composition of the solution is close to the net particle
composition Xnp,no, = 0.42, xyg.0 = 0.58. Finally, when the RH reaches 71%, all the
NH,Cl dissolves and the particle consists of only one phase (the aqueous one) with com-
position equal to the particle composition. Note that there is only one step change in the
mass of the particle corresponding to the mutual DRH* (e.g., see Figure 9.7). Further in-
creases in the RH cause continuots changes of the aerosol mass and not step changes. On
the contrary, step changes are observed during particle evaporation and will be discussed
subsequently.

This discussion of phase transitions has been extended to mixtures of more than three
salts by Potukuchi and Wexler (1995a,b). The phase diagrams become now three dimen-
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FIGURE 99 Deliquescence relative humidity contours (solid lines) for aqueous solutions of
H'-NH;-HS0;-80;"-NOj shown together with the lines (dashed) describing aqueous-phase com-
position with relative hurnidity, Labels on the contours represent the deliquescence relative humidity
values. Total hydrogen is total moles of protons and bisulfate jons. Total sulfate is number of moles
of sulfate and bisulfate ions. X = ammonium /(ammonivm + total hydrogen). ¥ = total sulfate
(total sulfate + nitrate). Reprinted from Atmos. Environ., 29, Potukuchi, S. and Wexler, A. S.,
Identifying solid-aqueous phase transitions in atmospheric aerosols. I Acidie solutions, 3357-3364.
Copyright 1995, with kind permission from Elsevier Science Ltd., The Boulevard, Langford Lane,
Kidlington OX5 1GB, UK.

sional (Figure 9.9). Note that the solid phases that appear are (NH4),S04, NH,HSOy,
letovicite ((NH4)3H(SO4)2), NH4NO3, and the double salt (NH4)2804 - 2 NH4NO3. The
labels on the contours show relative humidities at deliquescence. The bold lines in this
figure are the phase boundaries separating the various solid phases. On these lines both
phases coexist. For example, let us assume that there is enough ammonia presentso X = 1
in Figure 9.9. If sulfate dominates then ¥ =1 and the system is in the upper right-
hand comer of the diagram with a DRH of 80% corresponding to (NH4)250 4. If there is
enough nitrate available so that ¥ =0.3 then the DRH is 68% corresponding to
(NH4)280, - 2 NH(NO;.

The mutual deliquescence points of a series of pairs are given in Table 9.4.
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TABLE 9.4 Deliquescence RH (DRH*) at Mutual Solubility Point at 303 K

Compound [ Compound 2 DRH* DRH, DRH,
NH,NO, NaCl 422 59.4 © 752
NH,NO; NaNO; 46.3 594 724
NH,NO, NH,CI 514 59.4 712
NaNO; NH,CI 51.9 724 712
NHNO, (NH,),S0, 52.3 59.4 79.2
NaNO; NaCl 67.6 72.4 752
NaCl NH,CL 68.8 752 712
NH,CI {NH,).50, 71.3 712 792

Source: Wexler and Seinfeld (1991).

9.2.4 Crystallization of Single and Multicomponent Salts

The behavior of inorganic salts when RH is decreased is differentfrom that discussed in the
Sections 9.2.2 and 9.2.3 (Figure 9.4). For example, for (NH4)2504, as the RH decreases
below 80% (the DRH of (NH4)»S0,) the particle evaporates but not completely. The par-
ticle remains liquid until a RH of 37%, whete crystallization finally occurs. This hysteresis
phenomenon is characteristic of most salts. For such salts, knowledge of the RH alone is
insufficient for calculation of the aerosol liquid water content in this regime. One needs to
know the RH history of the particle.

Particles consisting of multiple salts exhibit multiple crystallization points (Figure 9.7).
For example, the evaporation of a KCl-NaCl particle is characterized by two step changes
at 65% (crystallization of KCI) and one at 62% (crystaltization of NaCl).

Spann and Richardson (1985) have shown that for particles of composition between
NH4HSO, and (NH4); S0, the crystallization RH ranges from 10 to 40%, indicating that
for certain compositions the solution cannot be dried in the atmosphere. Particles of this
composition would likely be present even at low relative humidities in the atmosphere as
supersaturated salts and will not undergo deliquescent behavior. The same is true for NaCl
with a crystallization RH of around 42% (Shaw and Rood, 1930},

9.3 EQUILIBRIUM VAPOR PRESSURE OVER A CURVED SURFACE:
'THE KELVIN EFFECT

In our discussion so far of aerosol thermodynamics, we have assumed that the aqueous
aerosol solution has a flat surface. However, the key aspect that distinguishes the thermo-
dynamics of atmospheric particles and drops is their cueved interface. In this section we in-
vestigate the effect of curvature on the vapor pressure of a species A over the particle
surface. Our approach will be to relate this vapor pressure to that over a fiat surface. To do
50 we begin by considering the change of Gibbs free energy accompanying the formation
of a single drop of pure A of radius R, containing n molecules of the substance: -

AG = Gdroplet - Gpure vapor
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