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A multicomponent mole-fraction-based thermodynamic model is used to represent aqueous phase activities,
equilibrium partial pressures (of H2O, HNO3, and NH3), and saturation with respect to solid phases (H2SO4
and HNO3 hydrates, (NH4)2SO4(cr), (NH4)3H(SO4)2(cr), NH4HSO4(cr), (NH4)2SO4‚2NH4NO3(cr), (NH4)2SO4‚3NH4-
NO3(cr), and NH4HSO4‚NH4NO3(cr)) in the system H+-NH4

+-SO42--NO3
--H2O. The model is valid from

328 to<200 K, dependent upon liquid-phase composition. Parameters for H2SO4-H2O, HNO3-H2O, and
(NH4)2SO4-H2O interactions were adopted from previous studies, and values for NH4NO3-H2O obtained
from vapor pressures (including data for supersaturated solutions), enthalpies, and heat capacities. Parameters
for ternary interactions were determined from extensive literature data for salt solubilities, electromotive forces
(emfs), and vapor pressures with an emphasis upon measurements of supersaturated H2SO4-(NH4)2SO4-
H2O solutions. Comparisons suggest that the model satisfactorily represents partial pressures of both NH3

and H2SO4 above acidic sulfate mixtures in addition to that of HNO3, and salt solubilities and water activities.

1. Introduction

Acidic sulfate aerosols occur widely in the troposphere, and
an ability to predict their behavior is important for understanding
new particle formation,1,2 urban air quality,3,4 and atmospheric
optical properties.5

Such aerosols, particularly those composed mainly of H2SO4,
are able to remain liquid even at low ambient relative humidities.
Furthermore, individual aerosol droplets readily become super-
saturated with respect to solid phases in laboratory experiments,6

and this behavior may also occur in the atmosphere.7,8 Calcula-
tions of the partitioning of water and gases such as HNO3 and
NH3 into aqueous aerosols and the formation of solids in the
aerosol phase require a knowledge of the activities of the
aqueous-phase species, Henry’s law constants, and other equi-
librium constants over the wide range of temperatures experi-
enced in the troposphere. The water content of the aerosols is
controlled by the ambient relative humidity, and high aqueous-
phase concentrations can be attained at low relative humidities,
for the reasons given above. These result in large deviations
from ideal solution behavior and make the properties of the
system difficult to predict.

Carslaw et al.,9 using the mole-fraction-based equations of
Pitzer, Simonson, and Clegg10 to calculate activity coefficients,
have developed a model of the system HCl-HNO3-H2SO4-
H2O valid from 328 K to less than 200 K. Its primary use is
the prediction of gas solubilities in stratospheric aerosols and
their composition and physical state.11 In this work we apply
the model to the system H+-NH4

+-SO42--NO3
--H2O. This

enables solvent and ion activities, saturation with respect to 13
solid phases, and equilibrium partial pressures of HNO3 and
NH3 (for acid solutions) to be calculated for temperatures up
to 328 K.

2. Theory
In the model, the solvent (water) and all solute (ion)

concentrations and activity coefficients are expressed on the
mole fraction scale. The mole fractionxi of speciesi is given
by

where ni is the number of moles of componenti and the
summationj is over all solution components including the
solvent. The activitiesai of all componentsi are given byai )
fixi, wherefi is the activity coefficient. The reference state for
the activity coefficients of solute species is one of infinite
dilution with respect to the solvent, denoted by subscript 1.
Activity coefficients on this basis (rather than the pure liquid
reference state) are denotedfi*; thus fi* f 1 asx1 f 1. The
reference state for the activity coefficient of the pure solvent is
the pure liquid, so thatf1 f 1 asx1 f 1. The mole fraction
scale activity coefficients given above are, for solute species,
related to the more commonly encountered molality-based
coefficientsγi by12

whereM1 (g mol-1) is the molar mass of the solvent, andmi

(mol per kg of solvent) is the molality of solute speciesi. The
activity coefficient of the solvent,f1, is related to the rational
(mole fraction) osmotic coefficientg and molal osmotic
coefficientφ by

xi ) ni/(∑
j

nj) (1)

fi* ) γi(1+ (M1/1000)∑
i

mi) (2)

ln(a1) ) g ln(x1) ) ln(x1) + ln(f1) (3a)

ln(a1) ) -(M1/1000)φ∑
i

mi (3b)
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where the summation in eq 3b (as in eq 2) is over all solute
species only.
Equilibrium constants,xK (on the mole fraction scale), differ

from those on the molal scale (mK) for reactions that involve
liquid phase solutes by a factor related to the molar mass of the
solvent:

where νi,r is the sum of the stoichiometric numbers of the
reacting liquid-phase solutes, andνi,p is the equivalent sum for
any products that are also solutes. Thus, for example, for the
dissolution of sodium sulfate decahydrate (Na2SO4‚10H2O(cr)

h 2Na+
(aq) + SO42-

(aq) + 10H2O(l)) xK is equal tomK ×
0.01801523.
The model treats conventional strong electrolytes, such as

NaCl and HCl, as fully dissociated in solution. Raman spectral
studies have shown that the first dissociation of sulfuric acid
(H2SO4(aq)) H+

(aq)+ HSO4-
(aq)) is essentially complete at<40

mol kg-1 and 298.15 K.13 However, this is not the case for the
second step involving the bisulfate ion, whose dissociation is
considered explicitly:14

where xKHSO4 is the thermodynamic dissociation constant of
HSO4- on a mole fraction basis, given by eq 6 below:

whereT (K) is temperature. The value ofxKHSO4 at 298.15 K
is 1.892× 10-4 (0.0105 mol kg-1 on a molality basis).
2.1. Formation of Solid Phases.Consider an aqueous

solution containing the cation M and anion X and saturated with
respect to salt Mν+Xν-‚zH2O(cr):

The equilibrium constantKS is given by

where aM and aX are the activities of M and X on the
appropriate concentration scale, anda1 is the water activity. The
activity of the pure solid phasea(Mν+Xν-‚zH2O(cr)) is by
definition unity, leaving only the activity product of the ions
and solvent in eq 8. In the systems being treated here there are
seven possible solid phases at 298.15 K and several acid
hydrates at lower temperatures. Available solubility data have
been used to constrain the model, on the basis of the fact that
the activity productaMν+aXν-a1z from eq 8 must have a
constant value for any solution saturated with respect to solid
Mν+Xν-‚zH2O(cr) at fixed temperature and pressure, irrespective
of solution composition. Values of the equilibrium constants
themselves, consistent with the modeled activities, have also
been determined in this study.
2.2. Vapor-Liquid Equilibrium. The solubilities of

volatile acids such as HNO3 and HCl in aqueous solution are
expressed as the equilibrium

with a Henry’s law constantxKH (atm-1) on a mole fraction
basis defined by

wherepHX (atm) is the partial pressure of acid gas HX. (For
conversion to SI units, atm) 101 325 Pa.) Note that, strictly,
eq 9 combines two equilibria (HX(g) h HX(aq), HX(aq)h H+

(aq)

+ X-
(aq)). However, descriptions of the thermodynamic proper-

ties of strong acids such as HCl and HNO3 do not require
explicit recognition of the undissociated molecule. It is not
ignored, but is subsumed into the stoichiometric activity
coefficients of the ions in eq 10.
The Henry’s law constant of HNO3 has been evaluated by

Clegg and Brimblecombe,15 using available activity coefficients
and partial pressures at 298.15 K, together with enthalpies and
heat capacities for the dissolution reaction. An expression for
xKH(HNO3) is given in section 3.2.
It has been suggested that, for aerosols not too acid,

equilibrium may be reached between gas-phase NH3 and
dissolved NH3 within liquid aerosols. Within the context of
the model, solutions containing more than one uncharged species
(here H2O and NH3) should be regarded as being based upon a
mixed solvent. However, in atmospheric aerosols the concen-
tration of aqueous ammonia is never likely to be greater than
“trace”, so the restriction does not in practice apply. Further-
more, dissolved molecular NH3 will not affect the activities of
the other solution components. Thus, it is not necessary to
determine NH3 interactions with other solutes in order to
calculatepNH3. We describe the solubility of NH3 in terms of
the equilibrium between the gas phase molecule and aqueous
H+ and NH4+ ions:

where xK′H(NH3) (atm-1) is equivalent to the “conventional”
Henry’s law constant for NH3 (K′H, for NH3(g) h NH3(aq))
divided by the acid dissociation constant of NH4

+ (Ka, for
NH4

+
(aq) h H+

(aq) + NH3(aq)). Here we adoptKa(298.15 K)
equal to 5.6937× 10-10 mol kg-1,16 K′H (298.15 K) equal to
60.72 mol kg-1 atm-1,17 and∆rH° for the reaction in eq 11a
equal to-86.25 kJ mol-1.18,19 A fixed ∆rCp° of 34.35 J mol-1
K-1 is assumed.18,20 The equilibrium constant defined by eq
11b is therefore given by

whereTr is the reference temperature of 298.15 K.
2.3. The Model. Equations for solute and solvent activity

coefficients (and thermal and volumetric properties, if required)
are derived from an expression for the excess Gibbs energy of
the solution and have been presented for the general case by
Clegg et al.10 This expression consists of an extended Debye-
Hückel function (equivalent to that in the molality-based Pitzer
model21) which accounts for the long-range forces acting in
dilute solutions, combined with short-range terms obtained from
a Margules expansion in mole fraction.
The model contains interaction parameters whose values must

be determined from empirical data. For a single ionic solute

xK ) mK(M1/1000)
(νi,p-νi,r) (4)

HSO4
-
(aq)h SO4

2-
(aq)+ H+

(aq) (5)

xKHSO4
) aH+aSO4

2-/aHSO4
- ≡

xH+fH* xSO4
2-fSO4*/(xHSO4

-fHSO4*) (5b)

log10(
xKHSO4

) ) 560.95050- 102.5154 ln(T) -

1.117033× 10-4T2 + 0.2477538T- 13273.75/T (6)

Mν+Xν-‚zH2O(cr) h ν+M(aq)+ ν-X(aq)+ zH2O(l) (7)

KS ) aMν+aXν-a1
z/a(Mν+Xν-‚zH2O(cr)) (8)

HX(g) h H+
(aq)+ X-

(aq) (9)

xKH ) xH+fH*xX
-fX*/pHX (10)

NH3(g) + H+
(aq)h NH4

+
(aq) (11a)

xK′H(NH3) ) xNH4
+fNH4

*/(xH+fH*pNH3) (11b)

ln(xK′H) ) 25.393+ 10373.6(1/Tr - 1/T) +
4.131(Tr/T- (1+ ln(Tr/T))) (12)
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Mν+Xν- in water there are parametersBMX,W1,MX, U1,MX, and
V1,MX, which account for interactions between the solvent
(subscript 1) and ions M and X. As an example, the model
equations for water activity (a1) and the mean mole fraction
activity coefficient of the ions (f *() are given below:

In the equations,Ax is the Debye-Hückel parameter on a
mole fraction basis (2.917 at 298.15 K),Ix is the mole fraction
ionic strength, andF is a constant. The charge magnitudes of
ions M and X arezM andzX, respectively. The functiong(x)
together with terms inBMX and BMX

1 and associated coef-
ficients RMX andRMX

1 represent the extended Debye-Hückel
function. Further terms inx1 andxI (the total mole fraction of
ions) and parametersW1,MX,U1,MX, andV1,MX describe the short-
range effects that dominate in concentrated solutions. Model
expressions for the apparent molar enthalpy (φL) and heat
capacity (φCp) of single solute solutions contain the first and
second derivatives of the model parameters in eq 13 and eq 14
with respect to temperature.22

The values of the parameters for solvent-cation-anion
interactions in eq 13 and eq 14 are usually determined from
activity coefficient and thermal data for pure aqueous solutions.
In multicomponent solutions based on a single solvent and
containing several cations (c) and anions (a), in addition toBca,
W1,ca, U1,ca, andV1,ca, parameters of the typesWii ′j, Q1,ii ′j, and
Uii ′j arise wherei andi′ are dissimilar cations or anions andj is
an ion of opposite sign. These have the greatest influence in
very concentrated solutions and are typically determined from
vapor pressures, electromotive forces (emfs), or salt solubilities
for three ion mixtures. The cation-anion coefficientsRca and
Rca
1 may be either set to fixed values (typically in the range

5-20) or, where necessary, fitted together with the parameters
for solvent-cation-anion interactions noted above.
We do not present here equations for activity coefficients,

or other thermodynamic properties, of the multicomponent
system being studied. This has previously been done in a
number of cases for other mixtures,9,23,24and readers are referred
to Clegg et al.10 for a full description of the model.
The determination of interaction parameter values is carried

out using a nonlinear least-squares fitting routine (E04FDF, from
the Numerical Algorithms Group FORTRAN library). Although
the terms in eq 13 and eq 14 are defined as describing short-
and long-range effects in liquid mixtures, the effects of each
extend over the entire concentration range. The parameters are
thus quite strongly correlated, and the removal or alteration of

the value of one will yield changes, in various degrees, in the
others. The determination of parameter values for pure (single
solute) aqueous solutions and mixtures is summarized in the
following sections.

3. Parameterization of the Model

For the present system both binary and ternary interaction
parameters, Henry’s law constants of soluble gases, and equi-
librium constants for the formation of solid phases are required
as a function of temperature. Results for each binary and ternary
system are given below. Tables 1 and 2 list the values of model
parameters and equilibrium constants determined here.
3.1. H2SO4-H2O. Clegg and Brimblecombe14 have applied

the model to this system from 0 to 40 mol kg-1 acid, and 328.15
K to <200 K, using measured osmotic coefficients, emfs,
degrees of dissociation of the HSO4- ion, differential heats of
dilution, heat capacities, and freezing points. Coefficients giving
the parameters for H+-HSO4--H2O and H+-SO42--H2O
interactions as functions of temperature are listed in Table 4 of
Clegg and Brimblecombe.14 Equations for the activity products
of sulfuric acid hydrates (xKS in eq 8) are given in Table 6 of
the same work. The parameterization is the same as that used
in the model of Carslaw et al.9 for stratospheric aerosols and is
also adopted here.
3.2. HNO3-H2O. Clegg and Brimblecombe15 have evalu-

ated osmotic and activity coefficients of aqueous HNO3, and
partial molar enthalpies and heat capacities, from 0 to 100 mass
% acid at temperatures to 393 K. Carslaw et al.9 used the results
of Clegg and Brimblecombe15 to parameterize the present model
for HNO3-H2O solutions from 180 to 330 K and forxI < 0.76
(∼88 mol kg-1). Freezing points (with respect to HNO3‚
3H2O(cr) and HNO3‚H2O(cr)) were included in the fit of Carslaw
et al.,9 as were osmotic coefficients at the freezing temperature
of the solution (calculated from freezing point depressions,
where ice is the precipitating solid phase) in order to constrain
the model better at very low temperature. Tables 5 and 6 of
Carslaw et al. list coefficients giving the model parameters as
functions of temperature and equations for the activity products
of solid phases HNO3‚H2O(cr) and HNO3‚3H2O(cr). These results
are adopted here.
The Henry’s law constant of HNO3 (eq 10) is given by the

following expression:15

Equation 15 yields a value of 853.1 atm-1 (equivalent to 2.63
× 106 mol2 kg-2 atm-1 on a molality basis) at 298.15 K.
Predicted partial pressures of HNO3, using eq 15 forxKH, agree
satisfactorily with measured values to the limit of available data
at about 215 K.
3.3. (NH4)2SO4-H2O. Clegg et al.22 have evaluated water

and solute activities in aqueous (NH4)2SO4 from ∼373 K to
the eutectic point at 254.21 K, based on isopiestic and
electrodynamic balance (edb) measurements, vapor pressures,
solubilities, and enthalpies and heat capacities. The data were
fitted using parameter values for a reference temperature of
298.15 K, together with enthalpy and heat capacity terms. The
inclusion of edb data (obtained for molalities up to about 25
mol kg-1) means that the treatment extends to highly super-
saturated solutions for the temperature range over which these
measurements were carried out, 278.15-313.15 K.

ln(a1) ) ln(x1) + 2AxIx
3/2/(1+ FIx

1/2) +

xMxXBMX exp(-RMXIx
1/2) + xMxX BMX

1 exp(-RMX
1 Ix

1/2) +

xI
2(W1,MX + (xI - x1)U1,MX) + 4x1xMxX(2- 3x1)V1,MX (13)

ln(f *() ) - zMzXAx[(2/F) ln(1+ FIx
1/2) +

Ix
1/2(1- 2Ix /(zMzX))/(1+ FIx

1/2)] +

2zMzXxIBMXg(RMXIx
1/2)/(zM + zX)

2 - xMxXBMX ×
[zMzXg(RMXIx

1/2)/(2Ix) + exp(-RMXIx
1/2)(1- zMzX/(2Ix)] +

2zMzXxIBMX
1 g(RMX

1 Ix
1/2)/(zM + zX)

2 - xMxXBMX
1 ×

[zMzXg(RMX
1 Ix

1/2)/(2Ix) + exp(-RMX
1 Ix

1/2)(1- zMzX/(2Ix)] +

x1(1- xI)W1,MX + 2x1
2xIU1,MX +

4x1
2xI(2- 3xI)(zMzX/(zM + zX)

2)V1,MX - W1,MX (14)

ln[xKH(HNO3)] ) 385.972199- 3020.3522/T-
71.001998 ln(T) + 0.131442311T- 0.420928363×

10-4T2 (15)
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No extension of the parameterization to stratospheric tem-
peratures, of the kind carried out for HNO3-H2O and HCl-
H2O by Carslaw et al.,9 was attempted. Calculations of the
properties of aqueous mixtures containing NH4

+ and SO42- ions
for temperatures below about 254 K, for which there are no
data for (NH4)2SO4-H2O solutions, therefore involve the
extrapolation of the model.
Parameters determined by Clegg et al.22 for this system are

listed in their Table 3. An expression forxKS((NH4)2SO4) has
also been determined by Clegg et al.,22 using literature solubili-
ties from 254 to 380 K, and is given below:

We note that new measurements of osmotic coefficients of
aqueous (NH4)2SO4 solutions at 298.15 and 323.15 K have
recently been published.25 These authors used the molality-
based ion-interaction model of Pitzer21 to represent available
data for subsaturated solutions over the same temperature range
as studied by Clegg et al.22 and obtained comparable results.
3.4. NH4NO3-H2O. The available thermodynamic data for

this system are listed in Table 3. Ammonium nitrate has a high

solubility (26.8 mol kg-1 at 298.15 K), which increases sharply
with temperature to 116.3 mol kg-1 at 373.15 K,26 and aqueous
solutions readily supersaturate in droplet form. Chan et al.27

have used an electrodynamic balance to determine the water
activity/composition relationship to over 100 mol kg-1 at room
temperature.
Values of the model parameters for NH4+-NO3

--H2O
interactions at 298.15 K were first determined by fitting eq 13
to available isopiestic and edb data, yielding an accurate
representation of osmotic and activity coefficients to water
activities as low as 0.3, with a smooth extrapolation to zero at
xI ) 1. The result is shown in Figure 1.
Partial molar enthalpies and heat capacities are available up

to the saturation molality at 298.15 K, allowing the variation
of water and solute activities with temperature to be evaluated
over this concentration range. However, as noted above, the
solubility of NH4NO3 in water rises to about 90% by mass at
373.15 K. This enables measurements of equilibrium water
partial pressure and heat capacities at high temperature to be
used, by a process of extrapolation, to estimate the solute and
solvent activities for solutions that at typical tropospheric
temperatures are supersaturated with respect to NH4NO3(cr). The
principal sources of partial pressure data are Campbell et al.,28

TABLE 1: Fitted Model Parameters for the System H+-NH4
+-SO4

2--NO3
--H2Oa

parameter value parameter value

BNH4‚NO3 13.0466 BNH4‚HSO4 4.95871+ 0.04(T- 298.15)
RNH4‚NO3 7.0 RNH4‚HSO4 13.0
B1NH4‚NO3 -16.2254 WNH4‚HSO4 -1.63377- 0.0053933(T- 298.15)
R1

NH4‚NO3 13.0 UNH4‚HSO4 0.362702
W1,NH4‚NO3 -0.0403564 VNH4‚HSO4 0.367167- 0.0074242(T- 298.15)
U1,NH4‚NO3 -0.680507
V1,NH4‚NO3 -16.2254 WH‚NH4‚HSO4 -16.481+ 0.049479(T- 298.15)

Q1,H‚NH4‚HSO4 7.0845
BNH4‚NO3
L 0.283192 WH‚NH4‚SO4 -8.3308

B1,NH4‚NO3
1,L -0.0716627 WHSO4‚SO4‚NH4 -8.1710

W1,NH4‚NO3
L -0.00696723 UHSO4‚SO4‚NH4 -11.387+ 0.063352(T- 298.15)

U1,NH4‚NO3
L 0.00171736

V1,NH4‚NO3
L 0.00221706 WH‚NH4‚NO3 -4.0728+ 0.042031(T- 298.15)- 3.2245× 10-4(T- 298.15)2

Q1,H‚NH4‚NO3 0.75481
BNH4‚NO3
J -0.00352077 UH‚NH4‚NO3 -1.0055

BNH4‚NO3
1,J 0.0

W1,NH4‚NO3
J 4.89933× 10-6 WSO4‚NO3‚NH4 0.32359+ 0.16567(T- 298.15)

U1,NH4‚NO3
J 0.0 Q1,SO4‚NO3‚NH4 2.6800- 0.13322(T- 298.15)

V1,NH4‚NO3
J -3.59406× 10-5 USO4‚NO3‚NH4 -0.31582

WHSO4‚NO3‚NH4 -3.0708
a Each parameterPL andPJ is related to parameterP at the same temperature (here 298.15 K) byPL ) ∂P/∂T, andPJ ) ∂2P/∂T2 + (2/T)PL.

Parameters for H+-HSO4--SO42--H2O (aqueous H2SO4) and NH4+-SO42--H2O (aqueous (NH4)2SO4) interactions are given by Clegg and
Brimblecombe14 and Clegg et al.,22 respectively. Ternary parameters for the interactions occurring in HNO3-H2SO4-H2O mixtures are listed by
Carslaw et al.9 The absolute values of the parameters listed above generally exceed the corresponding errors of estimate (determined in the fitting
procedure) by at least a factor of 4, and in most cases by a much larger amount.

TABLE 2: Equilibrium Constants for Solid Phases for the System H+-NH4
+-SO4

2--NO3
--H2Oa

solid phase Tr (K) ln(xKs)
∆rH°

(kJ mol-1)
∆rCp°

(J mol-1 K-1)
∂(∆rCp°)/∂T
(J mol-1 K-2)

(NH4)2SO4 298.15 -11.960 6.084 -265.3 -6.393
(NH4)3H(SO4)2 298.15 -26.007 -5.32 -630.4
NH4HSO4 298.15 -11.408 -15.17 -242.3
NH4NO3(V) 256.20 -7.3737 30.41 -101.2
NH4NO3(IV) 298.15 -5.5295 25.69 -101.2
NH4NO3(III) 305.38 -5.2876 23.26 -101.2
(NH4)2SO4‚2NH4NO3 298.15 -23.681 58.85
(NH4)2SO4‚3NH4NO3 298.15 -29.422 84.86
NH4HSO4‚NH4NO3 298.15 -18.081 8.73

a This table lists thermodynamic quantities for the dissolution of the solid phases, at the reference temperatureTr. In the cases of NH4NO3(V) and
NH4NO3(III) the values ofTr are also the transition temperatures between these crystalline forms and NH4NO3(IV).

ln(xKS((NH4)2SO4)) ) -1102.015+ 23931.46/T+
197.3493 ln(T) - 0.384466T (16)
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Othmer and Frolich,29 and Sacchetto et al.30 (see Table 3).
Othmer and Frolich have used their own measurements, those
of Campbell et al., and apparent molar enthalpies from Parker31

to correlate equilibrium water partial pressures for solutions
containing from 10 to 95 mass % NH4NO3. Values of the partial
molar enthalpy of water,L1, can readily be derived from the
expressions of Othmer and Frolich29 using the relationshipL1
) (1 - m)∆H°vap, wherem is a quantity tabulated by Othmer
and Frolich and∆H°vap is the enthalpy of vaporization of water.
The consistency of the water activities extrapolated from high-

temperature data with those from isopiestic and edb measure-
ments at 298.15 K was checked for all the compositions listed
by Othmer and Frolich29 and independently for the data of
Campbell et al.;28 see Figure 2. There is satisfactory agreement
for molalities greater than 6.25 mol kg-1 (30 mass %), with
the exception of values at 12.49 and 112.4 mol kg-1 (50 and
90 mass %, respectively). The partial pressure data of Sachetto
et al.30 for 1.394-29.484 mol kg-1 NH4NO3, when extrapolated
to 298.15 K, agreed poorly with other measurements, though

their trend with temperature is generally consistent with the
results of Othmer and Frolich29 (see Figure 6 of Sachetto et
al.30). The partial pressures determined by Emons and Hahn32

for 25.3 mol kg-1 NH4NO3 also exhibit a trend with temperature
that agrees well with other data but, when converted to water
activities, show a consistent offset of about-0.009, which may
be attributable to experimental bias. Neither set of results is
further considered here.
Apparent molar enthalpies of aqueous NH4NO3 at 298.15 K

from the compilation of Parker,31 representing data up to 1963,
agree well with the recent measurements of Vanderzee et al.33

Apparent molar heat capacities at 298.15 K from the sources
listed in Table 3 are consistent with one another, although the
measurements of Epikhin et al.34 are more scattered than those
of the other groups. Gladushko et al.35 and Sorina et al.36 have
measured heat capacities of aqueous NH4NO3 over a range of
temperatures, and the results were used to estimate values of
φCp at 298.15 K up to 49.97 mol kg-1. It is also possible to
determine the change ofφCp with temperature from these data
sets, but this quantity was not needed to represent the measured
water partial pressures, and so these additional data were not
included in the overall analysis.
Values of the enthalpy parameters and heat capacity param-

eters for the model (see note to Table 1) were determined by

TABLE 3: Sources of Thermodynamic Data for
NH4NO3-H2O Solutionsa

mb

min max usedc
datad

type t (°C) source

0.001 0.05 yes φe 25 Hamer and Wu61

0.1135 27.072 yes iso 25 Wishaw and Stokes62

0.1081 10.03 no iso 15, 35 Hejtmankova et al.37

4.779 12.641 yes iso 25 Kirgintsev and Luk’yanov63

1.388 112.44 yes vp 30-90 Campbell et al.28

1.388 237.37 yes vpf 0-170 Othmer and Frolich29

1.394 29.484 no vp 51.1-106.8 Sacchetto et al.30

sat. sat. nog vp 10-40 Apelblat67

sat. sat. nog,h vp 10-165 Dingemans72

25.3 25.3 no vp 25-60 Emons and Hahn32

12.702 111.01 yes edbi 25 Chan et al.27

9.196 47.861 yesj sol -16.8-55 Linke26

0.000111 20.0 yes φL 25 Parker31

0.000111 25.0 yes φL 25 Vanderzee et al.33 k

0.0 22.2 yes φCp 25 Parker31

0.9952 11.956 yes φCp 25 Epikhin et al.34

0.03768 22.43 yes φCp
l 25 Roux et al.20

1.388 49.97 yesm Cp 20-80 Gladushko et al.35

3.0747 35.688 yesm Cp sat.-100 Sorina et al.36

a Boiling point data were not considered. Parameters determined:
BNH4‚NO3, BNH4‚NO3

1 , W1,NH4‚NO3, U1,NH4‚NO3, and V1,NH4‚NO3 including
derivatives with respect to temperature (superscriptsL andJ in Table
1). bMolality of NH4NO3. cUsed in the fit of the thermodynamic model.
See text for details.d Type of data:φ, tabulated osmotic coefficient;
iso, isopiestic measurements; vp, equilibrium water partial pressures;
edb, electrodynamic balance measurements of water activity/concentra-
tion relationships for supersaturated solutions; sol, solubility of
NH4NO3(cr), and saturation with respect to ice;φL, apparent molar
enthalpy;φCp, apparent molar heat capacity;Cp, heat capacity.eThese
values, from the correlation of Hamer and Wu61 (which extends to
25.954 mol kg-1), were used to constrain the model at very low
molalities. f Both the original vapor pressure measurements and values
generated from the authors’ correlation (80 and 95 wt % NH4NO3)
were fitted as water activities. Values ofL1 at 25°C were also calculated
from the water partial pressure slopes given by the authors using
∆H°vap for water equal to 44.012 kJ mol-1, but were given a very low
weight in the fit of the model.g Equilibrium partial pressures of water
over solutions saturated with respect to solid NH4NO3 and compared
with the fitted model (see text).h This author also lists the results of
five previous studies from the period 1919-1930. i Data were restand-
ardized using isopiestic (osmotic coefficient) data from the literature,
as described by Clegg et al.22 for aqueous (NH4)2SO4. j Used to
determine the solubility equilibrium constantxKs. k Vanderzee et al.39

have also determined a standard enthalpy of solution (∆H°soln) of
25.544 kJ mol-1 at 298.15 K.l Original data provided by Gerald Perron
(personal communication, 1996).mUsed only to estimate three values
of φCp for supersaturated solutions at 298.15 K.

Figure 1. Molal osmotic coefficients (φ) of NH4NO3(aq) at 298.15 K,
plotted against the square root of NH4NO3 molality (m/mol kg-1).
Symbols: open circles, from the evaluation of Hamer and Wu;61 dots,
data of Wishaw and Stokes;62 open squares, data of Kirgintsev and
Luk’yanov;63 crosses, data of Chan et al.27 Line: fitted model.

Figure 2. Water activities (a1) of NH4NO3(aq) at 298.15 K, plotted
against total mole fraction of ions (xI). The saturated solution composi-
tion is marked by a vertical line. Symbols: dots, edb data for
supersaturated solutions;27 open circles, extrapolated using the equations
of Othmer and Frolich;29 open inverted triangles, from the data of
Campbell et al.28 Line: fitted model.
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simultaneously fitting apparent molar enthalpies and heat
capacities at 298.15 K, together with water activities derived
from the measurements of Campbell et al.28 for 40-80 mass %
NH4NO3, and Othmer and Frolich29 for 20.6-60.3 mass %
NH4NO3. Further water activities for 80 and 95 mass %
solutions, from 313.15 to 373.15 K, were generated using the
expressions of Othmer and Frolich and included in the fit. The
results are shown in Figures 3 and 4 and demonstrate a
satisfactory representation of the available data over a wide
temperature range and to high concentration. We also note that
the model agrees well with osmotic coefficients at 288.15 and
308.15 K from the isopiestic measurements of Hejtmankova et
al.,37 with deviations of only-0.0038 to+0.004 (288.15 K),
and-0.0091 to+0.0049 (308.15 K), for molalities above 1
mol kg-1.
Solubilities of NH4NO3 in water are tabulated by Linke,26

from 256.35 K (eutectic temperature) to 443.15 K, based upon
literature data up to 1957. Solid ammonium nitrate occurs in a
number of different crystalline forms: orthorhombic (type V)
below 256.2( 0.4 K, rhombic (type IV) from this temperature
to 305.38( 0.04 K, and rhombohedral (type III) from 305.38
to 357.25( 0.1 K.38 Two further forms exist at higher
temperatures. Nagatani et al.38 have determined heat capacities
of the different solid phases as functions of temperature and
the following enthalpies of transition: 473 J mol-1 (V to IV)
and 1700 J mol-1 (IV to III). The solubilities of Linke26 for

solid phases V-III were satisfactorily represented by the model
from 256.35 to 333.15 K, using an equilibrium constant of 3.97
× 10-3 at 298.15 K and∆rH° (298.15 K) equal to 25.69 kJ
mol-1 19 and also including the enthalpies of transition listed
above. The enthalpy of solution (25.69 kJ mol-1) agrees well
with more recent estimates.39,40 A single value of∆rCp°
(-101.2 J mol-1 K-1) was used for the reaction, as the value
of Cp° of the aqueous ions is not known as a function of
temperature. We note that this optimized estimate is about 45
J mol-1 K-1 greater than that derived from the tabulation of
Wagman et al.19 The fit to the data is illustrated in Figure 5,
which also compares measured and calculated water partial
pressures above saturated solutions of NH4NO3(aq). Expressions
for the equilibrium constants for NH4NO3(cr) solubility are given
in Table 2.
The properties of aqueous NH4NO3 are summarized in Figure

6, which shows contours of water activity over a wide range of
temperature and to high supersaturation, with the freezing and
NH4NO3(cr) solubility curves superimposed.
3.5. HNO3-NH4NO3-H2O. The available data sets for this

mixture are listed in Table 4 and comprise solubilities (four
solid phases), partial pressure, and degree of dissociation
measurements. The partial pressure data of Treuschenko et al.41

are extensive, but also appear to be inaccurate: for example
pH2O values over pure aqueous HNO3 are too high by 0.001-
0.002 atm (2.6%-17%) for 3.89-24.0 mol kg-1 acid. Also,

Figure 3. (a) Apparent molar enthalpies (φL/J mol-1) of NH4NO3(aq)

at 298.15 K, plotted against the square root of NH4NO3 molality (m/
mol kg-1). Symbols: open circles, from the evaluation of Parker;31

dots, data of Vanderzee et al.;33 line, fitted model. The inset shows the
data and fit at low concentrations (same scales as the main plot). (b)
Apparent molar heat capacities (φCp/J mol-1 K-1) of NH4NO3(aq) at
298.15 K, plotted against the square root of NH4NO3 molality.
Symbols: crosses, data of Roux et al.;20 open circles, from the
evaluation of Parker;31 dots, data of Epikhin et al.;34 open squares,
estimated from the data of Sorina et al.;36 open triangles, estimated
from the data of Gladushko et al.35 Line: fitted model.

Figure 4. Water activities (a1) of NH4NO3(aq) as a function of
temperature (t/°C). (a) Symbols: from vapor pressure measurements
of Othmer and Frolich29 for three solution compositions (mass %,
indicated on the plot). Lines: fitted model. (b) Symbols: open circles,
vapor pressure measurements of Campbell et al.;28 dots, generated from
the fitting equations of Othmer and Frolich.29 Lines: solid, fitted model;
dashed, calculated saturation curve (solutions to the left of this are
supersaturated with respect to NH4NO3(cr) (IV) or (III)).
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some of the measuredpHNO3 values, especially for low HNO3
molalities, are not consistent with one another. These data were
therefore excluded from the fit. The few partial pressure
measurements of Flatt and Benguerel42 were used for compari-
son only.
The fitted model is based upon the solubility measurements

(solid phases ice and NH4NO3(cr)) from 228.15 to 328.15 K and
pKa* of NH4

+ in aqueous NH4NO3 at 298.15 K. Solutions in
whichmHNO3 was greater than 25 mol kg-1 and for whichT
was greater than 308.15 K were weighted zero in order to
optimize agreement with data for lower acidities and temper-
atures. A high weight was given to the pKa* measurements
(fitted asfNH4*/ fH*), as these are relevant to the most common
atmospheric case of an aerosol containing significant quantities
of NH4

+ and NO3-, but only a small amount of hydrogen ion.
The results of the model fit are shown in Figures 7-9. The

solubilities of NH4NO3(cr) in HNO3(aq) (Figure 7) show strong
“salting-in” above about 10 mol kg-1 HNO3. Model calcula-
tions show that in this composition region the addition of
NH4NO3 to the aqueous solution decreases the HNO3 partial
pressure despite the higher concentration of NO3

- ion. This
result is consistent with the partial pressure measurements of
Treushchenko et al.41 and those of Flatt and Benguerel42 (see
Figure 10).
Solubilities below 273.15 K, Figures 7 and 8, are represented

well. This result, and earlier work for HNO3-H2O solutions,9

suggests that the model predicts the phase diagram at low

TABLE 4: Sources of Thermodynamic Data for HNO3-NH4NO3-H2O Solutionsa

mb

min max usedc datad type t (°C) source

14.84 >100 yes sol 0-75 Silcock53

0.704 >100 yes sol -28.5-100 Kurnakov and Ravitch43

0.51 10.82 yes pKa* e 25 Maeda and Kato44

0 85.43 no pH2O,pHNO3 30 Treushchenko et al.41

18.10 24.00 no pH2O,pHNO3 25 Flatt and Benguerel42

a Parameters determined:WH‚NH4‚NO3,Q1,H‚NH4‚NO3, andUH‚NH4‚NO3. b Total molality (mHNO3 + mNH4NO3). cUsed in the fit of the model.d Type
of measurement: sol, solubility of NH4NO3(cr), ice, NH4NO3‚2HNO3(cr); pKa*, stoichiometric dissociation constant of NH4+ in aqueous NH4NO3;
pH2O, pHNO3, equilibrium partial pressures.eThe experimental pKa* values for NH4+ were converted to the quantityfNH4*/ fH* using activity
coefficients of NH3 in NH4NO3(aq) also determined by Maeda and co-workers.

Figure 5. (a) Solubilities of NH4NO3(cr) (forms III-V) and ice in
NH4NO3(aq)as a function of temperature (t/°C), plotted against the square
root of NH4NO3 molality (m/mol kg-1). All values are from Linke.26

Solid phases: crosses, ice; open circle, NH4NO3(cr) (V); dots, NH4-
NO3(cr) (IV); open squares, NH4NO3(cr) (III); line, fitted model. (b)
Equilibrium partial pressures of water (pH2O/atm) above saturated
solutions of NH4NO3. Symbols: dots, Edgar and Swan;64 open
diamonds, Prideaux and Caven;65 pluses, Prideaux;66 open circles,
Apelblat;67 open squares, Adams and Merz;68 open triangles, Dinge-
mans;72 crosses, Janecke and Rahlfs.69 Line: predicted by the model.

Figure 6. Phase diagram of NH4NO3 solutions as a function of
temperature (t/°C) and equilibrium water activities for both subsaturated
and supersaturated solutions. Compositions are plotted as the square
root of molality (m/mol kg-1). Lines: solid (heavy), solubilities of the
following solid phases: (1) ice; (2) NH4NO3(cr). Contours: equilibrium
water activities, with values as marked. Contours are dotted for
supersaturated solutions.

Figure 7. Solubility of NH4NO3(cr) in HNO3(aq)at different temperatures
(°C, as marked on the plot). Data are plotted as molalities (mol kg-1).
Symbols: data from Silcock53 and Kurnakov and Ravitch.43 Lines: the
fitted model. The fit was restricted to a maximum HNO3 molality of
25 mol kg-1 and to a maximum temperature of 308.15 K. The dotted
lines show model extrapolations for higher concentrations and tem-
peratures.
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temperatures satisfactorily within the limits of the parameter-
ization (88 mol kg-1 for HNO3-H2O, but probably a much
lower molality for NH4NO3 at T , 298.15 K). We note that,
at 263.15 K and for concentrations of about 68 mol kg-1 HNO3

and 25-40 mol kg-1 NH4NO3, the solid-phase NH4NO3‚

2HNO3(cr) is formed.43 This phase has not been included in
the model, because it is unlikely to occur in atmospheric aerosols
due to the very high concentrations of aqueous-phase HNO3

required.
The measurements of Maeda and Kato,44 Figure 9, show that

the activity coefficients of NH4+ and H+ differ by about a factor
5 in 10 mol kg-1 NH4NO3 at 298.15 K. The change in
fNH4*/ fH* with salt concentration is accurately represented by
the model. Calculated water activities and solubilities of
NH4NO3(cr) are shown in Figure 11.
3.6. HNO3-H2SO4-H2O. Carslaw et al.9 have evaluated

model parameters for this acid mixture, based principally upon
HNO3 partial pressures measured by Vandoni45 at 273.15 K
and at lower temperatures by Zhang et al.46 and freezing points
with respect to various H2SO4 and HNO3 hydrates. Sources of
data are listed in Table 11 of Carslaw et al.9 The parameteriza-
tion of these authors is adopted here, and values ofWHSO4,NO3,H,
WSO4,NO3,H, andUHSO4,NO3,Hare listed in Table 1.
3.7. H2SO4-(NH4)2SO4-H2O. This system has previously

been modeled by Clegg and Brimblecombe,23 at 298.15 K only,

Figure 8. (a) Saturation of HNO3-NH4NO3-H2O mixtures with
respect to ice as a function of temperature (t/°C) and total molality
(mT, equal tomHNO3 + mNH4NO3). Results are shown for six
composition ratios,r (equal tomNH4NO3/mT). Data are from Kurnakov
and Ravitch.43 Symbols: dots,r ) 1.0; open triangles,r ) 0.796; solid
squares,r ) 0.529; open diamonds,r ) 0.423; crosses,r ) 0.223;
open circles,r ) 0.0; lines, fitted model. (b) Simultaneous saturation
of HNO3-NH4NO3-H2O mixtures with respect to ice and NH4NO3(cr)

as a function of temperature (t/°C) and molalities (m) of HNO3 and
NH4NO3. Data are from Kurnakov and Ravitch.43 Symbols: dots, HNO3
molality in the mixtures; open circles, NH4NO3molality in the mixtures.
Lines: fitted compositions. The vertical arrow marks the temperature
and composition at which the solution becomes saturated with respect
to HNO3‚3H2O(cr). This point is satisfactorily predicted by the model.

Figure 9. Reciprocal of NH4+ and H+ activity coefficients in NH4-
NO3(aq), determined from pKa* measurements at 298.15 K, and plotted
against NH4NO3 molality (m/mol kg-1). Symbols: data of Maeda and
Kato.44 Line: fitted model.

Figure 10. Equilibrium partial pressures of H2O and HNO3 (atm) above
HNO3-NH4NO3-H2O solutions, as a function of NH4NO3 molality,
for two different HNO3 molalities (indicated on the plot). The data are
from Flatt and Benguerel.42 Symbols: open circles and open triangles,
pH2O; dots and solid triangles,pHNO3. Lines: solid, fitted model (for
solutions containing 16.09 mol kg-1 HNO3); dashed, fitted model (for
solutions containing 19.54 mol kg-1 HNO3); fine dotted, these associate
the data points with the corresponding fitted lines.

Figure 11. Calculated solubilities of NH4NO3(cr) in HNO3(aq) from
273.15 to 323.15 K, and equilibrium water activities for both subsatu-
rated and supersaturated solutions at 298.15 K. Compositions are given
as molalities. Lines: solid (heavy), solubilities of NH4NO3(cr), Celsius
temperatures as marked; dashed (fine), contours of water activity (a1)
at 298.15 K, values as marked.
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using the H2SO4-H2O parameterization of Clegg and Brimble-
combe14 and values for (NH4)2SO4-H2O determined from a
fit to the available isopiestic data and edb measurements of
Richardson and Spann.47 The parameter set for the mixed
solutions was based chiefly on solubility and isopiestic data for
subsaturated solutions and the edb results of Spann.48 The
sources of data used by Clegg and Brimblecombe23 are listed
in their Tables 1-3. Recently, Clegg et al.22 have evaluated
the thermodynamic properties of aqueous (NH4)2SO4 to high
supersaturation as a function of temperature, and further edb
and isopiestic studies of the acid sulfate mixture have been
carried out at 298.15 and 323.15 K.25,49 The sources of currently
available thermodynamic data are listed in Table 5.
Isopiestic and edb measurements for H2SO4-(NH4)2SO4-

H2O are restricted to 298.15 and 323.15 K, with measurements
of the degree of dissociation of HSO4- also available at these
temperatures and at 273.15 K. Solubilities of solid phases
(NH4)2SO4(cr), (NH4)3H(SO4)2(cr) (letovicite), NH4HSO4(cr), and
NH4H3(SO4)2(cr) have been determined over a wider range of
temperatures (Tg 273.15 K). The unknown model parameters
for this system include those for NH4+-HSO4- interactions and
a number of “mixture” parameters that involve three ions. These
were determined by fitting the data and at the same time
determining equilibrium constants for the formation of letovicite
and ammonium bisulfate as a function of temperature. Satura-
tion with respect to the solid-phase NH4H3(SO4)2(cr) was not
treated, as this precipitates only from solutions containing very

high concentrations of H2SO4 (greater than about 80 mol kg-1

H2SO4, beyond the upper limit of validity of the model), for
which water activities are extremely low. As noted in Table 5,
some calculated osmotic coefficients from the model of Clegg
et al.25 and interpolated values (also based on the results of that
study) were included in the fit to constrain better the model.
Vapor pressure data for different solution compositions are

compared in Figures 12-14. Osmotic coefficients for solutions
of letovicite composition are shown in Figure 12 and include
values interpolated from the studies of Park et al.50 and Spann.48

The results of the fitted model and that of Clegg et al.25 are
also shown. With the exception of the vapor pressures of Tang
and Munkelwitz6 (appearing as crosses in Figure 12), there is
good overall agreement. Data for mixtures containing two lower
ratios of NH4+ to H+ (2.448:1 and 1.945:1), compared in Figure
13, are also consistent with one another and agree well with
the fitted model. However, we note that the results of Kim et
al.49 for 2:1 NH4+/H+ (not shown) are highly discordant with
other data, with water activities that are too low by about 0.05
at 10 mol kg-1 and by more than 0.1 at 30 mol kg-1 total
molality.
Measurements for aqueous NH4HSO4 are shown in Figure

14. The vapor pressure data of Tang and Munkelwitz51 and
interpolated isopiestic measurements of Park et al.50 agree well.
However, osmotic coefficients from the edb data of Kim et al.49

and Tang and Munkelwitz6 differ by up to 0.15 at∼10 mol
kg-1 (∆a1 = 0.05). Electrodynamic balance measurements from

TABLE 5: Sources of Thermodynamic Data for Aqueous (NH4)2SO4-H2SO4-H2O Mixturesa

mb

min max composition usedc data typed t (°C) source

1.54-8.76 letovicitee yes vp 20-30 Tang et al.70

5.71-28.92 letovicite no edb 25 Tang and Munkelwitz6

1.75-8.56f letovicite no vp 25 Tang and Munkelwitz6

6.08-70.9 (NH4)1.42H0.58SO4 yes edb g Spann48

h variable yes sol 0-50 Silcock53

0.23-6.85 variable noi iso 15 Park et al.50

2.74-110.6j variable noi edb g Spann48

5.663-30.98k variable noi edb g Spann48

0.145-7.472l m yes iso 25,50 Clegg et al.25

1.132-24.98n NH4HSO4 yes vp 25 Tang and Munkelwitz51

5.578->100 NH4HSO4 no edb 25 Tang and Munkelwitz6

14.06-90.78o NH4HSO4 yes edb 25 Spann48

4.97->100 NH4HSO4 nop edb 25 Kim et al.49

0.21-10.1 NH4HSO4 yes R 0-50 Young et al.13

0.23-10.4 NH4HSO4 no R 25 Irish and Chen73

0.66-8.61 NH4HSO4 yes R 25,50 Dawson et al.71

0.5-2.5 NH4HSO4 no R 25,55 Kruus et al.74

5.61->100 q nop edb 25 Kim et al.49

a Balej et al.75 have measured degrees of dissociation of HSO4
- for mixtures of various compositions at 293.15 K, but these are not considered

here. Imre et al.76 have recently measured water activities of aqueous NH4HSO4 particles and solid-liquid phase transitions to low temperature.
These results are briefly discussed in section 3.7. Parameters determined:BNH4‚HSO4,W1,NH4‚HSO4, U1,NH4‚HSO4, V1,NH4‚HSO4,WH‚NH4‚HSO4, Q1,H‚NH4‚HSO4,
WH‚NH4‚SO4,WHSO4‚SO4‚NH4 andUHSO4‚SO4‚NH4. b Total molality (mH2SO4 + m(NH4)2SO4). cUsed in the fit of the model.d Type of measurement: vp,
water partial pressure; edb, electrodynamic balance measurements of water activity/concentration relationships for supersaturated solutions;sol,
solubility of (NH4)2SO4(cr), (NH4)3H(SO4)2(cr) (letovicite), and NH4HSO4(cr); iso, isopiestic measurement;R, degree of dissociation of HSO4-. eValues
used here were extracted from the graphs presented by Tang et al.70 f Incorrectly identified as being from Tang et al.70 g The measurements were
carried out at room temperature, which we have treated here as being 298.15 K. The single rejected point for the second data set contained>50
mol kg-1 (NH4)2SO4. The thesis of Spann also contains other data for the (NH4)2SO4-H2SO4-H2O system, for example water activities of various
saturated aqueous mixtures.hCompositions up to 100% H2SO4 + (NH4)2SO4 and saturation with respect to solid phases (NH4)2SO4(cr), (NH4)3H(SO4)2(cr)
(letovicite), NH4HSO4(cr), and NH4H3(SO4)2(cr). The number of data points refers to those for whicht e 50 °C. i These data were used for testing
the model and not for parameterization. Number of observations for data set 4 refers only to mixtures and not to pure aqueous H2SO4 or (NH4)2SO4.
j Total molality,m(NH4)2SO4 + mNH4HSO4. These data are drawn from Figure 14 of Spann’s thesis.k Total molality,m(NH4)2SO4 + mNH4HSO4.
These data are taken from Table 3 of Spann’s thesis.l Thirty five values ofφ for aqueous NH4HSO4 at 298.15 K (calculated using the model of
Clegg et al., 1996) and a further 69 estimates ofφ at 323.15 K (generated by interpolation of the measurements of Clegg et al.25) were also included
in the fit. mMeasurements for ratios 2:1 and 1:2 (NH4)2SO4/H2SO4. n Figure 4 in Tang and Munkelwitz51 also shows the temperature variation of
the water vapor pressure at four fixed wt % concentrations of NH4HSO4. o These data are drawn from Figure 16 of Spann’s thesis.48 The measurements
were carried out at room temperature, which we have treated here as being 298.15 K.p These edb data were not fitted, but were found to agree well
with the model, and with other measurements, for (NH4)2SO4/H2SO4 ratios 1:2 and 1:1 (NH4HSO4). However, the results of Kim et al. for mixtures
containing mostly (NH4)2SO4 are discordant with other edb measurements.qComposition ratios 2:1 and 1:2 (NH4)2SO4/H2SO4.
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all three sources agree at higher molalities up to aboutmT )
35 mol kg-1, but beyond this the results of Tang and Munkel-
witz6 yield consistently higher osmotic coefficients. This is
qualitatively similar to differences noted for aqueous (NH4)2-
SO4 (Figure 15 of Clegg et al.22). For NH4HSO4 solutions, the
fit of the model was based upon the edb measurements only of
Spann48 and agrees closely with those data; see Figure 14.
The results of the fits to other measurements are shown in

Figures 15-20, with model parameters and expressions for the
equilibrium constants of the solid phases given in Tables 1 and
2. We note that the results for the dissociation constant of the
HSO4- ion in aqueous NH4HSO4 (Figure 19) show that the
model predicts values that are too low at high concentrations

at 298.15 K. This is similar to the result obtained by Clegg
and Brimblecombe.23 However, such errors in the speciation
are not reflected in values of the ionic activities or the water

Figure 12. Comparison of stoichiometric molal osmotic coefficients
(φ) of (NH4)3H(SO4)2(aq) at 298.15 K, plotted against the square root
of total molality (mT, equal tomH2SO4 + m(NH4)2SO4). Symbols: dots,
vapor pressure data of Tang et al.;70 broken circles, interpolated from
the isopiestic measurements of Park et al.;50 broken squares, interpolated
from the edb data of Spann;48 crosses, vapor pressure measurements
of Tang and Munkelwitz;6 solid triangles, edb data of Tang and
Munkelwitz6 (restandardised in this work). Lines: solid, fitted model;
dashed, model of Clegg et al.25

Figure 13. Comparison of stoichiometric molal osmotic coefficients
(φ) of H2SO4-(NH4)2SO4-H2O at 298.15 K, for two compositions,
plotted against the square root of total molality (mT, equal tomH2SO4
+ m(NH4)2SO4). Main plot (NH4+/H+ ) 2.448:1): dots, edb data of
Spann;48 broken circles, interpolated from the isopiestic measurements
of Park et al.;50 line, fitted model. Inset (NH4+/H+ ) 1.945:1): dots,
isopiestic data of Clegg et al.;25 broken circles, interpolated from the
isopiestic measurements of Park et al.;50 broken squares, interpolated
from the edb data of Spann;48 line, fitted model.

Figure 14. Comparison of stoichiometric molal osmotic coefficients
(φ) of NH4HSO4(aq) at 298.15 K, for two compositions, plotted against
the square root of total molality (mT, here equal tomNH4HSO4).
Symbols: dots, edb data of Tang and Munkelwitz;6 broken circles,
interpolated from the isopiestic measurements of Park et al.;50 open
triangles, edb data of Kim et al.;49 open squares, edb data of Spann;48

inverted solid triangles, vapor pressure measurements of Tang and
Munkelwitz.51 Line: fitted model.

Figure 15. Total molalities (mT) of (NH4)2SO4-H2SO4-H2O mixtures
at 298.15 K, plotted against the solute fraction of (NH4)2SO4 [r, equal
to m(NH4)2SO4/(mH2SO4 + m(NH4)2SO4)]. Values ofmT are plotted
for constant water activities (a1) which are indicated on the figure.
Symbols: isopiestic data of Park et al.50 Lines: fitted model. (a) 0.0e
mT e 2.0 mol kg-1; (b) 2.0e mT e 7.0 mol kg-1.
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activity (Figures 14 and 15) and so are likely to have little
practical effect.
The recent experimental study of phase equilibria of aqueous

NH4HSO4 particles to low temperature by Imre et al.76 includes
an equilibrium phase diagram (their Figure 4). This shows a
transition from aqueous solution to solid NH4HSO4 for con-
centrations greater than about 40 wt % NH4HSO4. However,

it is apparent from the bulk solution data shown in Figure 20
that the transition should occur in two stages: first the
precipitation of letovicite as an NH4HSO4 solution becomes
more concentrated in response to a decrease in relative humidity
(hence water activity). Second, the composition of the remain-
ing liquid phase should follow curve 2 in Figure 20 until a final
transition to a dry particle at a relative humidity corresponding
to that at the apex where saturation curves 2 and 3 meet. The
phase transition plotted by Imre et al. corresponds closely to
that calculated by the model for the onset of letovicite
precipitation. Given that the two stage transitions described
above may not be observed in single-particle experiments (where
metastable states often occur), this suggests satisfactory agree-
ment between the model and measurements. Figure 4 of Imre
et al.76 also shows phase transitions for ice and NH4HSO4‚
8H2O (a previously unknown hydrate). Results for the former
are highly discordant with the temperature trend in water
activities obtained from isopiestic data at 298.15 and 323.15
K. The model predicts much smaller freezing point depressions
than obtained by Imre et al.,76 with an ice/letovicite coexistence
point corresponding to that determined by Imre et al.76 for
NH4HSO4‚8H2O(cr)/NH4HSO4(cr). This disagreement remains to
be resolved by future measurements.
Calculated salt solubilities and water activities (at 298.15 K)

are shown in Figure 21, which has two notable features. First,
water activity/concentration relationships in the mixtures cannot
be adequately approximated by interpolating between values
for the pure components (NH4)2SO4-H2O and H2SO4-H2O.
Even for relatively dilute solutions the variation of total solute
molality (mT) with composition is nonlinear for a fixed water
activity, with a maximum occurring at a (NH4)2SO4 fraction
(r) of 0.6-0.8 (Figure 15). Second, for H2SO4molalities greater
than about 7.5 mol kg-1, the addition of (NH4)2SO4 causes water
activity to increase rather than decrease. These effects are likely
to be due to HSO4- formation in the solution and emphasize
the importance of treating this reaction explicitly in order to
predict accurately the properties of acid sulfate solutions. We
note that qualitatively similar behavior is observed for Na2SO4-
H2SO4-H2O mixtures.
The water activities shown in Figure 21 are similar, for most

compositions, to those obtained by Clegg and Brimblecombe;23

see their Figures 7 and 9. However, in the present model values
of water activities for supersaturated aqueous (NH4)2SO4 are

Figure 16. Stoichiometric molal osmotic coefficients (φ) of H2SO4-
(NH4)2SO4-H2O mixtures at 298.15 and 323.15 K, plotted against the
square root of total molality (mT, equal tomH2SO4 + m(NH4)2SO4).
Symbols: data of Clegg et al.25 for two composition ratiosr (equal to
mH2SO4/(mH2SO4 + m(NH4)2SO4)), and two Celsius temperatures
(marked). Lines: fitted model.

Figure 17. Stoichiometric molal osmotic coefficients (φ) of (NH4)3H-
(SO4)2(aq) from 293.15 to 303.15 K, plotted against the square root of
total molality (mT, equal tomH2SO4 + m(NH4)2SO4). Data are those
of Tang et al.70 Symbols: dots, 293.15 K; open circles, 298.15 K;
crosses, 303.15 K. Lines: fitted model.

Figure 18. Stoichiometric molal osmotic coefficients (φ) of (NH4)1.42H0.58-
SO4(aq) at 298.15 K, plotted against the square root of total molality
(mT, equal tomH2SO4 + m(NH4)2SO4). Symbols: data of Spann.48

Line: fitted model.

Figure 19. Degrees of dissociation of HSO4- ion (R) in NH4HSO4(aq)
at 298.15 and 323.15 K, plotted against total molality (mT, equivalent
tomNH4HSO4). Symbols: open circles, data of Young et al.13 (298.15
K); dots, data of Dawson et al.71 (298.15 K); crosses, data of Young et
al.13 (323.15 K); pluses, data of Dawson et al.71 (323.15 K). Lines:
fitted model.
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lower, for a given molality, and this is reflected in the predicted
water activities for supersaturated mixtures containing greater
than about 3:1 NH4+/H+. We also note that the fall and then
rise of the water activity contours in this composition region
(e.g., fora1 ) 0.4) is a consequence of the model fitting the
available data at NH4+/H+ ratios 1:0, 2.448:1, and 3:1. This

property of the mixtures therefore appears to be real and not a
model artifact.
3.8. (NH4)2SO4-NH4NO3-H2O. Table 6 lists the data sets

available for this system, which include solubilities with respect
to five solid phases, edb measurements for six different NO3

-/
SO42- ratios, and equilibrium water vapor pressures. Below
the upper temperature limit of the model (323.15 K) salt
solubilities have been measured from 273.15 to 313.15 K, with
a single determination by Mazzotto52 of simultaneous sa-
turation with respect to NH4NO3(cr), (NH4)2SO4(cr), and ice at
252.15 K.

Figure 20. Salt solubilities in H2SO4-(NH4)2SO4-H2O solutions, from 273.15 to 323.15 K, plotted as molalities. Data from Silcock.53 (a, c) Solid
phases: (1) (NH4)2SO4(cr) (crosses [283.15 K], dots [298.15 K], plusses [313.15 K]); (2) (NH4)3H(SO4)2(cr) (inverted solid triangles [283.15 K], open
circles [298.15 K], solid squares [313.15 K]); (3) NH4HSO4(cr) (open squares [283.15 K], solid triangles [298.15 K], inverted open triangles [313.15
K]). (b, d) Solid phases: (1) (NH4)2SO4(cr) (asterisks [273.15 K], crosses [293.15 K], dots [303.15 K], pluses [323.15 K]); (2) (NH4)3H(SO4)2(cr)
(open diamonds [273.15 K], inverted solid triangles [293.15 K], open circles [303.15 K], solid squares [323.15 K]); (3) NH4HSO4(cr) (solid squares
[273.15 K], open squares [293.15 K], solid triangles [303.15 K], inverted open triangles [323.15 K]). Lines on all plots: fitted model, at the
indicated Celsius temperatures.

Figure 21. Phase diagram of H2SO4-(NH4)2SO4-H2O from 263.15
to 323.15 K and equilibrium water activities for both subsaturated and
supersaturated solutions at 298.15 K. Compositions are given as
molalities. Lines: solid, solubilities of (1) (NH4)2SO4(cr), (2) (NH4)3H-
(SO4)2(cr), and (3) NH4HSO4(cr), at indicated Celsius temperatures.
Contours: equilibrium water activities at 298.15 K, with values as
marked.

TABLE 6: Sources of Thermodynamic Data for
NH4NO3-(NH4)2SO4-H2O Solutionsa

mb

min max usedc data typed t (°C) source

5.347 65.74 yes sol 0-70 Silcock53

5.805 51.4 noe sol 25-105 Emons and Kloth54

7.68 7.68 noe sol -21 Mazzotto52

4.870 69.91 yes edbf 25 Chan et al.27

5.82 25.3 noe vp 25-70 Emons and Hahn32

aParameters determined:WSO4‚NO3‚NH4,Q1,SO4‚NO3‚NH4, andUSO4‚NO3‚NH4.
b Total molality (mNH4NO3 + m(NH4)2SO4). cUsed in the fit of the
model.d Type of measurement: sol, solubility of NH4NO3(cr),
(NH4)2SO4(cr), (NH4)2SO4‚2NH4NO3(cr), (NH4)2SO4‚3NH4NO3(cr), or ice;
edb, electrodynamic balance data; vp, equilibrium partial pressures of
water.eOnly compared with the fitted model (see text).f These data
were restandardized using water activities for subsaturated aqueous
generated using the model.
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The model was first fitted to the solubility data compiled by
Silcock53with equilibrium constants of the double salts (NH4)2-
SO4‚2NH4NO3(cr) and (NH4)2SO4‚3NH4NO3(cr) as unknowns and
to the edb measurements of Chan et al.27 The more recent
solubility determinations of Emons and Kloth54 agree well with
earlier data (from two different sources), although these authors
apparently obtained NH4NO3(cr) as a solid phase in a region of
composition in which only the double salts should occur. Water
activities derived from the vapor pressures of Emons and Hahn32

between 298.15 and 323.15 K (using theirp°(H2O)) agreed with
the fitted model to within+0.016 to-0.012 ina1, a satisfactory
result. A comparison with the measurement of the eutectic
solution determined by Mazzotto52 gave a predicted water
activity at the freezing temperature (0.8172) within 0.0024 of
the true value for-21.0 °C (calculated using the equation in
Table 4 of Carslaw et al.9). Calculated degrees of saturation
with respect to NH4NO3(cr) and (NH4)2SO4(cr) were 0.70 and
1.14, respectively. The deviation is relatively large in the case
of ammonium nitrate and could not be significantly improved
by changes to the model parameterization. The reason for the
disagreement is unclear, although calculations suggest that
solutions should become saturated with respect to the two double
salts at a lower NH4NO3 molality than for NH4NO3(cr). This
may not have been recognized by Mazzotto.52

The model fit based upon the solubilities compiled by
Silcock53and edb data of Chan et al.27 was accepted as the final
result and is shown in Figures 22 and 23. A notable feature of
the measured solubilities is that the compositions for which the
two double salts occur show considerable overlap (e.g., see the
plot for 298.15 K in Figure 22). Calculations suggest that this
is because saturation with respect to both solid phases is closely
approached over a quite wide range of composition, which
would tend to facilitate precipitation of the metastable solid
phase.
Fitted parameters and equilibrium constants are listed in

Tables 1 and 2. Water activities and salt solubilities in the
system are illustrated in Figure 24.

3.9. NH4HSO4-NH4NO3-H2O. The sources of available
data for this system are listed in Table 7. Highly acidic aerosols
containing nitrate are unlikely to occur in the atmosphere, due
to the volatility of HNO3 at all temperatures except those
encountered in the polar stratosphere. However, solubilities of
NH4HSO4(cr) and NH4HSO4‚NH4NO3(cr) are useful in constrain-
ing the model with respect to NH4+-HSO4--NO3

- interac-
tions, and the equilibrium constant of the acid double salt was
therefore determined.
The model was fitted to the 14 available measurements from

283.15 to 323.15 K, and the results are shown in Figure 25.
The solubilities of three solid phases have been measured at
298.15 K (NH4HSO4(cr), NH4NO3(cr), and NH4HSO4‚NH4-
NO3(cr)). The increase of NH4NO3(cr) solubility with NH4HSO4
molality (Figure 25a) is accurately represented by the model,
and the measured values are consistent with that for pure
aqueous NH4NO3 (26.8 mol kg-1). However, this is not the
case for NH4HSO4(cr): the measured solubilities are lower than
predicted, even for pure aqueous NH4HSO4 (see also Figure
21). It is also apparent that letovicite should precipitate at a
lower NH4HSO4molality (solid line 1 in Figure 25a) than either
NH4HSO4(cr) or NH4HSO4‚NH4NO3(cr). Both of these solid
phases therefore appear to be metastable in this system. The
change in solubility of NH4HSO4‚NH4NO3(cr) with temperature,
Figure 25b, is adequately represented by the model over a 30

Figure 22. Salt solubilities in (NH4)2SO4-NH4NO3-H2O, from 273.15
to 313.15 K, plotted as molalities. Data from Silcock53 and Emons and
Kloth.54 Solid phases: (1) (NH4)2SO4(cr) (stars, open triangles, open
squares); (2) (NH4)2SO4‚2NH4NO3(cr) (solid squares, dots, solid tri-
angles); (3) (NH4)2SO4‚3NH4NO3(cr) (open squares, open circles,
inverted open triangles); (4) NH4NO3(cr) (pluses, crosses, solid dia-
monds). Lines: fitted model. Arrows point to the boundaries between
the different solid phases, whose order of occurrence is the same at
each temperature.

Figure 23. Water activities (a1) of supersaturated (NH4)2SO4-
NH4NO3-H2O at 298.15 K, plotted against the square root of total
molality (mT, equivalent tom(NH4)2SO4 + mNH4NO3). Data are from
Chan et al.27 Symbols: data for different ratiosr (equal tomNH4NO3/
m(NH4)2SO4), as marked. Lines: solid (heavy), the fitted model; solid
(fine), calculateda1 for pure aqueous NH4NO3 and (NH4)2SO4; dotted,
calculated solubility curve (solutions are supersaturated below this
line).
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K range of temperature, though the uncertainty ofxKS(NH4-
HSO4‚NH4NO3) at 298.15 K is at least(10% and probably
greater (see the dotted lines in Figure 25a).
Water activities and salt solubilities in the system are

illustrated in Figure 26, and fitted model parameters and
equilibrium constant of NH4HSO4‚NH4NO3(cr) are given in
Tables 1 and 2.

4. Discussion
The model parameterization for the atmospherically important

H2SO4-(NH4)2SO4-H2O system is based chiefly upon vapor
pressures (including edb measurements) at 298.15 K, salt
solubilities from 273.15 to 323.15 K, and isopiestic data for
relatively dilute solutions (a1 g 0.775) at 298.15 and 323.15
K. The available measurements are sufficient to define
adequately the thermodynamic properties at 298.15 K over most
of the composition range. This is even true of supersaturated
solutions, though with the reservation that there remain some
inconsistencies between the edb data obtained by different
groups (see Figure 14). However, the variation of ion and
solvent activities with temperature is poorly defined, and the
parameterization presented here is unlikely to be unique even
though the model quite accurately represents the available
solubilities and isopiestic data at 323.15 K. Measurements of
the thermal properties (enthalpies of dilution and heat capacities)
of the system would be valuable, over a range of compositions,
and also determinations of phase equilibria at low temperatures.
Calculated phase diagrams of H2SO4-(NH4)2SO4-H2O mix-

tures from 253.15 to 223.15 K are shown in Figure 27, with
contours of equilibrium relative humidity (water activity)
superimposed. It is clear that the presence of (NH4)2SO4 in
the aqueous phase at concentrations on the order of a few mol
kg-1 has relatively little influence on the water activity of an

Figure 24. Phase diagram of (NH4)2SO4-NH4NO3-H2O from 263.15
to 323.15 K, and equilibrium water activities for both subsaturated and
supersaturated solutions at 298.15 K. Compositions are given as
molalities. Lines: solid, solubilities of the following solid phases at
the indicated Celsius temperatures: (1) (NH4)2SO4(cr), (2) (NH4)2SO4‚
2NH4NO3(cr), (3) (NH4)2SO4‚3NH4NO3(cr), (4) NH4NO3(cr). Dots on the
lines indicate the boundaries between the solid phases. Dashed
contours: equilibrium water activities (a1) at 298.15 K, with values as
marked.

TABLE 7: Sources of Thermodynamic Data for
NH4NO3-NH4HSO4-H2O Solutionsa

mb

min max composition usedc
datad

type t (°C) source

32.079 64.783 e yes sol 25 Silcock53

49.684 >100 e yes sol 20-60 Linke26

a Parameter determined:WHSO4‚NO3‚NH4. b Total molality (mNH4NO3

+ m(NH4)2SO4 + mH2SO4). cUsed in the fit of the model.d Type of
measurement: sol, solubility of NH4NO3(cr), NH4HSO4(cr), or
NH4HSO4‚NH4NO3(cr). eMixtures of aqueous NH4NO3 and NH4HSO4,
in various proportions.

Figure 25. (a) Salt solubilities in NH4HSO4-NH4NO3-H2O at 298.15
K, plotted as molalities. Data from Silcock.53 Solid phases: (1)
(NH4)3H(SO4)2(cr) (calculated); (2) NH4NO3(cr) (open diamonds); (3)
NH4HSO4(cr) (open circles); (4) NH4HSO4‚NH4NO3(cr) (dots). Lines:
solid, saturation with respect to solids (NH4)3H(SO4)2(cr) and NH4NO3(cr);
dashed, saturation with respect to NH4HSO4(cr) and NH4HSO4‚NH4-
NO3(cr); dotted, saturation with respect NH4HSO4‚NH4NO3(cr) for
changes of(10% in the equilibrium constant. (b) The solubility of
NH4HSO4‚NH4NO3(cr) (mol kg-1) as a function of temperature (t/°C).
Symbols: data from Linke.26 Line: fitted model.

Figure 26. Phase diagram of NH4HSO4-NH4NO3-H2O at 298.15 K
and equilibrium water activities for both subsaturated and supersaturated
solutions. Compositions are given as molalities. Lines: solid (heavy),
solubilities of (1) (NH4)3H(SO4)2(cr), (2) NH4NO3(cr); dashed (heavy),
(3) NH4HSO4(cr), (4) NH4HSO4‚NH4NO3(cr). Contours: equilibrium
water activities, with values as marked. Contours are dotted for
supersaturated solutions.
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H2SO4-H2O solution, although in highly concentrated solutions
it is increased by the addition of (NH4)2SO4. This implies that
in the atmosphere an aqueous aerosol containing both (NH4)2-
SO4 and H2SO4 could be more highly concentrated with respect
to H2SO4 than a pure aqueous H2SO4 aerosol. This could affect
the rates of some reactions that occur in, or on the surface of,
aqueous acidic aerosols. Figure 27c,d shows that, at 233.15
and 223.15 K, the range of humidity and (NH4)2SO4 molality
of the stable liquid region is small. It is thought that aerosols
in the stratosphere can become supersaturated with respect to
H2SO4 and HNO3 hydrates8 and remain liquid. Aerosols of
H2SO4-(NH4)2SO4-H2O composition are readily maintained
in the laboratory in a supersaturated state, and it seems
reasonable to suppose that such liquid aerosols may also occur
in the atmosphere. The properties of supersaturated solutions
predicted by the model are subject to a large uncertainty at
temperatures far from 298.15 K since the edb data that constrain
the fits are currently restricted to this temperature.
Equilibrium partial pressures of NH3 over aqueous solutions

containing NH4+
(aq) can be calculated using eq 11b and for

H2SO4-(NH4)2SO4-H2O mixtures are very low: about 10-11

atm for a 6 mol kg-1 solution of aqueous NH4HSO4 (see Figure
10 of Clegg and Brimblecombe23). How accurate are values
of pNH3 predicted by the model? Clegg and Brimblecombe23

have compared their results with the data of Koutrakis and
Aurian-Blajeni,55 although there appear to be errors in the
calibration of their experiments (see section 4 of Clegg and
Brimblecombe23). Agreement is poor. Given that the equilib-
rium constant for the reaction in eq 11 is well-determined (from
values of the Henry’s law constant and the acid dissociation
constant of NH4+

(aq)), the overall accuracy of predictedpNH3

is limited chiefly by the ability of the model to predict the
quantityaNH4

+/aH+. At present, as the dissociation of water

into H+
(aq) and OH-

(aq) is not treated by the model, these
predictions are restricted to acid solutions (about pH 5 and
below, where the dissociation of water is suppressed). Maeda
and Iwata56 have measured the pKa* of NH4

+
(aq) in aqueous

(NH4)2SO4 at 298.15 K. The model of Clegg et al.25 is able
to reproduce the data to within experimental precision when
combined with critically assessed estimates of the activity
coefficient of NH3 in aqueous (NH4)2SO4.17 We have compared
values ofaNH4

+/aH+ predicted by the equations of Clegg et
al.25 and the present model, for aqueous (NH4)2SO4 solutions
containing 10-4 mol kg-1 H2SO4. There is agreement to within
2% at 6 mol kg-1 (NH4)2SO4 (79% relative humidity), decreas-
ing to about 30% for 0.5 mol kg-1 (NH4)2SO4 (98% relative
humidity). While this comparison is limited, the result gives
reasonable confidence in predictions ofpNH3.
It has been suggested that ternary homogeneous nucleation

of H2SO4-(NH4)2SO4-H2O aerosols may occur in the atmo-
sphere,2 and methods for estimating the rate of this process
require a knowledge of the equilibrium partial pressure of H2SO4
above the solutions. Recently, Marti et al.57 have determined
pH2SO4 over H2SO4-(NH4)2SO4-H2O solutions at 303.15 K
by measuring the rate of evaporation of H2SO4 from aerosol
droplets for different liquid-phase ion ratios NH4+/SO42- and
for relative humidities from 2.9 to 14.4%. For solutions rich
in NH4

+ the concentrations reached in aqueous solutions at some
of these relative humidities are beyond the limit of the model.
However, it is worthwhile to compare predictedpH2SO4 with
the data of Marti et al.57 First, a Henry’s law constant of 5×
1011 atm-1 at 303.15 K (for the reaction H2SO4(g) h 2H+

(aq)+
SO42-

(aq)) was estimated from the vapor pressure equation of
Ayers et al.58 and aqueous activities tabulated by Giauque et
al.59 For each of the NH4+/SO42- ratios listed in Table 4 of
Marti et al.57 the model was used to calculate first the aqueous

Figure 27. Phase diagram of H2SO4-(NH4)2SO4-H2O from 223.15 to 253.15 K and equilibrium water activities for both subsaturated and
supersaturated solutions. Compositions are given as molalities. Lines: solid (heavy), saturation with respect to (1) ice, (2) (NH4)2SO4(cr), (3)
(NH4)3H(SO4)2(cr), (4) NH4HSO4(cr), (5) H2SO4‚H2O(cr), (6) H2SO4‚4H2O(cr). Contours: equilibrium water activities (dashed for supersaturated solutions),
with values as marked. (a) 253.15 K; (b) 243.15 K; (c) 233.15 K; (d) 223.15 K.
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phase concentration for the listed relative humidity and then
pH2SO4 from the H+ and SO42- activities. The measured partial
pressures cover a 4 order of magnitude range. These are
compared with model predictions in Figure 28 as the ratio of
the equilibrium partial pressure over the mixed solution to that
over pure aqueous H2SO4 at the same relative humidity and
temperature. The data and predicted pressure ratios are
consistent and show, first, that for low ratios of NH4

+/SO42-

the partial pressure of H2SO4 is hardly reduced from that over
the pure aqueous acid: for NH4+/SO42- up to about 0.5 the
decrease is no more than a factor of 2. Second, the trend in
pH2SO4 (andrp, the quantity plotted in Figure 28a) for NH4+/
SO42- ratios of 0.8 and 1.0 is correctly predicted by the model.
Quantitative agreement is good even though the model is being
extrapolated beyond the limits of its validity. Calculated total
solute molalities for each ion ratio are shown in Figure 28b,
with the saturation curve superimposed. Some of the aerosols
measured by Marti et al. (1997) appear to be supersaturated
with respect to NH4HSO4(cr), and concentrations in the 0.8 and
1.0 NH4+/SO42- solutions exceed 100 mol kg-1 at the relative
humidities for which pH2SO4 was measured. Given the

difficulties of measuring partial pressures of H2SO4 (only 1.4
× 10-6 to 6.8× 10-11 Pa in the experiments of Marti et al.57)
and the very high concentrations in the aerosol solutions, the
overall agreement is satisfactory.
In the atmosphere, exchanges of NH3(g) and HNO3(g) between

the gas phase and solid NH4NO3 particles may lead to the
following equilibrium being established:

where Kp (atm2) is the equilibrium constant, which can be
expressed as

Combining values from eqs 12 and 15 and Table 3, we obtain
Kp(NH4NO3) at 298.15 K equal to 4.36× 10-17 atm2 (4.48×
10-17 bar2) and an enthalpy change (∆rH°) equal to 184.2 kJ
mol-1. These agree closely with the evaluation of Mozurke-
wich,60 who obtainedKp(NH4NO3) equal to (43( 5) × 10-18

bar2 and an enthalpy change of 185.3 kJ mol-1 at 298.15 K for
the reaction in eq 17.
Finally, we note that application of the model to the (NH4)2-

SO4-NH4NO3-H2O and NH4HSO4-NH4NO3-H2O systems
has enabled equilibrium constants for the formation of the double
salts (NH4)2SO4‚2NH4NO3(cr), (NH4)2SO4‚3NH4NO3(cr), and
NH4HSO4‚NH4NO3(cr) to be determined. Values of∆fG° and
∆fH° for the solid phases are given in Table 8 and are compared
with estimates obtained from a linear combination of∆fG° and
∆fH° for the salts (NH4)2SO4(cr), NH4NO3(cr), and NH4HSO4(cr).
Details of the calculation are given in the notes to Table 8. For
the two nitrate/sulfate double salts agreement is surprisingly
good, with differences of less than 2.2 kJ mol-1 for both∆fG°
and ∆fH°. The discrepancy is greatest for NH4HSO4‚NH4-
NO3(cr), whose equilibrium constant is subject to a larger
uncertainty (section 3.9). The thermodynamic properties of
(NH4)3H(SO4)2(cr) and NH4HSO4(cr) are also given in Table 8.
The value of∆fH° for NH4HSO4(cr) differs by only 0.36 kJ mol-1

from the value tabulated by Wagman et al.19

5. Summary

The mole-fraction-based thermodynamic model presented
here provides a self-consistent representation of ion and solvent
activities in H+-NH4

+-NO3
--SO42--H2O mixtures to high

supersaturation, for temperatures up to 328.15 K. The model
has been parameterized using available vapor pressures, iso-
piestic and edb data, degrees of dissociation, emfs, and pKa*

Figure 28. Partial pressures of H2SO4 over H2SO4-(NH4)2SO4-H2O
mixtures at 303.15 K. (a) The ratio (rp) of pH2SO4 over the aqueous
mixture to that over pure aqueous H2SO4 at the same relative humidity
(RH), plotted as a function ofRH. Data are from Marti et al.57 Symbols
are experimental results for the following molar NH4

+/SO42- ratios:
crosses, 0.13; dots, 0.15; open circles, 0.33; solid squares, 0.50; open
diamonds, 0.80; solid triangles, 1.0. Lines: calculated using the model
for each NH4+/SO42- ratio (indicated on the plot). (b) Calculated total
molalities (mT, equal tomH2SO4 + m(NH4)2SO4) for each NH4+/SO42-

ratio, as a function of relative humidity. The saturation curve is also
shown, for solid phases (NH4)3H(SO4)2(cr) (1) and NH4HSO4(cr) (2).
Values ofmT for supersaturated solutions are plotted as dotted lines.

TABLE 8: Gibbs Energies and Enthalpies of Formation of
Acid Ammonium Sulfate Salts and Nitrate-Sulfate Double
Saltsa

salt ∆fG° (kJ mol-1) ∆fH° (kJ mol-1)
(NH4)3H(SO4)2 -1791.46 -2210
NH4HSO4 -852.12 -1027
(NH4)2SO4‚2NH4NO3 -1342.97 (-1341.3) -1913 (-1912)
(NH4)2SO4‚3NH4NO3 -1547.77 (-1545.6) -2279 (-2277)
NH4HSO4‚NH4NO3 -1009.44 (-1056.4) -1390 (-1392)
a The first value listed for each salt was calculated from the

equilibrium constant given in Table 2, together with∆fG° or ∆fH° for
the ions from Wagman et al.19 and standard thermodynamic relations.
The values in parentheses are estimates obtained by adding∆fG° and
∆fH° for the individual salts (NH4)2SO4(cr), NH4NO3(cr), and NH4HSO4(cr)
in the appropriate multiples (e.g.,∆fG°(NH4HSO4‚NH4NO3(cr)) )
∆fG°(NH4NO3(cr)) + ∆fG°(NH4HSO4(cr))).

NH4NO3(cr) h NH3(g) + HNO3(g) (17a)

Kp(NH4NO3) ) pNH3pHNO3 (17b)

Kp(NH4NO3) ) xKS(NH4NO3)/(
xK′H(NH3)

xKH(HNO3)) (18)
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measurements. For the pure aqueous acids and their mixtures
the model is identical to that of Carslaw et al.9

The model reproduces the measured thermodynamic proper-
ties of H2SO4-(NH4)2SO4-H2O mixtures well, although the
available data are confined to temperatures of 273.15 K and
above. Further determinations of activities, thermal properties,
and solid/liquid phase equilibria for H2SO4-(NH4)2SO4-H2O
mixtures would be worthwhile to constrain better the model
for this important atmospheric system at low temperatures.
Gibbs energies and enthalpies of formation for acid am-

monium sulfate and sulfate-nitrate double salts have been
calculated from the equilibrium constants for dissolution of the
solid phases, and the results are consistent with estimates
obtained from values for the individual component salts.
Measurements of equilibrium partial pressures of NH3 and

H2SO4 over acidic solutions are sparse. However, comparisons
with existing data for the activities required to calculatepNH3

and with determinations ofpH2SO4 suggest that the model can
be used (with the necessary equilibrium constants) to calculate
these quantities with satisfactory accuracy.
Note: FORTRAN code implementing the model described

here is available from S. Clegg (s.clegg@uea.ac.uk) and can
also be run from the following websites: http://www.uea.ac.uk/
˜ e770/aim.html, and http://www.me.udel.edu/wexler/aim.html.
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