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A multicomponent mole-fraction-based thermodynamic model is used to represent aqueous phase activities,
equilibrium partial pressures (of.B, HNO;, and NH), and saturation with respect to solid phasesS®;

and HNQ hydrates, (N&)2SQuer, (NH4)3H(SOs)2(cry, NHIHSQyery, (NH4)2SOs 2NHINO3(cry, (NH4)2SOus 3NHy-

NOsz(cn, and NHHSO,*NH4NOz(cn) in the system F—NH,*—S02 —NO;~—H,0. The model is valid from

328 to <200 K, dependent upon liquid-phase composition. Parameters,&OHH,O, HNO;—H,0, and
(NH4)2SO,—H0 interactions were adopted from previous studies, and values faN&H,O 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 supersat8@edNH,).SO,—

H,0 solutions. Comparisons suggest that the model satisfactorily represents partial pressures of;both NH
and HSO, above acidic sulfate mixtures in addition to that of H\@nd salt solubilities and water activities.

1. Introduction 2. Theory
o ] ) In the model, the solvent (water) and all solute (ion)
Acidic sulfate aerosols occur widely in the troposphere, and ¢oncentrations and activity coefficients are expressed on the

an ability to predict their behavior is important for understanding mole fraction scale. The mole fractionof specied is given
new particle formatior;? urban air quality’* and atmospheric  py

optical properties.

Such aerosols, particularly those composed mainly&dy, X = ny/ (an) (1)
are able to remain liquid even at low ambient relative humidities. !
Furthermore, individual aerosol droplets readily become super- where n; is the number of moles of componentand the
saturated with respect to solid phases in laboratory experirhents, summationj is over all solution components including the
and this behavior may also occur in the atmosphér€alcula- solvent. The activities; of all components are given byg; =
tions of the partitioning of water and gases such as kil fixi, wheref; is the activity coefficient. The reference state for
NHj3 into aqueous aerosols and the formation of solids in the the activity coefficients of solute species is one of infinite
aerosol phase require a knowledge of the activities of the dilution with respect to the solvent, denoted by subscript 1.
aqueous-phase species, Henry’s law constants, and other equiActivity coefficients on this basis (rather than the pure liquid
librium constants over the wide range of temperatures experi- 'eference state) are denotgy thus fi* — 1 asx; — 1. The
enced in the troposphere. The water content of the aerosols igeference state for the activity coefficient of the pure solvent is
controlled by the ambient relative humidity, and high aqueous- the pure liquid, so thay — 1 asx — 1. The mole fraction
phase concentrations can be attained at low relative humidities, SCale activity coefficients given above are, for solute species,
for the reasons given above. These result in large deviationsrelated to the more commonly encountered molality-based

from ideal solution behavior and make the properties of the coefficientsy; by*?

system difficult to predict. f* =y (1+ (M /1000)Zmi) )
Carslaw et al?, using the mole-fraction-based equations of ' ' ! T

Pitzer, Simonson, and Cleffgo calculate activity coefficients,

have developed a model of the system HENO3;—H,SO,—

H.O 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 stdfe.In this work we apply

the model to the systemHNH;F—SQ2—NO3;~—H,O. This

whereM; (g mol~1) is the molar mass of the solvent, any
(mol per kg of solvent) is the molality of solute speciesThe
activity coefficient of the solventy, is related to the rational
(mole fraction) osmotic coefficieny and molal osmotic
coefficient¢ by

enables solvent and ion activities, saturation with respect to 13 In(a,) = gIn(x;) = In(x,) + In(f,) (3a)
solid phases, and equilibrium partial pressures of HN@Gd

NHjs (for acid solutions) to be calculated for temperatures up In(a,) = —(MJlOOO);SZm (3b)
to 328 K. T
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where the summation in eq 3b (as in eq 2) is over all solute
species only.

Equilibrium constantsK (on the mole fraction scale), differ
from those on the molal scal&K) for reactions that involve

liquid phase solutes by a factor related to the molar mass of the

solvent:

K = "K(M,/1000§" ") (4)

where v is the sum of the stoichiometric numbers of the
reacting liquid-phase solutes, ang is the equivalent sum for

Clegg et al.

9)

with a Henry's law constanKy (atn!) on a mole fraction
basis defined by

—nt -
HX=H @yt X @

K,y = xH L * XX Tf, ¥/ pHX (10)
wherepHX (atm) is the partial pressure of acid gas HX. (For
conversion to Sl units, atrr 101 325 Pa.) Note that, strictly,
eq 9 combines two equilibria (Hg = HX (ag)y HX(aqy= H" (aq)

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

any products that are also solutes. Thus, for example, for theties of strong acids such as HCI and HN@o not require

dissolution of sodium sulfate decahydrate §8@u:10HO
- 2Na+(aq) + 8042_(aq) + 10H:0p) *K is equal to™K x
0.0180152.

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 model treats conventional strong electrolytes, such as The Henry's law constant of HNOhas been evaluated by

NaCl and HCI, as fully dissociated in solution. Raman spectral
studies have shown that the first dissociation of sulfuric acid
(H2SOuagy= Ht (aqy T HSOy (aq) is essentially complete &t40

mol kgt and 298.15 K3 However, this is not the case for the
second step involving the bisulfate ion, whose dissociation is
considered explicitly*

HSO,~

=50, 2+ H'(ag) ®)

(aq)
*Kso, = @H"aSO,” /1aHSO,” =
XH . XSO, fso *(XHSO, frge®) (5b)

where *Kysq, is the thermodynamic dissociation constant of
HSO,~ on a mole fraction basis, given by eq 6 below:

l0gso(*K o) = 560.95050~ 102.5154 Inf) —
1.117033x 10 “T? + 0.2477538 — 13273.75T (6)

whereT (K) is temperature. The value 8Knsg, at 298.15 K
is 1.892x 1074 (0.0105 mol kg! 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 M-X,—+zH>Oc:

M, X,_*ZH,Ocry = v Mg T VKXo T 2H,0p  (7)
The equilibrium constaris is given by
Ks=aM""aX""a,7a(M,, X, _-zH,0,) (8)

where aM and aX are the activities of M and X on the
appropriate concentration scale, aads the water activity. The
activity of the pure solid phas@(M,+X,-+zZH2On) is by
definition unity, leaving only the activity product of the ions

Clegg and Brimblecomb®,using available activity coefficients
and partial pressures at 298.15 K, together with enthalpies and
heat capacities for the dissolution reaction. An expression for
*Kn(HNOg) is given in section 3.2.

It has been suggested that, for aerosols not too acid,
equilibrium may be reached between gas-phase; NMHd
dissolved NH within liquid aerosols. Within the context of
the model, solutions containing more than one uncharged species
(here HO and NH) 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 NHwill not affect the activities of
the other solution components. Thus, it is not necessary to
determine NH interactions with other solutes in order to
calculatepNH;. We describe the solubility of NHnN terms of
the equilibrium between the gas phase molecule and aqueous
H* and NH,* ions:

NHyg)F H' o= NH, (g (11a)

"Kii(NHg) = xNH, "fyy,, */(xH f*pNH;)  (11b)
whereK{,(NH3) (atnTl) is equivalent to the “conventional”
Henry's law constant for Nk (K, for NHzg = NHa(ag)
divided by the acid dissociation constant of NH(K, for
NHat@q = Ht(@aq) + NHa@g). Here we adopK,(298.15 K)
equal to 5.6937 10719 mol kg1, Kj, (298.15 K) equal to
60.72 mol kg? atnt 1,17 and A;H° for the reaction in eq 11a
equal to—86.25 kJ mot1.181° A fixed A,C,° of 34.35 J mot?!
K~1is assumed®20 The equilibrium constant defined by eq
11b is therefore given by

INCK.,) = 25.393+ 10373.6(1T, — 1/T) +
4.1310/T — (1 + In(T/T)) (12)

and solvent in eq 8. In the systems being treated here there are
seven possible solid phases at 298.15 K and several acidwhereT, is the reference temperature of 298.15 K.

hydrates at lower temperatures. Available solubility data have

2.3. The Model. Equations for solute and solvent activity

been used to constrain the model, on the basis of the fact thatcoefficients (and thermal and volumetric properties, if required)

the activity productaM”™aX"~a;? from eq 8 must have a

constant value for any solution saturated with respect to solid
M,+X,-+zH,0(cy at fixed temperature and pressure, irrespective
of solution composition. Values of the equilibrium constants

are derived from an expression for the excess Gibbs energy of
the solution and have been presented for the general case by
Clegg et alk® This expression consists of an extended Debye
Huckel function (equivalent to that in the molality-based Pitzer

themselves, consistent with the modeled activities, have alsomodef!) which accounts for the long-range forces acting in

been determined in this study.

2.2. Vapor—Liquid Equilibrium.  The solubilities of
volatile acids such as HNCand HCI in aqueous solution are
expressed as the equilibrium

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



Thermodynamic Model of H—NH;, —S0O2~—NO3;~—H,0 J. Phys. Chem. A, Vol. 102, No. 12, 199%139

M,+X,— in water there are parameteéBgyx, Wi mx, U1 mx, and the value of one will yield changes, in various degrees, in the
Vimx, Which account for interactions between the solvent others. The determination of parameter values for pure (single
(subscript 1) and ions M and X. As an example, the model solute) aqueous solutions and mixtures is summarized in the
equations for water activityag) and the mean mole fraction following sections.
activity coefficient of the ionsf(%) are given below:

3. Parameterization of the Model

In(a,) = In(x,) + 2AL¥4(1 + oY) + For the present system both binary and ternary interaction
XX Brix eXp(_aMx|x1/2) + XXy Bix exp(_abxklﬂ) + parameters, Henry’s law constants of soluble gases, and equi-
5 librium constants for the formation of solid phases are required
X W nx + (6 = X)Up ux) + AxXuxx (2 = 3x)Vy ux (13) as a function of temperature. Results for each binary and ternary

system are given below. Tables 1 and 2 list the values of model
In(f %) = — z,2,Al(2/p) IN(L + pl,M?) + parameters and equilibrium constants determined here.
1721 — 21 (Z2))/(1 + pl vy 4 3.1. H,SO,—H,0. Clegg and BrimblecomBéhave applied
X i X y the model to this system from 0 to 40 mol¥aacid, and 328.15
222X By I(0ix L ) (Zw + 2" — XuXxBux % K to <200 K, using measured osmotic coefficients, emfs,
(2290 L, EA(2L) + expayy LM — 2,2, /(21,)] + degrees of dissociation of the H3Oon, differential heats of
1 11 5 1 dilution, heat capacities, and freezing points. Coefficients giving
222X Bix 90y L, (2 + 27 — XuXBiyx x the parameters for #-HSO, —H,0 and H—S02 —H.0
[ZMZXg(a%/IXIXUZ)/(ZIX) + exp(_abx|xl/2)(1 - 2,2,/(21.)] + interactions as functions of temperature are Iist_eql in Table 4 of
5 Clegg and Brimblecomb¥. Equations for the activity products
Xy(1 = X)Wy vy + 2% % Uy yx + of sulfuric acid hydrates’Ks in eq 8) are given in Table 6 of
4x12x,(2 — 3x)(2uzd(zy + ZX)Z)Vl,MX - W,y (14) the same work. The parameterization is the same as that used

in the model of Carslaw et 8lfor stratospheric aerosols and is
. . . also adopted here.

In the e-_quanon_sAX is the DebyeHuc_keI parameter on a 3.2. HNO;—H;0. Clegg and BrimblecomBehave evalu-
mo]e fraction basis (2.917 at 298.15 Ky,is the mole frgctlon ated osmotic and activity coefficients of aqueous HN&nd
ionic strength, ang is a constant. The charge magnitudes of s molar enthalpies and heat capacities, from 0 to 100 mass
ions M and X arezy and z, respe(itwely. The functiog(x) % acid at temperatures to 393 K. Carslaw étaged the results
together with terms inBux and By and associated coef-  of Clegg and BrimblecomBéto parameterize the present model
ficients avx and ayy represent the extended Debyiickel for HNO3—H,0 solutions from 180 to 330 K and for < 0.76
function. Further terms iy andx; (the total mole fraction of (~88 mol kgh). Freezing points (with respect to HNO
ions) and parameteh wx, U1 mx, andViux describe the short-  3H,0cy and HNQ+H,O(cr)) were included in the fit of Carslaw
range effects that dominate in concentrated solutions. Model et al.? as were osmotic coefficients at the freezing temperature
expressions for the apparent molar enthalpl) (and heat of the solution (calculated from freezing point depressions,
capacity ¢C,) of single solute solutions contain the first and where ice is the precipitating solid phase) in order to constrain
second derivatives of the model parameters in eq 13 and eq 14the model better at very low temperature. Tables 5 and 6 of
with respect to temperatufé. Carslaw et al. list coefficients giving the model parameters as

The values of the parameters for solvenation—anion functions of temperature and equations for the activity products
interactions in eq 13 and eq 14 are usually determined from Of solid phases HN&®H;O(c) and HNQ-3H,Oc). These results
activity coefficient and thermal data for pure aqueous solutions. are adopted here.

In multicomponent solutions based on a single solvent and The Henry’s law constant of HN§Xeq 10) is given by the
containing several cations (c) and anions (a), in additidBp  following expressior®

Wi ca Uica andVi e, parameters of the typéd, Qujij, and

Uii; arise wheré andi' are dissimilar cations or anions api$ In[*K,,(HNO,)] = 385.972199- 3020.3522T —

an ion of opposite sign. These have the greatest influence in 71 001998 IAT) + 0.13144231T — 0.420928363«

very concentrated solutions and are typically determined from 4o

vapor pressures, electromotive forces (emfs), or salt solubilities 10T (15)
for three ion mixtures. The catieranion coefficientsxc, and
aia may be either set to fixed values (typically in the range

5—20) or, where necessary, fitted together with the parametersPredicted partial pressures of HN@sINg eq 15 fofKy, agree

for solvent-cation—anion interactions noted above. i ' . i .
) o o satisfactorily with measured values to the limit of available data
We do not present here equations for activity coefficients, ¢ spout 215 K.

or other thermodynamic p_roperties, qf the multicompongnt 3.3. (NH)2SO,—H.0. Clegg et af? have evaluated water
system being studied. Th!s has previously been done in a_,q solute activities in aqueous (MBSO, from ~373 K to
number of cases for other mixturé&;?*and readers are referred e oytectic point at 254.21 K, based on isopiestic and
to Clegg et al? for a full description of the model. electrodynamic balance (edb) measurements, vapor pressures,

The determination of interaction parameter values is carried solubilities, and enthalpies and heat capacities. The data were
out using a nonlinear least-squares fitting routine (E04FDF, from fitted using parameter values for a reference temperature of
the Numerical Algorithms Group FORTRAN library). Although  298.15 K, together with enthalpy and heat capacity terms. The
the terms in eq 13 and eq 14 are defined as describing short-inclusion of edb data (obtained for molalities up to about 25
and long-range effects in liquid mixtures, the effects of each mol kg~) means that the treatment extends to highly super-
extend over the entire concentration range. The parameters arsaturated solutions for the temperature range over which these
thus quite strongly correlated, and the removal or alteration of measurements were carried out, 278:3%33.15 K.

Equation 15 yields a value of 853.1 atf(equivalent to 2.63
x 10 mol? kg=2 atnT! on a molality basis) at 298.15 K.
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TABLE 1: Fitted Model Parameters for the System H"—NH;"—S0,2~—NO3 —H,02

parameter value parameter value
BnHa-NO3 13.0466 BNH4-HSO4 4.95871+ 0.04(T — 298.15)
QNH4-NO3 7.0 OINH4-HSO4 13.0
B\Ha-nO3 —16.2254 WiH4-HsO4 —1.63377— 0.0053933( — 298.15)
0~1NH4~N03 130 UNH4~HSO4 0362702
Wi NHaNo3 —0.0403564 VNHa-Hs04 0.367167— 0.0074242T — 298.15)
U1 NH4NO3 —0.680507
V1 NH4NO3 —16.2254 WH.NH4-HS04 —16.481+ 0.049479( — 298.15)
Q1 HNH4-HSO4 7.0845
BINH4.N03 0.283192 WH-NH4‘SO4 —8.3308
Bi:LNH4~N03 —0.0716627 Whisosso4anH4 —8.1710
L NHANO3 —0.00696723 Unso4504NH4 —11.387+ 0.0633521 — 298.15)
UIi,NH4-Nos 0.00171736
LNHANO3 0.00221706 WH.NH4-NO3 —4.0728+ 0.0420317 — 298.15)— 3.2245x 1074T — 298.15%
QL HNH4-NO3 0.75481
Blhanos —0.00352077 UH.NHa-NO3 —1.0055
Buhanos 0.0
) NHANO3 4.89933x 1076 Ws04N03NH4 0.32359+ 0.165677 — 298.15)
UiNH4,N03 0.0 Q1,504NO3NH4 2.6800— 0.13322T — 298.15)
1,NH4NO3 —3.59406x 105 USO4-NO3~NH4 —0.31582
Whiso4No3NH4 —3.0708

aEach parameteP- and P’ is related to paramete? at the same temperature (here 298.15 K)PFby= 9P/dT, and P’ = 52P/dT? + (2/T)P-.
Parameters for H-HSO,”—S0O? —H,0 (aqueous k5Q;) and NH*—SO? —H,0 (aqueous (Nk).SQy) interactions are given by Clegg and
Brimblecombé* and Clegg et ak? respectively. Ternary parameters for the interactions occurring in $#H¥80,—H,O mixtures are listed by
Carslaw et af. 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*—S0,2~—NO3z;~—H,02

AH° ACY A(AC)T
solid phase T: (K) IN(*Ks) (kJ mol™) (d molrtK=Y) (I molrtK—?)
(NH4)2SOy 298.15 —11.960 6.084 —265.3 —6.393
(NH,)sH(SO), 298.15 —26.007 ~5.32 —630.4
NH4HSO, 298.15 —11.408 —15.17 —242.3
NHsNO3(V) 256.20 —7.3737 30.41 —101.2
NHsNO5(1V) 298.15 —5.5295 25.69 —101.2
NH4NOs(111) 305.38 —5.2876 23.26 —101.2
(NH4)2S0Oyr2NH,NO3 298.15 —23.681 58.85
(NH4)2S0Oy*3NH,NO3 298.15 —29.422 84.86
NH4HSO,-NH4NO3 298.15 —18.081 8.73

aThis table lists thermodynamic quantities for the dissolution of the solid phases, at the reference tenipelatime cases of NHMNOs(V) and
NH4NO3(111) the values ofT; are also the transition temperatures between these crystalline forms afDOMHV).

No extension of the parameterization to stratospheric tem- solubility (26.8 mol kg! at 298.15 K), which increases sharply
peratures, of the kind carried out for HNOH,O and HCH with temperature to 116.3 mol k§at 373.15 K2® and aqueous
H,O by Carslaw et aP,was attempted. Calculations of the solutions readily supersaturate in droplet form. Chan &t al.
properties of agueous mixtures containing4Ntdnd SQ?~ ions have used an electrodynamic balance to determine the water
for temperatures below about 254 K, for which there are no activity/composition relationship to over 100 molgat room
data for (NH),SO,—H,O solutions, therefore involve the temperature.
extrapolation of the model. Values of the model parameters for NHNO;~—H,0

Parameters determined by Clegg et?dor this system are interactions at 298.15 K were first determined by fitting eq 13
listed in their Table 3. An expression f8£s((NH4).SOy) has to available isopiestic and edb data, yielding an accurate

also been determined by Clegg et?lusing literature solubili- representation of osmotic and activity coefficients to water

ties from 254 to 380 K, and is given below: activities as low as 0.3, with a smooth extrapolation to zero at
X = 1. The result is shown in Figure 1.

In(Ks((NH,),S0O,)) = —1102.015+ 23931.46T + Partial molar enthalpies and heat capacities are available up

197.3493 InT) — 0.384466 (16) to the saturation molality at 298.15 K, allowing the variation
of water and solute activities with temperature to be evaluated
We note that new measurements of osmotic coefficients of over this concentration range. However, as noted above, the
aqueous (NSO, solutions at 298.15 and 323.15 K have solubility of NH;NOs in water rises to about 90% by mass at
recently been published. These authors used the molality 373.15 K. This enables measurements of equilibrium water
based ion-interaction model of PitZéto represent available  partial pressure and heat capacities at high temperature to be
data for subsaturated solutions over the same temperature rangased, by a process of extrapolation, to estimate the solute and
as studied by Clegg et &.and obtained comparable results. solvent activities for solutions that at typical tropospheric
3.4. NH/NO3z—H>0. The available thermodynamic data for temperatures are supersaturated with respect N®kgtc). The
this system are listed in Table 3. Ammonium nitrate has a high principal sources of partial pressure data are Campbell ¢t al.,
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TABLE 3: Sources of Thermodynamic Data for
NH4NO3;—H,0 Solutions?

mP

J. Phys

SR S — T T

NH,NO5 - H;0

10

. Chem. A, Vol. 102, No. 12, 1998141

datd

min max usedl type t(°C) source 08f
0001 005 yes ¢° 25 Hamer and Wt 1%,
0.1135 27.072 yes iso 25 Wishaw and Stdkes >l Jos™
0.1081 10.03 no iso 15,35 Hejtmankova et7al. ' 07
4,779 12.641 yes iso 25 Kirgintsev and Luk'yafibv 106
1.388 112.44 yes vp 3600 Campbell et a48 05
1.388 237.37 yes Vp 0-170 Othmer and Frolic§ Ohr 104
1.394 29.484 no vp 51:1106.8 Sacchetto et &. x 103
sat. sat. nd vp 10-40 Apelblaf” . e ] . .
sat. sat. nd" vp 10-165 Dingeman@ 0 2 4 6 8 0
25.3 253 no vp 2560 Emons and HaltA Vi
12702 111.01 yes  eth25 Chan et af’ Figure 1. Molal osmotic coefficientsd) of NHs;NOsgg at 298.15 K,
9.196  47.861 yes sol —16.8-55 Linke? plotted against the square root of MDs; molality (m/mol kg™3).
0.000111 20.0 yes “L 25 Parket Symbols: open circles, from the evaluation of Hamer and®\gts,
0.000111 25.0 yes 7L 25 Vanderzee et &% data of Wishaw and Stoké&3;open squares, data of Kirgintsev and
0.0 222 yes Gy 25 Pa_rke_?l Luk’yanov?3 crosses, data of Chan et?lLine: fitted model.
0.9952 11956 yes “C, 25 Epikhin et af*
0.03768 22.43 yes ¢Cj 25 Roux et ak® . . . . . .
1.388  49.97 yes C, 20-80 Gladushko et & 10F
3.0747 35688 y&s C, sat.—100 Sorinaetatt

2 Boiling point data were not considered. Parameters determined: 08t .
BrHan0s Bimanos Winmanos Uinrsnos, and Vinwanos including
derivatives with respect to temperature (supersctipasdJ in Table
1). ® Molality of NH4NOs. ¢ Used in the fit of the thermodynamic model. 06} —
See text for details Type of data: ¢, tabulated osmotic coefficient; -
iso, isopiestic measurements; vp, equilibrium water partial pressures; s
edb, electrodynamic balance measurements of water activity/concentra- 04F .
tion relationships for supersaturated solutions; sol, solubility of
NH4NOs), and saturation with respect to ic#l;, apparent molar
enthalpy;?C,, apparent molar heat capacity;, heat capacity® These 02t E
values, from the correlation of Hamer and ®Wiwhich extends to
25.954 mol kg?), were used to constrain the model at very low
molalities.” Both the original vapor pressure measurements and values 0 , . , L =
generated from the authors’ correlation (80 and 95 wt %;,NBk) 0 0.2 04 06 08 10

were fitted as water activities. Valueslofat 25°C were also calculated
from the water partial pressure slopes given by the authors using
AHgp for water equal to 44.012 kJ midl but were given a very low
weight in the fit of the model? Equilibrium partial pressures of water
over solutions saturated with respect to solid NB&; and compared
with the fitted model (see text}.This author also lists the results of
five previous studies from the period 1912930.' Data were restand-
ardized using isopiestic (osmotic coefficient) data from the literature,
as described by Clegg et #l.for aqueous (NH),SQ. i Used to
determine the solubility equilibrium constati.. X Vanderzee et a®
have also determined a standard enthalpy of solutibkls4,) of
25.544 kJ mol* at 298.15 K. Original data provided by Gerald Perron
(personal communication, 1996)Used only to estimate three values
of ¢C, for supersaturated solutions at 298.15 K.

Othmer and FrolicR? and Sacchetto et &.(see Table 3).

X1

Figure 2. Water activities &) of NHisNOz(aq) at 298.15 K, plotted
against total mole fraction of iong). The saturated solution composi-
tion is marked by a vertical line. Symbols: dots, edb data for
supersaturated solutio”sppen circles, extrapolated using the equations
of Othmer and Frolic#? open inverted triangles, from the data of
Campbell et af Line: fitted model.

their trend with temperature is generally consistent with the
results of Othmer and Froliéh (see Figure 6 of Sachetto et
al%). The partial pressures determined by Emons and #ahn
for 25.3 mol kg NH4NO;z also exhibit a trend with temperature
that agrees well with other data but, when converted to water
activities, show a consistent offset of abet@.009, which may

Othmer and Frolich have used their own measurements, thosed€e attributable to experimental bias. Neither set of results is

of Campbell et al., and apparent molar enthalpies from P&rker
to correlate equilibrium water partial pressures for solutions
containing from 10 to 95 mass % NNOs. Values of the partial
molar enthalpy of water,;, can readily be derived from the
expressions of Othmer and Frolféhusing the relationshif;
= (1 — mAHYs, wheremis a quantity tabulated by Othmer
and Frolich and\Hy,p is the enthalpy of vaporization of water.
The consistency of the water activities extrapolated from high-

further considered here.

Apparent molar enthalpies of aqueous NiD; at 298.15 K
from the compilation of Parke¥, representing data up to 1963,
agree well with the recent measurements of Vanderzee3ét al.
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 #lare more scattered than those
of the other groups. Gladushko et*aklnd Sorina et & have

temperature data with those from isopiestic and edb measure-measured heat capacities of aqueous;NIB; over a range of

ments at 298.15 K was checked for all the compositions listed
by Othmer and FrolicH and independently for the data of
Campbell et al?® see Figure 2. There is satisfactory agreement
for molalities greater than 6.25 mol k§ (30 mass %), with
the exception of values at 12.49 and 112.4 motk¢0 and

temperatures, and the results were used to estimate values of
¢C, at 298.15 K up to 49.97 mol kg. It is also possible to
determine the change 6€, with temperature from these data
sets, but this guantity was not needed to represent the measured
water partial pressures, and so these additional data were not

90 mass %, respectively). The partial pressure data of Sachettdncluded in the overall analysis.

et al30for 1.394-29.484 mol kg! NH;NO3, when extrapolated
to 298.15 K, agreed poorly with other measurements, though

Values of the enthalpy parameters and heat capacity param-
eters for the model (see note to Table 1) were determined by
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Figure 3. (a) Apparent molar enthalpie$L{J mol?) of NHsNOz(q 30 50 70 90
at 298.15 K, plotted against the square root of,NB; molality (m/ ¢

mol kg™%). Symbols: open circles, from the evaluation of Parfker;
dots, data of Vanderzee et &lline, fitted model. The inset shows the
data and fit at low concentrations (same scales as the main plot). (b)
Apparent molar heat capacitie4C/J mol* K=%) of NH4NOs(q) at
298.15 K, plotted against the square root of JNID; molality.
Symbols: crosses, data of Roux et %l.open circles, from the
evaluation of Parket: dots, data of Epikhin et af4 open squares,
estimated from the data of Sorina et ®lgpen triangles, estimated
from the data of Gladushko et &lLine: fitted model.

Figure 4. Water activities &) of NH4NOsug as a function of
temperaturet(°C). (a) Symbols: from vapor pressure measurements
of Othmer and Frolict for three solution compositions (mass %,
indicated on the plot). Lines: fitted model. (b) Symbols: open circles,
vapor pressure measurements of Campbell ¢ dbts, generated from
the fitting equations of Othmer and FrolighLines: solid, fitted model;
dashed, calculated saturation curve (solutions to the left of this are
supersaturated with respect to M3,y (IV) or (I1)).

simultaneously fitting apparent molar enthalpies and heat solid phases W1l were satisfactorily represented by the model
capacities at 298.15 K, together with water activities derived from 256.35 to 333.15 K, using an equilibrium constant of 3.97
from the measurements of Campbell etfor 40—80 mass % x 1072 at 298.15 K andAH° (298.15 K) equal to 25.69 kJ
NH4NOs, and Othmer and Froliéf for 20.6-60.3 mass %  mol~1 12 and also including the enthalpies of transition listed
NH4NOs. Further water activities for 80 and 95 mass % above. The enthalpy of solution (25.69 kJ milagrees well
solutions, from 313.15 to 373.15 K, were generated using the with more recent estimaté®3® A single value of A,Cy°
expressions of Othmer and Frolich and included in the fit. The (—101.2 J moi! K1) was used for the reaction, as the value
results are shown in Figures 3 and 4 and demonstrate aof C,° of the aqueous ions is not known as a function of
satisfactory representation of the available data over a widetemperature. We note that this optimized estimate is about 45
temperature range and to high concentration. We also note that] molt K—1 greater than that derived from the tabulation of
the model agrees well with osmotic coefficients at 288.15 and Wagman et al® The fit to the data is illustrated in Figure 5,
308.15 K from the isopiestic measurements of Hejtmankova et which also compares measured and calculated water partial
al. 3" with deviations of only—0.0038 to+0.004 (288.15 K), pressures above saturated solutions o§NBkqy Expressions
and —0.0091 to+0.0049 (308.15 K), for molalities above 1  for the equilibrium constants for NfNIO3 ¢y solubility are given

mol kg™t in Table 2.

Solubilities of NHNO;3 in water are tabulated by Linké, The properties of aqueous WNO3 are summarized in Figure
from 256.35 K (eutectic temperature) to 443.15 K, based upon 6, which shows contours of water activity over a wide range of
literature data up to 1957. Solid ammonium nitrate occurs in a temperature and to high supersaturation, with the freezing and
number of different crystalline forms: orthorhombic (type V) NHsNOs() solubility curves superimposed.
below 256.2+ 0.4 K, rhombic (type V) from this temperature 3.5. HNO;—NH4NO3—H20. The available data sets for this
to 305.38+ 0.04 K, and rhombohedral (type Ill) from 305.38 mixture are listed in Table 4 and comprise solubilities (four
to 357.254+ 0.1 K38 Two further forms exist at higher solid phases), partial pressure, and degree of dissociation
temperatures. Nagatani e?have determined heat capacities measurements. The partial pressure data of Treuschenk# et al.
of the different solid phases as functions of temperature and are extensive, but also appear to be inaccurate: for example
the following enthalpies of transition: 473 J mél(V to 1V) pH20 values over pure aqueous Hbl&re too high by 0.00%
and 1700 J mott (IV to 1ll). The solubilities of Linke?® for 0.002 atm (2.6%17%) for 3.89-24.0 mol kg? acid. Also,
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TABLE 4: Sources of Thermodynamic Data for HNO;—NH4NO3z;—
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H,O Solutions

mP
min max usetl datd type t(°C) source
14.84 >100 yes sol 675 Silcock®
0.704 >100 yes sol —28.5-100 Kurnakov and Ravit¢h
0.51 10.82 yes <€ 25 Maeda and Kafd
0 85.43 no pH20, pHNO; 30 Treushchenko et &l.
18.10 24.00 no pH20, pHNO; 25 Flatt and Benguergl

a parameters determine®Vi.npano3, QurNHaNo3, aNdUn.nma-nos. P Total molality (mHNOs + mNH4NO3). € Used in the fit of the modek Type
of measurement: sol, solubility of NNOs(), ice, NHiNO3:2HNO;(y; pKa*, stoichiometric dissociation constant of MHin aqueous NENOs;
pH20, pHNO;3, equilibrium partial pressure8The experimental Ig;* values for NH," were converted to the quantifyw,*/fu* using activity
coefficients of NH in NH4NO3(aq) also determined by Maeda and co-workers.
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Figure 5. (a) Solubilities of NHNOgz( (forms Il1-V) and ice in
NH.NOszq)as a function of temperaturt#°C), plotted against the square
root of NH;NO3z molality (m/'mol kg™2). All values are from Link&®
Solid phases: crosses, ice; open circle,sNBs (V); dots, NH:-
NOsen (1V); open squares, NENOspy (Il1); line, fitted model. (b)
Equilibrium partial pressures of watepH.O/atm) above saturated
solutions of NHNOs;. Symbols: dots, Edgar and Swéh;open
diamonds, Prideaux and Cav&npluses, Prideau$¥ open circles,
Apelblat®” open squares, Adams and MéFmpen triangles, Dinge-
mans?? crosses, Janecke and Ral§ff&ine: predicted by the model.

some of the measurggHNO; values, especially for low HNO
molalities, are not consistent with one another. These data wer
therefore excluded from the fit. The few partial pressure
measurements of Flatt and Bengu&trelere used for compari-
son only.
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Figure 6. Phase diagram of NMO; solutions as a function of
temperaturet(°C) and equilibrium water activities for both subsaturated
and supersaturated solutions. Compositions are plotted as the square
root of molality (n'mol kg™?3). Lines: solid (heavy), solubilities of the
following solid phases: (1) ice; (2) NfMIOs(;). Contours: equilibrium
water activities, with values as marked. Contours are dotted for
supersaturated solutions.

sof
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Figure 7. Solubility of NHsNOsz;y in HNOsaq)at different temperatures
(°C, as marked on the plot). Data are plotted as molalities (mof)kg
Symbols: data from Silco€kand Kurnakov and Ravitcfi.Lines: the
fitted model. The fit was restricted to a maximum HN@olality of

€25 mol kg and to a maximum temperature of 308.15 K. The dotted

lines show model extrapolations for higher concentrations and tem-
peratures.

The fitted model is based upon the solubility measurements solubilities of NHNOgz(cr) in HNOs(aq) (Figure 7) show strong

(solid phases ice and NNO3(¢;) from 228.15 to 328.15 K and
pKz* of NH 4" in aqueous NENO; at 298.15 K. Solutions in
which mHNO; was greater than 25 mol kg and for whichT

“salting-in” above about 10 mol kg HNO3;. Model calcula-
tions show that in this composition region the addition of
NH4NO; to the aqueous solution decreases the Higéartial

was greater than 308.15 K were weighted zero in order to pressure despite the higher concentration ofsN®@n. This

optimize agreement with data for lower acidities and temper-
atures. A high weight was given to th&g measurements
(fitted asfyp,*/fu*), as these are relevant to the most common

result is consistent with the partial pressure measurements of
Treushchenko et 4k and those of Flatt and Benguete(see
Figure 10).

atmospheric case of an aerosol containing significant quantities  Solubilities below 273.15 K, Figures 7 and 8, are represented

of NHs" and NQ™, but only a small amount of hydrogen ion.
The results of the model fit are shown in Figures9Z The

well. This result, and earlier work for HNSH,0 solutions®
suggests that the model predicts the phase diagram at low
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Figure 8. (a) Saturation of HN@-NH;NO3;—H,O mixtures with
respect to ice as a function of temperatut’@Q) and total molality
(mr, equal tomHNOs + mNH;NO3). Results are shown for six
composition ratios; (equal tomNH4NOs/my). Data are from Kurnakov
and Ravitch® Symbols: dotst = 1.0; open triangles, = 0.796; solid
squaresy = 0.529; open diamonds, = 0.423; crosses, = 0.223;
open circlesy = 0.0; lines, fitted model. (b) Simultaneous saturation
of HNO3—NH4NOs—H>0 mixtures with respect to ice and MNOs )

as a function of temperatur¢/9C) and molalities 1)) of HNO;z; and
NHNO;. Data are from Kurnakov and RavitthSymbols: dots, HN®
molality in the mixtures; open circles, NNOs; molality in the mixtures.
Lines: fitted compositions. The vertical arrow marks the temperature

and composition at which the solution becomes saturated with respect

to HNGO;:3H,Oc). This point is satisfactorily predicted by the model.
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Figure 9. Reciprocal of NH* and H" activity coefficients in NH-
NOsaq) determined from Kz* measurements at 298.15 K, and plotted
against NHNO3; molality (m/mol kg™%). Symbols: data of Maeda and
Kato* Line: fitted model.

temperatures satisfactorily within the limits of the parameter-
ization (88 mol kg?! for HNO3;—H,0, but probably a much
lower molality for NHUNOs at T < 298.15 K). We note that,
at 263.15 K and for concentrations of about 68 matkgNO3
and 25-40 mol kg! NH4NOs, the solid-phase NENOz:
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oF . . : : 0
S T
I ~~al 0 I ]
A T 1954 mHNGy
12+ ~=_
o i —
< HINO;-NH,NO5-H;0 A *
Q. 4 B
m hm
= z
1 4 A H6”
T -y, 1
L]
1609 mHND3 g
10E, PR . . 4
0 1 2 3 A 5

MNH,NO,

Figure 10. Equilibrium partial pressures of and HNQ (atm) above
HNO;—NH4NO;—H20 solutions, as a function of NfNO; molality,
for two different HNQ molalities (indicated on the plot). The data are
from Flatt and Bengueréf. Symbols: open circles and open triangles,
pH20; dots and solid trianglepHNO;. Lines: solid, fitted model (for
solutions containing 16.09 mol k§HNO3); dashed, fitted model (for
solutions containing 19.54 mol k§HNQO3); fine dotted, these associate
the data points with the corresponding fitted lines.
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Figure 11. Calculated solubilities of NENOz(ry 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 h¥Dsc;), Celsius
temperatures as marked; dashed (fine), contours of water actwjty (

at 298.15 K, values as marked.

2HNOg3(¢) is formed? 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 HNO
required.

The measurements of Maeda and K#tBjgure 9, show that
the activity coefficients of N and H" differ by about a factor
5 in 10 mol kg! NH4sNO; at 298.15 K. The change in
fnu*/ fu* with salt concentration is accurately represented by
the model. Calculated water activities and solubilities of
NH4NOsz(;) are shown in Figure 11.

3.6. HNO;—H,SO,—H»0. Carslaw et af. have evaluated
model parameters for this acid mixture, based principally upon
HNO; partial pressures measured by Vandomit 273.15 K
and at lower temperatures by Zhang etfand freezing points
with respect to various $$0; and HNQ hydrates. Sources of
data are listed in Table 11 of Carslaw ef alhe parameteriza-
tion of these authors is adopted here, and valu&s@bs nos 1
Wsoanos,H @andUpsosnos nare listed in Table 1.

3.7. H,SO,—(NH,4)2SO,—H20. This system has previously
been modeled by Clegg and Brimblecontbat 298.15 K only,
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TABLE 5: Sources of Thermodynamic Data for Aqueous (NH),SO,—H,S0O,—H,0 Mixtures?

mP

min max composition uséd data typé t(°C) source
1.54-8.76 letovicité yes vp 26-30 Tang et al®
5.71-28.92 letovicite no edb 25 Tang and MunkelWitz
1.75-8.56 letovicite no vp 25 Tang and Munkelwftz
6.08-70.9 (NHy)1.4H0 550, yes edb g Spanri®

h variable yes sol 850 Silcock®
0.23-6.85 variable no iso 15 Park et af®
2.74-110.6 variable né edb g Spanri®
5.663-30.9& variable né edb g Spanri®
0.145-7.472 m yes iso 25,50 Clegg et &.
1.132-24.98 NHHSO, yes vp 25 Tang and Munkelwftz
5.578->100 NHHSO, no edb 25 Tang and Munkelwftz
14.06-90.78 NH4HSO, yes edb 25 Sparih
4.97->100 NHHSO, no® edb 25 Kim et aft

0.21-10.1 NHHSO, yes a 0-50 Young et alk?
0.23-10.4 NHHSO, no a 25 Irish and Chef§
0.66-8.61 NHHSO, yes a 25,50 Dawson et gk
0.5-2.5 NHHSO, no o 25,55 Kruus et al*
5.61->100 q no edb 25 Kim et af?

a Balej et al”> have measured degrees of dissociation of EHSOr mixtures of various compositions at 293.15 K, but these are not considered
here. Imre et al® have recently measured water activities of aqueousH@d;, particles and soligtliquid phase transitions to low temperature.
These results are briefly discussed in section 3.7. Parameters deterBiageisos Wi nHaHsos U1 NHaHS04 Vi NH4HS04 WhNHA-HS04 Q1 HNHA-HSO4
Wh-NHa-504 Whsoasosanrsa aNdUpsossosnna. © Total molality (mH2SQO, + m(NH,4),SQy). ¢ Used in the fit of the modeF Type of measurement: vp,
water partial pressure; edb, electrodynamic balance measurements of water activity/concentration relationships for supersaturatesbkolutions;
solubility of (NH4)2SOucr), (NH4)sH(SOQu)2(cr) (letovicite), and NHHSOycry; iSO, isopiestic measurement; degree of dissociation of HSQ © Values
used here were extracted from the graphs presented by Tand etlacorrectly identified as being from Tang et’al.9 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 set5®ntained
mol kg™ (NH4).SQ,. The thesis of Spann also contains other data for the,#8,—H,SO,—H,0 system, for example water activities of various
saturated agqueous mixturé<Compositions up to 100%430; + (NH4),SO, and saturation with respect to solid phases {5 0ucn, (NH4)sH(SOy)2er)
(letovicite), NHiHSOy(cr, and NHH3(SO)2cr). The number of data points refers to those for which 50 °C. ' 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 g80e0ou&NH,).SO,.

I Total molality, (NH,),SQO, + mNH,HSQ,. These data are drawn from Figure 14 of Spann’s th&3ietal molality, m(NH4)>.SOQ; + mNH4HSQ..
These data are taken from Table 3 of Spann’s théFisirty five values ofg for aqueous NEFHSO, at 298.15 K (calculated using the model of
Clegg et al., 1996) and a further 69 estimateg at 323.15 K (generated by interpolation of the measurements of Clegg§®etare also included

in the fit. "Measurements for ratios 2:1 and 1:2 (N#$0Os/H,SQ,. " Figure 4 in Tang and Munkelwitz also shows the temperature variation of
the water vapor pressure at four fixed wt % concentrations of8@;. ° These data are drawn from Figure 16 of Spann’s tHéJike measurements
were carried out at room temperature, which we have treated here as being 29813eke edb data were not fitted, but were found to agree well
with the model, and with other measurements, for {NSIO,/H,SO;, ratios 1:2 and 1:1 (NFHSOy). However, the results of Kim et al. for mixtures
containing mostly (NH).SCO, are discordant with other edb measuremeh@omposition ratios 2:1 and 1:2 (NHSOJ/H>SOs.

using the HSO,—H,0 parameterization of Clegg and Brimble- high concentrations of 30, (greater than about 80 mol kY
combé* and values for (NB),SO,—H,0 determined from a  H,SOy, beyond the upper limit of validity of the model), for

fit to the available isopiestic data and edb measurements ofwhich water activities are extremely low. As noted in Table 5,
Richardson and Sparfh. The parameter set for the mixed some calculated osmotic coefficients from the model of Clegg
solutions was based chiefly on solubility and isopiestic data for et al2>and interpolated values (also based on the results of that

subsaturated solutions and the edb results of Sffanfhe study) were included in the fit to constrain better the model.
sources of data used by Clegg and Brimblecothlee listed Vapor pressure data for different solution compositions are
in their Tables £3. Recently, Clegg et &% have evaluated = compared in Figures £214. Osmotic coefficients for solutions

the thermodynamic properties of aqueous ¢NBO, to high of letovicite composition are shown in Figure 12 and include

supersaturation as a function of temperature, and further edbvalues interpolated from the studies of Park éfaind Spanr®
and isopiestic studies of the acid sulfate mixture have been The results of the fitted model and that of Clegg et®ahre
carried out at 298.15 and 323.15K*° The sources of currently ~ also shown. With the exception of the vapor pressures of Tang
available thermodynamic data are listed in Table 5. and Munkelwit? (appearing as crosses in Figure 12), there is
Isopiestic and edb measurements faiSBEy—(NH4).SOs— good overall agreement. Data for mixtures containing two lower
H,0 are restricted to 298.15 and 323.15 K, with measurementsratios of NH;* to H" (2.448:1 and 1.945:1), compared in Figure
of the degree of dissociation of H3Oalso available at these 13, are also consistent with one another and agree well with
temperatures and at 273.15 K. Solubilities of solid phases the fitted model. However, we note that the results of Kim et
(NH4)2SOucr), (NH4)3H(SOs)2(cr) (letovicite), NHiHSOy(cr), and al.*® for 2:1 NH;t/H™ (not shown) are highly discordant with
NH4H3(SOr)2cr) have been determined over a wider range of other data, with water activities that are too low by about 0.05
temperaturesT(= 273.15 K). The unknown model parameters at 10 mol kg?! and by more than 0.1 at 30 mol kytotal
for this system include those for NE—-HSQ,~ interactions and molality.
a number of “mixture” parameters that involve three ions. These Measurements for agueous MBSO, are shown in Figure
were determined by fitting the data and at the same time 14. The vapor pressure data of Tang and MunkeR¥itnd
determining equilibrium constants for the formation of letovicite interpolated isopiestic measurements of Park &t atyree well.
and ammonium bisulfate as a function of temperature. Satura-However, osmotic coefficients from the edb data of Kim e¥al.
tion with respect to the solid-phase BHE(SOs)z(cry was not and Tang and Munkelwitzdiffer by up to 0.15 at~10 mol
treated, as this precipitates only from solutions containing very kg~ (Aa; = 0.05). Electrodynamic balance measurements from
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Figure 14. Comparison of stoichiometric molal osmotic coefficients
(¢) of NH4HSOy(aqy at 298.15 K, for two compositions, plotted against
the square root of total molalityng, here equal tomNHsHSQOy).
Symbols: dots, edb data of Tang and Munkelfitaroken circles,

Figure 12. Comparison of stoichiometric molal osmotic coefficients
(¢) of (NH.)sH(SOu)2aq) at 298.15 K, plotted against the square root
of total molality (mr, equal tomHSO, + M(NH,).SQy). Symbols: dots,
vapor pressure data of Tang et &lhroken circles, interpolated from  interpolated from the isopiestic measurements of Park € apen
the isopiestic measurements of Park e¥&broken squares, interpolated ~ triangles, edb data of Kim et &% open squares, edb data of Spéhn;
from the edb data of Sparfficrosses, vapor pressure measurements inverted solid triangles, vapor pressure measurements of Tang and
of Tang and Munkelwit; solid triangles, edb data of Tang and Munkelwitz®* Line: fitted model.
Munkelwitz (restandardised in this work). Lines: solid, fitted model;
dashed, model of Clegg et Al.
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Figure 13. Comparison of stoichiometric molal osmotic coefficients '

(¢) of HaSOu—(NH4):SO,—H,0 at 298.15 K, for two compositions,

0841
plotted against the square root of total molality-{ equal tomH,SO, 5
+ mM(NH,);SQy). Main plot (NH,t/H* = 2.448:1): dots, edb data of & 0868
Spann’® broken circles, interpolated from the isopiestic measurements & 7
of Park et al% line, fitted model. Inset (Ng/H™ = 1.945:1): dots, 089
isopiestic data of Clegg et &@;broken circles, interpolated from the B-D/O/O/O/O/Q/W-O\O‘
isopiestic measurements of Park et®&laroken squares, interpolated 0519
from the edb data of Sparffijine, fitted model. /./‘/’/k’_‘\‘

all three sources agree at higher molalities up to albgut 2

35 mol kgt, but beyond this the results of Tang and Munkel-
witz® yield consistently higher osmotic coefficients. This is
qualitatively similar to differences noted for aqueous @NH

: - Figure 15. Total molalities () of (NH4).SO,—H,SO,—H,0 mixtures
SQ; (Figure 15 of Clegg et &). For NHHSO; solutions, the ¢ 298.15 K, plotted against the solute fraction of @8, [, equal
fit of the model was based upon the edb measurements only ofto m(NH4),SQJ/(mH:SO; + M(NH,),SQs)]. Values ofmy are plotted

Spanr and agrees closely with those data; see Figure 14.  for constant water activitiesa{) which are indicated on the figure.
The results of the fits to other measurements are shown in Symbols: isopiestic data of Park etdlLines: fitted model. (a) 0.6

Figures 15-20, with model parameters and expressions for the ™ = 2.0 mol kg™; (b) 2.0 = mr = 7.0 mol kg™,

equilibrium constants of the solid phases given in Tables 1 and

2. We note that the results for the dissociation constant of the at 298.15 K. This is similar to the result obtained by Clegg
HSO;~ ion in agueous NEHSO, (Figure 19) show that the  and Brimblecomb&® However, such errors in the speciation
model predicts values that are too low at high concentrations are not reflected in values of the ionic activities or the water
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Figure 16. Stoichiometric molal osmotic coefficientg) of H,SO,—
(NH4)2SO;—H20 mixtures at 298.15 and 323.15 K, plotted against the
square root of total molalityntr, equal tomH,SO;, + M(NH4).SQy).
Symbols: data of Clegg et &l for two composition ratios (equal to
mH,SOJ/(MHSO, + M(NH4).SOy)), and two Celsius temperatures

(marked). Lines: fitted model.
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Figure 17. Stoichiometric molal osmotic coefficientg) of (NH4)sH-
(SOy)2(aq) from 293.15 to 303.15 K, plotted against the square root of
total molality (r, equal tomH,SO: + m(NH,),S0;). Data are those
of Tang et al® Symbols: dots, 293.15 K; open circles, 298.15 K;

crosses, 303.15 K. Lines: fitted model.
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Figure 18. Stoichiometric molal osmotic coefficients)(of (NH4)1.4Hoss
SOiag) at 298.15 K, plotted against the square root of total molality
(mr, equal tomH,SO; + M(NH4),SOy). Symbols: data of Sparffi.

Line: fitted model.

activity (Figures 14 and 15) and so are likely to have little

practical effect.
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Figure 19. Degrees of dissociation of H30ion (&) in NHsHSOyag)

at 298.15 and 323.15 K, plotted against total molality,(equivalent
to MNH4HSQy). Symbols: open circles, data of Young et®(298.15
K); dots, data of Dawson et &.(298.15 K); crosses, data of Young et
all® (323.15 K); pluses, data of Dawson et’a(323.15 K). Lines:
fitted model.

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 NfHISO, 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’® also shows phase transitions for ice and JNBOy-
8H,0 (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 & with an ice/letovicite coexistence
point corresponding to that determined by Imre etéaior
NH4HSOy+8H0cr/NHsHS Oy ). 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 (NHSO,—H,O and HSOs—H»0.

Even for relatively dilute solutions the variation of total solute
molality (mr) with composition is nonlinear for a fixed water
activity, with a maximum occurring at a (N)3SOy fraction

(r) of 0.6-0.8 (Figure 15). Second, forZ80, molalities greater
than about 7.5 mol kif, the addition of (NH),SO, causes water
activity to increase rather than decrease. These effects are likely
to be due to HS® 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 fopSia,—

The recent experimental study of phase equilibria of aqueous H2SO:—H;0 mixtures.

NH4HSQ, particles to low temperature by Imre et’&includes

The water activities shown in Figure 21 are similar, for most

an equilibrium phase diagram (their Figure 4). This shows a compositions, to those obtained by Clegg and Brimblecoffbe;

transition from aqueous solution to solid WHSO, for con-
centrations greater than about 40 wt % M3$0,. However,

see their Figures 7 and 9. However, in the present model values
of water activities for supersaturated aqueous {NED, are
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Figure 20. Salt solubilities in HSO,—(NH4),S0O,—H,0 solutions, from 273.15 to 323.15 K, plotted as molalities. Data from Silgbk.c) Solid
phases: (1) (NE.SOscr (crosses [283.15 K], dots [298.15 K], plusses [313.15 K]); (2) NH(SOs)-(cr) (inverted solid triangles [283.15 K], open
circles [298.15 K], solid squares [313.15 K]); (3) hHSOycr) (0pen squares [283.15 K], solid triangles [298.15 K], inverted open triangles [313.15
K]). (b, d) Solid phases: (1) (NHLSOu (asterisks [273.15 K], crosses [293.15 K], dots [303.15 K], pluses [323.15 K]); (2})NEEO)2(cr)

(open diamonds [273.15 K], inverted solid triangles [293.15 K], open circles [303.15 K], solid squares [323.15 K]) (83 0itd, (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.

S S TABLE 6: Sources of Thermodynamic Data for
‘ESOA—(NHA)zSOA-H zg A NH4NO3—(NH4),S0O,—H,0 Solutions®

: ] ‘ ’ min  max usetl datatypé t(°C) source

T 5.347 65.74 yes sol 070  Silcock®

5.805 51.4 ne sol 25-105 Emons and Klof
7.68 7.68 né sol -21 Mazzotté?

4870 69.91 yes edb 25 Chan et af?
5.82 253 né vp 25-70 Emons and Halih

30

04

ml NHz,)z SO[.
S

—
<
s h ol

aParameters determinetlVsosnoznma, Qusoanoznmsa, aNdUsosnoznHa-
b Total molality (MNH4NO3z; + m(NH,),SQy). ¢ Used in the fit of the
model.¢ Type of measurement: sol, solubility of NMNOs(cn,
(N H4)2$O4(cr), (NH4)28Q'2NH4N03(cr), (N H4)2804‘3N H4NO3((;[), or ice;
edb, electrodynamic balance data; vp, equilibrium partial pressures of
mH-S0 water.© Only compared with the fitted model (see textfhese data

2 were restandardized using water activities for subsaturated aqueous

Figure 21. Phase diagram of $$O,—(NH4).SO,—H,0 from 263.15 generated using the model.

to 323.15 K and equilibrium water activities for both subsaturated and .
supersaturated solutions at 298.15 K. Compositions are given asProperty of the mixtures therefore appears to be real and not a

molalities. Lines: solid, solubilities of (1) (NBbSOycn, (2) (NH)sH- model artifact.
(SOp)2(ery and (3) NHHSOyn, at indicated Celsius temperatures. 3.8. (NH)2SOs—NH4NO3—H20. Table 6 lists the data sets

Contours: equilibrium water activities at 298.15 K, with values as available for this system, which include solubilities with respect
marked. to five solid phases, edb measurements for six differen WO
lower, for a given molality, and this is reflected in the predicted SO2~ ratios, and equilibrium water vapor pressures. Below
water activities for supersaturated mixtures containing greaterthe upper temperature limit of the model (323.15 K) salt
than about 3:1 NE/H". We also note that the fall and then solubilities have been measured from 273.15 to 313.15 K, with
rise of the water activity contours in this composition region a single determination by Mazzotfoof simultaneous sa-
(e.g., fora; = 0.4) is a consequence of the model fitting the turation with respect to NHNOs(r), (NH4)2SOscr), and ice at
available data at Ni#/H™* ratios 1:0, 2.448:1, and 3:1. This 252.15 K.
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Figure 22. Salt solubilities in (NH).SOQ:—NHsNOs;—H,0, from 273.15

to 313.15 K, plotted as molalities. Data from Silc&tand Emons and
Kloth.54 Solid phases: (1) (NB:SOu (Stars, open triangles, open
squares); (2) (NE2SOs2NHsNO3(cp (solid squares, dots, solid tri-
angles); (3) (NH)>.SO:3NH4NOgz(;y (open squares, open circles,
inverted open triangles); (4) NINOs) (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.

The model was first fitted to the solubility data compiled by
Silcocke® with equilibrium constants of the double salts (i
SOy 2NHsNO3(cry and (NHy) 2SOy 3NH4NO3(cry as unknowns and
to the edb measurements of Chan et’alThe more recent Vi,
solubility determinations of Emons and Klé&ftagree well with
earlier data (from two different sources), although these authorsFigure 23. Water activities &) of supersaturated (NHLSO,—
apparent|y obtained NJ?P”OS(cr) as a solid phase ina region of NH4N.O3—H20 at_ 298.15 K, plotted against the square root of total
composition in which only the double salts should occur. Water Mlality (mr, equivalent tan(NH,),SQ; + mNH.NO;). Data are from

L . Chan et af” Symbols: data for different ratias(equal tomNH,NO3/
activities derived from the vapor pressures of Emons and #ahn M(NH4),SQ), as marked. Lines: solid (heavy), the fitted model: solid

between 298.15 and 323.15 K (using thgifH0)) agreed with  (fine), calculateds; for pure aqueous NHNOs and (NH;);SOy; dotted,

the fitted model to withint-0.016 to—0.012 inay, a satisfactory calculated solubility curve (solutions are supersaturated below this
result. A comparison with the measurement of the eutectic line).

solution determined by Mazzoftb gave a predicted water

activity at the freezing temperature (0.8172) within 0.0024 of ~ 3.9. NHHSO,—NH4NO3;—H:0. The sources of available
the true value for-21.0°C (calculated using the equation in data for this system are listed in Table 7. Highly acidic aerosols
Table 4 of Carslaw et 4). Calculated degrees of saturation ~containing nitrate are unlikely to occur in the atmosphere, due
with respect to NENO3(y and (NH;)2SOyery were 0.70 and to the volatll!ty of HNG; at all temperatures except _th_ose
1.14, respectively. The deviation is relatively large in the case €ncountered in the polar stratosphere. However, solubilities of
of ammonium nitrate and could not be significantly improved NHaHSOu(e) and NHHSO;-NHaNOs(cr) are useful in constrain-

by changes to the model parameterization. The reason for theiNd the model with respect to Nfi—HSOQ,”—NOs™ interac-
disagreement is unclear, although calculations suggest thations, and the equilibrium constant of the acid double salt was

solutions should become saturated with respect to the two doubletNerefore determined. ,
salts at a lower NgNOs molality than for NHNOse, This The model was fitted to the 14 available measurements from

may not have been recognized by Mazz6%o. 283.15 to _32_3.15 K, and th_e results are shown in Figure 25.
The solubilities of three solid phases have been measured at
298.15 K (NHHSOscr, NH4NOgz(c), and NHHSOs NH.-
NOgz(cry). The increase of NENOs(c) solubility with NHsHSO,

03

The model fit based upon the solubilities compiled by
Silcocke3and edb data of Chan et&lwas accepted as the final
result and is shown .".‘.F'g.“res 22 and 23. A .”Otab'e feqture of molality (Figure 25a) is accurately represented by the model,
the measured solubilities is that the compositions for which the ;4 the measured values are consistent with that for pure
two double salts occur show considerable overlap (e.g., see theaqueous NENO; (26.8 mol kg'l). However, this is not the
plot for 298.15 K in Figure 22). Calculations suggest that this ~,se for NHHSOyey the measured solubilities are lower than
is because saturation with respect to both solid phases is Close%redicted even for pure aqueous MBSO, (see also Figure
approached over a quite wide range of composition, which 1) |t is also apparent that letovicite should precipitate at a
would tend to facilitate precipitation of the metastable solid |oywer NHHSO, molality (solid line 1 in Figure 25a) than either
phase. NHsHSOy(ery or NHHSOs*NH4NO3().  Both of these solid

Fitted parameters and equilibrium constants are listed in phases therefore appear to be metastable in this system. The
Tables 1 and 2. Water activities and salt solubilities in the change in solubility of NEHSOs*NH4NO3 () with temperature,
system are illustrated in Figure 24. igure , is adequately represented by the model over a

ill din Fi 24 Fi 25b, is ad I d by th del 30
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Figure 24. Phase diagram of (NjSO,—NH4NOs;—H,0 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) O¥8Oucr, (2) (NH4)2SCOs
2NHNOs(cr), (3) (NH4)2S0Os3NHsNO3(cr), (4) NHaNOs(cr). Dots on the

lines indicate the boundaries between the solid phases. Dashed
contours: equilibrium water activitiesd) at 298.15 K, with values as
marked.

mNH,,HSO,,NHAN 03

TABLE 7: Sources of Thermodynamic Data for
NH4NO3—NH4HSO,—H,0 Solutions?

P datd
min max  composition uséd type t(°C)  source Figure 25. (a) Salt solubilities in NEHSO,—NH,NOs—H,0 at 298.15
32.079 64.783 e yes sol 25 Silcock® K, plotted as molalities. Data from Silcoék.Solid phases: (1)
49.684 >100 e yes sol 206-60 Linke*® (NH4)3H(SO4)2(cr) (cal_culated); 2) NENO3z(cry (open dlamonds:); ?3)
NH4HSOu(cry (open circles); (4) NEHSOs*NHiNOs(c; (dots). Lines:
2 Parameter determinedMisosnosnra.  Total molality (MNHaNOs solid, saturation with respect to solids (WEH(SQs)z(c and NHNOz ey
+ M(NH,)2SO; + mH2SQy). ¢ Used in the fit of the modet Type of dashed, saturation with respect to By and NHHSO,NH,-
measurement: sol, solubility of NMNOsec, NH4HSOuen, or NOs; dotted, saturation with respect NHSO,NHNOs() for
NH4HSQ:-NH4NOs(c). © Mixtures of agqueous NHNOs and NHHSQ,, changes 0f+10% in the equilibrium constant. (b) The solubility of
in various proportions. NH4HSOy*NH4NO3(cy (Mol kg™t) as a function of temperatur&<C).

) Symbols: data from Linké Line: fitted model.
K range of temperature, though the uncertainty*to§(NH-

HSQOs*NH4NO3) at 298.15 K is at least10% and probably 5o : ' " ]
greater (see the dotted lines in Figure 25a). |- A

Water activities and salt solubilities in the system are . L T 03 |
illustrated in Figure 26, and fitted model parameters and 40 |
equilibrium constant of NEHSO;*NH4NO3cy are given in
Tables 1 and 2.

4. Discussion

The model parameterization for the atmospherically important
H2SO—(NH4)2SO,—H20 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 solutionsd; = 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 MNH,NO3
of thf_e composition range. This is even true of supersaturated Figure 26. Phase diagram of Ni#SQ,—NHNOs—H,0 at 298.15 K
solutions, though with the reservation that there remain some anq equilibrium water activities for both subsaturated and supersaturated
inconsistencies between the edb data obtained by differentsolutions. Compositions are given as molalities. Lines: solid (heavy),
groups (see Figure 14). However, the variation of ion and solubilities of (1) (NH)sH(SOy)z(er), (2) NHiNOs(cry; dashed (heavy),
solvent activities with temperature is poorly defined, and the (3) NH:HSQyer, (4) NHHSO-NHNOs(c). Contours:  equilibrium
parameterization presented here is unlikely to be unique evenWvater activities, Wlth values as marked. Contours are dotted for
though the model quite accurately represents the availablesuloers"’m”"’1tecj solutions.
solubilities and isopiestic data at 323.15 K. Measurements of tures from 253.15 to 223.15 K are shown in Figure 27, with
the thermal properties (enthalpies of dilution and heat capacities)contours of equilibrium relative humidity (water activity)
of the system would be valuable, over a range of compositions, superimposed. It is clear that the presence of {6, in
and also determinations of phase equilibria at low temperatures.the aqueous phase at concentrations on the order of a few mol
Calculated phase diagrams 0b$0;—(NH4),SO;—H,O mix- kg1 has relatively little influence on the water activity of an

mNHz,HSOA
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Figure 27. Phase diagram of $$0,—(NH,).SO,—H,O 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)E&PNH(3)
(NH4)3H(SOW)2cr), (4) NHsHSOycry, (5) HoSOs*H20cr), (6) HSOs-4H,O (. 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.

H,SQy»—H-0 solution, although in highly concentrated solutions into H'(aq) and OH (4q) is not treated by the model, these
it is increased by the addition of (N}3SO4. This implies that predictions are restricted to acid solutions (about pH 5 and
in the atmosphere an aqueous aerosol containing both)§NH  below, where the dissociation of water is suppressed). Maeda
SO, and HSO, could be more highly concentrated with respect and Iwat&® have measured theKgt of NH 4" (aq) in aqueous

to H,SOy than a pure aqueous,8i0; aerosol. This could affect  (NH4).SO, at 298.15 K. The model of Clegg et @lis able

the rates of some reactions that occur in, or on the surface of,to reproduce the data to within experimental precision when
aqueous acidic aerosols. Figure 27c,d shows that, at 233.15combined with critically assessed estimates of the activity
and 223.15 K, the range of humidity and (W80, molality coefficient of NH; in aqueous (Ni)>SO:.1” We have compared

of the stable liquid region is small. It is thought that aerosols values ofaNH,t/aH™ predicted by the equations of Clegg et
in the stratosphere can become supersaturated with respect tal.?®> and the present model, for aqueous @H30, solutions
H,SO; and HNQG hydrate§ and remain liquid. Aerosols of  containing 104 mol kg-! H,SO,. There is agreement to within
H,SO,—(NH4)2SO—H,O composition are readily maintained 2% at 6 mol kg?! (NH4)2SO; (79% relative humidity), decreas-
in the laboratory in a supersaturated state, and it seemsing to about 30% for 0.5 mol kg (NH4),SO, (98% relative
reasonable to suppose that such liquid aerosols may also occuhumidity). While this comparison is limited, the result gives
in the atmosphere. The properties of supersaturated solutiongeasonable confidence in predictionspHs.

predicted by the model are subject to a large uncertainty at |t has been suggested that ternary homogeneous nucleation
temperatures far from 298.15 K since the edb data that constrainof H,S0,—(NH,),SOs—H,0 aerosols may occur in the atmo-
the fits are currently restricted to this temperature. sphere? and methods for estimating the rate of this process
Equilibrium partial pressures of Nfbver aqueous solutions  require a knowledge of the equilibrium partial pressure s36h
containing NH*q) can be calculated using eq 11b and for above the solutions. Recently, Marti etSdhave determined
H2SO;—(NH4)2SO;—H,0O mixtures are very low: about 1& pH2SO, over HLSO;—(NH4)>,SO,—H,0 solutions at 303.15 K
atm for a 6 mol kg* solution of aqueous NAHSQ, (see Figure by measuring the rate of evaporation 0f3®, from aerosol
10 of Clegg and BrimblecomB®. How accurate are values droplets for different liquid-phase ion ratios NHSO,2~ and
of pNHj3 predicted by the model? Clegg and Brimblecoftbe  for relative humidities from 2.9 to 14.4%. For solutions rich
have compared their results with the data of Koutrakis and in NH4" the concentrations reached in agueous solutions at some
Aurian-Blajeni?® although there appear to be errors in the of these relative humidities are beyond the limit of the model.
calibration of their experiments (see section 4 of Clegg and However, it is worthwhile to compare predictpti,SO, with
Brimblecombé®). Agreement is poor. Given that the equilib- the data of Marti et at” First, a Henry’s law constant of &
rium constant for the reaction in eq 11 is well-determined (from 10 atm™? at 303.15 K (for the reaction #$0y(g) = 2H" (aq) +
values of the Henry’s law constant and the acid dissociation SO2~(aq) Was estimated from the vapor pressure equation of
constant of NH' ), the overall accuracy of predictgiNH3 Ayers et al® and aqueous activities tabulated by Giauque et
is limited chiefly by the ability of the model to predict the al3® For each of the Nki"/SO2~ ratios listed in Table 4 of
guantityaNH4™/aH*. At present, as the dissociation of water Marti et al>” the model was used to calculate first the aqueous
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T T T T TABLE 8: Gibbs Energies and Enthalpies of Formation of
] Acid Ammonium Sulfate Salts and Nitrate—Sulfate Double
0320153
TSI TT T T 033 3 Salts

""""" 050 ]

salt AfG® (kJ mol1) AH° (kJ mol1)

(NH4)sH(SQy)2 —1791.46 —2210
01k ﬁ % 10 - NH,HSO, -852.12 —1027

(NHz),SO#2NH,NO;  —1342.97 (1341.3) —1913 (-1912)
] (NH;);SO3NH,;NO;  —1547.77 £1545.6) —2279 (-2277)
{ ] NH,HSOsNH4NOs —1009.44 (-1056.4) —1390 (-1392)

001 E aThe first value listed for each salt was calculated from the
E 3 equilibrium constant given in Table 2, together witfG° or AH® for
] the ions from Wagman et &.and standard thermodynamic relations.
[ ] The values in parentheses are estimates obtained by addBigand
/ﬂ (a) A¢He for the individual salts (NB2SQucn, NHaNOs(cr, and NHHSOycr)
0001, , . . ; . A in the appropriate multiples (e.gAG°(NHHSQyNH;NOser) =
0 02 04 06 MG (NH4NO3(cr)) + AG°(NHHSOycry).

difficulties of measuring partial pressures 0$30, (only 1.4
100k R ] x 107510 6.8 x 1071 Pa in the experiments of Marti et &).

F N 3 and the very high concentrations in the aerosol solutions, the
overall agreement is satisfactory.

In the atmosphere, exchanges of fjjfand HNQ g between
the gas phase and solid MWKWO3 particles may lead to the
following equilibrium being established:

NH,NOjy == NH3¢) + HNO; ) (17a)
: ] K(NH,NO,) = pNH;pHNO, (17b)
where K, (atn?) is the equilibrium constant, which can be
i (b | expressed as
0 02 . O 06 K,(NH,NO;) = "K¢(NH,NO,)/("K},(NH5)K,(HNOy)) (18)
Figure 28. Partial pressures of430, over HSO—(NH4).SQ:—H-0 Combining values from eqgs 12 and 15 and Table 3, we obtain

O T o O e adlueols  Ky(NH4NO) at 208.15 K equal to 4.36 1027 atn? (4.48 x
mixture to that over pure aqueous$0, at the same relative humidity 17 o

(RH), plotted as a function dRH. Data are from Marti et & Symbols l(Tfl bar) and an enthalpy Chgngerﬁ ) equa}l to 184.2 kJ
are experimental results for the following molar N#¥SQ2~ ratios: mol™. These agree closely with the evaluation of Mozurke-
crosses, 0.13; dots, 0.15; open circles, 0.33; solid squares, 0.50; opeich,f% who obtained<,(NH4NOs) equal to (43+ 5) x 10718
diamonds, 0.80; solid triangles, 1.0. Lines: calculated using the model ba® and an enthalpy change of 185.3 kJ miait 298.15 K for

for each NH*/SQ;2™ ratio (indicated on the plot). (b) Calculated total  the reaction in eq 17.

m‘t’_'a”“es f?T e‘tl“a' t‘]fm"'ﬁ?_oll Em(’_\'d"_"*)f_%) forteacth NH*/SQ2" | Finally, we note that application of the model to the (i)
ratio, as a function of relative humidity. The saturation curve is also
shown, for solid phases (MMH(SQ)zg) (1) and NHHSOue (2). SO4—NH4N03—I-.|?O.and NHHSO,~NH/NOs—H-0 systems
Values ofmy for supersaturated solutions are plotted as dotted lines. NaS enabled equilibrium constants for the formation of the double
salts (NH)2SOs2NH4NOz(cr), (NH4)2S04°3NHsNO3(r, and
phase concentration for the listed relative humidity and then NH“(!"SO“'NH“NO““) to be det_erm|_ned. Values @G* and
pH,SO from the H- and SQ?~ activities. The measured partial ATH forlthe solid phases are given in Table.8 and areocompared
pressures covea 4 order of magnitude range. These are Wlthoesumates obtained from a linear combinatiom\g®° and
compared with model predictions in Figure 28 as the ratio of AfH® for the salts (NH)2SOu(er, NHsNOs(en, and NHHSOucery.
the equilibrium partial pressure over the mixed solution to that D€tails of the calculation are given in the notes to Table 8. For
over pure aqueous 480, at the same relative humidity and the Mo_nltra}te/sulfate double salts agreement is surprlf,mgly
temperature. The data and predicted pressure ratios ared®0d, W'fh differences of less than 2.2 kJ midlor both A/G
consistent and show, first, that for low ratios of NHSQO2~ and AH°®. The discrepancy is greatest for B0, NH4-
the partial pressure of 430y is hardly reduced from that over ~ NOsen, Whose equilibrium constant is subject to a larger
the pure aqueous acid: for NHSO2~ up to about 0.5 the uncertainty (section 3.9). The thermodyngmlc properties of
decrease is no more than a factor of 2. Second, the trend in(NH#)sH(SQu)2(en and NHHSOyey are also given in TabI918.
PH,SO; (andr,, the quantity plotted in Figure 28a) for NH The value ofAsH® for NHsHS Oy ) differs by only 0.36 kJ mot
SO;2 ratios of 0.8 and 1.0 is correctly predicted by the model. from the value tabulated by Wagman etal.
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,  The mole-fraction-based thermodynamic model presented
with the saturation curve superimposed. Some of the aerosolshere provides a self-consistent representation of ion and solvent
measured by Marti et al. (1997) appear to be supersaturatedactivities in H*'—NH4"—NO3;~—SO;2~—H,0 mixtures to high
with respect to NEHSOyc), and concentrations in the 0.8 and  supersaturation, for temperatures up to 328.15 K. The model
1.0 NH;7/SOs2~ solutions exceed 100 mol kg at the relative has been parameterized using available vapor pressures, iso-
humidities for which pH,SO, was measured. Given the piestic and edb data, degrees of dissociation, emfs, &gtl p

5. Summary
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measurements. For the pure aqueous acids and their mixtures (20) Roux, A.; Musbally, G. M.; Perron, G.; Desnoyers, J. E.; Singh, P.

the model is identical to that of Carslaw etal.

P.; Woolley, E. M.; Hepler, L. GCan. J. Chem1978 56, 24—28.
(21) Pitzer, K. S. InActivity Coefficients in Electrolyte Solution&nd

The model reproduces the measured thermodynamic proper-eq: pitzer, K. S., Ed.; CRC Press: Boca Raton, 1991; pplBs.

ties of HhSOy—(NH4)2SO;—H,O mixtures well, although the

(22) Clegg, S. L.; Ho, S. S.; Chan, C. K.; Brimblecombe JPChem.

available data are confined to temperatures of 273.15 K and Eng. Datal995 40, 1079-1090.

above. Further determinations of activities, thermal properties,

and solid/liquid phase equilibria for330,—(NH4)>SO;—H,O

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 sulfatenitrate double salts have been

(23) Clegg, S. L.; Brimblecombe, B. Aerosol Sci1995 26, 19—38.

(24) Clegg, S. L.; Brimblecombe, P.; Liang, Z.; Chan, C.Agrosol
Sci. Technol1997, 27, 345-366.

(25) Clegg, S. L.; Milioto, S.; Palmer, D. Al. Chem. Eng. Datd996
41, 455-467.

(26) Linke, W. F.Solubilities of Inorganic and Metal Organic Com-
pounds American Chemical Society: Washington, DC, 1965; Vol. I.

(27) Chan, C. K,; Flagan, R. C.; Seinfeld, J. Atmos. Eniron. 1992

calculated from the equilibrium constants for dissolution of the 26A 1661-1673.

solid phases, and the results are consistent with estimatesR

obtained from values for the individual component salts.
Measurements of equilibrium partial pressures of;Nidd

(28) Campbell, A. N.; Fishman, J. B.; Rutherford, G.; Schaefer, T. P.;
oss L.Can. J. Chem1956 34, 151-159.

(29) Othmer, D. F.; Frohlich, G. AIChE J.196Q 6, 210-214.

(30) Sacchetto, G. A.; Bombi, G. G.; Macca, .Chem. Thermodyn.

H,SO, over acidic solutions are sparse. However, comparisons 1981 13, 31—40.

with existing data for the activities required to calculpbéH;
and with determinations giH,SO, 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

(31) Parker, V. B.Thermal Properties of Aqueous Uni-walent
Electrolytes Report NSRDS-NBS 2, U.S. Govt. Printing Office: Wash-
ington, DC, 1965.

(32) Emons, H. H.; Hahn, WWissenschattl. Zeitscht97Q 12, 129—
132.

(33) Vanderzee, C. E.; Waugh, D. H.; Haas, NJOCChem. Thermodyn.
198Q 12, 21-25.

here is available from S. Clegg (s.clegg@uea.ac.uk) and can (34) Epikhin, Yu. A.; Bazlova, I. V.; Karapetyants, M. KiRuss. J.
also be run from the following websites: http://www.uea.ac.uk/ Phys. Chem1977 51, 676-677.

~e770/aim.html, and http://www.me.udel.edu/wexler/aim.html.
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