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A multicomponent mole-fraction-based thermodynamic model of theRH,"—Na"—SQ? —NO; —Cl~—

H,0 system is used to represent aqueous-phase activities, equilibrium partial pressu€s (6Ns;, HCI,

and NH), and saturation with respect to 19 solid phases {B&Ouc), (NH4)sH(SOw)2cryy NHsHSOycry, NHa-

NOg(cr), NH4C|(Cr), NEbSO;;'lOHzO(cr), NBQSO4(cr), Na3H(SO4)2(Cr), NaHSQ-HZO(Cr), NaHSQ(Cr), NaHs-
(SO4)2‘H20(cr), NaNQ(Cr), Nathr), NH4HSO4‘NH4NO3(C0, (NH4)2804'2NH4NO3(Cr), (NH4)2804'3NH4NO3(Cr),
(NH.)2S04*NaSOs+4H,0cry, NSOy NaNQO;HoOcr), 2NaNQ:NH4NO3()). The model is valid for concentra-

tions from infinite dilution to saturation (with respect to the solid phases) and to about 40 mdbkacid

sulfate systems which can remain liquid to concentrations approaching the pure acid. Parameters for H
SO,—H0 interactions were adopted from a previous study, and values for other binary-(etgtetrolyte)

and ternary (water and three ions) interactions were determined from extensive literature data for salt solubilities,
electromotive forces, osmotic coefficients, and vapor pressures. The model is compared with solubility
measurements for the quaternary ion systems-Nat*—SO2 —ClI~—H,O and NH"—Na"—SQ2 —Cl—

H-O.

1. Introduction Cl~ (to the system in paper 1) allows calculations to be carried
out for aerosols containing a sea salt component, though omitting
Mg?* (present at about one-ninth the concentration of e
seawater) and other minor constituents. Agueous solutions of
composition H—NH4 —Na"—SO2~—NO;~—CI~—H,0 have
he potential to form seven acid sulfate or double salts at 298.15

Acid ammonium sulfate aerosols, with additions of nitrate
and sea salt, are ubiquitous in the lower tropospketeThey
are an important influence on urban air quality, for example in
the Los Angeles basthand there have been numerous chemical
modeling studies of such aerosols over the past decade an

more>8 Mixing rules such as that of Meissner and Kddilave in addition to those_ discussed in paper 1. Equilibrium
generally been used to estimate ion and solvent activities in constants for the formation of several of these are poorly known,

aqueous aerosols, as the presence of highly soluble ammoniunfs estimates of their values require a knowledge of the activity

salts and acid sulfates enables very high aqueous concentrationgo.e:f'c'em.S of tE.e r:;o?hstltu?nt |onslén ﬂ:le cczﬂcentratedtgolutl?n
to be attained at low relative humidity. These concentrations MIXIUres in whic ey form. eally, ne properties o

are too great to allow the application of potentially more accurate _supersaturated solutions should also be represented by models

methods of calculating activities, such as the ion interaction intended for atmospheric applications, as aerosols are believed
model of Pitze#® which has b;aen widely used in brine to occur in this staté> However, data for supersaturated
chemistryl® HoWever, many of the concentration limitations solutions, especially mixtures, are far from comprehensive even

of the molality-based ion interaction model are overcome by at 298.15 K.

the Pitzer, Simonson, and Clegg (PSC) apprdaéhwhich has In previous studies we have successfully applied the PSC

the advantages over mixing rules that associated ionic speciequations to the systems"HNH,*—SO*"—H,0 and N&—

and ternary interactions between ions can be treated explicitly. SO* —NO3"—Cl~—H,0 at 298.15 K, including data for

This is important, for example, for modeling the effects of Ssupersaturated solutiod®!7 although there remain difficulties

bisulfate formation in acidic sulfate solutions. in representing accurately the thermodynamic properties of some
In the accompanying publication (hereafter referred to as €lectrolytes, particularly aqueous 784, at extreme concentra-

paper 1) Clegg et &b apply the mole-fraction-based PSC model tion. These may need to be overcome by refinements in the

to the system F—NH,"—SO2 —NO3; —H-0 to high super- model equations or by assuming the formation of species such

saturation (low relative humidity) and temperatures up to 330 as ion pairs in solution. This is reasonable given often small

K. This system of equations has also been used to predict theamounts of water available for hydration of the ions in

behavior of low-temperature acid solutions related to strato- Supersaturated solutions, but represents a complicating factor

spheric aerosofs as there are few data with which the concentrations of such
A comprehensive model of inorganic tropospheric aerosols SPecies can be directly constrained.

should predict activities, partial pressures, and salt solubilities  In this work we present a model of the fullfHNH, —Nat—

in HF—NH;—Na"—S02~—NO3;~—CI~—H,0 mixtures over SO —NO3; —CI=—H,0O system at 298.15 K, restricted to

a wide range of temperature. The addition of the ion$ Bliad subsaturated and saturated solutions. The purpose of this model
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is (1) to determine equilibrium constants of acid sulfate salts themselves, consistent with the modeled activities, have also
and other double salts that form in solution mixtures and provide been determined here.

a more accurate method of exploring phase equilibrium relation-  2.2. Vapor—Liquid Equilibrium. The solubilities of the
ships for these inorganic aerosols than has hitherto beenvolatile acids HNQand HCI in aqueous solution are expressed
available; (2) to establish the basis for a temperature-dependents the equilibrium

model for solutions up to saturation with respect to dissolved

salts; and (3) to provide a reference to aid comparisons between HX g = |_|+(a X (2a)
different methods of estimating activity coefficients used in 9 a a
aerosol models. It will also allow the requirements for accuracy K, = xH+fH*XX_fX*/pHX (2b)

in the thermodynamic calculations to be assessed relative to
uncertainties in aerosol composition, atmospheric conditions
(temperature, relative humidity, and the partial pressures of
soluble gases), and physical transport processes in typical
atmospheric modeling applications. For these purposes the . 18
parameterization of the activity coefficient equations for each respectlvelyz at 298'15_ K . . I
component electrolyte has been limited to a maximum concen- The solubility of Ni is described in terms of the equ|l|brlum
tration within which the available measurements are representecf:’et"\feen the gas-phase molecule and aquecusrid NH;

to within, or close to, experimental precision. For all salts this 1ons

is at or above the concentration at which each binary solution

wherepHX (atm) is the partial pressure of acid gas HX. (For
conversion to Sl units, atrs 101 325 Pa.) The Henry’s law
constants of HN® and HCI are 853.1 and 662.1 ati

becomes saturated. The model should provide a more accurate NHzg) + H' 0= NH, o) (3a)
method of predicting the properties of the system at 298.15 K
(principally HNG;, HCI, NH3, and HO partial pressures and Ky, = xNH4+fNH4*/(XH+fH* pNH,) (3b)

solid/liquid phase equilibrium) than currently available. It is
validated by comparisons with measured salt solubilities in two

. where’K}, (atnm?) is equivalent to the “conventional” Henry’s
quaternary ion systems.

law constant for NH (K}, for NHzg) = NHs@ag) divided by
the acid dissociation constant of WH(Ka, for NHatagy= H*(aq)
2. Theory X 1
+ NHz@g). At 298.15 K, *Kj, is equal to 1.066x 10
In the model, all liquid-phase concentrations and activity gtny1,19.20
coefficients are expressed on the mole fraction scale. The mole 2.3, The Model. Equations for solute and solvent activity

fractionx; of species is given byx = ni/(3jn), whereniisthe  coefficients in a liquid mixture are presented in general form
number of moles of componentnd the summatiopis over by Clegg et all2 and are given for the case of a single solute
all solution components including the solvent. The activities in water in paper 1.

& of all components are given bya = fix wheref; is the The model contains interaction parameters whose values must

activity coefficient. The reference state for the activity coef- pe determined from empirical data. For a single ionic solute
ficients of solute species is one of infinite dilution with respect M, ,X,_ in water there are parameteBgix, Wi mx, Uz vx, and

to the solvent, identified by subscript 1, and activity coefficients v, yy that account for interactions between the solvent and ions
on this basis are denotdt; thus f* — 1 asx; — 1. The M and X. The catior-anion coefficientauuy may either be
reference state for the activity coefficient of the pure solvent is set to fixed values or, where necessary, fitted together with the
the pure liquid, so that; — 1 asx; — 1. The relationship  parameters for solventation—anion interactions noted above.
between mole fraction and molality-based activity coefficients  |n multicomponent solutions based on a single solvent and

and equilibrium constants, and definitions of molg) @nd  containing several cations and anions, there also arise mixture
rational (g) osmotic coefficients, are given in egsfof paper parameters of typ&\ij, Quij and Ui, wherei and i’ are
(2). dissimilar cations or anions arjdis an ion of opposite sign.

The present model is similar to that in paper (1) in that These have the greatest influence in very concentrated solutions
conventional strong electrolytes are treated as fully dissociatedand are typically determined from vapor pressures, electromotive
in solution, but the dissociation of the bisulfate ion (HSDis forces (emfs), or salt solubilities for three-ion mixtures.
considered explicitly (eq 5 and eq 6 of paper 1). The determination of parameter values for pure (single-solute)

Equilibrium expressions for the formation of solid phases, aqueous solutions and mixtures is summarized in the following
and for vapor-liquid equilibrium, are the same as those given section.
in paper (1), and are summarized below.

2.1. Formation of Solid Phases.For a salt M+X,-+zH20 3. Parameterization of the Model
in equilibrium with an agueous solution containing cation M

: The present model does not, in general, extend to supersatu-
and anion X,

rated solutions. However, it represents the thermodynamic
properties of aqueous mixtures up to, and including, saturation
with respect to nineteen possible solid phases at 298.15 K.
« .o 7 Parameterization of the model over such a restricted range of
Ks=aM""ax" a,7a(M,, X, +zH;0,) (1b) concentrations leads to an increase in accuracy at low to
moderate concentration compared, for example, to the extended
whereaM** and ax”~ are the mole fraction activities of M fits of Clegg et al’
and X, anda; is the water activity. Because the activity of the Figure 1 shows the relationship between water activity
pure solid phasa(M,+X,--zH,O) is by definition unity, only (relative humidity) and concentration for each of the binary
the activity product of the ions and solvent in eq 1b is significant. solutions, in most cases up to the saturation molality. There is
Solubility data for all the systems studied have been used toa wide diversity of behavior. For example, 25 mol kg
constrain the model, and values of the equilibrium constants solutions of NHNO3z; and HSQ, are in equilibrium with relative

M, X, ZH Oy == Vs Mg+ v-Xag t 2H,0 (1)
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TABLE 1: Fitted Binary Model Parameters for the System H*—NH  —Na"—S02~—NO3; —CIl~—H,0 at 298.15 k&

parameter value parameter value parameter value
BH-NO3 13.5342 a BH-CI 4.65969 e BNH4-HSO4 14.2262 h
QOH-NO3 17.0 a QH-cl 15.0 e ONH4-HSO4 19.0 h
Wl,H-NO3 —3.07186 a Wl,H-CI —0.568291 e Wl,NH4-HSO4 —2.56359 h
Ul,H~N03 1.96582 a Ul.H~CI 2.07244 e Ul,NH4vHSO4 —0.796274 h
Vl,H-NO3 —-1.41191 a Vl,H-CI —1.25000 e Vl’NH4.HSO4 0.663585 h
BNH4-s04 —2.858988 b BNHa-NO3 24.7529 f Bnha-ci 4.65969 i
ONH4-S04 13.0 b OINH4-NO3 7.0 f ONH4-CI 15.0 i
Wi NHas04 —0.740149 b Bl\Ha-NO3 —29.9961 f Wi NHacl —0.568291 i
Ul,NH4~SO4 0.940860 b (llNH4.N03 13.0 f Ul,NH4~C| 2.07244 i
Vl,NH4~SO4 —2.587430 b Wl,NH4-NO3 0.900729 f Vl,NH4~CI —1.25000 i
U1 nHeNO3 0.379736 f
BNa~HSO4 62.27961 C Vl,NH4'NO3 —1.42646 f BNa.NO3 26.9994 ]
OlNa-HSO4 19.0 Cc OlNarNO3 5.0 J
Wl,NaHSO4 —2.932425 C Bnasos 34.4660 g BlNa~N03 -21.6050 ]
Ul,NaHSO4 —4.857197 C ONa-SO4 13.0 g (XlNa.Nog 13.0 j
Vl,NaHSOA 4.888311 C Wl,NaSO4 —3.72596 g Wl,NaN03 0.0526908 ]
U1 nasos —1.95916 9 U1 naNo3 0.266644 i
Bnaci 19.9338 d V1 Nasos —4.86057 g V1,NaNo3 —2.30288 i
OlNa-Cl 5.0 d
Wi Nac —5.64608 d
Ui nacl —3.60925 d
Vi Nac —2.45982 d

a parameters for B-HSO,"—SO2? —H,0 (aqueous EBQy) interactions are given by Clegg and Brimblecorfb&he interaction parameters
above were determined from data for the following system$H@0;—H,0; (b) (NH).SO:—H0; (¢) NaSO—H,SO,—H:0; (d) NaCHH0; (e)
HCI=Hz0; (f) NHsNO3;—H;0; (g) NaSO,—H:20; (h) (NHs)2SOQy—H2S0—H0; (i) NH4CI—H,0; (j) NaNG;—H-0.
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Figure 1. Relationship between water activitgsf and molality (v _Figure 2. Fit of the model to mean ac_tivity coefficients of HN(@.*) .
mol kg™ for single-solute solutions at 298.15 K. Numbered solutes: N HNOsqq at 298.15 K, plotted against the square root of molality
(1) HoSOuags (2) HNOsag (3) HClags (4) (NHa)2SOsgas (5) NHINOs(ag) (m/mol kg™). Symbols: dots, Clegg and Brimbleconibéevaluated
(saturation occurs a¢26 mol kg™); (6) NHaCliags (7) N&:SOyaq (lies data from many sources). Lines: solid, model of Carslaw et‘al.;
between the curves for (N§3SOyaq) and NHCliag); (8) NaNOgy dashed, equation of Hamer and Wu.
(9) NaClag) o
'
humidities of 62% and only 4%, respectively. The amounts of 002k i
water taken up by atmospheric aerosols are thus highly '
dependent upon composition, especially at low relative humidi- ootk . ]
ties where the curves for the individual electrolytes in Figure 1 ’ T, L
diverge. W
In the following subsections, the parameterization of each <51 ]
binary and ternary system is summarized. All model parameters g
are listed in Tables 1 and 2, and equilibrium constants for the -001F . .
formation of solid phases in Table 3. For aqueous mixtures .
that have been modeled in previous studies, for example in paper R S
1, fits of the present model to the available data are generally 0 L y z 3

not shown here. In other cases they are given in Figures 24 ] o o

42, with summary diagrams contained in the main text. The F19ure 3. Fit of the model to mean activity coefficients of HALY)
I P ) in HClaq) at 298.15 K, plotted against the square root of molality

quantitiesA¢ andAf.*, shown in Figures 29, are differences (m/mol kg™1). Symbols: dots, Carslaw et #l.(evaluated data from

betWeen the eXperimental and f|tted Values Of the OSITIO'[IC and many sources). Lines: SOIid, model of Carslaw ef“aﬂ_ashed’ equation

mean activity coefficient, respectively. of Hamer and W2

3.1. H:SO,—H0, HNO3;—H»0, and HCI—-H,0. For
aqueous KSO, the parameterization of Clegg and Brimble- and osmotic coefficients to 40 mol kY(a relative humidity of
combélis used, as for the model in paper 1, to represent activity 0.59%). For HN@—H,O, critically evaluated activity data
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TABLE 2: Fitted Ternary Model Parameters for the System H*—NH, —Na™—S0O,22 —NO3; —CI~—H,0 at 298.15 K&

parameter value parameter value parameter value
WH-NH4-HSO4 —19.494 h WH~Na-C| 2.2490 n WHSO4NO3-NH4 —2.7465 S
Ql,H~NH4~HSO4 87607 h Ql,H~Na~CI _025080 n
Q1,504N03NH4 2.9795 t
WH~NH4~SO4 —4.3507 h WNH4-Na~SO4 —1.4832 (o] USO4N03~NH4 —1.2163 t
UH-NH4-504 6.5216 h Q1,NH4Na S04 0.76211 (¢}
Wsosn03Na —9.498 u
Wh-NH4-NO3 —3.0708 k WiH4-Na-NO3 —0.35411 p Q1:504N03Na 8.528 u
Q1 HNH4NO3 0.28491 k Q1,NH4NaNO3 0.046254 p
UH-NH4~N03 —0.46338 k UNH4-Na~N03 0.2130 9] USOACI-NH4 —1.0709 \
Q1,504C1-NH4 1.0869 \
Whi-NHa-CI —19.977 | WiHa-Na-Cl —5.6414 q
Q1 HNHa-CI 10.233 I Q1NHaNacl 3.2919 q Wsoasci-Na 4.827 w
Ql-SOZbCI'Na 005163 w
Wh-NarHs04 —8.96894 c Whiso4soaNH4 —14.753 h
Q1,H-NaHS04 4.16202 c Q1,HS04504NH4 4.7204 h Whos-cl-NH4 —0.2207 X
UH-Na-Hs04 —2.92819 c UHs04504NH4 —16.317 h Q1No3CINH4 —0.1173 X
Wh-Naso4 15.9075 c
Q1 HNas04 —8.82425 c Q1,HS04504Na —4.68641 c Whoz-cl-Na —6.923 y
Q1-noz-ClNa 4.181 y
WhisoanozH —4.280 r
WhH-NaNO3 0.46039 m UnsosNozH 2.3221
Un-NaNO3 1.1749 m WsosanozH —0.83228 r
a Parameter®Vi; and Qi are symmetrical; thus\y; = Wiy and Qi = Qujij. However,U;j = —Ujij. The interaction parameters above were

determined from data for the following systems: (c),8@—H.SO,—H0; (h) (NH)2SO:—H.SO—H,0; (k) HNO;—NH4NO;—H20; (I) HCI—
NH4CI-H;0; (m) HNO;—NaNG;—H,0; (n) HCI=NaCl-H;0; (0) (NH,).SO,—NaSO,—H,0; (p) NHsNO;—NaNO;—H,0; (q) NH,Cl—NaCl—
H.0; (1) HNOs—H2SOy—H,0; (s) NHHSOy—NH4NOz—H,0; (t) NHNOz—(NH4)2SO;—H:0; (u) NaNQ—Na,SO—H,0; (v) (NH4)2SOy—NH,Cl—
H20; (W) (NapSO—NaCl-H;0; (x) NHsNOs;—NH4CI—H;0; (y) NaNG;—NaCk—H0.

TABLE 3: Equilibrium Constants for Solid Phases for the 0006F" ' ' " ' T {0003

System H'—NH,—Na+*—S0,2"—NO; —CI~—H,0 at 298.15

K 0004F T e 10002
solid phase InKs) solid phase InKs)

(NH):SO —12.01  NaH(SO4)-H,0 —13.02 0002 {0001

(NH4)sH(SQ)), —26.04 NaNQ —5.552 >

NH4HSO, —11.43  NaCl —4.388 I 0 5

NH4NO; —5.531 NHHSO;NH,NOs —17.49

NH.CI —5.178  (NH)2S042NHNO; —23.67 -0002t 000

NaSOpr10H0 —14.87  (NH),SOr3NHNO; —29.37

NaSQy —12.76  (NH),SOrNaSQy4H,0  —28.00 ~o00il Lo T Loom

NasH(SQy)2 —25.77  NaSQyNaNOsyH,0 -19.28 eI

NaHSQ-H,0  —12.29  (NHNOs2NaNQy)? -17.11 y

NaHSQ —10.65

) ) ) ) ~_ Figure 5. Fit of the model to molal osmotic coefficients of MNO3(aq)
2 This solid may be metastable (see section 3.15); its formation is (¢, left-hand scale) at 298.15 K, plotted against the square root of

consistent with the ternary parametefnsnanos = —0.465 89, molality (m/mol kg™). Symbols: dots, Wishaw and Stok®gluses,
QuNHananos = 0.137 47, andUnananos = 0.228 11, which should be  Hamer and W2 open circles, Kirgintsev and Luk’yand?.Lines:
substituted for the values in Table 1. solid, model 1; dashed, equation of Hamer and ¥otted, changes

in water activity A&, right-hand scale) for an error in the osmotic
coefficient of £0.01.

003F T T
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Figure 4. Fit of the model to molal osmotic coefficients of (M Vi
SOuaq) (¢, left-hand scale) at 298.15 K, plotted against the square root Figure 6. Fit of the model to molal osmotic coefficients of NEl (g
of molality (m/mol kg™). Symbols: dots, Wishaw and Stoké&gluses, (¢) at 298.15 K, plotted against the square root of molalityngol
Goldberg?” open circles, Palmer and Miliof§;open squares, Filippov kg™1). Symbols: dots, Garnsey and Pfdepen circles, Wishaw and
et al.’ open diamonds, Tang and Munkelw¥z;rosses, Clegg et &. Stokes? pluses, Kirgintsev and Luk’yand¥crosses, Shul'ts et &.

Lines: solid, model 22 dashed, model of Clegg et &.dotted, changes Lines: dashed, equation of Hamer and ¥udptted, changes in water
in water activity Aa;, right-hand scale) for an error in the osmotic  activity (Aa, right-hand scale) for an error in the osmotic coefficient
coefficient of+0.01. of +0.01.
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Figure 7. Fit of the model to molal osmotic coefficients of pEOs(aq)
(¢) at 298.15 K, plotted against the square root of molalitynfol
kg™1). Symbols: dots, Rard and Milléf;,open circles, Indellf® open
squares, Platforéf, open triangles, Downes and PitZépluses, Randall
and Scotf® solid inverted triangles, Gibson and Adaffisppen
diamonds, Chan et &t.(dynamic experiments); solid triangles, Chan
et al?* (static experiments); crosses, Tang and MunkelWitzines:
solid, model of Clegg et al? dotted, changes in water activithd;,
right-hand scale) for an error in the osmotic coefficienti.01.

T T T T T T

002¢ - X x ]
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001+
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-002¢

Figure 8. Fit of the model to molal osmotic coefficients of Naklta)
(¢) at 298.15 K, plotted against the square root of molalityngol
kg™). Symbols: dots, Robinsof; open circles, Kirgintsev and
Luk’yanov;*®2pluses, Bezboruah et &F.ppen triangles, Kangro and
Groeneveld? solid triangles, Pearce and HopsGigrosses, Tang and
Munkelwitz® Lines: dashed, evaluation of Wu and Hanffedotted,
changes in water activityNay, right-hand scale) for an error in the
osmotic coefficient oft0.01.

(Clegg and Brimblecomb¥,see their Table 1) are fitted using
the mole fraction equations (eq 14 of paper 1) up to a mole
fraction ionic strengthlf) of 0.5, equivalent to 27.5 mol kg.
Figure 2 shows that the data are represented to within
experimental precision, with an improvement in accuracy
compared to both the extended fit of Carslaw et*aind the
earlier compilation of Hamer and WA4.
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Figure 9. Fit of the model to molal osmotic coefficients of Nagl
(¢) at 298.15 K, plotted against the square root of molalityngol
kg™). Symbols: dots, critical evaluation of Arch@mpen circles, Tang
et al.?8 open squares, Chan et?lstatic experiments); crosses, Chan
et al?* (dynamic experiments); pluses, ColtérLines: solid, model
of Clegg et al*” dashed, equation of Hamer and \Wuotted, changes
in water activity Aa;, right-hand scale) for an error in the osmotic
coefficient of+0.01.

TABLE 4: Sources of Activity Data at 298.15 K for
(NH4)2SO4_H20 Solutiong?

mp

min max usetl  data typé source
0.129 5.830 yes iso Wishaw and Stokes
0.583 5.714 yes iso Filippov et &l.

1.756 2.697 no iso Frolov and Nason8va
0.244 5.175 yes iso Clegg etHl.
4,746  28.193 yes edb Clegg et4l.
2.868  29.595 yes edb Tang and Munkelwit?

2 As in previous worlé® osmotic coefficients of aqueous,80’
were used to constrain the model below 0.1 molk§ Molality. ¢ Used
in the fit of the modeld Type of measurement: iso, isopiestic
measurement; edb, electrodynamic balance measurements of the water
activity/concentration relationship for supersaturated solutibDsita
restandardized using osmotic coefficients for subsaturated solutions.

balance (edb) measurements carried out by several different
groups. Here, the maximum molality of fit was restricted to 8
mol kg™ (about 2 mol kg?! above the saturation concentration),
and the result is shown in Figure 4. There is an improvement
in accuracy over the extended fit of Clegg et?alused for the
model in paper 1 (hereafter referred to as model 1). Figure 4
also shows the error in equilibrium relative humidity that
corresponds to a change£0.01 in¢ (right-hand scale). The
edb data are uncertain by at least this amount, equivalent to
+0.25% in relative humidity. The relative humidity in equi-
librium with a saturated solution of (NpESO, at 298.15 K is
80.2%.

3.3. NHyNO3—H,0. The thermodynamic data for this
system are listed in Table 3 of paper 1. The fit of the model is
here limited to a maximum of 27.07 mol k§and includes
only isopiestic measurements. The result is shown in Figure

Sources of thermodynamic data for aqueous HCI are listed 5, where it is compared with both model 1 and the earlier critical

in Table 7 of Carslaw et & For this model the representation
of osmotic and activity coefficients of the pure aqueous acid is
limited to 8 mol kg, and the fit is shown in Figure 3. Although

evaluation of Hamer and WA%. The deviations between model
1 and the present fit correspond to maximum differences of
about 0.2% in equilibrium relative humidity. The equilibrium

the data (electromotive force measurements) are quite scatteredelative humidity above a saturated solution of N3 at

above about 2.5 mol Kg, it is clear that the present model
better represents the mean activity coefficients of HCI within
the fitted range than the-@20 mol kg fit of Carslaw et al1*
which was obtained chiefly in order to predict HCI solubilities
in highly acidic solutions at stratospheric temperatures.

3.2. (NHy)2SO,—H20. Available thermodynamic data for
this system are listed in Table 4 and consist of isopiestic and

298.15 K is 61.2%.

3.4. NH,Cl—H20. Sources of activity data for this system
are listed in Table 5 and consist of freezing point data (which
were converted to osmotic coefficients at 298.15 K) and
isopiestic and edb measurements. The data were fitted to a
maximum molality of 7.5 mol kg! (approximately the satura-
tion molality), with the edb determinations excluded and with
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TABLE 5: Sources of Activity Data at 298.15 K for
NH4CI—H,O Solutions

m?
min max usebl datatype source
2.026 7.390 yes iso Wishaw and Sto¥es
1.904 7.418 yes iso Shul'ts etfal.
2.467 6.892 yes iso Kirgintsev and Lukyaiibv
0.00373 0.1022 vyes fp Garnsey and Préé
6.036 21.78 nd edb Liang and Ch&h

aMolality. ® Used in the fit of the modeF. Type of measurement:

Clegg et al.

accuracy for subsaturated solutions, compared to the work of
Clegg et all” is up to about 0.6% in equilibrium relative
humidity. The relative humidity above a saturated solution of
NaCl at 298.15 K is 75.3%.

3.6. Hb'SO,—HNO3—H0, H,SO;—HCI—H;0, and HNO3—
HCI—H20. These mixed acid systems have been modeled by
Carslaw et al** who list sources of activity data in their Tables
11 and 13. A large number of thermodynamic measurements,
including freezing points and equilibriupHNO3 and pH,O
measurements, are available faiS,—HNO3;—H,0 solutions.

iso, isopiestic measurements; fp, freezing point depression; edb, Carslaw et al* have determined parametehsosnozHs
electrodynamic balance measurements of the water activity/concentra-\WsosnoaH, andUpsosnoszH as functions of temperature from

tion relationship for supersaturated solutioh€onverted to osmotic
coefficients at 298.15 K using available thermal datdot used, as
the fit was restricted to subsaturated solutions only.

parameteV; ywac fixed to —1.25. The result is shown in
Figure 6, where it is also compared with the previous critical
assessment of Hamer and Wu.The scatter of the isopiestic
data, aboutt0.002 ing, corresponds to an uncertainty of only
+0.04% in relative humidity. The equilibrium relative humidity
above a saturated solution of Y€l at 298.15 K is 77.2%.

3.5. NaSO;—H0, NaNO3;—H,0, and NaCl-H,O. Aque-

these data. In the absence of measurements at 298.15 K, their
values (at this temperature) are adopted for the present study
and are listed in Table 2.

Solubilities of HClg in aqueous 5Oy have been determined
from 248.15 to 343 K931 Satisfactory agreement with the
model was obtained with all ternary interaction parameters set
to zero for the mixed solution (see Figure 12 of Carslaw &jal.
and these null values are retained here.

There appear to be no satisfactory activity data for HNO
HCI—H0 solutions for the compositions and temperatures of

ous solutions of these salts and their mixtures have been modelednterest to atmospheric chemists, and because of this, it is

to high supersaturation by Chan et?dland by Clegg et al’
Sources of activity data for aqueous JS&, are summarized
in Table 3 of Clegg et &7 In the model of Clegg et &f. the
osmotic and activity coefficients of aqueous ,N@&y, are
represented to about 14 molKgcompared to a saturation with
respect to Ng5Os10H,O ¢y at only 1.97 mol kg?), although
accepting quite large deviations of the fitted model from the
experimental data. In particular, a rising trend in water activity
is predicted for molalities above about 12 molkgwhich is
not realistic (see Figure 3 of Clegg et'dl. In this work we
use data from sources listed by Clegg etl'a@but restrict the
maximum molality of fit to 6 mol kgl. The result is plotted
in Figure 7. The model represents the data to within experi-
mental precision over the concentration range fitted, with a
worthwhile improvement in accuracy over the extended fit of
Clegg et al” The equilibrium relative humidity of a saturated
solution of NaSOy at 298.15 K is 93.6%.

The work of Clegg et al? shows that the relative humidity/
concentration relationship for aqueous NaNtD298.15 K can

necessary to set the ternary interaction parameters to zero.
However, comparisons of model predictions with partial pres-
sures over liSO,—HNO3;—HCI—H,0 solutions at low temper-
ature measured by Elrod et &lshow excellent agreement,
which gives confidence in these parameter values.

3.7. HySOs—(NH4)2SOs—H>0, HNO3—NH4NO3;—H0,
(NH4)2804_NH4N03_H20, and NH4HSO4_NH4NO3—H20.
Sources of activities for these systems are listed in Tabtes 4
of paper 1. The data have been refitted for the present model
using the pure (single-solute) parameters listed in Table 1. For
the LSO,—(NH,4)SO,—H,0 system it was possible to retain
a fit extending into the supersaturated region; for example the
edb data of Sparif for aqueous NEHSQ, are fitted to just
over 90.78 mol kg! (a relative humidity of 19.4%) and acid
ammonium salt solubilities to about 27 mol®gH,SQy, as is
shown in Figure 20 of paper 1. Due to the optimization of
NH, SO~ interaction parameters for subsaturated solutions,
it is likely that the present model is more accurate for such
concentrations, at least for mixtures in which (N4$0, is the

be represented by the model to molalities exceeding 100 mol major component. For solutions containing chieflyS@;, the

kg™! (for which the water activity is 0.2), to about the same

liquid phase extends essentially to the pure acid, which is beyond

precision as the measurements. Sources of thermodynamic datéhe limit of either model (40 mol kgt, an SO, mole fraction

are listed in Table 2 of Clegg et ¥l. Here we have taken the
opportunity to restandardize the osmotic coefficients of Rob-
insor?® and Bezboruah et &f.to new values for the aqueous
KCl isopiestic standard (D. G. Archer, personal communication,

of 0.419). Nonetheless, both the present model and that in paper
1 represent the solubility curve to relative humidities<df0%.
Calculated relative humidities above solutions simultaneously
saturated with respect to (NHSOu(cry and (NHy)sH(SOs)2(cn)

1997) and have refitted to the same maximum molality of 132.9 are 68.6% (model 1) and 68.8% (the present model), and for

mol kg™1. The result is shown in Figure 8 and is compared
with the evaluation of Hamer and \RAifor subsaturated
solutions. The uncertainty in the edb measurements@®01
to £0.02 in ¢ corresponds to a maximum change of about
+0.25% in equilibrium relative humidity. The relative humidity
above a saturated solution of Napl@t 298.15 K is 73.9%.
Sources of activity data at 298.15 K for aqueous NaCl are
listed in Table 1 of Clegg et &l. Here, osmotic coefficients
from the critical evaluation of Archéfand the edb studies of
Tang et al28 Coher?® and Chan et & have been fitted to a
molality of 8 mol kg™?. The result is shown in Figure 9, where
it is also compared with the results of Clegg etlalfor

solutions saturated with respect to (WkH(SOs)2cr) and NH;-
HSQu(r) they are 36.7% (model 1) and 36.8% (the present
model).

For HNO;—NH4NOs;—H>0 mixtures the solubilities of NiH
NOj3 (Table 5) have been fitted to a maximum molality of 20
mol kgt HNO; here, compared to 25 mol k§for model 1.
This slightly reduced concentration is consistent with the lower
maximum molality of fit for aqueous HN§used in the present
model. The data for theKa* of NH 4" in aqueous NENO3
are represented to about the same level of accuracy for both
models (see Figure 9 of paper 1 for the model 1 result). The
calculated relative humidity, above a 10 mol kgHNO3

compositions including some supersaturated solutions) and thesolution saturated with NdNOs is 45.7% (model 1) and 45.8%

evaluation of Hamer and Wu (1972). The improvement in

(the present model), indicating good consistency. The difference
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TABLE 6: Sources of Activity Data at 298.15 K for
H»,S0O,—Na,SO,—H>0 Solutions

m?

min max usebl datatypé source
1.974 >100 yes sol Silcock
0.734 17.08 yes sol Fodte
0.158 17.72 yes ) Rard®>76
0.0202 0.109 yes emf Covington et’al.
0.0300 1.10 yes emf Harned and Stufgis
0.200 2.00 yes emf Randall and Langf6rd
7.401 >100 yes edb Tang and Munkelwitz

a Total molality (nH,SQ; + mNa,SQy). P Used in the fit of the model.
¢ Type of measurement: sol, salt solubility;;osmotic coefficient from
isopiestic experiments; emf, electromotive force determination8{k

activity; edb, electrodynamic balance measurements of the water

activity/concentration relationship for supersaturated solutions.

rises to~2% at 20 mol kg? HNOg, the limit of the present fit.
It is likely that model 1 is more accurate at this and higher

concentrations, because of the larger array of ternary data use
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Figure 10. Phase diagram of $$O,—N&SO,—H,0 at 298.15 K and
equilibrium water activities for both subsaturated and supersaturated
solutions. Compositions are given as molalities. Lines: solid (heavy),
solubilities of the following solid phases: (1) b0 10HO; (2)
2SOy (3) NasH(SOw)2er; (4) NaHSQ:HOcry; (5) NaHSQcery.
ontours: equilibrium water activities, with values as marked. Contours

in the parameterization and also the extended range of fit of are dotted for supersaturated solutions.

the two binary components.
In the parameterization of the model for (WeBOy—NH;-

NOs—H,0 mixtures (see Table 7 of paper 1 for sources of data),

NaHSQycy within the fitted range of the model. In solutions
containing over 21 mol kgt H,SOyaq) hydrated and anhydrous

the water partial pressure measurements of Emons and®Hahn forms of NaH(SQx), occur. The solid NgH(SOx)2*H2O(cr) has
at 298.15 K were included in the data set, and the edb been claimed to occur from about 3 to 5.5 motkél2SOy(aq)>®

measurements of Chan et3afor supersaturated solutions were

but appears to be metastable at best. Following Harvie &t al.,

omitted. As a comparison between the models, the calculatedwe have excluded it from the model.
relative humidities above solutions simultaneously saturated with The H,SO:—Na,SO,—H»O mixture contains four ions; con-

respect to (N)2SOucry and (NH;)2SOs-2NHsNO3(cr) are 63.5%
(model 1) and 66.2% (the present model), for GMSOy-2NH,4-
NOgz(cry and (NH;)2S04:3NH4NO3(cr) they are 64.5% (model 1)
and 63.5% (the present model), and for @}S Oy 3NH4NOzcry
and NHNO3; they are 60.4% (model 1) and 60.1% (the

sequently there are four possible sets of triplet interaction
parameter within the model in addition to the unknown binary
Na"—HSQO,~ terms. Figure 24 shows salt solubilities at 298.15
K, together with the range of compositions for which osmotic
coefficients have been determined. The coverage is extensive,

present model). The differences for the first two transitions except for solutions containing mostly,8Q;, and the large
mostly reflect variations in the predicted concentrations of the number of measurements is sufficient to constrain the model
saturated solutions, which are within the uncertainty of the data well.

(Figure 22 of paper 1). However, there remain differences of

Electromotive force data were converted from international

about 0.4% in relative humidity between the model predictions volts to volts, and standard emf&°j were determined as
when the same solution compositions are used, due to variationsdescribed by Harvie et 8. The osmotic coefficients and emf

in the calculated activities.

For the NHHSO,—NH4NO3;—H,0 system, for which there
are measurements of the solubility of BHBEO;NHsNO3 (),
NH4HSOy ey, and NHINOs(¢r) (Table 8 of paper 1), the same

data were fitted for both model 1 and the present model,

measurements were fitted by the model to a maximum total
molality of 15 mol kg'! and salt solubilities to 23 mol kg in
order to determine the equilibrium constant for NaHSO
formation. The result of the fit is shown in Figures-257 and
shows excellent agreement with the measured solubilities and

although here only results for 298.15 K were used. At this emfs (here shown &s,s0,*) and only small deviations in the

temperature the equilibrium constaits(NH4HSOy-NH4NO3)
for the two models differ by about 45%. Model 1 is likely to

cases of the osmotic coefficients (Figure 26). Using data
tabulated in the Gmelin handboékwe have also determined

be more accurate for calculating the properties of this system a tentative value ofKs(NaHs;(SQy),-H20); see Table 3.
because of the very high agueous-phase concentrations at which The calculated solubility curve and contours of water activity
solid phases precipitate. Calculated relative humidities above are shown in Figure 10 and exhibit markedly different behavior

a solution saturated with respect to both JMS$Cy(cr) and NH;-
HSQOuNHsNO3 () are very similar (29.8% for model 1, and

from electrolyte systems in which there is little or no ion
association. Here, for $0; molalities between about 7 and

29.3% for the present model), although the compositions of the 10 mol kg2, water activity is almost invariant with N8O,

saturated solutions differ (46.6 mol KgNH4sHSO, and 14.66
mol kg~! NH4NO; for model 1; 41.1 mol kg NH;HSO, and
15.8 mol kg NH4NO; for the present model).

3.8. HLSO,—Na,SO,—H,0. Sources of data available for

concentration (to 6 mol kg of salt, the limit shown in the
figure). Furthermore, for acid molalities above about 10 mol
kg~! the addition of NaSQ, increaseghe equilibrium relative
humidity above the solution. This behavior is qualitatively

this system are listed in Table 6 and comprise extensive similar to that of HSO;—(NH4).SO;—H>0 and confirms the
measurements of osmotic coefficients, and emf studies whichimportance of the explicit recognition of the H3Q.g)== H*(aq)
yield the SO, activity, salt solubilities, and edb measurements + SOz (aq) equilibrium within the model in order to represent

of water activity. The solubility curve of this mixture is
complex, with the following series of solids precipitated at
298.15 K as aqueous,B0O, concentration is increased: Na
SO4'10H20(cr), NaZSQ(cr)y Na’:‘»H(SO4)2(cr), NaHSQ°HZO(cr)y and

the observed behavior of the system.

3.9. HNOs—NaNOs;—H;0. The only sources of activity
data for this system (Table 7) are salt solubiliti¢sough over
a wide range of temperatur@and a very few partial pressure
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TABLE 7: Sources of Activity Data at 298.15 K for
HNO3;—NaNO;—H->0O Solutions

m
min max usedl data typé source
10.38 85.66 yes sbl Gmelin Handbook
9.476 85.82 vyes sol Kurnakov and Nikoldgv
17.09 24.99 yes pHNO;z pH,O® Flatt and Benguer®l
6.00 6.00 nb PpHNO; Clegg and Brimblecoml§é

aTotal molality (nHNOs + mNaNGs). P Used in the fit of the model.
¢ Type of measurement: sol, solubility of NaM@HNO3, equilibrium
partial pressure of HN§) pH,O, equilibrium partial pressure of 9.
dValues in the Gmelin Handbook are based upon Kurnakov and
NikolaeV?? and other work by the same authot®ata were converted
to mean activity coefficients of HN$and to water activity! Only a
single partial pressure was measured.

—T

HNO;-NaNOy-H0] | 02

0",

10
mHNO;
Figure 11. Phase diagram of HN&-NaNO;—H»0 at 298.15 K and
equilibrium water activities for both subsaturated and supersaturated
solutions. Compositions are given as molalities. Lines: solid (heavy),
solubility of NaNG; in HNOgs(aqy contours, equilibrium water activities

with values as marked. Contours are dotted for supersaturated solutions

TABLE 8: Sources of Activity Data at 298.15 K for
HCI—NH,4Cl—H>0O Solutions

m?
min max  usebl datatypé source
0 19.29 yes sol Silcoc®
0.25 3.00 yes erpf Robinson et at?
1.00 1.00 yes erff Chan et af®
0.10 3.00 yes erfif Downes et af!
0.512 6.480 vyes f Maeda et af?
10.39  16.73 yes pHCI Silcock®
5.00 5.00 nd pHCI Clegg and Brimblecomi§é

a Total molality (mHCI + mNH,CI). ® Used in the fit of the model.
¢ Type of measurement: sol, solubility of NElI, emf, electromotive
force measurement of HCI activityKg*, acid dissociation constant of
NH,* in aqueous NKLCI. 9 Molality range of aqueous HCt.Converted
to mean activity coefficients of HCI.Converted to the reciprocal of
NH,4" and H" activity coefficients using/nu, from the work of Maeda
et al*? 90nly a single measurement was used (out of a total of four).
h Only one composition was measured.

measurements for solutions containing low molalities of NgNO
Interaction parametek&i.nanoz andUp.nanos Were determined
from the data, and the results are shown in Figures 28 and 29.
The calculated solubility curve and equilibrium water activities
are shown in Figure 11.

3.10. HCI-NH4CI—H20. Sources of activity data for this
system are listed in Table 8 and comprise4Skt; solubilities,
emf determinations of HCI activities, th&gF of NH 4t (aq) (from
potentiometric titration), and a very few partial pressure
measurements. Activity coefficients of HCI were calculated
from the emf measurements of Robinson éfaising their listed
standard emfsE°®) and taken directly from the tabulations of
Chan et af® and Downes et

At 298.15 K the properties of this system are comparatively

Clegg et al.

L 03

L. [HO-NHC-H0]

MNH,CL

0 12

L6
mHCL
Figure 12. Phase diagram of HEINH,CI-H,O at 298.15 K and
equilibrium water activities for both subsaturated and supersaturated
solutions. Compositions are given as molalities. Lines: solid (heavy),
solubility of NH4Clc;yin HCl(aqy contours, equilibrium water activities,

with values as marked. Contours are dotted for supersaturated solutions.

TABLE 9: Sources of Activity Data at 298.15 K for
HCI—NaCIl—H,0O Solutions

m

min max usedl datatypé source

6.054 19.024 yes sol Silcotk

3.00 6.00 yes emf Hawkifs

1.00 3.00 yes emf Harn&d
0.100 0.8720 yes emf Macaskill et“dl.

1.00 1.00 yes emf Chan et4l.
5.00 5.00 né pHCI Clegg and BrimblecomiSé

aTotal molality (nHCI + mNaCl). ® Used in the fit of the model.
¢ Type of measurement: sol, solubility of NaCl; emf, electromotive
force measurement (yieldsic); pHCI, equilibrium partial pressure of
HCI. 4Only a single partial pressure was measured.

well studied. The fits of the model to the emf measurements
and salt solubilities (see Figures 30 and 31) agree well with the
data over the full range of compositions and concentrations.
The Kg* determinations of Maeda et &.were not included

in the fit, but are compared with predictions in Figure 32 as a
test. For this purpose they were first converted fradqyfn,/
(YHYNH)] tO faw,*/fu* using the known thermodynamic dis-
sociation constaft and activity coefficients of Nkl derived

by Maeda et at?> Agreement with the model is satisfactory,
although the reason for the small positive offset of the data and
the fact that they do not appear to extrapolate monotonically to
unity at zero ionic strength is not known.

Figure 12 shows the calculated solubility curve with contours
of equilibrium relative humidity superimposed.

3.11. HCI-NaCl—H;0. Data for this system, Table 9,
consist chiefly of emf measurements of HCI activity (which
extend over a wide range of temperatures) and NaCl solubilities
in aqueous HCI. The emfs of Macaskill et*Alvere converted
to fuc* as described by Clegg and Whitfietfand values of
the mean activity coefficient given in the other studies were
used directly. Measured and fitted activity coefficients from
all sources are compared in Figure 33 and agree well over the
full range of ionic strength to 6 mol k. The observed
solubilities are also represented well, Figure 34. The calculated
solubility curve, with contours of water activity superimposed,
is shown in Figure 13.

3.12. (NH)2SO4—NH4CI—H,0O. Data for this system
consist of solubilities of (Nl)2SOxcr) and NH,Clcr), and sources
are listed in Table 10. The measurements were used to
determine values dD1 sosci-nna aNdUsoaci-npa, and the result
of the fit is shown in Figure 35. Calculated solubilities, together
with contours of water activity, are shown in Figure 14.
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Figure 13. Phase diagram of HEINaCl-H,O at 298.15 K and
equilibrium water activities for both subsaturated and supersaturated
solutions. Compositions are given as molalities. Lines: solid (heavy),
solubility of NaCl in HCl,g; contours, equilibrium water activities,
with values as marked. Contours are dotted for supersaturated solutions

Figure 15. Phase diagram of NiNOs;—NH,CI—H,0 at 298.15 K and
equilibrium water activities for both subsaturated and supersaturated
solutions. Compositions are given as molalities. Lines: solid (heavy),
solubilities of the following solid phases: (1) NElc); (2) NHsNOs(cy.
Contours: equilibrium water activities, with values as marked (and

TABLE 10: Sources of Activity Data at 298.15 K for dotted for supersaturated solutions).
(NH4);SOs—NH4CI ~H-0 Solutions TABLE 12: Sources of Activity Data at 298.15 K for

m (NH4)QSO4_Nast4_H20 Solutions

min max usef data typé source m

5.756 8.796 yes sol Silcogk min max usedl data type source

8.749 8.749 yes sol Hill and Louck® 1952 6562 yes <ol Silcotk

2 Total molality (M(NH4)2SQs + mMNH,CI). ® Used in the fit of the 4551 6.400 yes sol Shorgi et&l.
model.° Type of measurement: sol, salt solubilifyA single measure- 1.96 6.450 yes sol _Eilippov et &.
ment of simultaneous saturation with respect to both solid phases. 1.685 5747  yes ¢ Filippov et al®®

1.590 5.088 no ¢ Kotlyar-Shapirov and
. - 3 Kirgintsev®
~2 ~26 no edB Tang®
o N 06 aTotal molality (M(NH4),SO; + mNa,SQy). ® Used in the fit of the

model.c Type of measurement: sol, salt solubility, isopiestic
measurement of water activity; edb, electrodynamic balance measure-

s ments of the water activity/concentration relationship for supersaturated
solutions.d Presented as fitted equations.

bias in the result. This solubility (26.22 mol kY is slightly
lower than found in other studies (see Figure 40 and also paper

] 1) and greater than the value used to determine the equilibrium
10 constant in Table 3 (26.79 mol k§. The calculated solubility

L6
Figure 14. Phase diagram of (mgafNHz;CI*HzO at 298.15 K curve and equilibrium water activities are shown in Figure 15.
and equilibrium water activities for both subsaturated and supersaturated  3.14. (NHz)2S0;—Na,SO,—H,0. Table 12 lists sources of
solutions. Compositions are given as molalities. Lines: solid (heavy), activity data for this system, which include osmotic coefficients,
solubilities of the following solid phases: (1) (NSQury, (2) NHa- solubilities of (NHy)2SOy(c, NaSOycn, and the double salt
Cler. Contours: equilibrium water activities, with values as marked. (NH4)2S0y*NaeSQOy-4H;0(cr), and edb measurements for super-

Contours are dotted for supersaturated solutions. saturated solutions (not used for the present model). The results

TABLE 11: Sources of Activity Data at 298.15 K for of the fit are shown in Figures 37 and 38, with good agreement
NH4NO3z—NH4CI—H,0 Solutions between the model and both types of data. An activity product
P (*Ks) of 6.914 x 10713 for the double salt was determined in
_— the fit. The calculated solubility curve, with water activities
min __max usell datatype source superimposed, is shown in Figure 16.
7.390 30.70 yes sol Silcotk ) 3.15. NH,;NO3;—NaNOs;—H»0. Osmotic coefficients and
6.107 5546 no edb  Liang and Chan (unpublished)  NH,NOg ) and NaNQ) solubilities have been determined for

aTotal molality (MNH,NOs + mNH,CI). ® Used in the fit of the this system; see Table 13. Bergman and Shufyand
model.c Type of measurement: sol, salt solubility; edb, electrodynamic Timoshenkd® have found a double salt, NNOS-ZNaNQ(Cr),
balance measurements of the water activity/concentration relationshipyhich occurs in solutions concentrated with respect to botNH

for supersaturated solutions. NO; and NaNQ. However, this phase was not noted in either
3.13. NHNO3—NH,CI—H,0. The available data for this  of the vapor pressure studies listed in Table 13, nor does it
system, Table 11, comprise solubilities of M3y and NH;- appear to have been found at other temperatures except by

Clr and unpublished edb measurements of water activities for Bergman and Shulya. In the principal fit of the model, on
very concentrated solutions (which are not used in this model). the basis of the osmotic coefficients of Kirgintsev and Luky-
Measured and fitted salt solubilities are shown in Figure 36, anov’ and salt solubilities, we have assumed that the double-
with calculated contours of water activity superimposed. Note salt compositions are in fact NaNg (see Figures 39 and 40).
that, when the model parameters were determined, the activityHowever, the possibility remains that the double salt is a
product of NHNOs(;) was adjusted to the measured solubility metastable or even stable solid phase, and the fit has therefore
for pure aqueous NANOs shown in Figure 36 in order to avoid  been repeated and the activity product of /NiDs-2NaNGy(cy
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aTotal molality (mNH4CI + mNacCl). ® Used in the fit of the model.
¢ Type of measurement: sol, salt solubility; isopiestic measurement
of water activity.d A single measurement of simultaneous saturation

N TABLE 14: Sources of Activity Data at 298.15 K for
L *~~0'5‘ NH,4Cl—NaCl—H,0O Solutions
b N T min max  useBl datatypé source
2| @ o 6.150 8.857  yes sol Silcotk
éE’ \ : RN 8.789 8.789 yes sol Sborgi and Frantb
2+ R 2.287 6.602 yes 1) Kirgintsev and Lukyandt?
09 2.167 4.582 yes ¢ Maeda et af®

0
m(NH,),S0,

Figure 16. Phase diagram of (NBLSOy—NaSO,—H,0 at 298.15 K

with respect to both solid phases.

and equilibrium water activities for both subsaturated and supersaturated 8 SRS ' }
solutions. Compositions are given as molalities. Lines: solid (heavy), 05
solubilities of the following solid phases: (1) b&0s10HOc; (2) @ e e e
NapSOy (NH4)2SOs*4H:0(cry; (3) (NH4)2SOucry. Contours: equilibrium R
water activities, with values as marked. Contours are dotted for ]
supersaturated solutions.
TABLE 13: Sources of Activity Data at 298.15 K for i
NHsNOs;—NaNOs;—H,0 Solutions E

min  max usedl datatypé source A

0 2 4 6 8 10

10.56 34.63 yes sol Silcogk MNH,CL

%gg? gig? ygs SO: gﬁrgrrr%?n and Shulysk Figure 18. Phase diagram of N)/&I—NaCl-H,O at 298.15 K and
3245 3046 nés 2& Tirr?cl:shenkﬂ? equilibrium water activities for both subsaturated and supersaturated
2 i86 12-64 ies é Kirgintsev and LukyanoV solutions. Compositions are given as molalities. Lines: solid (heavy),
7049 358 no edb Liang and Chan (unpublished) ?Zc:)lﬁtt(’)”lljtrlg's e0 fl}ingrift?%ovv:llggrzc!tl;ii/itﬁ):: sv‘\an?h \sil)uglsa?; (n%;rhklgéc(ll(g)ﬁtours
sat? no pH-0 Dingemans and Dijkgra&f - ©d > )

sat no pH,O Prideaut® are dotted for supersaturated solutions.

aTotal molality (MNH;NOz + mNaNGQ). ® Used in the fit of the

model.¢ Type of measurement:
measurement of water activity; edb, electrodynamic balance measure-
ments of the water activity/concentration relationship for supersaturated

sol, salt solubilitg;, isopiestic

solutions;pH,0, equilibrium water partial pressuréThe double salt

that has been found by some workers (including Bergman and Shulyak)

was assumed to be NaNg) in the principal fit of the model® Only
a single measurement at 298.15 fidnly two compositions listed,

double-salt found? An aqueous solution simultaneously saturated with

respect to NaNgxy and NHNOs ().
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Figure 19. Phase diagram of N8O,—NaNG;—H,0 at 298.15 K and
equilibrium water activities for both subsaturated and supersaturated
solutions. Compositions are given as molalities. Lines: solid (heavy),
solubilities of the following solid phases: (1) Nalg; (2) NaNQ:Na-

SO H20(cry; (3) NaSQycry (4) NSOy 10HO ). Contours: equilibrium
water activities, with values as marked. Contours are dotted for
supersaturated solutions.

(Table 13) are more consistent with these two salts being the

MNHNO;

equilibrium solid phases.

The model yieldg = 0.5085

Figure 17. Phase diagram of NiMO;—NaNGO;—H,0 at 298.15 K and
equilibrium water activities for both subsaturated and supersaturated saturated with respect to NNO3(c) and NaNQ(c), compared
solutions. Compositions are given as molalities. Lines: solid (heavy), with measured values of 11.7 mm#dgnd 11.6 mmHg? For
solubilities of the following solid phases: (1) NaM&, (2) NHsNOs(cry;

dotted (heavy), (3) 2NaN£&NHiNOsy. Contours: equilibrium water

activities, with values as marked. Contours are dotted for supersaturate

solutions.

(equivalent to a partial pressure of 12.08 mmHg) for a solution

solutions saturated with respect to M3y and NHNOz:

£NaNG;cy the calculated equilibrium partial pressure of water

would be higher, because of the lower total concentration of
salts in the agqueous phase.

determined. The solubility curve for NJNOs:2NaNQyc) is
also shown in Figure 40, and there is, for this case, improved The model parameters obtained in the principal model fit are
agreement between the measurements and fitted solubilities andisted in Table 2, and those obtained for the case of double-salt
also the osmotic coefficients (not shown). However, the formation given in the notes to Table 3. Figure 17 shows the
equilibrium partial pressures of water over solutions stated as calculated solubility curves for the system, with water activities
being saturated with respect to both MNDs3) and NaNQc) superimposed. Here the scale for Naf\@is extended, as the
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TABLE 15: Gibbs Energies of Formation of Acid Sulfate Salts and Other Complex Salts at 298.15 K
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salt A¢G° (kJ mol?) salt AfG° (kJ mol?)
(NH4)sH(SOy)2 —~1731.8 NaHSQ@H,0 —1244.1
NHsHSO, —822.3 NaHSQ@ —1003.0
(NH4)2S0y2NH,NO3 —1273.3(-1271.8) Nah(S04)+H;0 —1960.6
(NH4)2SOs*3NHsNO3 —1458.0 (1456.1) (NH)2SOsNapSOy-4H,0 —3129.7 (3121.7)
NH4HSO:*NH4sNO3 —1008.0 (1006.7) NaSONaNGs;-H,O —1876.6 (-1874.2)
NasH(SOy)2 —2278.9 (2NaN@NH,NOy) —919.5 (-918.4)

@ The first value listed for each salt was calculated from the equilibrium constant given in Table 3, togeth&Grifbr the ions from Wagman
et al>* and standard thermodynamic relations. The values in parentheses are estimates obtained by@tfiinthe individual salts (N&)2SOucr,
NH4NOs(cr), and NHHSOyc;) in the appropriate multiples (e.gM\G°(NHiNOs*NHiHSOucr)) = AsG°(NHaNOscr) + AtG°(NHAHSOuery)-

(NH,CU,

T —] (NH,),S0,

INH, S0, /

% SN

06} NegSO;NHyJS0, 4H0 4
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09 \&

\
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~
-~
o~

mNa,S0, 02

Figure 20. Phase diagram of N8O,—NaCl-H,0O at 298.15 K and
equilibrium water activities for both subsaturated and supersaturated
solutions. Compositions are given as molalities. Lines: solid (heavy),
solubilities of the following solid phases: (1) NaG] (2) N&SOs

(3) NaSOs»+10H:0O¢. Contours: equilibrium water activities, with
values as marked. Contours are dotted for supersaturated solutions.

NapS0,,10H,0

! i 1 i

Na,SO, 02 04 06 08

NaNOs-NaCl-H0] g3

iy Dy(NaCl);

0 10 20 E

Figure 21. Phase diagram of NaN©NaClH;O at 298.15 K and
equilibrium water activities for both subsaturated and supersaturated
solutions. Compositions are given as molalities. Lines: solid (heavy),
solubilities of the following solid phases: (1) Na&l (2) NaNGr.
Contours: equilibrium water activities, with values as marked. Contours
are dotted for supersaturated solutions.

(NH,CV,

Figure 22. Reciprocal salt diagram for the system NHNa'—
fit of the model to solutions containing this pure component SO2-—Cl-—H,0 at 298.15 K. (a) Relative compositions of solutions
include highly supersaturated solutions. simultaneously saturated with respect to either two or three solid phases.

3.16. NH,CI—NaCl—H,0. For this system osmotic coef- Data are from the co_mpilation of Silcoék.Symbols: crosses, Na
ficients are available from two studies (to water activities as fu%l elg""fg(sca ‘?(F”\Ie: ;rggglﬁ'g@%ﬁ’égge(nﬁuggs’-hij%% ONpFin
low as .0'787) and measurements of Mﬂcf) and Na(;d?r) Clcr). Lines: predicAtéd by thze (r;)c‘adel. (b)‘ Calcfjlate((cjr)‘water’ activities
solub|I|t_|es;_see Table 14. Measured and fitted quantities are (ay) for the saturated solutions shown in (a). Solid phases: (1) Na
shown in Figures 41 and 42 and agree well for both types of SO,-10H,0; (2) N&SOsey; (3) NaCley, (4) NaSOs(NHg),-
data. The calculated solubility curve, with water activities SOy4H,Oy; (5) (NH)2SOucry; (6) NHAClcy)
superimposed, is shown in Figure 18.

3.17. NaSO,—NaNO3z—H>0, Na,SO,—NaCl—H»0, and pure salts that more closely represents the properties of
NaNOs;—NaCl—H,0. These systems, including supersaturated subsaturated Nagd and NaSQuag) (see Figures 7 and 9),
solutions, have been studied by Clegg éf aBources of activity increase the accuracy of the result by a small amount. For
data are listed in their Tables— and include isopiestic, example, the standard deviations of the fits to osmotic coef-
solubility, and emf and edb measurements. The data have beeifficients from the studies of Wu et &.and Filippov and
refitted for the present model, although excluding the edb CheremykR! for NaaSO,—NaCl—H,O solutions are 0.0032
measurements for supersaturated solutions. This more restrictedpresent study) and 0.0058 (Clegg et®l. The figure achieved
range of concentrations, and the use of a parameter set for thehere is close to the precision of the measurements.
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Figure 23. Reciprocal salt diagram for the system-+Na"—SQ2 —
Cl-—H;0 at 298.15 K. (a) Relative compositions of solutions simul-

taneously saturated with respect to either two or three solid phases.

Data are from the compilation of Silcoék.Symbols: crosses, Na
SOy 10H:O(cry; Open triangles, N& Oy 0pen squares, Nag); open
circles, NaH(SQy)zcry; pluses, NaHS®H,O); dots, NaHSQc.

Lines: predicted by the model. (b) Calculated water activiteg}for

the saturated solutions shown in (a). Solid phases: (1$®a10HO;

(2) NaSOy(ery (3) NaCley; (4) NagH(SQu)2(ey (5) NaHSQ+H2Ocry; (6)

NaHSQ(cr); (7) NaH;(SQ)z'Hzo(m).

Calculated solubility curves for all three systems, with
contours of water activity, are shown in Figures—14..

4. Discussion

The representation of the properties of (W$O0,—H,SO4—
H,O mixtures by model 1 is discussed in section 4 of paper 1,
including comparisons with measurements ofSBy partial
pressures at 303.15°Kand values oBNHg/aH™ in (NH,),-
SOy(aq)from dissociation constant measurements at 298.15 K.
Much of that material is relevant to the present model. In
particular, we note that calculatedNH,"/aH™ activity ratios,
required by eq 3 to predigiNHgz, agree with those estimated
by model 1 to within 2-4% for aqueous (NkJ>SO, solutions
containing 0.0001 mol kgt H,SO, at 298.15 K.

In this study the equilibrium constants for the formation of

7 [FS0-NayS0, 0] |

s

15

Clegg et al.

Figure 24. Compositions for which osmotic coefficients 0b$,—
NaSO,—H>O mixtures have been measured at 298.15 K, with the
solubility curve (fine dotted line) superimposed. (For the identities of
the solid phases, see Figure 27.) Lines: heavy solid, range of data of
Rard?>"¢heavy dotted, range of data of Tang and MunkelW®ifthese
extend to higher concentrations than shown, beyond the limit of the
model).
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Figure 25. Stoichiometric molal osmotic coefficientg) of H,SO,—
NaSO,—H,O mixtures at 298.15 K, plotted against total molality>-

SO, + mMNaSQy). (@) Symbols: data of Raft’® for four different
composition ratios (mH,SOy/(mH,SO; + MNa;SQy)) and of Tang and
Munkelwitz’® for NaHSQyaq) (r = 0.5). Lines: fitted model. The inset
shows the data and model fit for total molalitied.5 mol kg*. Due

to the very large number of measurements carried out by Rard, alternate
points only are shown here. (b) Symbols: data of Reaitfor three
different composition ratios. Lines: the fitted model.

19 solid phases have been determined (see Tables 3 and 15)r anion) whose values do not appear to have been determined

including several complex salts (containing more than one cation

before. Gibbs energies of formation of the salts are listed in
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H,S0, fraction Figure 27. Salt solubilities in HSO,—N&SO,—H,O at 298.15 K,
plotted as molalities. Data from Silcotkand Foote® Solid phases:
sl T T T T T ™ (1) Na&SOys+10H,0O(y (dots); (2) NaSOury (open circles); (3) Nad-
' {b) (SOW)2(cr) (crosses); (4) NaHSEH Oy (open squares); (5) NaHSE)
L mHyS0, = 001 i (solid triangles). Lines: the fitted model.
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' H.S0.-NG.SO.,0] (0) l Figure 28. Water activities ) and mean activity coefficients of HNO
bbb ML (fs*) in HNOs—NaNQO;—H,O at 298.15 K, plotted against HNO
040F molality. Symbols: open circless; dots, f.*. Lines: fitted model.
Data are from vapor pressure measurements of Flatt and Benguerel.
035l The molality of NaNQ in all solutions is approximately 1 mol kg
030 o -
L
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$ ¢
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Figure 26. Stoichiometric mean activity coefficients ob8O, in Ho-
SO,—N&SO,—H,O mixtures at 298.15 K, plotted against;$O, Ot . . . M ]
fraction [mH,SQy/(MH,SO, + MNaSQy)] and total molality (MH,SO, 0 10 NG 20 30
+ MN&SQy). () Symbols: data of Randall and Langf8iéor five Figure 29. Solubilities of NaNQ in HNOs(ag at 298.15 K, plotted
different total molalities (indicated on the plot). (b) Symbols: data of 55 molalities. Symbols: data from the Gmelin Handd&oknd
Harned and Sturgi® (c) Symbols: data of Covington et &lin all Kurnakov and Nikolae$? Line: fitted model.

plots the lines represent the fitted model.

Table 15, together with estimates obtained by a linear combina-NOs] (model 1) and [2.83 mol kgt (NH,),SQ;, 15.22 mol kg*
tion of A¢G® of the constituent (single) salts. As for model 1, NHiNOs] (the present model).

these agree with the fitted values to within a few kJ mdol The value ofA;G°(NagH(SOy)2(cr) Obtained using the present
although there are much larger absolute differences betweenmodel (-2278.9 kJ mot?) agrees to within 1 kJ mot with
the models, up to a maximum of about 90 kJ mdbr (NHa)2- the result of Harvie et al’ using the molality-based model of

SOy-3NH4NO3(. These reflect variations in the ionic activities ~ Pitzer® Gibbs energies of formation of NaH®1,0) and

in the saturated solutions calculated by the two models and alsoNaHSQy) differ from those listed by Wagman et#lby 12.5

the fact that the solubilities determined by model 1 for 298.15 and 10.2 kJ mol', respectively. These larger differences may
K are the result of an optimization of the fit over several reflectthe greater uncertainties in the modeled activities for very
temperatures. Thus, for example, simultaneous saturation ofconcentrated solutions or those in the method used by Wagman
NHs"—SO?—NO3;~—H0 solutions with respect to (Nfjb- et al. to obtainA:G®.

SOycry and (NHy)2S042NHiNO3(cry is predicted to occur for Salt solubilities in the quaternary systems+HNa"—SQ2 —
compositions [2.85 mol kgt (NH4)2SQOy, 14.88 mol kgt NH4- ClI=—H,0 and NH*—Na"—S0O22 —Cl~—H,0 have been de-



2168 J. Phys. Chem. A, Vol. 102, No. 12, 1998

T T T T T

(a)

HCL-NH,Cl-H,0

02

- Onl* n 1 ]
08 12 16
VmNH,Cl

=y =
o
T~

(n Y.

T T
VmNH,CL

Figure 30. Mean molal activity coefficients of HCIy{.) in HCI—
NH4CI—H,0 at 298.15 K, plotted against the square root of ,8H
molality (mNH4CI). Values are shown for ionic strength¥ffom 0.025
to 3.0 mol kg®. (a) Symbols: dot and open circles, Downes etal.;
open triangles, Chan et@lLines: fitted model. (b) Symbols: Robinson
et al® Lines: fitted model.
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Figure 31. Solubilities of NHCl in HClq at 298.15 K, plotted as
molalities. Symbols: data from SilcoékLine: fitted model.
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Figure 32. Reciprocal of NHt and H" activity coefficients in NH-
Cl(agy determined from Kz* measurements at 298.15 K. Symbols: data
of Maeda et af? Line: predicted by the model.
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Figure 33. Mean activity coefficients of HCIf(*) in HCI—NaCl—
H.O at 298.15 K, plotted against the square root of NaCl molality
(mNaCl). Values are shown for molal ionic strength} rharked on
the plots. (a) Symbols: dots, Hawkifs;open circles, Harned.
Lines: fitted model. (b) Symbols: dots, Macaskill et#lgpen circles,
Harned$* open triangles, Chan et &(1979). Lines: fitted model.

phase boundaries are also consistent with measured values, with
the exception of saturation with respect t0,8&4:10HO(cr

and NaSQyc). However, Figure 27 shows that the model
accurately predicts solubilities in the ternary systepb®h—
NaSO,—H,0 (also for NaSO,—NaCl—H,0, Clegg et al’),
suggesting that the three measurements for the quaternary system
which are denoted by crosses and triangles may be in error.
Equilibrium water activities for the H-Na"—SQ2 —Cl——

termined at 298.15 K5 and these have been used as a test of H20 system are shown in Figure 23b. Here the values cover a
the model. Figures 22a and 23a show measured and predicted@rger range, with precipitation of Ne(SQy)z(cr) and NaHSQ
compositions of solutions simultaneously saturated with respectH20r only occurring at water activities below about 0.69 and
to either two or three solid phases. There is excellent agreement0.53, respectively. Sodium chloride is the precipitating solid

for the NH;"—Na"™—SO2~—CI~—H,0 system for all solid

phase over most of the composition range, at water activities

phases, over a water activity range from 0.68 to about 0.93 ranging from 0.753 (in NaGly) to 0.41 for a cation fraction of
(Figure 22b). For the acid sulfate system the model calculated H" of <0.9.
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Figure 35. Salt solubilities in (NH).SO,—NH4Cl—H,0 at 298.15 K, O, . L L .
plotted as molalities. Data from Silco®kand Hill and Loucks?® Solid 0 L (NHL-S0 b 6
phases: (1) (NE2SOyr) (open circles); (2) NECl (dots). Line: fitted MR
model. Figure 38. Salt solubilities in (NH);SO,—NaSO,—H,0 at 298.15
K, plotted as molalities. Data from Silco®kand Sborgi et & Solid
] phases: (1) N&0Os10HOry (open circles); (2) NSO (NHy)o-
SO»4H0(c) (dots); (3) (NH)SOucry (open diamonds). Line: fitted
model.
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Figure 36. Salt solubilities in NHNO;—NH,Cl—H.0 at 298.15 K, [NH.NOy-NaND -Hy0]
plotted as molalities. Data from Silco€kSolid phases: (1) Nkl
(open circles); (2) NENOgz(cp) (dots). Line: fitted model. 060F . . . .
b 6 8 10 12
5. Summary mNH,NO; + mNaNO;

: P ; Figure 39. Molal osmotic coefficients¢) of NHs;NO;—NaNO;—H,0
The mole-fraction-based thermodynamic model presented mixtures at 298.15 K, plotted against total molalityNHaNOs+

here provides a self-consistent representation of ion and solvent\ano,). Symbols: data of Kirgintsev and LukyanéiLines: fitted

activities in H'—NHs"—Na"—SO2~—NO;~—CI~—H0 solu- model. The measurements are at fixed water activities, which are
tions at 298.15 K. The model has been parameterized usingindicated on the plot.

available vapor pressures, isopiestic and edb data, degrees of

dissociation, emfs, andkg* measurements. solubility measurements for quaternary solutions yield similarly
Gibbs energies of formation for 12 acid ammonium sulfate, good results and confirm that the model can be used to predict

acid sodium sulfate, and other double salts have been derivedphase equilibria of aqueous aerosols of -HNH, —Nat—

from the equilibrium constants for dissolution of the solid SO2~—NO3; —CI~—H,O composition.

phases. Note: FORTRAN code implementing the model described
Comparisons with existing data for the activities required to here is available from S. Clegg (s.clegg@uea.ac.uk) and can

calculatepNHj3; suggest that the model can be used to estimate also be run from the following websites: http://www.uea.ac.uk/

this quantity with satisfactory accuracy. Comparisons with ~e770/aim.html, and http://www.me.udel.edu/wexler/aim.html.
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10 20 30
mNHNO;
Figure 40. Salt solubilities in NHNOs;—NaNO;—H,0 at 298.15 K,
plotted as molalities. Data from SilcoékBergman and Shulyak,and
Timoshenkd® Solid phases: (1) NaNQ3J (dots and plus symbols in
principal fit of the model); (2) NHNOscy) (open circles); (3)
2NaNGQGNH4NO;z (pluses in secondary fit, with two points at lowest
NHsNO; molality given reduced weight). Lines: fitted model.
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Figure 41. Molal osmotic coefficients &) of NH4,Cl—NaClH,O
mixtures at 298.15 K, plotted against total molality. Symbols: dots,
data of Kirgintsev and Lukyano®,open circles, data of Maeda et®l.
Lines: fitted model. The measurements of Kirgintsev and Lukyanov
are at fixed water activities (marked on the plot), whereas those of
Maeda et al. are for equimolal mixtures for 0.7987a; < 0.9281.
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Figure 42. Salt solubilities in NHCI—NaCl-H,0 at 298.15 K, plotted
as molalities. Data from Silco€k and Sborgi and Franc8.Solid

phases: (1) Nagl (open circles); (2) N&Cl (dots). Line: fitted
model.
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