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Thermodynamic Properties of Aqueous (NH&SO4 to High 
Supersaturation as a Function of Temperature 

Simon L. Clegg,*9+ Sau Sau Ho,* Chak K. Chan,*** and Peter Brimblecombet 

School of Environmental Sciences, University of East Anglia, Norwich NR4 7TJ, U.K., and Department of 
Chemical Engineering, Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong 

Equilibrium water vapor pressures over supersaturated aqueous ammonium sulfate have been determined 
from 278.15 to 313.15 K using an electrodynamic balance. Partial molar enthalpies of water (L1, to  -25 
mol kg-l) and partial molar heat capacities (J1, to  -8 mol kg-l) have been calculated from the 
measurements, together with enthalpies of solution, heat capacities, and boiling point elevations. The 
results have been used to  parameterize a mole-fraction-based activity coefficient model. Equilibrium 
constants for the reaction ( N H ~ ) Z S O ~ ( ~ ~ )  zz 2NH4+(aq) + so42-(aq) have been evaluated from 373.15 K to the 
eutectic point (5.00 mol kg-l, 254.21 K). The model satisfactorily represents water vapor pressures and 
saturation with respect to solid phases ice and ammonium sulfate from 253 to '373.15 K and up to 8-10 
mol kg-l, and water vapor pressures from 278.15 to 313.15 K and up to -25 mol kg-l. 

1. Introduction 

Ammonium sulfate is an important component of aque- 
ous atmospheric aerosols in both remote and urban regions 
(1, 2). Experiments on single, suspended particles (3,  4) 
show that, a t  low relative humidity, aerosols can readily 
supersaturate with respect to  dissolved salts such as 
ammonium sulfate and sodium chloride before crystalliza- 
tion occurs. Calculations of the behavior of aqueous 
atmospheric aerosols therefore require a knowledge of the 
properties of supersaturated solutions, including mixtures, 
over a range of temperatures. Ideally, this should be 
integrated within a self-consistent thermodynamic model 
in order to  predict the properties of multicomponent 
solutions for different compositions and temperatures. 

In previous work we have parameterized the mole- 
fraction-based thermodynamic (activity coefficient) model 
of Pitzer, Simonson, and Clegg (5)  for the systems HzSO4- 
HzO from <200 to 328 K (6), and (NH~)zSO~-H~SO~-HZO 
at 298.15 K (7). Here we present new measurements, using 
an electrodynamic balance, of water activities of super- 
saturated aqueous (NH&S04 from 278.15 to 313.15 K. The 
results are combined with literature data for activities, 
thermal properties, and aqueous solubilities to  yield func- 
tions enabling the calculation of osmotic and activity 
coefficients of aqueous (NHJzS04 from 0 to -25 mol kg-l 
and from <273.15 to about 373 K. The results are also 
used to extend the parameterization of the activity coef- 
ficient model for the (NH&S04-HzO component (71, which 
is an important step in the generalization of the model for 
aqueous mixtures including dissolved (NH&S04. 

2. Theory 

The purpose of the present work is to  obtain a self- 
consistent description of the thermodynamic properties of 
aqueous (NH&S04, and to apply the mole-fraction-based 
model of Pitzer, Simonson, and Clegg to the results. This 
is necessary in order to extend the model description of 
multicomponent systems containing (NH4)2S04 from a 
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single temperature (e.g., 298.15 K in the case of (NH4)Z- 
SOd-HzS04-HzO (7)) to a range of temperatures. The 
model equations and fundamental thermodynamic rela- 
tionships are now given. 

The solvent and all species concentrations and activity 
coefficients are expressed on a mole fraction basis. The 
mole fraction xi of species i is given by 

where ni is the number of moles of component i and the 
summation j is over all solution components including the 
solvent. The activities ai of all components i are given by 
a, = fs, where f i  is the activity coefficient. The reference 
state for the activity coefficients of solute species is one of 
infinite dilution with respect to  the solvent, 1. Activity 
coefficients on this basis (rather than the pure liquid 
reference state) are denoted f i * ;  thus, fi* - 1 as x1 - 1. 
The reference state for the activity coefficient of the solvent 
is the pure liquid, so that f1 - 1 as x1 - 1. The mole 
fraction scale activity coefficients given above are, for solute 
species, related to the more commonly encountered mola- 
lity-based coefficients yi  by (8) 

where M1 (kg mol-') is the molar mass of the solvent and 
mj (mol kg-l of solvent) is the molality of solute speciesj. 
The activity Coefficient of the solvent, f1, is related to the 
rational (mole fraction) osmotic coefficient g and molal 
osmotic coefficient 4 by 

(3b) 

where the summation in eq 3b (as in eq 2) is over all solute 
species (here only NH4+ and S042-). 
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The model equations for water activity (ad and the mole 
fraction activity coefficient of cation M WM*) and anion X 
VX*) in a pure aqueous solution of salt M,+X,- are given in 
eqs 4-6. 

In the equations, A, is the Debye-Hiickel parameter on 
a mole fraction basis (2.917 a t  298.15 K), Z, (=0.5Ci xizL2) 
is the mole fraction ionic strength, and e is a constant set 
equal to 13.0. The charge magnitudes of ions M and X are 
ZM and ZX, respectively. Terms including the parameter 
BMX (and BA), associated coefficients aMx (and ah), and 
function g(x) comprise an extended Debye-Hiickel func- 
tion. Further terms in x1 and XI (the total mole fraction of 
ions, here x(NH4+) + x(s04’-)), involving parameters W l , M X ,  
U I , ~ ,  and V~,MX, describe the short-range interactions that 
dominate in concentrated solutions. The values of the 
model parameters are determined by fitting to empirical 
data (5,  7). 

The model equations for the apparent molar enthalpy 
@L (J mol-’) and apparent molar heat capacity @Cp (J mo1-l 
K-I) are given in eqs 7 and 8. In the equations Y is the 
number of moles of ions produced by the dissociation of one 
mole of salt (Y-  + Y- for M,+X,-), AH, is the Debye-Huckel 
enthalpy parameter, equal to 4RTz(aA,/aT)p, R (8.3144 J 
mol-’ K-’) is the gas constant, and T (K) is temperature. 
For each model parameter P with superscript L (Bkx, 
B k i ~  W?,MX, U?,MX, and e , M X )  in eq 

PL = aP/aT (9) 

with pressure held constant. Similarly, for parameters 
with superscript J in eq 8 

(10) 

Both e and all a are treated as being invariant with 
temperature. In eq 8 +CPo is the infinite dilution value of 
the apparent molar heat capacity at  temperature T, and 
AcZ is the Debye-Hiickel heat capacity parameter (equal 
to ( a A ~ , / a T ) p ) .  All Debye-Huckel parameters used in this 
work were calculated using the equations presented in 
Appendix 1 of Clegg and Brimblecombe (6). 

The apparent molar enthalpy (@L) is related to the 
enthalpy of dilution hdilH(m1 - mz) from molality ml to 
m2 by AdiiH(mi - mz) = @L2 - @L’. Also, the integral 

P‘ = a2p/aP + (2197 aP/aT 

enthalpy of solution A , , a  for the dissolution of solid (NH& 
SO1 is the heat effect for the reaction 

and is related to the apparent molar enthalpy by @L = A,,fl 
- A,,@’, where A,,&? is the enthalpy of solution per mole 
of salt at  infinite dilution. 

The partial molar enthalpy LI (J mol-’), equivalent to 
-RTzla ln(al)/aT)p,, and heat capacity of the solvent J1, 
equal to  aLIIaT, are also required here and are related to 
the solvent activity by 

z = Try - ln(TJT)/R (12c) 

where T (K) is the temperature of interest and Tr a 
reference temperature (here 298.15 K). The above equation 
assumes that J1 is invariant with temperature. Quantities 
L1 and J1 can be calculated from the corresponding appar- 
ent molar properties via standard equations (9) 

where m denotes solute molality. 

ammonium sulfate and the solid salt: 
Finally we consider the equilibrium between aqueous 

The equilibrium constant K, (mole fraction basis), which 
is a function of temperature, is given by 

K, = a(NH4+)2a(S0,2-)/a((NH,)2S04(,r)) (16) 

where a denotes activity. The activity of the pure solid 



Journal of Chemical and Engineering Data, Vol. 40, No. 5, 1995 1081 

Temperature Control System 
Dew Point 

Dew Point Sensor] Hygrometer 

gas outlet 
4 

water in 
Figure 1. Schematic diagram of a temperature-controlled elec- 
trodynamic balance. The position of the particle (not shown) is 
maintained in the center of the balance. Note that the laser is 
oriented horizontally in the built apparatus, and not vertically as 
shown here for ease of presentation. 

phase a((NH4)2S04(,,,) is by definition unity, leaving only 
the activity product of the ions in eq 16. 

3. Experiments 
The concentration dependence of the water activity of 

(NH4)2SO4 solutions was determined from 278.15 to 313.15 
K by single particle levitation, using an electrodynamic 
balance (EDB) to trap and hold a particle of approximately 
20 pm diameter stationary in an electric field. This 
technique has a wide application in aerosol research (lo), 
and is well suited to measuring water activities of aqueous 
droplets (11). Since a droplet can be freely levitated 
without contact with any foreign surfaces, heterogeneous 
nucleation can be suppressed, allowing the study of super- 
saturated solutions. 
(a) Apparatus. The principles and applications of the 

EDB have been reviewed in detail by Davis and others (10, 
12). Briefly, in an EDB, a combination of ac and dc fields 
is used to trap and levitate a charged particle. Here, we 
used a three-ring EDB with insulation spacers between the 
electrodes, similar to the apparatus used previously by 
Chan et al. (13) and Cohen et al. (14). Figure 1 illustrates 
the design of the EDB, which was immersed in a temper- 
ature-controlled bath. Droplets of (NH4)2S04 test solution 
were generated by a piezoelectric droplet generator (Uni- 
Photon Inc. Model 201). A dc potential of up of 60 V was 
applied to the top and bottom electrodes, in order to balance 
the particle, while an ac potential (100 Hz, 250-500 V) was 
applied to the middle ring electrode to prevent lateral 
movement. A laser beam was used to irradiate the particle 
so that it could be observed with a microscope. (We note 
that this does not lead to significant heating of the particle.) 

A charged particle inside the EDB experiences an 
electrostatic force due to the dc field, a time varying force 
due to the ac field, gravitational force, and a drag force 
caused by any relative movement of the ambient air. When 
the electrostatic force due to the dc voltage balances the 
weight and the drag force of the particle, it can be held 
stationary. When there is no air flow, the electrostatic force 
will be equal to the weight of the particle. The mass of 
the particle, m, is then given by: 

where q is the electrostatic charge carried by the particle, 
v& (V) is the dc voltage required to balance the particle, g 
is the acceleration due to gravity, and 2, is the distance 
between the top and bottom electrodes. Assuming no loss 
of charge, the relative mass change of a particle undergoing 
evaporation or condensation can be determined by the dc 

Figure 2. Control of temperature and relative humidity (RH) 
during water activity measurement. On the right of the figure 
"EDB" is the electrodynamic balance. 

voltages required to balance the particle before and after 
the change. 

The relationship between water activity and the aqueous 
concentration of the droplet, for a fured mass of solute, is 
studied by varying the relative humidity (RH) of the air 
within the balance. At equilibrium, the chemical potential 
of water in the vapor phase is equal to that in the liquid. 
The influence of surface tension on the vapor pressure (the 
Kelvin effect) can be neglected since the droplets used here 
are about 20 pm in diameter. Assuming ideal gas behavior, 
the water activity (al)  within the droplet is given by 

a,  = p(H20)/p"(H,0) = RH (18) 

where p(H20) is the vapor pressure of water within the 
balance andp"(Hz0) the saturation vapor pressure of water 
at the same temperature. 

Figure 2 shows the system for controlling and measuring 
temperature and relative humidity in the EDB. Nitrogen 
at 2 bar was used as a carrier gas in the experiment. Water 
vapor was introduced into the system by diverting part of 
the Nz stream through a bubbler containing pure water. 
The dew point of the gas going to the EDB was controlled 
by adjusting the ratio of the gas flowing through to that 
bypassing the bubbler. The hygrometer (EG&G DewPrime 
Model 2000) requires an operational flow rate of about 1 
dm3 min-l which is too high for keeping the particle 
trapped in the EDB. The moisturized NZ stream was 
therefore divided into two: 100 cm3'min-' to the EDB and 
the rest to the hygrometer. All plumbing between the 
bubbler and temperature bath, including the dew point 
sensor, were enclosed and kept a t  a temperature 10 "C 
higher than the constant temperature bath in order to 
avoid condensation. Special precautions were also taken 
in the design of the EDB and the temperature bath to avoid 
water leaks and condensation of water vapor on the balance 
and the pipes. Thermal equilibrium was ensured by 
monitoring the temperature of the gas flowing out of the 
EDB in addition to that of the bath. 

(b) Procedure. Test solutions were made up from 
reagent grade (NH&S04 and deionized water. Droplets 
injected into the EDB using the piezoelectric generator had 
an initial concentration of about 1.1 mol dm-3. Measure- 
ments of the dc balancing voltage, a t  different relative 
humidities, were made for a series of particles at temper- 
atures from 5 to 40 "C. In each case the relative humidity 
was varied between a maximum of approximately 80% to 
a lower limit (about 40%) beyond which particles evapo- 
rated to dryness. The precision of the dew point meter is 
f0.2 "C, corresponding to an uncertainty in relative 
humidity of about 1%, and that of the digital thermocouple 
thermometer (reading the temperature of the EDB) is hO.1 
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Figure 3. Measured dc voltages for the suspension of a pure 
aqueous HzS04 particle a t  25 "C (symbols), compared with values 
estimated by using the model of Clegg and Brimblecombe (6) to 
calculate the relationship between water activity and particle 
composition. 

"C. The precision with which v d c  can be determined is 
limited by visual error, and is lowest for the smallest 
particles, but always better than 1%. 

In some cases measurements were made, usually for 
different temperatures, using the same particle held in the 
EDB over periods of up to two and a half days. Compari- 
sons of the results showed that some charge loss was 
occurring, later measurements requiring the highest over- 
all v d c .  However, for measurements made with a single 
particle over a 24 h period the effect was negligible. Also, 
each set of determinations a t  a single temperature (made 
over a period of <11 h) was standardized individually. 
Thus, loss of particle charge is not thought to significantly 
affect our results. 

As a test, measurements of v d c  were made for a pure 
aqueous HzS04 particle from 81.74% to 27.52% relative 
humidity a t  25 "C. These are compared in Figure 3 with 
theoretical predictions (6) based on isopiestic and vapor 
pressure data for bulk solutions. There is good agreement 
a t  all relative humidities, with deviations of only +1.2% 
to -1.9% in terms of the osmotic coefficient, 4. 

(c) Results. Measured balancing voltages ( v d c )  and 
water activities (al, equivalent to  relative humidity) are 
listed in Table 1. Two sets of data from a previous study 
a t  25 "C are included (13), as are some unpublished 
measurements obtained using a third instrument (15). 
Because each particle studied has a different charge and 
solute mass, v d c  values at  each temperature have been 
normalized for comparability. 

A reference state is required for the determination of 
solute molality from the measurements of v d c  that are 
obtained using the balance. There are two logical choices: 
a dry particle, or a droplet a t  low molality (high RH) for 
which other thermodynamic data are available which 
define the relationship with water activity. Tang and 
Munkelwitz (11) and Cohen et al. (14)  found that the 
particles resulting from drying levitated electrolyte solution 
droplets may not be in the most thermodynamically stable 
state nor completely free of water. While droplets give a 
well-defined light scattering pattern, solid particles reflect 
and scatter light more irregularly, making it difficult to  
determine V d c  accurately. Therefore, Chan et al. (131, and 
more recently Tang and Munkelwitz (II), used droplets at 
high relative humidity (-80% RH) as reference states in 
studies of water activities of concentrated (NH&S04 and 
NH4N03 droplets and obtained consistent results. The 
same approach is adopted here. 

Table 1. Experimental Results 
ml(mo1 ml(mo1 

na tPC a1 VdchN kg-l) nu tPC al VdebN kg-l) 
1 
1 
1 
1 
1 
1 
1 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 

0.8010 
0.7617 
0.6588 
0.6125 
0.5645 
0.4646 
0.4180 
0.8475 
0.8005 
0.7447 
0.6485 
0.5433 
0.4464 
0.7502 
0.3980 
0.8296 
0.7447 
0.6678 
0.5937 
0.5391 
0.5510 
0.8236 
0.7720 
0.7392 
0.6530 
0.5978 
0.5270 
0.4924 
0.4495 
0.3977 
0.4473 
0.4707 
0.5100 
0.5485 
0.5977 
0.6694 
0.6982 
0.7589 
0.8299 
0.8299 
0.3883 
0.4448 
0.5449 
0.6467 
0.7012 
0.7398 
0.8446 

17.594 
15.908 
13.651 
12.688 
11.862 
10.633 
10.172 
20.169 
17.509 
15.552 
13.284 
11.669 
10.462 
15.529 
9.900 

18.965 
15.718 
13.596 
12.374 
11.354 
11.740 
18.579 
16.728 
15.407 
13.391 
12.377 
11.387 
10.890 
10.415 
9.892 

12.882 
13.251 
13.730 
14.362 
15.227 
17.014 
17.646 
19.976 
23.340 
23.209 

7.336 
7.738 
8.625 
9.914 

10.706 
11.673 
14.809 

15 0.4249 7.731 
15 0.4759 8.131 
15 0.5247 8.546 
15 0.5740 9.028 
15 0.5779 9.111 
15 0.6759 10.358 
15 0.7776 12.247 
15 0.8255 13.787 
25 0.6297 7.091 
25 0.7181 8.057 
25 0.7781 8.987 
25 0.5264 6.212 
25 0.4807 5.921 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.4299 
0.8172 
0.8399 
0.7521 
0.6939 
0.6477 
0.5474 
0.4476 
0.3946 
0.8397 
0.7290 
0.6155 
0.5112 

5.619 
10.026 
10.714 
8.673 
7.803 
7.173 
6.420 
5.745 
5.279 

10.805 
8.191 
6.876 
6.192 

5.68 
6.82 
9.34 

11.09 
13.21 
18.46 
21.70 

4.52 
5.73 
7.12 
9.94 

13.83 
19.54 

7.15 
24.19 
5.00 
6.98 
9.43 

11.81 
14.97 
13.59 
5.17 
6.21 
7.26 
9.76 

11.80 
14.84 
17.04 
19.86 
24.28 
19.55 
17.73 
15.82 
13.85 
11.83 
9.10 
8.41 
6.58 
5.00 
5.05 

24.14 
19.64 
13.91 
9.77 
8.26 
6.94 
4.58 
9.70 
6.61 
4.28 
2.28 
1.99 
8.86 
6.35 
5.15 
0.64 
8.02 
6.48 
5.17 
7.65 

21.26 
5.33 
4.81 
6.98 
8.65 

10.46 
13.95 
19.90 
28.19 

4.75 
7.83 

11.62 
15.54 

6 25 
6 25 
6 25 
6 25 
6 25 
6 25 
6 25 
6 25 
7 25 
7 25 
7 25 
7 25 
7 25 
7 25 
7 25 

3' 25 
3c 25 
3' 25 
3c 25 
3c 25 
3c 25 
5c 25 
5c 25 

0.7088 
0.7971 
0.6827 
0.5703 
0.5264 
0.4562 
0.8271 
0.3955 
0.5166 
0.8069 
0.7044 
0.6534 
0.5472 
0.5061 
0.4470 
0.8092 
0.7811 
0.7572 
0.6874 
0.5970 
0.5086 
0.8046 
0.7701 

25 0.7079 
25 0.6251 

5' 25 0.5302 
9d 25 0.803 
9d 25 0.790 
9d 25 0.763 
9d 25 0.738 
9d 25 0.519 
9d 25 0.578 
9d 25 0.637 
gd 25 0.683 
9d 25 0.708 
gd 25 0.740 
2 35 0.8247 
2 35 0.7616 
2 35 0.6742 
2 35 0.5757 
2 35 0.5236 
2 35 0.4668 
2 35 0.4206 
5 35 0.8103 
5 35 0.7503 
5 35 0.7123 
5 35 0.6683 
5 35 0.6303 
5 35 0.5977 
5 35 0.5306 
5 35 0.4788 
7 35 
7 35 
7 35 
7 35 
7 35 
7 35 
8 40 
8 40 
8 40 
8 40 
8 40 
8 40 
8 40 

0.8383 
0.7393 
0.6435 
0.5228 
0.4746 
0.4982 
0.8144 
0.7032 
0.6500 
0.6037 
0.5508 
0.4990 
0.4488 

7.854 
9.720 
7.696 
6.449 
6.104 
5.647 

10.315 
5.369 
5.946 
9.679 
7.930 
7.317 
6.369 
6.009 
5.593 
9.650 
9.131 
8.685 
7.707 
6.761 
6.009 
9.607 
8.851 

8.40 
5.59 
8.77 

13.49 
15.84 
20.63 

5.06 
25.26 
17.28 
5.64 
8.24 
9.83 

14.01 
16.70 
21.45 

5.65 
6.24 
6.85 
8.73 

11.86 
16.59 
5.73 
6.65 

8.009 8.10 
7.019 10.88 
6.279 14.65 
9.51 5.81 
9.31 6.04 
8.68 6.87 
8.08 7.92 
6.09 15.96 
6.59 12.72 
7.16 10.32 
7.68 8.81 
7.88 8.34 
8.46 7.22 
5.716 5.21 
3.727 6.62 
1.705 9.15 
0.074 13.22 
9.422 16.08 
8.781 20.41 
8.461 23.59 
5.155 5.54 
3.306 7.03 
2.314 8.21 
1.574 9.38 
1.004 10.54 
0.476 11.91 
9.528 15.53 
9.070 18.20 

16.489 
12.976 
11.182 
9.385 
8.864 
9.132 

38.020 
30.013 
27.566 
26.132 
24.775 
22.799 
21.634 

4.81 
7.38 

10.15 
16.27 
19.73 
17.79 
5.47 
8.59 

10.40 
11.87 
13.69 
17.65 
21.27 

a Particle number. Listed values of v d c  a t  each temperature 
have been normalized. Data for two particles measured by Chan 
et al. (13).  

Molalities of the particles were obtained as follows. 
Isopiestic data for aqueous (NH&S04 are available at  

Unpublished results (15).  
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rated concentrations) to be estimated. The data are briefly 
reviewed below. 

(a) Freexing Point Depression. This quantity yields 
the solvent activity a t  the freezing point of the solution (18, 
19). Here we use the following expression for the water 
activity (a') in terms of the freezing point depression 9 ("0, 
adapted from Klotz (18) and given by Carslaw et al. (20): 

log(a,) = -4.2091 x 10-36 - 0.2152 x 10-562 + 
0.3233 x + 0.3446 x 10-'04 + 0.1758 x 

i 
07'0 0,75 0.80 0,8S 0,90 

Figure 4. Standardization of EDB data a t  25 "C. Symbols: (a) 

isopiestic data of Wishaw and Stokes (16), (0) isopiestic data of 
Filippov et al. (17),  ( x ) EDB measurements. Line: fitted empirical 
equation (see section 3). The water activity (ad at which saturation 
occurs in bulk solutions is also indicated. 

01 

t * :4. 1 
.O 

. O  

-9 .i 
Figure 5. Water activities a t  5 "C ( 0 )  and 35 "C (01, obtained 
from the EDB data (Table 1) for supersaturated droplets. The 
water activity (a') a t  which saturation in bulk solutions occurs is 
indicated. 

298.15 K to 5.83 mol kg-l (a1 = 0.800) (16,17). For a1 from 
about 0.9 to 0.7, the molality of (NH&SO4 can be accurately 
represented using an empirical function of the form m(NH&- 
SO4 = c1 + c2(l - a+. Also, since v& is proportional to 
total particle mass, it is related to molality by m(NH&- 
SO4 = 1ooo/(vdc/C4 - M((NH4)2S04)), where M((NH4)2S04) 
(132.134 g mol-') is the molar mass of the solute and c4 a 
constant to  be determined empirically. All 25 "C balance 
data were standardized by fitting the two equations 
simultaneously to the isopiestic data for a1 < 0.9 and 
balance data for a1 > 0.7. The result is shown in Figure 
4. Data for all other temperatures were standardized in a 
similar way, though using balance data only for a1 > 0.8, 
and also taking into account the dependence of a1 on 
temperature in the case of the isopiestic measurements. 
This effect is, however, small compared to the uncertainties 
in the balance measurements. Molalities of (NH4)2SO4 for 
all particles are listed in Table 1, and are plotted with 
water activity for 5 and 35 "C in Figure 5. Although the 
data are scattered, a trend of increasing water activity with 
temperature is apparent at  the highest molalities. 

4. Literature Data 

Sources of available thermodynamic data for the system 
(NH4)2S04-H20 are listed in Table 2. One of the most 
significant features, for the present analysis, is the paucity 
of thermal measurements which enable the variation of 
solvent and solute activities with temperature (at subsatu- 

It has been noted by Clegg and Brimblecombe (7) that 
osmotic coefficients of aqueous (NH4)2S04, derived from 
freezing point data (211, deviate from the Debye-Huckel 
limiting law slope at  very low molalities. Consequently, 
all freezing point data were rejected in our previous 
analysis (7) of osmotic and activity coefficients. The effect 
may be due to  the incorporation of solute ions into the 
precipitating ice, as is found in the cases of aqueous NH4- 
Cl(22) and aqueous H2SO4 (6,23). However, for H2SO4 a t  
least, the problem appears to  be restricted to relatively low 
molalities (below about 0.1 mol kg-l). Freezing point data 
for aqueous (N&)2so4 were therefore considered for inclu- 
sion in the present analysis, since the available data can 
be used to  obtain a1 at  higher molalities up to the eutectic 
point (-5 mol kg-l). Measured freezing point depressions 
from sources listed in Table 2 are shown in Figure 6. The 
data are quite scattered-which becomes even more ap- 
parent when they are plotted as osmotic coefficients a t  the 
freezing temperature of the solution-and so were not used 
in our analysis. However, freezing points calculated using 
the completed model (section 5), and shown in Figure 6, 
are consistent with the measurements. 

(b) Boiling Points. Water activities (a l )  at the boiling 
point of the solution are calculated from the equation a1 = 
p(HzO)/p"(HzO), where po(HzO) is the vapor pressure of 
pure water at  the boiling temperature and p(HzO), the 
partial pressure of water, is equal to  the total pressure of 
the system. The above relationship assumes that partial 
pressure is equivalent to  fugacity. Test calculations using 
an equation of state to estimate fugacity coefficients showed 
that this was a satisfactory approximation. Values of po- 
(H2O) were obtained using the equation of state of Hill (24). 

Five sources of boiling point elevations are listed in Table 
2. The values of Gerlach (data set 41) were presented only 
as smoothed concentrations as a function of temperature, 
and it is unclear how they were obtained. The data were 
also found to be discordant with those of other researchers, 
and were therefore rejected. Johnston (data set 43) noted 
that in his experiments the boiling temperature of pure 
water was dependent upon the amount of heat applied, 
though this was not so for the (NH4)2S04 solutions (25). 
Plots of boiling point elevation against molality for 
Johnston's data (25) indeed show systematic displacements 
consistent with different values of the boiling point of pure 
water (note that Johnston took into account the effect of 
variations of atmospheric pressure upon his results). All 
the measurements of Johnston (made close to  sea level) 
were therefore adjusted to be consistent with a single 
boiling point of pure water of 373.15 K. This was done by 
adding a A (K) to each data set, bringing the measurements 
into optimum agreement with each other and converging 
to a boiling point elevation of zero for pure water. The most 
extensive measurements are those of Buchanan (data set 
42), for six pressures corresponding to boiling points of pure 
water ranging from 364.31 K (91.3 "C) to 373.43 K (100.28 
"C). Data are plotted in Figure 7 as boiling temperature 
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Table 2. Availability of Thermodynamic Data for Aqueous (NH4)2S04 Solutions 
m((NH4)2SOd tPC type" N rep 
0.76-4.92 
0.0009-1.21 
0.050-1.527 
0.303-2.72 
0.841-5.76 
2.18-5.02 
0.254-7.70 
0.253-5.73 
0.382-6.14 
5.57-5.62 
5.35-6.93 
5.67-6.46 
5.34-8.13 
9.07-29.53 
7.908 
5.00-6.55 
5.805-7.75 
5.48 - 6.79 
5.76 
5.76-7.60 
5.87-6.58 
4.993 
1.756-2.697 
0.129-5.83 
0.583-5.714 
5.797-36.33 
4.194-18.86 
3.53-28.82 
5.66-16.60 
5.80-15.9 
4.52-28.19 
0-3.096 
5.82, 6.63 
5.90 
satd soln 
satd soln 
satd soln 
satd soln 
satd solnf 
satd soln 
0-8.725 
0-8.809 
0.025-7.33h 
8.133 
8.046 
0-5.55 
0.0347-0.555 

0.756-4.54 
24.6-40 wt % 
0.28-3.70 

0.1388 

-20.4 to -2.8 
-4.02 to -0.005 
-5.13 to  -0.24 
-9.7 to -1.1 
-17 to +19 
-18.3 to  -7.1 
-18.5 to  +lo0 
-18.85 to +29 
-18.8 to  +42.4 
9-15 
0-70 
16.5-51.8 
0.0 -108.9 
138-410 
107.03 
-19.05 to +55.7 
25-105 
0-60 
19.0 
25-97 
25-60 
-18.5 
25 
25 
25 
-24 
-20 
25 
-25 
25 
5-40 
31.97-100.09 
25-70 
35-50 
10-50 
10.97-35.31 
10.3-33.8 
19-30 
14.8-33.1 
0.39-47.96 
100-108.2 
91.16-108.09 
100.04-106.26 
108.9 
108.5 
25 
20 
18-88.2 
10-60 
23-92 
19-21 

satd (ice) 
satd (ice) 
satd (ice) 
satd (ice) 
satd (ice, AS) 
satd (ice, AS) 
satd (ice, AS) 
satd (ice, AS) 
satd (ice, AS) 
satd (AS) 
satd (AS) 
satd (AS) 
satd (AS) 
satd (AS) 
satd (AS) 
satd (AS) 
satd (AS) 
satd (AS) 
satd (AS) 
satd (AS) 
satd (AS) 
eutectic 
is0 
is0 
is0 
vp (balance) 
vp (balance) 
vp (balance) 
vp (balance) 
vp (balancey 
vp (balance) 
VPd 
VP 
VP' 
VP 
V P  
V P  
V P  
VP 
V P  
bpP 
bP 
bP 
bpP 

AS,@ 

ASOlHk 
c,i 
CP" 
cPn 

bp (satd)' 
AfW J 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

40 
21 
41 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
42 
43 
44 
45 
46 
47 
48 
49 
16 
17 
37 
38 
11 
13 
15 
this study 
28 
26 
27 
28 
50 
29 
51 
52 
53 
28 
54 
25 
28 
48 
33 
55 
55 
30 
31 
32 

a Data types are as follows: satd, solution saturated with respect to ice or (NH&S04 (AS); iso, isopiestic measurement; vp, direct 
vapor pressure or EDB (balance) measurement; bp, boiling point; AfH", tabulated enthalpy of formation; A,,fi, enthalpy of solution; Cp, 
heat capacity or specific heat. There are some additional sources of solubility data not used in the present analysis: Britton (56) (25 "C), 
Weston (57) (25-60 "C), Caven and Mitchell (58) (25-61 "C), Schreinemakers (59, 60) (30 "C), and a few others given in early editions 
of the Landolt-Bornstein Tables. b Sources of the experimental data compiled by Timmermans (28) are as follows for each data set N: 4, 
Rudorf (1872); 5 ,  Guthrie (1876); 6, Rodebush (1918); 7, Ishikawa and Murooka (1929, 1933); 8, Bergman and Sholokhovich (1942); 9, 
Vasilenko (1948); 10, Bodlander (1891); 11, de Waal(1910); 12, Lattey (1923); 13, Mulder (1866); 14, Benrath et al. (1937); 15, Buchanan 
(1899); 32, Tammann (1885); 35, Adams and Merz (1929); 41, Gerlach (1886); 44, Mulder (1866). Unpublished data. Timmermans (28) 
incorrectly gives the concentrations measured by Tammann (61) as being in weight percent, rather than g of solute/100 g of HzO. e Chatterji 
and Rastogi (27) list the measured p(H2O) and p0(H20), in addition to water activity. For several salts, including (NHd2S04, the water 
activities do not correspond to  p(HzO)/p"(HzO). Tabulated a1 are consistent with the authors' characterization of the (NHd2S04 water 
activities being either invariant with temperature, or having a small negative trend. However, values ofp(H2O)/p0(HzO) tend to  increase 
with temperature. f As tabulated by Apelblat (50). g Total pressure not given. Data tabulated for normalities were not used, but some 
results given in Johnston's Figure 3 were included. Boiling point of a solution saturated with respect to  (NH4)2S04. This value and the 
composition and temperature of the eutectic point are evaluations from literature data. J These enthalpies of formation (from which 
enthalpies of solution were calculated) were originally estimated by Rossini et al. (62,631, from the work of the following authors: Bouzat 
(1903), Roth and Zeumer (1931), and Thomsen (1882-1886). An earlier evaluation appears in theznternational Critical Tables ofNumerica1 
Data, Physics, Chemistry and Technology (64), for 0.134-5.55 mol kg-', based on the same data of Bouzat (1903) and Thomsen (1882- 
1886), and the work of Berthelot (1873). Integral enthalpies of solution a t  20 "C are from the work of Roth and Zeumer (1931). Values 
from 18 to 88.2 "C, for a single concentration, are from the results of Roth and Zeumer (1931), Thomsen (1878), and Cappellina and 
Napolitano (1967). The last reference appears to have been given incorrectly in the Landolt-Bornstein Tables, and should be Ann.  Chim. 
1967, 57, 1087. 1 Data presented graphically. Data presented graphically. Values at 25 "C were estimated for three molalities from 
Schneider et al.'s Figure 2. n Data from Marignac (1876). An equation is presented in the International Critical Tables of Numerical 
Data, Physics, Chemistry and Technology (64), for the same range of molality, also based upon the work of Marignac (1876) and that of 
Thomsen (1871). This equation reproduces essentially the same values as are listed in the Landolt-Bornstein Tables (32).  
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Figure 6. Freezing points of pure aqueous (NH&S04 solutions, 
plotted against the square root of molality (Jm/molv2 kg-l'?. 
Sources of data (N in Table 2) are as follows: (B) 1, (e) 2, (0) 3, 
(v) 4, (+) 5, (0) 6, (*) 7, ( x )  8, (A) 9. Lines are calculated values, 
using the final model (section 5) together with eq 19. 

against (NH&SO4 molality. These results, when compared 
with other isopiestic data at 298.15 K, show that the water 
activity at the boiling temperature is higher than a t  298.15 
K. The boiling point measurements have been included 
in our analysis, as they allow the variation of a1 with 
temperature to be constrained for (NH4)2S04 concentra- 
tions below those measured by the EDB. Boiling points 
calculated using the final model are also shown in Figure 
7 .  

(c) Vapor Pressure Measurements. Partial pressures 
of water above aqueous (NH&S04 solutions (below satura- 
tion) have been measured by Tammann (data set 321, 
Emmons and Hahn (data set 33 (26)), and Chatterji and 
Rastogi (data set 34 (27)). The latter study is of solutions 
supersaturated by a very small amount. The partial 
pressures of Emmons and Hahn for 5.82 mol kg-l (NH4)2- 
SO4 (25-60 "C) and 6.63 mol kg-l (55-70 "C) were 
converted to a1 using the authors' listed p"(Hz0). The 
measurements of Tammann were similarly converted, 
using the p"(H2O) given by Timmermans (28) (see also note 
d in Table 2). Values of a1 listed by Chatterji and Rastogi 
(26) were taken directly (but see note e in Table 2). In view 
of the relatively small change in water activity with 
temperature found for aqueous (NH&S04 at moderate 
concentrations, compared with the uncertainties inherent 
in vapor pressure measurements, these data have not been 
used to  constrain our treatment of the thermodynamics of 
aqueous (NH&S04. However, they are compared with 
water activities calculated using the model in Figure 8. The 
data of Emmons and Hahn and of Chatterji and Rastogi 
do not agree with the model, even close to 298.15 K where 
the water activity is known very accurately, and are 

100,o " " I 1  0 / *  0,1 0,2 0,3 0,L 0,5 

m I nul kg-' 

110- 

90 , i 
0 2 4 6 8 1 0  

m I mi kg' 
Figure 7. Boiling points of pure aqueous (NH4)2S04 solutions, 
plotted against molality (mlmol kg-l). Sources of data are as 
follows: (a) low molality measurements of Johnston ( N  = 43); (b) 
(+) Mulder (N = 441, (9) Johnston (N = 43); (other symbols) 
Buchanan (N = 42). In part b the boiling points of pure water a t  
the experimental pressures are as follows: (0) 100.28 "C, (9) 100 
"c, (+) 100 "c, (A) 99.4 "c, (e) 94.41 "c, (0)  94.24 "c, (B) 91.3 "c, 
(0) 91.16 "C. Full lines are calculated values, using the final model 
(section 5) together with p''(H2O) derived from Hill's equation of 
state (24). The dotted line is the saturation curve of aqueous 
(NHdzS04. 

considered to be in error. However, the earlier measure- 
ments of Tammann (data set 32) agree well with the model 
calculations at all temperatures. 

(d) Enthalpies of Solution. The most comprehensive 
evaluation of enthalpies of solution (data set 46 in Table 
2, 10 values to  5.55 mol kg-l) is based upon three studies, 
all of which were carried out more than 60 years ago; see 
note j of Table 2. There appear to  be no more recent 
measurements, with the exception of the work of Cappel- 
lina and Napolitano (data set 48 in Table 2), which is for 
0.1388 mol kg-1 (NH&S04 over a range of temperatures. 
As found by Tang and Munkelwitz (291, the value of A,,lH 
for 5.55 mol kg-' (NH.&SO4, from data set 46, is consistent 
with measured water vapor pressures over saturated 
solutions of (N&)2so4, and these enthalpies of solution are 
therefore adopted in the present work. They are shown in 
Figure 9 as @L, together with fitted values calculated using 
the completed thermodynamic model. There is only mod- 
erate agreement, and the reason for the differences is 
unclear. New measurements of enthalpies of dilution of 
aqueous (NH4)2S04 would be worthwhile. 

(e) Heat Capacities. Three sources of heat capacity 
data are listed in Table 2. The results of Sukhatme and 
Saikhedkar (30) (data set 49) and Schneider et al. (31) (data 
set 50) are presented only in graphical form, while those 
listed in the Landolt-Bornstein Tables (32) (data set 51) 
are an evaluation of very early measurements. We have 
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Figure 8. Water activities (al) of aqueous (NH4)2S04, from direct 
vapor pressure determinations, as a function of temperature: (a) 
data of Tammann (N = 32) for four molalities (m):  (0) 1.054 mol 
kg-' (uppermost portion of the graph), (0) 2.489 mol kg-l, (e) 2.513 
mol kg-l, (0) 3.096 mol kg-' (lower portion of graph); (b) data of 
Emmons and Hahn (N = 33) for 5.820 and 6.630 mol kg-l, and 
Chatterji and Rastogi (N = 34) for 5.903 mol kg-'. Symbols in (b): 
(0) 5.820 mol kg-', (0) 5.903 mol kg-l, ( x )  6.630 mol kg-'. All 
lines were calculated using the thermodynamic model described 
in section 5. In (b) the dashed line is for 5.820 mol kg-l, the 
dashed-dotted line is for 5.903 mol kg-', and the solid line is for 
6.630 mol kg-l. 

- 0,4 
0 0,s 1,O 1,s 2,O 2,s 

Jm / mI"' kq"' 

Figure 9. Enthalpies of dilution ( W J  mol-') of aqueous (NH& 
SO4 a t  298.15 K symbols, data set 46; solid line, fitted model 
(section 5); dotted line, limiting slope, equivalent to the first term 
in eq 7. 

calculated an additional value of W,, equal to  -30.5 J mol-' 
K-l for 0.1388 mol kg-l a t  298.15 K from tabulated 
enthalpies of solution (data set 48 in Table 2) and a specific 
heats of (NH4)2S04(,,, equal to 187.49 J mol-' K-' (33). 
Apparent molar heat capacities were calculated from 
specific heats listed in the Landolt-Bomstein Tables (32) 
assuming units of calzo g-l K-l (1 J = 0.23918 calno (34)), 
and from data sets 49 and 50 (which are in joules) using 
heat capacities of water taken from the CRC Handbook of 
Chemistry and Physics (35). The most recent estimate of 

Figure 10. Apparent molar heat capacities (@C,JJ mol-' K-l) of 
aqueous (NH&S04 at 298.15 K. Symbols: (0) @Cp" from Wagman 
et al. (33), (A)  Wpo from Desnoyers et al. (36), ( x  data set 48, (0) 
data set 50, (0) data set 51. Lines: (solid) fitted model (section 5); 
(dotted) limiting slope, equivalent to the second term in eq 8. 

Wp" for aqueous (NH&S04 is -139 J mol-l K-l(36), which 
agrees well with the -133.1 J mol-l K-I tabulated by 
Wagman et al. (33). 

Initial comparisons of the data showed that the results 
of Sukhatme and Saikhedkar (30) (data set 49) were grossly 
discordant with other measurements, and are probably in 
error. (We note that heat capacities of aqueous NH~NOB, 
measured by these authors (301, also deviate greatly from 
literature data.) The results of Sukhatme and Saikhedkar 
(30) were therefore rejected. However, the other measure- 
ments were used in the correlation of thermodynamic 
properties described in the following section. 

Data for 298.15 K "C, neglecting the fact that the 
Landolt-Bornstein values are for a few degrees lower, are 
shown in Figure 10 together with values calculated using 
the fitted thermodynamic model (section 5) .  There is good 
agreement. 

5. Analysis 
One of the aims of the present study is to  determine the 

thermal properties of aqueous (NH&S04, to high concen- 
tration, using both the EDB measurements given in Table 
1 and literature data referenced in Table 2. From Figure 
5 it is clear that the magnitude of the variation of al over 
the range 5-35 "C is close to the precision of the balance 
measurements, even at  the highest molalities where the 
change is greatest. Nonetheless, it is still considered 
worthwhile to  obtain estimates of enthalpies and heat 
capacities, and this is done below. 
(a) Thermal Properties. Partial molar enthalpies of 

water (L1, at  298.15 K) were first derived from the EDB 
data as follows. First, it was assumed that, over the range 
of temperature of the balance measurements, the change 
in partial molar enthalpies with temperature could be 
neglected (Le., J1 = 0). This allows L1 to  be calculated 
using eq 12 for each measurement for which T # 298.15 
K. Since the EDB data are all a t  different molalities, 
corresponding values of a1 at 298.15 K are required. These 
were obtained by fitting an equation of the form ln(a1- 
(298.15 K)) = a + bmc to  the EDB data from 6.3 to 25 mol 
kg-l. Estimates ofL1 obtained in this way were then fitted, 
together with values of 4L at  low molality shown in Figure 
9, using eqs 7 and 13. The result is shown in Figure 11, 

Wf,,, .so, Ui,NH4.S04, and V&H,.SO,) are listed in Table 3. 
Note that some values of L1 that deviated greatly from the 
general trend were rejected, and are not included in the 
figure. While the values of L1 derived from the balance 

and fitted model parameters (BLNH,.SO,, BNH,.SO,, 1C 
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Figure 11. Partial molar enthalpies of water (LdJ mol-') in 
aqueous (NHhS04 a t  298.15 K, determined from EDB data in 
Table 1. Symbols indicate values derived from measurements a t  
five temperatures, as follows: (0) 5 "C, (+) 10 "C, (A) 15 "C, (0) 
35 "C, ( x )  40 "C. The solid line represents the fitted model (section 
5). 

data are scattered, as expected, the tendency to  negative 
partial molar enthalpies with increasing molality is clear, 
and the fitted model provides reasonable estimates of 
solution behavior for both subsaturated (Figure 9) and 
supersaturated conditions. 

(b) Heat Capacities. Apparent molar heat capacities 
(C,) for molalities to  4.54 mol kg-' were discussed in 
section 4. Boiling point elevations yield the water activity 
at  the boiling temperature of the solution. Partial molar 
heat capacities of water (J1, to  8.8 mol kg-l) were derived 
from these data by first assuming J1 to be invariant with 
temperature from 298.15 K to the boiling points, and then 
applying eq 12 together with values of L1 obtained using 
eqs 7 and 13. Values of a1 a t  298.15 K were based upon 
isopiestic and EDB data for that temperature. The com- 
bined data set (@C, and J1) was then fitted using eq 8 (with 
@Cp" set to -133.1 J mol-' K-l) together with eq 14, taking 
care to achieve a reasonable extrapolation to molalities 
beyond the upper limit of the boiling point data. The result 
is shown in Figure 10 for the @Cp measurements and in 
Figure 12 for the partial molar heat capacities. There is 
reasonable agreement for both sets of measurements. 
Parameters for the fitted model are given in Table 3. 

Finally, as a test of consistency the calculation of L1 from 
the EDB data was repeated, this time including the values 
of J1 just obtained. The effect was to slightly reduce the 
degree of scatter shown in Figure 11 , in particular bringing 
values for 278.15 and 308.15 K closer to the fitted line. No 
revision of the original fit was judged necessary. 

(c) Osmotic Coefficients at 298.15 K. For practical 
applications, we have fitted eq 4 to osmotic coefficients at  

Figure 12. Partial molar heat capacities of water (JdJ mol-' K-') 
in aqueous (NH&S04 at 298.15 K, determined from boiling point 
elevations of Buchanan (N = 42 in Table 2) and (inset) Johnston 
( N  = 43). Symbols (main plot) indicate measurements at six 
different pressures, for which the boiling temperatures of pure 
water are as follows: (0) 100.28 "C, (0) 99.40 "C, (A) 94.41 "C, (v) 
94.24 "C, (0) 91.30 "C, ( x )  91.16 "C. The inset shows the data of 
Johnston for a nominal boiling temperature of 100 "C. Lines show 
the fitted model (eqs 8 and lh - 

09 

w 

07 

0 l,o 20 40 5,0 
i m l  mol k q ' "  

Figure 13. Molal osmotic coeficients (4) a t  298.15 K. Symbols 
are as follows: (0) isopiestic data ( N  = 24 and 25 in Table 2), (0) 
EDB measurements from Table 1. The line indicates values from 
the fitted model (eqs 3b and 4). 

298.15 K from both isopiestic data and balance measure- 
ments from Table 1 (with some outlying points, which 
appeared to be in error, removed). The result in shown in 
Figure 13 in terms of the molal osmotic coefficient 4, with 
parameters for the fitted model given in Table 3. While 
some systematic deviations from the measurements are 
apparent, the result is satisfactory overall, especially when 
variations between available sets of EDB measurements 
are taken into account (see section 6). 

Table 3. Fitted Activity Coefficient Model Parameters at 298.16 ICa 
parameter value parameter value parameter value 

BNH,.SO~ 13.99385 &H4+30, 0.0 B$H4+i04 -0.021032 
- 17.13243 BNn,eo, 1L 0.84618 BNH,BO, 1J 0.0046881 

BiLI,.SO, 
0.00064804 

UI,NH,.SO, 2.125957 G,NH,BO, -0.0071602 G,NH,.SO, 0.00025844 

am4.so4 13.0 
QLi,.SO, 1.50 

Wl,N&SO, - 1.904921 U?,NH,*O, 0.079118 *,NH,.SO, 

VI.NH,.SO, -2.291087 *,NH4.so4 -0.037725 q,NH, .SO,  -0.00043965 

Both aNH,.so4 and ahH .so are invariant with temperature. Values of parameters P (first column, used in eqs 4-6) and PL (eq 7) a t  
temperatures other than 29d.15 K are obtained by integration, using the relationships given in eqs 9 and 10. (The second differentials 
with respect to temperature of each parameter P, which can be derived from {PL, P} pairs above using eq 10, are treated as being 
invariant with temperature.) 
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Figure 14. Logarithm of the equilibrium constant (K,) (equivalent 
to U ( N H ~ + ) ~ ~ ( S O ~ ~ - ) )  for saturation of solutions with respect to  
(NH&S04(,,,. Symbols indicate values calculated using measured 
solubilities and eqs 5 and 6, with parameters given in Table 3; 
the line indicates values from eq 20. 

(d) (NHa)2SO4 Solubility. Many measurements of this 
quantity have been made, and the 22 studies referred to 
in Table 2 are unlikely to form a complete list. The 
solubility of (NH4)2S04 varies by only about 3 mol kg-l over 
a temperature range of '100 "C, from the eutectic point 
at  5.00 mol kg-l and 254.21 K to the boiling point at  about 
380 K and 8 mol kg-l. Calculated activity products of 
aqueous (NH4)2S04, defined in eq 16 and using eqs 5 and 
6 to  obtain the activity coeficients of the ions, are shown 
in Figure 14. The equilibrium constant K, on a mole 
fraction basis (eq 16) is given by the following equation: 

ln(K,) = -1102.015 + 23931.46/(T/K) + 
197.3493 ln(T/K) - 0.384466(T/K) (20) 

where T is temperature. At 298.15 K, the value of K (6.39 
x agrees to within 3.1% with that adopted previously 
(7). 

6. Comparisons and Applications 
(a) Other Data for Supersaturated Aqueous 

(NH4).&'04. In addition to the EDB measurements of 
Chan et al. (13) (data set 29) and Wyslouzil(15) (data set 
30) included in our analysis, water vapor pressures of 
supersaturated solutions have also been measured by 
Spann (37) (data set 26) and by Tang and Munkelwitz (11) 
(data set 28). The results of the former study, which was 
made at  room temperature, were included in a recent 
application of the present thermodynamic model to the 
system (NH4)2S04-HzS04-HzO (7). Water activities and 
osmotic coefficients obtained by Tang and Munkelwitz (11 
and by Spann (37) a t  298.15 K are compared with those 
from the present study in Figure 15. In terms of water 
activity the difference between our results and those of 
Tang and Munkelwitz is small. The data of Spann yield 
higher solute molalities, for a given relative humidity, than 
both other sets of measurements. A notable feature (Figure 
15b) is the peak in cp a t  approximately 10 mol kg-l, which 
is lower for the results of both Tang and Munkelwitz and 
Spann than found in the present study-the small differ- 
ence (-0.05 in 4) corresponding to a change of about 0.017 
in water activity. Cohen's measurements (38) (data set 271, 
which were obtained on an instrument similar to that of 
Chan et al. (13), agree with the higher values of 4 obtained 
by us and by Wyslouzil(15). The reason for the differences 
shown in Figure 15 is unclear, though we note that both 
Tang and Munkelwitz (11) and Spann (37) used balances 
with evacuated chambers into which water vapor was 

0.9- 

I ( b l  I 

2.0 30 40 50 60 
/m / m01''~ kg"2 

Figure 15. A comparison of water activities (in a) and osmotic 
coefficients (in b) of supersaturated aqueous (NH4)2S04 at 298.15 
K from different sources: (0) this study, (0) Tang and Munkelwitz 
(11) (N = 281, (+) Spann (37) (N = 26). For clarity, some points 
have been omitted a t  low molalities. 

introduced and pressure measured directly. This may be 
responsible for the high degree of precision that Tang and 
Munkelwitz in particular were able to achieve, but should 
not lead to different results overall. Loss of charge from 
the suspended particle may be a factor, although it was 
not thought to  be significant in the present case and has 
not been noted by either Tang and Munkelwitz (11) or 
Spann (37) as a problem. 

In the present study the use only of EDB measurements 
(data sets 29-31) that are consistent with one another is 
justified for the purpose of estimating the variation of 
thermodynamic properties with temperature. The com- 
parison with other data in Figure 15 shows that, for 
supersaturated solutions, there remains a small degree of 
uncertainty in the relationship between water activity and 
composition at  298.15 K. However, for practical applica- 
tions such as calculations of the behavior of atmospheric 
aerosols, this is unlikely to  be significant. 

(b) Vapor Pressures above Satumted Aqueous 
(NH4)2S04. Tang and Munkelwitz (29) have shown that, 
for a saturated solution in equilibrium with the vapor 
phase, the following relationship applies between the water 
activity of the solution and the integral enthalpy of solution 
A,,lH (J mol-I): 

where T i s  temperature, R (8.3144 J mol-I K-l) is the gas 
constant, and n is the salt solubility in moles of solute per 
mole of water. Water vapor pressures above solutions 
saturated with respect to (NH4)&304 have been determined 
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Figure 16. Water activities of saturated solutions of aqueous 
(NH4)2S04. Symbols are measured values from the following data 
sets N in Table 2: (0) 5, 6 , 8 ,  (V) 35, (A) 36, (0) 37, ( x )  38, (+) 39, 
(0)  40, ( 0 )  estimated from boiling point measurements (see text). 
The full line indicates values calculated using the thermodynamic 
model together with measured solubilities; the dotted line indicates 
values calculated by integration of eq 21. 

by several authors (data sets 35-40 in Table 2). We have 
calculated a1 from the vapor pressures, using Hill's equa- 
tion of state to obtain po(HzO), and the results are shown 
in Figure 16 for a range of temperatures. We have added 
values calculated from the measured eutectic point, and 
estimates for saturated solutions a t  their boiling points 
which were obtained by extrapolating measured boiling 
point elevations from data set 42 to the saturation molality. 
Also shown in the figure are, first, water activities calcu- 
lated from the integration of eq 21 using a constant value 
of A,,lH (6.318 kJ mol-' for 5.55 mol kg-l (NH4)2S04 a t  
298.15 K (33)) and al(298.15 K) equal to 0.800. While these 
agree quite well with several of the existing sets of 
measurements from about 0 to 50 "C, as noted by Tang 
and Munkelwitz (29), a t  high temperature they deviate 
from the water activities obtained from boiling point data. 
Second, we show a1 calculated using the fitted model, which 
effectively includes the variation of Aso,H with T. In this 
case, the predicted water activities for the saturated boiling 
mixtures are about 0.005 higher than the values estimated 
from measurements, while the predicted water activity a t  
the eutectic point is little changed. Overall, the comparison 
suggests that the change in (NH4)2S04 solubility with 
temperature is the most important factor controlling the 
variation of al. Difficulties in obtaining a saturated 
solution may be responsible for the high degree of scatter 
of the data shown in Figure 16. 

(e) Multicomponent Solutions containing NHa+ and 
SO%-. Estimation of the properties of solution mixtures, 
for example (NH&304-HzS04-HzO (7),  requires the use 
of thermodynamic models (5,39).  The parameters in Table 
3 enable NH4+-S0d2- interactions to  be calculated as 
functions of temperature to very high concentration-at 
least 25 mol kg-l using the mole-fraction-based equations 
presented here. Extension of the model treatment of the 
system (NH4)2S04-HzS04-Hz0 (7) to temperatures other 
than 298.15 K is straightforward, as HzS04-HzO has 
already been parameterized using the model for 180 < T 
< 328 K. However, minor revisions to published param- 
eters for 298.15 K will be necessary as activity coefficients 
for pure aqueous (NH&S04 now differ from those given 
previously, which were based only on Spann's results (37) 
for supersaturated solutions. These revisions will be given 
in a later paper. 

f m  I mo?* kg'/* 
Figure 17. Calculated water activities of pure aqueous (NH& 
SO4 from -25 to +lo0 "C, to high supersaturation. Note that 
values for m1/2 > 5 kg-lI2 at all temperatures are extrapola- 
tions beyond the fitted EDB data. 

7. Discussion 

The results presented here enable osmotic and activity 
coefficients, and saturation with respect to solid phases ice 
and (NH4)2S04(,,,, to be calculated for pure aqueous (NH4)2- 
SO4 from ~ 2 7 3  to 373 K and subsaturated molalities. 
Properties of supersaturated solutions have also been 
measured, and are represented by the fitted model to about 
25 mol kg-', though with small deviations from the 
measured water activities. Comparisons with other data 
in Figure 15 show that extrapolation to even higher 
molalities still gives reasonable predictions at  298.15 K. 
The cause of the differences between the three sets of data 
shown in Figure 15 is unclear, though it is presumably 
related to  variations in experimental technique and ap- 
paratus. Certainly, in the present experiments, the deri- 
vation of thermal properties and agreement with other 
thermal data suggest that the results are self-consistent. 

The model is least well constrained at  high temperatures 
and high concentrations. Boiling point elevations, used to 
derive partial molar heat capacities and model parameters 
PJ (eq lo), extend only to about 8 mol kg-l. Model 
calculations of activity coefficients at  higher molalities (and 
T t 298.15 K) effectively include an extrapolation of partial 
molar heat capacities and their influence on activities. The 
effect of this is illustrated in Figure 17 which shows 
calculated water activities over a wide range of molality 
and temperature. It is clear that values for molalities 
above 25 mol kg-l and temperatures above 323.15 K are 
unrealistic, showing increases in a1 with molality. Conse- 
quently, the limited amount of heat capacity information 
used to parameterize the model should be borne in mind 
when estimating the properties of supersaturated solutions 
at  temperatures other than 298.15 K: predictions are likely 
to  become increasingly inaccurate where molalities are 
greater than 8-10 mol kg-l and temperatures are outside 
of the range 273.15 to about 323.15 K. 

The parameters presented in Table 3 for the mole- 
fraction-based thermodynamic model will, in the future, 
enable the properties of mixtures containing the ions NH4+ 
and S042- to  be calculated as functions of temperature. 
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