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Enthalpy of dilution of [SO2 + salt + H2O] in [salt + H2O]
{salt = (NH4)2SO4 or Na2SO4}: Experimental results and modeling
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Abstract

New experimental results are presented for the enthalpy change upon diluting aqueous solutions of sulfur dioxide containing a salt (either
ammonium sulfate or sodium sulfate) in aqueous solutions of that salt at about 313 and 352 K. A previously developed thermodynamic model
for the vapor–liquid equilibrium of the chemical reacting systems{SO2 + (NH4)2SO4 + H2O}and (SO2 + Na2SO4 + H2O) is extended allowing
for the formation of pyrosulfite and for the description of the new experimental results for the enthalpy change upon dilution.
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. Introduction

Aqueous solutions of weak electrolyte gases (like ammo-
ia, sulfur dioxide, hydrogen sulfide, carbon dioxide, etc.)
nd strong electrolytes{for example, inorganic salts such
s (ammonium or sodium) (chloride or sulfate)}have to be

reated in many processes related to the chemical, power
nd oil industries (e.g., in coal gasification, in wet flue gas
esulfurization, or in water washing processes of catalytic
racker overhead systems). Both the energy costs and
he restrictions imposed by environmental jurisdiction are
ontinuously growing. In order to design and optimize those
rocesses to meet these requirements and still run profitably,

here is a demand for reliable models for the thermodynamic
roperties of such complex, chemical reacting mixtures.
he basic design of the separation equipment requires
xperimental information on the equilibrium properties (i.e.,
asically vapor–liquid equilibrium data and information on

he energy to vaporize/condense the mixtures) as well as on
he kinetics of the chemical reactions and of the mass transfer
rocesses.

The equilibrium speciation of the liquid mixtures must
known reliably in order to enable a description of the equ
rium properties. This does also hold for the kinetic proces
as the driving force for any kinetic process results from
deviation from equilibrium. Experimental information on
speciation might be obtained by spectroscopic investiga
(cf., e.g., Ermatchkov et al.[1], Lichtfers and Rumpf[2], and
Lichtfers[3]). Although such (often expensive) experime
may sometimes result only in qualitative information, t
help to identify the important species. In many cases, m
predictions for the speciation may considerably be impro
by additionally taking into account experimental informat
on the enthalpy change upon dilution of those chemica
acting systems. This enthalpy change results primarily
(several) chemical reactions, but also from the change i
physical interactions resulting from the dilution.

In previous work, a thermodynamic model describing
vapor–liquid equilibrium of the chemical reacting syste
{SO2 + (NH4)2SO4 + H2O} and (SO2 + Na2SO4 + H2O)
was developed (Rumpf and Maurer[4]). The mode
was mainly based on experimental results for
∗ Corresponding author. Tel.: +49 631 205 2410; fax: +49 631 205 3835.
E-mail address:gmaurer@rhrk.uni-kl.de (G. Maurer).

vapor–liquid equilibrium of the systems (SO2 + H2O),
{(NH4)2SO4 + H2O}, (Na2SO4 + H2O), (H2SO4 + H2O),
{SO2 + (NH4)2SO4 + H2O}, (SO2 + Na2SO4 + H2O), and
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190 Á. Pérez-Salado Kamps et al. / Thermochimica Acta 429 (2005) 189–203

Nomenclature

ai activity of speciesi (on the molality scale)
AB effective cross sectional area of the diaphragm

bellows
B effective second osmotic virial coefficient in

Pitzer’sGE equation for interactions between
gas G and salt MX

C� effective third osmotic virial coefficient in
Pitzer’sGE equation for interactions between
M and X

f(I) Pitzer’s modification of the Debye-Ḧuckel
term

g(x) cf. Eq.(10)
GE Gibbs excess energy (on the molality scale)
hi (partial) molar enthalpy of speciesi
I ionic strength (on the molality scale)
kB elastic force constant of the diaphragm bellows
kH,i Henry’s constant of gasi in water (on the mo-

lality scale)
Kr equilibrium constant for chemical reactionr

(on the molality scale)
mi true molality of speciesi
m◦ reference molality (m◦ = 1 mol kg−1)
m̄i stoichiometric molality of componenti
m̃ mass
M cation
M∗

W molar mass of water divided by 1000 g mol−1

(M∗
W = 0.01801528)

ni true amounts-of-substance of speciesi
n̄i stoichiometric amounts-of-substance of com-

ponenti
p pressure
ps

W vapor pressure of pure water
Qdiss energy (heat) involved in the movement of the

punching knife
Qdil (experimental) heat of dilution
R universal gas constant
T absolute temperature
v

(∞)
i partial molar volume of gasi infinitely diluted

in water
vW molar volume of water
V volume
Wdiss energy (work) involved in the movement of the

punching knife
X anion
yi vapor phase mole fraction of componenti
Y anion
zi number of charges on the solutei

Greek Letters
α

(k)
ij binary parameter in Pitzer’sGE equation (k= 1,

2)

β
(k)
ij parameters in Pitzer’sGE equation (k= 0, 1, 2)

describing binary interactions (between solutes
i andj in water)

γ i activity coefficient of speciesi (on the molality
scale)

Γ effective third osmotic virial coefficient in
Pitzer’sGE equation for interactions between
gasG and salt MX

�dilH enthalpy change upon dilution
�rh(ref) =�rH (see Eq.(23))
�rH (molar) reaction enthalpy of reactionr (on the

molality scale)
�z experimental uncertainty in propertyz
��r difference in extent of reactionr before and

after mixing (Eq.(18))
λij second osmotic virial coefficient in Pitzer’sGE

equation
µijk third osmotic virial coefficient in Pitzer’sGE

equation = parameter describing ternary inter-
actions (between solutesi, j, andk in water)

νi,r stoichiometric factor of reactanti in reactionr
(νi,r > 0 for a product andνi,r < 0 for an educt)

ν+,ν− number of cations and anions in electrolyte MX
ξr extent of reactionr
ρ specific density of the aqueous solutions
φi vapor phase fugacity coefficient of component

i

Superscripts
(exp) experimental
(corr) correlation
E excess quantity
(l) lower chamber
(pred) prediction
(ref) reference state (based on the molality scale)
s saturation
(u) upper chamber
(2) after mixing

Subscripts
diss dissipation
dil dilution (of a solution)
G gas G
r reactionr
s salt
W water

(SO2 + H2SO4 + H2O) and covered a temperature range from
about 313–393 K. It took into account four sulfur containing
ionic species in the aqueous phase: sulfate, bisulfate, sulfite,
and bisulfite.

In the present work, the heat accompanying the (isother-
mal) dilution of liquid{SO2 + (NH4)2SO4 + H2O} by liquid
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{(NH4)2SO4 + H2O} and of liquid (SO2 + Na2SO4 + H2O)
by liquid (Na2SO4 + H2O) is determined atT≈ 313 and
352 K. The previous model is revised allowing for the descrip-
tion of these new calorimetric experimental results as well as
for the description of experimental results from calorimetric
investigations (enthalpy change upon dilution in pure water)
of (SO2 + H2O),{(NH4)2SO4 + H2O}, (Na2SO4 + H2O), and
(H2SO4 + H2O) taken from the literature.

We recently presented experimental results from atten-
uated total reflectance (ATR)-IR spectroscopy of liquid
mixtures of (SO2 + NH3 + H2O) revealing that pyrosulfite
is an important sulfur-containing species in such aqueous
solutions (Ermatchkov et al.[1]). Therefore, a previ-
ously developed thermodynamic model describing the
vapor–liquid equilibrium of the chemical reacting system
(SO2 + NH3 + H2O) was recently extended in order to
account for the presence of pyrosulfite. In addition, new
experimental results on the enthalpy change upon dilution
of (SO2 + NH3 + H2O) in pure water was taken into account
in the process of parameterization of that extended model
(cf. Pérez-Salado Kamps et al.[5]). Although preliminary
model calculations revealed that pyrosulfite may not appear
in high concentrations in the aqueous solutions investi-
gated in the present work [{SO2 + (NH4)2SO4 + H2O},
and (SO2 + Na2SO4 + H2O)], the formation of pyrosulfite
is taken into account by the new thermodynamic model
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were determined by weighing the cell before and after the
filling procedures. The cells were pressurized (using nitrogen
from a storage tank) via a diaphragm bellows connected to the
upper chamber. This arrangement avoided the (partial) evap-
oration of the liquid. The temperature in the batch calorimeter
was determined with calibrated platinum resistance ther-
mometers (with an uncertainty better than±0.1 K). After
thermal equilibration in the batch calorimeter the Teflon foil
separating both compartments in a cell was cut by a punching
knife (which is mounted inside the cell so that it can be
moved from the outside) and the solutions were mixed. Dur-
ing mixing, the diaphragm bellows compensated for pressure
changes resulting from the density change inside the cell.
The calorimeter response was determined and converted to
the heat of dilutionQdil (using calibration curves, cf. Weyrich
[8] and Hasse and Maurer[9]). The maximum uncertainty of
that measured heat (±2%) was estimated from the calibration
experiments.

In a typical experiment about 30 g of the gas containing
aqueous salt solution were diluted with about 18 g of the
gas free aqueous salt solution. The masses of the solutions
were determined by weighing with a maximum uncertainty
of ±0.008 g. At a fixed temperature, for each concentration
of (SO2 and salt), at least two (but up to 10) experiments with
almost identical masses in the upper and lower chamber of
the mixing cell were performed.
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u-
t ul-
f ium
hen the vapor–liquid equilibrium and the enthalpy cha
pon dilution of those systems is described, in orde
nable a consistent transition to quaternary systems,
s for example {NH3 + SO2 + (NH4)2SO4 + H2O} and
NH3 + SO2 + Na2SO4 + H2O}, which will be investigate

n a forthcoming publication.

. Experimental

.1. Apparatus

The batch calorimeter and the experimental arrange
sed are both basically the same as in previous investiga

1,5–8]. Therefore, only a short description is given h
n an experiment, two identical pressurized mixing c
ere placed into a Calvet-type batch calorimeter (MS
ETARAM, Lyon, France). One cell was used as refere

n a differential arrangement, the other for the actual ex
ment. Each cell consists of an upper and a lower cha
eparated by a thin Teflon foil. The lower chamber was fi
ith the aqueous salt solution [either{(NH4)2SO4 + H2O}
r (Na2SO4 + H2O)] with a syringe. The upper chamb
as evacuated and filled with the aqueous gas

aining solution [either {SO2 + (NH4)2SO4 + H2O} or
SO2 + Na2SO4 + H2O)]. The composition of those solutio
ere known from preparation. The stoichiometric mola
f the salt was equal in both chambers, in order to avoid
ilution effects. The amounts of mass of water + salt (in

ower chamber) and water + salt + gas (in the upper cham
.2. Substances

Sulfur dioxide (≥99.98 mol %) was purchased fr
esser-Griesheim (Ludwigshafen, Germany). It was u
ithout further purification. Deionized water was degas
y vacuum distillation. Sodium sulfate (≥99 mass%) and
onium sulfate (≥99.5 mass%) were purchased from M
mbH (Darmstadt, Germany). The salts were degasse
ried under vacuum for several hours.

The salt-containing solutions were prepared in a sto
ank. The stoichiometric molality of the salt in the aque
olution was determined gravimetrically with a rela
ncertainty smaller than 0.15%. The aqueous gas conta
alt solutions were prepared as previously described in d
6]: An evacuated cylinder sealed with a piston was part
lled with the aqueous salt solution. Known amounts
ulfur dioxide were added to the lower compartment of
ylinder from a storage tank. The mixture was pressur
y applying a rather high pressure on the upper sid

he piston to avoid vaporization. The relative uncerta
n the stoichiometric molality of sulfur dioxide is smal
han 0.5%.

. Experimental results

The enthalpy change�dilH upon dilution of aqueous sol
ions of{sulfur dioxide + (ammonium sulfate or sodium s
ate)}in aqueous solutions of (ammonium sulfate or sod
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sulfate, respectively) was calculated from the measured heat
of dilutionQdil applying corrections for (a) the work involved
in the movement of the punching knife (Wdiss=−Qdiss,
which ranged from about 0.2–1 J and was determined in
blind experiments), and (b) for the work accompanied by
the change of the volume (V) of the liquids upon mix-
ing, which was estimated by assuming an isothermal vol-
ume change upon mixing, which, as the diaphragm bel-
lows is elastic, also causes a (small) change in the pressure
(p) [1,6,8]:

�dilH ≈ Qdil + Wdiss+
∫

Vdp (1)

The last contribution was calculated from the density (ρ)
of the solutions (which is estimated from a few measure-
ments with a vibrating tube densimeter) and the elastic force
constant (kB = 41.1 N/cm) and effective cross sectional area
(AB = 1.96 cm2) of the diaphragm bellows (cf. refs.[6,8]):

∫
Vdp = kB

2A2
B



(
m̃(u) + m̃(l)

ρ(2)

)2

−
(
m̃(u)

ρ(u) + m̃(l)

ρ(l)

)2


(2)

3.1. System{SO + (NH ) SO +H O}

) are
g ue-
o of

(NH4)2SO4 with equal stoichiometric salt molalities in the
upper and lower chamber, ¯m

(u)
s = m̄(l)

s ≈ (1 and 3.9) mol kg−1,
is plotted versus the stoichiometric molality of the gas (in the
upper chamber, ¯m

(u)
SO2

) in Fig. 1 (T= 312.7 K in the left dia-
gram,T= 351.6 K in the right diagram).Fig. 1 additionally
shows the experimental results for the enthalpy change upon
dilution of aqueous solutions of SO2 in pure water reported
previously[5]. When there is no salt, exothermic behavior
is observed. Adding small amounts of ammonium sulfate re-
sults in smaller absolute enthalpy changes, i.e., a shift towards
endothermic behavior is observed. The experimentally de-
termined numbers for the enthalpy change range from about
−40 to 14 J. The correction term resulting from

∫
Vdp ranges

from about−1.5 to 1.2 J.

3.2. System (SO2 +Na2SO4 +H2O)

The experimental results (at about 312.7 and 351.7 K)
are given inTable 2. The enthalpy change upon dilution of
aqueous solutions of{SO2 + Na2SO4} in aqueous solutions
of Na2SO4 with equal stoichiometric salt molalities in the
upper and lower chamber, ¯m

(u)
s = m̄(l)

s ≈ (1 and 1.2) and
(1 and 1.45) mol kg−1 at 312.7 and 351.7 K, respectively,
is plotted versus the stoichiometric molality of the gas
(in the upper chamber, ¯m

(u) ) in Fig. 2 (T= 312.7 K in
t
a
e SO
i salt,

F H2O}w ty
m ometric ,

T (from ;
(

2 4 2 4 2

The experimental results (at about 312.7 and 351.6 K
iven inTable 1. The enthalpy change upon dilution of aq
us solutions of{SO2 + (NH4)2SO4} in aqueous solutions

ig. 1. Enthalpy change upon dilution of about 29.7 g{SO2 + (NH4)2SO4 +
¯(NH4)2SO4 in the upper and lower chamber, plotted against the stoichi

= 351.6 K in the right diagram). Experimental results: (©)m̄(NH4)2SO4 = 0

– – –) (smoothed) prediction from Rumpf and Maurer[4,15]; (—) (smoothed) co
SO2
he left diagram,T= 351.7 K in the right diagram).Fig. 2
lso shows the experimental results (from ref.[5]) for the
nthalpy change upon dilution of aqueous solutions of2

n pure water. As already mentioned, when there is no

ith about 18.2 g{(NH4)2SO4 + H2O} at equal stoichiometric salt molali
molality of the gas in the upper chamber ( ¯m

(u)
SO2

) (T= 312.7 K in the left diagram

ref. [5]), (�,�)m̄(NH4)2SO4 ≈ 1 and 3.9 mol kg−1, respectively, this work

rrelation, this work.
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Table 1
Enthalpy change upon dilution�dilH of {SO2 + (NH4)2SO4 + H2O} in {(NH4)2SO4 + H2O}

T (K) m̄(NH4)2SO4
a (mol kg−1) m̄

(u)
SO2

(mol kg–1) m̃(u) (g) m̃(l) (g) �dilH(exp) (J) �dilH(corr) (J) �dilH(pred) (J)

312.7 0.968 1.799 28.059 17.175 −4.5 ± 2.1 −5.98 16.03
312.7 0.968 1.799 27.947 17.236 −3.8 ± 2.1 −5.97 16.10
312.7 0.968 1.799 28.068 17.147 −4.2 ± 2.1 −5.99 15.99
312.7 0.968 1.799 27.925 17.236 −4.1 ± 2.1 −5.97 16.09
312.7 0.968 1.799 27.936 17.220 −3.9 ± 2.1 −5.98 16.07
312.7 0.968 1.799 28.119 17.219 −4.0 ± 2.1 −5.99 16.07
312.6 0.968 1.799 27.917 17.151 −4.6 ± 2.1 −5.97 16.00
312.7 0.968 1.799 27.860 17.225 −4.1 ± 2.1 −5.97 16.08
312.7 1.053 3.810 29.089 17.265 −38.2± 2.8 −38.06 −17.11
312.7 1.053 3.810 28.946 17.314 −38.8± 2.8 −37.99 −16.95
312.7 1.053 3.810 29.227 17.284 −38.1± 2.8 −38.18 −17.23
312.7 1.053 3.810 28.984 17.319 −38.2± 2.8 −38.02 −16.98
312.7 1.053 3.810 29.123 17.305 −38.3± 2.8 −38.13 −17.12
312.7 1.053 3.810 29.532 17.321 −39.8± 2.8 −38.38 −17.45
312.7 3.962 1.784 31.222 19.321 13.2± 2.3 12.58 39.81
312.7 3.962 1.784 30.750 19.389 13.3± 2.3 12.59 39.95
312.7 3.962 1.784 31.395 19.307 13.1± 2.3 12.58 39.80
312.7 3.962 1.784 31.108 19.432 13.8± 2.3 12.64 40.03
312.7 3.962 1.784 31.236 19.327 13.2± 2.3 12.58 39.80
312.7 3.962 1.784 30.922 19.387 13.4± 2.3 12.60 39.92
312.7 3.962 1.784 31.487 19.328 14.1± 2.3 12.60 39.83
312.7 3.962 1.784 31.459 19.402 13.5± 2.3 12.64 40.02
312.7 3.741 3.421 31.294 19.213 10.1± 2.2 11.14 35.42
312.7 3.741 3.421 31.259 19.269 10.5± 2.2 11.19 35.61
312.7 3.741 3.421 31.492 19.222 9.1± 2.2 11.13 35.39
312.7 3.741 3.421 31.232 19.262 9.1± 2.2 11.20 35.62
351.6 0.950 2.080 27.893 17.095 −8.6 ± 2.2 −7.93 1.46
351.6 0.950 2.080 28.331 17.073 −8.7 ± 2.2 −7.97 1.37
351.6 0.950 2.080 28.318 17.083 −8.5 ± 2.2 −7.98 1.38
351.6 0.950 2.080 27.799 17.091 −7.7 ± 2.2 −7.93 1.45
351.6 0.950 2.080 28.216 17.086 −8.3 ± 2.2 −7.97 1.39
351.6 0.950 2.080 27.723 17.081 −8.4 ± 2.2 −7.93 1.41
351.6 0.986 3.332 28.534 17.170 −21.5± 2.4 −20.36 −22.00
351.7 0.986 3.332 28.061 17.179 −23.7± 2.5 −20.21 −21.76
351.6 0.986 3.332 28.301 17.344 −22.8± 2.5 −20.39 −21.86
351.6 0.986 3.332 28.647 17.197 −21.0± 2.4 −20.41 −22.11
351.6 3.691 2.042 30.993 19.055 5.1± 2.1 5.55 76.47
351.6 3.691 2.042 30.543 19.121 5.5± 2.1 5.53 76.54
351.6 3.691 2.042 30.578 19.057 6.5± 2.1 5.51 76.34
351.6 3.691 2.042 30.937 19.073 6.6± 2.1 5.54 76.52
351.6 3.691 2.042 30.571 19.057 7.5± 2.2 5.51 76.33
351.6 4.036 3.803 31.162 19.307 8.9± 2.2 9.59 90.15
351.7 4.036 3.803 30.902 19.272 9.1± 2.2 9.52 90.07
351.7 4.036 3.803 31.201 19.298 8.7± 2.2 9.56 90.12
351.7 4.036 3.803 31.009 19.264 7.3± 2.1 9.49 90.03
351.7 4.036 3.803 31.711 19.305 7.3± 2.1 9.56 90.05
351.7 4.036 3.803 31.110 19.268 6.2± 2.1 9.50 90.02

Experimental results(exp), correlation results(corr) (from the model presented here) and prediction results(pred) (from the model by Rumpf and Maurer[4]).
a m̄

(u)
(NH4)2SO4

= m̄
(l)
(NH4)2SO4

.

exothermic behavior is observed. As for ammonium sulfate,
adding small amounts of sodium sulfate results in smaller
absolute enthalpy changes, i.e., a shift towards endothermic
behavior is observed. The experimental numbers for the
enthalpy change range from about−26 to 5 J. The correction
term resulting from

∫
Vdp ranges from about−0.6 to about

2 J.
The absolute uncertainty in�dilH is estimated to about

±(0.02|Qdil | + 2 J). The first contribution results from the

uncertainty in the calibration experiments. The second con-
tribution results from a Gauss error propagation calculation
and accounts for uncertainties in temperature (T), salt molal-
ity in the upper and lower chamber ( ¯ms), gas molality in the
upper chamber ( ¯m

(u)
SO2

), the amounts of masses in the upper

and the lower chamber ( ˜m(u), m̃(l)), the work necessary to
move the punching knife (Wdiss), and the work required in the
isothermal change of the volume during the mixing process
(
∫
Vdp).
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Table 2
Enthalpy change upon dilution�dilH of {SO2 + Na2SO4 + H2O} in (Na2SO4 + H2O)

T (K) m̄Na2SO4
a (mol kg−1) m̄

(u)
SO2

(mol kg−1) m̃(u) (g) m̃(l) (g) �dilH
(exp) (J) �dilH

(corr) (J) �dilH(pred) (J)

312.7 0.969 2.082 28.963 17.898 −3.8 ± 2.1 −1.41 12.17
312.7 0.969 2.082 28.874 17.957 −3.5 ± 2.1 −1.37 12.16
312.7 0.969 2.082 29.215 17.883 −2.7 ± 2.1 −1.44 12.23
312.7 0.969 2.082 28.974 17.953 −2.5 ± 2.1 −1.39 12.18
312.7 0.969 2.082 28.680 17.863 −3.3 ± 2.1 −1.37 12.09
312.7 0.969 2.082 28.838 17.983 −2.3 ± 2.0 −1.36 12.16
312.7 0.969 2.082 29.145 17.870 −3.0 ± 2.1 −1.42 12.20
312.7 0.969 2.082 28.874 17.957 −3.5 ± 2.1 −1.37 12.16
312.6 1.006 3.775 30.047 18.012 −20.5± 2.4 −21.76 30.05
312.7 1.006 3.775 30.163 18.052 −22.8± 2.5 −21.78 30.05
312.6 1.006 3.775 29.977 17.997 −21.3± 2.4 −21.72 30.02
312.7 1.006 3.775 29.473 18.053 −21.5± 2.4 −21.47 30.00
312.7 1.006 3.775 29.889 18.010 −20.5± 2.4 −21.67 30.01
312.7 1.006 3.775 29.789 18.059 −20.9± 2.4 −21.62 30.04
312.6 1.006 3.775 29.640 17.992 −20.3± 2.4 −21.57 29.99
312.7 1.006 3.775 29.867 18.090 −20.2± 2.4 −21.69 30.12
312.7 1.006 3.775 30.169 18.312 −20.2± 2.4 −21.94 30.51
312.7 1.006 3.775 30.361 18.445 −20.4± 2.4 −22.05 30.68
312.6 1.246 1.866 29.920 18.473 2.5± 2.1 1.11 18.81
312.7 1.246 1.866 29.712 18.322 2.2± 2.0 1.12 18.67
312.6 1.246 1.866 29.977 18.446 2.7± 2.1 1.10 18.82
312.7 1.246 1.866 30.106 18.423 2.2± 2.0 1.10 18.85
312.7 1.246 1.866 29.767 18.313 3.4± 2.1 1.12 18.68
312.7 1.204 4.051 30.472 18.324 −18.2± 2.4 −18.67 72.25
312.7 1.204 4.051 30.270 18.401 −19.1± 2.4 −18.56 72.30
312.7 1.204 4.051 30.647 18.338 −18.1± 2.4 −18.74 72.38
312.7 1.204 4.051 30.475 18.387 −17.7± 2.4 −18.65 72.37
312.7 1.204 4.051 30.761 18.334 −18.1± 2.4 −18.77 72.40
312.7 1.204 4.051 30.695 18.391 −18.8± 2.4 −18.72 72.47
312.7 1.204 4.051 30.093 18.321 −19.3± 2.4 −18.51 72.04
312.7 1.204 4.051 30.321 18.408 −18.8± 2.4 −18.59 72.35
351.7 1.007 2.174 29.804 17.926 −5.9 ± 2.1 −1.60 −31.91
351.7 1.007 2.174 29.280 17.914 −6.7 ± 2.1 −1.57 −31.83
351.7 1.007 2.174 29.792 17.934 −5.6 ± 2.1 −1.60 −31.96
351.7 1.007 2.174 28.909 17.924 −5.3 ± 2.1 −1.55 −31.80
351.7 1.007 2.174 30.284 17.938 −5.4 ± 2.1 −1.62 −31.99
351.7 1.007 2.174 29.651 17.930 −4.8 ± 2.1 −1.59 −31.92
351.7 1.007 2.174 28.406 17.893 −5.9 ± 2.1 −1.52 −31.70
351.7 1.007 2.174 28.259 17.911 −5.7 ± 2.1 −1.52 −31.73
351.7 0.995 4.292 30.606 17.913 −24.6± 2.5 −30.28 −72.06
351.7 0.995 4.292 29.779 17.908 −26.4± 2.5 −29.75 −71.32
351.7 0.995 4.292 29.724 17.889 −23.4± 2.5 −29.71 −71.25
351.7 0.995 4.292 30.489 17.912 −24.9± 2.5 −30.22 −72.02
351.7 0.995 4.292 29.682 17.908 −23.5± 2.5 −29.70 −71.29
351.7 1.477 1.980 30.782 18.710 4.2± 2.1 0.23 −19.95
351.7 1.477 1.980 30.100 18.694 4.1± 2.1 0.19 −20.05
351.7 1.483 1.815 30.385 18.701 3.2± 2.1 −0.05 −20.80
351.7 1.483 1.815 30.951 18.713 3.4± 2.1 −0.04 −20.84
351.8 1.483 1.815 30.214 18.760 4.7± 2.1 −0.08 −20.94
351.7 1.483 1.815 30.950 18.699 4.2± 2.1 −0.01 −20.75
351.7 1.483 1.815 30.198 18.695 5.0± 2.1 −0.05 −20.80
351.7 1.483 1.815 30.823 18.710 4.3± 2.1 −0.04 −20.84
351.7 1.483 1.815 30.208 18.689 5.2± 2.1 −0.06 −20.83
351.7 1.419 3.706 31.383 18.586 −16.4± 2.3 −11.59 −21.55
351.7 1.419 3.706 30.811 18.608 −15.8± 2.3 −11.43 −21.54
351.7 1.419 3.706 30.223 18.586 −15.7± 2.3 −11.20 −21.31
351.7 1.419 3.706 31.196 18.615 −14.8± 2.3 −11.63 −21.90
351.7 1.419 3.706 30.708 18.611 −14.7± 2.3 −11.38 −21.48
351.7 1.419 3.706 31.238 18.625 −14.4± 2.3 −11.62 −21.83
351.7 1.419 3.706 30.717 18.610 −14.1± 2.3 −11.41 −21.57
351.8 1.419 3.706 31.253 18.617 −13.2± 2.3 −11.74 −22.24

Experimental results(exp), correlation results(corr) (from the model presented here) and prediction results(pred) (from the model by Rumpf and Maurer[4]).
a m̄

(u)
Na2SO4

= m̄
(l)
Na2SO4

.
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Fig. 2. Enthalpy change upon dilution of about 30 g (SO2 + Na2SO4 + H2O) with about 18.3 g (Na2SO4 + H2O) at equal stoichiometric salt molality ¯mNa2SO4

in the upper and lower chamber, plotted against the stoichiometric molality of the gas in the upper chamber ( ¯m
(u)
SO2

) (T= 312.7 K in the left diagram,T= 351.7 K

in the right diagram). Experimental results: (©)m̄Na2SO4 = 0 (from ref. [5]), (�,�,�)m̄Na2SO4 ≈ 1, 1.2, and 1.45 mol kg−1, respectively, this work; (– – –)
(smoothed) prediction from Rumpf and Maurer[4,15]; (—) (smoothed) correlation, this work.

4. Thermodynamic modeling

4.1. Chemical reaction equilibrium in aqueous solutions
of SO2 and{(NH4)2SO4 or Na2SO4}

When sufficiently small amounts of the strong electrolytes
ammonium sulfate or sodium sulfate are added to pure liquid
water, that salts can be regarded as fully dissociated:

M2SO4(s) → 2M+(aq)+ SO4
2−(aq),

where M = NH4 or Na. When the gas sulfur dioxide is dis-
solved in an aqueous solution the following (reversible)
chemical reactions are considered in that liquid: the forma-
tion of bisulfite (HSO3

−), sulfite (SO3
2−), and pyrosulfite

(S2O5
2−) (cf. Goldberg and Parker[10]):

SO2(aq)+ H2O(l) � H+(aq)+ HSO3
−(aq), (I)

HSO3
−(aq)� H+(aq)+ SO3

2−(aq), (II)

2HSO3
−(aq)� S2O5

2−(aq)+ H2O(l), (III)

i.e., sulfur dioxide dissolves in that liquid not only in molec-
ular, but also in non-volatile, ionic form. Furthermore, the
autoprotolysis of water has to be considered:

H

ulfur
d
o of

sulfate to bisulfate:

SO4
2−(aq)+ H+(aq)� HSO4

−(aq) (V)

The condition for chemical equilibrium for a chemical
reactionr is expressed as:

Kr(T ) =
∏
i

aνi,ri (3)

The influence of pressure on a chemical reaction equi-
librium constant (Kr) is neglected here,ai is the activity of
speciesi. The reference state for the chemical potential of
the solvent (water) is the pure liquid at systems temperature
and pressure, whereas for the chemical potential of a solute
species it is the one molal solution of that solute in pure water
at systems temperature and pressure, the solute experiencing
the same interactions as if it is infinitely diluted in pure wa-
ter.νi,r is the stoichiometric factor of reactanti in reactionr
(νi,r > 0 for a product andνi,r < 0 for an educt).

The balance equations for the amounts-of-substance of a
speciesi in the liquid solution is:

ni = n̄i +
∑
r

νi,rξr (4)

where ξr is the extent of reactionr. Solving this set of
e etric
a
N he
“ -of-
s

2O(l) � H+(aq)+ OH−(aq) (IV)

Due to the sour character of aqueous solutions of s
ioxide, adding one of the aforementioned salts{(NH4)2SO4
r Na2SO4} to that solution results in a partial protonation
quations for a given temperature and given stoichiom
mounts-of-substances ¯ni of components [i.e., SO2, H2O,
a+, NH4

+, and SO4
2−] results in the speciation, i.e., t

true” composition of the liquid phase (the amounts
ubstancesni of all species).
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4.2. Gibbs excess energy model

Activity coefficients of solute species were calculated
from Pitzer’s equation for the excess Gibbs energy (GE) of
aqueous electrolyte solutions[11,12]:

GE

M∗
WnWRT

= f (I) +
∑
i,j �=W

∑ mi

m◦
mj

m◦ λij(I)

+
∑

i,j,k �=W

∑∑ mi

m◦
mj

m◦
mk

m◦µijk. (5)

M∗
W is the molar mass of water divided by 1000 g mol−1

(M∗
W = 0.01801528),nW is the amounts-of-substance of wa-

ter,R is the universal gas constant,T is the absolute temper-
ature,mi is the molality of solute speciesi, i.e., the amounts-
of-substanceni of this speciesi per kilogram of water, and
m◦ = 1 mol kg−1. f(I) is Pitzer’s modification of the Debye-
Hückel term. The activity coefficient of a solute species (on
the molality scale) is directly calculated from Eq.(5), whereas
the activity of water is calculated from the activity coefficients
of all solute species by applying the Gibbs–Duhem equation.
As usual, binary and ternary osmotic virial coefficients in
Pitzer’sGE equation are treated as symmetric:

λ

µ

w ionic
s ted.

λ

w

I

(

g

he

p ,

t

s tion
p

wa-
t te
t h

ternary parameters are usually summarized inC
φ
MX :

C
φ
MX = 3√

ν+ν−
[ν+µM,M,X + ν−µM,X,X ] (11)

It is common practice to reportβ(0)
M,X ,β(1)

M,X , andCφ
MX (or to

set eitherµM,M,X orµM,X,X to zero and report eitherµM,X,X
orµM,M,X ).

In ternary (chemically non-reacting) systems (wa-
ter + strong electrolyte Mν+Xν− + gasG) it is similarly not
possible to separate the influence of M on soluteG from that
of X on soluteG. Therefore, it is common practice to use the
following comprehensive parameters:

B
(j)
G,MX = ν+β

(j)
G,M + ν−β

(j)
G,X j = 0, 1 (12)

ΓG,MX,MX = ν2
+µG,M,M + 2ν+ν−µG,M,X + ν2

−µG,X,X (13)

ΓG,G,MX = ν+µG,G,M + ν−µG,G,X (14)

B
(1)
G,MX is rarely needed to describe the solubility of a

gas in an aqueous solution of a strong electrolyte.B
(0)
G,MX ,

ΓG,MX,MX , ΓG,G,MX are usually sufficient for a good de-
scription of gas solubility. InB(0)

G,MX , arbitrarily eitherβ(0)
G,M

or β(0)
G,X may be set to zero; inΓG,MX,MX , one can arbitrarily

set two of the three parametersµG,M,M, µG,M,X andµG,X,X
t
o

4

ns
[
a e
e

�

w s of
s efore
m f-
s l
m on
t

n

n

w

�

h

ij = λji, (6)

ijk = µikj = µjik = µjki = µkij = µkji. (7)

“Symmetrical and unsymmetrical mixing terms”[12] as
ell as all parameters describing interactions between
pecies carrying charges of the same sign were neglec

According to Pitzer’s equations,λij is written as:

ij = β
(0)
ij + β

(1)
ij g(α(1)

ij

√
I) + β

(2)
ij g(α(2)

ij

√
I), (8)

here the ionic strength of the solution is given by:

= 1

2

∑
i

mi

m◦ z
2
i (9)

zi is the number of charges on the solutei).
g(x) is defined as:

(x) = 2

x2 [1 − (1 + x) exp(−x)]. (10)

β
(0)
ij , β(1)

ij , β(2)
ij , α(1)

ij , andα(2)
ij are binary parameters. In t

resent work,α(1)
ij is set to 2. Furthermore,β(2)

ij is set to zero

herefore,α(2)
ij is not required.

When a single (chemically non-reacting) gasG is dis-
olved in pure water, the model contains only two interac
arameters (β(0)

G,G andµG,G,G).
For binary (chemically non-reacting) systems (

er + strong electrolyte Mν+Xν−) it is not possible to separa
he influence ofµM,M,X from that ofµM,X,X . Therefore, bot
o zero; and inΓG,G,MX, one can arbitrarily set eitherµG,G,M
rµG,X,X to zero.

.3. Enthalpy change upon dilution

The enthalpy change upon mixing of two liquid solutio
or upon diluting one liquid solution{superscript (u)}by
nother liquid solution{superscript (l)}] can generally b
xpressed as:

dilH =
∑
i

n
(2)
i h

(2)
i −

∑
i

n
(u)
i h

(u)
i −

∑
i

n
(l)
i h

(l)
i (15)

heren(u)
i and n(l)

i are the true amounts-of-substance
pecies i in the upper and lower chambers of the cell b
ixing (state 1), respectively, andn(2)

i is the true amounts-o
ubstance of species i after mixing (state 2).hi is the partia
olar enthalpy of speciesi. Combining the mass balance

he stoichiometric components:

¯(2)
i = n̄

(u)
i + n̄

(l)
i (16)

with Eq.(4) gives for the true species:

(2)
i = n

(u)
i + n

(l)
i +

∑
r

νi,r�ξr, (17)

here:

ξr = ξ(2)
r − ξ(u)

r − ξ(l)
r . (18)

Combining Eqs.(15) and (17)with:

i = h
(ref)
i + hEi (19)
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(where (ref) andE stand for a reference and an excess prop-
erty, respectively) results in:

�dilH =
∑
i

n
(u)
i (hE,(2)

i − h
E,(u)
i ) +

∑
i

n
(l)
i (hE,(2)

i − h
E,(l)
i )

+
∑
r

�ξr[�rh
(ref) +

∑
i

νi,rh
E,(2)
i ]. (20)

Pitzer’s expressions for the activity coefficient of a solute
i (γ i) and for the activity of the solvent water (aW) are used
to calculate the partial molar excess enthalpieshEi andhEW:

hEi = −RT 2
(
∂ ln γi
∂T

)
p,nj

, (21)

hEW = −RT 2
(
∂ ln aW

∂T

)
p,nj

. (22)

The molar reaction enthalpy:

�rH = �rh
(ref) =

∑
i

νi,rh
(ref)
i (23)

is calculated from the temperature dependent chemical
reaction equilibrium constant:

�rH = −R
d lnKr

d (1/T )
. (24)

tion
p

4

fur
d O

k

p

r
p
t t
o ale)
a

Table 4
Henry’s constant of sulfur dioxide in water (on the molality scale)[15]

A B C D T (K)

−154.827 321.17 29.872 −0.0634 293–393

ln
[
kH,SO2

MPa

]
= A + B

(T/K) + C ln(T/K) + D(T/K).

the partial molar volume of sulfur dioxide infinitely diluted
in water and the molar volume of liquid water, respectively.
φi is the vapor phase fugacity coefficient of componenti.

4.5. Required thermodynamic properties

The temperature dependent chemical reaction equilib-
rium constantsKr (r = I–V) were obtained from the litera-
ture[1,10,13,14](cf., Table 3). The correlation equation for
Henry’s constantkH,SO2in water applied in the present work
[15] is given inTable 4. The dielectric constant as well as
the density of pure water are required for the calculation of
Pitzer’s modification of the Debye–Ḧuckel term. They were
approximated by the properties of pure, saturated liquid water
[16,17]. The vapor pressure of pure water (ps

W) was calcu-
lated from the equation by Saul and Wagner[17]. The partial
molar volumes of the dissolved gases (v(∞)

i ) were calculated
as recommended by Brelvi and O’Connell[18] (details are
given in refs.[5,19]). The vapor phase fugacity coefficients
(φi) were calculated from the virial equation of state which
was truncated after the second virial coefficient (for details,
cf. refs.[5,20]).

Within the concentration ranges of sulfur dioxide and
(ammonium sulfate or sodium sulfate) considered in the
present work, no second condensed phase{neither, e.g., a
( au-
r
( al.
[ ssary
t e of
t

5

(at
T mo-
n
s n

T
C

R C

I −93.6
I 65.3
I –
I −22.4
V –

l

These equations are straightforward applied to the dilu
rocess considered in the present work.

.4. Vapor–liquid equilibrium

The phase equilibrium condition for the solubility of sul
ioxide in water results in the extended Henry’s law for S2:

H,SO2 exp

[
v

(∞)
SO2

(p − psW)

RT

]
mSO2

m◦ γSO2 = ySO2pφSO2 (25)

and in the extended Raoult’s law for water:

s
WφsW exp

[
vW(p − psW)

RT

]
aW = yWpφW (26)

From these equations, the total pressurep and the vapo
hase composition (yi is the mole fraction of componenti in
he vapor phase) are calculated.kH,SO2(T ) is Henry’s constan
f sulfur dioxide in pure water (based on the molality sc
t the vapor pressure of pure water (ps

W). v(∞)
SO2

andvW are

able 3
hemical reaction equilibrium constants (on the molality scale)

eactionr A B

554.977 −16700.5
I −358.577 5477.29
II −10.226 2123.6
V 140.932 −13445.9

14.0321 –2825.2

nKr = A + B
(T/K) + C ln(T/K) + D(T/K).
sulfur dioxide rich) liquid phase (cf., e.g., Rumpf and M
er [4,15]), nor any salt precipitation, e.g., of (NH4)2SO4,
NH4)2S2O5, Na2SO4, Na2S2O5, etc. (cf., e.g., Pereda et
21])} has to be considered. Therefore, it was not nece
o extend the model in order to allow for the appearanc
hose additional phases.

. Correlation

Fig. 3 shows calculation results for the speciation
= 353 K) in aqueous solutions of the single salts am
ium sulfate{m̄(NH4)2SO4 = 4 mol kg−1, left diagram}and
odium sulfate ( ¯mNa2SO4 = 1 mol kg−1, right diagram), whe

102D T (K) Source

745 10.2231 278–393 [10]
084 −16.2367 278–393 [10]

– 313–353 [1]
773 − 273–498 [13]

– ∼298 [14]
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Fig. 3. Speciation in the systems{SO2 + (NH4)2SO4 + H2O} {m̄(NH4)2SO4 = 4 mol kg−1, left diagram}and (SO2 + Na2SO4 + H2O) (m̄Na2SO4 = 1 mol kg−1,
right diagram) at 353.15 K. Activities of all species were estimated from Pitzer’s Debye Hückel term alone.

sulfur dioxide is added. The activities of all species were
estimated from Pitzer’s Debye–Hückel term alone, i.e., the
calculated speciation is only approximative. The amounts
of water and sulfur dioxide in those liquid mixtures, which
are converted to OH− and SO2−

3 ions are negligibly small.
The liquid mixture (SO2 + M2SO4 + H2O), with M = NH4
or Na, can be regarded as an aqueous solution of the sin-
gle gas SO2, and the eight strong electrolytes M2SO4,
MHSO4, MHSO3, M2S2O5, H2SO4, HX (with X = HSO4
and HSO3), and H2S2O5. The properties of liquid mix-
tures of (SO2 + M2SO4 + H2O) might therefore be described
with parameters for interactions which also occur in the bi-
nary subsystems (SO2 + H2O), (strong electrolyte + H2O),
and (SO2 + strong electrolyte + H2O), with the aforemen-
tioned strong electrolytes.

6. Interaction parameters in Pitzer’sGE-equation

6.1. (SO2 +H2O) system

As already discussed in previous publications[5,15], when
dissolving sulfur dioxide in pure water, the amounts of the gas
reacting with water, according to reactions I–IV to form ionic
species is negligibly small (disregarding highly diluted solu-
t sent
i or-
d sys-
t
i
a corre
l r pa-
r
w
S lity
d s
f y of
d
p ex-
p e
T limit

of SO2 in water (i.e., up to the formation of a second SO2-rich
liquid phase).

6.2. {(NH4)2SO4 +H2O} system

The correlation equations for the three (temperature
dependent) Pitzer parameters describing interactions be-
tween NH4

+ and SO4
2− in aqueous solutions (β(0)

NH4
+,SO4

2− ,

β
(1)
NH4

+,SO4
2− , andCφ

(NH4)2SO4
) were adopted from Rumpf et

al. [6]. They are based on the numerical values for those pa-
rameters reported by Pitzer[12] for T= 298.15 K{which are
based on isopiestic data up to saturation at that temperature
(5.82 mol kg−1) from Filippov et al.[22]} and on the data
for the enthalpy of dilution given by Rumpf et al.[6] (at stoi-
chiometric salt molalities up to about 5 mol kg−1 and temper-
atures from 313 to 373 K).Table 5gives the correlation equa-
tions forβ(0)

NH4
+,SO4

2− ,β(1)
NH4

+,SO4
2− , andµNH4

+,NH4
+,SO4

2− =
√

2
6 C

φ
(NH4)2SO4

, whereµNH4
+,SO4

2−,SO4
2− was set to zero.

6.3. (NH4HSO3 +H2O), {(NH4)2S2O5 +H2O),
(SO2 +NH4HSO3 +H2O), and
{SO2 + (NH4)2S2O5 +H2O} systems

Pitzer’s method requires the following (tempera-
t s in
t een
N

C

β

a
Γ

t
Γ

P ys-
t use
t lute
s the
p ed
ions), i.e., dissolved sulfur dioxide is predominantly pre
n molecular (rather than in ionic) form. Therefore, in
er to correlate thermodynamic properties of that binary

em, parameters describing interactions between SO2 and the
onic species H+, HSO3

−, SO3
2−, S2O5

2−, and OH− as well
s between those ionic species can be neglected. The

ation equations for the (temperature dependent) Pitze
ameters describing interactions between SO2 molecules in
ater (β(0)

SO2,SO2
andµSO2,SO2,SO2) were adopted from Ṕerez-

alado Kamps et al.[5]. They are based on the gas solubi
ata reported by Rumpf and Maurer[15] (for temperature

rom 293 K to 393 K) as well as on the data for the enthalp
ilution given in ref.[5] (at T≈ 313 K and 352 K).β(0)

SO2,SO2
roved sufficient to describe all experimental data within
erimental accuracy, i.e.,µSO2,SO2,SO2 was set to zero (se
able 5). Those parameters are valid up to the solubility
-

ure dependent) parameters describing interaction
hose aqueous solutions: (1) for interactions betw
H4

+ and HSO3
−: β

(0)
NH4

+,HSO3
− , β

(1)
NH4

+,HSO3
− , and

φ
NH4HSO3

, (2) for interactions between NH4+ and S2O5
2−:

(0)
NH4

+,S2O5
2− , β(1)

NH4
+,S2O5

2− , andCφ
(NH4)2S2O5

, (3) for inter-

ctions between SO2, NH4
+ and HSO3

−: B
(0)
SO2,NH4HSO3

,
SO2,NH4HSO3,NH4HSO3, andΓSO2,SO2,NH4HSO3, and (4) for in-

eractions between SO2, NH4
+ and S2O5

2−:B(0)
SO2,(NH4)2S2O5

,
SO2,(NH4)2S2O5,(NH4)2S2O5, and ΓSO2,SO2,(NH4)2S2O5. When
itzer’s GE-equation is applied to chemical reacting s

ems, for computational reasons, it is much easier to
he general equations for the activity coefficient of a so
pecies (and for the activity of water) as a function of
arametersβ(0)

ij , β(1)
ij , andµijk , rather than using rearrang



Á. Pérez-Salado Kamps et al. / Thermochimica Acta 429 (2005) 189–203 199

Table 5
Interaction Parameters in Pitzer’s equation for the Gibbs excess energy

Parameter q1 q2 q3 q4 q5 T (K) Determined from experimental
results for the subsystem

β
(0)
SO2,SO2

0.10922 −140.72 30216 293–393 SO2 + H2O [5]

β
(0)
NH4

+,SO4
2− 17.79712 −589.017 –2.979609 0.004005157 298–373 (NH4)2SO4 + H2O [6]a

β
(1)
NH4

+,SO4
2− 766.00035 −23129.6 –130.631 0.189579

µNH4
+,NH4

+,SO4
2− −0.0444421 3.39601 0.00578395

β
(0)
NH4

+,HSO3
− 0.016255 −3.5719 308–373 SO2 + NH3 + H2O [5]

β
(1)
NH4

+,HSO3
− 1.223 −545.1

β
(0)
NH4

+,S2O5
2− 0.335 −69.82

β
(0)
SO2,HSO3

− 0.022057

µSO2,NH4
+,HSO3

− 0.0025908 −1.2046
µSO2,SO2,HSO3

− 0.0093098 −3.1034

β
(0)
H+,SO4

2− −0.32806 98.607 ∼298 H2SO4 + H2O [14]

µH+,H+,SO4
2− 0.05971 −14.878

β
(0)
H+,HSO4

− 0.05584 46.04

β
(1)
H+,HSO4

− −0.65758 336.514

β
(0)
NH4

+,HSO4
− 0.0075 313–393 SO2 + (NH4)2SO4 + H2Othis work

β
(1)
NH4

+,HSO4
− −6.5899 2735.1

β
(0)
SO2,HSO4

− 0.45514 −138.14

β
(0)
SO2,SO4

2− 0.026315

β
(0)
Na+,SO4

2− correlation equations
from ref. [27]

298–473 Na2SO4 + H2O [27]

β
(1)
Na+,SO4

2−


µNa+,Na+,SO4

2−

β
(0)
Na+,HSO3

− −0.04625 3.875 313–353 Na2S2O5 + H2O [1]

β
(0)
Na+,S2O5

2− 0.1236 −40.55

β
(0)
Na+,HSO4

− 0.034705 −14.839 313–393 SO2 + Na2SO4 + H2Othis work

β
(1)
Na+,HSO4

− −6.2847 2706.5

β
(0)
SO2,Na+ −0.041477 27.466

µSO2,Na+,SO4
2− −0.068316 24.363

f (T ) = q1 + q2
(T/K) + q3

(T/K)2 + q4 ln(T/K) + q5(T/K).
a Note that there are some typographical errors in the numerical values reported by Rumpf et al.[6].

equations as a function of comprehensive parameters{e.g.,
C
φ
MX , B(0)

G,MX , ΓG,MX,MX , ΓG,G,MX (cf. Eqs. (11)–(14))}.
Of course, such a procedure does not increase the amount
of independent parameters. Six parameters of the kindβ

(0)
ij ,

β
(1)
ij , and �ijk (β(0)

NH4
+,HSO3

− , β(1)
NH4

+,HSO3
− , β(0)

NH4
+,S2O5

2− ,

β
(0)
SO2,HSO3

− ,µSO2,NH4
+,HSO3

− , andµSO2,SO2,HSO3
− ) describ-

ing interactions in these aqueous systems were adopted from
Pérez-Salado Kamps et al.[5] (cf., Table 5). They are based
on the gas solubility data for the system (NH3 + SO2 + H2O)
reported by Rumpf et al.[23] (for T≈ 313 to 373 K) and by
Johnstone[24] (for T≈ 308 to 363 K) as well as on exper-
imental results for the enthalpy of dilution in that system
given in[5] (atT≈ 313 and 352 K). The remaining parame-
ters (µNH4

+,NH4
+,HSO3

− ,µNH4
+,HSO3

−,HSO3
− , β(1)

NH4
+,S2O5

2− ,

µNH4
+,NH4

+,S2O5
2− , µNH4

+,S2O5
2−,S2O5

2− , β
(0)
SO2,NH4

+ ,
µSO2,NH4

+,NH4
+ , µSO2,HSO3

−,HSO3
− , µSO2,SO2,NH4

+ ,

β
(0)
SO2,S2O5

2− , µSO2,NH4
+,S2O5

2− , µSO2,S2O5
2−,S2O5

2− , and

µSO2,SO2,S2O5
2− ) were not required in that correlation and

were all set to zero.

6.4. (H2SO4 +H2O) system

The correlation equations for the (temperature dependent)
Pitzer parameters describing interactions between H+ and
SO4

2− as well as between H+ and HSO4
− in aqueous so-

lutions {(β(0)
H+,SO4

2− , β(1)
H+,SO4

2− , Cφ
H2SO4

) and (β(0)
H+,HSO4

− ,

β
(1)
H+,HSO4

− , Cφ
HHSO4

), respectively}were taken from Pitzer
et al. [14]. They were determined from electromotive force
data, isopiestic data as well as from heat of dilution mea-
surements at temperatures around 298 K and sulfuric acid
concentrations up to 6 mol kg−1. Additional experimental
and theoretical investigations on the thermodynamic prop-
erties of aqueous sulfuric acid solutions have been presented
during the last decades (cf., e.g., Holmes and Mesmer[25]
or Clegg et al.[26]). But due to the rather small amounts
of H+ species dissolved in the liquid mixtures under con-
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sideration in the present work, we refrained from extend-
ing Pitzer’sGE-equation (in order to account for unsym-
metrical mixing terms and/or ionic strength dependent third
virial coefficients), and therefore retained the correlation
from Pitzer et al.[14]. Table 5gives the correlation equations

for β(0)
H+,SO4

2− , µH+,H+,SO4
2− =

√
2

6 C
φ
H2SO4

, β(0)
H+,HSO4

− , and

β
(1)
H+,HSO4

− . The parametersβ(1)
H+,SO4

2− ,µH+,SO4
2−,SO4

2− , and

C
φ
HHSO4

(i.e.,µH+,H+,HSO4
− andµH+,HSO4

−,HSO4
− ) were all

set to zero.

6.5. Systems (HX+H2O), (H2S2O5 +H2O),
(SO2 +HX+H2O), (SO2 +H2S2O5 +H2O),
(SO2 +H2SO4 +H2O), and (SO2 +HY+H2O), where
X=HSO3 and Y=HSO4

All parametersβ(0)
ij ,β(1)

ij , and�ijk for interactions between
H+ and all other solute species of these subsystems – with the
exception of the parameters given in the previous section –
were set to zero. This is justified by the rather small amounts
of the H+ species present in the liquid mixtures under con-
sideration.

6.6. (NH4HSO4 +H2O), {SO2 + (NH4)2SO4 +H2O},
and (SO2 +NH4HSO4 +H2O) systems

ra-
t s in
t een
N

C

and SO4
2−: B

(0)
SO2,(NH4)2SO4

, ΓSO2,(NH4)2SO4,(NH4)2SO4, and
ΓSO2,SO2,(NH4)2SO4, and (3) for interactions between SO2,

NH4
+, and HSO4

−: B(0)
SO2,NH4HSO4

, ΓSO2,NH4HSO4,NH4HSO4,
andΓSO2,SO2,NH4HSO4. For the reasons explained before, only

parameters of the kindβ(0)
ij , β(1)

ij , andµijk were considered.
They were simultaneously fitted to the experimental results
for the solubility of SO2 in {(NH4)2SO4 + H2O} reported by
Rumpf and Maurer[4] (forT≈333–393 K) and to the new ex-
perimental results for the heat of dilution in that system from
the present work (at T≈ 313 and 352 K). In an optimization
procedure, the difference between experimental and calcu-
lated results for the total pressure as well as for the enthalpy
of dilution was minimized. Four parameters,β

(0)
NH4

+,HSO4
− ,

β
(1)
NH4

+,HSO4
− , β(0)

SO2,HSO4
− andβ(0)

SO2,SO4
2− (given inTable 5)

proved sufficient to describe the experimental results almost
within experimental uncertainty, i.e.,µNH4

+,NH4
+,HSO4

− ,
µNH4

+,HSO4
−,HSO4

− , µSO2,NH4
+,HSO4

− , µSO2,HSO4
−,HSO4

− ,
µSO2,SO2,HSO4

− , µSO2,NH4
+,SO4

2− , µSO2,SO4
2−,SO4

2− , and
µSO2,SO2,SO4

2− were all set to zero.
The experimental results for pressures above

{SO2 + (NH4)2SO4 + H2O} [4] are shown in Fig. 4
{m̄(NH4)2SO4≈ 2 and 4 mol kg−1} in comparison with
calculation results from the present correlation (full curves)
as well as from the correlation by Rumpf and Maurer[4]
( ation
b ount
t tion
b tion
d gas
s

F 4)2SO4≈
( umpf a nd
M

Pitzer’s method requires the following (tempe
ure dependent) parameters describing interaction
hose aqueous solutions: (1) for interactions betw
H4

+ and HSO4
−: β

(0)
NH4

+,HSO4
− , β

(1)
NH4

+,HSO4
− , and

φ
NH4HSO4

, (2) for interactions between SO2, NH4
+,

ig. 4. Total pressure above solutions of{SO2 + (NH4)2SO4 + H2O},{m̄(NH

333.15 K), (©) (363.15 K), (�) (393.15 K)] experimental results from R
aurer[4].
broken curves). The average absolute/relative devi
etween experimental and correlated total pressures am

o ±0.014 MPa/2.3% (±0.018 MPa/2.4% for the correla
y Rumpf and Maurer). As expected, the new correla
oes not yield a significant improvement when just the
olubility is considered.

2 mol kg−1 in the left diagram, and 4 mol kg−1 in the right diagram}: [(�)
nd Maurer[4]; (—) correlation, this work; (– – –) correlation from Rumpf a
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Fig. 1 shows the correlation results (full curves)
for the enthalpy change upon diluting liquid mix-
tures of {SO2 + (NH4)2SO4 + H2O} in liquid mixtures of
{(NH4)2SO4 + H2O} in comparison with experimental re-
sults. The correlation curves were calculated with averaged
numerical values for the amounts of masses in the upper and
the lower chamber and averaged numerical values for the
stoichiometric salt molality. A detailed comparison (calcu-
lated from the exact experimental numbers for the amounts
of those masses and the stoichiometric salt molality) is given
in Table 1. The absolute deviation between the experimental
results and the correlation results is in most cases within the
estimated experimental uncertainty (cf.Table 1) and amounts
in average to±1.2 J. Furthermore,Fig. 1 shows predictions
from the model by Rumpf and Maurer[4] (broken curves),
where interaction parameters were solely fitted to the gas sol-
ubility data. That model results in an average absolute devi-
ation between experimental and predicted enthalpy changes
of ±32 J. That comparison demonstrates the improvement
achieved by the extended model.

6.7. (Na2SO4 +H2O) system

The correlation equations for the three (temperature
dependent) Pitzer parameters describing interactions be-
t + 2− (0)

β nd

P
a are
b ient
a s
u
a
c ri-
m ecise
c pre-
s itzer
[
t
c f the
p ying
t d
t

6

tal
i y) at
t rela-
t ram-
e ween
N

w

a ere.

Table 5gives the correlation equations forβ(0)
Na+,HSO3

− and

β
(0)
Na+,S2O5

2− . The parametersβ(1)
Na+,HSO3

− , C
φ
NaHSO3

(i.e.,

µNa+,Na+,HSO3
− andµNa+,HSO3

−,HSO3
− ), β(1)

Na+,S2O5
2− , and

C
φ
Na2S2O5

(i.e.,µNa+,Na+,S2O5
2− andµNa+,S2O5

2−,S2O5
2− ) are

all set to zero.

6.9. (SO2 +NaHSO3 +H2O) and
(SO2 +Na2S2O5 +H2O) systems

There is no experimental (solubility and calorimetric)
information for these systems available in the literature
(which is probably due to their highly corrosive character).
However, some of the Pitzer parameters describing inter-
actions between SO2, Na+, and HSO3

− and between SO2,
Na+, and S2O5

2− (namelyβ(0)
SO2,HSO3

− , µSO2,HSO3
−,HSO3

− ,

µSO2,SO2,HSO3
− , β

(0)
SO2,S2O5

2− , µSO2,S2O5
2−,S2O5

2− , and

µSO2,SO2,S2O5
2− ) have already been used in previous

sections. Due to the lack of experimental information,
µSO2,Na+,HSO3

− andµSO2,Na+,S2O5
2− had to be set to zero.

The remaining parameters (β(0)
SO2,Na+ , µSO2,Na+,Na+ , and

µSO2,SO2,Na+ ) are determined in the next section.

6.10. (NaHSO4 +H2O), (SO2 +Na2SO4 +H2O),
(

ure
d hose
a
H

i
Γ

t
Γ

o
a fit-
t
(
T heat
o .
I peri-
m ell as
f ters
(
p al-
m ters
a
µ t
t

ove
(
0 lts
f om
ween Na and SO4 in aqueous solutions (β
Na+,SO4

2− ,
(1)
Na+,SO4

2− , andCφ
Na2SO4

) were adopted from Rogers a

itzer[27]. (µNa+,Na+,SO4
2− was set equal to

√
2/6Cφ

Na2SO4
,

ndµNa+,SO4
2−,SO4

2− was set to zero.) The parameters
ased on experimental information for the osmotic coeffic
nd from calorimetric investigations{for salt concentration
p to the solubility limit, which is about 3.4 (3.0) mol kg−1

t T= 313 K (353 K), cf., e.g., Seidell and Linke[28]} and
an be used from aboutT= 298–473 K. Some more expe
ental investigations of that system as well as more pr

orrelations of its thermodynamic properties have been
ented recently (after the publication of Rogers and P
27]), cf., e.g., Rumpf et al.[6] and Rard et al.[29]. But, as
he experimental results reported by Rumpf et al.[6], which
over the salt concentration and temperature ranges o
resent investigation, were perfectly predicted by appl

he correlation of Rogers and Pitzer[27], there was no nee
o modify theGE-equation presented here.

.8. (NaHSO3 +H2O) or (Na2S2O5 +H2O) system

Ermatchkov et al.[1] reported the results of experimen
nvestigations (by IR-spectroscopy and batch-calorimetr
emperatures between 313 and 353 K together with cor
ion equations for the (temperature dependent) Pitzer pa
ters describing interactions (in aqueous solutions) bet
a+ and HSO3

− (β(0)
Na+,HSO3

− , β(1)
Na+,HSO3

− , andCφ
NaHSO3

) as

ell as between Na+ and S2O5
2− (β(0)

Na+,S2O5
2− , β(1)

Na+,S2O5
2− ,

ndCφ
Na2S2O5

). These Pitzer parameters were adopted h
SO2 +NaHSO4 +H2O) systems

Pitzer’s method requires the following (temperat
ependent) parameters describing interactions in t
queous solutions: (1) for interactions between Na+ and
SO4

−: β
(0)
Na+,HSO4

− , β
(1)
Na+,HSO4

− , and C
φ
NaHSO4

, (2) for

nteractions between SO2, Na+, and SO4
2−: B(0)

SO2,Na2SO4
,

SO2,Na2SO4,Na2SO4, and ΓSO2,SO2,Na2SO4, and (3) for in-

eractions between SO2, Na+, and HSO4
−: B

(0)
SO2,NaHSO4

,
SO2,NaHSO4,NaHSO4, and ΓSO2,SO2,NaHSO4. Again, instead

f the comprehensive parameters, parametersβ
(0)
ij , β

(1)
ij ,

nd µijk were considered. They were simultaneously
ed to the experimental results for the solubility of SO2 in
Na2SO4 + H2O) reported by Rumpf and Maurer[4] (for
≈ 313–393 K) and to the experimental results for the
f dilution from the present work (atT≈ 313 and 352 K)

n an optimization procedure, the difference between ex
ental and calculated results for the total pressure as w

or the enthalpy of dilution was minimized. Four parame
β

(0)
Na+,HSO4

− , β
(1)
Na+,HSO4

− , β
(0)
SO2,Na+ , and µSO2,Na+,SO4

2− )
roved sufficient to describe the experimental results
ost within experimental uncertainty. These parame
re given inTable 5.µNa+,Na+,HSO4

− , µNa+,HSO4
−,HSO4

− ,

SO2,Na+,HSO4
− ,µSO2,Na+,Na+ , andµSO2,SO2,Na+ were all se

o zero.
The experimental results for pressures ab

SO2 + Na2SO4 + H2O) [4] are shown inFig. 5 (m̄Na2SO4≈
.5 and 1 mol kg−1) in comparison with calculation resu

rom the present correlation (full curves) as well as fr
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Fig. 5. Total pressure above solutions of (SO2 + Na2SO4 + H2O), (m̄Na2SO4≈ 0.5 mol kg−1 in the left diagram, and 1 mol kg−1 in the right diagram): [(�)
(313.15 K), (�) (333.15 K), (©) (363.15 K), (�) (393.15 K)] experimental results from Rumpf and Maurer[4]; (—) correlation, this work; (– – –) correlation
from Rumpf and Maurer[4].

the correlation by Rumpf and Maurer[4] (broken curves).
Both correlations are equally suited to describe the gas
solubility data. The average absolute/relative deviation
between experimental and correlated total pressures amount
to ±0.024 MPa/3.4% (±0.020 MPa/3.2% for the correlation
by Rumpf and Maurer).

Fig. 2 shows the correlation results (full curves)
for the enthalpy change upon diluting liquid mix-
tures of (SO2 + Na2SO4 + H2O) in liquid mixtures of
(Na2SO4 + H2O) in comparison with experimental results.
The correlation curves were calculated with averaged nu-
merical values for the amounts of masses in the upper and
the lower chamber and averaged numerical values for the
stoichiometric salt molality. A detailed comparison (calcu-
lated from the exact experimental numbers for the amounts
of those masses and the stoichiometric salt molality) is given
in Table 2. The absolute deviation between the experimen-
tal results and the correlation results is in most cases within
the estimated experimental uncertainty (cf.Table 2), and
amounts in average to±2.6 J. Furthermore,Fig. 2shows pre-
dictions from the model by Rumpf and Maurer[4] (broken
curves), where interaction parameters were solely fitted to
the gas solubility data. The average absolute deviation be-
tween experimental and predicted enthalpy changes amounts
to ±35 J. This comparison again demonstrates the improve-
ment achieved by the new correlation.

7

nei-
t

by aqueous solutions of (NH4)2SO4 nor upon diluting aque-
ous solutions of (SO2 + Na2SO4) by aqueous solutions of
Na2SO4 could be found in the open literature. In addition,
except for the experimental data reported by Rumpf and Mau-
rer[4], which were used to parameterize the model, literature
data for the solubility of sulfur dioxide in aqueous solutions
of ammonium or sodium sulfate are extremely scarce. Fox
[30] investigated the solubility of sulfur dioxide in aqueous
solutions of many different salts including ammonium and
sodium sulfate (atT= 298.15 and 308.15 K), but these data
could not be evaluated, because it is not possible to reliably
convert the gas concentrations reported by Fox to molalities.
The comparison with literature data is therefore restricted
to the experimental data for the solubility of sulfur dioxide
in aqueous solutions of sodium sulfate reported by Hudson
[31] (23 data points at T≈ 293–323 K,m̄Na2SO4 up to about
1.4 mol kg−1, m̄SO2 from about 0.7 to 1.7 mol kg−1, and at a
constant partial pressure of sulfur dioxide of 101.325 kPa).
The average (maximum) relative deviation between the ex-
perimental data for the partial pressure of sulfur dioxide and
the predictions from the new model amount to 2.8% (8.2%),
2.3% (3.4%), 1.8% (2.6%), and 1.4% (2.4%) at 293.15,
303.15, 313.15, and 323.15 K, respectively, which (except
for one single data point) is well within the estimated ex-
perimental uncertainty. Applying the model by Rumpf and
Maurer [4] those deviations amount to 16% (53%), 7.6%
( bvi-
o and
t nge
u gas
s

. Comparison with literature data

No experimental information on the enthalpy change
her upon diluting aqueous solutions of{SO2 + (NH4)2SO4}
39%), 7% (24.4%), and 5% (10.5%), respectively. O
usly, taking into account the formation of pyrosulfite

he new experimental information on the enthalpy cha
pon dilution results in much better predictions for the
olubility.
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8. Conclusions

New experimental results are presented for the
enthalpy change upon diluting liquid mixtures of
(SO2 + M2SO4 + H2O) in liquid mixtures of (M2SO4 + H2O),
where M = Na and NH4, at about 313 and 352 K. A pre-
viously developed thermodynamic model (Rumpf and
Maurer [4]) describing the vapor–liquid equilibrium of
the chemical reacting systems (SO2 + M2SO4 + H2O) is
revised by additionally taking into account the results of the
new calorimetric investigation. Although model predictions
reveal that pyrosulfite may not appear in high concentrations
in the aqueous solutions investigated in the present work, in
contrary to the previous model, the formation of pyrosulfite
is taken into account by the new model (cf. Ermatchkov
et al. [1]), in order to enable a smooth transition to the
quaternary systems{NH3 + SO2 + (NH4)2SO4 + H2O} and
{NH3 + SO2 + Na2SO4 + H2O}, which will be investigated
in a forthcoming publication. The previous model and the
model presented here describe the gas solubility data of
the systems (SO2 + M2SO4 + H2O) reported by Rumpf and
Maurer [4] with the same degree of accuracy. The new
model additionally is able to accurately describe the results
from the calorimetric investigations of these systems.
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