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Abstract

New experimental results are presented for the enthalpy change upon diluting agueous 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 systé®©, + (NH,).SO, + H,O} and (SQ + N&SO, + H,0) is extended allowing
for the formation of pyrosulfite and for the description of the new experimental results for the enthalpy change upon dilution.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The equilibrium speciation of the liquid mixtures must be
known reliably in order to enable a description of the equilib-
Aqueous solutions of weak electrolyte gases (like ammo- rium properties. This does also hold for the kinetic processes,
nia, sulfur dioxide, hydrogen sulfide, carbon dioxide, etc.) as the driving force for any kinetic process results from the
and strong electrolyte$for example, inorganic salts such deviation from equilibrium. Experimental information on the
as (ammonium or sodium) (chloride or sulfatdigve to be speciation might be obtained by spectroscopic investigations
treated in many processes related to the chemical, power(cf., e.g., Ermatchkov et gl1], Lichtfers and Rumpf2], and
and oil industries (e.g., in coal gasification, in wet flue gas Lichtfers[3]). Although such (often expensive) experiments
desulfurization, or in water washing processes of catalytic may sometimes result only in qualitative information, they
cracker overhead systems). Both the energy costs anchelp to identify the important species. In many cases, model
the restrictions imposed by environmental jurisdiction are predictions for the speciation may considerably be improved
continuously growing. In order to design and optimize those by additionally taking into account experimental information
processes to meet these requirements and still run profitably,on the enthalpy change upon dilution of those chemical re-
there is a demand for reliable models for the thermodynamic acting systems. This enthalpy change results primarily from
properties of such complex, chemical reacting mixtures. (several) chemical reactions, but also from the change in the
The basic design of the separation equipment requiresphysical interactions resulting from the dilution.
experimental information on the equilibrium properties (i.e., In previous work, a thermodynamic model describing the
basically vapor-liquid equilibrium data and information on vapor-liquid equilibrium of the chemical reacting systems
the energy to vaporize/condense the mixtures) as well as on{SO, + (NH4)2SOs + H,O}  and  (SQ +NaSOy + Ho0)
the kinetics of the chemical reactions and of the mass transferwas developed (Rumpf and Maurdd]). The model
processes. was mainly based on experimental results for the
vapor-liquid equilibrium of the systems (S®H,0),
* Corresponding author. Tel.: +49 631 205 2410; fax: +49 631 205 3835. 1(NH4)2S04+H20}, (N&SOs+H20), (H2SOs +H20),
E-mail addressgmaurer@rhrk.uni-kl.de (G. Maurer). {SO; + (NH4)2SOs + H20}, (SGQ +NaSOs +H0), and
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Nomenclature

g activity of species (on the molality scale)

As effective cross sectional area of the diaphragm
bellows

B effective second osmotic virial coefficient in

Pitzer'sGF equation for interactions between
gas G and salt MX

cé effective third osmotic virial coefficient in
PitzersGF equation for interactions between
M and X

f(1) Pitzer's modification of the Debye-ltkel
term

ag(x) cf. Eq.(10)

GE Gibbs excess energy (on the molality scale)

hi (partial) molar enthalpy of speciés

I ionic strength (on the molality scale)

ks elastic force constant of the diaphragm bellows

Kui Henry’s constant of gaisin water (on the mo-
lality scale)

Ky equilibrium constant for chemical reaction
(on the molality scale)

m true molality of species

n° reference molality (=1 molkg1)

m; stoichiometric molality of componemt

m mass

M cation

My, molar mass of water divided by 1000 g méI
(M3, =0.01801528)

N true amounts-of-substance of spedies

n; stoichiometric amounts-of-substance of com-
ponent

p pressure

P vapor pressure of pure water

Quiss energy (heat) involved in the movement of the
punching knife

Quil (experimental) heat of dilution

R universal gas constant

T absolute temperature

vl(oo) partial molar volume of gaisinfinitely diluted
in water

Vw molar volume of water

\% volume

Wiiss  energy (work) involved in the movement of the
punching knife

X anion

Yi vapor phase mole fraction of componént
Y anion

Zi number of charges on the solute

Greek Letters
ozg-‘) binary parameter in PitzerGF equation (kk 1,
2)

,Bg.‘) parameters in Pitzer&F equation (k€ 0, 1, 2)
describing binary interactions (between solutes
i andj in water)

Vi activity coefficient of specieigon the molality
scale)

r effective third osmotic virial coefficient in
Pitzer's GE equation for interactions between
gasG and salt MX

AgilH enthalpy change upon dilution

Arhte) =A H (see Eq(23))

ArH  (molar) reaction enthalpy of reactior{on the
molality scale)

Az experimental uncertainty in property

A& difference in extent of reaction before and
after mixing (Eq.(18))

Ajj second osmotic virial coefficient in Pitze3®
equation

Mijk third osmotic virial coefficient in Pitzer&F
equation = parameter describing ternary inte
actions (between solutég, andk in water)

Vir stoichiometric factor of reactantn reactionr
(vi,r >0 for a product and;, <0 for an educt)

=
1

v+,v—  number of cations and anionsin electrolyte MX

& extent of reactiom

0 specific density of the agqueous solutions

oi vapor phase fugacity coefficient of component
i

Superscripts

(exp) experimental

(corr)  correlation

E excess quantity

0] 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

(SO, + Ha SO + Ho0O) and covered a temperature range from
about 313-393 K. It took into account four sulfur containing
ionic species in the agueous phase: sulfate, bisulfate, sulfite,
and bisulfite.

In the present work, the heat accompanying the (isother-
mal) dilution of liquid {SO, + (NH4)2SO4 + H2O} by liquid
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{(NH4)2SOs + H20} and of liquid (SQ +N&SOs + H20) were determined by weighing the cell before and after the
by liquid (N&SOs+H>0) is determined aff ~ 313 and filling procedures. The cells were pressurized (using nitrogen
352 K. The previous model is revised allowing for the descrip- from a storage tank) via a diaphragm bellows connected to the
tion of these new calorimetric experimental results as well as upper chamber. This arrangement avoided the (partial) evap-
for the description of experimental results from calorimetric oration of the liquid. The temperature in the batch calorimeter
investigations (enthalpy change upon dilution in pure water) was determined with calibrated platinum resistance ther-
of (SO, + H20), {(NH4)2SOs + H20}, (N&eSOy + H20), and mometers (with an uncertainty better thai®.1 K). After
(H2SOy + H20) taken from the literature. thermal equilibration in the batch calorimeter the Teflon foil
We recently presented experimental results from atten- separating both compartments in a cell was cut by a punching
uated total reflectance (ATR)-IR spectroscopy of liquid knife (which is mounted inside the cell so that it can be
mixtures of (S@+ NH3z+H,0) revealing that pyrosulfite  moved from the outside) and the solutions were mixed. Dur-
is an important sulfur-containing species in such aqueousing mixing, the diaphragm bellows compensated for pressure
solutions (Ermatchkov et al[1]). Therefore, a previ- changes resulting from the density change inside the cell.
ously developed thermodynamic model describing the The calorimeter response was determined and converted to
vapor-liquid equilibrium of the chemical reacting system the heat of dilutiorQg; (using calibration curves, cf. Weyrich
(SO, +NH3z+Hy0) was recently extended in order to [8] and Hasse and Maurfd]). The maximum uncertainty of
account for the presence of pyrosulfite. In addition, new that measured heat (+2%) was estimated from the calibration
experimental results on the enthalpy change upon dilution experiments.
of (SO + NH3 + H20) in pure water was taken into account In a typical experiment about 30 g of the gas containing
in the process of parameterization of that extended modelaqueous salt solution were diluted with about 189 of the
(cf. Perez-Salado Kamps et gdb]). Although preliminary gas free aqueous salt solution. The masses of the solutions
model calculations revealed that pyrosulfite may not appearwere determined by weighing with a maximum uncertainty
in high concentrations in the aqueous solutions investi- of £0.008 g. At a fixed temperature, for each concentration
gated in the present work [{SG (NH4)2SO4+H20}, of (SO, and salt), at least two (but up to 10) experiments with
and (SQ +NaSOy + H20)], the formation of pyrosulfite  almost identical masses in the upper and lower chamber of
is taken into account by the new thermodynamic model the mixing cell were performed.
when the vapor-liquid equilibrium and the enthalpy change
upon dilution of those systems is described, in order to 2.2. Substances
enable a consistent transition to quaternary systems, such

as for example {NH3+ SO +(NH4)2SOs +HO} and Sulfur dioxide (>99.98 mol%) was purchased from
{NH3+ SO, + NgxSOy + H20}, which will be investigated Messer-Griesheim (Ludwigshafen, Germany). It was used
in a forthcoming publication. without further purification. Deionized water was degassed

by vacuum distillation. Sodium sulfate (=99 mass%) and am-
monium sulfate (>99.5 mass%) were purchased from Merck

2. Experimental GmbH (Darmstadt, Germany). The salts were degassed and
dried under vacuum for several hours.
2.1. Apparatus The salt-containing solutions were prepared in a storage

tank. The stoichiometric molality of the salt in the aqueous

The batch calorimeter and the experimental arrangementsolution was determined gravimetrically with a relative
used are both basically the same as in previous investigationauncertainty smaller than 0.15%. The aqueous gas containing
[1,5-8]. Therefore, only a short description is given here. salt solutions were prepared as previously described in detail
In an experiment, two identical pressurized mixing cells [6]: An evacuated cylinder sealed with a piston was patrtially
were placed into a Calvet-type batch calorimeter (MS 70, filled with the agueous salt solution. Known amounts of
SETARAM, Lyon, France). One cell was used as reference sulfur dioxide were added to the lower compartment of the
in a differential arrangement, the other for the actual exper- cylinder from a storage tank. The mixture was pressurized
iment. Each cell consists of an upper and a lower chamberby applying a rather high pressure on the upper side of
separated by a thin Teflon foil. The lower chamber was filled the piston to avoid vaporization. The relative uncertainty
with the agqueous salt solution [eithefNH4)>SOy + HoO} in the stoichiometric molality of sulfur dioxide is smaller
or (NgSOs + H20O)] with a syringe. The upper chamber than 0.5%.
was evacuated and filled with the aqueous gas con-
taining solution [either {SO, + (NH4)2SOy + H2O}  or
(SO, + NapSOy + H20)]. The composition of those solutions 3. Experimental results
were known from preparation. The stoichiometric molality
of the salt was equal in both chambers, in order to avoid salt  The enthalpy chang&yiH upon dilution of aqueous solu-
dilution effects. The amounts of mass of water + salt (in the tions of{sulfur dioxide + (ammonium sulfate or sodium sul-
lower chamber) and water + salt + gas (in the upper chamber)fate) } in aqueous solutions of (ammonium sulfate or sodium
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sulfate, respectively) was calculated from the measured heat(NH4)>SOy with equal stoichiometric salt molalities in the

of dilution Qqii applying corrections for (a) the work involved  upper and lower chamber{” =m{ ~ (1 and 3.9) mol kg,

in the movement of the punching knife §&=—Quiss is plotted versus the stoichiometric molality of the gas (in the
which ranged from about 0.2-1J and was determined in ypper chambemg%z) in Fig. 1(T=312.7K in the left dia-
blind experiments), and (b) for the work accompanied by gram,T=351.6K in the right diagram)Fig. 1 additionally

the change of the volume (V) of the liquids upon mix- shows the experimental results for the enthalpy change upon
ing, which was estimated by assuming an isothermal vol- dijution of aqueous solutions of $Gn pure water reported
ume change upon mixing, which, as the diaphragm bel- previously[5]. When there is no salt, exothermic behavior
lows is elastic, also causes a (small) change in the pressurgs gpserved. Adding small amounts of ammonium sulfate re-

(p) [1,6,8]: sults in smaller absolute enthalpy changes, i.e., a shift towards
endothermic behavior is observed. The experimentally de-
AditH ~ Qdil + Waiss + / vdp 1) termined numbers for the enthalpy change range from about

—40to 14 J. The correction term resulting frgnvd pranges
The last contribution was calculated from the density (0  from about—1.5to 1.2 J.

of the solutions (which is estimated from a few measure-
ments with a vibrating tube densimeter) and the elastic force
constant ( =41.1 N/cm) and effective cross sectional area 3-2. System (S0 NaxSQ; +H20)
(Ag = 1.96 cn?) of the diaphragm bellows (cf. refgs,8]):
The experimental results (at about 312.7 and 351.7 K)
ks PXOBEAG) 2 O 2 are given inTapIe 2. The enthalpy change upon dilut?on of
/ Vdp=-— B ol v s aqueous solutions aso; + N{;QSO4}_ in aqueous solutions
2Ag o P o of NapSOy with equal stoichiometric salt molalities in the
(2) upper and lower chambemﬁ"*:n?g) ~(1 and 1.2) and
(1 and 1.45) molkg?! at 312.7 and 351.7 K, respectively,
is plotted versus the stoichiometric molality of the gas
3.1. SysterfSOp + (NH4)2SQy +H,01} (in the upper chambenn$%) in Fig. 2 (T=312.7K in
the left diagram,T=351.7 K in the right diagram)Fig. 2
The experimental results (at about 312.7 and 351.6 K) arealso shows the experimental results (from f[él) for the
given inTable 1. The enthalpy change upon dilution of aque- enthalpy change upon dilution of aqueous solutions of SO
ous solutions of SO, + (NH4)2SOy } in aqueous solutions of  in pure water. As already mentioned, when there is no salt,

AgH/J

— (u) : - =
mgo, /(mol kg ') meg, /(mol-kg 1)

Fig. 1. Enthalpy change upon dilution of about 29{&, + (NH4)2SOs + H2O} with about 18.2  (NH4)2SO4 + H2O} at equal stoichiometric salt molality
M(NH.),50, IN the upper and lower chamber, plotted against the stoichiometric molality of the gas in the upper chzﬁ’épe(r‘l‘(:‘SlZ.? Kin the left diagram,

T=351.6K in the right diagram). Experimental resuli§))n(H,),so, =0 (from ref.[5]), (®,A)mnH,),s0, ~ 1 and 3.9 mol kg!, respectively, this work;
(——-) (smoothed) prediction from Rumpf and Mau#d 5]; (—) (smoothed) correlation, this work.
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Table 1

Enthalpy change upon dilutiofgiH of {SO, + (NH4)2SOs + H20} in {(NH4)2SOs + H,O}

T(K) (NH,),50,2 (Mol kg ™) m& (molkg) @ (g) i () AgiHEP (3) AgiHE™ (3) AgiHP™D ()
312.7 0968 1.799 28.059 17.175 —45+21 —-5.98 16.03
312.7 0968 1.799 27.947 17.236 —38+21 —5.97 16.10
312.7 0968 1.799 28.068 17.147 —42+21 —5.99 15.99
312.7 0968 1.799 27.925 17.236 —41+21 —5.97 16.09
312.7 0968 1.799 27.936 17.220 —39+21 -5.98 16.07
312.7 0968 1.799 28.119 17.219 —40+21 —5.99 16.07
312.6 0968 1.799 27.917 17.151 —46+21 ~5.97 16.00
312.7 0968 1.799 27.860 17.225 —41+21 —5.97 16.08
3127 1053 3.810 29.089 17.265 —38.2+ 28 —38.06 ~-17.11
312.7 1053 3.810 28.946 17.314 -38.8+ 28 —37.99 -16.95
3127 1053 3.810 29.227 17.284 3814+ 28 -38.18 ~17.23
312.7 1053 3.810 28.984 17.319 -38.2+ 28 —38.02 -16.98
3127 1053 3.810 29.123 17.305 —383+28 —-38.13 ~17.12
312.7 1053 3.810 29.532 17.321 -39.8+ 28 -38.38 —17.45
312.7 3962 1.784 31.222 19.321 13.2 2.3 12.58 39.81
312.7 3962 1.784 30.750 19.389 13.3 2.3 12.59 39.95
312.7 3962 1.784 31.395 19.307 13.% 2.3 12.58 39.80
312.7 3962 1.784 31.108 19.432 13.8 2.3 12.64 40.03
312.7 3962 1.784 31.236 19.327 13.2 2.3 12.58 39.80
312.7 3962 1.784 30.922 19.387 13.4- 2.3 12.60 39.92
3127 3962 1.784 31.487 19.328 14.% 2.3 12.60 39.83
312.7 3962 1.784 31.459 19.402 13.5: 2.3 12.64 40.02
3127 3741 3.421 31.294 19.213 10.% 2.2 11.14 35.42
312.7 3741 3.421 31.259 19.269 10.5 2.2 11.19 35.61
3127 3741 3.421 31.492 19.222 9.1 22 11.13 35.39
312.7 3741 3.421 31.232 19.262 9.1 2.2 11.20 35.62
351.6 0950 2.080 27.893 17.095 —86+22 —-7.93 1.46
351.6 0950 2.080 28.331 17.073 —87+22 —-7.97 1.37
351.6 0950 2.080 28.318 17.083 —85+22 —7.98 1.38
351.6 0950 2.080 27.799 17.091 —77+22 —-7.93 1.45
351.6 0950 2.080 28.216 17.086 —83+22 —7.97 1.39
351.6 Q950 2.080 27.723 17.081 —84+22 —-7.93 1.41
351.6 0986 3.332 28.534 17.170 —215+24 —20.36 —22.00
351.7 0986 3.332 28.061 17.179 —237+25 -20.21 —21.76
351.6 0986 3.332 28.301 17.344 —228+25 —20.39 —21.86
351.6 0986 3.332 28.647 17.197 —21.0+£ 24 —20.41 —2211
351.6 3691 2.042 30.993 19.055 5.4 2.1 5.55 76.47
351.6 3691 2.042 30.543 19.121 5.5k 2.1 5.53 76.54
351.6 3691 2.042 30.578 19.057 6.5 2.1 5.51 76.34
351.6 3691 2.042 30.937 19.073 6.6 2.1 5.54 76.52
351.6 3691 2.042 30.571 19.057 7522 5.51 76.33
351.6 4036 3.803 31.162 19.307 8.9 2.2 9.59 90.15
351.7 4036 3.803 30.902 19.272 9.1 22 9.52 90.07
351.7 4036 3.803 31.201 19.298 8.2 2.2 9.56 90.12
351.7 4036 3.803 31.009 19.264 7321 9.49 90.03
351.7 4036 3.803 31.711 19.305 7321 9.56 90.05
351.7 4036 3.803 31.110 19.268 6.2- 2.1 9.50 90.02

Experimental resulf&P), correlation resulf&™ (from the model presented here) and prediction re®€f#(from the model by Rumpf and Maurf]).

a —(u ()
(NH,),505 = " (NH4),S0s"

exothermic behavior is observed. As for ammonium sulfate, uncertainty in the calibration experiments. The second con-
adding small amounts of sodium sulfate results in smaller tribution results from a Gauss error propagation calculation
absolute enthalpy changes, i.e., a shift towards endothermicand accounts for uncertainties in temperature (T), salt molal-
behavior is observed. The experimental numbers for the ity in the upper and lower chamber (), gas molality in the
enthalpy change range from abet26 to 5 J. The correction  upper chambem(g"“c))z), the amounts of masses in the upper
term resulting from/ Vdp ranges from about 0.6 to about and the lower chambem(®, m®), the work necessary to
2J. move the punching knife (W), and the work required in the

The absolute uncertainty ingiiH is estimated to about  jsathermal change of the volume during the mixing process
+(0.02|Qyii| +2J). The first contribution results from the (J vdp).
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Table 2

Enthalpy change upon dilutiofigiH of {SO, + Nap SOy + H20} in (NapSO4 + H20)

T (K) MMNgso,® (Molkg™?) '5(5%2 (molkg™) m® (g) i® (g) Agit HEP) () Agit H™ (3) AgiHPeD ()
312.7 0969 2.082 28.963 17.898 -38+21 -1.41 12.17
312.7 0969 2.082 28.874 17.957 -35+21 —-1.37 12.16
312.7 0969 2.082 29.215 17.883 —-27+21 —-1.44 12.23
312.7 0969 2.082 28.974 17.953 -25+21 —-1.39 12.18
312.7 0969 2.082 28.680 17.863 -33+21 -1.37 12.09
312.7 0969 2.082 28.838 17.983 -23+20 —-1.36 12.16
312.7 0969 2.082 29.145 17.870 -3.0+21 —-1.42 12.20
312.7 Q969 2.082 28.874 17.957 -35+21 -1.37 12.16
312.6 1006 3.775 30.047 18.012 —-20.5+ 2.4 —-21.76 30.05
312.7 1006 3.775 30.163 18.052 —22.8+ 25 —21.78 30.05
312.6 1006 3.775 29.977 17.997 —21.3+ 24 —-21.72 30.02
312.7 1006 3.775 29.473 18.053 —215+ 24 —21.47 30.00
312.7 1006 3.775 29.889 18.010 -20.5+2.4 -21.67 30.01
312.7 1006 3.775 29.789 18.059 —209+ 2.4 —21.62 30.04
312.6 1006 3.775 29.640 17.992 -20.3+ 24 -21.57 29.99
312.7 1006 3.775 29.867 18.090 —-20.2+ 2.4 —21.69 30.12
312.7 1006 3.775 30.169 18.312 -20.2+ 2.4 —21.94 30.51
312.7 1006 3.775 30.361 18.445 —204+ 24 —22.05 30.68
312.6 1246 1.866 29.920 18.473 2521 1.11 18.81
312.7 1246 1.866 29.712 18.322 2.2 2.0 1.12 18.67
312.6 1246 1.866 29.977 18.446 2&21 1.10 18.82
312.7 1246 1.866 30.106 18.423 2.2 2.0 1.10 18.85
312.7 1246 1.866 29.767 18.313 3421 1.12 18.68
312.7 1204 4.051 30.472 18.324 —-18.2+ 2.4 —18.67 72.25
312.7 1204 4.051 30.270 18.401 —-19.14+ 24 —18.56 72.30
312.7 1204 4.051 30.647 18.338 —-18.1+ 2.4 —-18.74 72.38
312.7 1204 4.051 30.475 18.387 -17.7+ 24 —18.65 72.37
312.7 1204 4.051 30.761 18.334 —-18.1+ 2.4 —-18.77 72.40
312.7 1204 4.051 30.695 18.391 -18.8+ 2.4 -18.72 72.47
312.7 1204 4.051 30.093 18.321 —-19.3+ 24 —-18.51 72.04
312.7 1204 4.051 30.321 18.408 -18.8+ 2.4 —18.59 72.35
351.7 1007 2.174 29.804 17.926 -59+21 —1.60 -31.91
351.7 1007 2.174 29.280 17.914 —-6.7+ 2.1 -1.57 —31.83
351.7 1007 2.174 29.792 17.934 -56+21 —1.60 —-31.96
351.7 1007 2.174 28.909 17.924 -53+21 —-1.55 —31.80
351.7 1007 2.174 30.284 17.938 54+ 21 —-1.62 —-31.99
351.7 1007 2.174 29.651 17.930 —-48+ 21 —1.59 —31.92
351.7 1007 2.174 28.406 17.893 -59+21 —-1.52 —-31.70
351.7 1007 2.174 28.259 17.911 -57+21 —-1.52 —-31.73
351.7 0995 4.292 30.606 17.913 246+ 25 -30.28 —72.06
351.7 0995 4.292 29.779 17.908 —26.44+ 2.5 —29.75 -71.32
351.7 0995 4.292 29.724 17.889 —234+£25 —29.71 —71.25
351.7 0995 4.292 30.489 17.912 —24.94+25 -30.22 —72.02
351.7 0995 4.292 29.682 17.908 -235+25 —29.70 —-71.29
351.7 1477 1.980 30.782 18.710 4221 0.23 —19.95
351.7 1477 1.980 30.100 18.694 4121 0.19 —20.05
351.7 1483 1.815 30.385 18.701 3221 —0.05 —20.80
351.7 1483 1.815 30.951 18.713 3421 -0.04 —20.84
351.8 1483 1.815 30.214 18.760 4% 2.1 —0.08 —20.94
351.7 1483 1.815 30.950 18.699 4221 -0.01 —20.75
351.7 1483 1.815 30.198 18.695 5@ 21 —0.05 —20.80
351.7 1483 1.815 30.823 18.710 4321 -0.04 —20.84
351.7 1483 1.815 30.208 18.689 5221 —0.06 —20.83
351.7 1419 3.706 31.383 18.586 -16.44+ 2.3 -11.59 —21.55
351.7 1419 3.706 30.811 18.608 —15.8+ 2.3 —11.43 —21.54
351.7 1419 3.706 30.223 18.586 —-15.74+ 2.3 -11.20 —-21.31
351.7 1419 3.706 31.196 18.615 —14.8+ 2.3 —11.63 —21.90
351.7 1419 3.706 30.708 18.611 —14.7+ 2.3 —11.38 —21.48
351.7 1419 3.706 31.238 18.625 —144+ 2.3 —-11.62 —21.83
351.7 1419 3.706 30.717 18.610 -141+ 2.3 —-11.41 —21.57
351.8 1419 3.706 31.253 18.617 —-13.2+ 2.3 —-11.74 —22.24

Experimental rez;ﬂf%x')), correlation resulf&®™ (from the model presented here) and prediction re€{f#s(from the model by Rumpf and Maurf]).

a ()

MNas0; = "NapSOy -
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Fig. 2. Enthalpy change upon dilution of about 30 g §SMa,S04 + H,0) with about 18.3 g (Ng504 + H20) at equal stoichiometric salt molalityna,so,
in the upper and lower chamber, plotted against the stoichiometric molality of the gas in the upper cWé&p&(ﬂ'ESlZ.? Kin the left diagrani =351.7 K
in the right diagram). Experimental resultgDfmna,so, =0 (from ref.[5]), (®,A,0)mnaso, ~ 1, 1.2, and 1.45mol kot, respectively, this work; (-—-)
(smoothed) prediction from Rumpf and Mauférl5]; (—) (smoothed) correlation, this work.

4. Thermodynamic modeling sulfate to bisulfate:

4.1. Chemical reaction equilibrium in aqueous solutions ~ SQu*~ (ag)+ H* (ag) = HSO, ™ (aq) V)

of S@ and {(NH4)2SOy or NapS
@ {(NHa)2SQy 2SQi} The condition for chemical equilibrium for a chemical

When sufficiently small amounts of the strong electrolytes "€aCtion” is expressed as:

ammonium sulfate or sodium sulfate are added to pure liquid AT — vir 3
water, that salts can be regarded as fully dissociated: AT) = Ha" )
L

M2S0y(s) — 2M* (ag)+ SOs*" (aq). The influence of pressure on a chemical reaction equi-
librium constant (K) is neglected hereg; is the activity of
specied. 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 itis the one molal solution of that solute in pure water
at systems temperature and pressure, the solute experiencing

where M=NH, 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 (HSQ™), sulfite (SQ2-), and pyrosulfite
(S,0527) (cf. Goldberg and Parkgt0]):

SOx(ag)+ Ha0() = H(ag)+ HSO;~ (aq), (1) the same interactions as if it is infinitely diluted in pure wa-
ter.vj, is the stoichiometric factor of reactainin reactionr
HSO;~(aq) = H(aq)+ 8032‘(aq), (1 (viy >0 for a product and; ; <0 for an educt).
The balance equations for the amounts-of-substance of a
2HSG; ™ (ag) = S05%~ (aq)+ H20(l), (1 species in the liquid solution is:
i.e., sulfur dioxide dissolves in that liquid not only in molec- n; = n; + Z Vi r&r 4
ular, but also in non-volatile, ionic form. Furthermore, the r

autoprotolysis of water has to be considered: . . . .
P y where &, is the extent of reactiom. Solving this set of

H,0(l) = H*(ag)+ OH (aq) (V) equations for a given temperature and giyen stoichiometric
amounts-of-substances of components [i.e., S§) H20,
Due to the sour character of aqueous solutions of sulfur Na*, NH4*, and SQ?7] results in the speciation, i.e., the
dioxide, adding one of the aforementioned sé(téH4)2SOy “true” composition of the liquid phase (the amounts-of-
or NaxSQy} to that solution results in a partial protonation of - substances; of all species).
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4.2. Gibbs excess energy model ternary parameters are usually summarizedj :

Activity coefficients of solute species were calculated ¢ _
from Pitzer's equation for the excess Gibbs energ§)(6f MX = s
aqueous electrolyte solutiofikl,12]:

+ummx + v—pumxx] (11)

Itis common practice to repqﬁﬁ) ﬁM X andcfclx (orto
set eithefum m x OF M x x to zero and report eitherv x x

m/
MnwRT =0+ Z () Or {M,M,X)-
Lj#AW In ternary (chemically non-reacting) systems (wa-
mi m; mg ter + strong electrolyte W, X, +gasG) it is similarly not
+ Z Z Z m° mo mo ik ©) possible to separate the influence of M on solBifeom that

LAkAW of X on soluteG. Therefore, it is common practice to use the

. o following comprehensive parameters:
M, is the molar mass of water divided by 10009 ol

(M{‘;\,;0.0180_1528)nw is the amou_nts-of-substance of wa- Bg?MX = V—i-ﬂ(cj?M +v_ ﬁg?x j=01 (12)
ter, Ris the universal gas constaiitjs the absolute temper- 5 5
aturem is the molality of solute specigsi.e., the amounts-  IG.MxMx = VisGMM + 2viv_pucmx +vougxx (13)
of-substance; of this species per kilogram of water, and
m° =1molkg™2. f(l) is Pitzer's modification of the Debye-
Huckel te_rm. The _acti_vity coefficient of a solute species (on Bg,)MX is rarely needed to describe the solubility of a
:Ee m(:_la_ltlty Sfcal? |§d|re|ctl?/ t;alicfulatet(:]frorrl_Eﬁ?),wht:fr_e_ast gas in an agueous solution of a strong electrolﬁg’?MX,
e activity of water is calculated from the activity coefficients . = are usually sufficient for a good de-

of all solute species by applying the Gibbs—Duhem equation. """ - . 0 0

: s . . scription of gas solubility. B arbitrarily eltherﬂ( )
As usual, binary and ternary osmotic virial coefficients in G,MX 1

I'G,GMX = V4 [4G,G.M + V—[LG,G,X (14)

; : ) 0
Pitzer'sGF equation are treated as symmetric: or B may be set to zero; iffg,ux,mx , One can arbltrarlly
set two of the three parametetg; mm, e mx andig x,x
Aij = Aji, (6) to zero; and in"g g mx, ONe can arbitrarily set eitheig g m

or ug,x,x to zero.
Mijk = Hikj = MKjik = K jki = Kkij = Kkji- (7)

i ) . 4.3. Enthalpy change upon dilution
“Symmetrical and unsymmetrical mixing term2] as

well as all parameters describing interactions between ionic  The enthalpy change upon mixing of two liquid solutions
species carrying charges of the same sign were neglected. [or upon diluting one liquid solutiof{superscript (u)lby
According to Pitzer's equationjj is written as: another liquid solution{superscript (I)}] can generally be

expressed as:
xij =BG + B eePVD + B eV, ® - .
AgtH =Y n@h® — 3" a0 3000 (15

where the ionic strength of the solution is given by: ; ;

Z m; 2 ) Wherenf") and nl(.l) are the true amounts-of-substances of
-2 species i in the upper and lower chambers of the cell before
mixing (state 1), respectively, amé:z) is the true amounts-of-

(z is the number of charges on the soljte substance of species i after mixing (statef)s the partial

g(x) is defined as: molar enthalpy of speciésCombining the mass balance on

5 the stoichiometric components:
g(x) = H[1 — (1 +x)exp(-2]. 10) ;& _ 0 4 50 (16)
0 1) £ @) (2 with Eq. (4) gives for the true species:

Bi;' Bii"s Bij' i, anda;;” are binary parameters. In the

present worka( )is setto 2. Furthermoreﬂ( ) is set to zero, nl(z) = nl(”) + nl(’) + Z Vi Ay, (17)

thereforea( )is not required.

When a smgle (chemically non-reacting) dgasis dis- where:
solved in pure ;/vater, the model contains only two interaction b = £@ _ ) _£0) (18)
parameters (@G anduc c.o)-

For binary (chemically non-reacting) systems (wa- Combining Egs(15) and (17with:
ter + strong electrolyte . X,,_) itis not possible to separate

. he = h(ref) hE 19

the influence ofum m x from that ofum x x . Therefore, both i=hp T+ (19)
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(where (ref) ande stand for a reference and an excess prop- Table 4
erty, respectively) results in: Henry’s constant of sulfur dioxide in water (on the molality scfilé&)]

AgiH = anu)(hgs,(z) _ hE,(u)) n Zn@(hﬁ’(z) B hg,(z)) B c D T (K)

—154.827 321.17 29.872 —0.0634 293-393

1 1
kHAsoz:| _ B
n 2| = A+ gy + CIn(T/K) + D(T/K).
+ 37 A5 AR 3 v, n @) (20) [ WP (
r i l

the partial molar volume of sulfur dioxide infinitely diluted
Pitzer's expressions for the activity coefficient of a solute in water and the molar volume of liquid water, respectively.
i (i) and for the activity of the solvent water{a are used ¢i is the vapor phase fugacity coefficient of comporient
to calculate the partial molar excess enthalpiesindh;:

aIny: 4.5. Required thermodynamic properties
hE = —RT2<’) , (21)
oT pnj The temperature dependent chemical reaction equilib-
aInaw rium constantX; (r=1-V) were obtained from the litera-
h& = —RT2( ) (22) ture[1,10,13,14](cf., Table 3). The correlation equation for
or pinj Henry’s constanky so2in water applied in the present work
The molar reaction enthalpy: [15] is given inTable 4. The dielectric constant as well as
the density of pure water are required for the calculation of
AH = AR — Z v h () (23) Pitzer's modification of the Debye-ildkel term. They were

i approximated by the properties of pure, saturated liquid water

is calculated from the temperature dependent chemicall16:17]. The vapor pressure of pure watef)pwas calcu-

reaction equilibrium constant: lated from the equation by Saul and Wagfief]. The partial
molar volumes of the dissolved gase?‘()l) were calculated
AH = _Rd In Kr_ (24) as recommended by Brelvi and O’ConnglB] (details are
d(1/7) given in refs.[5,19]). The vapor phase fugacity coefficients
These equations are straightforward applied to the dilution (¢i) were calculated from the virial equation of state which
process considered in the present work. was truncated after the second virial coefficient (for details,
cf. refs.[5,20]).
4.4. Vapor-liquid equilibrium Within the concentration ranges of sulfur dioxide and

(ammonium sulfate or sodium sulfate) considered in the

The phase equilibrium condition for the solubility of sulfur ~ Present work, no second condensed phassither, e.g., a

dioxide in water results in the extended Henry’s law fo,s0  (Sulfur dioxide rich) liquid phase (cf., e.g., Rumpf and Mau-
rer [4,15]), nor any salt precipitation, e.g., of (M}4SOy,

v(soé’)g(p — ply) mso, _ - (NH4)2$,05, Nap SOy, NS0, etc. (cf., e.g., Pereda et al.
kh,s0, €XP RT o /50 = ¥sQPPs0; (29) [21])} has to be considered. Therefore, it was not necessary
to extend the model in order to allow for the appearance of
and in the extended Raoult’s law for water: those additional phases.
vw(p — pw)
Pwéw exp [RTW} aw = ywppw (26)

5. Correlation

From these equations, the total presquend the vapor
phase composition {ys the mole fraction of componenin Fig. 3 shows calculation results for the speciation (at
the vapor phase) are calculatéd.so,(T) isHenry's constant  T=353K) in aqueous solutions of the single salts ammo-
of sulfur dioxide in pure water (based on the molality scale) nijum sulfate {mnH,),s0, =4 mol kg1, left diagram}and

at the vapor pressure of pure wateg,(p ug’gg andwy are sodium sulfaterina,so, = 1 mol kg2, right diagram), when

Table 3

Chemical reaction equilibrium constants (on the molality scale)

Reactiorr A B C 10°D T (K) Source
| 554.977 —16700.5 —93.6745 10.2231 278-393 [10]

Il —358.577 5477.29 65.3084 —16.2367 278-393 [10]

1 —10.226 2123.6 - - 313-353 [1]

\Y 140.932 —13445.9 —22.4773 - 273-498 [13]

\ 14.0321 —2825.2 - - ~298 [14]

INK, = A+ gy + CIN(T/K) + D(T/K).
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Fig. 3. Speciation in the syster{SO; + (NH4)2SOy + H20} {m(n,),s0, =4 mol kg1, left diagram}and (SQ +N&SQOy + H20) (mngso, =1 mol kgt,
right diagram) at 353.15 K. Activities of all species were estimated from Pitzer's DebgkdHterm alone.

sulfur dioxide is added. The activities of all species were of SOy inwater (i.e., up to the formation of a secondS@h
estimated from Pitzer's Debye-tidkel term alone, i.e., the liquid phase).

calculated speciation is only approximative. The amounts

of water and sulfur dioxide in those liquid mixtures, which 6 2. {(NH;),SQ, + H,0} system

are converted to OH and S@* ions are negligibly small.

The liquid mixture (SQ+M2SOy +H0), with M=NH, The correlation equations for the three (temperature

or Na, can be regarded as an aqueous solution of the singependent) Pitzer parameters describing interactions be-
gle gas S@, and the eight strong electrolytes >80y, tween NH* and SQ2~ in aqueous solutionsm .
MHSO4, MHSO3, M2$,05, H2SO4, HX (with X=HSOq4 o s 4. SO

and HSQ), and HS;0s. The properties of liquid mix-  Byp,+ so,2- @1C(NH,),s0,) Were adopted from Rumpf et
tures of (SQ + M,SQy4 + H,0) might therefore be described  al. [6]. They are based on the numerical values for those pa-
with parameters for interactions which also occur in the bi- rameters reported by PitzE2] for T=298.15 K{which are

nary subsystems (SG H,0), (strong electrolyte + D), based on isopiestic data up to saturation at that temperature
and (SQ +strong electrolyte + kD), with the aforemen-  (5.82mol kg1) from Filippov et al.[22]} and on the data
tioned strong electrolytes. for the enthalpy of dilution given by Rumpf et ] (at stoi-

chiometric salt molalities up to about 5 molkgand temper-

atures from 313 to 373 KYable 5gives the correlation equa-

. N . : (0) (1)
6. Interaction parameters in Pitzer's GE-equation tlonSforﬂNHz{"’SOﬂ'Z—’ﬂNH4+)SO42—’ anduyy,+ NH,+ so2- =

V209
6.1, (SQ+H,0) system 6" C(NHa),s0, Whereiyy, + so,2- so,2- Was set to zero.

Asalready discussed in previous publicatif45], when 6.3. (NHHHSOs +H20), {(NH4)2S0s +H20),
dissolving sulfur dioxide in pure water, the amounts of the gas (5 * NH4HSG; +H20), and
reacting with water, according to reactions I-IV to form ionic 15 + (NH4)2S0s + H20} systems
species is negligibly small (disregarding highly diluted solu- . _ )
tions), i.e., dissolved sulfur dioxide is predominantly present  Pitzers method requires the following (tempera-
in molecular (rather than in ionic) form. Therefore, in or- turé dependent) parameters describing interactions in
der to correlate thermodynamic properties of that binary sys- thos:a aqueous S°|Ut'°(g)3: 2) for |(nlt)eract|ons between
tem, parameters describing interactions betweengd@the ~ NH4™ and HSQ™: B/ . o6+ Byp,+ nso,» @nd
ionic species M, HSO3~, SO32~, $,05%~, and OH- as well Cﬁ’,H4HS%, (2) for interactions between Nfi and $SOs2~:
as between those ionic species can be neglected. The corre;(0) (1)
lation equations for the (temperature dependent) Pitzer pa-ﬂNHF,SzOsZ*’ ﬂNHf,SzOsZ”
rameters describing interactions betweerp 8®lecules in ~ actions between SO NH;" and HSQ™: B(SO())LNMHSQ,
water (£, so, andis0,.50,.50,) Were adopted from@tez- 1’50, NHsHSOs.NH,HS Oy ANATS0, S0, NHaHS 0, aNd (4) for in-
Salado Kamps et g5]. They are based on the gas solubility teractions between SONH4* and $Os2 B(s%z (NH4),5,05’
data reported by Rumpf and Maur@5] (for temperatures FSOZ»(NH4)E5205,(NH4)25205* and FSOZ,SQ,(NH4)2§205. When
from 293 K to 393 K) as well as on the data for the enthalpy of Pitzer's G=-equation is applied to chemical reacting sys-
dilution given in ref[5] (at T~ 313K and 352 K),B(SO())Z s, tems, for computational reasons, it is much easier to use
proved sufficient to describe all experimental data within ex- the general equations for the activity coefficient of a solute
perimental accuracy, i.euso,.50,.50, Was set to zero (see species (and for the activity of water) as a function of the

Table 5). Those parameters are valid up to the solubility limit parametersﬁg)), ,Bl(jl), anduij, rather than using rearranged

and Cg’NH 0,505 (3) for inter-



A. 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 a1 a2 g3 4 gs T (K) Determined from experimental

results for the subsystem
B, 50, 0.10922 14072 30216 293-393  SG+H,0[5]
ﬂffl’m s 17.79712 —589.017 —2.979609  0.004005157 298-373  (WEBOs+H20[6]2
,sﬁlﬁ, s 766.00035 —23129.6 ~130.631 0.189579
I, NHet Q- —0.0444421 3.39601 0.00578395
ﬁfj’,’w’HSO{ 0.016255 ~3.5719 308-373  S@+NH3+H,0[5]
,3&)44#%03, 1.223 —545.1
B, o 0.335 —69.82
5?2%503— 0.022057
ISopNHst HSO-  0.0025908 —1.2046
150y, 50, HSOs= 0.0093098 -3.1034
5}3’3, ol —0.32806 98.607 ~298 HSOy + H20 [14]
Mgt i+ 502 0.05971 —14.878
ﬁSL{HSQ‘, 0.05584 46.04
B wsar- ~0.65758 336.514
Bt S0 0.0075 313-393  S@+ (NHy)2S0y + HpOMis work
ﬁ}j,’mm —6.5899 2735.1
ﬂ(s"gz,Hso“, 0.45514 -138.14
,3(30())2, sa- 0.026315
ﬂfx?a)ﬁ_sof* correlation equations 298-473  NaSOy +H0[27]
from ref.[27]
o
Nat, S0y

HMNat Nat,S0.2~
Bions 10y ~0.04625 3.875 313-353  NaS;0s+Hz0[1]
Bow s, o 0.1236 —40.55
B san 0.034705 ~14.839 313-393  S@+NapSQy+HpOMs work
B san -6.2847 2706.5
/3(s°<)>z,Na+ —0.041477 27.466
150y Nat SO —0.068316 24.363

1) = a1+ iy + Ghoz + 94 N(T/K) + as(T/K).

2 Note that there are some typographical errors in the numerical values reported by Rumisfet al.

equations as a function of comprehensive paraméers,
Chxs Bux» Tomxmx, Teamx (cf. Egs. (11)—(14))}.

Is0,.50,.5,052-) Were not required in that correlation and
were all set to zero.

Of course, such a procedure does not increase the amount

of independent parameters. Six parameters of the Rjﬂd

(1) ) (0) (1) (0)
IBij , and Mijk (ﬁNH4+,HSQ>," ﬂNHf’,HSOg,” IBNH4+782052*’
B 1% -,and -) describ-

SO, HSO;~ ' HSOz,NHy T, HSO3 ™ S0y, S0y, HSO;

6.4. (HL,SQy+H20) system

The correlation equations for the (temperature dependent)
Pitzer parameters describing interactions betweé&rahil

ing interactions in these aqueous systems were adopted fron$0s?~ as well as between Hand HSQ™ in agueous so-

Perez-Salado Kamps et ] (cf., Table 5). They are based
on the gas solubility data for the system (NHSO;, + H20)
reported by Rumpf et af23] (for T~ 313 to 373 K) and by
Johnstong24] (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-

(1)
ters (UnHa+ NHa+, HSOs~ » MNHa*+,HSOs~ HSOs /3NH4+’52052~

(0
INHg* NHs* 5,052 PNHgt $,052,5,052 70 PO, NH,*
MS0,,NH4T NH4 Ms0,,HSO;~ ,HSO;™ S0, S0, NH, ™

©
Ps0p 5,057 HSOpNHs" 5057 H50,.5,05%. 5,052+ and

. 0 1 0
IUtlonS {(:B|(_|J)r’so42—! ﬂ(HJ)r,SO42_, Cﬁ2304) and (ﬁf_r?—’HSO‘f!

ﬂﬁl HSO;* CﬂHSQ), respectivelyjwere taken from Pitzer
etal. [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 molkg. 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 Meq2tr

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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. L . i 0
sideration in the present work, we refrained from extend- 5. sSQ2-: B(SC))Z,(NH%?SQ;’ 50y, (NHa),SOs. (NHa),S0;» AN

- . 3 E B - ” "

ing Pitzer's G=-equation (in order to account for unsym- - e, oo o oo “and (3) for interactions between S0
metrical mixing terms and/or ionic strength dependent third NH,*, and HSQ: 3@ r

virial coefficients), and therefore retained the correlation d41“, ' ?:%zf’}[‘ﬁé'fegs’onssoé’)'(\“‘:gﬁg‘(‘j'\ég‘}:fg“’Onl
from Pitzer et al[14]. Table 5gives the correlation equations S0 SO NHaHSQy 7 T ) P ore, only
parameters of the klnﬂij , ﬂij , and ujjx were considered.

(0) _ V2,9 (0)
for P+ saz-r Mt m+ sa = %6 Crpsar Pt nsay— and They were simultaneously fitted to the experimental results
’BI(-::L)QHSO4_ .The parametens(Hli’SQ‘zf s Myt 50,2~ 50,2 @and E)r thefsolgl;/illity OfmSQf in_li(N::gziggLHsz rer;]orted by
: mpfand Maur or T~ 333- and tothe new ex-
CﬁHSO4 (|.e.,,LLH+’H+’HSO4— andMH+’HSO4—’HSO4—) were all u p u q ]( ) WEX

perimental results for the heat of dilution in that system from
the present work (at & 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

set to zero.

6.5. Systems (HX +40), (H$0s + H0),
(SQ+HX+H20), (SQ +H2$05 +H20),

o L 0)
(SO + H2SQy + H0), and (S@+ HY + H,0), where of dilution was minimized. Four paramete@(ﬂHﬁ’qu_,
X=HSO; and Y =HSQ ,3(“},)44+’HSO4,, 5%,4804, and ,3% sop- (given inTable 5)

©) ) _ _ proved sufficient to describe the experimental results almost
+A”3ar"amﬁter$3ilj  Bij aa”dMijI; fﬁrmterabctlons betweer;] A within experimental uncertainty, i.€/np,+ NH,* HSO, -
H™ and all other solute species of these subsystems — with the ' '
. . : . . MNH4H HSOy = ,HSOy 1 MS0p,NHy+ HSOy ™+ HSOp,HSOy ™ ,HSOy
exception of the parameters given in the previous section — 4 HSy o 2 NHa ™, HSQs O HSQs HSQu

A Hs0,,50,,HSO,» M + 50— M 2~ g2, and
were set to zero. This is justified by the rather small amounts Msgj sg 304247 weé%ii“gét ’t%O“zero, SO, S04, SOy

of the H" species present in the liquid mixtures under con- = “The experimental results for pressures above

sideration. {SOz +(NH4)2SOs + H20} [4] are shown in Fig. 4
{mnNH,),50,~ 2 and 4mol kg'} in comparison with

6.6. (NHHSGy +H20), {SQy + (NH4)2SOQy + H201, calculation results from the present correlation (full curves)

and (SQ +NH4HSQ, + H,0) systems as well as from the correlation by Rumpf and Mauj4y

(broken curves). The average absolute/relative deviation

Pitzer's method requires the following (tempera- petween experimental and correlated total pressures amount
ture dependent) parameters describing interactions intg 40.014 MPa/2.3% (+0.018 MPa/2.4% for the correlation
those aqueous solutions: (1) for interactions between by Rumpf and Maurer). As expected, the new correlation

NHs* and HSQ~: 'Bf\?&ﬁ,HSQ;" ﬁmﬁ’HSOA_, and does_n_ot_yield a_significant improvement when just the gas
Cliumsa, (2) for interactions between SO NH,*,  Solubility is considered.
4 4

p/ MPa

mgq, (molkg ) mgq, /(molkg 1)

Fig. 4. Total pressure above solutions{&Q, + (NH4)2S04 + H20}, {mNH,),s0,~ 2 mol kg~ in the left diagram, and 4 mol kg in the right diagram}: [@)
(333.15K), () (363.15K), (A) (393.15K)] experimental results from Rumpf and Ma{#gr(—) correlation, this work; (——-) correlation from Rumpf and
Maurer([4].
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Fig. 1 shows the correlation results (full curves) tgple 5
for the enthalpy change upon diluting liquid mix- o (1) . HSGs™
tures of {SO, + (NH4)2S0O4 + H20} in liquid mixtures of ﬂNa+,52052—- The parameter\ .. 5o+ Cnansg (€
{(NH4)2SO4+H20} in comparison with experimental M€ finat Nat HsOs- AN gt HSOs HSOs): ﬁf\ll; 002 and
sults. The correlation curves were calculated with averaged . S
numerical values for the amounts of masses in the upper and-Na$;0s ("e"“NaﬂNaﬂSzOsz‘ and“NatSzOsz‘,SzOsz‘) are
the lower chamber and averaged numerical values for theaII setto zero.
stoichiometric salt molality. A detailed comparison (calcu-
lated from the exact experimental numbers for the amounts6.9. (SQ +NaHSG; +H20) and
of those masses and the stoichiometric salt molality) is given (SQ + Na;$0s + H20) systems
in Table 1. The absolute deviation between the experimental
results and the correlation results is in most cases within the ~ There is no experimental (solubility and calorimetric)
estimated experimental uncertainty (Eéble 1) and amounts  information for these systems available in the literature
in average tat1.2 J. FurthermoreFig. 1 shows predictions  (which is probably due to their highly corrosive character).
from the model by Rumpf and Maurgt] (broken curves), However, some of the Pitzer parameters describing inter-
where interaction parameters were solely fitted to the gas sol-actions between SQNa", agd HSQ™ and between S§)
ubility data. That model results in an average absolute devi- N&", and $05?~ (namelyﬂ(s())z’HSOs_, IS0y HSOs ™ HS O3~ »
ation between experimental and predicted enthalpy change - 0 g g
of +£32J. That comparison demonstrates the improvementsusoz’502’HSO3 '+ Pso, 50 150,504 52087 angl

hieved by the extended model. MSOZ,SOZ,Szosz_) have already been_ used inprevious
ac y sections. Due to the lack of experimental information,

HS0,,Natr,HSO;~ and Ms0, Nat,S,052~ had to be set to zero.
The remaining parameters (5%2 Nat» HS0p.Nat Nat, and

The correlation equations for the three (temperature /4S0,S0,Na+) are determined in the next section.
dependent) Pitzer parameters describing interactions be-
tween Nd and SQ2~ in aqueous solutions ﬁ? 6.10. (NaHSQ@+H>0), (SQ + Na;SQ; + H20),

gives the correlation equations fﬁlﬁ?1+ O and

6.7. (NaSQ; +H>0) system

at,S042 !
SO +NaHSQ, + H20) systems
ﬁﬁll; sz and CﬁaQsQl) were adopted from Rogers and (5@ Q +H20) sy
Pitzer[27]. (itya+ Na+ s0,2- WaS set equal tQ/E/GCﬁaQSQl, Pitzer's method requires the following (temperature

and Pnat S0 .50, Was set to zero.) The parameters are dependent) parameters describing interactions in those
based on experimental information for the osmotic coefficient aqueous solutions: (1) for interactions between” Nad

and from calorimetric investigatior{$or salt concentrations ~ HSQ,: ﬁf\?;ﬂH o ﬁ&)ﬁﬂ s and Clarsa: (2) for

up to the solubility limit, which is about 3.4 (3.0) molk§ interactions between SONa*, and SQ2~: 39
atT=313K (353K), cf., e.g., Seidell and LinK&8]} and r and I : aﬁd S(%N%f?n’_
can be used from aboiit=298-473K. Some more experi- | > 2N&2S%uNaSQs 50,80 NS, =1

mental investigations of that system as well as more preciseter""Ct'ons between SONa’, and HSQ™: BS_Oz,N_aHSQ’
correlations of its thermodynamic properties have been pre-!50:NaHsQ,NaHsa,, @nd I'50,,50; NaHsq,- Again, msteiad
sented recently (after the publication of Rogers and Pitzer Of the comprehensive parameters, parameréj’é ,351‘)’
[27]), cf., e.g., Rumpf et a[6] and Rard et al[29]. But, as and ujjx were considered. They were simultaneously fit-
the experimental results reported by Rumpf eféil. which ted to the experimental results for the solubility of Si®
cover the salt concentration and temperature ranges of the(Na&S0Os +H20) reported by Rumpf and Maurg4] (for
present investigation, were perfectly predicted by applying T~ 313-393 K) and to the experimental results for the heat
the correlation of Rogers and PitZ&7], there was no need  Of dilution from the present work (af~ 313 and 352K).

to modify theGE-equation presented here. In an optimization procedure, the difference between experi-
mental and calculated results for the total pressure as well as
6.8. (NaHS@+ H,0) or (N&S0s + H»0) system for the enthalpy of dilution was minimized. Four parameters

(0) (&) ©)
_ (BNat Hso—r Prarmsa- Psonarr @Nd iso, Nar s02-)
Ermatchkov et al[1] reported the results of experimental proved sufficient to describe the experimental results al-
investigations (by IR-spectroscopy and batch-calorimetry) at most within experimental uncertainty. These parameters
temperatures between 313 and 353 K together vyith correla-are given inTable 5. 1N+ Nat HSO,+ ANatHSO,~.HSO4~ »
tion equaﬂqn; fot the (ternperqture dependent)'Pnzer param-iso, Nat HSQ,~ + SOy, Nat Nat » &AL s, 50, Na+ Were all set
eters describing interactions (in aqueous solutions) betweento zero.

Na* and HSQ~ (ﬁf\?e)ﬁ,HSQ” ﬁl(\:lle)l‘*',HSOg” a”dcﬁlaqu) as The experimental results fo_r _pressures above
well as between Naand $SOs2- (ﬂ(o) /3(1) (SO + N&pSOy + H20) [4] are shown irFig. 5 (mNa,s0,~
s Nat,$05%~ " PNat,$,052 " 0.5 and 1 molkg?) in comparison with calculation results

and Cﬁagszos)- These Pitzer parameters were adopted here.from the present correlation (full curves) as well as from
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Fig. 5. Total pressure above solutions of (SN& SOy + H20), (ing,so,~ 0.5 molkg ™t in the left diagram, and 1 molkd in the right diagram): [(O
(313.15K), (@) (333.15K),) (363.15K), (A) (393.15 K)] experimental results from Rumpf and Ma{#gr(—) correlation, this work; (———) correlation
from Rumpf and Mauref4].

the correlation by Rumpf and Maurgt] (broken curves). by aqueous solutions of (NpLSO4 nor upon diluting aque-
Both correlations are equally suited to describe the gasous solutions of (S&+NaSQy) by aqueous solutions of
solubility data. The average absolute/relative deviation NaxSOy could be found in the open literature. In addition,
between experimental and correlated total pressures amounéxcept for the experimental data reported by Rumpfand Mau-
to £0.024 MPa/3.4% (+0.020 MPa/3.2% for the correlation rer[4], which were used to parameterize the model, literature
by Rumpf and Maurer). data for the solubility of sulfur dioxide in aqueous solutions
Fig. 2 shows the correlation results (full curves) of ammonium or sodium sulfate are extremely scarce. Fox
for the enthalpy change upon diluting liquid mix- [30] investigated the solubility of sulfur dioxide in aqueous
tures of (SQ+NaSO;+H20) in liquid mixtures of solutions of many different salts including ammonium and
(NaSOy + H20) in comparison with experimental results. sodium sulfate (aT=298.15 and 308.15K), but these data
The correlation curves were calculated with averaged nu- could not be evaluated, because it is not possible to reliably
merical values for the amounts of masses in the upper andconvert the gas concentrations reported by Fox to molalities.
the lower chamber and averaged numerical values for theThe comparison with literature data is therefore restricted
stoichiometric salt molality. A detailed comparison (calcu- to the experimental data for the solubility of sulfur dioxide
lated from the exact experimental numbers for the amountsin agueous solutions of sodium sulfate reported by Hudson
of those masses and the stoichiometric salt molality) is given [31] (23 data points at & 293-323 K,mna,s0, Up to about
in Table 2. The absolute deviation between the experimen- 1.4 molkg 1, msg, from about 0.7 to 1.7 molkg', and at a
tal results and the correlation results is in most cases within constant partial pressure of sulfur dioxide of 101.325 kPa).
the estimated experimental uncertainty (€able 2), and The average (maximum) relative deviation between the ex-
amounts in average t62.6 J. Furthermoresig. 2shows pre- perimental data for the partial pressure of sulfur dioxide and
dictions from the model by Rumpf and Mauldi (broken the predictions from the new model amount to 2.8% (8.2%),
curves), where interaction parameters were solely fitted t02.3% (3.4%), 1.8% (2.6%), and 1.4% (2.4%) at 293.15,
the gas solubility data. The average absolute deviation be-303.15, 313.15, and 323.15K, respectively, which (except
tween experimental and predicted enthalpy changes amountg$or one single data point) is well within the estimated ex-
to £35J. This comparison again demonstrates the improve-perimental uncertainty. Applying the model by Rumpf and
ment achieved by the new correlation. Maurer [4] those deviations amount to 16% (53%), 7.6%
(39%), 7% (24.4%), and 5% (10.5%), respectively. Obvi-
ously, taking into account the formation of pyrosulfite and
the new experimental information on the enthalpy change

No experimental information on the enthalpy change nei- Upon _Qilution results in much better predictions for the gas
ther upon diluting aqueous solutions{@0; + (NH4)2SOs} solubility.

7. Comparison with literature data
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8. Conclusions [4] B. Rumpf, G. Maurer, Fluid Phase Equilib. 91 (1993) 113-131.
[5] A. Pérez-Salado Kamps, E. Meyer, V. Ermatchkov, G. Maurer, “En-

New experimental results are presented for the  thalpy of dilution of (SQ+H0) and of (S@+NHs+Hz0) in
pure water: experimental results and modeling”, Fluid Phase Equilib.

enthalpy change upon dilu_ting liquid mixtures of (2005) (web-released: 23-Mar-2005).

(SOz + M2SOy + H20) inliquid mixtures of (MSOy + H20), [6] B. Rumpf, F. Weyrich, G. Maurer, Thermochim. Acta 303 (1997)
where M=Na and N, at about 313 and 352K. A pre- 77-91.

viously deve|oped thermodynamic model (Rumpf and [7]1 F. Weyrich, B. Rumpf, G. Maurer, Thermochim. Acta 359 (2000)
Maurer [4]) describing the vaporliquid equilibrium of 11-22. . .

. . . [8] F. Weyrich, “Untersuchungen zum kalorischen Verhalten von Gemis-
the, chemical .r.eactlng SYSte,mS @G\AZSO‘H' Hzo) IS chen aus Ammoniak, Kohlendioxid, starken Elektrolyten und
revised by additionally taking into account the results of the Wasser”, 1997. PhD Dissertation, University of Kaiserslautern, Ger-
new calorimetric investigation. Although model predictions many.
reveal that pyrosulfite may not appear in high concentrations [9] H. Hasse, G. Maurer, Ber. Bunsen-Ges. Phys. Chem. 96 (1992)

in the aqueous solutions investigated in the present work, in___ 83-96.
. . .. [10] R.N. Goldberg, V.B. Parker, J. Res. Natl. Bur. Stand. 90 (1985)
contrary to the previous model, the formation of pyrosulfite 341-358

is taken into account by the new model (cf. Ermatchkov [11] k.s. Pitzer, J. Phys. Chem. 77 (1973) 268-277.

et al. [1]), in order to enable a smooth transition to the [12] K.S. Pitzer, Activity Coefficients in Electrolyte Solutions, CRC, Boca
quaternary system$§NH3z + SO, + (NH4)2SOs + H,O} and Raton, 1991, p. 75.

{NH3+SOZ+ NapSO, + HzO} which will be investigated [13] T.J. Edwards, G. Maurer, J. Newman, J.M. Prausnitz, AIChE J. 24

| . . . (1978) 966-976.
in a forthcoming publication. The previous model and the [14] K.S. Pitzer, RN. Roy, LF. Silvester, J. Am. Chem. Soc. 99 (1977)

model presented here describe the gas solubility data of = 4930_4936.

the systems (S©O+ M2SOy + H20) reported by Rumpf and  [15] B. Rumpf, G. Maurer, Fluid Phase Equilib. 81 (1992) 241-260.
Maurer [4] with the same degree of accuracy. The new [16] D.J. Bradley, K.S. Pitzer, J. Phys. Chem. 83 (1979) 1599-1603.
model additionally is able to accurately describe the results 171 A- Saul, W. Wagner, J. Phys. Chem. Ref. Data 16 (1987) 893-901.

. L D [18] S.W. Brelvi, J.P. O’Connell, AIChE-J. 18 (1972) 1239-1243.
from the calorimetric investigations of these systems. [19] A. Pérez-Salado Kamps, Ind. Eng. Chem. Res. 44 (2005) 201-225.
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