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Influence of NH4CIl, NH;sNO3, and NaNO3; on the Simultaneous
Solubility of Ammonia and Carbon Dioxide in Water

Alvaro Pérez-Salado Kamps, Rudolf Sing, Bernd Rumpf, and Gerd Maurer*

Lehrstuhl flr Technische Thermodynamik, Universitat Kaiserslautern, D-67653 Kaiserslautern, Germany

New experimental results for the simultaneous solubility of ammonia and carbon dioxide in (about 4 m)
aqueous solutions of NH4CI, NH4NO3, and NaNO; at (313, 353, and 393) K and total pressures up to
about 0.7 MPa are reported. The maximum loading of carbon dioxide to ammonia, i.e., the molar ratio of
carbon dioxide to ammonia, in the liquid phase was about 1 (at 313 K), about 0.7 (at 353 K), and about
0.3 (at 393 K). The experimental results are used to assess predictions from a thermodynamic model for
the solubility of ammonia and sour gases in aqueous solutions of strong electrolytes.

Introduction

In the present paper we continue a series of publications
on the simultaneous solubility of ammonia and a sour gas
in aqueous solutions. Such vapor—liquid equilibria are
governed by chemical reactions in the liquid phase as
ammonia reacts with the sour gases, resulting in an
aqueous, electrolyte solution. The presence of additional
components, e.g., strong electrolytes, may have an essential
influence on that vapor—liquid equilibrium. Experimental
results and thermodynamic models for the simultaneous
solubility of ammonia and carbon dioxide in pure water!—3
as well as in aqueous solutions of sodium sulfate,* sodium
chloride,®> and ammonium sulfate and in aqueous solutions
of mixtures of ammonium sulfate and sodium sulfate® have
been presented previously. Furthermore, similar work was
performed for aqueous solutions of ammonia and sulfur
dioxide,” ammonia and phosphoric acid,® and ammonia and
hydrogen sulfide.® Additionally, the solubility of the single
gases ammonia,1%1 carbon dioxide,2-17 sulfur dioxide,18-20
and hydrogen sulfide?1-23 in aqueous solutions of strong
electrolytes was investigated in recent years. The experi-
mental data were used to determine parameters in a
thermodynamic framework to describe the simultaneous
solubility of ammonia and a sour gas in aqueous electrolyte
solutions.

In this paper we report new experimental data for the
influence of three single salts, NH4CIl, NH;NO3, and
NaNOg, on the vapor—liquid equilibrium encountered when
ammonia and carbon dioxide are simultaneously dissolved
in water at 313, 353, and 393 K. In the experiments of the
present work the molality of both ammonia and the strong
electrolyte was about 4.

When carbon dioxide is added to an aqueous solution of
ammonia and a strong electrolyte, the pressure at first
drops as in the liquid carbon dioxide neutralizes ammonia
and thus converts volatile, neutral ammonia into nonvola-
tile ionic species: ammonium and carbamate ions. Thus,
the partial pressure of ammonia decreases. As carbon
dioxide is also converted to nonvolatile species, i.e., bicar-
bonate, carbamate, and carbonate ions, the decrease of the
partial pressure of ammonia cannot be compensated by the
very small increase of the partial pressure of carbon
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dioxide, and as a consequence the total pressure above the
aqueous solution also decreases. When more carbon dioxide
is added, the conversion rate of the “newly” dissolved
carbon dioxide decreases; i.e., carbon dioxide has now to
be dissolved in neutral form in the aqueous electrolyte
solution. Therefore, both the partial pressure of carbon
dioxide and the total pressure increase with further
increasing carbon dioxide molality. The molar ratio of
“overall” carbon dioxide to “overall” ammonia in such
experiments is limited by the upper pressure for which the
experimental arrangement is suited. In the present work,
that pressure is about 0.7 MPa, resulting in an upper limit
for the molar ratio of carbon dioxide to ammonia of about
1 (for each of the salts investigated here at 313 K), about
0.75 and 0.65 (for NaNO3 and (NH4CI or NH;NO3), respec-
tively, at 353 K), and about 0.45 and 0.25 (for NaNOz and
(NH4CI or NH4NO3), respectively at 393 K).

When either ammonia or carbon dioxide is dissolved in
an aqueous salt-containing solution, the partial pressure
of that gas may increase (“salting-out”) or decrease (“salt-
ing-in”). However, when both gases are simultaneously
dissolved in an aqueous salt-containing solution, not only
does the presence of the strong electrolyte influence the
solubility of each of the gases, but it also has an influence
on the chemical reaction equilibria, i.e., on the concentra-
tion of the neutral gases. Therefore, and as the partial
pressure of water is always decreased by a strong electro-
lyte, the presence of a strong electrolyte may either increase
or decrease the total pressure above such an aqueous
solution (for the given temperature and overall liquid-phase
molalities of ammonia as well as of carbon dioxide). A
thermodynamic framework has been developed in recent
work which—by neglecting some interactions in the liquid
phase—allows for the prediction of such multicomponent
vapor—liquid equilibria from experimental data for the
pure component (e.g., the vapor pressure of water), the
binary mixtures (e.g., water + salt vapor—liquid equilib-
rium data and gas solubility data for each of the single
gases in water), and the ternary mixtures (the solubility
of the single gases in an aqueous solution of the single
electrolytes and the simultaneous solubility of ammonia
and carbon dioxide in pure water). That model is tested
here further by comparing the new experimental data with
predictions.
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Experimental Section

The experimental arrangement is basically the same as
that used in previous investigations on the simultaneous
solubility of ammonia and carbon dioxide in aqueous
solutions,35624 and therefore only the principles, but no
details, are repeated here.

A high-pressure thermostated cell (volume ~2000 cm?3)
is charged with a known amount (about 1 kg) of an about
4 m aqueous solution of a single salt. That solution was
carefully prepared by dissolving a known amount of the
salt into an also known amount of deionized, bidistilled,
and degassed water. After the cell has been charged with
the aqueous solvent, ammonia is added to achieve an
aqueous-phase molality of also about 4. The amount of
ammonia is also exactly known as it is taken from a small
tank which is weighed before and after the filling proce-
dure. Then in a similar way carbon dioxide is added in
several steps. After each step the phases are equilibrated,
the temperature, pressure, and vapor-phase volume are
measured, and small vapor phase samples are taken and
analyzed by gas chromatography. From these direct ex-
perimental data the amounts of ammonia and carbon
dioxide in the liquid phase are determined. The maximum
uncertainty of the experimental results is estimated at +0.1
K for the temperature, £0.5 kPa for the total pressure,
+0.1% for the molality of the salt, and +0.5% for the overall
molality of ammonia as well as of carbon dioxide in the
liquid phase. The experimental uncertainties for the partial
pressures above the liquid phase depend on the experi-
mental conditions. They are given with the detailed
experimental results. The following numbers can be re-
garded as a reasonable estimate: +2% or +0.5 kPa
(whichever is larger) for the partial pressures of ammonia
and carbon dioxide, and (£0.8, £1.5, and +5) kPa for the
partial pressure of water at (313, 353, and 393) K,
respectively.

Substances. Ammonia (>99.999 mol %), carbon dioxide
(>99.995 mol %), and the salts (NH,Cl and NaNO3, >99.4
mass %, NH;NO3, >99.0 mass %) were used as supplied.
Messer-Griesheim, Ludwigshafen, Germany, supplied both
gases, Riedel-de Haen, Seelze, Germany, all salts. Deion-
ized water was degassed by vacuum distillation.

Experimental Results

The simultaneous solubility of carbon dioxide and
ammonia (Myn, ~ 4 mol/kg) in aqueous solutions of the
single salts ammonium chloride (Myn,ci & 4 mol/kg),
ammonium nitrate (Mnu,no, ~ 4 mol/kg), and sodium
nitrate (Mnano, ~ 4 mol/kg) was measured at (313, 353,
and 393) K. The pressure ranged up to about 0.7 MPa,
corresponding to a maximum molar ratio of carbon dioxide
to ammonia in the liquid phase of about 1 at 313 K, about
0.7 at 353 K, and about 0.3 at 393 K. The experimental
results for the total pressure and the partial pressures of
ammonia, carbon dioxide, and water are given in Tables
1-3, together with estimated uncertainties in the reported
variables. Furthermore, the number of phases zp in the
equilibrium cell are given, as for some of the solutions
investigated the precipitation of a salt was observed.
Experimentally, the precipitation of a salt is ascertained
from the time necessary to reach equilibrium (i.e., constant
pressure). When no salt precipitates, equilibrium is reached
after about 12 h and 3 h at 313 K and 353 K, respectively,
whereas if a salt precipitates, about 24 h and 4.5 h are
necessary to reach equilibrium at those temperatures. At
393 K, no salt precipitates. The results will be discussed
and compared with predictions in one of the following
chapters.

1l
NH; CO, H,0 vapor
1 {l
] ] ]
..,
NH; CO, H0 liquid
NH; + H,0 === NHj + OH~ (R1)
CO, + Hy0 == HCO; + H' (R2)
HCO; —= CO} + H' (R3)
NH; + HCO; == NH,COO™ + H,0 (R4)
H,0 =—= H' + OH” (R5)
My X, —= vi-M¥ + v XE
v, -CE + v_-A”
1:
solid '
Cy+Ay-

Figure 1. Scheme of the vapor—liquid and vapor—Iliquid—solid
equilibrium of the system NH3; + CO; + salt MX + H,0.

Modeling. Figure 1 shows a scheme of the vapor—liquid
equilibrium when ammonia and carbon dioxide are simul-
taneously dissolved in an aqueous solution of a single salt
MX (MX = NH4CI, NH4NO3, or NaNOg). The vapor—Iliquid
equilibrium is described by the extended Raoult law for
water

P Vw i
Pw(Mew(T) exp(,/;)f,v R-l—lq dp)aw = PYw®w (1)
and by the extended Henry law for each of the dissolved
gases

Vot
HO() exp( RT dp)miyém’= v @
The molality of gas i in the liquid phase differs from the
corresponding overall molality as ammonia reacts with
carbon dioxide. The model takes into account the following
chemical reaction equilibria in the liquid phase: the
protonation of ammonia (R1), the formation of bicarbonate
(R2), the dissociation of bicarbonate to carbonate (R3), the
formation of carbamate from ammonia and bicarbonate
(R4), and the autoprotolysis of water (R5). The chemical
reaction equilibrium is expressed by

Ke(T.p) = []a'"" R=RL,..R5 ®)

where v;r is the stoichiometric factor of component i in
reaction R (vir > 0 for a product and v; r < 0 for an educt).
For any dissolved species (but not for the solvent water),
the activity a; is

a; = miVi(m) 4)

However, due to the chemical reactions also bicarbonate
ions are present, and as the solubilities of ammonium
bicarbonate and sodium bicarbonate in water are rather
small, the formation of a solid phase (NH;HCO;—when
NH4CI or NH;NOg; is the strong electrolyte—or NaHCO;—
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Table 4. Henry’s Constants of NHz and CO; in Pure Water In(H{W(T,p},)/MPa-kg-mol~t) = A; + Bi/(T/K) + C; In(T/K) +

Di(T/K) + Eil(T/K)2

I Ai Bi Ci Di Ej T/IK
NH3 3.93188 —1879.02 0 0 —355134.1 273—473
CO; 192.876 —9624.41 —28.7488 0.0144074 0 273—473

Table 5. Partial Molar Volumes at Infinite Dilution in
Water

T/IK Vin,w/(cm3/mol) Vo, w/(cm3/mol)
313.15 29.57 33.41
353.15 32.14 36.29
393.15 36.15 40.79

when NaNO; is the strong electrolyte) is also taken
into account. For a 1:1 electrolyte CA the solid—liquid
equilibrium is expressed by the solubility product:

Kea(Tp) = acan (5)

The precipitation of the salt CA is neglected as long as
acaa < Kea(T,p).

To determine the true molalities of all species in the
liquid phase for the given temperature and overall mole
numbers of ammonia (NN, = Mk,), carbon dioxide
(ﬁcoz = mcoz), water (ﬁw = 1/Mw), and salt MX (ﬁMX = me)
in the condensed phases, the equations for chemical reac-
tion and solid—liquid equilibria have to be solved simul-
taneously with the mass balance equations

A A A p— n n
Nne, T Anm,er T Okgno, = Mk, + Mk +

n T

NNH,coo- T N,Hco, (6)
A — n n n n
Nco, = Nco, T Nkco,- T Ncoz- + Nk,coo- T
! !
NH,Heo, T Marico, (7)

— n n n n
Ny = Ny + NGy + Niieo - + N +

I I
NH,Hco, T Marico, (8)

o — n T

Nnano, = MNar T Nanco, 9)
N, = Ner- (10)

= = —_ n

NnHNo, T Nnano, = Mo, (11)

and the condition for electroneutrality of the aqueous phase

NNH, T M+ NRas = Nop- + Nico,- T 2Nco - +

NNH,coo- T N~ + Nio,- (12)

The model requires the following thermodynamic prop-
erties: (i) Vapor pressure of water, py,. This was taken
from Saul and Wagner.? (ii) Molar volume of liquid water,
Vw,iig; Which was approximated by the molar volume of
saturated liquid water, vy, ;,, Which was also taken from
Saul and Wagner.? (iii) Henry’s constants (on the molality
scale) for the solubility of NH3; and CO; in pure water.
H{G,w was taken from Bieling et al.* and H{ \, was
taken from Rumpf and Maurer!? (cf. Table 4). (iv) Par-
tial molar volumes of NH3; and CO, at infinite dilution in
water, VEHS,W and VEOZ’W. Both were taken from Brelvi and
O'Connell? (cf. Table 5). (v) Fugacity coefficients (for
saturated water, ¢y, and for all components in the vapor
phase, ¢;" (i = water, ammonia, and carbon dioxide)). All
fugacity coefficients were calculated from the virial equa-
tion of state truncated after the second virial coefficient.

Table 6. Pure Component Second Virial Coefficients

T/IK  Bww/(cm3/mol) Bnw,nn,/(cmé/mol)  Bco, co,/(cm3mol)

313.15 —930.82 —222.87 —111.97
353.15 —578.14 —163.21 —85.17
393.15 —385.05 —123.34 —64.69

Table 7. Mixed Second Virial Coefficients

T/IK  Bwnhi/(cm3/mol)  Bw,co,/(cm3/mol) Bnw,co,/(cm3mol)

313.15 —285.28 —163.08 —160.76
353.15 —212.47 —128.99 —129.39
393.15 —165.28 —104.27 —105.93

Table 8. Chemical Equilibrium Constants In Kr = A +
B/(T/K) + C In(T/K) + D(T/K)

reac-
tion A B C 10°D TIK

R1  97.9761 —5930.70 —15.0635 —1.11274 330—475
R2 102.2803 —7742.64 —14.5059 —2.81042 330—475
R3 116.733  —8981.95 —18.1117 —2.22489 330—475
R4  19.8168 552.6886 —4.03995 0.468978 330—475
R5 140.932 —13445.9 —22.4773 0 273—498

Pure component virial coefficients were calculated from
correlations given by Rumpf and Maurer,'%12 which are
based on the data collection by Dymond and Smith?” (cf.
Table 6). Mixed virial coefficients were estimated as
recommended by Hayden and O’'Connell?8 (cf. Table 7). (vi)
Chemical reaction equilibrium constants (on the molality
scale), Kr(T,p) (R =R1, ..., R5). Kg; to Krgq were taken from
Bieling et al.,* and Kgs was taken from Edwards et al.?®
(cf. Table 8). (vii) Solubility products (also on the molality
scale) for salts NH4,HCO3; and NaHCO3, which were taken
from Kurz et al.® and Brewer,3 respectively (cf. Table 9).
(viii) Activity of water, ay, and activity coefficients, y™,
of all solute species, which were calculated from an
expression for the Gibbs excess energy GF.

Gibbs Excess Energy Model. As in previous work, the
GE model of Pitzer3! is applied here.

E

G
—=f () + m;miZ; (1) +
nwRTM,, i;j; i

Z/Zv MMM,z (13)
iIZWjZWKZ

f1(1) is a modified Debye—Huckel contribution
f,(1) = —A,(41/b) In(1 + b/1) (14)
where | is the ionic strength

1= (1/2)Zzi2mi (15)

b is 1.2 (kg/mol)¥? for all electrolytes. A, is the Debye—
Hickel parameter:

A, = LN, oS l— )" (16)
o~ 3\TNAPWIia) |\ g7 DKT

The dielectric constant of pure water D was taken from
Bradley and Pitzer.3?
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Table 9. Solubility Products In Kca = A + B/(T/K) + C(T/K) + D(T/K)? + E(T/K)® + F(T/K)*

precipitate CA A B C 10°D 10%E 10°F T/IK
NH4HCO3 8.3413 —2465.319 0 0 0 0 298—333
NaHCO3; 41.6572 —2238 —0.346109 1.25678 —1.97620 1.108 298—400

The second virial coefficient 1;j depends on the ionic
strength:

Zij(1) =BG + B £.00) + BE,00) (17)
where x; = a1, X2 = ap+/1, and
f,(x) = (2/X2)[l — (1 + x) exp(—x)] (18)

Here oy = 2.0 and o, = 12.0.
B9, B, B2, and 7 are binary and ternary interaction
parameters which can depend on temperature. As usual,

it is assumed that those parameters are symmetric:

A = g

W=p" r=o0,1,2 (19)

Tijk = Tikj = Tiik = Tiki = Tkij = Tkiji (20)

Furthermore, it is common practice to neglect all param-
eters between ionic species carrying either only positive
or only negative charges. “Symmetrical and unsymmetrical
mixing terms” (cf. Pitzer33) are neglected.

From eq 13 the activity coefficient of a dissolved species

i, ™, is

Iny™ = —Az In(l + b\/l)]

’ Vi

1+b «/
2_ mj[ﬂi,j _ﬁ%)fz(xl) +ﬁi,j f,(¢)] —
Ji

3 + +

z j;/k¢ m;my 3(X1) ﬁ f2(x2)]

3;% mm,z;; (21)
where
fy(x) = [1 — (l +x+ 2) exp(— x)] (22)

The activity of water is calculated from eqgs 13 and 21 by
applying the Gibbs—Duhem equation:

= (m) _
Inay,=M =nWRTM va In y; va} (23)

For binary systems (water + strong electrolyte M, X, ), it
is common practice to report A5y, Ay, Bax, and Cly. Ciux
is the third osmotic virial coefficient, which contains the

ternary parameters tyux and Tyvxx:
1 v, \12 v \12
§Cf/|x = (V_) Tumx T Z TM,X,X (24)

As there is usually no means to separate the influence of
mmx from that of 7y x x, one of those parameters can be
set to zero (here tmxx = 0) and the other parameter is then
calculated from (the reported values for) Cfy:

(L3)Clx =

TmMX 1:1 electrolyte (25)

(v/216)Clyy = 2:1 electrolyte (26)

TM,M,X

For binary systems (water + gas G), 85 and 7ccc are
usually reported.

For ternary systems (water + strong electrolyte
M,. X, +gas G), i.e., ineq 2l irepresents the neutral solute
G and j and k stand for a cation M and anion X, the
influence of M and X on the solute G cannot be separated,
and therefore, it is common practice to use the following
comprehensive parameters:

BG MX — V+ﬁg?M + V—ﬁg?x

_ 2 2
Fomxmx = Vi Tomm T 2V _Tomx T V-"Texx (28)

r=0,1,2 (27)

Ioeomx =ViTleom T V-Teex (29)

B and BE), are rarely needed to describe the solubil-
ity of a gas in an aqueous solution of a strong electrolyte.
Therefore, they are neglected here. BG wx: Lemxmx, and
[s.6mx are usually reported. In BYy,, one can arbitrarily
set either %), or B9 to zero, in T'gmxmx, One can arbi-
trarily set two of the three parameters 7gmm, Tomx, and
e xx to zero, and in I'g g mx, ONe can arbitrarily set either
7G,6,M O 7TGg,G,x to zero.

Parameters for the Gibbs Excess Energy Model. The
Gibbs excess energy equation requires binary and ternary
parameters for interactions between the solute species.
Those parameters were adopted from investigations on
binary and ternary subsystems.

Parameters for Binary Aqueous Systems.

H,O + NH4Cl. The parameters ﬁﬁLH,C,,, ﬁﬁhﬂc.,,
B, ci-» and T,  nmt o Were taken from Thiessen and
Simonson.34

H,O + NH4NOs. The parameters ), +NOy ﬁﬁ’HN‘NO{,
and tnu,t NH. No,- Feported by Pitzer3® for 298.15 K were

adopted. The influence of temperature on these parameters
was neglected.

H,0 + NaNOj. The parameters ). no, » B o, » and
TnatNa'No,~ Were taken from Sing et al.!

HZO + NaHCO;3; and H,0O + Na,COgs. The parameters
ﬁNa+ HCO,~ ﬁ(l\ﬂﬁ,HCOa*’ TNa*,Na*,HCOs ™ ﬁ$;+,co32—’ ﬁl\:lLa+,CO32*’
and Tna* Na'.coz~ Were taken from Peiper and Pitzer3¢ and
Xia et al.'”

H,O + NHj;. The parameters ﬁNH NH, and TNH;NHs,NH;
were taken from Rumpf et al.?”

All those parameters are given in the Appendix.

Parameters for the Ternary Aqueous System
H,O + NH3; + CO,. Kurz et al.356 correlated experimental
results for the simultaneous solubility of ammonia and
carbon dioxide in aqueous solutions. The set of Pitzer
parameters given by Kurz et al.5 is adopted here (cf. the
Appendix).

Parameters for Ternary Aqueous Systems. “Gas +
Strong Electrolyte + Water”. When Pitzer’s equation is
used to describe the solubility of a single gas G in an
aqueous solution of a strong electrolyte M,_ X, _, there are
two binary (89 and B%,) and five ternary interaction
parameters (rG,M,Mv TG,MXs TGXXs TG,G,M» and TG,G,X)- How-
ever, according to eqs 27—29, these seven parameters can
be arranged to only three terms: By, TIomxwmx,
and I'cgumx. So some of the single parameters can be
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arbitrarily set to zero, while others can be estimated by
combining eqs 27—29 for the same gas G and different salts
M,,X,_. As in previous work, also here the following
conventions are applied:

Bonn, = (30)
Tg,6NH,+ = 0 (31)
Tomm = Texx = 0 (32)
Therefore
B, x, = V-BGx (33)
Lo mxmx = 2V4V_Tg m (34)
Tocmmy, x, = V-Teox (35)

In egs 30—35 G always stands for NH;3 or CO,.
NHs + Strong Electrolyte + Water. B, u,,so,

INH3 (NH)2504, (NHa),505  @ND - TNHaNHy (NHa),50,, @S Well - as
Br\?Ha,NazsoAv I'NH3Nay504Naps0,  @NA THg NHaNays0,,  WETe
adopted from Weyrich et al.’8 They were fitted to the
experimental results for the solubility of NH3; in aqueous
solutions of the single electrolytes (NH4),SO, and (Na),SO,4
of Rumpf et al.,’® Bieling et al.,>* and Kurz et al.’ and
experimental results for the heat of mixing in the same
systems.
Combining eqs 27 and 30 gives

0 _ 0 0
BNtiynar = (L2) (BRI, ne,s0, — Bk, (whg,s0,)  (36)
Combining eqs 29 and 31 gives

= (1/2)(FNH3,NH3,NaZSO4 - rNH3,NH3,(NH4)ZSO4)

(37)

T
NH_,NH,,Na+

QLSYNw and TnhgNHNat are given in the Appendix (Table
14).

)Sing et al.1* used experimental results for the solubility
of ammonia in aqueous solutions of the single strong
electrolytes NaCl and NaNOj to determine B‘SH mx and
I'bgNHamx (Neglecting Tnng mxvx). From egs 27 and 29, the
following binary and ternary interaction parameters are
derived from these properties:

0 BO 0
ﬁﬁlz—l cl- = NH NaCl ﬁg\ll)—lyNaJr (38)
TNH,NH,.Cl- — L NH,NH,Nacl — TNH,NH, Na* (39)
0 0
ﬂNH3 NO,- BF\II)-|3,NaN03 - ﬂg\ll)-|3,Na+ (40)

TNH,NH,NO,~ — L NH,NH,NaNO, — TNH NHyNar (1)

B, i TNHaNHs.Cs BN, o, @Nd Tk NHyNo;~ @Te given in
the Appendix (Table 14).

CO, + Strong Electrolyte + Water. Rumpf and Mau-
rer'2 determined BCO (NH.),S0, and T'co,, (NH.),S04,(NH2)S0s 8S
well as Bco Na,S0, and I'c0,,Nays04Nazs0, (D0th T'co, co,Nayso,
and I'co,,co, (NHa),s0, Were assumed to be zero) from experi-
mental results for the solubility of CO, in aqueous solu-
tions of the single electrolytes (NH4),SO, and Na,SO,.
BEY, (nha,s0, aNd BEL, na so, Were converted to give

0 _ 0 0
B, nar = (U2)(BED, nas0, ~ BEO, mg,s0)  (42)
The parameter ﬁco Na- 1S given in the Appendix (Table
14).

Rumpf et al.13.15 fitted B(CORJZ'MX and I'co,mx mx t0 experi-
mental results for the solubility of carbon dioxide in
aqueous solutions of the single salts NaCl and NaNO;
(neglecting I'co,co,mx). From eqgs 27 and 28, the following
binary and ternary interaction parameters are derived:

B Co,Cl- = (Co())Z,NaCI - ﬁ(coc)Jz,Nm (43)
Tco,Na+Cl- — (1/2)FC02,NaCI,NaCI (44)
E% ,NO,;- BE%Z,NaNo3 - ﬁg)g)z,Naﬁ (45)
TeonatNo,- — (U2 co, nano, Nano, (46)

Furthermore, Rumpf et al.}* described the experimen-
tal results for the solubility of carbon dioxide in aque-
: : 0

ous solutions of NH,CI with the parameters BE) v ¢
and Tco,nracinmicl (BED, i Was predicted (cf. egs 27, 30,
and 43), rCOZ’NH4c|'NHAC| was eStimated, and FCOQ,COQNH4CI was
neglected). Equation 28 gives

Tco,NH,+Cl- — a z)rCOZ,NH4CI,NH4CI (47)
Rumpf et al.’® described the experimental results for the
solubility of carbon dioxide in aqueous solutions of NH;NO3

H 0

with the parameters BE:())Z,,\,HA,\,03 and Tco, NH,NOsNHNOs

(B, nmno, Was predicted, and Tco,co,nHno; Was ne-
glected). From eq 28, the following ternary interaction
parameter is derived:

Tco,NH,#Noy- = (12)Tco, N N0, NH,NO, (48)

0 0
ﬁ(c)ozck: TCco,Na*,Cl™s ﬂﬁ;éz,No{, Tco,Nat NOs™s TCo,NH, ,cl-, and
Tco,NH, NO;~ are given in the Appendix (Table 14).

All Pitzer parameters not mentioned here were set to
ZEro.

Discussion of the New Experimental Data and
Comparison with Predictions

In Figures 2—4, the experimental results for the total
pressure above aqueous solutions of ammonium chloride,
ammonium nitrate, and sodium nitrate, respectively, are
plotted versus the overall amount of carbon dioxide—i.e.,
the amount of carbon dioxide present in the liquid and solid
phases—at temperatures of 313, 353, and 393 K. The full
lines represent predictions from the model presented
before. The dashed lines represent a correlation for the salt-
free system ammonia—carbon dioxide—water (Kurz et al.®).
The dotted line gives the predicted solubility limit for the
precipitation of ammonium bicarbonate or sodium bicar-
bonate. The appearance of those solids was confirmed
experimentally by analyzing the solid phases withdrawn
from the cell after the completion of each of the series of
measurements. Figures 5 and 6 show the partial pressures
of ammonia and carbon dioxide above the ammonium
nitrate-containing ammoniacal solution at 353 K.

The partial pressure of ammonia decreases with increas-
ing amount of the sour gas in the liquid phase as more and
more ammonia is converted into ionic, nonvolatile form
(ammonium and carbamate ions). The partial pressure of
carbon dioxide at first is very small and increases rapidly
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Figure 4. Total pressure in the system NH3z + CO; + NaNO3 +
H>0 (M, & 4.0 mol/kg, Mnano, &~ 4.0 mol/kg): O, experimental

Figure 2. Total pressure in the system NH3; + CO, + NH4CI +
H>0 (Mnh, ~ 3.9 mol/kg, Mnn,cl &~ 4.0 mol/kg): O, experimental
results VLE, this work; @, experimental results VLSE, this work; results VLE, this work; ®, experimental results VLSE, this work;
7,_predlctlon, this work; -+, predicted solubility limit of NH4sHCOs3, —, prediction, this work; -+, predicted solubility limit of NaHCOs,
this work; - - -, calculated results for the system NH; + CO, + this work; - - -, calculated results for the system NH3 + CO, +
Hzo. H20.
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Figure 3. Total pressure in the system NHz; + CO; + NH4NO3

+ H20 (Mnh, = 4.0 mol/Kg, MnH,no, & 4.0 mol/kg): O, experimental
results VLE, this work; —, prediction, this work; - - -, calculated

results for the system NH; + CO, + H;0.
when in the liquid-phase ammonia has been spent by

chemical reactions.

The behavior of the quaternary systems is very similar
to that observed for the salt-free system. But the salt causes
significant effects, which are discussed here—as an

0.25 -

0 T T
0 1 2 3
fico,/ molkg !

Figure 5. Partial pressure of NH3 in the system NH3 + CO;, +

NH4NO3 + H,0 at 353 K (I’T'INH3 ~ 4.0 mol/kg, MNH,NO; 4.0 mol/
kg): O, experimental results VLE, this work; —, prediction, this
work; - - -, calculated results for the system NHz + CO; + H;0.

example—for the system NH; + CO, + NH4;NO3 + H,0.

As can be seen from Figure 5, ammonia is salted in by
ammonium nitrate; i.e., the partial pressure of ammonia
above the salt-containing solution is below that above the
salt-free solution. The effect decreases with increasing



Journal of Chemical and Engineering Data, Vol. 45, No. 5, 2000 805

9

8

ia)

\N

S

= 6 o
3-..
09

ﬁ]coz/ mol-kg !

Figure 6. Partial pressure of CO; in the system NH3 + CO, +
NH4NO3; + H,0 at 353 K (mNH3 ~ 4.0 moI/kg, MNH,NO; 4.0 mol/
kg): O, experimental results VLE, this work; —, prediction, this
work; - - -, calculated results for the system NH3z + CO, + H,0.

amount of the sour gas present in the liquid phase.
However, as shown in Figure 6, carbon dioxide is salted
out; i.e., the partial pressure of carbon dioxide above the
salt-containing solution is larger than that above the salt-
free solution. Without ammonia, carbon dioxide is salted
in by ammonium nitrate (cf. Rumpf et al.1%). The change
from salting in to salting out in the presence of ammonia
is due to the strong influence of ammonium nitrate on the
chemical reactions in the liquid phase. The partial pressure
of water is reduced by ammonium nitrate, but it is only
slightly changed when both gases are dissolved. For the
total pressure (cf. Figure 3), salting in is observed at low
carbon dioxide concentrations—mainly due to the reduction
of the partial pressure of ammonia—whereas at higher
molalities the competition of salting out of carbon dioxide
and salting in of ammonia results in a higher pressure than
that above the salt-free solution. At 313 K the total
pressure above the ammonium nitrate-containing solution
is higher than above the salt-free solution only at inter-
mediate carbon dioxide molalities.

The experimental results for the total pressure and
partial pressures of ammonia, carbon dioxide, and water
above NH3; + CO, + salt MX + H,0, with MX = NH4CI,
NH4NO3, and NaNQO3, as well as the number of phases zp
in the equilibrium cell, are compared with predictions in
Tables 1—3. Additionally, a summarized comparison is
given in Table 10

For MX = NH4CI (cf. Figure 2), the model gives a good
representation of the experimental data. At 313 K, and for
carbon dioxide molalities up to about 2 mol/kg and above
3 mol/kg, the predictions agree within experimental un-
certainties with the experimental data for the total and
partial pressures. At this temperature, the model predicts
the precipitation of NH;HCO; at a carbon dioxide concen-
tration of about 3.46 mol/kg. But experimentally, this salt
already precipitates at a lower carbon dioxide molality
(between 2.87 and 3.24 mol/kg). At 353 K and 393 K, the

Table 10. Summarized Comparison between
Experimental and Predicted Results

av rel dev/%? av abs dev/bar

MX T/K N p  PpnHs Pco, Pw P PNH; Pco,  Pw

313 10 10.0 314 16.3 2.3 0.12 0.004 0.12 0.001
NH,ClI 353 13 53 9.8 9.4 1.7 0.21 0.015 0.22 0.006
393 6 097 11.0 51 2.3 0.046 0.13 0.14 0.036

313 10 147 229 23.7 2.2 0.26 0.003 0.26 0.001
NH4NO3z 353 10 146 89 27.0 25 0.49 0.012 0.51 0.010
393 6 9.2 89 348 3.4 051 0.10 0.67 0.056

313 13 7.2 121 16.0 2.7 0.19 0.002 0.19 0.002
NaNOs; 353 13 246 9.1 49.2 2.9 0.91 0.014 0.91 0.011
393 5291 43 743 3.4 1.63 0.034 1.64 0.055

a Data points with p < 50 kPa and p; < 50 kPa omitted.

agreement between experimental and predicted results is
very satisfactory. At 353 K, larger deviations are observed
at high molalities of carbon dioxide, where the increase in
the total pressure curve is rather steep.

For MX = NH4NOg (cf. Figures 3, 5, and 6) the model is
only able to qualitatively predict the experimental results.
The best agreement is achieved at 313 K. The discrepancies
at higher temperatures may result from poor numbers for
the interaction parameters for the binary subsystem am-
monium nitrate—water. Reliable numbers for those pa-
rameters are only available for 298 K,3° and due to the lack
of experimental data, these numbers had to be adopted also
for higher temperatures.

For MX = NaNOg (cf. Figure 4) most predictions agree
only qualitatively with the experimental results. A quan-
titative agreement is achieved only at 313 K. The discrep-
ancies at higher temperatures might again result from poor
numbers for the interaction parameters for the binary
subsystem sodium nitrate-water. Reliable parameters are
only available for 298 K.3° The influence of temperature
on these parameters was estimated by Sing et al.'! using
some experimental data for the total pressure above
aqueous solutions of sodium nitrate. At 313 K and 353 K,
the model predicts the precipitation of NaHCO; at a carbon
dioxide concentration of about 2.44 and 2.70 mol/kg,
respectively. Experimentally, this salt precipitates at car-
bon dioxide molalities between 2.32 and 2.56 mol/kg at 313
K and between 2.94 and 3.02 mol/kg at 353 K.

For some experimental data points, particularly at high
molalities of carbon dioxide, the prediction results in rather
large deviations in the total pressure and the partial
pressure of carbon dioxide. These deviations occur when
the increase in the total pressure curve is rather steep, and
the total pressure is dominated by the amount of neutraly
dissolved carbon dioxide. As that amount is small in
comparison to the overall amount of dissolved carbon
dioxide, i.e., in either ionic or neutral form, very small
absolute deviations in the amount of neutral carbon dioxide
result in large deviations in the total pressure. Figure 7
illustrates the influence of a salt (here NaNO3) on the
species distribution, and consequently on the total and
partial pressures. Predictions are shown for “true” mola-
lities of all solute species (except HT and OH™) present in
the liquid phase for a solution with myn, = 4 mol/kg
(dashed lines) at 353 K (without a salt), when carbon
dioxide is added. As expected, adding carbon dioxide to an
ammoniacal solution reduces the neutral amount of am-
monia, thereby producing ammonium, carbamate, bicar-
bonate, and carbonate ions. Figure 7 also shows predicted
true molalities of all solute species present in the liquid
phase for a salt-containing solution with My, = Mano, =
4 mol/kg (full lines) at the same temperature, when carbon
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Table 11. Coefficients of Eqs Al and A2

B s.cr- Blicr- Bl 3TNH,* Cr
1 —9.29689 x 1071 6.73399 x 107! —1.7141 x 102 —2.79772 x 1073
g2 2.20237 x 107t —1.42555 x 1071 —0.19554
Qs —1.03306 x 1073 1.09395 x 1073 —7.4581 x 1075 —7.41476 x 107
qs 5.49192 x 1077 4.534
ds —9.15057 x 1071 3.505 x 1072 9.09242 x 1072
Qs 2.12227 x 107t
qz 4.88766 x 1072
Us —1.09552 x 1072
o 5.61713 x 1075
Q1o —3.62817 x 108
qu 1.93572 x 1072
5 Table 12. Coefficients of Eq A9
g1 103C]2 105(]3
NO; B pico,- 0.00389 0.058 0.151
AL co,- 0.0401 0.298 1.94
3TNa*,Na*.HC03’ 0.00168
T 4 - B cop 0.0362 1.79 -2.11
= Na g B coz 151 2.05 -8.4
g \. NH, . (6/+/2)Tna* Na* co- 0.0052
T~ ‘o
'E" o s molality of carbon dioxide causes 92.2% of the total
3 - N NH+ R . pressure, whereas in the salt-containing system 0.9% of
", 4 /" the overall molality of carbon dioxide causes 87.4% of the
O - /; total pressure. This example demonstrates that even very
5 - /. small uncertainties in predictions of the composition of the
* liquid (and solid) phases lead to a large uncertainty in the
s o HCO: ./ predictions of the concentration of neutraly dissolved
- /. s carbon dioxide and consequently also for the pressures.
2 N 3 bon dioxide and tly also for th
\’,' A
X, ~ Conclusions
'/' , o The solubility of carbon dioxide in aqueous solutions of
0 NP NaHCO;3 ammonia (4 m) and a salt—ammonium chloride, am-
1 - “NH,COO™ X/ monium nitrate, or sodium nitrate (also 4 m)—was mea-
K 2 * - sured in the temperature range from 313 K to 393 K at
l." . ot total pressures up to 0.7 MPa. The results are compared
L - NS ... with predictions. The model applied for these predictions
,,",. A e ..Z-—C-O- . is based on investigations of binary and ternary sub-
O - CO3 25—, .- systems. The model is able to quantitatively predict the
0 T T effects caused by ammonium chloride nearly over the
0 1 2 3 complete temperature and composition ranges considered

rﬁcoz/ mol-kg!

Figure 7. Predicted species distribution in the NH; + CO, +
NaNO3; + H20 system at 353 K (mMnn, = 4.0 mol/kg, Mnw,no; =
4.0 mol/kg).

dioxide is added. Furthermore, the number of moles of solid
NaHCO; per kilogram of water is shown. When the
solubility limit of NaHCOj3; is surpassed, the increase in
the concentration of HCO3~ is damped. One recognizes the
large shift in the species concentration due to the presence
of the salt. Of particular interest is the influence of the
salt on the concentration of carbon dioxide: For example,
for a solution containing an overall amount of carbon
dioxide of 3 mol/kg, the predicted amount of neutral carbon
dioxide is 0.065 mol/kg, when no sodium nitrate is present
(i.e., 97.8% of carbon dioxide is dissolved in ionic form), and
0.027 mol/kg, when this salt is present (i.e., 99.1% of carbon
dioxide is dissolved in ionic form or as solid NaHCO3). The
total pressure and partial pressure of carbon dioxide above
the salt-free solution are 6.66 MPa and 6.14 MPa, respec-
tively, whereas above the salt-containing solution, pre-
dicted pressures come to 3.58 MPa and 3.13 MPa, respec-
tively. Thus, in the salt-free system 2.2% of the overall

in the present work. Reliable numbers for the interaction
parameters for the binary subsystems ammonium nitrate—
water and sodium nitrate—water are only available at
temperatures around 298 K. Therefore, only at 313 K the
model quantitatively predicts the effects resulting from
these salts, whereas at higher temperatures the model
gives only a qualitative agreement. The calculated results
for the pressure in the system containing one of the nitrates
can be improved by fitting some additional interaction
parameters. Such a procedure might be reasonable for some
applications, but from a more general point of view, is not
recommended as long as there is still a lack of reliable
experimental data for the vapor—Iliquid equilibrium of the
binary systems H,O + NH4;NO; and H,O + NaNO; at
elevated temperatures.

List of Symbols
A anion A

Ai..E; coefficients for the temperature
dependence of the Henry's constant for
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dependence of the solubility product of
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coefficients for the temperature
dependence of the chemical equilibrium
constant of reaction R

activity of component i

Debye—Huckel parameter

constant in the modified Debye—Huckel
expression

second virial coefficient for interactions
between components i and j

effective second osmotic virial coefficient
in Pitzer’s equation for interactions
between gas G and salt MX (r =0, 1, 2)

cation C

third osmotic virial coefficient in Pitzer’s
equation

relative dielectric constant of water

charge of a proton

function for the temperature dependence
of an interaction parameter

functions in Pitzer's equation

gas (here NH3 and CO,)

excess Gibbs energy

Henry’s constant for the solubility of gas i
in pure water (on the molality scale)

ionic strength (on the molality scale)

Boltzmann constant

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

solubility product for precipitate CA (on
the molality scale)

true molality of component i

overall molality of component i

cation M

molar mass of water (kg/mol)

true number of moles of component i

overall number of moles of component i

number of data points

Avogadro’s number

pressure

partial pressure of component i

coefficients for the temperature
dependence of interaction parameters

universal gas constant

absolute temperature

partial molar volume

variables in Pitzer's equations

anion X

vapor-phase mole fraction

number of charges of component i

constants in Pitzer’s equation

binary interaction parameters in Pitzer’s
equation

activity coefficient of component i
normalized to infinite dilution (on the
molality scale)

third osmotic virial coefficient in Pitzer's
equation

vacuum permittivity

second virial coefficient in Pitzer’s
equation

stoichiometric factor of component i in
reaction R

number of cations and anions in
electrolytes MX and CA

number of phases

0 mass density

T third virial coefficient in Pitzer’'s equation
1) fugacity coefficient

Subscripts

G gas

i,j, Kk component i, j, k

lig liquid

MX strong electrolyte

R reaction

W water

Superscripts

(m) on the molality scale

s saturation

o0 infinite dilution in pure water
' solid phase

" liquid phase

vapor phase
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Appendix

Parameters of the Gibbs Excess Energy Model. In
the following equations for binary and ternary Pitzer
interaction parameters, T is the temperature (K) (Tgr =
298.15 K) and p is the pressure (MPa). p is approximated
here by the saturation pressure of water py,.

HO + NH.CI. The parameters AQ) . i BNb,.ci

(1\2134;,0—: and 7nm, - nH,tc- Were taken from Thiessen and
Simonson.* The influence of temperature on B}, . ¢,
ﬁ(,\l,Lﬂc,,, and 7yn,* nm,c- (for temperatures from 298 to
523 K) is given by

f(T) =

ds U
2
g, + 9, InT+q;T +q,T +T—227+647—T+

q
(P~ 7>[q7 0 In T+ 65T + T + w] (A1)

For B, i that influence is given by

A4 1
ﬁ(ﬁLf,cr(T) = Q1[q2 +q;T + T T InT+ 647 — T]
(A2)

The coefficients of eqs Al and A2 are given in Table 11.
H>O + NH4NO3z. Kim and Frederick?® gave the param-
eters B, o, » BN, o, @Nd Tk, N, * o, Tor 298.15 K.
These parameters were adopted; i.e., the influence of
temperature on those parameters was neglected.

BN, o, = —0.01476 (A3)
h,+no, = 0.13826 (A4)
3Tnm,  NH, N0, = 0-00029 (A5)
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Table 13. Pitzer Parameters for NH; + CO; + Hy0 f(T) = g1 + q2/T

9 92 [ef1 [oF)

B wco,. 0.2857 —09.466 Bl cop- —0.146044

B, coz- —0.3391 151.28 TCO,NH," HCO;™ —0.00112637

ﬂ(r\(n))HS,NHQco& —0.03933 25.263 TNH,* NH, " HCO;~ 0.000507152

ﬁg)())z,HCO:; 0.0843007 —16.148 TNH,* NH,",COz2 0.01400683

B, rico, 0.113346 —45.679

Table 14. Coefficients of Eq Al2
01 02 106q, 10-3qs 1075qe TIK

ﬂﬁ%s,w 0.14716 —0.54102 0.53314 313-433
TNH3,NH;,Na™ 4.1567 x 1074 —0.18982
Blh,cr- —0.12282 —0.17183 0.54102 —0.53314 313-393
TNH3,NHa,CI™ —7.2857 x 1074 0.18982
ﬁmgma, —0.14431 2.71305 0.54102 —0.53314 313—393
TNH3,NH3,NOz~ —8.13568 x 10~4 0.18982
B, Na+ —0.166568 110.662 —11.3475 313-433
B, - 0.4206 —187.486 0.69128 6.31239 313-433
TCOo,Na',Cl- —14.194 x 1074
IBEZ%Z,NOg* 0.69697 —487.256 82.9977 313—-433
TCO,Na™ N0y —109.632 x 1074 7.85296 —1.44314
TCO,NH, ,CI™ —0.00175 313—433
TCO,NH, " NOs™ —153.342 x 10~ 10.6726 —1.83602 313—433

H20 + NaNOs. The parameters S0}, no, -+ Aiia: no,» @d
TnatNa® No,~ Were taken from Sing et al.'! for temperatures
from 274 to 473 K.

Na-no, =0.00388 +0.04938(1 — Tg/T)  (A6)
Blaeno, = 021151 + 8.6493(1 — TH/T) (A7)
TnaNarNo, = —0.00002—0.0001(1 — Tg/T) (A8)

Note that there is a typographical error in the equation
for Tna* NatNos~ given by Sing et al.tt

H,O + NaHCO; and H,O + Na,COs. Interaction
parameters for H,O + NaHCO;3; were derived from data
given by Peiper and Pitzer3® and from experimental results
for the solubility of NaHCO; in water at temperatures
between 270 K and 373 K (cf. Xia et al.¥?). Peiper and
Pitzer3® reported a correlation for the interaction param-
eters for H,O + Na,CO; derived from experimental data
at temperatures between 273 K and 323 K. This correlation
was adopted also for temperatures up to 393 K.

f(T) =a, + 9x(T — Tg) + as(T — TR)2 (A9)

Parameters and coefficients of eq A9 are given in Table
12.

H,O + NHs. Rumpf et al.3” correlated literature data
for the solubility of ammonia in water between 293 K and
413 K and for the enthalpy change accompanying the
dilution of an aqueous solution of ammonia with Pitzer's
equation. These results were adopted here:

B i, = —0.01979 + 9.864/T (A10)

T NH,NH, = 5-539 x 1077 — 0.1789/T —
8.61 x 10*InT (Al1l)

H>O + NHj3 + CO,. Kurz et al.®>6 described experimen-
tal results for the simultaneous solubility of ammonia and
carbon dioxide in water and in aqueous solutions of some
strong electrolytes applying Pitzer's expression for the

excess Gibbs energy of the aqueous solution. The set of
parameters given, e.g., by Kurz et al.5 is based on the
assumption that both B, \n. and BE) wy . are zero.
Nine binary and ternary paré{meters were 5dditional|y
necessary to give a reliable description of the experimental
data for the vapor—liquid equilibrium of H,O + NH;3; + CO,
at temperatures between about 313 K and 473 K. Those
parameters are given in Table 13.

H,O + Gas (G) + Strong Electrolyte (MX). The
influence of cation M or anion X on the dissolved neutral
solute G is considered by binary and ternary interaction
parameters S5, B, Temx Teex, and teem. The influ-
ence of the temperature on these parameters is described
by

_ dz 2 ds U6
f(T)—q1+?+q3T+q4T +F+F (AlZ)

Parameters and coefficients of eq A12 are given in Table
14.
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