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Equations that described the thermodynamic properties of the NaCl + H,O sys-
tem were obtained from a fit to experimental results for this system. The experimen-
tal results included in the fit spanned the range of temperature of approximately 250
to 600 K and, where available, the range of pressure from the vapor pressure of the
solution to 100 MPa. New equations and/or values for the following properties are
given in the present work: 1) AsG% and A3, for formation from the elements, for
NaCl(cr) for 298.15 K and 0.1 MPa, 2) AGq and Af1x from the elements, as well
as Si and Cg w, all for 298.15 K, 0.1 MPa, for NaCl-2HO(cr), 3) the change in chem-
ical potential for both NaCl and H;O in NaCl(aq) as a function of temperature,
pressure, and molality, valid from 250 to 600 K and, where available, from the vapor
pressure of the solution to 100 MPa. Comparison of the accuracies of experimental
methods, where possible, has also been performed.

Keywords: activity coefficient; apparent molar properties; aqueous; compressibility; dehydration; density;
enthalpy; equation of state; expansxvlty' formation properties; Gibbs energy; heat capacity; osmotic coef-
ficient; partial molar properties; sodium chloride; sodium chloride dlhydrate, solubility; thermodynamics;
vapor pressure.
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List of Symbols

Debye-Hiickel coefficients for osmotic
coefficient, apparent molar enthalpy,
apparent molar constant-pressure heat
capacity and apparent molar volume.
Activity of water in a solution.

A constant in Pitzer’s ion-interaction
equation, chosen to be 1.2 kg"*mol~*?,
1.0 k¥mol~“K"L,
Apparent molar
heat capacity.
Standard-state constant-pressure mo-
lar heat capacity of the solute.
Standard-state constant-pressure mo-
lar heat capacity of a crystalline phase.
Specific constant-pressure heat capac-
ity of a solution.

Specific constant-pressure heat capac-
ity of one kg of water.
Constant-pressure heat capacity of a
quantity of solution of molality m, and
containing one kg of solvent.
Ion-interaction parameters for Pitzer’s
equation.

Gibbs energy (extensive).

Excess Gibbs energy of a solution (ex-
tensive).

Standard-state molar Gibbs energy of
the solvent and the solute, respectively.
Standard-state molar Gibbs energy of a
crystalline phase.

Standard-state molar Gibbs energy of
the solvent gas phase.

Standard-state molar enthalpy of a
crystalline phase.

Ionic strength (I = O.SEmiz;’)
Apparent molar isentropic compress-
ibility.

1.0 k¥mol™%,

Relative apparent molar enthalpy.
Partial molar enthalpy of the solvent.

constant-pressure

Molar mass of the solvent,
18.0153x 102 kg'mol ..
Molality.

1.0 molkg™!.

Reference molality.

Moles of the i’th substance.

Pressure.

1.0 MPa.

Vapor pressure of pure water,
Reference pressure; as a subscript to a
property it denotes that the value of
the property is that for the reference
pressure.

Gas constant, 8.3144 x 1073 kJ-mol .
Excess entropy of a solution (exten-
sive).
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Standard-state molar entropy of a crys-
talline phase.

Standard-state molar entropy of the
solvent and the solute.

Temperature.

10K

A reference temperature; as a sub-
script 10 a property it denotes that the
value of the property is that for the ref-
erence temperature.

Speed of sound.

1.0 cmymol 2,

Apparent molar volume,
Standard-state molar volume of the so-
lute.

Standard-state molar volume of a crys-
talline phase.

Volume of a quantity of solution of mo-
lality m. and containing 1 kg of solvent.
‘I'he charges of ions M and X.

A constant in Pitzer’s equation, chosen
to be 2.0 kg">mol ",

A constant in revised Pitzer’s equation,
chosen to be 2.5 kg'*mol '~
Expansivity of a solution.

Isothermal compressibility.

Isentropic compressibility.
Ion-interaction parameters in Pitzer’s
ion interaction equation.

The standard-state molar Gibbs encrgy
change for formation from the ele-
ments.

The standard-state molar Gibbs energy
change for decomposition of a mate-
rial,

The standard-state molar Gibbs energy
change for solition of an anhydrous
solute.

The standard-state molar Gibbs energy
change for solution of a dihydrate
solute.

The standard-state molar enthalpy
change for formation from the ele-
ments.

The difference in freezing point tem-
perature for a solvent from a solution
and the pure solvent.

The change in apparent molar volume
for a change in molality.

The average deviation (unweighted) of
a set of experimental results from the
fitted equation.

Stoichiometric activity coefficient of
the solute.

Osmotic coefficient.

Density.

1.0 gom™3,

The root mean square difference (un-

weighted) of a set of experimental re-
sults from the fitted equations.
v v + vx

M, VX The stoichiometric number of M and X
ions in the electrolyte MuyXvx.
Vw Volume of one kg of water.

1. Introduction

Two recent treatments of the thermodynamic proper-
ties of NaCl(aq) have been given by Pitzer ef al.! (which
incorporated the volumetric-property equation of Rogers
and Pitzer'®) and by Clarke and Glew.? The Pitzer et al.
equation was a representation of experimental values
ranging from the freezing point of the solution to 573 K
and to pressures of 100 MPa. Their equation used two
sets of parameters, one for low temperatures, the other,
comprised of 53 least-squares estimated parameters, for
the entire range of temperature. The Pitzer et al. treat-
ment represented the available results, for temperatures
greater than 373 K, within reasonable agreement of the
experimental uncertainties. However, as Clarke and
Glew noted, various measurements at near-ambient tem-
peratures, primarily enthalpy and free energy results,
were not represented within experimental errors. Clarke
and Glew gave a representation of experimental results
for temperatures less than 423 K that represented these
lower temperature results more accurately than did the
Pitzer etal. equation. The Clarke and Glew cquation
contained 35 variable parameters and did not attempt to
represent the pressure dependence of the thermody-
namic properties, i.e. volumetric results. Clarke and Glew
obtained this improvement over the Pitzer efal. treat-
ment, in part, by including terms of Dm* and Em’® to the
Pitzer equation for excess Gibbs energy. Both of these
representations satisfied their respective authors’ goals.
Since the time the Pitzer et al. equation was published, a
significant number of experimental results for tempera-
tures greater than 373 K, many of them of significantly
greater accuracy than the previously available results, has
become available. Not all of these high-temperature re-
sults agreed with the Pitzer efal. equation within ex-
pected experimental uncertainties. For many purposes,
but not all, the small discrepancies of the Pitzer et al.
equation from the experimental results is not a significant
problem.

One purpose for which these discrepancies are impor-
tant is the determination of instrument accuracies by
comparison with previous experiment. With the vast T, p
space available to high-temperature experiments today,
comparison at specific T, p, m points, as is done with
experimental methods that provide values only for very-
near-ambient conditions, is unnecessarily cumbersome.
What is desired is an equation that represents all of the
best measurements within their accuracies and that spans
this 7', p spacc so that comparisons with new cxperiments
may be made without a constant fussing with exact
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temperature and pressure settings. A second purpose is
to supply values with which instruments that require a
chemical standard for calibration may be so calibrated.
Often a chemical-standard calibration may consume less
resource than an absolute calibration and give an ade-
quate degree of experimental accuracy, provided suffi-
ciently accurate values for the properties of the chemical
standard are available.

A few examples are described here. In mass-flow rela-
tive heat-capacity calorimeters it is fairly well known that
systematic errors arise from unaccounted heat transfers
between calorimeter and surroundings. Because the time
and costs of determining the heat losses in this type of
calorimeter are far from trivial, calls for chemical stan-
dard calibrations of these calorimeters have appeared
throughout the literature. Less well known are systematic
differences that can appear in results obtained with high-
temperature enthalpy of dilution calorimeters. An exam-
ple of systematic differences between high-temperature
enthalpy of dilution calorimeters is given in Appendix 2,

Because NaCl(aq) is an ubiquity in many realms of na-
ture, and is inexpensive and easy to purify, it is often cho-
sen as the first system with which to demonstrate a new
instrument. As such, there is an extent of reported exper-
imental measurements for NaCl(aq) that is greater and
more accurate than that available for any other two-com-
ponent chemical system. (This is the author’s perception
and so could be entirely incorrect.) In the present work it
was desired to generate a representation for NaCl(aq)
that represents the best available experimental results for
NaCl(aq) within their uncertainties, so that the above two
purposes, these being perhaps the most demanding uses
of such a representation, may be satisfied.

Three equations were used to represent experimental
results for the NaCl + H,O system. These were: 1) the
equation of state for water given by Hill’; 2) a representa-
tion for the change in chemical potential of NaCl(cr) as
a function of temperature,* the pressure dependence of
which is described here; and, 3) an equation for the
changes in chemical potentials for the components of the
aqueous solution. Section 2 describes the representation
of the chemical potential for NaCl(cr). Section 3 gives a
value of the density of NaCl-2H,O, obtained from fitting
experimental observations of a univariant equilibria, a
value of the compressibility, and an estimate of the heat
capacity of NaCl-2ILO(cr). The equation for the changes
in chemical potentials of the solution components with
respect to temperature, pressure, and molality for
NaCl(aq) was obtained from a global fit to values from
thermodynamic measurements for the aqueous system.
The matrix of experimental values contained measure-
ments of volumetric properties, solvent and solute activi-
ties, enthalpy changes, heat capacities, and solubilities
from the solid phases. Because one of the intended pur-
poses of the present work is to provide assistance in the
calibration of instruments, certain types of data have not
been included in the representation for NaCl(aq). Gener-
ally, these are results of measurements that can be
termed relative, in other words, the measurement of a
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property for NaCl(aq) relative to another aqueous elec-
trolyte. The equation for NaCl(aq) and its agreement
with experimental values is described in Sec. 4. Section 5
describes the thermodynamic properties for some of the
invariant and univariant equilibria of the NaCl + H,O
system. A program that calculates values of the thermo-
dynamic properties of NaCl(aq) will be available from the
author for a reasonable period of time. A few calculated
values, presented only as a means to test the validity of
coding, (Tables 7 through 10) may be found at the end of
the paper.

2. Thermodynamic Properties of NaCl(cr)

Calorimetric results for NaCl(cr), for a 0.1 MPa nomi-
nal isobar, were recently reviewed and represented.® That
review was performed because of the significant differ-
ences of “critically evaluated” values of the heat capacity
of NaCli(cr) from the experimental results. Because the
difference between the different sets of heat capacities
was about 1 per cent near 270 K, and larger at lower tem-
peratures, the 298 15 K molar entropy of NaCl(cr), 72.27
J-K~*mol~, cannot be claimed to be more accurate than
+1 per cent. Details of the NaCl(cr) representation were
given in Ref. 4.

Bockris et al.> measured the expansion of NaCl(cr)
from 300 K to near the melting point. They gave the den-
sity of NaCl(cr) as:

plp°=a +b(T —273.15 K)/T°—c[(T —273.15 K)/T°F (1)

where T° and p° are 1.0 K and 1.0 grem ™3, respectively,
and a, b, and ¢ are given in Table 1. The compressibility
of NaCl(cr) was taken to be 4.2 X 10~° MPa~1.% The calcu-
lations disussed in this paper were not very sensitive to
this value.

TABLE 1. Parameters for Eq. (1)

Parameter Value
a 2.168
b -1.267x10-4
[4 ~1.754x10~7

The equation for the molar Gibbs energy of NaCl(cr)
is: T
Gr?l,cr = Gt:,cr, Topr ™ (T ""Tr)S:J, TrPr +Jco,m,c:.p,dT

T
~T[(Ghmeup T) AT + [Vacdp ()

where T; and p, were chosen as 298.15 K and 0.1 MPa.
The integrals of the molar heat capacity were calculated
from the spline given in Ref. 4 and the molar volume was
calculated from Eq. (1) and the compressibility.
G2, Top, IS, Of course, not experimentally accessible.
(The value of S3, 7,.,,used in the calculations was 72.2653
J’K~'mol~! as obtained from the equations described in
Ref. 4.) The thermodynamic properties for formation
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(A¢Gr, AcHz) of both NaCl(cr) and NaCl-2H,O(cr) for
298.15 K and 0.1 MPa are discussed in a subsequent sec-
tion.

3. Thermodynamic Properties
of NaCl-2H.O(cr)

There are few accurate measurements of the thermo-
dynamic properties of NaCl2H,O(cr). A value for
Cy, m, macia0er for 298.15 K, 0.1 MPa was estimated to be
137 JK “mol~! by combining the value of Cp, , o for
NaCl(cr) with 87 J’)K~'mol~?, an approximate value for
the heat capacity contribution for two waters of hydra-
tion. This value was obtained by comparison with other
clectrolytes; the dihydrates of MgCl,, BaCl; and CaSO,,
the monohydrates of MgCl; and MgSO, and the hemihy-
drate of CaSO, were used to obtain this value. This value
was slightly larger than that used by Pabalan and Pitzer'”
in their treatment of mineral solubilities. Pabalan and
pitzer obtained their value, 83 J’K~*smol~*, from the heat
capacity values for the mono-, di-, tetra- and hexa-hy-
drates of MgClL and the mono- and hexa-hydrates of
MgSO;. The more hydrated salts were not used to obtain
the value used here because of the possibility of a non-
identical increment for each additional stoichiometric
mole of water. A value for Sz, naciam,oer for 298.15 K and
0.1 MPa, 162.5 K~ “mol ', was determined from fitting
1o the experimental solubilities of the dihydrate phase,
decomposition pressures, and thermodynamic results for
NaCl(aq). The density of NaCl-2H,O(cr), for 273.15 K
and 0.1 MPa, 1629 kg'm~>, was determined from the ex-
perimental determinations of the univariant equilibrium:
NaCl(cr) + NaCl2H:;O(cr) + NaCl(aq). The compress-
ibility of NaCl2H.O(cr) was taken to be 4.8x10~°
MPa~'7 Only the dihydrate appears in the literature;
this, of course, cannot be taken to mean that other hy-
drates do not exist.

4. Thermodynamic Properties of NaCl(aq)
4.1. Deecription of Equations

A modified form® of the ion-interaction model de-
scribed by Pitzer® was used in the present work to express
the thermodynamic properties of the solution. Descrip-
tion of Pitzer’s equation can be found elsewhere' and so
only sufficient exposition to allow use of the present
equations is presented here. Pitzer’s equation for the ex-
cess Gibbs energy per kg of water, n., is:

Ga
nwRT

= —-4IZM2xlA¢1n(1 + bllfz)
+ 2vmvx(m *Bux + m*vuzmCux) 3

Bux =it + 2BM{1-(1 + al)exp(—od *)J(e1).(4)

In Egs. (3, 4), lk, Bk, and Cux are adjustable
parameters (jon-interaction parameters) that are depen-
dent on temperature and pressure, zm and zx are the
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charges of the cation and the anion, respectively, a and
b were chosen to be constants with the values
2.0 kg®mol~*? and 1.2 kg**mol~'?, respectively, and vy
and vy are the stoichiometric numbers of cations and an-
ions formed upon dissociation. A, is the Debye-Hiickel
coefficient for the osmotic coefficient.

In the present work, as in previous work for NaBr(aq),?
an ionic-strength dependence of the third virial coeffi-
cient was assumed. It was further assumed that the func-
tional form of the ionic-strength dependence of the third
virial coefficient was similar in nature to that for the sec-
ond virial coefficient, for the osmotic coefficient. In other
words, the third virial cocfficient contribution for the os-
motic coefficient, was taken to have the an ionic-strength
dependence given by the general form:

(Ck + Clk exp(—a2I'?)).

This assumption results in an ionic-strength dependent
Cwmx that is expressed as:

Cux = Cik + 4CHX[6— (6+ 6ol + 3az?]
+ e’ I)exp(— e ))/(e'1?), (6))

where C{ and C{ik are adjustable parameters, depen-
dent on temperature and pressure. This ionic-strength
dependence of the third virial coefficient significantly im-
proved the quality of fit for NaCl(aq) compared to that
obtained with Egs. (3, 4). As will be shown below, the
quality of fit of thc ncar-ambicnt results was similar to
that obtained by Clarke and Glew,” but was achieved
without the added difficulty of controlling the behavior of
terms in Duxm* and Euxm® appended to Eq. (3), espe-
cially as the solubilty of NaCl(aq) approximately doubles
from near ambient to 600 K. The difficulties associated
with representations obtained by means of high-order
polynomials is well recognized."

For NaCl(aq), the optimum value of «; was found to be
near 2.5 kg'>mol~'2, This value gave the best results for
fitting the experimetal results for temperatures from the
freezing point to the 0.1 MPa boiling point of the solu-
tion. This value of «; can also be shown to improve repre-
sentation of the experimental osmotic coefficient results
from Rard and Miller* for Na;SO, (aq). The systematic
pattern of residuals that was present when the
Na;SO, (aq) results were fitted using « equal to either
2.0 kg®mol "2, or 1.4 kg">mol~'? as in Ref. 13, and not
using the ionic-strength dependence of the third virial co-
efficient was not present when using Egs. (3-5) and the
values for a; and a of 2.5 and 2.0 kg"*mol~'?, respec-
tively, for the representation. A value of 2.0 kg"%mol~*?
was used for o in a previous representation for
NaBr(aq).® However, the quality of representation of the
experimental results for NaBr(aq) was approximately the
same when refitted using 2.5 kg">mol~"2 for «,. The lack
of sensitivity of the quality of fit for NaBr(aq) on the ex-
act value of o, reflected, in part, the lesser accuracies of
the experimental results for NaBr(aq) as compared to
NaCl(aq) and Na;SO4aq).

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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The excess Gibbs energy, G%, is related to the Gibbs
energy of the solution, G, as:

G==G —mGs, —m:Gs2 +RTvm(1—In m/m®)  (6)

where n; and n, are the number of moles of solvent and
solute, respectively, m is the stoichiometric molality, v is
the number of ions formed upon complete dissociation of
the electrolyte and m*® is 1.0 mol'kg ™. The standard-state
molar Gibbs energy for solvent and solute are G, and

=2 respectively. The standard states were chosen to be
pure liquid for the solvent and the hypothetical one molal
ideal solution for the solute, at the temperature and pres-
sure of interest, rather than at the temperature of interest
and an arbitrary pressure. The Debye-Hiickel coefficients
used in the present work were calculated from the equa-
tion of state for water from Hill,? the dielectric-constant
equation from Archer and Wang, and the definitions
given by Bradley and Pitzer."”

Appropriate differentiation of Eq. (3-5) leads to the
osmotic coefficient, ¢, and the stoichiometric activity co-

efficient, y:
n

b-1= —|mzxlds i‘T,I_"E'fm
+m 2K (0, 4 Bl exp(—al'®))

+mzﬂ‘—]‘;—"l‘- (C&‘&+ Cﬂkexp(—azlm)) )

1 + = Im 2 12
nyx = —|lzmzx}de Trm T Eln(l + bI'?) ) +
2oy 2B4k ol
m%[zaa%ﬁ;%[b(1+a11’2-—2—)exp(-al"2)]}
2
e 30+ aC(6 (6 + eal ™

+ 302 + oI — o1Y2) exp(—azlm)]/(az‘lz)}. (8)

The osmotic coefficient is related to the activity of wa-
ter as: & = —Ina, (Mwm)~!, where M, is the molar mass
of the solvent. The relative apparent molar enthalpy, L,
is:

L4, = vleleAHln(l + blm)/Zb

- ZUvaRTZ(mBIKax + mvaZMClﬂx) &)

where:
Lo 35‘9&) (0E& X)
BMx_(an+2 aT)p

x [1 — (1 + oI®)exp(—al®))/oll (10)
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[6— (6 + 62T 2+ 3057 + 0" T)exp(— eI ")/ (e*T?) (11)

and where Ay is the Debye-Hiickel coefficient for appar-
ent molar enthalpy. The constant-pressure apparent mo-
lar heat capacity, Cp, 4, is:

L]

Coo = Cpm2 + vizuzxlAcin(l + bI'?)/2b
- 2umuxRT mBSix + m*vmzuCix) (12)

where:

Bix

]
——
2
2
N’

+
B8]
———
£
=i
ke

o) L 2o )

[1 - (1 + odPexp(—al)e¥ (13)

o - () 3o

e

g_aCﬁB:}
aT2p+ ) X

an

[6—(6+ 60T+ 30 + 0’ 3/2)
exp(—ead ) (e'T?)  (14)
and where Ac is the Debye-Hiickel coefficient for appar-
ent molar heat capacity and C’ ., 2is the standard-state
molar heat capacity of the solute. The apparent molar
volume of a solution, Vi, is:
Ve = Va+ viewzxidvin(l + bI'?)/2b

+2vmvxRT (mBUx + m*vuzmCix)  (15)

where
o - (), + o),

[1 - 1+ aI"exp(~-al'?))el (16)
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- (:2)

T 4(9-%%)T

[6—(6+ 6cad? + 30 + o’I*%)

exp( — o ?)]/(02*T?) an

and where Ay is the Debye-Hiickel coefficient for appar-
ent molar volume and V3, ; is the standard-state volume
of the solute.

In order to avoid the complex temperature and pres-
sure behavior of Vx, 2 and C;, n, 2, Egs. (15, 12) were rewrit-
ten, following, in part, the example of Rogers and
Pitzer'®. The analogous equation for a reference molality
was subtracted from the appropriate equation for the mo-
lality of interest to obtain, in the case of V%,

Vo = Viom, + vIzszlAvln{(l + bl 1/2)/
(1 + bI)2b + 2uuvxRT{(m — m,)

B¥x + (m* — mAvmzmCiix} (18)

where m; is the chosen reference molality and I,, ¥, ., are
the ionic strength and the apparent molar volume that
correspond to m,, respectively. Vi, », has a less extreme
temperature and pressure dependence than does V73, 2,
however, this temperature and pressure dependence may
be reduced further by rewriting Eq. (18) as:

Vs + velne = V(mo)ne + vjzmzx|Avin{(1 + bI'?)

/1 + bIA}2b + 2vmvxRT{(m —m.)Brx
(19)
where vy is the volume of 1 kg of water, V(m,) is the vol-
ume of a quantity of solution of molality m, which con-
tains 1 kg of water and », is the number of moles of solute

in this quantity of solution. This rearrangement requires
the definition of the apparent molar property, which is:

+ (m?* — mP)vmemCiix}

X - nmX3,

X, =
® na

(20)

where X is the measured property for a quantity of solu-
tion containing n; moles of solvent and n; moles of solute.
X (m) is the desired slowly changing function, if m; is cho-
sen to be sufficiently large. In the present work m, was
chosen to be 6 molkg™". Equations similar to Eq. (19)
may be written for the other apparent molar properties.
The analogous equation for apparent molar heat capacity
[hN

Cp,¢ + cp, w/nr = Cp(ml)/nl' + VIZMleAcln
{@@ + bI"™)/1 + bIM?))2b
— 2umyxRT¥(m — m,)Bfix

+ (m? - mAvmzmCiix)

@0
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where C,(m;) is the heat capacity of a quantity of solution
containing one kg of solvent at the desired temperature
and pressure and ¢, « is the heat capacity of one kg of
water. The pressure dependence of C,(m.)/n: is con-
tained in V(m,)/n. and so the only additional variable
parameters introduced were those that described the be-
havior of C, (m;)/n: along an isobar. This isobar was cho-
sen to be 0.1 MPa. C,(m.)/n; along this 0.1 MPa isobar
will be referred to as Cp, , (m)/n..

The partial molar Gibbs energy of the solute in its stan-
dard state at temperature T and pressure p, G3, 2, 1,p, may
be written in terms of the above equations as:

mGa - nGnm
_ 1Gm11 1Gm 11,
Gaztp = Ga2rp, + o

r

+ Geﬁ.gt. mi G%p. m;
n:

P x
—(T - Tr)(sim,T,.p, + 2188 o, 7y + Sﬁl.m,mt)

nr n;
T T
-TI —7—1.3 I Cp.p(m)/ne &T AT
Ty T

P
+ j Vimdinedp (22)
143

where:
ex
St = =(*55) -
P

evaluated at 7.. (Eq. 25 of Ref. 8 is typed incorrectly,
it should appear as Eq. (23) above.) T; and p, were chosen
to be 298.15 K and 0.1 MPa, respectively. The value
of SPmr.p, Was taken from Cox etal.” to be
69.95 J’)K mol™*,

The equations describing the solubility of the anhy-
drous and dihydrate solid phases are:

(23)

AsolG:nhydrous = G:x,Z - Gllol, ct, anhydrous

= —2RTln(m,‘y:,;/m°) (24)
and

AsiGityarae = G2 + 2Gi1 — G2, e, dibydrate
= —2RTIn(msy+,:/m°)—2RTIn a,,, (25)

where G2, G231, and G3,...; are the molar Gibbs ener-
gies for the solute, the pure liquid, and the i* crystal
phase all at a given T and p, respectively, AwG’is the
standard-state molar Gibbs energy for the solution pro-
cess of the i" crystal phase and m;, v+, and aw, s are the
saturation molality, the mean stoichiometric activity coef-
ficient for the solute at saturation, and the activity of wa-
ter for the saturation molality, respectively. Of course,
G325 Ga,1 and G, o,; cannot be evaluated and so Eqs.
(24, 25) were rewritten as;

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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AuiGiuyarons, 7 = BeotGityarons, 7, + {Gm 2.7 — Gz 1}
- {G;,cr. anhydrous, T =~ G;,er.anhydmus, T:}

= —2RTIn(m.y=,s/m°) (26)
and
BuoiGiyarate, 7 = AsoiGiyirae, + {Goor — Ga,1.}

- {G:s.u.dihydmte.T - Gl%,cr. dihydrate, T,}
+ 2{Go.r — Gan}
= —2RTIn(Mmey+ s/m°) - 2RTn aw,s (27)

The first braced term of Eqs. (26, 27) was obtained from
Eq. (22), the second braced term of Eq. (26) was ob-
tained from Eq. (2), the third braced term of Eq. (27) was
obtained from the equation of Hill.! The second braced
term of Eq. (27) was expressed as:

{Gt:,cr.dihydrate.T - Gxg,«.dihydxate.ﬂ} = - (T_Tr)
Sincr, dibydrate, Tups + 137 K™ mol~{(T — T;) - TIn(T/T})} .
(28)
Solubility measurements were included in the global data
fit. The two Gibbs energies of solution at the reference
temperature, T, and reference pressure, p;, were treated
as adjustable parameters, as was Sp, o, diydrstc, 7y,p, and
53w, 1,.p In addition, the experimental solubility results
make some contribution to the determination of the
parameters for the excess Gibbs energy for the solution
through Eq. (22).
For the dehydration (decomposition) reaction:

NaCl-2H;O(cr) = NaCl(cr) + 2H,O(g), (29)
the Gibbs energy of reaction for 298.15 K and 0.1 MPa,
per mole of H,0, is:

AseeGr, 7,5, = (DtGianbysrous, Top, + 28¢GR,0(), 71 p:

~ AeGEnyarate, Top )2 (30)

where A¢Giunyacous, Trp; aNA AfGnydrare, T,,p, are the stan-
dard-state Gibbs energies of formation of the anhydrous
and dihydrate sodium chloride phases at T; and p,. The
standard-state Gibbs energy of formation of H,O at T:
and p,, AG06), 7.0 Was taken from Cox etal. At any
given temperature, the Gibbs energy of decomposition,
Adeccng, T,pr is:
BaecGa, 1.0y = AiecGin1,p,
+ (S8 mug, rps + 0.5SR, anhyarous, 4, p5

- O.SSS,dihydmtc,Tnpr)(Tf - T)
T
+ { (Crmmog.p: + 0.5C5 m, anbydrous,pr

- 0.5Cp°,m.dihydmc,p,) dr

T
- Tz'-f (Cl:m.!-lzo(g),pr + 0.5C; m, ashydrous, p,
~ 0.5C3 m, divyarare,p,)/T dT), (31)
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again per mole of water. The heat capacities and e
tropies for Eq. (31) have been referred to previously. Tt
vapor pressures of water over the dihydrate solid, fro
233.15 to 273.3 K were included in the global data fit.
The ion-interaction parameters for the excess Gibt
energy for the NaCl(aq) solution were expressed as:

Bk = (1, p, T)im® @3z
Btk = f(2, p, T)im® (33
Cik = f(3,p, T)im* (34
Ciik= f(4, p, T)im® 35

where:
f@,p, T) =[bi1+b;2T/(1000T°) + b, {T/(500T°)}

+b;,sT°T — 200 K) +b;sT*/T

+bi,6 {100 T°/(T - 200 K)F?

+b;,7 (200 T°/T)* +Db; {T/(S00T°F
+b; o {T°/(650 K — T)}"?

+b;,101 X1075(p/p°) +b;,1u2%x10"*(p/p°)

{T°(T — 225 K)} +b;,12100 (p/p°)

{T°/(650 K ~ T)p

+b;,131 X 1075(p [p *H{T/(500T°)}

+bi,1:2 X107 *(p [p){T°/(650 K — T)}

+b;,151 X107 (p Jp°)

+b;,162 X 10~5(p [p °Y{T°NT — 225 K)}

+bi,1o(p Ip *Y{T /(650 K~T)P

+bi.151 X 107 (p [p){T/(500T°)}

+bi, 191 X107 "(p [p YT /(500T°)f

+bi, 04 X 107 (p [p K T°NT - 225 K)P

+b;, 211 X 10~%(p [p °}{T/(500T°)}?

+b;, 22 X 10~ 8(p jp °Y{T°NT — 225 K)}

+b;,231 X 107(p jp°){T°/(650 K~ T)*

+b;,2:200{T°/(650 K- T)}*] (36)

and where T° is 1.0 K, p° is 1.0 gem™ and m® is

1.0 molkkg™'. V(m,)/n. and C,(m.)/n. were taken as func-
tions of T and p as:

V(m)in: = [0.1bss + bs,T/(3x10°T°)
+bs31% 10~ "T{(p +10 MPa)jp°}-5/(300T°)
+bs4l X 10~{T/(300T°)p
+bss1x107%p/p° + bsepT/(p°3000T°)
+bs1 X103 pTH{p°(300T°)%
+bssl X 1073 *T/(p“300T*)|V° (37



THERMODYNAMIC PROPERTIES OF THE NaCl + H.0 SYSTEM 801

Cpp(my)ine = [bs,1 + be,2T/(300 K)
+ bs,3(T/300 K)? + b, «(1007T°/T)IC; (38)

where V°is 1.0 em*>mol~, Cy is 1.0 kFmol K™, p°is 1.0
MPa. The functions of Egs. (36-38) were scaled, in the
fitting procedure, so that all of the least-squares esti-
mated parameters would be of approximately the same
order of magnitude. The least-squares estimated parame-

ters, b; j, are found in Table 2. The absence of a value for
a particular b; ; from Table 2 indicates that it was not used
in the final least-squares procedure.

4.2. Agreement with Experimental Results
for NaCl(aq)

The weighting of experimental results to reflect their
different variances is essential for the correct application

TABLE 2. Least-squares estimated parameters for Egs. (3-37)

Parameter Value Parameter Value Parameter Value

by 0.242408292826506 by -1.90196616618343 bs,y

by 2 ba 2 5.45706235080812 b3, 2 ~0.0412678780636594
bya ~0.162683350691532 by,a bs, 3 0.0193288071168756
bia 1.38092472558595 b a —40.5376417191367 bs,a 0.238020294958017
b;_ 5 bz. 5 b3' 5

bie bys b6 0.0426735015911910
by —67.2829389568145 7% 485.065273169753 bs, 7 4.14522615601883
byw by s ~0.661657744698137 bs,s ~0.00206587329276653
byo 0.625057580755179 bs o ba, o

LI -21.2229227815693 b, 10 b3, 10 1.39697497853107
by 81.8424235648693 bs 1y 242.206192927009 b3, 1 - 3.80140519885645

by, 12 - 1.5940444547912. ha, 12 Ba, 12

by by 13 —99.0388993875343 b3 13

LI by 14 b3, 14 ~16.8888941636379

b, 1s 28.6950512789644 b2, 15 ba, s ~2.49300473562086
LIRS —44.3370250373270 b2, 16 —59.5815563506284 bs, 16 3.14339757137651

by 17 1.92540008303069 by 11 b, 1y

by —32.7614200872551 b2 18 b3 s 2.79586652877114
by ba 1y by, v

by by b3

by 30.9810098813807 by by n

b n 2.46955572958185 by, 2 b3,

by n ~0.725462987197141 by, 23 bs, 53

I 2 10.1525038212526 by, 2 b3, 2 ~0.502708980699711
Iy y 0.788987974218570 bs, 1 1.62690371649145 BeoiGanbyarous, Te.pr ~-9.040721 x 0.0062 kJ*mol !
by, —3.67121085194744 bs, 2 —0.767143070769565 AsiGlinyarate, Ty pe —8.953775 = 0.041 kJ:mol~*
by y 1.12604294979204 be, 3 0.211473310430416 S, ce, dibydeate, Trpy 162.5115 = 1.1 JK~*mol -}
[ be, 4 —1.00267947284134 St NaCl(ag), Trops 115.5108 + 0.029 J’K~!mol~!
ha s

1S —10.1089172644722 bs,1 1.73695617448715

2%} bs, 2 0.966200843424027

haw bs, 3 5.65834170020827

hy o bs, 4 5.29304128387387

b 10 bs, s —11.4549171718081

ha bs, 6 0.139613287266584

by 12 bs, 2 -~ 8.04750349624935

"4, " b5_ 8

ha v 0.189614646216723

by ys

baaa

by 12

[l T

! AT

hy 2

"4. 21

(%%

ha 2

ha, 2 16.6503495528290

"The * values are 95% confidence intervals within the global data representation.
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of the usual least-squares method.” However, the assign-
ment of estimated variances to the observations is usually
not a simple matter. The investigator’s description of the
accuracy of his measurements might not always be reli-
able. Some investigators report extremely optimistic error
estimates that are not truly representative of the mea-
surements. Others adopt overly conservative error esti-
mates (this occurs less frequently than the former, but it
does occur). It also sometimes happens that an investiga-
tor’s accuracy estimate is actually a description of the
precision of the measurement and thus is not particularly
useful for the assignment of weighting factors. The pro-
cess of assignment of variances to a large number of scts
of experimental data legitimately implores the critical
question: “At what point does the subjectivity involved in
the assignment of variances to observations reduce the
nominally objective least-squares process into a non-ob-
jective enterprise?”

Clarke and Glew? described a method by which they
attempted to remove the subjective component of the as-
signment of variances. Their procedure (for brevity, de-
tails such as the concentration dependence of the
variance are omitted here) was to assign unit weighting to
all measurements, apply a least-squares regression, calcu-
late the root-mean-square (r.m.s.) deviations from the fit-
ted function for groups of observations, calculate
weighting factors assuming that the r.m.s. deviations ap-
proximated the square root of the variances of the groups
of data and iterate this process until convergence. Their
converged variances for most data sets were very reason-
able when compared to experiment. However, an occa-
sional data set may have been overweighted. The cause of
this overweighting can he explained with a simple one
parameter case. (For heuristic purposes our simple expla-
nation will apply the method of Clarke and Glew to a
problem to which they clearly would not apply it.) Con-
sider five observations of a single point for which, unbe-
knownst to us, each observation has the same variance. A
weighted average of the five measurements is desired. If
the method of Clarke and Glew is applied to this set of
five measurements, each measurement eventually pos-
sesses a converged variance. The observed value closest
to the final average would have the smallest converged
variance; that furthest away would have the largest. Yet
all of the observations had the same variance. In this case,
the converged variances clearly are not the same as the
actual variances.

The differences between the best few enthalpy of solu-
tion data sets, for 298.15 K, in Clarke and Glew’s repre-
sented database can be described as mostly independent
of concentration and offset from one another, in other
words, for the six lowest variance data sets the absolute
value of the average error was close to the r.m.s. error. Of
these six data sets there was a pair of enthalpy of solution
data sets obtained in the same laboratory, with essentially
the same instrument, yet they had quite different con-
verged variances. The smaller of these two sets of con-
verged variances appeared to be significantly smaller
than what would be expected from the reproducibility of
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the measurements between the two data sets. This situ
tion with the enthalpy of solution data sets is analogo
to the above described heuristic example. This is a re]
tively minor difficulty in Clarke and Glew’s method.

might have been avoided by establishing a minimum va
ance for a data set, below which the converging varian
would not have been reduced. The previous observatio
were presented because it was desired to use many

Clarke and Glew’s variances in the present work. Hon
ever, an estimate of a minimum variance for a particul
experiment was used here if it was larger than Clarke ar
Glew’s converged variance for that data set.

Clarke and Glew’s method of determining varianc
for sets of data worked well, in large part, because tl
large number of sets and types of experimental resul
was sufficient for the central limit theory' to be applic:
ble. For temperatures greater than 370 K, the same scog
of experimental results does not yet exist. Thus, th
method described by Clarke and Glew for assigning var
ances was not used for those results that were considere
here but not included in Clarke and Glew’s represent:
tion. For these results, which included the volumetric r¢
sults, the weighting factors for a set of data were firs
calculated from an expected experimental uncertainty fo
the actual measurement. These variances were then ad
justed to bring the weighted r.m.s. error for a data set t:
a value near unity.

As in previous work for NaBr(aq),® reported experi
mental results were reduced to forms that were a com
promise between values that were as close to the actuall
measured experimental quantity as possible and conve
nience. This reduction was used so as to remove the influ
ence of changes in the properties of water on the inpu
data set (i.e. the effect of a chosen value for a water prop:
erty on the calculation of an apparent molar property, the
effect of a water property on calibration of an instrument
etc.) and to simplify the weighting of experimental re-
sults. At the time the least-squares procedure was exe-
cuted these experimental values were converted into the
appropriate quantities for fitting.

Experimental results included in the present data rep-
resentation for NaCl(aq) spanned the temperature and
pressure ranges of 248 to 600 K and, where available,
from near the vapor pressure of water to 100 MPa. Liter-
ature sources for volumetric results considered for the
global data fit, and the quality of representation of these
results are listed in Table 3. Similar information for the
activity and thermal properties of NaCl(aq) and for the
relation of NaCl(cr) and of NaCl-2H;O(cr) to NaCl(aq) is
given in Table 4. The estimated square root of the vari-
ance, o, used for calculating weighting factors are given
in Tables 3 and 4.

4.2.1. Volumetric Results

The reported experimental volumetric measurements
for NaCl(aq) were classified in one of several different
categories. Pycnometric and other results in which a cal-
ibration with a single reference fluid (water) was per-
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TaBLE 3. Literature sources for the volumetric properties of NaCl(aq)
Temperature  Pressure Molality
Reference  range range® range n Type Oest® On 3t
X (MPa) (molkg™?)

19 27395 0.1 0.015-0.126 11 o 5%10°6 4x10-¢ 0.6x10-%
20 278.15 0.1 0.05-3.5 19 Va 0.028 0.030 -0,013¢
21 298.15 0.1 0.17-5.86 13 pdPw 40x10-° 14x10~¢ 2% 10"°:
22 298.15 0.1 0.0026-0.75 15 pdlpw 3x10-¢ 4x10-¢ -2%10™¢
23 298.15 0.1 0.04—6.14 11 PP 30x10-¢ 24 x10-¢ 16x 10-":
(set 1) 298.15 0.1 0.06-2.1 21 Pepw U 29%10-6 -26x10-%
24(set 2) 298.15 0.1 0.06~2.8 18 PPw U 60x10~6 43x10™¢
25 298.15 0.1 0.05-3.5 19 Vs 0.017 0.016 -~
26 298.15 0.1 0.02—0.31 5 Pebw 5%10-% 3x10-% 0x10-¢
27 298.15 0.1 1.0—-6.0 7 Ps/Pw U 416x10-° ~-230x10-¢
28 298.15 0.1 0.21-0.82 2 pdpw 10x10-6 9x10-6 0.5%10-¢
28 298.15 0.1 0.004 -0.82 1 AV 0.02 0.006 -0.006°
29 323.15 0.1 0.005-0.98 10 Pipw 20%10-¢ 22x10-8 9x%10-¢
30 298.15 0.1 0.01-1.0 12 PsPw 3%107% 0.064% 15%x10-¢ -12x10-%
31 298.15 0.1 0.17-5.0 9 Plpw U 193%x10-% 137x10™%
2 298.15 0.1 0.1-0.5 10 P 13} 85%10-¢ 49x10-¢
1 208.15 0.1 0.28—5.10 10 PP U 1085 10-6 —74x10-64
kL) 298.15 0.1-40 0.06~5.0 40 Ps—Pw 20x107% 0.1% 93x10-¢ -13x10-¢
33 298.15 0.1 0.28-5.10 10 OOty 0Ey =2X%X10"*my=20 3.2x10-¢ 1.8x10-¢
35 303.15 0.1 0.1-1.0 8 Vo 0.3 0.31 -~0.29°
6 308.15 0.1 0.002—-1.08 13 PP 30%10-% 1.3% 81106 ~52% 106
3 280.15-306.19 0.1 025~5.7 21 Ppw 100x10-¢ 96% 10~ 59%10-¢°
I8 273.15-323.19 0.1 025-5.9 15 pslpw 100x10-¢ 104 x 10~ ~70% 10~
¥ 273.15-298.15 0.1 0.002-1.02 18 ps/ow 15%10-¢ 15x10-6 3x10-%
40 273.2--338.15 0.1 0.23~09 27 AV, 012 0.16 ~0.10°
40 273233815 0.1 021~1.0 17 PdPw 30x10-¢ 40%10-¢ 24x10-¢
41 273.15-328.15 0.1 0.01-0.96 83 PP 5x107% 0.14% 21x10-¢ ~3x10-¢
42 273.15-318.15 0.1 025~5.0 34 BB 0.6x10-6 0.54%10"% 0.02x 10~
43 273.15-308.15 0.1 0.01-1.5 47 PePw 4x%10-% 0.085% 10x10-¢ -4x10-¢
4 274.65-318.15 0.1 0.03-3.0 58 PsPw 7.5%x107% 0.15% 45x10-¢ 4x10-%
45 283.15-313.15 0.1 0.19—1.89 20 OOl 0E4=2%10"% my=2.0 3.2x10-¢ ~0.3x10~¢
46 288.15-318.15 0.1 0.17~5.9 58 Ps—Pw 0.045% 20x 10~ 1x10-%
47 288.15-313.15 0.1 0.06~2.9 55 PP u 25x 10~ 5x10-¢
48 293.15-313.15 0.1 0.114 21 Vs U 013 0.08°
49 2731532315 10100 0.03~2.0 178  Ap(Po-~Py) oV, = 01;my = 10 0.44 0.2¢
50 293.15-~571.65 10-100 0.017-5.7 216 Ps 860x10-¢ 800x10-¢ 420% 10~
51,52 298.15-358.15 0.1-100 0.89--5.68 104 [/ 40x 109 35x10-6 -2.5%10-¢
53 3231654805 ***-40 0.056~5.0 250 PsPw 50x10-% 0.5% 290 % 10-¢ -120x10~¢°
53 321.6~549.7 32 0.01~3.09 163 Ps—Pw 36x%10°% 0.36% 277x107¢ 7%10-
54 348.15-473.15 2.03 01-1.0 24 Ps & 159x10-6 -116x10-¢
55 348.15-473.15 2.03 0.053-4.39 48 Ps/Pw b 180x 10~ -2x10-¢
56 450-600 20. 0.1-4.0 59 ps U 0.016 0.0057°
57 473.15-573.15 15-100 1.1-43 30 s 3x10-3 3.7x1073 20%x10-3"
58 448.15-573.15 Ds 05~-3.0 24 Ps 10x 1073 5.6%10°3 ~46%10~%
s3 597.45 21-39 0.01-5.05 30 PspPw 130x107% 1.3% 1.03x10°3 -047x10-%*
59 604.4 2738 0.01-3.1 87 P 480% 105 1.2% 1.27x10-3 —-0.14% 10~

169 308.15-368.15 0.101 0.26-6.2 141 PP 50%x10-% 0.1% 73%x 106 16x10~¢

* **indicates that the lowest pressure for the data set changed with the experimental temperature.

"'The letter U indicates that these points were given an insignificant weight in the least-squares procedure, When two values are given the 0wy wWas
taken to be the larger of the two values given, In the cases where a value is given for my; the expected square root of variance is taken to be the
first value for m > my, and taken to be the first value divided by my, for m < my.

* Values of density were calculated from the data given only as a figure.

* Units are gem 3,

* Units are cm*mol~!.

' Units are K-,

* Units are MPa~!,

" Values of 6., depended on temperature. Values were 2x 10~4, 2.8x 1074, 3.5x10~4, 42x 104, and 5 x 10~* grem™?, for temperatures of 348,15
and 373.15, 398.15, 423.15, 448.15, and 473.15 K, respectively.
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formed were recorded as the ratio of solution density to
water density, ps /pw, where the water density value was
that reported as having been used in the calibration of
the apparatus. Vibrating-tube densimeter and magnetic-
float densimeter results were used as the difference in
density between solution and water, p, ~ py. Vibrating-
tube densimeters require a calibration with, at least, two
reference fluids of known densities and so are not as
amenable to reduction as pycnometric results. Results
from vibrating-tube densimeters, including those de-
signed for operation af near-ambient conditions, are sub-
ject to systematic errors in the calibration constant. These
errors appear to be dependent on, among other things
the choice of calibrating fluid. Another possible source of
systematic error in results obtained from vibrating-tube
densimeters may arise from adsorption of solute on the
inner wall of the densimeter tube. Indications of adsorp-
tion effects for vibrating-tube densimeters, as well as

G. ARCHER

methods which may be used to correct for such effect
have been reported by Archer er al ® for aqueous surfac
tants and by Majer et al.* for aqueous electrolytes. Thu:
the potentially lower accuracy of these instruments, fc
concentrated solutions, does not warrant reduction ¢
these values for water calibration errors. Values obtaine
by means of a dilatometer are the change in volume fc
a given change in concentration and were described a
AaVy. These values were treated in the same way as e
thalpy of dilution values, AuL,. Values of ¥, and p, fo
which insufficient information existed with which to re
duce these values to their experimentally measured quan
tities were recorded as such. These values were usually
but not always, given lesser weight for the least-square
procedure. Measurements of the expansivity and th
compressibility of a solution were treated as the differ
ences in the property for the solution and the propert
for water.

TABLE 4. Literature sources for the activity and thermal properties of NaCl(aq)

Temperature  Pressure Molality
Reference range range* range n Type® Oest Tae A
X) (MPa) (molkg ™)
70 273.15 0.1 my 1 m, (NaCl’2ZH,0) 0.022 0.006 0.006¢
n 251.55~269.15 0.1 my 4 m, (NaCl2H,0) 0.024 0.027 0.007¢
72 252.05—273.25 0.1 ms 2 ms (NaCl-2H,0) 0.022 0.003 0.002*
3 252.05-273.15 0.1 my 7 m, (NaCl-2H,0) 0.015 0.016 -0.003*
74 252.15-271.15 0.1 my 5 m, (NaCl2H,0) 0.040 0.038 0.035%
75 25234 0.1 my 1 m, (NaCl-2H,0) 03 0.03 -0.03¢
76 273.15-380.15 0.1,p, my 8 m, (NaCh) 0.040 0.028 -0.020¢
7 298.15 0.1 m, 2 m, (NaCl) 0.010 0.014 0.014¢
70 278.15-356.15 0.1 ms 16 m, (NaCl) 0.010 0.009 0.000¢
78 293.6—-323.15 0.1 m; 6 m, (NaCl) 0.010 0.004 0.000¢
79 288.15—-298.15 0.1 my 3 m, (NaCl) 0.020 0.010 —0.009¢
7 273.15-381.95 0.1, p« my 13 my (NaCl) 0.030 0.028 -0.020¢
80 273.15-373.15 0.1 my 5 m, (NaCl) 0.063 0.062 ~0.055¢
72 273.25-373.15 0.1 my 6 m, (NaCl) 0.010 0.008 0.005¢
72 303.15 — 462.55 Ps m, 4 m, (NaCl) 0.040 0.042 —0.0064
81 423.15-573.15 Ds m, 6 m, (NaCl) 0.100 0.098 0.037¢
82 375.5-441.45 Ps m, 2 m, (NaCl) 0.050 0.048 ~0.039¢
74 273.15-333.15 0.1 m, 4 ms (NaCl) 0.025 0.015 ~0.002¢
f3 URI5~57315 Pw m, 11 m, (NaCl) 0030 0033 0.006¢
84 422-603 Ps my 13 m, (NaCl) 0.064 0.044 0.012¢
85 283.15-308.15 0.1 ng 4 m; (NaCl) 0.010 0.008 0.007¢
86 250.8—-373.14 0.1 m, 13 n, (NaCl) 0.05 0.042 0.037¢
87 235256 11 Diec 6% 7% ~2%
88 251.95-273.3 5 Ddec 20 21 —-3.8°
89 Thus 0.1 1.0-5.2 12 AwsT 8] 0.010 —0.010°
3 T 0.1 2.24-5.13 5 AnT 0.005 0.005 0.0042*
90 Thus 0.1 0.0008—1.3 28 AnsT 0.00075, m. = 0.2 0.0038 0.0017
74 Thus 01 15-512 4 An T 0.005, my, = 5.0 0.012 - 0.0059
91 Trus 0.1 0.02~3.07 21 AgT 0.0007, m, = 1.0 0.0057 0.002f
92 Tous 0.1 0.14-3.6 32 AnsT 0.002, my. = 1.0 0.0018 0.0013f
93 Thoe 0.1 0.007-4.2 32 AwT 0.0008, m: = 0.2 0.0026 -0.0014¢
94 373 0.1 0.07-2.8 15 AT 0.003 0.0032 ~0.0021f
95 333-343 0.1 0.05-190 2% AvpT 0.0006 0.00060 -0.00021
95 353-373 0.1 0.05-1.0 36 AT 0.00037 0.00039 0.00006¢
96 333.15 0.05 15-35 10 AT 0.005 0.0049 0.003%
96 343.15-373.15 0.07 1.5-3.5 43 AvepT 0.003 0.0023 0.00005"
97 298.15-373.15 0.1 1.0-6.1 56 ¢ 0.0039 0.0044 ~0.0034
98 293.15~303.15 0.1 24-6.1 36 b 0.0036 0.0034 -0.0023
9 298.15 Ps 4.0-59 9 Ps=pw 0.0023 0.0021 0.0001*
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TABLE 4. Literature sources for the activity and thermal properties of NaCl(aq) ~ Continued
Temperature  Pressure Molality
Refcrence range range® range n Type® Oest® i Ane
x) (MP2) (mokkg™Y)

100 293.43 Ds 6.1 2 Ps—Pw 0.0020 0.0022 —-0.0047
100 298.15 0.1 4.3-6.0 6 Ds—Pw 0.007 0.0056 0.0042f
10 293.43-298.15 Ds 4.7-6.1 3 Ps—Pw 0.002 0.0027 0.00030¢
102 298.15 Ps 0.76—5.9 12 Ds=Puw 0.0046 0.0043 ~0.0027
83 348.15-423.15 Ps 38-72 7 Ps—pw 0.0075 0.0054 0.0040¢
K3 473.15—-498.15 Ps 3.9-84 13 Ps—Pw 0.005 0.0033 0.0030°
K3 523.15-573.15 ps 41-104 18 Ps—Pw 0.003 0.0026 0.0009*
103 422541 Ps 1.0-3.0 22 Ps—pw 0.01 0.0098 -0.003%
104 440-512.4 ps 0.5-1.0 7 Ps—pw 0.025 0.014 0.0057"
105 398.15-573.15 Ps 0.25—-1.0 38 Ps—pw U 0.013 —0.0072
106 423.15-573.15 Ps 12555 20 Pi—pw §) 0.030 ~0.010°
107 273.15-32315 0.1 0.001-4.0 60 In(y2/y1) 0.005 0.0044 0.00018
108 288.15—323.15 0.1 0.02—1.0 32 In(y2im1) U 0.0041 0.0010
109 298.15—-343.15 0.1 0.03-5.0 48 In(y:) U 0.019 -0.00056
10 273.45-313.15 0.1 0.05-4.0 76 In(yz2/y1) 0.005 0.0049 ~0.0013
t 298.15 0.1 0.03-297 4 Adaly 80 51 -2

12 298.15 0.1 0.4 -1.23 66 AquLg 0.09, 22, — 0.8 0.13 0.007=
113 298.15 0.1 0.1-0.83 21 AquLg 15 15 -84

114 348.35-37285 6.6-—41. 0.03-5.2 33 AguLg 2%, 20 24 —4.48
114 42325-473.05 6.6—-41.6 0.03-52 47 AquLg 2%, 20 52 13

114 523.45 6.6-41.7 0.03-52 31 AqLy 2% 190 67¢

114 572.85 10.5-417 0.03~52 141 AgaLy 2% 517 -~ 345

15 283.15-298.15 0.1 0.0003 - 0.40 56 AgaLy 8.0 8.1 - 2.08
16 298.15 0.1 0.005~1.0 23 AquLs 2.5 22 1.3
117 303.15 0.1 0.2-10 7 Agal, 30 23 - 2.8
118 298.15 0.1 0.04-5.0 19 AqaLg 6.0 6.3 -3.8¢
18 32315 0.1 0.04—5.0 23 AaLy 10 10.3 -7
118 348.15 0.1 0.04-5.0 18 AquLy 10 74 278
119 298.15 0.1 0.0008 - 0.1 24 AwLy S 47 —0.4¢
120 298.08 0.1 0.046—0.45 2 Aquly 12 12,0 12,08
120 298 0.1 0.44-6.14 17 AguLy 1 0.81 0.42¢
121 2734 0.1 0.09-6.1 21 AgaLy 0.5,m = 0.5 0.82 0.068
121 285.8 0.1 0.2-6.1 18 AquLy 0.5, mL = 0.5 0.51 -~0.38%
121 298.2 0.1 0.19-6.1 17 Aauly 03,m = 05 0.29 0.0428
122 298.15 0.1 0.00025—-1.0 7 AguLy 25 2.6 1.08
123 348.15 0.1 0.035-6.0 21 AaLy 5.0,m;, = 0.3 5.4 -0.28
123 373.15 0.11 0.009—-6.0 28 AgyLy 10.0 6.6 4.3
123 423.65 0.5 0.007-6.0 46 AalLy b 16.5 10.5%
123 450.95 0.9 0.04-6.0 25 AauLg b 15.0 12.2¢
123 47295 1.55 0.20—-6.0 11 Aqaly 30 29 145

124 349.2 1.03 0.03-3.0 18 AguLg 20 16 -12¢

124 3983 1.03 0.03-3.0 19 Aquly B 34 - 268

124 448.3 1.03 0.01-3.0 2 Adqaly b 80 —59

124 4983 3.35 0.01-3.0 21 AaLy b 78 -~ 268

125 313.15 0.1 0.005-6.0 42 AauL, 20 16 108

125 323.15 0.1 0.004~5.7 31 Aagily 20 22 118

12§ 333.15 0.1 0.008-5.7 32 AguLy 20 16 8

125 343.15 0.1 0.007-5.7 32 AgsLy 20 21 -1.0¢
125 353.15 0.1 0.007~5.7 29 AaLy U 68 268

126 298.15 0.1 0.27-3.0 6 AqaLg 20 15 —58

127 293.15 0.1 0.02-0.04 9 AsiH 250 168 —49

128 298.15 0.1 0.05-13 24 Ao 40 21 198

129 278.15-348.15 0.1 0.46 5 AstHm 40 40 -39

130 298.15 0.1 0.5-5.6 14 AsoiHm 40 30 288

129 278.15-313.15 0.1 0.0003-4.1 41 A Ho(ma—my) 120 126 - 988

131 275.15 0.1 0.06~6.0 18 AsorHim 230 230 ~136%

132 387.4-472.65 Ps 0.01-0.04 17 AsoiHin 300 296 ~ 1068

133 273.2—368.3 0.1 0.003 ~0.02 58 JL WY ; 150 146 -~ 100%

134 298.15 0.1 0.02-0.72 23 AciHm 40 22 128

135 298.15 0.1 0.01-0.03 5 Al 40 27 -238

136 278.15-298.15 0.1 0.05-5.0 88 AviHy 170 169 - 808

137 303 — 313 0.1 0.006—0.12 48 DsorHm 190 182 142¢

138 298.15 0.1 0.01-0.12 16 AsrHrm 100 101 18#

139 293.15-298.15 01 08-59 17 AH 40 17 0.6
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TABLE 4. Literature sources for the activity and thermal properties of NaCl(aq) — Continued

Temperature  Pressure Molality

Reference range range® range n Type® Oest® Ot Age
® (MPa)  (molkg™)
140 298.15 0.1 0.07-5.5 20 Al 40 10 -2
141 298 0.1 0.25~0.5 4 Al 40 5 38
142 323.14-573.15 736 1.0-6.0 127 Cp, s/Cp w 0.00125 2.1 0.82
142 3598.01 20.1 1.0-6.0 24 Cp, ‘/Ch w 0.005 18.7 11,24
146 349573 ***-179 0.08-50 402 Cp, slCp, w * 123 -0.8
146 597.8 179 0.085-3.0 18 CpslCp,w * 83 52
147 348.2-598.6 17.7 30 1 Cpslcpw * 43 -2.7
148 358.3, 573.95 7.7 1.0-3.0 6 cp, slCp,w * 2.3 16
150 598.11 17.7 1.0-3.0 6 Cp,slCp, w * 50 ~3.3
149 353.15-473.15 i 0.35-2.13 35 Cp, s 0.012 54 -02
143 278.15 0.1 0.076 6.0 20 Cos 05,m, = 15 1.7 - 0.9
143 298.15 0.1 0.04~6.0 30 Cp, s 05,my, = 15 1.8 -0.3%
143 318.15 0.1 0.04~6.0 26 Co s 05,my = 1.5 1.9 ~0,2%
143 338.15 0.1 0.08-6.0 2 G 0.5,my = 1.5 09 03
143 358.15 0.1 0.08~6.0 17 Crs 0.5,m = 1.5 14 0.3
2 298,15 0.1 1.0-32 13 Coo 0.4,m, = 2.5 0.6 —0.1%
144 298.15 0.1 0.011—-5.32 22 Coe 0.75, my = 0. 1.0 ~0.3%
145 298.15 0.1 0.05-25 11 Cp, e 10, m_ = 0.6 34 -1.9%
27 298.15 0.1 1.0-6.0 8 Cps/Cpw 8] 1.1 0.6
118 208.18 0.1 0.01-30 2 Cow 18 28 2.4
44 274.65 0.1 00718 12 Co s U 49 —2.4%
44 278.15 0.1 0.03—-1.0 11 Co s U 32 —0.5%
44 288.15 0.1 0.03-3.0 16 Cos U 1.3 0.3%
a4 10815 01 0.03-30 14 ot u 42 A0k
44 31815 0.1 0.03-25 15 Co. s 4] 31 2.9¢
32 298.15 0.1 0.08—0.5 10 Co s U 13 ~0.5%
24 298.15 0.1 0.06-2.1 21 Cos U 24 2.4
24 298.15 0.1 0.07-28 19 Coo U 55 5.2x
47 283.15-313.15 0.1 0.04-29 53 Coo 8] 1.0 0.1k
33 298.15 0.1 0.28-5.1 10 Coo 3] 17 1.3
152 42315-571315  p, 04-6.04 U pslnw U 70 3
163 248.15 0.1 20-6.0 6 Cp. s 10, my = 6.0 17 o

*** indicates that the lowest pressure for the data set changed with the experimental temperature

>Type m; refers to solubility of the indicated substance; pq.. refers to the vapor pressure-of water in equilibrium with the dihydrate; The symbol
PpsPw. refers to the difference in vapor pressure between solution and solvent,

¢The letter U indicates that these points were given an insignificant weight in the least-squares procedure. When two values are given the o, was
taken to be the larger of the two values given. In the cases where a value is given for my; the expected square root of the variance is taken to be
the first value for m > my. and taken to be the first value divided by my form < my.

4 Units are kJ-mol 3,

¢ Units are Pa.

f Values given in terms of the osmotic coefficient.
& Units are J-mol .

® Values of o, Were unitless, other values given in terms of C,, 4, units are J’K~mol .
1 Values of o, were unitless and were those given in the sited reference, other values given in terms of C,, 4, units are JK~'mol~*,
i Values of aex, had units of J’K~*g~!, other values given in terms of Cp, ¢, units are J-K~*-mol~!.,

k Units are J’-K~mol~*,

All of the significantly weighted results included by
Rogers and Pitzer'® in their representation of the volu-
metric properties of NaCl(aq) were included in the
present work. They gave one or two standard deviations
of fit for each of the 12 data sets that they included in
their representation. Their two standard deviations cor-
responded to either their low-temperature or their high-
temperature representation. The agreement of the
present fitted equation with 11 of those 12 data sets was
comparable to the better of their two listed standard de-
viations. The one data set for which the present equation
showed poorer agreement was that of Hilbert® The
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larger difference of Hilbert’s results from the fitted equa-
tion is attributable to the inclusion of the results of Majer
et al..** Gehrig et al.,”” and of Majer et al.;** none of these
results were available to Rogers and Pitzer.

The error in experimental determinations of solution
densities arises from errors in measurement of the con-
centration, the density itself, temperature and pressure.
For 298.15 K and 0.1 MPa the determination of the tem-
perature and pressure should introduce negligible errors
into the determination of the density. Figure 1 shows the
differences between experiment and fitted equation for
density results, for 298.15 K and 0.1 MPa, where the den-
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sitics were determined by means of either a pycnometer,
a dilatometer, or a magnetic-float densimeter. Six of the
seven sets of results shown in the figure agree, for the
most part, within 50 % 10~¢ gcm ™. At large molalites an
uncertainty in molality determination of +0.02% corre-
sponds to an uncertainty of +50% 10~¢ g-em ™2 in the den-
sity and thus composition determination becomes a
significant factor in the accuracy to which the density may
he determined, for near-ambient conditions. Figure 2
shows the differences between experimental values of the
density, obtained with vibrating-tube densimeters, from
the fitted equation, again for 298.15 K and 0.1 MPa.
¢‘'omparison of Figs. 1 and 2 is a direct comparison of the
accuracies of the respective experimental methods, as-
suming that solutions were prepared with the same accu-
tacy in the vibrating-tube densimeter (VTD) studies as
they were for the results shown in Fig. 1. The results from
Gates and Wood* agreed with the fitted equation within
their stated uncertainties. Their results showed a some-
what random pattern of residuals that would be related
pimarily to the accuracy of concentration determination.
I-or most of the remainder of the data sets shown in
kig. 2, differences of the VTD results from the more ac-
curate results, e.g. those shown in Fig. 1, can be described
45 possessing systematic errors that generally increase

0.00026
.
0.00015
n [
0.00005} 0 s
« o 8 o & ‘(-zﬂ
. st 8 T, vt
-0. 00005 .
* *
L *
0 00015
0 00025 1 1 S R | 1 L I ] L
0.0 0.5 1.0 1.5 2.0 2.5

fm / (mol/kg)}'/?

*+xx+ Baxter and Wallace
+++++ Hall

xxxxx Jones and Chrigtian
00000 :ibson and Loeffler
ooooo Wirth

asass Kruis

0000¢ Vas low

Difference of experimental densities from the fitted equa-
tion for 298.15 K 0.1 MPa. The experimental results were
from: Baxter and Wallace,”® Hall2! Jones and Christian,®
Gibson and Loeffler,’*** Wirth,? Kruis,2 and Vaslow.?
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with increasing concentration, a characteristic similar to
what one expects for inaccuracies in the calibration of the
VTD. These systematic errors corresponded to inaccura-
cies in the calibration constant that range to 0.1% or
larger. Of special note are the results of Oloffson,* who
gave values of V, for “calorimeter 1” and “calorimeter 2”
that showed systematic biases of different sign from the
fitted equation, relative to each other. The 298.15 K V,
results of Allred and Woolley”” showed a small systematic
bias, however, their results for 313.15 K exhibited system-
atic differences from the equation that were as large as
0.8% of p; — pw. The differences of the results of Singh
et al 2 from the fitted cquation were significantly larger
than the other VTD results.

Systematic differences were also found in the VTD re-
sults for higher temperatures. Figures 3 and 4 show the
differences of the fitted equation from the experimental
results for Majer et al.’s® “Set 1”° and “Set 2” results for
nominal temperatures of 323 and 448 K. These two sets
of results were obtained with a VTD with different mate-
rials of construction for the vibrating tube and with dif-
ferent calibration methods. For 323 K, the fitted equation
was determined primarily by the results of Gibson and
Loeffler,’* as well as, but to a lesser extent, by the re-
sults of Rogers ef al.** and of Ellis.** From the present re-
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Fic. 2. Difference of experimental densities, obtained from vibrat-

ing-tube densimeters, from the fitted equation for 298.15 K
0.1 MPa. The experimental results are: Olofsson “set 17,24
Olofsson “set 2”,% Millero,* Chen et al.,* Allred and Wool-
ley,¥” Gates and Wood,* Alary ef al.,*® Singh efal.?? and
Connaughton et al 1%
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sults it can be concluded that: 1) for near-ambient tem-
peratures, the accuracy of densities determined with
VTD’s has been less than what can be obtained with
other methods, e.g. pycnometers, magnetic-float den-
simeters and dilatometers; 2) for significantly non-ambi-
ent conditions and for dilute solutions, the greater
resolution in measurement of p; — pw by VTD provides for
a significantly more accurate (orders of magnitude) de-
termination of this quantity than that obtained with
static-vessel type a pV'T methods; 3) for non-ambient con-
ditions and for concentrated solutions the accuracy of
current VID methods is a factor of two or three times
more accurate than static-vessel type pvT methods.
Wirth and Bangert® did not report their experimental
values but reported obtaining density values from a com-
bination of pycnometric and dilatometric methods that
were 200 x 10~¢ g-em~* larger than the results of Vaslow®
for concentrations larger than 2.0 molkg~'. The agree-
ment of the several sets of results shown in Fig. 1 as well
as the agreement of the expansivities and densities at
other temperatures, indicated that Wirth and Bangert’s
results were probably in error. J. Rard supplied a copy of
a correspondence with I1. B, Wirth regarding the results
of Ref. 61. This correspondence included the measured
values. This additional information was not able to re-
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solve the discrepancies between the Wirth and Banget
results and the representation; both the dilatometric re
sults and the one reference-solution density result dis
agreed with the representation.

As in the work of Rogers and Pitzer,'® the results o
Khaibullin and Borisov,®? of Fabuss and Korosi,’* % an(
of Zarembo and Federov® were given no significian
weight in the representation due to their low accuracies
The high-temperature results of Grant-Taylor’ showe:
differences from the fitted equation that increased witl
increasing molality and increasing temperature and wer
not given a significant weight. Additionally, the very
near-ambient density results of Epikhin anc
Stakhanova,” Olofsson,?* Allred and Woolley,” Gucke:
etal.’ Alary et al ® and Singh et al ** were given no sig
nificant weight in the least-squares procedure because o
the presence of systematic biases of their results fron
other results in regions of the independent variable:
where more accurate results existed.

Figure 5 shows agreement of the isothermal compress:
ibility measurements of Millero er al.” with the fittec
equation. Comparison of isentropic compressibilities for
temperatures from 278.15 10 353.15 K and 0.1 MPa is alsc
shown in Fig. 5. The agreement was reasonable. As in
Rogers and Pitzer’s' work, the compressibility results of
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tained from two slightly different vibrating-tube densimeters
for approximately 450 K.
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Rowe and Chou® showed large differences from the fit-
ted equation and were given no significant weight in the
1cpresentation.

Figure 6 shows values of the expansivity of NaCl(aq)
for 0.1 MPa. The diiatometric results of Gibson and Loef-
tler™ 52 and of Wirth and LoSurdo® agreed well with each
other and with the fitted equation. The results of Alary
«tal ® and of Fortier et al.* were obtained with a com-
mercial mass-flow heat-capacity calorimeter. Their re-
sults showed a systematic bias that increased with
mcreasing concentration for concentrations greater than
1.0 molkg™". Alary et al. claimed an accuracy of 2% in
vxpansivity. Agreement is within this accuracy limit. The
values in Fig. 6 indicated that expansivities obtained by
the flow-calorimetric method of Fortier et al. were about
a factor of two to three less accurate than those obtained
with dilatometric apparati, for non-dilute solutions. The
1.m.s. errors for Rogers et al.’s® dilatometric values to
473.15 K was significantly smaller than their estimated
accuracies. The r.m.s. error for Ellis’s* dilatometric re-
sults was slightly smaller than that found in the represen-
tution from Rogers and Pitzer.'s
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Shutilov.%®

4.2.2, Activity Results

Osmotic coefficients were calculated from the differ-
ence in vapor pressure between the solution and the sol-
vent as:

_ (Gaye — Gay)
¢ = = RTvmM, (45)

where the difference in chemical potentials for the vapor
and the liquid at the temperature and pressure of the so-
lution, G, 1, — Ga,1, was calculated from the equation of
state for watcr. Osmotic cocfficicnts were calculated
from the difference in freezing temperature of water in
the solution from that of pure water by means of the
equation given by Scatchard et al.’* The osmotic coeffi-
cients given by Gibbard et al.”” and by Olynk et al.*® were
used as given as the original vapor pressures were not
given. Values of the osmotic coefficient that were, in
principle, determinable from isopiestic molalities were
not included in the data representation for the following
reason. Isopiestic molality determinations equate the ac-
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Fi. 6.  Experimental and calculated values of the 0.1 MPa expansiv-

ity of NaCl(aq). The experimental resuits are from: Gibson
and Loeffler,”? Wirth and LoSurdo,” Alary et al.,” and
Fortier et al %
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tivity of water in a solution of one solute to the activity of
water in a solution of a different solute. The measure-
ment is a relative one; some solute, or solutes, must serve
as a standard. NaCl(aq) is one of the few solutes that can
serve as an accurate isopiestic standard, i.e. there are suf-
ficient experimental results available to define the re-
quired thermodynamic properties with no recourse to
measurements of a solution of NaCl(aq) relative to an-
other solution of a different suhstance. Inclusion of rela-
tive measurements in the determination of the equation
for the “standard” invalidates the original intent. This
point has been observed by Rard and Platford™ regard-
ing equations for the isopiestic “standards” used for wa-
ter activities less than those that can be obtained with
NaCl(aq), namely, H:SO4(aq) and CaClx(aq).
Differences of the present equation from the osmotic
and activity coefficient measurements, for temperatures
less than 373 K and for molalities less than 6.2 molkg™?,
were nearly identical to that obtained with Clarke and
Glew’s equation. The results from Scatchard and Pren-
tiss” were somewhat less well represented by the present
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Fic. 7.  Differences between osmotic coefficients calculated from

solvent freezing-point measurements and values calculated
from the fitted equation. The experimental results are from:
Benzler,” Rodebush,? Momicchioli ef al.,”! Craft and Van-
Hook,”® Gibbard and Gossman,”? Scatchard and Prentiss,”
and Holmberg.”* The dashed line is the difference of values
calculated from Clarke and Glew’s? representation from the
present fitted equation.
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equation than by Clarke and Glew’s® equation, however
comparison of the present equation with all of the freez
ing-point results, Fig. 7, indicates a substantial agree.
ment. The results of Liu and Lindsay'™ (those greatei
than 4 molkg™" and greater than 348 K) were somewhat
better represented by the present equation than by the
equation of Clarke and Glew. For temperatures greatei
than 423 K, the representation of the results of Liu and
Lindsay was comparable to that obtained by Pitzer et al !
The osmotic coefficents, calculated from the vapor pres-
sures given by Mashovets ez al ' did not agree well with
the other results (Fig. 8) and thus were given no signifi-
cant weight in the data representation. Similar differ-
ences of Mashovets et al.’s results were also found for
NaBr(aq).® The difference of the present equation from
that of Clarke and Glew’s, for the osmotic coefficient, is
shown in Fig. 9. The differences shown in the figure for
the combination of large molality and large temperature
were directly attributable to the differences in represen-
tation of the vapor-pressure results of Lindsay and Liu.
Because both equations gave very similar representa-

423.15 K

473.16 K

{m / (mol/kg)}'/®

ooooo Liu and Lindsay §1972;
nononLiuy and Lindsay (1970
+++++ Maghovets et al.

FiG. 8.  Values of the osmotic coefficient calculated from vapor pres-
sure measurements and calculated from the fitted equation
for 423 K, 473 K, 523 K and 573 K., The experimental results
are: Lindsay and Liu,*® Lindsay and Liu;*® and Mashovets

etal 1%
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tions of the remainder of the experimental results, other
differences observed in the figure were attributable to
model biases between the two equations. The agreement
of the present equation with Clarke and Glew’s for
298.15 K, 0.1 MPa and for all molalities less than satura-
tion, indicated that the differences of Clarke and Glew’s
cquation from that of Hamer and Wu,'” Pitzer et al ' and
Gibbard et al.,”” for these conditions, would also be ob-
served with the present equation. Clarke and Glew
showed that the difference of their equation from the
others resulted from the differences of the osmotic coef-
ficients calculated from isopiestic molalities as compared
tv the remainder of the fitted cxaperimental results.
Clarke and Glew gave these osmotic coefficients reduced
weight in their representation; the present work has not
mcluded them. Because these osmotic coefficients ap-
pear to be less accurate than other sources of the solvent
activity and because the other three equations are heavily
hased on these osmotic coefficients, the present equation,
and that of Clarke and Glew, should be considered as
more accurate,
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Fii. 9. Difference in calculated values of the osmotic coefficient be-
tween the present equation and that of Clarke and Glew.?

4.2.3. Enthalpy of Dilution Results

For experimental enthalpies of dilution obtained for
temperatures less than 343 K, the r.m.s. errors, the aver-
age deviations, and the pattern of residuals, obtained
from the present representation, were comparable to
those calculated from Clarke and Glew’s? equation.
Some of these data sets were slightly better represented
hy the present equation, others were slightly better repre-
sented by Clarke and Glew’s equation.

Very accurate results exist for near-ambient tempera-
tures. Young and co-authors' ! measured the enthalpy
change for very small changes in solute molality. The re-
sults from Young and Machin'? spanned the tempera-

ture range of 273.3 to 298.15 K. The r.m.s difference for
their measurements, for molalities greater than 0.4
molkg™!, was approximately 0.35 J'mol~!, The present
equation represented Young and Machin’s results for
285.8 K and 273.3 K with smaller residuals which also
showed smaller variation with concentration than did the
residuals calculated from the equation of Clarke and
Glew.? Vaslow!'"2 also measured enthalpy changes for very
short dilution chords for 298.15 K; his values showed a
r.m.s. difference of 0.12 J-mol ™" from the fitted equation.
The enthalpy of mixing results obtained with a commer-
cial mass-flow calorimeter,"® for 298.15 K, agreed with
the equation and the other experimental results with a
r.m.s. difference of 2.3 J-mol ™. The 298.15 K enthalpy of
dilution results of Millero ef al.!** were obtained with a
commercial batch-mixing calorimeter. The r.m.s. differ-
ence of their results from the fitted equation, 14.4
J:mol ™!, with individual residuals as large as 34 J-mol ™},
was somewhat greater than the claimed accuracy of
4 J'-mol~*, However, the subsequent measurements of
Leung and Millero,"” performed with the same calorime-
ter and for 303.15 K, agreed with the representation to
2.2 Imol~! (rms). The agreement of the results of
Leung and Millero suggested that the larger differences
of the Millero et al. study were not representative of the
calorimetric method, but instead probably resulted from
other laboratory errors. The equation showed a r.m.s dif-
ference from the results of Messikomer and Wood"® of
7 J'mol !, which was within their expected experimental
uncertainties.

The enthalpy of dilution results of Mayrath and
Wood'? agreed with the fitted equation within the au-
thors’ estimated errors. The r.m.s. difference of the
pesent equation from their results was about one half of
that calculated from the equation of Pitzer et al.! The av-
erage difference of Mayrath and Wood’s results from the
fitted equation was small and positive, indicating a calcu-
lated value that was slightly more exothermic than their
observed values. The enthalpies of dilution of Busey
et al M from 348 to 523 K were represented, for the most
part, within their estimate of +2 per cent or 20 J-mol ™},
whichever was larger. Their three measurements for
332 K did not agree well with the remainder of the fitted
results (average deviation = 160 J-mol~') and were not
significantly weighted. Their dilutions of a 0.2 molkg™?
solution, for 573 K, showed differences from the fitted
cquation of —8 to —10 per cent (approximatcly
—~1kJmol™!). These were the principal results from
Busey etal. that disagreed by significantly more than
their estimated errors. For temperatures less than 570 K,
the agreement of the fitted equation to the results for
Busey et al. was comparable to that calculated from the
equation of Pitzer et al. For the 573 K results, the r.m.s.
difference from the present equation was a factor of 2.5
smaller than that reported by Pitzer et al. The average
deviation of the Busey et al. results from the fitted equa-
tion was near zero for 373 K, and was positive for results
from 423 to 523 K. For 573 K, the average deviation was
negative, however, if exclusion of the 0.2 molkg™* dilu-
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tions was made, then the average deviation was also pos-
itive for this temperature. The fitted equation agreed
with the enthalpies of dilution from Archer,'* for 398 to
498 K, approximately within stated errors. Disagreement
with the 349 K results (r.m.s. difference = 16 J-mol~")
was slightly greater than the estimated uncertainties, but
was not a serious discrepancy. The average difference for
the results of Archer was negative for all of the experi-
mental temperatures. The agreement of the fitted equa-
tion with all three sets of enthalpies of dilution for
temperatures greater than 373 K was within approxi-
mately *3 per cent (r.m.s.), indicating a good degree of
reliability of the three different high-temperature
calorimeters. The only exception was the 573 K, low-mo-
lality, enthalpies of dilution; the difference for these re-
sults could result from either a model bias or an
experimental problem (Busey ef al. descibed leakage of
their solution-containment vessels).

4.2.4. Enthalpy of Solution Resuilts

For near-ambient conditions, enthalpies of dilution can
be determined with an accuracy of a few Jmol™ or bet-
ter. In order to obtain the same degree of accuracy for
the concentration dependence of the apparent molar en-
thalpy from enthalpies of solution, the enthalpies of solu-
tion must be measured with an accuracy of 0.02 per cent
at 298.15 K and of 0.01 per cent at 273.15 K. The inaccu-
racy of the best enthalpies of solution is an order of mag-
nitude greater than this at 298.15 K. Thus, the
concentration dependence of the apparent molar en-
thalpy is determined primarily by enthalpy of dilution
measurements.

Figure 10 shows the differences of experimental en-
thalpy of solution results from the fitted equation for
298.15 K. The recent results of Sanahuja and Cesari'®
and of Taniewska-Osinska and Logwinienko"® exhibited
differences from the fitted equation that varied remark-
ably with concentration. This indicated that their results
agreed with neither the earlier enthalpies of solution nor
the enthalpies of dilution, and were thus inconsistent
with a large portion of the results included in the repre-
sentation. The difference between the results of Davies
and Benson'* and the results of Benson and Benson,'®
approximately 20 J'mol ™, is seen in the figure. The min-
imum variance for the enthalpy of solution data sets was
taken 10 be twice this reproducibility. Figure 11 shows the
differences of enthalpy of solution results from the fitted
equation for temperatures within a few degrees of the 0.1
MPa freezing point of water. Clearly, the agreement is
poor. This is because of substantial disagreement of these
enthalpy of solution results with the heat capacity results
and with the enthalpy of dilution results. Craft and
Van Hook'? reported the enthalpy of solution of NaCl
into water obtained with a calorimeter of their own con-
struction and the enthalpy of solution of NaCl into
NaCl(aq) obtained with a commercial batch calorimeter.
They reported a greater precision was available with the
commercial instrument. However, their results obtained
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with the “home-made” calorimeter agreed significantly
better with the fitted equation. Agreement of the resuits
obtained with their “homemade” calorimeter was withir
+50 J-mol~! at each temperature from 278 to 348 K,
whereas their results obtained with the commercial
calorimeter showed a r.m.s difference of 120 J-mol 1. The
high-temperature enthalpy of solution results from Gard-
ner and Mitchell™ did not show a large systematic bias
relative to the fitted equation.

The 298.15 K, 0.1 MPa standard-state enthalpy of solu-
tion calculated from the least-squares estimated parame-
ters is 3853 J-mol~". This is in reasonable agreement with
the value obtained by Clarke and Glew,? 3858 J-mol~',
The difference occurred primarily because of differences
in the fitted results, the weighting of results and model
biases. The difference was acceptable when compared to
the differences of the 298.15 K enthalpy of solution re-
sults amongst themselves and from the fitted equation.
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twi. 11. Difference between experimental enthalpy of solution re-

sults for conditions near 275 K, 0.1 MPa and values calcu-
lated from the fitted equation. The experimental results are
from: Mishchenko and Yakovlov,!3* Criss and Cobble,™
Craft and VonHook,'® and Taniewska-Osinska and Log-
winienko.!%¢

4,2.5. Heat Capacity Results

For the sake of the current discussion, heat-capacity
results will be divided into three categories. These cate-
pories are: 1) results obtained with calorimeters that per-
tonmed measurements on static samples; 2) results
ubtained with mass-flow calorimeters, where the
valorimeters were calibrated with an electrolyte solytion
(this solution usually has been NaCl(aq)); 3) results ob-
tained with mass-flow calorimeters where the calibration
was performed without the presumed knowledge of the
heat capacity of a solution. The results of Simard et al %
were obtained with a commercial mass-flow enthalpy-of-
mixing calorimeter and will be considered as members of
the first group described above.

Mass-flow heat-capacity calorimeters that are designed
fur the measurement of the heat capacity of solutions
usually measure the heat capacity of one fluid relative to
another. These calorimeters possess, as do all calorime-
ters, the potential for systematic errors that arise from
unaccounted heat-transfer within the calorimeter and to
its surrounding environment. In the mass-flow heat-ca-
pacity calorimeters, heat-transfer from the calorimetric
tubing and the heater, to the surroundings has been gen-
crally recognized as a principal source of systematic error
i these measurements. 1419 Attempts to correct for
these heat losses have generally fallen into two cate-
pories, those involving adoption and application of a par-
ticular solution(s) as a chemical standard and those
mvolving more fundamental methods.

In general, a chemical-standard approach has been
used for the mass-flow calorimeters used at near-ambient
conditions. 'This calibration method entails knowledge of
the heat capacity of one or more compositions of a partic-
ular solute-solvent pair. Desnoyers et al .*6 recommended
NaCl(aq) as the chemical standard for calibration of
mass-flow heat-capacity calorimeters. They fitted an
equation to three sets of experimental results for heat ca-
pacities at 298.15 K. These three sets of results were ob-
tained in three different laboratories, but all were
obtained with the same type of commercial instrument.
The fitted equation was then used to “correct” their pre-
vious results for NaCl(aq),* ' including those obtained
for temperatures other than 298.15 K. Similar procedures
were used by Allred and Woolley,*” and Olofsson.* Such
obtained results were not included in the data represen-
tation for a number of reasons: 1) The calibration method
described by Desnoyers et al. only brings the NaCl(aq)
calorimetric results into agreeement with an average
value obtained from a subset of the calorimeters. System-
atic errors that might be present in the subset would then
be perpetuated in the other “calibrated” calorimetric re-
sults. Heat capacity results obtained for NaCl(aq) and the
Desnoyers et al. calibration method are thus not indepen-
dent observations for NaCl(aq). An analogy to the inclu-
sion of such-corrected results in the present
representation, is to calibrate an enthalpy-of-combustion
calorimeter with benzoic acid, use the so-calibrated
calorimeter to combust benzoic acid, and then use the fi-
nal result as an independent measurement for the en-
thalpy of combustion of benzoic acid; 2) The results of
Allred and Woolley and those of Desnoyers and co-au-
thors were obtained by assuming that the heat losses in
their calorimeters were independent of temperature, or
insignificantly dependent on temperature, over the small
range of temperature available to the instrumentation.
There is not an a priori reason to assume that the heat
losses were independent of temperature; 3) Inclusion of
these NaCl(aq) results would introduce correlated obser-
vations into the least-squares procedure and thus have an
improper effect on the procedure.

Agreement of some of the near-ambient heat capacity
results, from the first category, with the fitted equation is
shown in Fig. 12. Above 1 molkg™!, all of these results
agreed with the fitted equation within %2 JK~"mol™%;
below 1 molkg™' the residuals appeared relatively ran-
dom. Because of the relation between the temperature
dependence of the relative apparent molar enthalpy and
the concentration dependence of the apparent molar
heat capacity, it is clear that there also existed agreement
of the enthalpies of dilution with these heat capacity re-
sults, Figure 13 shows the agreement of some near-ambi-
ent mass-flow calorimetric results, for which calibrations
were performed by flow-rate fluctuation methods. Agree-
ment above 1 molkg™! for these results was within +2-3
JK~"mol~', with an apparently random distribution of
residuals for lower molalitics. Figurc 14 shows the agree-
ment of some of the heat-capacity results from the com-
mercial mass-flow calorimeters, without the authors’
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Fic. 12. Difference between experimental heat capacity results and

values calculated from the fitted equation. The experimen-
tal results are from: Tanner and Lamb,'*® Oloffson,? and
Simard and Fortier,!*

changes due to chemical-standard corrections. The dif-
ference of the results of Perron etal. from the fitted
equation appeared to be somewhat dependent on tem-
perature. Clearly, the temperature-independent correc-
tion of these results, as described by Desnoyers et al.,”*®
would not improve the agreement of all of Perron etal.’s
results with the remainder of the fitted experimental re-
sults. Rather, it would cause the 274.65 K and 278.15 K
results to be in poorer agreement than would otherwise
have been the case. From Fig. 14, it appears that the con-
centration dependence of the disagreement of the exper-
imental heat-capacity results from the fitted equation,
and thus also the remainder of the fitted reults, varied
from calorimeter to calorimeter. This was evident in the
results of Alary etal.® and the more recent of the two
commercial calorimeters used by Olofsson ef al.#* This
variation in the concentration dependence of the system-
atic difference of calorimeteric result and fitted equation
suggests that the dependence of the “correction factor,”
described by Desnoyers et al.,”* on ¢, ;/c,, » should also be
investigated when a chemical-standard calibration of
these instruments is performed.

The results of Gates et al.™ to 573.4 K were repre-
sented with an r.m.s. errror somewhat smaller than their
stated accuracies with the exception of the results for
0.9911 molkg~! solutions. The pattern of residuals sug-
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Fic. 13.  Difference between experimental heat capacity results, ob-

tained with mass-flow calorimeters for which calibrations
were performed by means of a flow-rate variation method,
and values calculated from the fitted equation. The experi-
mental values are from: Gates ef al.,'** Rogers and Duffy,}?
and White and Downes.'*

gested the concentration determination for this solution
was in error and thus these results were not included in
the representation. The measurements of Rogers and
Duffy'* to 573 K were fitted with a r.m.s. difference cor-
responding to 0.1% in the quantity ¢, ./c, . Heat capac-
ities near 597 K from both of these groups disagreed with
each other. The results of Carter and Wood'® were given
the most significant weight in this region, due to their im-
proved method of calibration of the calorimeter. The
heat-capacity results of Puchkov et al.'? were of signifi-
cantly lower accuracy than the other results and were
given no significant weight in the representation.

In an interesting experiment, Thurmond and Brass'®
measured heat flux through NaCl(aq) samples in a scan-
ning calorimeter for temperatures from 298 K to approx-
imately 233 K. The equation they used for treating their
results: ‘

Q =T

where Q was the observed heat flux and c, was the calcu-
lated specific heat capacity of the sample, did not take
into account changes in enthalpy due to changes in the
vapor pressure of the solution (Ref. 164 describes treat-
ment of the saturation heat capacity in scanning-

(39)
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Fic. 14. Difference between experimental heat capacity results, ob-

tained with commercial mass-flow calorimeters without
chemical-standard calibrations, and values calculated from
the fitted equation. Pressure is 0.1 MPa. The experimental
results are from: Perron ef al.,* Olofsson,? and Alary et al 3

calorimeter results.) Not including the vapor space con-
tribution in Eq. (39) should lead to an observed heat ca-
pacity that is larger than the true heat capacity. This is
indeed found; specific heat capacity values calculated
from the equations given by Thurmond and Brass were
systematically larger than those calculated from the mea-
surements of Tanner and Lamb,'® by amounts ranging
from ~5 percent for 0.5 molkg™" to ~1 per cent for
6 molkg™" at both 298.15 K and 278.15 K. Because these
uncertainties are large and because only fitted equations
were given, a set of calculated results from 0.5 to
6 molkg™! and only for 248.15 K were included in the
representation and were weighted according to the values
given in Table 4. Values of the apparent molar heat ca-
pacity calculated from the equations of Thurmond and
Brass are shown in Fig. 15, Error bars for the 248.15 K
results were calculated assuming a +3 per cent uncer-
tainty in the specific heat capacity results, the size of the
error bar is only weakly dependent on temperature. Also
shown are values calculated from the fitted equation and
the 278.15 K results of Tanner and Lamb.

5. Invariant and Univariant Equilibria

In the region of interest considered here there
exist two invariant equilibria, NaCl(cr) + NaCl(aq) +

815
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onooo 268 K, Thurmond and Brass
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00000 248 K, Thurmond and Brass
*s2e0¢ 2788 K. Tanner and Lamb
FiG. 15.  Apparent molar heat capacities at low temperatures. The ex-

perimental results are from: Tanner and Lamb,’** and Thur-
mond and Brass'® Solid lines are values calculated from the
fitted equation at each temperature. Error bars represent an
uncertainty of =3 per cent in the solution heat capacity.

NaCl2H.O(cr) + HO(g) and NaCl2H,O(cr) +
NaCl(aq) + H20(g) + H:O(cr, I). Table 5 gives the po-
sitions of the two invariant equilibria calculated from the
fitted equations for the chemical potential of NaCl(aq),
NaCl(cr), NaClI2H.O(cr), and H;O. Also given in the
table are experimental values; the agreement was consid-
ered reasonable. The invariant equilibria, NaCl-2H,O(cr)
+ NaCl(aq) + NaCl(cr) + H:O(cr, VI), lies well outside
of the experimental conditions considered here (approxi-
mately 1600 MPa'®). There also exist other invariant
equilibria, mostly involving two different phases of ice, di-
hydrate crystal, and aqueous solution.'! The thermody-
namic variables (7', p, m) that describe these equilibria
are not well known.

There are seven univariant equilibria in the T, p region
considered here. The NaCl(aq) + H,O(cr, I) + H,O(g)
equilibrium is experimentally observed as solvent freez-
ing-point depressions and was discussed above. The two
equilibria, NaCl(cr) + NaCl(aq) + H;O(g) and
NaCl-2H,O(cr) + NaCl(aq) + H,O(g) are characterized
by solubility measurements performed at the vapor
pressure of the solution. Figure 16 shows the difference
of the fitted equation from some of the experimental re-
sults for these equilibria, also inluded are the results of
Liu and Lindsay,® their solubilities corresponded to the
saturation pressure of water, rather than solution. The
solubilities given by Keevil,'? from 456 to 600 K, were

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1892
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TABLE 5. The invariant equilibria NaCl(cr) + NaCl(aq) + NaCI’2H,O(cr) + H,O(g) and NaCI*2H;0(cr) + NaCl(aq) + H,O(g) + H;O(cr, I)

Calculated Reported
T/K plkPa m/(mol kg™1) K p/kPa m/(mol kg™*) Ref.
NaCl(cr) + NaCl(aq) + NaClF2H,O(cr) + H0(g)
273.28 0.468 6.096 273.35 - 6.103 7
273.20 - - 7
27325 - 6.097 72
273.30 - 6.097 159
273.25 - 6.097 73
273.35 - 5.89 158
273.25 0.460 - 157
NaCl-2H,O(cr) + NaCl(aq) + H:0(g) + HoO(cr, I)
252.15 0.093 5.138 252.03 - 520 89
251.55 - 5.08 n
252.05 - 5.13 72
251.85 - 5.26 159
252.25 ~ 5.13 73
251.95 - 517 158
25234 - 5.176 86

systematically 2 per cent larger than values calculated
from the fitted equation. The values given by Keevil prob-
ably were not measured by him.'™

The method for solubility measurement, for near ambi-
ent temperature to 373 K, described by Potter and
Clynne® consisted of determining the temperature at
which a known amount of solute completely dissolved.
Their aqueous solubility values for NaCl, KCl, and the
hydrates of CaCl,, Na;SQs, and K>SO, were smaller than
the results of others. They attributed the difference of
their results from the others to errors in the other studies.
They mentioned the possibility of fluid inclusions having
occurred in the dried salt crystals (these affecting the de-
termination of the concentration of the saturated solua-
tion for NaCl and KCIl) or “small skeletal crystals” that
remained suspended in the solution after equilibrium was
reached (especially a problem in the concentrated and
viscous solutions of CaCl;). Their conclusion, that the
other methods possessed significant and inherent errors
as compared to their results, if true, should have a signif-
icant impact on the present work. If their conclusion was
correct, then the other solubility results should have been
deweighted in the present representation. Fortunately,
the accuracy of Potter and Clynne’s solubility values can
be checked by comparison with other thermodynamic
measurements. The equation for the standard-state en-
thalpy change for solution can be written as:

AHga = —2RTm,”'(omJ/oT), + v:~'(3v/0T),] .(40)

or 298 K and 0.1 MPa, values of vy and (8y/0T )m,, are es-
sentially independent of solubility measurements and are
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dependent primarily on osmotic coefficient, enthalpy of
dilution, and heat capacity results. Evaluation of these
quantities may thus be performed at a given molality and,
in the case of (3y/aT),, along a given (ém/aT'), direction.
The values of (my/8T), and m;s that correspond to the
solubility measurements from Potter and Clynne can be
calculated from Potter and Clynne’s fitted equation for
the saturation weight fraction of NaCl(aq). From Potter
and Clynne’s 298.15 K (am«/aT), and m;, the quantities +y;
and (9v,/3T), were calculated using the present equa-
tions. Placing the four quantities, ms, (0m/a7T)p, vs, and
(8vs/dT), in Eq. (40) allowed a comparison of standard-
state enthalpy of solution values calculated from Potter
and Clynne’s solubilities to values obtained from experi-
ment. The standard-state enthalpy change for solution
calculated from Eq. (40) and the Potter and Clynne solu-
bility results was approximately 4620 J-mol~! (298.15 K).
This value was much larger than can be obtained from
the observed enthalpies of solution. To accept that Potter
and Clynne’s method gave a more accurate solubility than
did the other methods, at least for NaCl, one must dis-
miss not only the other solubility measurements but must
also dismiss either the enthalpies of solution or the com-
bination of osmotic coefficient and enthalpy of dilution
results. Rejection of all of these measurements did not
seem reasonable.

Adams and Gibson’ measured the T, p locus of the uni-
variant equilibria NaCl2H;O(cr) + NaCl(cr) + Na-
Ci(aq). The pressure dependence of this equilibria
depends on the density, and its pressure dependence, of
each of the three substances. In order to represent the
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Fic. 16.  Difference between experimental solubilities and values cal-

culated from the fitted equations. The experimental results
are from references 70, 71, 72,73, 74,75, 78, 81, 82, 83, 84,
and 86.

results of Adams and Gibson, the density of
NaCl2H;O(cr) was adjusted to give the agreement be-
tween experiment and calculation shown in Fig. 17. The
error bars shown in the figure were the uncertainties
given by Adams and Gibson., The optimized value for the
273 K density of NaCl2H,0(cr) was 1629 kg'm~>. The ef-
fect of an uncertainty of 2 kg'm™ in the density of the
dihydratc crystal is shown in the figure as dashed lines.
Adams and Gibson gave a value of the density of
NaCl-2H:O(cr) determined from the change of volume
for the reaction NaCl-2H:O(cr) = NaCl(cr) + NaCl(aq,
sat.). The value they determined was 1628 kg'm~>; in ex-
cellent agreement with the present value. The equilibria
H:O(g) + NaCl(cr) + NaCl2H,O(cr) is experimentally
observed as the vapor pressure of water over the dihy-
drate. Figure 18 shows the calculated and experimental
values for the vapor pressure of water over the dihydrate.
The univariant equilibria, HO(cr,I) + H,O(g) +
NaCl-2H;O(cr) is simply the continuation of the T, p lo-

“ cus of the sublimation pressure of ice for temperature be-
low that of the invariant equilibria H;O(cr, I) + H,O(g)
+ NaCl2H;O(cr) + NaCl(aq). This is because the subli-
mation pressure of ice is greater than the vapor pressure
of water over the dihydrate. There does not appear to be
cxperimental valucs with which to compare caleulated
values for the remaining univariant equilibria, H,O(cr, I')
+ NaCl(aq) + NaCl2H;O(cr).

T /K

Fic. 17.

p / kPa
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zeo.r.,,,x‘.J
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Experimental values of the equilibrium NaCl(cr) +
NaCl-2H;O(cr) + NaCl(aq) and values calculated from the
fitted equations. The symbols are the experimental values
and the stated uncertainties from Ref. 7. The solid line is
calulated from the values given in the text. The dashed lines
are the effect of an uncertainty of =2 kg:m~? in the density
of NaClI-2H,O(cr) on the calculated values.
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Fic. 18.  Experimental values of the equilibrium NaCl(cr) +

NaCI-2H,0O(cr) + H,Q(g) and values calculated from the fit-
ted equations. The experimental resuits are from Ilinsky
et al ® and taken from a figure from Sommer.¥ The line is
calculated from values given in the text.
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6. Formation Properties

The 298.15 K, 0.1 MPa, standard-state Gibbs energy of
solution, obtained from the present equation, —9.041
kJmol™!, is in excellent agreement with the value ob-
tained by Clarke and Glew,” —9.039 kJ-mol . The differ-
ences in the standard-state enthalpy of solution and
standard-state Gibbs energy of solution between the
present work and that of Clarke and Glew can be taken
to be representative of the uncertainties in these values,
approximately 10 J-mol !, because the differences are ob-
tained from fitting two somewhat different databases for
NaCl(aq) with two somewhat different models. The un-
certainty given in Table 2 for the entropy of NaCl(aq) is
not truly the uncertainty in this value. It is more properly
considered as the uncertainty in the entropy of solution
of NaCl(cr). This is because the entropy of NaCl(cr),
taken from Ref. 4, appears in the calculations in combi-
nation with the entropy of NaCl(aq) to give AwuSs. The
true uncertainty for the standard-state entropy of
NaCl(aq) must contain the uncertainty in the entropy of
NaCl(cr). Because of the discrepancies in experimental
results discussed in Ref. 4 the uncertainty in the entropy
of NaCl(cr) is non-negligible. The presently obtained
value for the standard-state entropy of NaCl(aq), for
298.15 K and 0.1 MPa, 115.51 J’K™:mol™! can be com-
pared to the CODATA value of 115.05 J’ K~ mol~'. The
difference in these two values, after adjusting for differ-
ences in the entropy of NaCl(cr), corresponds to a differ-
ence in the quantity AGa — A H S of 97 J'mol~". This
difference is significantly larger than the uncertainty in
this value.

The 298.15 K, 0.1 MPa, standard-state enthalpy and
Gibbs energy of formation of NaCl(cr) and
NaCl-2H;O(cr) can be calculated from the Gibbs ener-
gies of solution of NaCl(cr) and NaCl-2H,O(cr) and the
entropies of NaCl(aq), NaCl-2H,O(cr), H.0(l),"” and
NaCl(cr),* and the enthalpies of formation of NaCl(aq)"’
and of H;O(aq).”” The calculated enthalpies and Gibbs
energies of formation are given in Table 6. The uncer-
tainty in the formation property values listed in Table 6
for NaCl-2H,O(cr) is estimated to be 300 to 500 J-mol~?,
and for NaCl(cr) are estimated to be 100 J-mol . The un-
certainty in the values for NaCl(cr) arises primarily from
uncertainty in the entropy of NaCl(cr). The uncertainty
in the entropy of NaCl(cr) is described elsewhere.* Small
round-off errors may occur using the values in Table 6.
This type of round-off error may be minimized by using
the equations given in Ref. 4 and in the present work.

The formation properties given in Table 6 for NaCl(cr)
are not directly comparable to the values of Wagman
et al ' because the values in Ref. 165 do not satisfy:

AwiG = AwHE — TAwSS. (41)

Eq. (41) is out of balance by approximately 50 J-mol~' or
0.17 Fmol~K™! in Ref. 165. This difference appears to
be larger than the uncertainties in either the standard-
state enthalpy of solution or the standard-state Gibbs en-
ergy of solution. The difference in the 298.15 K molar
entropy of the dihydrate crystal from the anhydrous crys-
tal, per mole of water, is calculated to be 45.1
Jmol K ~%. This value is in good agreement with values
determined for other hydrates, for example, the corre-
sponding value for NaBr was 45.4 J'mol~“K~'?

TasBLE 6. The Gibbs energy of formation, the enthalpy of formation and the molar entropy of NaCl(cr) and NaCl-2H;O(cr) for 298.15 K and 0.1

MPa calculated from the least-squares estimated parameters.

MGh AHn Sn Coym
Substance ol 7 Kimol T TK"mol FKtmol 1
NaCl(cr) —384.28 -41127 7227 50.16
NaCl-2H,0(cr) —858.75 —997.24 162.51 137.
TaBLE 7. Calculated values of Ay, Bk, Bk, C£%, and Clk
I p 4 Bk Bk 10°CH Clik
K MPa ¢ kgmol ! kg:mol ~? kg?mol 2 kg?mol -2
273 0.1 0.3763 0.06542 0.2265 1304 -~0.06719
298 0.1 0.3914 0.08055 0.2630 0.2682 -0.01022
323 0.1 0.4102 0.09139 0.2826 —-0.5856 0.00639
373 0.1 0.4597 0.1008 0.3218 -1.725 0.01267
473 1.55 0.6168 0.0892 0.4031 -1.441 0.04725
573 8.6 0.9563 0.0664 0.4073 —-1.441 0.1642
598 12, 1.1329 0.0681 0.3862 - 1.380 0.2216

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992



THERMODYNAMIC PROPERTIES OF THE NaCl + H.O SYSTEM 819
TABLE 8. Calculated values of G3.2— G2, 2, 1, pp Ha2=H3, 2,70 p Ses2=Sme, 2, Toppr Crr V3

T p Gr2=Gm27.p. HR 2—Hp 2 7.5, S8.2-Sm 2 Tup: i (o Vi

X MPa kJ-mol ! kJ-mol~? JK~'mol~! J K~ mol~! cm*mol !
273 0.1 3.023 3.104 10.94 -182.6 129
298 0.1 0.017 0.013 0.04 -85.3 16.6
323 0.1 -2.796 -1.726 -5.57 -60.1 179
373 0.1 -8.0M —4.861 -14.57 ~74.1 16.9
473 1.55 —16.766 —18.898 -47.21 -253 -04
573 8.6 —-19.479 - 81.27 —163.2 —~1746 -114
598 12, —17.754 -137.11 ~2585 —4538 ~255

TABLE 9. Calculated values of the osmotic coefficient, ¢

m/molkg™!

I _»p_

K MPa 0.1 0.5 1.0 30 6.0
273 0.1 09316 0.9108 0.9157 1.0107 1.2466
298 0.1 09322 09218 0.9371 1.0486 1.2694
323 0.1 09302 09234 0.9431 1.0609 1.2648
373 0.1 0.9219 09139 0.9340 1.0459 1.2111
473 155 0.8893 0.8606 0.8667 0.9294 1.0163
573 8.6 0.8105 0.7302 0.7110 0.7125 0.7444

Table 10. Calculated values of the stoichiometric activity coefficient, y..

m/molkg™*

L _e_

X P 0.1 0.5 1.0 30 6.0
273 0.1 0.7796 0.6706  0.6340 0.6585 0.8990
208 0.1 0.7771  0.6805 0.6572 0.7177 0.9885
323 0.1 0.7697 0.6755  0.6569 0.7299 0.9933
373 0.1 0.7459 0.6443  0.6228 0.6801 0.8727
473 155 0.6666 05269  0.4818 0.4551 0.4864
573 8.6 05129 0.3258 0.2631 0.1912 0.1632
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Appendix 1. Unusual Results for Calcualtion of the Specific Compressibility
for Temperatures Greater Than 530 K and for Pressures Less Than 30 MPa

The specific compressibility, when calculated from the
equations given in the main body of the text, for high tem-
perature and low pressure exhibits a maximum with re-
spect to pressure at fixed concentration and fixed
temperature, for concentrations smaller than the refer-
ence molality. An example for which this maximum is
clearly visible is shown in Fig. Al-1 (unbroken curve).
The maximum shown in Fig. A1-1 results from a calcu-
lated change in the difference of the compressibility of
the solution from that of the solvent {§ ~ B°} that is much
larger at lower pressure, for example 8 MPa, than at a
larger pressure, for example 30 MPa. A large pressure
dependence of the change in compressibility of the sol-
vent resulting from the addition of ions to a solvent of
high compressibility is considered reasonable, (see Ref.
170 as an example of the rationaliztion of such effects)
however, it is possible that this effect is over-estimated in
the above-described representation. Examination of sev-
eral alternate representations as well as the experimental
results in the region of representation suggested that the
maximum in the compressibility shown in Fig. A1-1 re-
sulted from the combination of the choice of fitting func-
tions with the choice of a particular dielectric-constant
representation (used for calculation of Debye-Hiickel
limiting-law values.) This can be demonstrated by repeat-
ing the least-squares representation of the experimental
results with the functions described in the body of the text
with the sole exception of a substitution of the dielectric-
constant equation of Bradley and Pitzer' for that of
Archer and Wang* The so-obtained representation
yields the monotonically changing compressibility shown
in Fig. A1-1. The second representation of experimental
results is summarized in Tables Al-1 and A1-2 which are
analogous to Tables 3 and 4. Substitution of the Bradley
and Pitzer equation results in representation of the most
significant experimental results, for temperatures less
than 400 K, almost as well as they were represented when
the Archer and Wang equation was used. Significant dif-
ferences exist between the two representations for tem-
peratures above 400 K. Representation of the 604 K
density difference results of Majer eral.” was signifi-
cantly better with use of the Bradley and Pitzer equation
(o was halved) with much of this improvement having

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

been obtained at the expense of the 597 K density differ-
ence results from Majer et al.®® On the other hand, a sig-
nificant bias from the 573 K enthalpy of dilution results
from Busey et al.™* (8 increased from —30 J:mol™! to
460 J:mol™'), significant increases in the r.m.s. differ-
ences of the 598 K heat capacity results from Gates
etal.'” and from Rogers and Duffy'** and an approxi-
mate 50% increase in the r.m.s differences of the en-
thalpies of dilution, for temperatures greater than 400K,
from Mayrath and Wood'? were observed with the repre-
sentation obtained with use of the Bradley and Pitzer
equation.

Estimated parameter values obtained from the repre-
sentation obtained with use of the Bradley and Pitzer
equation are given in Table Al1-3.

0.0025
\i
v 573.15 K; 1 0 mol kg™
\
0.0020
T
[}
S
0.0015
~
@,
0.0010} .
0.0005 : : L ! L
0 20 40 60 80 100
p / MPa

FiG. Al-1. Compressibility of 1.0 molkg~! NaCl(aq) against pressure
for 573.15 K. The solid line is calculated from the represen-
tation that used the Archer and Wang dielectric-constant
equation. The solid line is obtained from a reperesentation
that used the dielectric-constant equation from Bradley and
Pitzer. The vertical line marks the saturation pressure of
water for 573.15 K.
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TaBLE Al-1. Literature sources for the volumetric properties of NaCl(aq)
Temperature Pressure Molality
Reference range range® range n type Oest® Ort B
X) (MPa) (molkg~?)

19 273.95 0.1 0.015-0.126 11 pe 5%10-6 4x10-6 1.1x10-¢9
20 278.15 0.1 0.05-3.5 19 Vo 0.028 0.036 -0.021¢

21 298.15 0.1 0.17-5.86 13 pdow 40%10~6 18%10~6 2x10-6
2 298.15 0.1 0.0026-0.75 15 . 3%1076 5%10~° -3x10-¢
23 298.15 0.1 0.04-6.14 1 oow 30%10-6 23%10-6 15 % 10-%
24(set1)  298.15 0.1 0.06-2.1 21 PP U 33%10-¢ -28x10-¢
24(set 2)  298.15 0.1 0.06-2.8 18 Pepw U 54%10~¢ 40%x10-¢
25 298.15 0.1 0.05-3.5 19 Vs 0.017 0.016 - 0.002¢

26 298.15 0.1 0.02-0.31 5 Pp 5x 106 4x10~6 0x10-¢
27 298.15 0.1 1.0-6.0 7 - U 419%10-6  —233x10-¢
28 298.15 0.1 0.21-0.82 2 p/w 10x10-6 8x10-¢  —1.0x10-¢
28 298.15 0.1 0.004-0.82 1 A 0.02 0.000 0.000°
29 323.15 0.1 0.005-0.98 10 e 20%10-¢ 25%10-¢ 13x10-¢
30 298.15 0.1 0.01-1.0 12 PP 3%10-5; 0.064% 17x10-6 -13x10-¢
31 298.15 0.1 0.17-5.0 9 pfpw U 189x10-% 132x10-¢
32 298.15 0.1 0.1-0.5 10 PPw U 79%10-6 44x10-¢
33 298.15 0.1 0.28-5.10 10 PP U 112x10-6 —~78x10~¢"
34 298.15 0.1-40 0.06-5.0 40 P 20%10-5; 0.1% 93% 10— —15x10-¢
33 298.15 0.1 0.28-5.10 10 oo,  OEa=2X1076 my =20 4.6x10-¢ 2.6x10-%
35 303.15 01 0.1-1.0 8 Va 03 0.31 -0.29°

36 308.15 0.1 0.002-1.08 13 plpw 30x10-% 1.3% 82x10-6 -52%10-¢
37 280.15-306.19 0.1 0.25-5.7 21 p/pw 100 10~¢ 95x 10~ 61x10~¢
38 27315-323.19 0.1 0.25-5.9 15 p/pw 100 106 95%10-¢ -64x10-¢
39 273.15-298.15 0.1 0.002-1.02 18 pdpw 15%x10-6 18x10-¢ 4x10-¢
40 273.2-338.15 0.1 0.23-0.9 27 AaVe 0.12 0.18 -0.11°

40 273.2-338.15 0.1 0.21-1.0 17 Ps/pw 30%x10-¢ 45%10-6 29 % 10~
4 273.15-328.15 0.1 0.01-0.96 83 PP 5%10"5 0.14% 22x 10~ -2x10-¢*
42 273.15-31815 0.1 0.25-5.0 34 88w 0.6%10-6 0.59x 106 0.01x10~%
43 273.15-308.15 0.1 0.01-1.5 47 P 4x10~%; 0.085% 11x10-6 -3x10-¢
4 274.65-31815 0.1 0.03-3.0 58 PP 7.5%10~% 0.15% 46x10-° sx1p-*
45 28315-313.15 0.1 0.19-1.89 20 s,  OEs=2%10"5my; =20 1.8x10-6  —0.12x10-¢
46 288.15-318.15 0.1 0.17-5.9 58 PPw 0.045% 23%10"¢  —04x10-¢
47 288.15-313.15 0.1 0.06-2.9 55 PeDu U 27x10-¢ 4x10-¢
48 203.15-313.15 0.1 0.114 21 Vs U 0.13 0.08°

49 273.15-323.15  10-100 0.03-2.0 178 Ap(PP)  oV,= 0.;m =10 0.4 0.2

50 293.15-571.65  10-100  0.017-5.7 216 P 860 10-6 851 10-¢ 466% 10~
51,52 298.15-358.15  0.1-100 0.89-5.68 104 plpw 40%10-6 39%10-¢  —11x10-¢
53 323.16-548.05 ***- 40  0.056-5.0 250 Ppw 50%10-5; 0.5% 267%10-%  ~105x10-¢*
53 321.6-549.7  ***-32 0.01-3.09 163 Ps—w 36x1075; 0.36% 291x10-¢ 7x10-¢
54 3481547315 203 0.1-1.0 24 ps b 164x10-%  ~119x10-
55 348.15473.15 203 0.053-4.39 48 pJ/Pw b 183106 —6x10-¢
56 450~-500 20, 0.1-4.0 39 Ps U 0.016 0.005°

57 473.15-573.15  1.5-100 1143 30 Ps 3x10-3 42x%10-3 26x10~*
58 448.15-573.15 Ps 0.5-3.0 2% Ps 10%10-3 52%107*  -—42%x10-*
53 597.45 21-39 0.01-5.05 30 Pepu 130%107% 1.3% 1.28x10-*  —0.66x10~*
59 604.4 27-38 0.01-3.1 87 P Pw 480 < 10-%; 1.27% 0.60%10-%  —0.19x10~3
169 308.15-368.15 0.101 0.26-6.2 141 Ps=Pw 50x10-% 0.1% 75%x10-6 19x10-¢

#** indicates that the lowest pressure for the data set changed with the experimental temperature
“The letter U indicates thiat these points were given an insignificant weight in the lcast-squarcs proccdurc. When two values arc given the e was
taken to be the larger of the two values given. In the cases where a value is given for my; the expected square root of the variance is taken to be
the first value for m > my and taken to be the first value divided by m form < my.

“Values of density were calculated from the data given only as a figure.

4Units are gem >,
¢Units are cm®mol =1,
fUnits are K—2,
8Units are MPa~.

BValues of o.x, depended on temperature. Values were 2 x 1074,2.8 x1074,3.5 x10-4,4.2 x10~%, and 5 X 10~* gcm~3, for temperatures of 348.15

and 373.15, 398.15, 423.15, 448.15, and 473.15 K, respectively.

J. Phys. Chem. Ret. Data, Vol. 21, No. 4, 1892
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TaBLE Al-2, Literature sources for the activity and thermal properties of NaCl(aq)
Temperature Pressure Molality
Reference range range? range n Type" Cest” [ Agy
x) (MPa) (molkg™?)
70 273.15 0.1 m 1 m; (NaCl-2H,0) 0.022 0.010 0.010°
7 251.55-269.15 01 m 4 m, (NaCl2H,0) 0.024 0.024 0.005"
72 252.05~273.25 0.1 m 2 ms (NaCl-2H,0) 0.022 0.003 0.001°
73 252.05-273.15 0.1 m, 7 m; (NaCl2H,0) 0.015 0.017 -0.004°
74 252.15-271.15 0.1 ms 5 mg (NaCl-2H,0) 0.040 0.036 0.033
75 252.34 0.1 my 1 m; (NaCl-2H;0) 0.3 0.04 -0.04°
76 273.15-380.15 0.1, p, m 8 my (NaCl) 0.040 0.036 -0.033°
77 298.15 0.1 m 2 mg (NaCl) 0.010 0.013 0.013:
70 218.15-356.15 0.1 my 16 mg (Na(l) 0.010 0.008 0.000
78 293.6-323.15 0.1 m; 6 my (NaCl) 0.010 0.003 ~0.003°
79 288.15-298.15 0.1 m, 3 m, (NaCl) 0.020 0.011 -0.010°
71 273.15-381.95 0.1, ps my 13 m (NaCl) 0.030 0.026 -0.019"
80 273.15-373.15 0.1 m, 5 m (NaCl) 0.063 0.061 -0.053°
7 273.25-373.15 0.1 my 6 m (NaCl) 0.010 0.009 0.006"
72 393.15~ 462.55 Ps my 4 my (NaCl) 0.040 0.046 -0.005°
81 423.15-573.15 Ps my 6 my (NaCl) 0.100 0.088 0.028°
82 375.5~441.45 Ps my 2 my (NaCl) 0.050 0.048 ~0.036"
74 273.15-333.15 0.1 my 4 my (NaCl) 0.025 0.015 -0.002°
83 348.15-573.15 Pw m 11 m, (NaCl) 0.030 0.023 0.014°
84 422-603 Ps me 13 m, (NaCl) 0.064 0.062 0.012°
85 283.15-308.15 0.1 mg 4 my (NaCl) 0.010 0.008 0.007°
86 290.8-373.14 0.1 my 12 my (NaCl) 0.05 0.042 0.037°
87 235-256 11 Pdec 6% 7% -2%
88 251.95-273.3 5 Daec 20 21 -3.8
89 Tius 0.1 1.0-52 12 ApsT U 0.011 - 0.010¢
3 Thus 0.1 3.26-5.13 4 ApsT 0.005 0.004 0.0035¢
90 Trus 0.1 0.0008-1.3 28 AT 0.00075, my=0.2 0.0038 0.0018°
74 Trus 0.1 1.5-512 4 Ap T 0.005, my=5.0 0.012 —0.0059¢
91 Tos 0.1 0.02-3.07 21 ApoeT 0.0007, my.=1.0 0.0057 0.001f
92 Ttus 0.1 0.14-36 32 AT 0.002, my.=1.0 0.0018 0.0013¢
93 Thus 0.1 0.0074.2 32 AgusT 0.0008, my =0.2 0.0025 —0.0014°
94 373 0.1 007-28 15 AT 0.003 0.0033 —-0.0022
95 333.343 01 005-1.0 24 AT 0.0006 0.00061 -~ 0.00021f
95 353-373 0.1 0.05-1.0 36 AvapT 0.00037 0.00037 0.00003¢
96 333.15 0.05 1.5-35 10 AvpT 0.005 0.0048 0.0038*
96 343.15-373.15 0.07 1.5-35 43 AvapT 0.003 0.0023 - 0.00009
97 208.15-373.15 N1 1.0-61 56 & 0.0039 0.0044 -~ 0.0032f
98 293.15~303.15 0.1 2461 36 b 0.0036 0.0035 ~0.0024°
99 298.15 ps 4.0-5.9 9 DPsDw 0.0023 0.0022 0.0001f
100 293.43 Ps 6.1 2 PsPw 0.0020 0.0019 ~0.0012f
100 298.15 0.1 4.3-6.0 6 DsDw - 0.007 0.0055 0.0043¢
101 293.43-298.15 Ds 4.7-6.1 3 PsDw . 0.002 0.0025 0.00036°
102 298.15 ps 0.76-59 12 PsPw 0.0046 0.0043 ~0.0027
83 348.15423.15 Ds 3872 20 PsPw 0.0075 0.0057 0.0046°
83 448.15-498.15 Ps 39-84 18 PsDw 0.005 0.0031 0.0028°
83 523.15-573.15 s 41-104 18 PsDw 0.003 0.0018 0.0006°
103 422-541 Ds 1.0-3.0 22 PsPw 0.01 0.0098 ~0.0031f
104 440-512.4 ps 0.5-1.0 7 PsDw U 0.024 0.012f
105 398.15-573.15 Ds 0.25-1.0 38 PsPw u 0.013 -0.007%
106 423.15-573.15 Ps 12-555 20 DsDw U 0.030 -0.010°
107 273.15-323.15 0.1 0.001-4.0 60 In(yzly1) 0.005 0.0043 0.00025
108 288.15-323.15 0.1 0.02-1.0 32 In(y2/y1) 8] 0.0041 0.0010
109 298.15-343.15 0.1 0.03-5.0 48 In(y.) U 0.019 —0.00056
110 273.45-313.15 0.1 0.05-4.0 76 In(y2/y1) 0.005 0.0048 -0.0012
m 298.15 0.1 0.03-297 4 AquLg 80 50 ~20°
112 298.15 0.1 04-1.23 66 Agulg 0.09, my.=0.8 0.13 0.016°
113 298.15 0.1 0.1-083 21 Agaly 15 14 -1.8
114 348.35-372.85 6.6-41. 0.03-52 33 AgaLy 2%, 20. 24 -4.0¢
114 423.25-473.05 6.641.6 0.03-5.2 47 AguLg 2%, 20. 61 26
114 523.45 6.6-41.7 00352 31 AguLy 2% 153 -19°
114 572.85 10.5-41.7 0.03-52 24 AgaLg 2% 657 —460°
115 283.15-298.15 0.1 0.0003-0.40 56 AgaLg 8.0 8.0 ~2.8
116 298.15 0.1 0.005-1.0 23 AquLy 2.5 24 1.5°
117 303.15 0.1 0.2-1.0 7 Agal, 3.0 2.7 ~2.5°
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TaBLE A1-2. Literature sources for the activity and thermal properties of NaCl(aq) — Continued

Temperature Pressure Molality
Reference range range® range n Type® Oest® om Agt
X (MPa) (molkg™?)
118 208.15 0.1 0.04-50 19 AsuLy 6.0 6.1 -34
118 323.15 0.1 0.04-50 23 Agul 10 9.7 -37
118 348.15 0.1 0.04-50 18 AguLy 10 6.3 14
119 298.15 0.1 0.0008-0.1 24 Aquly 5 4.7 —-0.4°
120 208.08 0.1 0.046-0.45 2 Auly 12 129 12.9%
120 298 0.1 044-6.14 17 AgaLy 1 0.89 0.58°
121 273.4 0.1 0.09-6.1 21 AgiL, 0.5, m.=0.5 0.88 -0.35°
121 285.8 0.1 02-61 18 AgaLy 0.5, m.=0.5 0.53 ~0.35*
m 20R2 01 0.19-6.1 17 Asal.y 03, my =05 0.30 0.003*
122 298,15 0.1 0.00025-1.0 7 AquLy 25 2.7 1.2
123 348.15 0.1 0.035-60 21 AgLsg 5.0, m =03 5.8 -25
123 373.15 0.11 0.009-60 28 Agulg 100 15 5.5
123 423.65 05 0.007-60 46 ALy b 28 24*
123 450.95 0.9 0.04-60 25 Agl b 26 21°
13 472.95 155 0.20-60 11 AgilLy 30 39 31*
124 349.2 1.03 0.03-30 18 AgilLy 20 20 -14*
124 398.3 1.03 0.03-30 19 AanlLs b 27 ~14*
124 4483 1.03 00130 22 AgaLs & 76 -25*
124 4983 3.35 001-30 21 AgLy ® 80 -31*
125 313.15 0.1 0.005-60 42 AguLy 20 15 ¢
125 323.15 0.1 0.004-5.7 31 Aanlg 20 2 &
125 333.15 0.1 0.008-57 32 AguLy 20 16 2
125 343.15 0.1 0.007-5.7 32 AglL, 20 20 -7
125 353.15 0.1 0.007-5.7 29 AauLy U 62 25%
126 298.15 0.1 0.27-30 6 Agal.y 20 15 —4F
127 203.15 0.1 002004 9 Al 250 168 ~46°
128 298.15 0.1 0.05-13 24 AiHim 40 23 21*
129 278.15-348.15 0.1 0.46 5 AscrHm 40 46 ~45*
130 298.15 0.1 05-56 14 AH,, 40 30 28*
129 278.15-313.15 0.1 0.00034.1 41 AsoiHm (mz-my) 120 128 -99°
131 275.15 0.1 0.06-6.0 18 AwiHim 230 235 -142°
132 387.4-472.65 s 0.01-0.04 17 A,y 300 282 ~24*
133 273.2-368.3 0.1 0.003-0.02 58 A, 150 156 -109*
134 298.15 0.1 0.02-0.72 23 AsciH 40 23 14*
135 298.15 0.1 0.01-003 5 AiH,, 4 25 -21%
136 278.15-298.15 01 0.05-50 88 AsciHm 170 m -81*
137 303-313 0.1 0.006-0.12 48 AoiH 190 181 141*
138 298.15 0.1 0.01-0.12 16 JA N1 ; 100 102 21*
139 203.15-298.15 0.1 0859 17 Ao, 40 18 0.7
140 298.15 0.1 007-55 20 AsoilHl 40 1 -2
141 298 0.1 02505 4 AHn 40 6 45
142 323.14-573.15 7-36 1.0-60 127 Cp slCp w 0.00125 35 —~0.4"
142 598.01 20.1 1.0-60 24 osleaw 0.005 31.2 19.08
146 349-573 **_179 0.08-5.0 402 . slCp, w0 * 128 -2
146 597.8 179 008530 18 CpslCp * m 718
147 348.2-598.6 177 3.0 7 o slcnw * 3.2 ~22
148 3583, 573.95 17.7 1030 6 o, 2/Cpw * 5.8 4.2
150 598.11 17.7 1030 6 Cpslepw * 71 ~5.1
149 353.15-473.15 e 035-2.13 35 Cps 0.012 5.4 0.2
143 278.18 01 0.076 6.0 20 Cro 0.5, my =~ 1.5 1.2 -0.6*
143 298.15 0.1 0.04-60 30 Coo 0.5, m.= 15 1.9 ~0.4*
143 318.15 0.1 00460 26 Cos 0.5, m.= 1.5 2.0 -0.5
143 338.15 0.1 0.08-60 22 Cos 0.5, m.=1.5 0.9 0.1%
143 358.15 0.1 0.08-6.0 17 Coe 0.5, my—1.5 1.5 0.3¢
298.15 0.1 1032 13 Cos 04, m =25 0.5 0.04%
144 298.15 0.1 0.011-532 22 Cos 0.75, my =0.1 11 ~0.4%
145 298.15 0.1 0.05-25 11 Cos 1.0, my=0.6 3.6 ~1.9%
27 208.15 0.1 1060 8 sl U 1.1 0.7
115 298.15 0.1 001-30 22 Cos U 2.7 2.3k
4 274.65 0.1 007-1.8 12 Cos U 39 -0.6*
44 278.15 0.1 003-1.0 11 Cos U 3.7 1.1%
44 288.15 0.1 0.03-3.0 16 Cos U 13 0.6
44 308.15 0.1 003-3.0 16 Cos U 38 3*
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TABLE Al-2. Literature sources for the activity and thermal properties of NaCl(aq) — Continued

Temperature Pressure Molality
Reference range range® range n Type® Tea® on Age
X (MPa) (molkg™)
44 31815 0.1 0.03-25 15 Coa U 2.7 2.5%
32 298.15 0.1 0.08-0.5 10 Coe U 0.6 -0.4k
24 298.15 0.1 0.06-21 21 Coo U 23 2,2+
24 298.15 0.1 007-28 19 Coe u 53 51
47  283.15-313.15 0.1 00429 53 Coa u 0.9 0.0¢
33 298.15 0.1 0.28-5.1 10 Cro U 1.8 1.4%
152 423.15-573.15 Ds 04604 24 Cp5lCp, w u 70 37
163 248.13 0.1 2.0-6.0 6 Cps 10, my.=6.0 16 -5*

* ** indicates that the lowest pressure for the data set changed with the experimental temperature

*Type m, refers to solubility ot the indicated substance; pa.. refers to the vapor pressure of water in equilibrium with the dihydrate; The symbol p-p,..
refers to the difference in vapor pressure between solution and solvent.

“The Jetter U indicates that these points were given an insignificant weight in the least-squares procedure. When two values are given the oy, was
taken to be the farger of the two values given. In the cases where a value is given for my; the expected square root of the variance is taken to be
the first value for » > my and taken to be the first value divided by my for m < my.

9Units are kJmol~3.

“Units are Pa.

fValues given in terms of the osmotic coefficient.

8Units are Jmot~*

2Values of oy Were unitless, other values given in terms of C,, 4, units are K~ mol~1.

Values of 0., Were unitless and were those given in the sited reference, other values given in terms of C,, 4, units are J-K~*mol !,

iValues of 0wy had units of JK~*g~*, other values given in terms of C, 4, units are }K " mol~*,

¥ Units are J-*K~*mol -’
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Table Al-3. Least-squares estimated parameters for Egs. (3-37) with use of the dielectric-constant equation of Bradley and Pitzer *

Parameter Value Parameter Value Parameter Value

by, 0.242651052883794 b2 1 —1.94792794517029 b3,y

by, by 2 5.53477399563770 bs,2 —0.0476961507576975
by, 3 —~0.160578547305475 by,3 bs3 0.0248453996970447
bya 1.22249898267412 by s ~40.9575943938422 by,4 ~(.583285519436642
by,s bys by,s

by¢ bys bs6 0.0966416317519622
by, —65.8299103364965 b7 495.488959381070 ba,7 5.17677315192276
bi.s b2,z ~0.647069267974439 bss ~0.00530484869542637
by, 0.592206494036454 2% bs,9

by, 10 ~21.6059704995988 b3, 10 bs, 10 1,49331442521389

by, u 79.9242989836885 bz 1 263.514104240237 b3, 1 —3.575989200%0558

by, 12 ~1.37402918488118 by, 12 by, 12 0.0846547308275376
by, 13 b 13 —110.865524218289 by, 13

by, 14 by 14 b3, 14 —19.6647827776674

by, 15 35.9009013869343 by 15 by, s ~3.16551434879799

by, 16 —49.4314672615553 b2 16 ~54.9466586142382 b, 16 3.62129862281871

by, 17 1.04390658682638 by, 17 b3, 17

bl, 18 ~41.9541567430562 bz, 18 b.’!, 18 3-67884876799807

l’l' » ha. 4 b:, 12

by, 2 b2, 20 b, 20

by, n 33.2379600367917 by b, n

by, » 2.03031549012081 by » by n

by m ~0.187396334924425 ba, by

by, 8.81256035834609 by, 2 by, ~0.564064305163377
b,y 0.738770355969160 be, 1 1.65044633819023 AGintpdrons. T, p, —9.036665 + 0.0065 kJ'mol-!
bs,2 —3.48181614204602 bs,2 ~(.786584166653199 AuiGivydrate. s, pe —~8.944448 + 0.044 kJ'mol™!
ba.a 1.08380749393807 be.a 0.216559238906270 S v dibgdeatn T, 1627623 + 12 JK-!mol—!
bs,a bs, 4 -1.02990273530200 S o NaCY(ag). T s Pt 1154905 = 0.030 JK-'mol-!
b s

bs 6 —9.76294707814877 bs,1 1.73824910134822

bs,v bs,» 0.949889120761842

by,s bs,3 4.94057353407296

by bs, 4 5.33065983741207

ba, 10 bs,s ~11.8258826797546

bs 11 bs,s 0.146278779523558

bs, 12 bs,7 —8.31379076485402

by, 13 bs, s 0.237944972833914

b4, 14

by,ys

by, 16

ba1r

b4. 18

ba. 19

by, 20

b‘. 21

bs, 2

2%

by, 24 28.1027292775539

* The * values are 95% confidence intervals within the global data representation,
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Appendix 2. Comparison of Enthalpies of Dilution from Different Calorimeters

Fig. A2-1 shows differences of enthalpy of dilution re-
sults from different calorimeters for Na;$SOs(aq) and
HCl(aq). All are shown against the observed heat flux in
one of the calorimeters. Calculation of the differences
shown in Fig. A2-1 is described below.

70

e e
) HCl(aq) 548.15 K, 1.0164 m
a HCl{ag) 548.15 K, 0.4999 m I
601 & HCl(aq) 548 15 K, 0 2502 m 1 {60
| v HCl(aq) 573.15 K, 1.0210 m )
) HCl(aq) 573.15 K, 0.4677 m ,
501 + HCl(aq) 573.15 K, 0.2715 m 450
| x HCNaq)} 693.15 K, 0.4824 m ¢
x HCl{aq) 593.15 K, 0.2370 m 1
401 © NapS04 aq% 423.15 K, 1 098 m e J40
* NapS504(aq) 423 15 K, 0 5526 m ‘
a NagS04(aq) 423 15 K, 0 144 m s

301

20

7 heat loss

10

-10}

-20 X 1 s [} 2 ‘ i ! " : X -20
-6 -5 -4 -3 -2 -1 0

Q / J min—!

Fic. A2-1. Differences of enthalpies of dilution from different
calorimeters.

The first comparison to be described is for HCl(aq)
from 548.15 K to 593.15 K. Oscarson et al.'® presented
their results in a manner somewhat different than that
normally encountered in the description of enthalpy of
dilution results. Because of this difference the calculation
of AL, from the flow rates and observed enthalpies is
briefly described. The flow rate of water (in g H;O-min™%)
in each of the calorimetric flow streams is obtained from
multiplication of the value in the column labeled “Flow
of Stream” and the number associated with the lower
case letter above the appropriate “Heat of Dilution”
column. The flow rate of solute (molmin~") is obtained
by multiplying the flow rate of water (g'min~*) in the ap-
propriate column by the molality of solute and dividing by
1000 g'kg~'. The molar enthalpy of dilution, AL,, is ob-
tained by dividing the reported enthalpy flux (J'min~!) by
the solute flow rate. The final molality for the dilution is
obtained by dividing the solute flow rate by the sum of the
two water flow rates and multiplying by 1000 g-kg™".

The values of AL, for HCl(aq) calculated in this way
are referred to as ALy, uaqg), o- Values for comparison
were calculated from the equation for HCl(aq) given by
Holmes et al.'" (their Model III). These values are re-
ferred to as ALy noiag,u. All of the ALy nagqg)0 were
smaller in magnitude than the corresponding
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ALy noag,u- The percentage difference of these two val-
ues was termed a “% heat loss” and evaluated for each
observation as:

% heat loss ~ 100 Alsscuan = Alsrome  (ap 1)
4, HCl(ag), H

These calculated values of % heat loss, against the ob-
served enthalpy flux, Q, are shown in Fig. A2-1.

The second comparison is for Na,SO4(aq) for 423.15 K.
Values of AL, for Na;SO.(aq) for 423.15 K were calcu-
lated from the enthalpy of dilution results given by
Mayrath and Wood'® in the following manner. Pitzer’s
ion-interaction equation for the apparent molar enthalpy:

Ly = VIZszlAnln(l + blm)/Zb
-— 2vaxRT2(mB'§qx + mvazMChx) (AZ—Z)

where:
s (%) +2(%5P)
P p

-1+ oI®exp(—al"D)d (A2-3)

3 -172 BCY‘%X)
Coe= OSlZMle ( oT b

(A2-4)
and where Ay is the Debye-Hiickel coefficient for appar-
ent molar enthalpy, « = 1.4 (kgmol ") b = 1.2
(kgmol™Y)", was fitted to Mayrath and Wood’s
experimental enthalpies of dilution for 423.65 K and
373.15 K. These two fitted equations were used to both
calculate AL4 and to interpolate for the 0.5 K difference
in temperature between Mayrath and Wood’s results and
the results of Oscarson etal. The values of AL, that
corresponded to the conditions given by Oscarson et al.
and that were calculated from Mayrath and Wood’s
results are referred to as ALy, Nasosag, M. The
ALy, nasouaq), M Were larger in magnitude than the values
of ALy, Nays04(aq), 0 Calculated from the flow rates and en-
thalpy flux given by Oscarson et al., except for the very
lowest molalities. The values of % heat loss for the
Na;SO4(aq) results, calculated as in Eq. (A2-1), are also
shown in Fig. A2-1.

Recently, Izzatt e al '™ reported enthalpy of dilution
values for NaOH(aq). They presented a table that com-
pared their enthalpies of dilution for a nominal 1.9
molkg™! solution, for 523.15 K, to values they obtained
“by interpolation” from information given by Simonson
etal.'™ The differences of the enthalpy of dilution, re-
ported in the Izzatt et al. table, were generally only a few
tenths of a per cent, with the r.m.s. difference being
about 0.5 per cent. These differences indicate a remark
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able agreement between the two calorimeters; an agree-
ment that is almost an order of magnitude better than
that found for different calorimeters for NaCl(aq), when
comparing individual dilution measurements. Such an
agreement, if generally correct, would indicate an accu-
racy of Busey’s calorimeter'™ that would be about an or-
der of magnitude more accurate than reported and would
indicate an incorrect weighting of the Busey et al.'" re-
sults in the present work. Because of the significance of
the Busey et al. results to the present work, other en-
thalpy of dilution results for NaOH(aq) given by Izzatt
et al. were examined.

Onc test of the accuracy of an enthalpy of dilution
calorimeter is how well dilutions with different initial mo-
lalities, i.e. overlapping dilution chords, agree with each
other. Examination of overlapping dilution chords can be
considered a test of the internal accuracy of the calorime-
ter. Figure A2-2 shows values given by Izzatt ef al '™ for
the enthalpy of dilution, as AL, of the nominal 1.9
mol-kg™* solutions and also a 9.82 molkg~* solution for
523.15 K. The enthalpy of dilution for the 1.9 molkg™
solutions is about 10 per cent larger than the correspond-
ing enthalpy of dilution obtained from the 9.82 molkg™?
dilutions (or about 3 per cent of the enthalpy of dilution
of the 9.82 mol-kg ™! solution). Thus, the internal accuracy
of the enthalpy of dilution for NaOH(aq), for 523.15 K,
does not appear to be better than 3 to 10 per cent. Be-
cause the internal accuracy of the calorimetric results is
approximately an order of magnitude less accurate than
what might be inferred from Izzatt ef al.’s comparison of

the 1.9 mol'kg™" dilutions, the weighting of the Busey
et al .M results in the present work was considered appro-
priate and changes were not warranted by the Izzatt et al.
work.

-20
T
—~ =20
Q L
S
- L
4 L
N~ L
3 -30Ff
< L
-35 . i . ! 1 i .
0.5 0.7 0.9 1.1 1.3 1.6

m/ mol kg™

FiG. A2-2. Enthalpy of dilution of NaOH(aq), for 523.15 K and 4.5
MPa, from Izzatt et al.'™ The squares are dilutions from
1.93 molkg~*; the circles are dilutions from 1.84 molkg=!.
The triangles are dilutions from 9.82 molkg~%.
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