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Abstract

A model to predict the thermodynamic properties of geothermal
brines; based on ‘a minimum amount of experimental data on a few key
systems, is tested. Sodium chloride is the major eléctrolyte in most
natural brines and geothermal fluids, so that an accurate description
of sodium chloride solutions is necessary to'develop a model for more
complex systems. .Volumetric properties 6f aqueous sodium chloride,
taken from the literature, are represented by a parametric equation
over the range 0°C to 300°C and 1 bar to 1 kbar. Density measurements
at 20 bar needed to‘complete the volumetric descripﬁion also are pre-
sented. The pressure dependence of activity and thermal properties,
derived from the &olumetric equation, can be used to complete an
eqqation of state for sodium chloride solutions.

A major part of the effort to build a model for geothermal fluids
 must be to obtain basic thermodynamic data. A flow calorimeter, used
to obtain heat capacity data_at»higﬂAtemperatures and pressures, is
described.‘ Heat capacity measuréﬁents;Jfrom 30°C to 200°C and 1 bar
to 200 bar,vare used to derive values for the activity coefficient and
other thermodynamic proPertieé-of sodium'sﬁlfate solutions as a funcﬁion
of temperature. |

Many.ﬁfoblems in geothermal energy production and in geochemistry

require prediction of the splubiiity of minerals in a natural brine.



Literature data on the solubility of gypsum in mixed electrolyte solu-
tions have been used to evaluate model parameters for calculating
gypsum solubility in seawater and natural brines. Predictions of

strontium and barium sulfate solub{lity in seawater also are given.
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INTRODUCTION

Current lnterest in geothermal energy and in geopressurized brines
has focused attention on the need forja model of aqueous solution
properties at high temperatures and pressures. The number of different
brines encountered in geothermal applihations is large, so that detailed
measurements on each of them are impractical. A model that can predict
the properties of eomplex hrines, Yet is based on a minimum amount of
experimental data‘on a fen key spstems, is desirable. The primary
objective of this research is to develop such a model.

Sodium chloride is the major electrolyte‘in most natural brines
and geothermal.fluids. - Thus an accurate_description of the properties
of aqueous sodium chloride solutions is necessary to develop a model
for more complex systems. 'In addition, sodium chloride solutions are
the only aqueous solutions that have been exten31vely studied at hlgh
temperatures and pressures. ‘As the first step in providing a model
for electrolyte solutions 1n thlS reglon, the volumetr1c properties of

sodium chlorlde solutlons to 300°C and 1 kbar have been 1ncorporated
in a parametric fitting equation.‘ Thls.work is presented in Chapter 1.
The fitting equation was chosen from a model developed by Pitzer and
co-workersl.5 and tested—bprthen>at room temperature. Knowledge of
the volumetrlc.properties of a solut1on yields the pressure dependence
of the activ1ty and‘thermal properties. Pressure dependence information
derived from the volumetrlc fltting equatlon has been used 1n this way
to couplete an equat1on of state for sodium chloride solutions.6

Even the comparat1ve1y large body of experimental data on sodium

chloride volumetric properties was found to be sketchy at low pressures

and high temperatures. Thus a simple apparatus was constructed to



determine the densities of aqueous solutions in this region. A

description-of the apparatus and results of density measurements at

20 bar are presented in Chapter 2. -

Extension'of‘the model to a complex'mixture requireS»some know-
Lt S,

ledge of the properties of each of the pure electrolytes wh1ch make

up the solution. However 11ttle experimental data are available for
o B
the thermodynamic properties of electrolyte solutions, other than

. i

e o

sodium chloride, at high temperatures and pressures.‘ Thus a major part'

of the effort to build a model for'natural brineslmust‘bevto‘obtain
basic thermodynamic data. Presented in Chapter 3 is the design of a
flow microcalorimeter used to obtain heat capacity data at high'tempera~
tures and pressures. Aqueous solutions of'sodium sultate have been »
studied from 35°C to 200°C and 1 bar to Zda;bar.' The heat capacity
measurements have been used to derive values for the activity coeffi-
cient of sodium sulfatepas a function of$temperature; :

The usefulness of a model for adueousisolutions at high tempera—
tures andbpressures is not limited to geothermal edéfgy systems.
Research and engineering'design“in the fields of desalination,’solution
mining, solution leaching of mine tailings, andﬁbydrothermal ore de- .
position;’all depend on a knowledge of brine chemistry.b ﬁany of these
applications require'prediction of the solubility of-minerals'intaA
natural brine. To determine the effectiveness of Pitzers modelvin
solubllity calculations, recent data on the solubility Sf gypsum in
common and noncommon ion solutlons have been used to‘evaluate{the mean
activity coefficient of calcium sulfate.at high 1onic strengths. '15'

Chapter 4, theselproperties are used to predict the solubility of cal-

cium, barium, and strontium sulfates in seawater and natural brines.
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Chaptg;ﬁl
VOLUMETRIC PROPERTIES OF AQUEOUS SODIUM CHLORIDErSOQQXIONS

-~ " 'Introduction -~

g gl

Sodium chloride is the major electrolyte in most natural waters and
: S A : S A T

geothermal fluids. Thus, an accurate description of the properties of

4

aqueous sodium chloride solutipnshis phe firstrstep in ngeloping a
mﬁdel to represent these systems at high temperatures and pressures.
Literatﬁre data for the volumetric properties of NaCl solutions, to con-
centrations of 5.5 m, from 0°C to 300°C and 1 bar to 1000 bar, have been
compiled and critically evaluated. The model equations presented below
have been used in conjunction with a least squares fitting routine to
obtain a set of parameters capable of reproducing the experimental volu-
metric data, Derived values for the expansivity and compressibility of
the solutions, to concentrations of 4 m, also are presented.

While the volumetric properties of NaCl solutions are of interest
in their own right for many research, industrial, and engineering design
applications, they are also important because they give the pressure
dependence of the free energy, enthalpy, and heat capacity. Equations
are given for calculating the pressure dependence of these properties.

The parametric fit of NaCl solution volumetric properties presented
h?re differs from other‘descriptions found in the literaturel-3 in three
important aépects. First, known values of the Debye-Hﬁckél slopes for
the apparent molal volume have been included in the fitting equations.
Previous descriptions have uniformly ignored the theoretical constraint
of ; Debye-Hiickel term. Secondly, every attempt has been made to

reproduce the data to its experimental accuracy and to assure that the



derived values for expansivity and compressibility are reasonable and
vary smoothly with temperature, pressure, and molality. Third, the

. 24 .
recent volumetric data of Franck and Hilbert™  at high temperatures have

been employed to determine the parametric fit in that region.
Equations

1. Review of Pitzer's Equations

The excess Gibbs free energy, GEX, of -a system is the difference
between the Gibbs energy of the real system and that of an ideal system.

In a solution containing n, moles of solvent and n, moles of solute,

1

EX _ _ =EX ~EX
Gt = n1‘G1 + n2.G2 o (1)

where Efx is the partial molal excess Gibbs energy of component i. For

a completely dissociated, pure electrolyte MX dissolved in ny moles of

water, the osmotic and activity coefficients are given by

p=1 = - _El_ .égfi (2)
vmRT anl
IT,p
and
o EX
=1 [36_ )} .
lnyf ~ WRT (Bné ) ‘ (3)
T,P

where m ié”théfﬁoiélity ofwche‘SOlﬁtion,tv‘islthé'totélrﬁumber of ions
in salt MX (v=2 for NaCl), R is the gas constant, and T fé:the'téﬁpera—
ture in Kelvins.

The parametric equation used by Pitzer4 for the excess Gibbs energy

of a binary electrolyte solution is



EX

S - A, @D nawr'? BE n? 2, <s(°)

1 - R v
o e N ()
1) : 1/2 ' '

2 [1-(1+a1t/)e ™ot D+m <v v >3/2 S

o I i ’

The corresponding equations for.the osmotic and activity coefficients

are
| 1/2 2o 172 o
. 1 (0) (l) -al™" ).
-1 = -|z,z;| A - + m ( e )
| w'x! by 172 v \Pwx t BMX
. . s (5)
3/2
+.m2 -—————Z(vMVX) —c? -
' v ‘ MX
/2 | )
lnyi_ = —lezX' A¢ (;];Il_/z- E ln(1+bIl/2)>
L . o
Zv 2 1/2
+m (sf&’ X BMX (1-(art/? - &1y 7oL >) - (®

+

- \3/2 -
2 (v )
3m (2 MYX " )
2 v mx

where the electrolyte MX contains Yy and Vy ions of charge Zy and Zys

and v = VM + Vg+ I is the ionic strength,

and A¢ is the Debye-Hiickel slope for the osmotic coefficient given by .
Bradley and Pitzer,5 v . ’ .
1/2 :
21N & )
_ 0w 2 3/2 1 A
A¢ =1/3 (ﬁiﬁﬁﬁ— (e”/DKT) .

The leading terms in Equations (5) and (6) are Debye-Hiickel terms describ-

ing long range-electrostatic interactionms. The parameters b and a have



fixed values of 1.2 and 2.0 respectively for all 1-1 electrolytes. They
are assumed to be temperature and pressure independent in this study.

(0) (1)

" The adjustable parameters SMX R BMX , and Cﬁx account for short-range

interactions between ions and for indirect forces arising from the

¢

MX depends on triple ion interactions and is important only

solvent. C
at high poncentrations.

Equations (5), (6), and their temperature derivatives have been
used successfully to describe the activity and thermal properties of
aqueous sodium chloride solutions. Use of the appropriate pressure de-
rivatives of these equations to describe volumetric properties will make
it easy to combine the volumetric results with those for the activity
and thermal properties to form a complete equation of state for sodium
chloride solutions.

The total volume of the solution, V, is given by the pressure de-
rivative of the total Gibbs energy of the solution,

3G
V= (=) . (7
aP T

The definition of the excess Gibbs energy is

_ =°- =0 EX
G = n, Gl + n, G2 + G , (8)
so that the pressure derivative becomes
- EX
_ =0 =0 oG
V= n, V1 + n, V2 + (—53—>T. | 9
The apparent molal volume is defined as
V-n. ¥,
-n
11
¢V = —— (10)

R}



so that from Equation (9),

. - EX B S _—
oV = T, + f; (ﬂi——) i (11)
2 T o :

Here V2

Substitution of Equation (4) into Equation (11) yields the parametric

is the partial molal volume of the solute at infinite dilution.

form of the equation for the apparent molal volume,

(‘\

A

_=° ‘v 1/2
oV =V, + vlele 5 In (1T )
(0) 2vRTn 12, —1M? 1y
+ VvRTm B + —— (1-(1+cI e Yy B (12)
] v 2_. ST 8V -
oI
2 Ca
+ vRTm - C¢, . : v
2 v
with the shorthand equations N
0
v V. R oP 'T,m
1)
(1) ZvaX BSMX
v v P
» T,m
3/2 )
c¢ ) 2(vax) (BCMX)
h 3P
v v T,
Also,
24, ‘
A = -4RT \—-} . (14)
v oP T

Values for A.V over a wide range of temperature and pressure are given by

Bradley and Pitzer.5



2. Derivation of the Volumetric Fitting Equation

Equation (12) gives the dependence of the apparent molal volume of

-]
the solution on V2 and the pressure derivatives of Bég), 6(1), and Cﬁx.
This form of the equation can be used directly to determine v 6(0)

2’ Py
B(l), and C¢ from a least squares fit of experimental data. However,

v % v

preliminary analysis of the volumetric data over the wide range of temper-

ature considered in this study indicated that this was not the best form

of the equation to use at high temperatures. Above 200°C, the value of

(-]

Vz decreases rapidly with temperature, reaching almost -100 cm3 mol_1
at 300°C, compared to a value of +18 cm3 mol-l at 25°C. 62 is a measure

of the effect of the solute on solvent properties, so that the rapid

o
2

and to increased interaction between solute and solvent. One physical

change in V. can be related to changes in the properties of pure water

_0
explanation for the large negative values of V, is that addition of salt

2

to pure water at high temperatures results in a '"condensation" of water
molecules around the solute ions. 1In effect, as the temperature in;
creases, the ion-dipole interactions between solute ions and water
become progressively stronger than the dipole-dipole and hydrogen bond-
ing interactions between water molécules, causing thé water molecules to
collapse around‘tﬁevsolute ions. This eﬁpiénation is further supported
by e#agiﬁation‘of véiues for théihéat of solﬁtion, which become large
and negaﬁive ét high temperaturesf‘ é;sentially these are a measure of
the heat liberated when water in a rather open structure condenses around
the'added‘solgte<ions.

We can use this physical picture to suggest a method of rewriting
Equation (12). The purpose here is to avoid trying to fit the tempera-

o

ture dependence of Vz with a parametric equation, since this equation



would necessarily be very complicatéd.
" We begin by assuming’that each mole of salt in an eléctrolyte
- solution is associated with a certain nﬁﬁbeilaY,'of water molecules.

1if ny is the number of moles of water in the SOluiioﬁ; and n, is the

number of moles of salt;_then the number of moles of water associatéd
with solute ions is nZY and the number of unassociated water molecules
is (nl-nzY). From the definition of the ‘apparent molal volume, the

.

total volume of the solution is

o

v

V=n + n, oV. . {15)

1

Rewriting this equation to explicitly consider the two different classes

of water molecules, one obtains
_° . _o
V = (nl-nzY) Vi +~n2(¢V4~YV1).
The conversion to molality yields
__O _0
V = (1000/M_-my¥) V, + m(oV + YV, ), (16)

where Mw is the molecular weight of water. We also prefer to consider

- the apparent molal volume at the particular concentration m., where

_ 1000
™
w

1’

, Since this properfy will vary less drastically with tempefa—
ture than the infinite dilution property. Thus Equation (16) is re-

written as

=° 1000 =° N
S WEDT ]+ G =D T @ - ) an

8|

Substitution of the parémetric equations for ¢V yields

2 +

10




V(m,)
_ - 1 1000
V= (1000+1nM2){ m, T WOV
+ vl v n @412y - 1@+, ?)) + et 69 @em)
Vizyzel 55 (In - 1In 1 )) v v m-m, (18)
1/2
1/2 m —al
2vRT B(l)( R BIPE a ))
a ‘ 1 '

+ v/2 RT Ci (mz-mlz)},

where v is the specific volume of the solution, v, is the specific volume
of pure water, M2 is the molecular weight of the solute, I1 is the ionic
strength of the solution at m, and V(ml) is the total volume of the
solution containing 1 kg of water, at concentration m, . The total volume
of the solution varies monotonically with temperature, increasing more
slowly with temperature the higher the concentration. The value of Y=10

was chosen to yield a concentration, m = 5.550825 m, conveniently at the

upper concentration limit of the existing data.
Review and Evaluation of Literature Data

The literature sources of volume and density data used in the over-
ball fit of NaCl solution volumetric.prpperties_are_1isted in $ab1e 1,
along with estimates of the precision of the.gatar These,data sets have
been chosen from a literature seareh of the references listed in Potter's
bibliography8 and other sdurces, on the basis of their precision and
their coverage of a wide range of temperature, pressure, or molality
Estlmates for the‘precision of the data were taken as: stated by the
.oriéinal investigator or as one in the last decimal place of the reported
data.

Data reported as a difference in the density or volume of solution

versus that of water (Ref. 9-13,16,17) were used in that form. The high

11



Table 1

Literature Data for NaCl VolumetriéiPererties T

Temperature Pressure Molality Estimated Standard Deviation

Range. . Range ' Rangef'~ Precision ‘of Fit (ppm)
Reference (°c) "' (bar) (molal) (ppm) I 11
9 0- 55 101 .01-1.0 1 .25 32
10 50 1.01  .005-1.0 2 18 19
SR S 1,00 CT0s-3.5 1 7T s3 79
12 25 1,01 [03-3.7 1 10 36
13 1.5-45  1.01 " .03:3.0 " 350 54
14 7 77 25-85 1-1000 " 1.-5.7 107 35 60
15 7 7 o-s0  1zicoo ¢ .1-2.0 307 88 90
16 1545  1.00° .06-5.9 " 1~ 307 50
177 0-35 1.00  .01-1.5 1 20 30
18 0-20 1.00  4.-6.0 100 ‘105 127
19 75-200 20. 1-1.0 . 50 - 179
20 75-200 20. .05-4.0 200 - 170
21 200-300  saturation -2-5.7 1000 - 6675
22,23 | 100~175 saturation = .1-3.6 100 - 778
24 ©100-300 ° 100-1000° .02-5.7 '1000 - 477
overall standard deviatien of fit 60 ppﬁ4‘300 ﬁﬁm*'
. A

Data sets from references 21~23 were omltted from the calculatlon
of the standard deviation. : . -



pressure data of Millero15 were reported as a difference in density
between the solution at the experimental pressure and at one atmosphere,
so that actual values of the density at high pressures were calculated
using a fit of the one atmosphere literature data as a baseline. The
data of Gibson and Loeffler14 were obtained experimentally as expansivi-
ties at one atmosphere and compressibilities at constant temperature.
Since the data at 25°C and one atmosphere used as the reference for
their measurements agreed to within their experimental error with more
recent data, their data were used without correction. The literature
data at high temperatures (References 19-24) also were used without
correction.

In the high temperature region the major data set is that of
Hilbert.24 This set was chosen over that of Federov25 since it was
judged to be more precise, and it 1is in considerably better agreement
with the low temperature data in the region of overlap. This is illus-
trated in Figure 1, where the low temperature data of Gibson and
Loeffler,14 and the high temperature data of Hilbert and of Federov
are compared. One should also note from Table 1 that there is a large
difference between the precisiog of the data below and above 85°C.

Accurate volumetric properties for pure water are also important,
since they enter directly into the fitting Eqﬁation (17). A review of

the volumetric properties found in the literature26-33 and in the most

widely used steam tables34_36 showed large discrepancies, especially at
: 2

pressures near 1 kbar. 1In addition, Kell and Whalley 9 have made recent

corrections to their density data, which are not included in published

steam tables. Uematsu gg_gl.26 and Kell, McLaurin, and Whalley30 have

published significant, new volumetric data since formulation of the
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Figure 1. Comparison of data of Hilbert and Federov. The plotted

3 3 g-l K-l) at 5.5 molal,‘.

values are for (%% x 107 (em
P 24,25

m )
calculated from the Golumetric data as the finite

difference over a 50 K interval. Values from Gibson and

Loeffler14 are taken directly from their tables.
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referenced steam tables. Because of these important changes and addi-
tions to the data base, it seemed imperative that a new compilation-of
the p, v, T properties of water beremployed.

Fortunately, Haar, Gallagher, and Kell37 have completed a new steam
table in which they have emphasized reproduction of the volumetrié proper-
ties of liquid water to within experimental accuracy. Haar has kindly
made available to us, prior to publication, a copy of his equations,
which have been placed on computer accessible tape for use with the
sodium chloride solution fitting routine. It is important that these
same values for the volumetric properties of water be used invreprodu;

cing the volumetric properties of sodium chloride solutions.
Calculations

"The fitting Equation (18) gives the concentration dependence of the
volumetric data at a single temperature and pressure. In preliminary
isothermal, isobaric calculations, it was found that Bél) could not be
determined from the volumetric data. Therefore

()
aP T m

has been set equal to zero throughout this study. The redundancy of

g (1) (1)
'

is not surprising, since Bv

is important only at low molalities,

where the quality of the data is likely to be poorest. Since

L\
()
3P |

T,m

(0)
MX

1)

MX will have no pressure dependence, whereas 8

cannot be determined, B

and sz will depend both on temperature and pressure in the final equation

-of state.

16



In order to fit all of the volumetric data listed in Table 1 simul-
taneously, equations describing the temperature and pressure dependence

of V(ml), Bio)

, and Ci are needed. The optimum forms for these equations
are listed below, along with a reduced form of Equation (18) which is

specific for NaCl solutions

V(m,) A |
m__ { M7, 4000 _ : v 1/2
2

v = G500+mM m m 10 M) v+ 75 (In(1+1.217°7) -

(19)

1/2

- 11"1(1+bI1

) + 2RT Bso) (m—ml) + RT Ct (m2_m12)}

>V(m1) . U1 + UZT + U3T2 + U4T3

Ny 2
+ (P-PO)[U5 + U T + U,T ] (20)

2
+ (P-PO) [U8 + U9T]

U
(0) ———LL—— 2, __14
v - * o227y T VT Uit TEso-m)

U
+ (P-Py) (U 28 4 U ,T + U ™+ 19

(T 227) 18 680-T)) 21)

2 Uy Uss
[Upyo + +.U,,T + Tg8o-1 ]

+ (P-Py) (T-227)

| v
e Uy 2, . Y2
Cy (T—227) + U+ Uy T + (680- T)

(22)

Il =ﬁ5.550322:mplal . -

: 58,4428 gm -

where . - : my

=
]

e
]

.18.01534 gm

83.1440 cm% ba‘rvmol-l

R
n

J
1]

1.01325 bar.

17
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Here T is the temperature in kelﬁins‘and.P is tﬁe preésﬁre iﬁ?bars; Tﬁé
factors 1/(T-227) and 1/(686;T§75re ﬁsed‘féflééﬂVéﬁiéﬁéé as functions =
thch'change fapidly in therregfon of 0°C éﬁd 350°C?£espécti§ely.
Expansivities at temperatures below 25°C, dériﬁéd from thé:éblumetric '
fit,lare fairly sensitive to the value of the low témﬁéréfﬁfe:funétioﬂ.“
For ghis‘reasqn, the value of 227 K was chosen tb_coincide‘approximately
with the temperature of a thermodynamic singularify.ébr'supércooled water
reported by Kanno and Ange11.38 Use of the factor 1/(T-227) yields
expansivity valﬁes that afe consistent witﬁ thosg derivéé'directly from

the closely spaced volﬁmetric-aéta*of'Chen{lCheﬁ{~aﬁd Millerol7 at 1 bar.

The choice of the high temperature factor has .no theoretical significance.

- Discussion .

1. Low Temperature and Overall Fit

;-
{

As a result of the large‘differenée in'préciéion of the data sets,

_

a_single; overall fit of the high and low temperature data cannot do
justice to the quality of the low temperature data. Since we were
particularly interested in deriving'éélues for the expansivity of NaCl
solutions, the inaccuracy of an overall fit in the low temperature

region proved troublesome. For this rgason, two.differeﬁt sets of the
fitting parameteré, U, are presented in Table 2. The first set repro-
duces the low temperature volumetric data with a high degree of precision,
and can be used to obtain values for the ‘volume, expansivity, and
compressibility of NaCl solutions to 85°C.” The second set reproduces
Athe'high temperatﬁre data to“witﬁiﬁ theprecision level of Hilbert's

data and also describes the low temperature data to within an uncertain-

ty of +150 ppm. It can be used to obtain volumetric properties over the
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Table 2

SET I

LOW TEMPERATURE FIT

1.0837195E+03
-2.4749323E-01
6.2942861E-03
=7.7222249E-02
3.2423439E-04
=5.7917599E-07
g.3254#37€-06
-2.1451068E-05
2.2324909E-03
-6.4950599E-08
3.4503020E—!0

1.0033371E-07
-1.2784026E-06
-4.6468063E-10
5.7054131E-13

- 0.

0. : .
1.3581172E-10
0. .
0

—6.8152430E-06
-2.5382945E-04

6.2480692E-08
—5.0731284E-10

VALUES OF FITTING PARAMETERS

SET 11
OVERALL FIT

1.0249125E+02
2.7T796679E-0)
~3.0203919E-04
1.4977178E-06
-7.2002329E-02
3.1453130E-04
=5.9795994E-07
-6.6596010E-06
3.0407621E-08
5.3699517E-05
2.2020163E-03
-2.6538013E-07
8.6255554E~10
-2.6829310E-02
-1.1173488E-07
-2.6249802E-07
3.4926500E-10
-8.3571924E-13
3.0669940E-05
1.9767979e-11

 -1.9144105E-10

3.1387857E~-14

-9.6461948E-09

2.2902837E-05
-4.3314252E-04
=9.0550901E-08
8.6926600E-11
5.190477TTE-0O4
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entire temperature rangé of 0°C to 300°C when this level of precision
will suffice. High temperature values for the expansivity and compres-
sibility can be calculated from this overall fit. Values for the
volume, compressibility, and expansivity at 50°C calculated from the
overall fit parameters agree, within the uncertainty quoted for that
fit, with the wvalues calculated from the low temperature parameters.
Thus 50°C is the temperature recommended for changing from one set

of parameters to the other when pfoperties over a wide range of temper-

atures are required.

2. Estimation of Uncertainties

--The regions of validity and the estimated uncertaintiesvfor the
volumetric ﬁfoperties calculated from both sets of parameters are sum-
marize& in Table 3. In general, the volume of NaCl solutidns can be
reproduced up to 5.5 m, the compressibility to 5 m, and the expansivity
to 4 m. However, below 25°C the molality range on all properties above
1.01 bar is limited to 2 m because of a lack of high concentration data
at'high pressures.

Estimates of the uncertainty in the expansivity and compressibility
between 25°C and 85°C were made by comparing the values derived from the
volumetric fit equations and the values tabulated by Gibson and Loeffler.14
The agreement in values from these two sources at 25°C is shown in Figures
2 and 3. At high temperétures, estimation of the precision of these
properties becomes more difficult because of the wide and irregular
spacing of Hilbefgs measurements. ;However, assﬁminé that the maximum
precision in the fit of thé volume is thOO ppm over a 50 K temperature

interval or a 500 bar pressure interval, the uncertainties in derived

values of the expansion and compression are both about +57%.



Table 3

Estimated Uncertainty in Volumetric Properties

Estimated Confidence Limits

Temperature Pressure Concentration Low Temperature High Temperature
Property Range (°C) Range (bar) Range (molal) Fit (I) (Fit (I1)
Volume 0 - 25 1.01 0 - 5.5 120 ppm 150 ppm
0- 25 1 - 1000 0-2.0 120 ppm 150 ppm
25 - 85 1 - 1000 0-5.5 70 ppm 150 ppm
85 - 300 1 - 1000 0 - 5.5 - 700 ppm
Expansivity 0 - 25 1.01 0 - 4.0 1% not )
0~ 25 1 - 1000 0-2.0 17 (recommended
25 - 85 1 - 1000 0 -4.0 17 5%
85 - 300 1 - 1000 0-4.0 - 5%
Compressibility 0~ 25 1 - 1000 0 - 2.0 5% (not recommended)
25 - 85 1 - 1000 0 -5.0 5% 5%
85 - 300 1 - 1000 0-5.0 - 5%

1¢



Figure 2.

22

Comparison of expansivity values for NaCl solutions at 25°C.

Solid lines represent values of (%%) X 104 (cm3 g"1 K-l)
s

calculated from the volumetric fit. Points are from the

tables of Gibson and Loeffler.14
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Figure 3.

Comparison of compressibility wvalues for NaCl solutions at

25°C, Solid lines represent values of —(%% X lO5

3 -1 -1 T,m_,
(em”™ g = bar 7) calculated from the volumetric fit. Points
are from the tables of Gibson and Loeffler.lé
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The compressibilities derived from the volumetric fit differ from
thoée of‘Rowé énd Ch6£39 by as much as lbii”“Thé values for fhe cbmﬁrég—“
sibility of pure water used by Rowe and Chou also differ by as much'a$
3% from those pf Haar;37 howgver, this difference can not account- for'

the total discrepancy in the compressibilities of sodiumlchloni&e

- . P B - y
. ;
'

solutions.

3. Explanation of Tables

Values of the apparent molal volume at infinite’dilution also can
be obtained from the fitting parameters and the calculated values of ‘
- V(m ) 0) -
the specific volume. The change in the f1tt1ng parameters pr Bv >
‘ v 1
and Ci with temperature is shown in Figureé 4-6, and the temperatu:e'

o . ’ e (0)
2 is shown in Figure 7. Values of Vo v B

2 Ty
the Debye-Huckel slopes are listed at ten degree intervals iﬁ Table 4.

dependence of V , ds, and
These can be used directly in Equation (12) to calculate the apparent
molal volumes of sodium chloride solutions. The specific volume of a'
solution can be obtained through -the identity

2®v+1000v
w

v = (T000+,) (23)

The temperature and pressure derivatives of the parameters and the
volume of pure water are given in Tables 5 and 6. The expansivity and
compressibility of sodium chloride solutions can be calculated using

theéérvalues'and the following equations:
. R ' . "'BVOI
v e v\ - .
1 v 1. Wy 2
v ( ar) = $(1000+mH );1000(”) tm [( ar) +
P,m P
A 2 280 , (3¢
£ (1+bI"'“) + 2RTm + RTm” \——
b oT P oT P

(24)
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Figure 5.

Fitting parameter B

(0)

v

as a function of temperature.
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Figure 6.

Fitting parameter C
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Figure 7.

The apparent molal volume at infinite dilution, V

solutions as a function of temperature.
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-

v 3V°
1 v _ 1 w 2
£ (W) = S (1000+mM ){1000( ap) +m [( 3D ) +
T,m 2 T

Ak(1+b11/2

o (557) () ]
—b——-—+ 2RTm B—P- + RTm P .

T T

(25)

Ax and Ak are the Debye-Hiickel slopes for the expansivity and compressi-
bility of electrolyte solutions and are given in Paper XII.5 In Tables
4-6, the low temperature fit (Parametér Set I) has been used from 0°C to
50°C. The overall fit (Parameter -Set II) has been used above 50°C,
accounting the diséonéiﬁuity iﬁ.the parameters observed in the tables

at 50°C. Even though the parameters are discontinuous at 50°C, calcu-
lated values of the specific volume, expansivity, and compressibility

at this temperature agree within the uncertainty limits quoted for the
overall fit. For convenience, values of the specific volume, expansivity,

and compressibility at rounded concentrations are given in Tables 7-9.
Pressure Dependence of Thermodynamic Properties

1. Derivation of Equations

.Knoﬁledge of:}hé:volumet:ig propertiesiof the solution also can be
used to caléulateiﬁhe,pressuré:dépendence waaétivity and4therﬁal
propertie§. A review of fhe gqua;ipns_for pbe enthalpy gnd;heat
capacity;'as giveﬁ‘éy'Silﬁéétéf an@ Pitzgr;é'is presentgdiEefo§¢ the
pres;;r;fdependenf‘equatioﬁs are aefivéé. f : L . e

The_relativevgp;halpy_of an eléct;olyte so%u;ion, L’z§§ defined
as thé;difference-bétﬁeen thevéotal:eﬁ;ﬁaipy of the soluéiéﬂAénd the

.0 S . »

enthalpyidf the solution in its standard state,

L=H-H. (26)
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Parameters for Calculation of

Table 4

. D-H

the Aﬁﬁarent Molal Voluﬁev

=° (0) ¢
T P Vw Slope V2 sv Cv’
cm> cm cm 3 ' g2 “
°C bar — - -— - '
, g mol . molﬁ .mol bar _m012 bar -

0 1 7"1.000171 . 1.504E+00 1.327E+01  2.746E-05 -3.26E-06
10 1 1.000259  1.643E+00 . 1.506E+01_ 1.956E-05 -2.25E-06
20 ] 1.001771 1.793E+00 1.625€+01 7" 1'7431E-05 = ~1.56E-06
25 1 1.002947 1.875E+00 . 1.668FE+0] 1.234€~-05 -1.29E-064
30 1 . 1.004365  1.962E+00 - 1.702E+01. ~.1.069E-05.: =1-.07E=06
40 1 1.007851 2.153E+00 1.750E+01 8.152E-06 - =T7.19E-07
50 1- 1.012115 = 2.372E+00 . 1.774E+01.  6.366E-06 -4,.71E-07
50 1 1.012115 2.372E+400 - “1.782E+01 5.733E-06" -3.32E-07
- 60 1 1.017087 2.622E+00 1.791E+01 4 415E-06 -2.00E-97
7¢C 1 1.022724 2.909E+00 . - 1.781E+01 "3:513E-06 -1.22e-07
a0 1 1.028999 3.238E+00 1.754E£+01 2.925E-06 -7.97e-08
90 1 1.035897  3.415E+00 1.710E+0! 2.577E-0¢ -~.02E-0%
100 | 1.043414 4.050E+00 1.649E+01 2.408E-06 ~ -5.46E-08
110 1 1.051530 4.550E+00 1.571E+G) 2.368E-06 -5.59E-08
120 2 1.060271 5.127E+00 1.475E+01 . 2.412E-06 -5 BTE-OR
130 3 1.069653 5.795E+00 . 1.360E+01 2.498E-06 -5.87TE-0R
140 y 1.079700 6.5T2E+00 1.226E+01 2.587TE=G6" -5.23E-98
150 £ 1.090444 7.47TE+0D 1.070E+01 2.63TE-06 -3.65E-~08
A0 6 1.10192¢6 8_.534E+00 8.911E+00 2.606E-06 -8.63E-09
170 8 1.114196 9.779E+00._ - 6.863E+00 2.448E-06 . 3.36E-08
186 10 1.12731¢6 1.125€+01 ° 4.523FE+00 = 2.112E-06 9 24 -08
190 13 1.141359 ° 1.299E+01 1.849E+50 1.5426-06 1.70E-07
200 16 1.156413 1.506E+01 ~-1.215E+00 - 6.729€=07 2.69E-07
210 19 1.172584 1.756E+01 -4 _T42E+00 -=5_.691E-07 3.91E-07
220 23, 1.1969901 2.058FE+01 -8.826E+00  -2.272E-04 = 5.38E-07
2390 28 1.208817  2.425E+01 "=1.360E+01 -4 _538E-06 -~ 7.15E-0Q7
2u0 .33 1.229223 2.878E+01 ~1.923E+01 -=7.494E-06 9.24E-07
250 49 1.751452 3. 440FE+01 =-2.596FE+01 '-1.129E-05 @ -1.1TE-06
260 47 71.275795  4.149€+01 -3 . 414E+0]1 -1.612E-05 1.45E-06
270 85  1.302623 5.052E+01 ~4.426E+01 -2.221E-05 1.79E-06
280 - 64 1.332417 6.224E+01;- =5 _.T04E+D] =2 987E-05 - 2.18E-06'
2990 T4 1.36581% T.7T75E+01. -=7.360E+01 -=3.951E-0% 2.63E-06
300 8% 1.403691 9.873E+01 . -9 -5 .16TE-05 " 3.1TE-D6: -

.5C8E+01
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Table

Parameters for Calculation of

4

the Apparent

Molal Volume

D-H 5° (0) ¢
T P vw Slope V2 Bv Cv
g mol mol mol bar m012 bar

0 200  .990367 1.462E+00 1.452E+01  2.525E-05 —-3.26E-06

10 200 .991052 1.587E+00 1.607E+01 .1.801E-05 ~-2.25E-06

20 200 .992910  1.724E+00  1.711E+01 1.317E-05 -1.56E-06

25 200 .994196  1.799E+00 1749401 1.133E-05 ~-1.29E-06

30 200 .995690  1.879E+00 1.780E+01 9.792E-06 ~-1.07E-06

40 . 200 .999244. 2.055E+00 1.824E+01  7.404E-06 ~-7.19E-07

50 200 1.003486 2.255e+00 1.846E+01 S5.T17E-06  -4.T1E-07

50 200 1.003486 -2.255E+00 .1.852E+01 5.187E-06 -3.32E-07

60 200 1.008358 2.484E+00 1.858E+01 .. 4.005E-06 -2.00E-07

70 .200- . 1.013825 - 2.745E+00  1:848E+01  3.224E-06  ~1.22E-07

80 200 1.019865  3.043E+00 1.822E+01 2.TH46E-06 ~7.97E-08

90 200 1.02¢463 3.383E+00 1.780E+01 2:502E~0¢ —-6.02E-09 .
100 200 1.033614  3.772E+400 1.723E+01. 2.434E-06 -5.46E-08
110 . 200 1.041317 4.217€+00 1.650E+01 2.497E-06 -5.59E-08
120 200 1.049580 4.728E+00. 1.561FE+01 2.651E-06 -5.87E-08
130 200 " 1.058416 .5.315E+400 1.456E+01 2.859E~06 -5.87E-08
140 200 1.067844 5.991E+00  1.333E+Gl  3.086E-06 -5.23FE-08
150 200 1.077890 6.773E+00  1.192E+01  3.296E~-06 -3.65E-08
160 200 .1.088587 . 7.679E+00 .1.031E+01-,  3.453E~06 -8.63E-09
170 -~ 200 1.099978 ° 8.734E+00 ;. 8.473E+00  3.517E-06 3.3¢E-08
180 . 2000 . 1.112113 9.967E+00 ." 6.399E+00 -~ 3.444FE-0& . 9.24E-08
190 - . 200 1.125054 . 1.141E+01  4.052E+00. 3" 185E~-0& 1.70E-07
200 =200, 1.138874  1.312E+017 . 1.396E+00 . 2.684E=06 ° . 2.69E~07
210 .. 200 1.153664 . 1.515E+401.- -1.6186+00 1.872E-06 . 3.91E-07
220 <200 . 1.169532  1.758E+01. -5.055E+400 &.700E-07  ~ 5.38E-07
230 - 200" '1.186608  2.051E+C1 -9.001E+00 -1.019E-06 ~ 7.15E-07
240 « ., 200 ~1.205052 2.407TE+01 -1.357E+01 =3.314E-0& "~ 9.24E-07
250 ;200" - 1.225063 - 2.846E+01 ~1.892E+01 -6.363E-06 . 1.1TE-0é
260 ..200, 1.246892... 3.392E+01 .. -2.529E+01 -1.036E-05 . 1.45E-06
‘ :.200; 1.270855 ~ 4.083E+01. =-3_.300FE+01 -1.553€-05 ' 1.79E-06

0200 0. 1.297375  4.STUF+0]1 - -4 .25TE+0]1 --2.221E-05 2.18E-06

290 .- 200; 7.1.326994  6.14TE+01l ~5.477E+01° -3.082E-05 2.63E-06
300 200 1.360501  7.737E+01 =7.091E+01 -4.]95E-05 3.17TE-06
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Parameters for Calculation of the AppéreﬁE ﬁoiél leumé J

Table 4

38

BN
73" B

4

« D-H SRRV () I §
T P.. .vw" ..Slope .. . .V2 _.gvmv.: Cv
[
: cm3" cm3 - cm Tf' g g2 :
°C .bar —_— L — L == i -
g mol ?01 _ ppl‘Pﬁr A“molz bar
0 400 .981139 ) 1;919Ef00. A1J566Ef01j3 2: 325E 05 -3, 26E=06 ‘
10 400 .982347 " 1.532E400 " 1.698E+01 - '1.665E- 05 ~=2.25E-06
20 400 .984517° 1.65TE+00 =~ 1. . 789E+01" 1. 2YTE~ 051?"-1.56E-06 '
25 .- 400 .985902 . 1.726E+00 1. 822F+Ol fl 047E-05 * ~-1.29E=06 .
30 - 4007 .987468 J1.799E$004g'l 850E+01. 9. OZBE-Oé._ -1.07E-06
40 400 .991092 . 1.961E+00 .1, 889E+Olm - 6.TT9E-06 ' -T.19E-07
50 400 .995322 ° 2.145E+00 - 1.910E+01’ 5.177E-06‘” -4 T1E-07 -*
50 400 - .995322 2. 145400 . 1.914E+01" " 4. TOBE=-06. 73.325 =07
60 400 1.000115 .2.355E+00 '1.919E+401 "3 642E- 06 .. ~2.00E-07
70 . 400 ° 1.005441 . 2.593e+00. . 1.909E+01 ~2.953E- 061".71.22E =07 ¥
80 . 400 1.011282 ' 2.864E+00 1.884E+01- 2.552E-06 ~7.97E-08
90 400 1.017626 3.171E+00 1.845E+01 ~“2.371E~-0¢ '-6.02E 08
100 400 1.024466 3.520E+00 1.792E+01 2.359E-06 -5.44E-08
110 400 1.031802 3,.918E+00 1. 725E#Ol 2,47“E-06 - =5 _.59E-08 * -
120~ "400 1.039636 4.370E+400 1. 644E+01" " " 2.681E~06. -5.87TE-08 -
130 . .. 400 1.047976 - 4.886E+00 1. 548E+01,__2?9H7Eﬁ06;;'r5.875—08‘“‘
140 400 1.056837 5.4T6E+00 ° . 1.43TE+01" ~ 3.242E-06." -5.23e-08 - .-
150 400 ' 1.066235 6.151E+00 1.310E+401" 3.538E-06 -3.65E~08
160 ﬂ 400 1.076195 6.927E+OO 1 165E+01 = 3.803FE-06 98.635-09,f‘
170 . 400;-41.086745ﬁ 7.819E+00_ 1.002E+01 4. OOTE 06 - 3.36E-08
180 400 . 1.097921 . 8.848E+00 . 8.196E+00. " 4.115E-06 - 9.24E-08 - -
190 400 - 1.109765 .. 1.004E+01. 6. 150E+00" ,4 087E-06 : ' 1.70E-07  _
200 400 1.122329 1.143E+01 -~ 3.863E+00 - 3.880E-06 2.69E-07 -
210 400 1.135670 1.305E+01- 1. 307E+00 T 3L441E-06 3.91E-O7,“fc
220 400, . 1.149859 . 1.494E+01 -1.555E+00 . 2.708E-06 ©.5.38E-07 ;-
230 . - 400 1.164978 - 1.T718E+01." ~4.T65E+00 . 1.608E-06 ' T7.15E-07 sl
240 400 . . 1.181124 1.984E+0.1. . -8.380E+00 . 4 760E-08\" ' 9.24E-07 *.
250 400 *1.198411 21302E*01"—1 24TE+01 -2 086E-06 - 1.17E%-06 "
260 100 1.216977 2268éE+0[ -l 71HE+01~‘-# 937E-06,£‘ l.q5E 06‘
270 = 400 1.236985 "~ 3.153E+01 . ~2.251E+01. 3’8 692E-06 ~ . 1.T9E=06 :
280 400. 1.258636 - 3.T28E+01 =2.876E+01 L~1.359E-05 - lZ.lSE—Ob
290 400" 1.282174 : 4 446E+01 ° =3.613E+01  -1-.997E- 05‘ ,12.G3E-06‘*
300 400 © 1.307904 5.3585+01' '~4 . 501E+01 * -2.826E-05" 3.17E-06




Table 4

Parameters for Calculation of the Apparent Molal Volume

\ D-H =° (0)

T P ¢

vW Slope V2 Bv CV
‘ g mol - mol mol bar
mol~ bar

0 600 - .972473 '1.379E+00 1.668E+01 - 2.150E-05 ~3.26E-06

10 600 T.97T4133  1.479€E+00 1.780E+0! 1.548E-05 -2.25E-0é
20 600 .976579 1.594E+00 1.858E+01 1.135E-05 ~1.56E-06
25 600 .978056 - 1.65TE+00 1.888E+01 9.756E-06. ~-1.29E-06
30 600 .979687 1.724E+00 1.912€+01 8.406E-06 ~1.07E-06
40 600 .983379 1.873E+00 1.947TE+01 ~ 6.279E-06 ~7.19E-07
50 600 .987606 2.043E+00 1.967E+01 4. 750E-06 -4 71E-07
50 600 . 987606 2.043E+00 1.970E+01 4. 300E-06 -3.32e-907
60 600 .992334 2.235E+00 1.974€+01 = 3.328E-06 ~2.00E-07

70 600 .997542 2.953E+00 - 1.964E+01 2.T7T046-06 = ~-1.22E-07
80 600 1.003214 2.699E+00 1.941E+01  2.344E-06 ~7.97E-08

90 600 - '1.009341 2.978e+00 - 1.906E+01 2.186E-0¢ -6.02E-08
100 600" 1.015916 3.293E+00 1.858E+01  2.183E-06 -5.46E-08
110~ 600 1.022937 : 3.649E+00 1.798E+01 2.297E-06 -5.59E-08
120 600 1.030405-- 4 _052E+00- ~1.725E+01 2.496E-06 -5.87TE-08
130 - 600 1.038326 4.509E+00 1.639eE+01 = 2.753E-06 -5_.87TE-08 -
140 600 1.046708 5.027E+00 1.540E+01 3.043E-06 ~-5.23E-08
150 600 1.055564 5.615E+00 1.426E+01 3.341E-06 ~-3.65E-08
160 600 - 1.064911 6. 284E+00 1.298E+01 3.623E-06 -8.63E-09
170 600 1.074770°  7.046E+007  1.155E+01 ~ 3.853E-06 . ~3.36E-08
180 - 600 1.085167 -T.917TE+00 9.942E+400° 4:036E-06" 9.24E-08
190 * 600 1.096132°°.8.913E+00  8.158E+00 - %#.110E-06 1.70E-07
200 600 1.107700 1.006E+0] 6.180E+00 ~ 4.053E-06 2.69E-07
210 _-600 - 1.119913 1.137E+01° .3.989E+00 3.825e-06 . . 3.91E-07
220  600—.--1.132819 - 1.289E+01 - 1.564E+00 3.379E-06.. 5.38E-07
230 600 1146474, 1.465E401 -1.117E+00 2.660E-06 7.15E-07 .
240 600- 1.160941  1.669E+01 —-4.085E+00 ~ 1.600E-06" 9.24E-07
250 600 1.176293° 1.908E+01- -7.373E+00 1.148E-07 - 1.1TE-06
260 "-600° . 1.192615 ~ 2.189E+01 =1.102E+01 ~—1.904E=06 1.45E-06
270 600 - 1.210005 2.521E+01 -1.508E+01 -4.592E-06 " 1.79E-06
280 7 600 - 1.228578 2.917E+01  -1.961E+01 -8_131E-06 2.18E-06 - .
290 " 600 - 1.248465 ° 3.391E+01 =2".468E+0) —1_276E-05 - 2.63E-06 .
300 600 1.269825 3.967E+01 -3.037E+01 -1.881E-05 3.17E-06



ol

Table 4

Parameters for Calculation of the ApparéhéﬁMdlél Volume

D-H =° (0) - ¢ -
T P Vw Slope. V2 BV ‘ Cv
°C  bar EEi Eﬂi - EEE g - 82~"~
g mol mol . mol bar mol2 bar
0 800 . 964329 1.341E+00: .1.759E+401 1.997E-05 = -3.26E+06 =
10 -80C .966373. . 1.431E+00 ' 1.853E+01 "  1.450E-05. : ~2.25E-0é.
20 800 .969059 1.535E+00‘ 1.920E+01 - - 1.069E-05.. =1.56E-0é
25 800  .970616  ".1.593E+00. 1.946E+01. . 9.198E-06 - =1.29E-06
30 800 .972306° 1.655E+00+ '1.967E+01. - T7.926E-Q6 - -1.07E=06é
40 800 976061 - 1.792E+00° :-1.999E+01..  5.905E-06. - =-T7.19E-07
50 800 .980288  1.948E+00 - 2.016E+01  4.436E-06  -4.TI1E-O7
50 -800- .980288 . 1.948E+00.. :2.020E+01 .  3.964E-06 - -3.32E-07
60 800 .984963 2 125E+400::2.024E+01 - 3.062E-06: -2.00E-07 .
70 800 - .990070 " 2:324E+00- 2.015E+01 ~.2.4T4E-Q6: -1.22E-07 .~
80 "~ 800 .995597 © 2.549E+00 - 1.995E+01 ..2.121E-06 . ~7.97E-08 -
90 800 1.001536  2.803E+00 1.964E+01..~ 1, 946E-06 = =6.02E-08 -
100 800 1.007881 3.088E+00 - 1.922E+01: ~ 1.905E-06é -5.46E-08
110 800 1.014629 3.409E+00 1.870E+01.. :1.965E-06 -5.59E-08
120 800 1.021781° 3.770£+00 1.806E+01- - 2.098E-06  -5.87E-08
130 800 1.029340 4.176E+00 1.731E+01 -+ 2.279E-06 - -5.87E-08
140 = 800 1.037312 4. 634E+00 . 1.645E+01 - 2.488E-06 -5.23E-08
150 "800 1.045706 5.150E+00. .. 1.546E+01 2.705e-06 -~ -3.65E-08 :
160 800 1.054535 5.732E+00 - 1.435E+01 - 2.910E-06. -8.63E-09
170 - 800 1.063813 -6.390E+00 1.311E+01 . 3.084E=06 3.36E-08 ..~
180 800 1.073560 T.134E+00 - 1 1.173E+01 - 3.206E-06 - 9.24E-08
190 800 1.083798 .7.976E+00 1.020E+01 3.254E-06-- :1.70E-07
200 800 1.094554 - 8.932E+00 :'8.510E+00 3:203E-06 2.69E-07
210 800 1.105857 1.002E+01 = 6.647E+Q0 ' 3.023E-06-: 3.91E-07 -
229 800 1.117742  1.125E+01 4 _599E+00 ~2.682E-06  5.38E-07
230 800 1.130248 " 1.267E401 . 2.351E+00 - 2.139E-06 - T.15E-07 .
240 8900 1.143419 1.428E+01 -1.131E-01 . 1.345E-06 = 9.24E-07 .
250 - 800 1.157306 - 1.613E+01 -2.812E+00 - . 2.390E-07 . 1.17E-06
260 800 1.171965 ° 1.827E+01 -5.763E+00 -1.255E~06 L 1.45E-06 ..
270 800 - 1.187460 - 2.073E+01 .-8.986E+0C - -3.235E-06 1.79E-06
280 - 8900 1.203864 . 2.359E+01  -1.250E+401 ~=-5_829E-06 . - 2.18E-06"
290 - - 800 1.221257 2.692E+01  -1.632E+01 -9.211E-06 -  2.63E-06 -
300 800 1.239733: -2.044E+01. -1.361E~05-+ . 3.17E-06

3.082E+01 -

W

¢

-
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Table 4

Parameters for Calculation of the Apparent Molal Volume

D-H =° (0) ¢

T P Vw ' Slope VZ BV Cv

cm3 cm cm3 g g2

°C bar —— -— —_—

g mol mol mol bar m012 bar
0 1000 .956683. - 1.307E+00 1.840E+01 1.849€-05 -3.26E~-06
10 1000 L 959040 1.3R6E+00 1.917E+01 1.372E-05 -2.25E-064
20 1000 .961926  1,480E+00 . 1.974E+01 1.019E-05 -1.56F-06
25 1000 . 963552 1.533E+00 1.997E+01 R, 792E-06 -1.29€-06
30 1000:- .965293 1.590E+00 2.016E+01  7.590E-06é -1.07E-06
40 1000 .969102 1.716E+00 2.044E+01 5.658E-06 -7.19e-07
50 1000 .973330 1.860E+00 2.061E+01 4,235E-06 -4 .71E-07
50 1000 .973330 1.840E+00 2.065E+01 . 3.69BE-06 -3.32e-07
60 1000 .977959 2.022E+00 2.069E+01 2.845E-06 -2.00E-07
70 1000 .982978 2.206E+00 2.063E+01 2.265€-06 -1.22e-07
80 1000 .988378 2.412E+00 2.047E+01 1.R84F=06 -7.97e-08
90 1000 .994152 2.643E+00 2.021E+01 1.651E-0¢ -6.02E-02
100 1000 1.000795 2.902E+GC 1.987E+01 1.526E-06 -5 .494E-08
110 1000 1.00£805 . 3.192E+00 1.943E+01 1.480E-06., -5.59E-08
120 10600 1.013681 3.517E+00 1.890E+01 1.486E-06 - -5.87E-08
130 1000 1.020925 :3.881E+00 1.827E+01 - 1.525E=06,-- -5.87E-08
140 1000 1.028541. 4 288E+00° 1.755E+01 1.579E-06 -5.23E-08
150 1000 1.036535 4 T43E+00 1.674E+01 1.631E~-06 -3.65E-08
160 1000 1.044917 5.254E+00° 1.58IE+01. 1.667E-06 -8.63E-09
170 1000 1.053699. S.827TE+0C: . 1.478E+01 . 1.670E-06-  3.36E-08
180 1600 . 1.062894 &6£.469E+00 ~ 1_364E+01 . 1.627E-06. - 9.24E-08
190 1000 -1.072519 7.190E+00 - 1.237E+01  1.519-06 ... 1.70E-07
200 1000 _ 1.082595. .:7.999E+00. .1.097E+01 1.329€-06: -+ 2.69E-07
210 1000 - 1.093143.. 8.910E+00 9.435E+00 . 1.036E-06 - 3.91E-07
220 1000 1.1041990. 9.935E+00 . 7.751£+00 * 6.171E-07  5.38E-07
230 1000 1.115764: 1.109E+01 -5.910E+00 4 312E-08... . 7T.15E-07
240 16006- 1.127898 - 1.239E+01 .. 3.899E+00 -=7.197E-07:- 9, 24E-07
259 1000 - 1.140627 1.387E+01. .- 1.709€+00 -=1.713E-06:. . 1.1TE-06
260 1000.. 1.153991 1.553E+01:. -6.714E=-0]1 -2.991E-06 . 1-.45E-06
270 1000. -:1.1680634 1.743E+01 -3.251E+400 -4.620E-06:. .. 1.79E-06é
280 1000 ~:1.182806 1..957TE+01 . =6 _037TE+00 —-6.688E=06: - - 2.1BE~-D6
290 1000 - 1.198361 2.202E+01 . ~9.027E+D0 -9.315E~-06 - 2.63E-06
300 1000 1.214758 2.482E+401 -1.221FE+01 -1.266E-0%5 3.1TE-06



Table 5

Parameters for Calculatlon of the Expan31v1ty

(o>)
or /-

42

v
oT P

T P (EZH) D-H ~'(3Xg)
\ 9T P Slope aT P P
' cm cm3 cm g g2
°c) (bar) K " mol K mol K 2 mol bar K 2
: mol bar K
0 1 -8.022E-05 “1.3TE-02’¥32.21E-01 -f9;79E -07 " -1.23- o7 -
10 1 8.747E-05 1.43E-02" ' 1. 44E- Ol"§;6.3qE -07" 8 22E-08’ o
20 1L 2.094E-04 1.59E-02° “9.57€-~02 :“=4;315 OT“- 5 76E-08
25 1" 2.602E-04 . 1.68E-02": T T2E- 02’ 3.60E- OT'rﬁH;BéE -08.
30 1 - '3.064E-04 - "1.79E-02 "~ 6.13E- 02 3.01E-07- - 4. 12E- -08. .
40 1 . 3.890E-04  2.05E-02 3,495—02 =2, 12E-07 ‘_2,95F-OR~'
-50 1 4.62TE-04 - 2.34E-02 - 1.32E-02° - ‘=).48E-07 < 2.06E-08 '
50 1 4. 62TE-04 ~  2.34-02 > 1.85E~ 02 "L =1.5TE-07 © '1.66E-08"
60 1 5.310E-04 - 2.68E-02" " -5.92E- 04 - =1, 09€E-07 1.01E-08.- .
70 1 5.959e-04 ~ 3.07E-02 '-1.85E- 02" =7.31E-08  S5.79E-09"!
a0 1 6.588E-04 3.52E-02 ~-3.57E-02 . -4.57E-08 2.92E-09
90 1 7.20TE-04 4. 04E-02° —-5.27E-02"" 1"=2.49E-08 1.12E=-09 '
100 1 T.826E-04 4 . 66E-02 -6.98E-02  =9.49E-09 1.13E-10 .
110 1 8.452E-04 ‘5.3TE-02 ‘8172E-02“*gﬁ§.5lE-L0 -2.85E-10"
120 2 9.093E-04 6.22E-02 -1.05E-01"" ~ 7.09E-09 -2.02E-10
130 3 9.758E-04 7.22E-02  -1.25E-01- '95.23E-09 2.69E-10 -
140 4 1.045€E-03 8.40E-02 -1.45E-01 7.29E-09 l.OTE—Oiﬁf
150 5 1.119E-03 9.82E-02 " ~1.68E-01" 1.11E-09 2.14E-09"
160 6 1.198E-03 1.15E-01 © -1.93E-01" “-9.568-09"1~3.Q6E—09
170 . 1.283e-03 1.366-01Y -2.20-01 -2.52E-08  5.02E-09 '
180 10 Y.376E-03" 1.61E-01  =2.52E-01 -4 63E-08 - 6.79E-09 - -
190 13 - 1.479E-03" 1.926-01" -2.89E-91 -7.38e-08 ' 8.77TE-09 "
200 T 16 1.593<03 . 2.31€-01" -3.33E-01 -1.09E-07 - 1.10E-08 <
210 19 1.720E-03 - 2.79E-01 -3.86E-01 -1.52E-07 . [;34E-Q83: cor
220 23 1.865E-03 3.40E-01 -4.51E-01:  -2.05E-07 = }.62E-08 b
230 | 28 2.030E-03 4,.19e-01 =-5.32E-01 =-2.T1E-OT 1.926-08
240 "33 . 2.222e-03 5.22E-01 -6.37E-01 ~ -3.52E-07 - ~2.26E-08"
250 40 2.44TE-03 6.5TE-O1 . -7.73E-01 ~4 51E~-07 = 2.64E-08
260 . 47 - 2.TI14E-03 - B}HOE-OI'»-9,57E-OI‘;'-SquE—OZ" 3.08E-08 ' N
270 855 3,037E-03i" "1.09E400 -1.21E+400 " - =7.26E-07 " 3.59E-08 :
280 &4 3.436E- 03 - 1.44E+400 -1.57E+400 _f9fl7E-07f:'4.19E-08'~ 2
290 T4 3.939E-~ 03 1.95E+00 - -2.09E+00 ‘' . -1.16E-06 "~ 4.92E-08 - V-
86 ' 4.594E-03 - 2.72E+00 -2.88E+00 . -1 _.4TE~-06 - 5. 82E-08 ° -

300



Table 5

Parameters for Calculation of the Expansivitya

170 (O ) ¢
: () o (B (&) ()
aT P Slope oT P oT /p aT P
cm cm3 cm g gz
(°c) (bar) —
gK mol K mol K mol bar K m012 bar K
0 200 2.807E-06 1.21E£-02 1.89E-01 -8.93E-07 1.23E-07
10 200 1.326E-04 1.30E-02 1.26E-01 -5.83e-07 8.22e-08
20 200 2.350E-04 1.45E-02 8.47E-02 -4 _00E-07 5.76E-08
25 200 2.785E-04 1.55E-02 6.89F-02 -3.35E-07 4 8LE-08
30 200 3.185E-04 1.65E-02 5.52E-02 -2.82E-07 4.12E-08
40 200 3.909E-04 1.88E-02 3.22E-02 -2.00E-07 2.95E-08
50 200 4.564E-04 2.14-02 1.30E-02 -1.40E-07 2.06E-08
50 200 4.564E-04 2.14E-02 1.57-02 ~1.42e-07 1.66E-08
60 200 5.175E-04 2.44€-02 -1.88E-03 -9.63E-08 1.01E-08
70 200 5.756E-04  2.79e-~02 -1.83E-02 -6.16E-08 5.79€E-09
80 200 6.320E-04 3.186-02 -3.40E-02 -3.51g-08 2.92E-09
90 200 6.875E-04 3.63E-02 -4.95E-02 -1.48£-08 1.12E-09
100 200 7.426E-04 4.16E-02 -6.50E-02 5.06E-10 1.13E-19
110 200 7.982E-04 4,76E-02 -8.07E-02 1.15€-08 -2.85E-10
120 200 8.547€-04 5.47E-02 -9.70E-02 1.87e-08 -2.02£-10
130 200 9.128E-04 6.29E-02 -1.14E-01 2.23€-08 2.69€E-10
140 200 9.7326-04 7T.266-02 -1.32e-01 2.24E~-08 1.07E-09
150 200 1.037E-03 8.40E-02 -1.51E-01 1.90E-08 2.14E-09
160 200 1.104£-03 9.76E-02 -1.72E-01 1.17e-08 3.46€E-09
170 200 1.175E-03 1.14E-01 -1.95E-01 3.28E-10 5.02E-09
180 200 1.253E-03 1.33E-01 -=2.20E-01 -1.57E-08 6.79E-09
190 200 1.337E-03 1.576-01 -2.49£-01 -3.70E-08 8.77TE-09
200 200 1.429-03 1.86E-01 - -2.83e-01 -6.45E-08 1.10E-08
210 200 1.531E-03 2.21E-91 -2.21E-01 -9.926-08 1.34E-08
229 200 1.645E-03 2.66E-0)1 -3.67E-01 ~1.43E-07 1.62E-08
230 200 1.773E-03 3.22E-01 -4.23F-0] -1.97e-07 1.92E-08
240 200 1.919-03 3.946-01 -4.93e-01 -2_.64E-07  2.26E-08
250 200 2.087E-03 4.87E-01 -5.81E-01 -3.49E-G7 2.64€E-08
260 200 2.284€£-03 6.11E-01 -6.97E-91 -4 Su4E=07 3.08E-08
270 200 2.516E-03 7.80E-01 -8.54£-01 -5.87E-07 3.59e-08
280 200 2.796E-03 1.01E+00 —-1.07E+090 -7.56E-07 4_19€-08
299 200 3.141E-03 1.35E+00 -1.39£+00 -9.75E-07 4_.92£-08
300 200 3.578E-903 1.86E+00 ~-1_87E+00 -1.26E-06 5.82E-08
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Table 5

Parameters for Calculation of the Expansix}itya

|

3 7° (0) ¢
e ) I T ) ( ) ()
) ' 7
T p i Slope 9T p ) BT; P T P
cm3 cm cm g 2
omy - cm g
(°C)  (bar) gk mol K mol K mol bar X 2
. mol~ bar K
0 400 6.392E-05 1.07E-02° 1.60E-01 -8.11E-07 1.22E-07
10 400 1.727E-04 1.18e-02 1.09€E-01 -5.36E-07" 8.22E-08
20 400 2.583E-04 1.33E-02 7.44E-02 -3.72E-07 5.76E-08
25 400 2.955E-~04 - 1.42E-02 6.11E-02 . -3.13€-07 4 B6E-08
30 400 3.302E-04 1.526-02 4. 94g-02 -2.65E-07 4. 126-08
40 400 3.936E-04 1.73E-02 2.95e-02 -1.89e-07 2.95E-08
50 400 4.517TE~-04 1.96E-02 1.26E-02 -1.34€-07 2.06E-08
50 400 4.517E-04 1.96E-02 1.32E-02 -1.29€e-07 1.66E-08
60 400 5.063E-04 2.23E-02 -2.7T4E-03° -8.60E-08 - 1.01E-08
70 400 5_.5B6E-04 2.54E-02 -1.T6E-Q2 -5.32E-08 5.79€-09
80 400 6.094E-04 2.88e-02 -3.19-02 -2.82E-08 2.92e-09
90 400 6.593E-04 3.27E-02 -4.59E-02 -8.88E-09 1.12E-09
100 400 7.088E-04  3.7T2E-02 -5.99E-02 5.80E-09 1.13E-10
110 400 7.584E =04 4. 24€-02 -7.40E-02 1.66E-08 -2.85E-~10
120 400 8.08AE-04 4 83E-02 -8.85E-02 2.41E-08 -2.02E-10
130 = 400 8.598E-04 5.51E-02 -1.03E-01 2.86E-08 2.69E-10
140 400 9.126E-04 6.20E-02 -1.19e-01 3.00E-08 1.07E~09
150 4090 9.675E-04 7.23E-02 ~1.36E-01 2.86E-08 2.14E~09
169 400 1.025E-03 8. 30E-02 -1.53E-01 2.40E-08 3.46E-09
170 400 1.086E-03 9.57e-02 -1.73E-01 1.62E-08 5.02E-09
180 400 1.150E-03 1.1i€-01 ~-1.93E-01 4,69E~09 &6.79E-09
190 - 400 1.219e-03 . 1.28E-01 -2.16E-01 -1.09€-~08 8.77E-09
200 400 1.294E-02 1.50E-01 -2.42e-01 -3. 14E-08 1.10E-0%
210 400 1.375e-03 1.756-01 -2.70E-01 -5.75e~-08 1.34E-08
220 400 1.464E-03 2.06E-01 -3.03E-01 -9.03E~08 1.62E-08
230 400 1.561E-03 2.43E~-01 -3.40E-01 -1.31E~07 1.92e-08
240 400 1.670E-03 2.90E-01 -3.84E-01 -1.83E-07 2.26E-08
250 . 400 1.790E-03 3.48-01 -4 36E-01 -2.47E~-07 2.64E-08
260 400 1.926E-03 4.22E-01 -4_99E-01 -3.27E-07 3.08E-08
270 400 2.07T9€-03 5.16E-01 -5.77E-01 -4 28e-07 3.59e-~08
280 400 2.255E-03 6.40E-01 -6.76E-D1  -5.57E-07 4. 19e-08
290 400 2.458E-03 8.05E-01 -8.05E-01 -7.25e-07 4.92E-08
300 400 2.695E-03 1.03E+00 -9.79e-01 -9.44E-07 5.82E-08
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Table 5

Parameters for Calculation of the Expansivitya

T P ( avw) D-H ( 3\72) (33i0)> ey
\ 3T P | Slope T P oT P 3T

P
3 3 3
(°C) (bar) S _em_ cm g g’
gK mol K mol K mol bar K
: mol~ bar K

0 600 1.211E-04 9.52E-03 1.34E-01 -7.34E-07 1.23E~07
10 600 2.079E-~QH 1.07E-02 9.29e-02 -4.92E-07 8.22E-08
20 600 2.793E-04 1.22E-02 6.50E-02 -3.46E-07 5.76E-08
25 €00 3.111E-04 1.31E-02 5.39E-02 -2.93E-07 4.86E-08
30 600 3.410E=-04 1.39~02 4.40E-02 -2.49€-07 4.12E-08
40 600 3.966E~-04 1.59e<02 2.69E-02 -1.80E-07 2.95E-08
50 600 4.482E-04 1.80E-02 1.196-02 -1.28E-07 2.06E-08
50 600 4.482E-04 1.80E-02 1.12E-02 -1.18E-07 1.66E-08
60 600 4.971E-04 2.05e-02 -3.02E-03 -7.82E-08 1.01E-08
70 600 5.442E-04 2.32E-02 -1.63E-02 -4.830E-08 5.79E-09
80 600 5.901E-04 2.626-02 -2.91E-02  -2.50e-08 2.92E-09
90 600 6.352E-04 2.96E-02 -4.16E-02 -7.34£-09 1.12E-09
100 600  6.798E-04 3.35e-02 -5.41E-02 6.12E-09 1.12€-10
110 600 7.244E-04 3.79E-02 -6.66E-02 1.62E-08 -2.85E-10
120 600 7.693E-04 4.29€-02 - -7.94E-02 2.33&-08 -2.026-10
130 609 8.150E-04 4 86E-02 -5.25E-02 2.TTE-08 2.69E-10
140 6900 8.617E-04 5.51E-02 -1.06E-01 2.98e-08 1.07E-09
150 600 9.098E-04 6.27E-02 -1.21E-01 2.94E-08 2.14E-09
160 €600 9.599E-04 7.13E-02 ~—1.34E-01 2.66E-08 3_.46E-09
170 600 - 1.012E-03 8.14£-02 -1.52E-01 2.11E-08 5.02E-09
180 600 1.068E-03 - 9.30E-02  -1.69E-0F - 1.296-08 6£.79E-09
190 600 1.126E-03 1.07E-01 ~-1.88E-01 1.47E-09 8.77E-09
200 600 1.188E-03 1.22e-01 =-2.08E-01 -1.3¢E-08 1.10E-08
210 600 1.255€6-03 1.41€-01 -2.30E-01. ~3.29€E-08 1.34€-08
220 600 1.327E-03 1.63E-01 :-2.55E~01 -5.72E-08 1.62E=08
230 600 1.405E-03 1.89e-01 -2.82E-01 -8.77E-08 ~1.92E-08
240 600 1.490E-03 2.21E-01 -3.12E-01 -1.26E-07 2.26E-08
250 600 1.582E-03 2.59E-01 -3.46E-01 -1.73E=-07  2.64E-08
260 600 1.684E-03 3.05E-01 -3.85E-01" - -2.33E-07 3.08E-08
270 600 1.796E-03 3.61E-01 "-4:286-01 ~-3.08E-07 3.59E-08
280 600- 1.921E-03 - 4.32E-01 -~4.78E-0] -4 _04E~-07  4.19E-08
290 600 2.060E-03 5.21E-01- --5.37E-01 -5.28E-07 . 4.92E-08
300 600 2.215E-03  6.35E-01 -6€.04E-0] -6.90E-07 5.32E-08



Table 5

Parameters‘fﬁf;Célcuiation‘bf:thé'Expansivitya

| o TON (0) PR,
R )
) 3T /5 Slope - \3T /, "\ 9T ‘5' ' oT

P S P
(OC) (bar) o Lll3 ) Cm3 'Cm3 - - . 24 ;.' gz .
© gk mol K "mol K mol bar K 2

. o . . i o ~mol” bar K
0 800 - - 1.689E-04 8.34E-03 1.;10E-01 . =6.63E-07 . 1.23E-07
10 800 - 2.38IE-04 9.67E-03 7.87E-02 . -4.51E-07. 8.22E-08
20 800 2.978e~-04 1.12E-02 -7 5 .65E-02 .. -3.22E-07 . "5 T6E-08
25 800 3.249E-04 1.20t°=02 ~ -4.74E-02 ' ~2.75E-07 - -4, 86E-08
30 800 = 3.508E-04 1.286-02. 3.91E-02 .- -2.35E-07 , 4.12E-0F
40 800 3.995E-04 1.46E-02 ~'2.44E-02 . -+1.72E-07 2.95E-08
50 800 4. 454E-04 ° 1.66E-02 . 1.12E-02 ~ -1.24E-07 2.06E-08
50 800  4.454E-04  1.66E-02 9.84E-03 -1.09E-07 .1.66E-08
&0 800 < 4.893E-04 - 1.88E-02 -2.60E-03 "~ -7.29E-08 1.01E-08
70 800 5.319e-04 2.12E-02 -1.43E-02 " -4.59E-08  5.79E-09
80 800 5.T734E-04 2.39E-02.. -2.55E-02 -2.56E-08 2.92e-09
90 800 - 6.142E-04 2.69E-02 -3.64E-02 -1.02E~-08 - 1.12E-09
100 800 6.54TE-0O4 3.02E-02 -4.73E-02 . 1.48E-09 1.13e-10
110 800 6.950E-04 °~ 3.40E-02  -5.82E=02 ' 1.01E-08 -2.85E-10
120 800 7.355E-04 3.83E-02 -6.92E-02 - .1.61E-08 -2.02E-10
130 800 T.764E-04 . 4.31E-02 -8.06E-02 -1.99e-08 2.69€~10
140 800 8.181E-04 4y 86E-02- -9.23E-02 2.166-08 - 1. 07E-09
150 800 8.609E-04 5.48E-02 ~1.05E-01 2.14E-08 . 2.14E-09
160 800 9.050E-04 6.186-02- -1.17E-01 1.93e-~08 3.46E-09
170 .800 9.509e-0u4 6.99e-02 -1.31E-01 1.526-08 - 5 _02E-09
180 800 9.989E-04 7.91E-02 -1.45E-01 8.89E-09 - 6.79E-09
190 800 1.049E-03 - B.9¢E-02 =1.61E-01 ‘2.66E-10- 8.T77E-09
200 800 1.102E-03 1.02E-01  -1.77E-01 -1.10E-08 1.10E-08
210 800 1.159E-03 1.16E-0) - -1.95E-01 =2.54E-08.: 1.34E-08
220 800 1.219e-03 1.326-01 '-2.15E-01 -4_35g-08 1.62E-08
230 800 1.283E-03 - '1.51E-CI" -2.35E-01 - -6.60E-0OR 1.92e-08
2490 800. 1.352E-03 1.73e-01 -2.58E-01 -9.39-08 2.26E-08
250 800 1.426E-03 - 1.99E-01- -2.82E-01 -1.29€-07 2.64E-D8
260 800 1.507E-03 2.29e-01 -3.08E-01 . -1.72E-07 3.08e-08
270 800 1.594E-03 -~ 2.65E-01. -3.37E-01 . ~2.26E-07 3.59e-08
280. "800 1.688E-03 3.08E-01. .-3.66E-01! ~-2.95E-07 - 4_19E-0R
290 800 1.792E-03" 3.60E-01 -3.97E=01 -3.85E-07,. 4_.92E-08
300 800 1.905E-03 4 23E-01 -4.28E=01  -S.02E-07  65.82E~08



Table 5

PP -
Parameters for Calculation of the Expansivity

By ° 37 260 ac?

T p (_!) D-H 2 v _v
BT,P Slope oT P oT P \ 9T p
cm cm3 cm g gz

°c)  (bar) gk mol K ‘mol K mol bar K m012 bar K
0 1000 2.072E-04 7.18£-03 8.92E-02 -5.96E-07 1.23E-07

10 1000 2.631E-04 B.66E-03 6.62E-02  -4.146-07 8.22E-08

20 1000  3.134E-04 1.026-02 4.89E-02 -3.01E-07 5.76E-GR

25 1000  3.368E-04 1.10E-02 4.16E-02 -2.59E-07 4.86E-08

30 1000 3.593E-04 1.186-02  3.48E-02 -2.23E-07 4.12E-08

40 1000 4.022E-04 1.356-02 2.22E-02 -1.66E-07 2.95E-08

50 1000 4.431E-04 1.53e-02 1.056-02 -1.20E-07 2.06E-08

50 1000 4.431E-04 1.53-02 9.21E-03  -1.02E-07 1.66E-~08

60 1000  4.824E-0d 1.73(-02 ~-1.38E-03 -7.02E-08 1.01£-08

70 1000 5.211E-04 1.94¢-02 -1.13E-02 -4.70E-08 5.79E-09

80 1000 5.588E-04 2.186-02 -2.08E-02 -2.99E-08 2.92E-09

90 1000 S5.959E-04 2.45E-02 -3.01E-02 -1.73E-08 1.12E-09

100 1000 6.327e-04 2.74E-02 -3.93-02 -R.14E-09 1.13E-10
110 1000  6.693E-04 3.07E-02 -4.84E-02 -1.66E-09 -2.85E-10
120 1009 7.059E-04 3.43E-02 -5.77E-02 2.58E-09 -2.02E-10
130 1000 7.429E-C4 3.84£-02 -6.71E-02 4.926-09 2.69E-10
140 1000 7.804E~04  4.31E-02 -7.69E-02 5.57€-09 1.07E-09
150 1000 8.187E-04 4.82E-02 -8.70E-02 4.66E-09  2.14E-09
160 1000 8.580FE -04 5.40E-02 -9.76E-02 2.22-09 J.46E-09
- 170 1000  8.984E-04  6.06E-02 -1.09£-01 -1.73E-09 5.02E-09
180 1006  9.407E-04 £.80E-02 -1.21£-01 ~7.29E-09  6€.79E-09
190 1000  9.847E-04 7.63-02 -1.33E-01 -1.46E-08 8.77E-09
200 1000 1.031E-03 8.58E-02 -1.46E-01] -2.386-08 1.10E-08
210 1000 1.079e-03  9.65E-02 ~1.61E-01 -3.52E-08 1.34E-08
229 1000 1.131E-03 1.09-01 -1.76E-01 -4.91E-08 1.62E-G8
230 1000 1.185-03 1.236-01 -1.92E-91 -6.62E-08 1.92E-08
240 1009 1.242-03 1.38e-01 -2.10E-01 -8.70E-08  2.26E-08
250 10090 1.304E-03 1.57E-01 ~-2.28e-01 -1.13E-07 2.64E-08
260 1000 1.370E-03 1.776-01 <-2.48E-01 -1.44£~-07 3.08E-08
270 1000  1.440E-03 2.01E-01 -2.68E-01 -1.83E-67  3.59E-08
280 1000 1.515e-03 2.29E-01 -2.89E-01 -2.32E-07 4.19E-08
290 10090 1.597e-03 2.61E-01 -3.09E-01 ~2.95E-07 4.92e-08
300 10090 1.6843E-03 2.99E-01 -3.28E-01 -3.78E-07 5.82E-08



Parameters for

Table 6

D-H'

Calculation of the Compressibility

v oV BB(O)

T P (—"’ 2 X
?P T Slope oP T 9P T

o b cm cm cm g

¢ ar g bar mol bar mol bar mol bar

0 1 -5.101E-05 -2.01E-04 6.63E-03 -1.17E-08
10 1 -4.777E-05  -2.81E-04 5.34E-03  -8.27E-09
20 1 -4.593e-05 -3.51E-04 4.58E-03 -6.18E-09
25 1 -4 .535E-05  ~-3.88E-04 4.34E-03  -5.46E-09
30 1 =4 496E-05  -4.25E-04 4. 15e-03  -4.89E-09
40 1 ~-4.462E-05 -5.08E-04 3.93E-03 -4.07E-09
50 1 -4 .477E-05  -6.04E-04 3.87E-03  -3.54E-09
50 1 =4.477E-05  —-6.04E-04 3.70E-03  -2.92E-09
60 1 -4.533E-05 - -T7.18E-04 3.59e-03 -2.18E-~09
70 1 -4.62TE-05  -8.55E-04 3.56E-03 -1.50E-09
80 1 -4.757E-05  ~-1.02E-03 3.60E-03 -8.652-~10
90 1 -4,921E-05 -1.22E-03 3.71E-03  -2.44E-10
100 1 -5.122E-05  -1.47E-03 3.91E-03 3.82E~10
110 1 -5.361E-05 ~-1.77E-03 4.19e-03 1.03E~-09
120 2 -5.641E-05 -2.14E-03 4.58E-03 1.74E~09
130 3 -5.966E-05 -2.60E-03 5.08E-03 2.52E~-09
140 4  -6.343E-05 - -3.17E-03 5.73E-03 3.41E-09
150 5 -6.T7T7TE-05 -3.88£-03 6.54E-03 4.44E-09
160 6 -T.279E-05 -4.78E-03 7.58E-03 5.66E-09
179 g8 -7.860E-05 -5.93E-03 8.89e-03 7.09E~-09
180 10 -8.535E-05 -7.38E-03 1.06E-02 8.79E-09
190 13 -9.320E-05 -9.25E-03 1.27E-02 1.086-08
200 16 -1.024E-04 -1.17E-02 1.55e-02  1.33E-08
210 19 -1.133E-04 -1.49€E-02 1.91E-02 1.62E-08
220 23 ~-1.262E-04 -1.91E-02 2.39E-02 1.97E-08
230 28 -1.418E-04 -2.47E-02 3.04E-02 2.38E-08
240 33 -1.607E-04  -3.23E-02 3.92E-02 2.89e-08
250 40 -1.839E-04 -4.27E-02 5.13E-02 3.49E-08
260 47  -2.130E-04 -5.72E-02 6.84E-02 4.22E-08
270 55 - -2.499E-04 -7.78E-02 9.27E-02 5.10E-08
280 64  -2.980E-04. -1.08E-01 1.28E-01 6. 1TE~08
290 T4 -3.622E-04 -1.52£-01 1.81£-01 7.49E-08
300 86 -4.507TE-04 -2.18E-01 2.61E-01 9.12E-08
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Table 6

Parameters for Calculation of the Compressibility

5° (0)
G N T 2 I
P T Slope oP T 3P T
o b cn’ cm cm g
ar g bar mol bar mol bar nol barz
0 200 -4.764E-05 -2.15E-04 5.98E-03 -1.06éE-08
10 200 -4.484£-05 -2.81E-04 4.2 E-03 -7.30E-09
20 200 -4.320E-05 -3.42E-04 4.19E-03 -5.37E-09
25 200 -4.267E-05 -3.75E-04 3.87E-03 -4.70E-09
30 200 -4.230E-05 -4.08E-04 3.69E-03 -4.18E-09
40 200 -4.195E-05 -4.82E-04 3.48E-03  -3.44E-09
50 200 -4.204E-05 -5.69E-04 3.40E-03 -2.98E-09
50 200 -4.204E-05 -5.69E-04 3.29e-03 -2.57E-09
60 200 -4.248E-05 -6.T1E-04 3.20E-03  ~-1.94E-09
70 200 -4.325E-05 -7.92E-04 3.18E-03  -1.40E-09
80 200 -4.433E-05 -9.37E-04 3.24-03  -9.35E-10
90 200 -4.571E-05 ~1.11E-03 3.37E-03 -5.16éE-10
100 200 -4.740E-05 -1.33E-03 3.57TE-03 -1.22E-10
110 200 -4.939E-05 -1.58E-03 3.86E-03 2.69E-10
120 200 -5.173E-05 ~1.90E-03 4.23E-03 6.81E-10
130 200 -5.443E-05 -2.28E-03 4.70E-03 1.14E-09
140 200 -5.754E-05 -2.76E-03 5.296-03 1.67E-09
150 200 -6.110E-05 -3.35E-03 6.01E-03 2.30E-09
160 200 -6.517E-05 -4_08E-03 . 6.90E-03 3.08E-09
170 200 -6.984E-05 = -4.99E-03 7.98e-03 4., 04E-09
180 200 -7.520E-05 -6.14E-03  9.32E-03 5.23E-09
190 200 -8.137E-05 -7.59e-03 -1.10E-02 6.71E-09
200 200 -8.851E-05 -9.46E-03 1.31E-02 8.54E-09
210 200 -9.681E-05 -1.19E-02  1.STE-02 1.08E-08
220 200 - -1.065e-04 -1.50E-02. 1.91E-02 ~ 1.36E-08
230 200 -1.180E-04 -1.91E-02 2.36E-02 - 1.71E-08
240 200 ~-1.317E-04  -2.4¢E-02°  2.95E-02 2.13-98 .
250 200  -1.482E-04 -3.21E-02 - 3.76E-02 2.6LE-08
260 200 -1.684E-04  -4.24£-02 4.886-02  3.31£-08
270 200 -1.935E-04 -5.69E-02 6.46E-02  4.11E-08 "
280 200 -2.253E-04 -7.79E-02 8.78E-02 5.10E-08
290 200 . -2.665E-04 -1.09E-01  1.23E-01 6.34E-08
300 200 -3.217E-04 -1.57E-01 1.77e-01 7.91E-08
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Table 6

Parameters for Calculation of the Comp}essibility

N (0) 3
T P T - Slope P T P T
' 3
o b cm3 *’__Egi*_ _ cm . g
ar g bar ' mol bar mol bar mol barz

.39e-03 - -9.38£-09
.31E-03  -6.34E-09
.6TE-03  -4.54E-09
<45E-03  -3.94E-09. .
.29E-03  -3.47E-09
.08E-03 - -2.81E-09
.01E-03  -2.42E-09

0 400 -4.469E-05 ~-2.11E-04
10 400 -4.226E-05 -2.70E-04
20 400 -4.079E-05 -3.26E-04
25 400 -4.031E-05 ~3.55E-04
30 400 -3.997E-05 ~3.86E-04
40 400 -3.962E-05 ~4.53E-04
50 400 -3.965E-05 -5.31E-04

WWWWw-EWN

50 400 -+ -3.965E-05 -5.31E-04
60 400 -4.001E-05 -6.22E-04
70 400 - -4.065E-05 -~7.30E-0%
80 400 -4.157E-05 -8.58E-04
90 400 =4.274E-05 -1.01E-03
100 400 -4 .417E-05 -1.20E-03

.94E-03 -2.228-09
.87E-03 -1.69E-09 |
.88E-03 -1.30E-09
.97E-03 --1.01E-09
.12E-03 -7.89E-10
.36E-03 -6.28E-10

WWNNMN .

110 400 -4.586E-05 -1.42E-03 3.67E-03 =5.02E-10
120 400 -4,.784E-05 -1.68E-03 4.06E-03 -3.88E-10
130 400 -5.011E-05 -2.01E-03 4.546-03 | -2.65E-10
140 400 -5.270E-05 -2.40E-03 5.12E-03 -1.08E-10
150 400 -5.565E-05 -2.88E-03 5.81E-03 1.11E-10
160 400 -5.899E-05 -3.47E-~03 6.64E-03 4.24E~10
170 400 -6.278E-05 -4,19E-03 7.61E-03 8.66E-10
180 400 -6.708E-05 -5.09E-03 8.77E-03  1.48e-09
190 400 -7.1956E-05 -6.20E-03 1.01E-02 . 2.31E-09
200 400 -7.750E-05 ~7.60E-03 1.18E-02 3.42E-09
210 400  -8.383E-05 - -9.35E-03 1.38E-02 4.88E-09
220 400 -9.108e-05 -1.16E-02 1.62E-C2 ~ 6.77E-09
230 400 -9.944E-05 -1.44E-02 1.93E-02 9.20E-09
240 400 -1.091E-04 -1.81E-02 2.31E-02 "1.23E-08
250 400 -1.204E-0% -2.29E-02 2.80E-02 1.62E-08
260 400. -1.336E-04 -2.93E-02 3.44E-92 2.11E-08
270 400 - -1.493€E-04. -3 78E-02 4.29e-52  2.T4E-08 .
280 400 | ~1.681E-04 =4 _94E-02 5.44E-02 . ~ 3.52E-08
290 400 -1.907E-04 - ~6.56E-D2 7.065E-02 4.52E-08
9.35€e-02 5.78E-08

300 400 -2.185E-04 -~ —-8.86E-02




Table 6

Parameters for Calculation of the Compressibility

o, .

(+)
A EY

T P <va> | > (EZZ)
3P T Slope 3P T T
. cm’ cm cm _s
C bar g bar mol bar mol bar mol bar
0 600 -4.200E-05 -1.97E-04 4.83E-03 -8.20E-09
10 600 -3.991E-05 -2.53E-04 J.86E-03 -5.37E-09 .
20 600 -3.862E-05. -3.06E-04 3.27E-03 -3.72£-09
25 600 -3.819E-05 -3.33e-04 3.07E-03 -3.17E-09
30 600 -3.787E~-05 -3.62E-04 2.92E503 -2.756~-09
40 600 -3.755E-05 -4.23E-04 2.73E-03 -2.18E-09
50 600 -3.755E-05 -4, 94F -0y 2.66E-03 -1.85E-09
50 600 =3.755E~-05 -4, 94E =04 2.65E-03 -1.86E-09
60 600 -3.784E-05 ~5.7AE-DY 2.61E-03 -1.45E-09
70 600 -3.838E-05 -6.72E-04 2.65E-03 -1.20E-09
80 600 -3.916E-05 ~-7.85E-04 2.77e-03 -1.08E-09
90 600 -4.017E-05 -9.19E-04’ 2.97E-03 -1.06E -9
100 600 -4 140E-05 ~1.08E-03 3.24E-03 -1.136-09
110 600 -4 286E-05 -1.27e-03 3.59-03 -1.27E-09
120 600 -4 456E-05 -1.50E-03 . 4.03E-03 -1.46E-09
130 600 -4 650E~05 ~-1.77E-03 . 4 55E-03 -1.67E-09
140 600 -4 871E-05 -2.10€-03 5.17E-03 -1.88E-09
150 600 -5.120E~-05 -2.49€E-03 5.86E-03 -2.08E-09
160 600 -5.401E-05  -2.97TE-03. ’éfZJE~O3%m -2.23E-09
170 600 -5.7T16E-05" -~3.55E-03: 7.6TE-03 ... -2:31E-09
180 600 -6.0T0E-05. -4_26E-03 8, TTE-03 = =-2.:27E-09
190 600 -6.468E-05 ~-5.12E-03 1.00E-02 -2.08E-09
200 600 -6.915E-05 -6.18E-03 '1.15€E-02 ~-1.69E-09
210 600 =7.418-05  -7.49E-03 515325502 : ‘llO“é709v5
220 - 600 -7.986E-05 . -9.12E-03 1.52E6:02... -6.61E=-11
230 600 -8.628+-05" ~-1.11E-02 '1.756<02: . 1:.33E-09
240 600 -9.358E-05 -1.37E-02 2.03E-02 3.24€-09
259 600 -1.019E-04 -1.69E-02 2.36E-02 5.81E-09
; -t : L . ' N B = S LTl ks
260 600 ~1.114E-04 " -2.10E-02. 2.7TE=02 .. 9.21E-09
270 600 -1.224-04  -2.63E-=02 - 3.28E=02. . 1.36E=08
2890 600 -1.351E-04 -3:32E-02 - 3.91E-02.-. 1.94E-08
290 600 -1.498E-04 -4 ,22E-02 4, 73€-02 2.69E-08
300 600 -1.6TIE-CY -5.43E~-02 5.80E-02 3.66E-08

51



Table 6 .

Parameters for Calculatlon of the Compressibility

f9v . \.- 3v° (0)
T P ( : w)': o D—H» ( 2)
oP Ipr Slope . oP T BEfv T
3- B i3 o -3 . .
e bar __cm cm cm g
g bar: mol bar mol bar = .2
SERT T S mol bar

S

0 800 -3.946E-05 —--1.80E-04 - -4.30E-03 -7.02E-09
10 800 -3.772E-05. -2.34E-04 3.43E=03  -4.40E-09
20 800 -3.661E-05  -2.85E-04° 2.90E<03° .-2.90E-09
25 800 -3.624E-05- -3:10E-04" 2.7T2E-03°  -2.41E-09".
30 800 . -3.596E~05:" -3.37E-04"  2.59E-03 -2.04E-09
40 800 -3.567E-05- =3.94E-0Q4" 2.42E-03. -1.55E-09
50 800 -3.566E- 05' -4 58E-0# 2.35e-03 -1.29e-09

50 800 —3.566E-05 -#.SSE—OH 2.39E-03 -1.50E-09
60 800 - -3.591E-05. -5.32E-04 2.38E-03 -1.21E-09
70 800 -3.637E=05. -6.17TE-04 2.47€-03  ~1.10E-09
80 © 800 -3.705E-05' ~-7.18E=04: 2.63E~03  -1.15E-09
90 800 -3.793E-05 -8.36E-04 2.88E-03  -1,34E-99
100 800 -3.900E 05f -9.75E-04 3.21E-03. -1.64E~09

110 800 -4.028E-05 ~1.146-03 3.62E-03 -2.04E-09
120 800 -4.175e-05 ~-1.33E-03 4.11E-03 -2.53E-09
130 800 -4.343E-05 -1.57E-03: 4.70E-03 -3.07e-09
140 - 800 -4.534E-05 -1. 84Ef03“ 5.3TE-03  -3.66E-09
150 800 -4.7‘!8E—05h -23172;031 é.15E-03  -4.27E-09

“ ¥

160 800 -4.988E-05 -2.56E-03 7.04E-03  -4.89E-09
170 800 -5.255E-05  -3.03E-03, 8.05E-03  ~5.48€-09
180 800 -5.554E-05:" -3.60E-03" 9.18E-03 -6.02E-09
!
1

190 800 -5.886E-D5:° -4.28E-03 .05E-02  -6.48E-09
200 800 -6.256E-05 -5_10§-O3, .19-02° -6.81E-09

210 800 -6.668E-05 -6.10E-03 1.356-02 -6.97TE-09
220 800 -7.128e-05 -7.31E-03 1.53E-02 -6.91E-09
230 800 -7.642E-05 ° -8:T9E=03 1.74E-02  -6.54E-09"
240 800 —8.217¢ 05" -1.06E=02 1.97-02 -5.80E-09
250 800 -8.863E%05:. —1.285-02, 2.24e-02 -4.5TE-09"

260 800 -9.590E-05 -1.56E-02 2.54E-02 -2.72E-09

270 800 -1.041E-04 =1.91E-02. 2.90E-02  -6.86E-11
280 800 - -1.I34E-04, =-2-346-02 3.31E-02:  3.61E-09 -
290 800 ~-1.240E<04! -2.89E-02 3.79E-02 8.62E-09
300 860 -1.360E-04* —3 59E~02 4.37E-02" 1.54g-08



Table

Parameters for Calculation

6

of the Compressibility

)
oP

@ o O
aP T Slope P T T
3 3 3
°C  bar cn L = g
g bar mol bar mol bar mol bar2

0 1000 -3.701E-05 -1.63E-04 3.78E-03 -5.85E-09
10 1000 -3.563E-05 -2.15E-04 3.02E-03 =3.43E-09
20 1000 -3.473E-05 -2.64E-0Yy 2.54E-03 ~2:.0RE-09
25 1000 -3.442E-05 -2.88E-04 2.40E-03 -1.65E-09
30 1000 -3.419€-05 -3.13E-04 2.28€-03 -1.33E~-G9
40 1000 -3.394E-05 -3.65E-04 2.14-03 -9.22E~-10
50 1000 -3.394E-05 -4, 24E-04 2.07E-03 -7.22E-10
50 1000 -3.394E-05 -4, 24E-04 2.16E-03 -1.15E-09
60 1000 -3.416E-05 -4 91E-04 2.20E-03 -9.62E-10
70 1000 -3.457E-05 -5 .68E-04 2.33E-03 -9.95E-10
80 1000 -3.517e-05 -6.5TE-04 2.54E-03 -1.22E-09
90 1000 ~3.594E-05 -7.62E-04 2.84E-03 ~1.61E-N9
100 1000 -3.689€-05 -8.84E-04 3.23E-03 -2.15E-09
110 1000 ~3.801E-05 -1.03E-03 3.71E-03 -2.81E-09
120 1000 -3.931E-05 -1.19€-03 4 28€-03 -3.59€-09
130 1000 -4 078E-05 -1.39e-03 4.95E-03 -4, 47E-09
140 1000 -4 245E-05 -1.63E-03 5.7T1E-03 -5 . 44F -09
150 1000 -4 431E-05 -1.90E-03 6.59€-03 -6.47€~-09
16C 1000 -4 639-05 -2.23E-03 7.57E-03 -7.55E-09
170 10090 -4, 870E-05 -2.61E-03 8.67E-03 -8.66E-09
180 1000 -5.125E-05 -3.07E-03 9.90E-03 -9.77E-09
190 1600 -5.4083E-05 ~3.61E-03 1.13E-02 -1.09e-08
200 1000 -5.7T21E~05. -4 26E-03 1.28E-02 -1.19E-08
210 1000  -6.066E-05 -5.03E-03 1.456-02 <15 29E-08
220 1000 -6.448F-05 -5.95e-03 = 1.63E~-02 -1~ 3TE-08
230 1000 -6.871E-05 -7.06E-03"~ 1.83E-02 -1.44£-08
240 1000 -7.340E-05 -8.39E-03 .. 2.06E-02 -1.48E-08
250 1000 -7.859E-05 -1.00E-02 2.31E-02 -1.50E-908
260 10900 -8, 037E-05 -1.19e-02 2.58E-02 -1.46E-08
270 1000 -9.080E-05 -1.43E-02 2.88E-02 -1.38-08
280 10090 -9.797e-05 -1.72e-02 - 3.22E-02 -1.22E-08
290 1000 ~-1.060E-04 - -2.07E-02. 3.58E-02 -9.65E~09
300 1000 -1.150E-04 -2.51E-02 3.98E-02 -£.85E-09
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TEMP
)

PRESS
(BAR)

et P s bt (s pe

s Gt ettt b

- G S s

Specific Volumes of Aqueous

Table 7

Sodium Chloride Solutions (cm3 g-l)

.1000

. 995732

. 995998

- 997620

- L

-t

3
ey

- s

998834
.000279
.003796
. 008064

.0081
.0130
.0186
L0249
L0317,
.0391

L0471
L0557
. 0649
.0748
.0854

.0966
.1087
.1215
.1353
. 1500

.1658
. 1828
.2011
.2209
. 2425

. 2661

. -t bust o - — .t .t

ottt Y s

.2500

.989259
2989781
-991564
-992832
©994319"
-997883
.002161

.0022
.0071.
.0127
.0188-
.0256 -
.0329

.0407
.0491
.0582
.0678 .
.0781

.0891-
-1008 -
-1133
-1266
-1409

.1562
L1727
.1904
.2095
.2303

.2529
L2777

.5000

.978889
. 979804
.981833
.983185

©.984735

— g g
P A

D

- tm pus Sue
N

-988374
2992668

.99217
.9976

L1413

L2116

.2330
.2562
.2817
. 3097
. 3407

-t G e

s S s s

--- MOLALITY

.7500 1.0000
.968991  .959525
970256 - .961101
.972505 . 963544
973932 .965038
1975539 966694
979243 - 970455
.983551  .974772
.9836 .9748-
.9885 -9797..
-9939 .9851°
-9999 9909
10063 ..9972 -
0133 1.0040
.0207  1.0113
0286  1.0190
-0371  1.0272
0461 1.0359
0556  1.0452
.0658  1.0550
0766  1.0654
0881  1.0765
1004  1.0883
S1134  1.1008
1278 1.1142
1424 1.1286
1584 1. 1440
17T 1.1605
1944 1.1783
L2146 1.1976
2366 1.2184
2606 1.2411
12868  1.2657
3155 1.2926

— pt e St e

— et g g

2.0000

. 925426

.927905

:930909 .

.932590

.934382°

.938287
.9492603

.9427

.94TY

.9526 -
.9581
~9640

.9703

L9769
.9839
.9912

9990

.0072

.0159 -
.0250
.0347
0449
.0558

.0673
.0796
.09271
.1068.
.1218

3.0000

.896292
.899262
. 902565

.904339

. 906194
. 910145

914411

L9145
L9191
. 9240
.9293

. 9348

. 9406

9468

e

.9532
. 9599
.9670
R ILL]

.9821 -

9903

.9989
.0079
L0175

L0276
.0382
.0496
L0616
.0744

.0881
L1027 -
.1182
L1347
.1520

4.0000

.870996
.874201
.87T7643
.879457
.881334
.885276 -
.889473

.8895
. 8940
.8987"

..9037

- n b o
.

- o (s ame e
. .

.9089
. 9144

. 0454

0979

5.0000

. 848646
-851958 -
-855469"
.857301 ..
-859185:

.863108
.867241

.8673
.8716
.8762
. 8809
.8858
.8910

S



&

TEMP PRESS
(°C) (BAR)
0 200
10 200
20 200
25 200
30 200
40 200
50 200
50 200
60 200
70 200
80 200
90 200 .
100 200
110 200
120 200
130 200
140 200
150 200
160 200
170 200
180 200
190 200
200 200
210 200
220 200
230 200
240 200
250 200
260 200
270 200
280 200
290 200
300 200

- Pt oA pmt s

Specif}é&Volumes of Aqueous

Table 7

Sodiuﬁ Chloride Solutions (cm3 g-l)

. 1000 .2500 .5000
. .986107  .979894 . .969937  .960426
.986943° . 980946 971317 962097
.988895  .983034 .973613 . 964577
.990212 . 984397 . 975047 . 966075
.991729 . 985950  .976653  .967728
.995310 .989570 .980336  .971464
2999554  .993820 .9B459/ ,975734
. 9996 .9938 . 9846 .9758
1.0044 .9987  .989%4 . 9805
1.0098 . 1.0041. . .9947 .9858
_1.0158 - 1.0100 - 1.0006 L9915
1.0224 1.0164 1.0068 .99717
1.0294 1.0233 1.0136 1.0043
-0370 1.0308 -~ 1.0209 1.0113
.0452 1.0388 1.0286 1.0188
.0539 - 1.0473 .1.0368 1.0268
.0631 - 1.0563 1.0455 1.0353
.0730 1.0660 1.0548 1.0442
1.0835 1.0762 1.0647 1.0537
1.0947 1.0871 1.0751 1.0637
1.1066 1.0987 - 1.0862 1.0744
“1.1192 1.1110 1.0980 1.0857
“1.1327 1.1241 1.110% 1.0978
1.1472 1.1381 1.1239 1.1106
1.1627 1.1531 1.1383 1.1243
1.1794 1.1693 1.1536 1.1390
1.1973 1.1867 1.1702 1.1548
1.2168 1.2055 1.1880 1.1719
1.2380 1.2259 1.2074 1.1904
1.2613 1.2483 1.2286 1.2105
1.2869 1.2729 1.2517 1.2325
1.3154 1.3001 1.2773 1.2566
1.3476 1.3307 1.3057 1.2833

-t et b g

ot s b bt Gt
P R Y

— - g P
« e

MOLALITY

1.0000

.951324
.953251
.955893
.957446
.959139
. 962921
.96T196

L9672
.9720
L9772
.9828
.9888
.9953

.0857

.0980
L1112
.1253
. 1404
L1567

L1744
.1936
L2146
.2375
.2628

— s e e p - gt v

gt e us s

2.0000

. 918469
.921123
. 924219
.925922
.927724
.931614
.935872

.9359

. 9405

. 9455
.9508

. 9565
.9624

L9687
.9753
. 9823
.9896

.9973

. 0054
.0139
.0229
.0324
.0425

.0531
. 0645
.0766
.0896
.1035

.1185
. 1348
.1524
1716
.1925%

— s g g

— s e s e

3.0000

.898408
. 900255
.904167
.908366

. 9084
L9129
9177
.9227
.9280
.9335

L9394
. 9455
.9518
.958%

. 9655

.9728
. 9804
.9885
. 9969
.0058

.0152
.0251
.0357
.0470
.0590

.0719
.0858
.1008
1170
1345

-t e

— gmn s e e

4.0000

.874105
.875964
.879856
.883982

. 8840
. 8884
.8929
.8977
.9027
. 9080

L9134
.9191
.9250
.9312
L9276

L9443
.9513 .

. 9586
L9663
.9743

.9827
.9915
.0008
.0107
.0211

.0322
. 0441
.0567
.0702
. 0846

5.0000

.852393
.854257
.858128
.862192

29131

. 9194

-9470

GS



TEMP  PRESS
(°C) (BAR)
0 400
10 400
20 400
25 400
30, 400
40 400
50 400
50 400
60 400
70 . 400
80 400"
90 - . 400"

100 400
110 400
1200 400
130 400
140 . 400
150 400
160 400
170 400
180 400
190" 400
200 400
2100 400 .
2200 400
230 400
240 400
250 400
260 . 400
270 400
280 400
290 400
300

ot

Table 7

~S§écific Volumes of Aqueous Sodium Chloride Solutions (cm3 g—l)‘

400

FA

——— -

- Dt ot

s s S et e . v bt e

.-
Omd VmS Smp’ ottt

MOLALITY

1.0000

.943568

. 945792

- .1000 .2500 .5000 .7500
- 977044 L971070  .961490  .952335

T .978376  .972581 .963271 . 954353
. 980625 L974942 965806  .957038
.982037  .976394 - .967316 = ,.958601
.983622  .978008  .968974  .960297
.987267 . .981686  .972702 .964068
.991498° - .985919  .976942 . .968310
. 9915 .9859 .9770 .9683
.9963 . .9907. .9817 .9730
.0016 - .9959 . .9869 .9781
.0074 1.0016 .9925 .9837
.0136 1.0078 . 9985 .9896.
.0204 1.0145 '1.0050 .9959 -
.0276 1.0216 1.0119 1.0026
.0353 . 1.0291 1.0192 1.0098
L0436 " 1.0372 1.0270 1.0173
L0523 | i.0457 1.0352 1.0252
.0615 1.0547 - 1.0439 ~ 1.0336
.0713 1.0643 1.0531 1.0425%
.0816 1.0743 1.0628 1.0518
-0926 . 1.0850 1.0730 - 1.0817
L1042 1.0963 1.0838 1.0720
.1165 ~ - 1.1082 1.0953  ~ 1.0830
L1296  1.1209 1.1074 1.0946
L1434 1.1344 1.1202 1.1070
.1582 1.1487 1.1339 1.1201
L1740 1.1640 1.1485 1.1340
.1908. . 1.1803 1.1640 1.1489
.20089 1.1978 1.1807 1.1648 -
.2284 - 1.2166 1.1986 1.1819
. 2494 1.2369 1.2179 1.2004
.2723 1.2590 1.2388 1.2204
L2972 1.2830 1.2616 . 1.2421

. gt ot o S

g s B gt
. e

-948608
-950215
S951944 - -
-955750
-959992

.9600
-9647
19697
-9752
.9810
.9872.

.9937, .
20006
.0080 7
0157
10238

.0323
S0u13
-0508
-0608 -
0714,

.0826
0944
.1070
.1203
L1346

.1499
1663
1840

2.0000

.911854
S91464T
-917820
-919544
.921355
-925234
2929443

.9295
-9340
-9388
19439
-9494
-9551

.9611
L9674
L9740
.9809.
.9881°

. 9957

#

Lo - ot o
s a2 e e

— g s s G
D

3.0000

.892715
.894554 -
.898430.

.902569 -

. 9026
.9070
L9116 .
L9165 . -

L9216
. 9269

4.0000

. 868956
.870797
LBT46MY.. .
.878700

.8787
. 8829
.8874
.8920
.8969.

19019

- st o

.907)
29126
9182
.9241
-9202

.9365
-9431
S L9499
- 19571
. l9e4s -

.9723

. . 9804

-9889
-9979
-0073

.0173
.0279
.0392
.0512
.0642

5.0000

.847668
849512
.853332
.857327

.8574
.8615
-8658
.8702
.8748
-8796

.8846
. 8897
.8951
. 9006
. 9064

.9123
9185
L9249
9315
9384

. 9456
L9531
.9608
. 9689

B 14 £

.9861

i)

96



TEMP
°C)

Table 7

Specific Volumes of Aqueous Sodium Chloride Solutions (cm3 g_l)

PRESS
(BAR)

600
600
600
600
600
600
600

600
600
600
600
600
600

600
600
600
600
600

600
600
600
600

600
600
600

600
600
600
600

600

- (s S

— N
IS S S §

—
L S

.1000

.9685271
.970289
.972800 .
.974299
. 975946
. 979655
.983879

.9839
.9686-
.9938
. 9994
.0055 .
.0119

.0189
-0262
-0340
10423
.0510

.0602
.0699
.0801
.0908
.1021

- pms et e G
A s e e

e e e

e s s fut
LI R R

v pmn ns e
Y

.2500

.962771
.964678
.967282
.968812
.970483
9714217
.978442

.9784
.9831
.9883
.9938
.9998
.0062

.1748

.2478

- et e -t s S st gt e

.5000

.953537
. 955661
. 958405
.959983
.961690
. 965462
. 969688

L9697
L9743
L9794
. 9849
. 9907
. 9970

.0036
.0106
.0180
.0258
. 0340

.0426
.0517
L0612
.0713
.0818

.0930
. 1047
171
.1302
. 1441

.1588
1745
.1913
. 2092
. 2285

= me us Gus S -ttt gt g

.7500

. 944706
.947019
. 949884
.951504
. 953240
. 957045
.961268

.9613
. 9659
.9709
L9763
.9820
. 9881

. 9945
.0013
.0085
.0161
.0240

.0323
L0411
.0503
.0599
.0701

.0808
.0920
.1039
-1165
.1298

. 1439
. 1589
.1750
. 1922
.2107

moL

-t s e e . e
« & s s e v e e e e

- e e
R ST S

ALITY
1.0000

. 936244
.938718
941687
. 943341
. 945103
. 940933
.953151

.9532
.9517
.9627
. 9680
L9736
L9795

.9858
. 9925
L9994
.0068
.0145

— et s e b

— s pu

2.0000

.905577
.908479
911nzr
.913457
915217
.919146
.923312

.9233
.92718
.9325
. 9375
L9427

. 9482

. 9540
. 9600
. 9663
.9729
.9798

.9869
. 9944
.0022
.0104
.0189

.0279
.0373
L0472
L0576
.0686

- .
« e

— e emt e s
L)

3.0000

.887267
.889098
.892942
.897026

.8970
.9013
.9058
.9106
. 9155
.9207

. 9260
.9316
.9374
L9434
L9497

. 9562
. 9630
.9700
L9773
. 9850

.0391

.0875

4.0000

. 864024
. 865848
.869647
.873642

.8736
.8778
.8821
.8867
.8913

.8962

.9013
. 9065
L9119
L9175
.9233

. 9294
.9356
.9421
.9488
.9556

.9630
.9706
.9785
.9867

. 9954

5.0000

.843145
. 844970
.848740
.852668

.8527
.8567
.8609
.8653
.8697
8744

.8792
.8841
.8893
. 8946
.9001

.9058
.17
977
9241
. 9306

.9374
.9uyu
.9517
.9592
.96TY

.9753

LS



TEMP PRESS

(°C) (BAR)
0 800
10 800
20 800
25 800
30 800
40 800
50 800
50 800
60 800
70 800
80 800
90 . 800
100 800
110 800
120 800
130 800
140 800
150 800
160 800
170 800
180 800
190 800
200 - 800
210 800
220 800
230 800
240 800
250 800
260 800
270 800
280 800
290 800
300 800

e )

Table 7

) . 3 -
Specific Volumes of Aqueous Sodium Chloride Solutions (cm™ g 1)

. 1000 .2500 .5000 .7500
.960519  .954961 . 946041 . 937506
.962645- . 957201 .948451 . 940061
.965383 - .960014 .951375 . 943079
.966958 .961614 .953013 . 944750
. 968661 .963336  .954T762  .946522
.972428 . 967122 .958577  .950358
L9T6651.  .9T1342 . 962792  .954567
L9767 L9713 . .9628 . 9546
.9813 .9760 L9674 L9591
. 9864 .9810 L9724 . 9640
L9919 . 9864 L9777 L9693
.9977 .9922 . .9834 L9749

1.0040 . 9984 .9894 .9808
.0107 1.0050 .9958 .9870
L0177 1.0119 1.0025 .9935
. 0252 1.0192 1.0096 1.0004
.0330 1.0269 1.0170 1.0076
L0413 1.0350 1.0249 1.0152

1.0500 1.0435 1.0330 1.0231

1.0591 1.0524 1.0416 1.0314

1.0687 1.0617 1.0506 1.0401

1.0787 1.0715 1.0600 1.0492

1.0893 1.0818 1.0699 1.0587
. 1004 1.0926 1.0802 1.0686
.1120 1.1039 1.0911 1.0790
. 1243 1.1158 1.1025 1.0900 .
L1371 1.1283 1.1145 1.1015
.1507 1.1415 1.1271 1.1136

1.1651 1.1554 1.1404 1.1264

1.1802 1.1701 1.1545 1.1399

1.1962 1.1857 1.1694 1.1541

1.2132 1.2022 1.1852 1.1693

1 1.2197 1.2020 1.

MOLALITY

- gt gt pms s - -

- e P g

1.0000

. 929323
.932000
.935097
.936793
.9385084
. 942436
. 946634

. 9466
.9512
. 9560
.9612
. 9666
L9724

. 9785
.9849
. 9916
. 9986

.
.
.

0060

0136
0216
0300
0388
0479

0575
0676
0781
0892
1008

L X ¥

13
26
39
54
10

OL @ ne

—

- et s

2.0000

.899616
.902598
. 905884
.907639
. 909464
.913324
.917453

.9175
.9218

. 9265
.9313
. 9365

.9418

L9474
.9532
.9593
L9657 .
.9723

. 9791
. 9862
.9937
.0014 -
L0094 -

.0178
.0266
.0358
. 0454
. 0555

.0661
.0773
.0892
.1019
L1155

-
. .

—cws 0 > tus

3.0000

.882050
.883872
.887686
.891718

.8917

L0174

.0267
0366
0470
.0580
-0699

4.0000

.859300
.861107
.864862
.868797

.8688
.8729
.8771
.8816
.. 8861
.8909

.8958
.9009
.9061
.9115
9171

.9229
. 9289
.9351
L9415
. 9481

. 9550
.9621
. 9695
.9772
.9852

5.0000

.838822
. .840628
*.BH4349
.848212

. 8482
.8522
.8563
.8606
. 8649
.8695

.8741
.8789
.8839
.8890
.8943

.8997
. 9054
.9112
L9172
. 9234

.9298
. 9365
L9434
. 9505
L9579

. 9655
.9735
.9817
. 9904
. 9994

8¢



110

150

160
170
180
190
200

210
2290

230

240
250

260
270
280
290
300

PRESS

(BAR)

1000
1000
1000
1000
1000
1000
1000

1000
1000
1000
1000~
1000
1000

1000
1000
1000
1000
1000

1000
1000
1000
1000
1000

1000
1000
1000
1000
1000

1000
1000

1000

1000
1000

Table 7

. 1000

. 952997
. 955416
. 958344
. 959984
.961734
. 965552
. 969775

. 9698
. 9744
-9794
. 9847
. 9905

. 9965

—— e T - - put St Gt

.0030
.0098
.0169
. 0244
.0323

.0406
. 0492
.0582
L0eTT
L0776

.0880
.0988
. 1102
-1221
. 1345

1476
L1614
.1758
1911
.2071

.2500

.947618
.950125
.953112
.954771
.956536
.960367
. 964584

. 9646
.9692
L9741
L9794

- .9851

L Y Y Y )
[ N

L9911

.9974
.0041
0111
.0185
.0262

L0343
L0427
.0516
.0608
.0705

.0806

.5000

.938982
.941619
. 944690
.946379
. 948165
.952015
.956222

L9562
. 9608
. 9657
.9709
.97én
.9823

. 9885
.9950
.0018
.0090

1.0164

- s e —— - g

.0243
-0324
0410
20499
.0592

.0689
.0791
. 0897
.1008
.1125

. 1247
.1375
.1510
.1652
.1802

— . e —— -

.7500

.930716
. 933460
. 936602
.938314
.940116
. 943979
L9481 74

. 9482
.9527
.9575
. 9627
.9681
L9739

.9799
.9862
. 9929
.9999
.0071

.0147
.0226
.0309
.0395
. 0485

.0579
.0677
.0779
.0886
.0998

L1116
. 1239
. 1369
.1505
. 1650

Specific Volumes of Aqueous Sodium Ch

L4

MOLALITY

1.0000

.922786
.925617
.928817
. 930547
.932362
.936232
.940412

. 9404
. 9449
. 9497
. 9547
. 9601
.9657

L9716
.97178
.9843
L9911
.9982

. 0055
.0132
.0212
.0296
.038)

L0473
.0568
.0667
L0770
.0878

.0991
.1110
.1235
. 1366
. 1506

loride Solutions (cm3 g_l)

— o o s

2.0000

.893956
.896986
.900307
.902071
.903900
.907750

©.911844

L9119
.9162
.9208
. 9255
.9306
.9358

-9413
L9470
.9529
L9591
. 9655

9721
L9790
. 9861
.9935
.0012

.0092
.0176
.0262
.0353
L0447

. 0545
. 0649
.07157
.0871
.0993

- e gt mus

3.0000

.877050
.878863
.882646
.886630

.8B&E
.8908
.8952
.8997
. 9045
. 9094

L9145
.9198
.9253
.9310
.93¢68

L9429
L9492
L9556
.9623
.9693

. 9765
.9239
.9916
.9997
.0080

L0167
.0258
.0354
. 0454
.0560

4.0000

.854776
.856567
.860279
.864156

.8641
.8682
L8724
.0768
.8813
.8859

.8907

- .8957

.9008
. 9061
.9115

9T
.9229
.9289
.9350
L9414

- 9480
.9548
.9618
. 9691
L9766

. 9844
.9926
1.0011
1.0099
1.0192

5.0000

.834697
.836484
. 840156
.843954

.8439
L8479
.8520
.85¢61
.B604
.8648

.8694
.8741
.8789
.8833
.8889

.8942
.899¢
.9052
.9110
. 9169

.9230
. 9294
.9359
L9427
. 9496

L9568
. 9643
.9720
. 9801
.988y

Bg¢C



Table 8

Expansivities of Sodium Chloride Solutions: %-(%%9

TEMP
oty

160

200

210
220
230
240
250

260
270
280
290
300

PRESS
(BAR)

ot po Puab fumd Pusd puat

A B WO N e . et pumt b st Pt

st ot
WO

.100-

-.058

ek et b et gt
D

bl fund . ot P
s s a4 e e

.102
.218
.267
.311
. 389
.458

Pt et bt ot ot
LI S S
~

.250

-.026
.123
.232
.278
.320
. 394
. 460

[N SRy
[+
(=]

.500

.024
.156
.254
.296
.334
.402
464

Pt ot s et b
R S
~

ettt put
v e e
4
&

- et ot pnt
e e e

b bt pp et Pt
v o e s

X 103 K
,m
MOLALITY -
.750 1.000 2.000 3.000 4.000
. 069 .110 .237 .313 . 355
. 186 .213 . 297 . 349 . 380
.2T4 .292 . 349 . 384 .406
.312 .327 .373 .401 .420
. 347 .359 . 395 418 L433
410 .417 .438 451 460
he7 470 479 484 L 486
47 47 .49 .49 .49
.52 .52 .52 .52 .52
.57 .57 .56 .55 .54
.62 .61 .60 .58 .56
.67 .66 63 .61 .59
.M .70 66 .64 .61
.75 L .70 .66 .64
.80 .78 .73 .69 .66
.85 .83 17 72 .69
.89 .87 .80 .75 .7
94 .92 .84 78 .74
99 .97 .88 .82 T7
05 1.02 .93 .86 .80
11 1.08 .98 .90 .83
17 1.14 1.03 .94 .86
24 1.20 1.08 .99 .90
32 1.28 1.15 1.04 - .94
40 1.36 1.21 1.09 .99
49 1.45 1.29 1.15 1.03
60 1.55 1.37 1.22. 1.09
71 1.66 1.46 1.30 1.14
1.85 1.78 1.56 .-1.38 1.20
2.00. 1.92 - 1.7 1.46 1.26
2.17 2.08 1.79 1.55 1.33
2.36 -2.25 1.91 ‘1.64 - 1.39
2.59 2.45 2.02 1.7 1.44

59



Table 8

Expansivities of Sodium Chloride Solutioms:

300

TEMP PRESS
(°C) (BAR)
0 200
10 200
20 200
25 200
30 200
40 200
50 200
50 200
60 200
70 200
80 200
90 200
100 200
110 200
120 200
130 200
140 200
150 200
160 200
170 200
180 200
190 200
200 200
210 . 200
220 200
230 200
240 0 200
250 200
260 200
270 200
280 200
290 200

200

)
P ST S

RO e

Pt Pk ok gt et
L T Y S

. 100

.016 -
146 -
. 245 -
. 287
.325
. 394
.456

1.

.250

. 044
.165
.257
CL29T
.333
.399
.458

1.21

27

ENODVN
WL

.500

.

086

.193

.276
.312
. 346
.406
461

Pt it i et
s s v e s

L )
L S

N N =t et v

bttt
« s e

NN = et s

m

125
.219 .
L294

OLALITY
750

. 326
.357
.413
L

St ket ot o
DR T T

1.

N rs ot et et
T Y

Pt et et ot b
« s s s e

1 vy c10°k
v 0T v
P,m

000" 2.000 3.000 4.000
159 264 ;
242 [313 &
1309 .358.-
1339 - 1379 403 419
36700399 418 431
419 T438 L4u9 - 4S5k
466 474 478 480
4T .48 .48 .48
51 .51 .51 .50
‘55 54 (53 .53
59 58 56 .53
.63 .61 .58 .57
67 ew 81 59
T 6T .63 .61
T4 70 66 .63
7R 73 e85
82 16 11 68
‘86 .19 v .70
90 .83 .77 .72
‘95 86 .80 .75
99 90 .83 .78
05 .95 .87 .8l
10 .99 .91  .au
16 1.04 .95 .88
23 1,10 1.00 .91
30 1.16 1.05 .9
38 1,23 1.11  1.00
47 1.31 1.18  1.05
57 1.40 1.25 1.11
68 1.49 ° 1.33 1.17
B0 1,60 ‘1 42 1.24
9 1.71 "1.51 1.3
10 1.82 -1.60 1.37

60




Table 8

Expansivities of Sodium Chloride Solutions:

TEMP PRESS
(°C) (BAR)
0 400
10 400
20 400
25 400
30 400
40 400
50 400
50 400
60 400
70 400
80 400
90 400
100 400
110 400
120 400
130 400
140 400
150 400
160 400
170 400
180 4500
190 400
200 400
210 400
220 400
230 400
240 400
250 400
260 400
270 400
280 400
290 400
300 400

b et e
)

ot P et Gt
L T S TS

N =t bt et s
[ Y

. 100

.081
.187
.270
. 306
.339
.400
.455

e ot bt pmd
S TR

s s s
T REEY

e Pt bt bt Pt
L

.250

. 105

.280
.314
. 346
L404
456

e
LI T S S

et et et et
I

.500

. 140
.227
.297
. 328
.357
.410
.459

b et punh pmet Pt
L Y .

— et ot ot Pt
R Y

MOLALIIY

.150

172
.248
.312
. 340
.367
416
.462

P Sd pd Pt st
LR S S Y

Gt Jush mh pet
LR S SR

__(EXQ 103 K
oT
P,m
000 2.000 3.000 4.000
.201 .285
.268 . 326
. 325 . 366
.351 . 384 404 .418
.376 .403 419 . 429
.422 L4H37 . 446 .452
. 464 .470 473 474
.46 .47 .47 .47
.50 .50 .50 .49
.54 .53 .52 .51
.58 .56 .54 .53
.61 .59 .57 .55
.65 .61 .59 .57
.68 .64 .61 .59
.71 .67 .63 .61
.75 .69 .65 .63
.78 .72 .68 .65
.81 .75 .70 .67
.85 .78 .73 .69
89 .81 .75 .71
93 . 84 .78 .74
.88 .81 .76
01 .92 .84 - .79
06 .96 .88 .82
11 1.00 .92 .85
17 1.05 .96 .88
23 1.11 1.01 .92
30 1.17 1.06 .96
38 1.24 1.12 1.01
46 1.31 1.19 1.06
55 1.40 1.26 1.12
13 1.50 1.35 1.19
78 1.61 1.45 1.27
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Table 8

Expansivities of Sodium Chloride Solutions:

160

200

210
220
230
240
250

260
270
280
290
300

~9

RESS
BAR)

600
600
600
600
600
600
600

600
600
600
600
600
600

€00
600
600
600
600

600
600
600
600
600

600
600
600
600
600

600
600
600
600
600

— s
. .

Ptk e gt
P S

Ll o
L Y

.100

.138
.223
.292
.323
.352
.406
455

Pt st ot d pmt
L S S S

bt ot Pt pmt et
. .« .

.250

.157
.236
.301
.331
.358
-409
456

e e
.

ot bt et et
L R S

.500 -

.187
.256
.16
.342
. 368
.415
.458

1 ,ov
- (BT) x 107 K
,m
MOLALITY
.750 1.000 2.000 3.000 4.000
.213 .236  .302
.275 .291 .338
. 328 .340 ¢ .373
.353 .362 .390 . 406 416
.376 .384 .406 L4419 427
420 .424 .437 444 448
460 . 462 LH6T 0 468 .468
46 .46 W47 47 47
.50 .50 .49 .49 .ug
.53 .53 .52 .51 .50
.57 .56 .55 .53 .52
.60 .59 .57 .55 .54
.63 .63 .59 .57 .55
1
.67 .66 .62 .59 .57
.70 .69 .64 .61 .59
.73 .72 .67 .63 .60
.76 .75 .69 .65 .62
.79 .78 .72 .67 .64
.83 .81 .74 .69 .66
.86 .84 77 .72 .68
.90 .87 .80 .74 .70
.93 .91 .83 .76 .72
.97 .95 .86 .79 .74
01 .99 .89 .82 77
06 1.03 .93 .85 .80
11 1.07 .97 .89 .82
16 1.12 1.01 .92 .85
21 1.18 1.06 .97 .89
1.27 1.24 1.12 1.01 .93
1.34 1.30 1.18 1.07 .97
1.41 1.38 1.25 1.13 1.02
1.50 1.46 1.33 1.20 1.08
1.59 1.55 -1.42 1.29 1.15

St bh et pt
D T
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"y

Expansivities of Sodium Chloride Solutions:

800 -

TEMP  PRESS
(°C) (BAR)
0 800
10 800
20 800
25 800
30 800
40 800
50 800
50 800
60 800
70 800
80 800
90 800
100 800
110 800
120 800
130 800
140 800
150 800
160 800
170 800
180 800
190 800
200 800
210 800
220 "800
230 800
240
250 800
A 260 800 . -
‘ , 270 800
280 800
290 800
300 800

Table 8

pe .
T e bt e et Pt
: . . . () .

. . L} . 'y

.100

.186
. 254
.313
.339
. 364 -
411
455

.o .

o ot ot pent gt |
PR

.250

202

. 265
.320
. 346

.370
414 ¢

456

.500

.226
.282

.356
.378
419
.458

bt et
DR

m

OLALIIY

750

. 246
.297
. 343
. 365
.385%
424
. 460

. . . . . N

v-n.—.-ha'—.._
o s e v

Pt et b
.

1 vy c10°k
v oT
P,m
000 2.000 3.000 4.000
.265 .315
.310 34T
.3%3° .379
.372 .395% . 407 415
. 391 . 409 419 .425
.427 .438 .442 . 445
.461 464 464 L463
.46 .46 .46 46
49 .49 48 .48
.52 .51 .50 .50
.56 .54 .52 .51
.58 .56 .54 .53
.61 .58 .56 .54
.64 .60 .58 .56
.66 .63 .60 .57
.69 .65 .61 .59
.72 .67 .63 .60
.75 .69 .65 .62
.77 4! .67 .64
.80 74 69 .65
.83 .76 .11 .67
.86 .79 .73 .69
.89 .81 .75 .71
.93 .84 .78 .73
.96 .87 .80 .75
.00 .91 .83 .78
.04 .94 .86 .80
09 .98 90 .83
13 -1.02 93 .86
18 7 1.07 .98 .89
24 "1.13 1.02 .93
31 1.19 1.08 .98
38 1.26 1.15 1.03

63



Table 8

Expansivities of Sodium Chloride Solutions: %m(%%.

160

200

210
220
230
240
250

260

270
280
290
300

PRESS
(BAR)

1000.
1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000

1000
1000
1000
1000
1000

1000
1000
1000
1000
1000

10900
1000
1000
1000
1000

ok bt b e
)

b b bt ot ot
P TSN

.100

.225
.281
. 330
.353
.375 -,
417

.456

.250

b it ped sk ot
DR S R

b
D

- .238
.290
2337
.359 -
.380
.419
457

s et
o e

Pt e bt s et
.

.500

.257
. 304-
34T
.367
.387
.423
.458 .

.11
16
.20 3
.25
31

MOLAL
.750

Iy
D

.273

.316 ..
.356.

.375

1393 .
427

.459

x~103 K
P,m
1TY . . .
1.000 2.000 -3.000- 4.000
.286 . 322
.326 - .354
-.363  .384% g
. 381 .398 - .407 414
©,398 .412.4.419. .423
430. - .438 7 .440 441
L4610 462, 460 - . 458
.46 .46 T .46
.49 .49 .48 .48
.52 .51 . .50 .49
.55 .53 .52 -.51
.57 - .56 . .53 .52
.60 .57 .55 .53
.62 .59 .57 .55
.65 .61 . .59 .56
.67 .63 .60 .58
.70 .65 .62 .59
.72 .67 .64 .61
.75 .70 .65 .62
7 .72 .67 .64
.80 L .69 .65
.83 .76 . .67
.85 .78 .73 .69
-
.88 .81 .75 .70
.91 .83 T7 .12
.95 .86 .19 .74
.98 .89 .82 .76
1.02 .92 .85 79
1.05 .96 .87 .81
1,10 - .99 .91 .84
. 1.14 1.03 .94 .87
1.19 1.08 .98 .90
1.25 1.14 1.03 .94

C A

by
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Compressibilities of Sodium Chloride Solutions:

TEMP  PRESS
(°C) (BAR)
0 1
10 1
20 1
25 1
30 1
40 1
50 1
50 1
60 1
70 1
80 1
90 1
100 1
110 1
120 2
130 3
140 4
150 5
160 6
170 8
180 10
190 13
200 16
210 19
220 23
230 28
240 33,
250 40:
260 47
270 55
280 64
290 74
300 86

Table 9

.100

.503
472
.453
447

-443
“438
438

— et pt i
v e s

NNN'—H-

.250

.492
.463
446
. 440
.436
.432
.431

.500

475
. 449
.433
.428
.425
.421
.421

1. 35

1.52
1.72 .
1.97

2.29
2. 71

1.

1

1.

2.
2.

MOLALITY
750 1.000-
. 459 .443
436 .423
.422 .411
417 . 407
.414 404
411 .401
.411 .402
.41 .40
.42 .41
.42 .42
43 .43
.45 .44
.46 .45
.48 .47
.50 .49
.53 .52
55 .54
.58 .57
.62 .61
.66 .65
.71 .69
.76 .74
82 .80
.89 .87
.97 .95
207 1.04
.18 1.14
.30 1.26
46 1.41
.65 1.58
87. 1.79:
16- 2.04
53, 2. 37

1.49

1.15

1 2y 4 10% var
v oP
T,m
2.000 3.000 4.000 5.000
389 .36 .315 294
377 J31 0 .313 294
371 (338 .313 294
39 1337 313 294
367 0337 313 294
‘367 1338 (315 296
369 (340 .317 299
A7 L3 .32 .30
38 3 132 3
38 3% .33 .31
39 37 3 32
d1 2380 (3 (33
w2 239 31 34
44 .41 .38 .35
w6 43 39 3%
48 4w .41 .38
50 47 .43 .39
53 49 45 a1
56 .52 4T .42
60 55 .50 .44
.64 .58 .62 ué
.68 .62 .55 .48
73 66 .59 .50
79 .11 .63 .53
.86 T7 .67 .56
93 ‘83 11 .58
1.02 .89 e .61
1.11 .97 .82 .64
1.23  1.06 .88  .6a
1,35 1.15. .94 .71
150 1.25: 1.01. .75
1.67 : 1. 371 1.08 .79
1,87
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Table 9
e I T AT T-) Y *16“ bar
Compressibilities of- Sodium Chloride Solutions: ;-(Sﬁ)T X ar
,m
TEMP PRESS - » r——mmme—sse MOLALTTY i~ s = ‘
(°C) (BAR) . 100 .250 .500 .750 1.000 2.000 3.000 4.000 5.000
0 200" L4TY . 465 449 434 420 .370
10 200 .44 T .439 426 .41y .402 v 360 ‘ - ‘
20 200 -430 423 .412 401 .391 . 355 ST :
25 200 L 425 418 . 407 .397 ;388 0353 . 324 2 301 .283
30 + 200 . .420 414 404 . 394 . 385 1352 2324 - ;301 .284
40 200 416 410 400 5391 .382 1351 .'325 . 303 .286
50 200 415 .409 .400 . 391 .383 . 352 .327 .305 .288
50 - 200° .4 .41 .40 .39 .38 .3 .33 .31 .29
60 . 200 .42 .41 .40 .40 L3936 .33 .31 .29
70 200 .42 .42 . .41 .40 -39 .36 - .34 .32 .30
80 1200 .43 .43 .42 .41 .40, - 3T .35 .33 .31
90 200 .44 .44 .43 .42 41 .38 36 .33 .31
100 200 .45 .45 .44 .43 .42 .40 .37 .34 .32
110 200 .47 .46 .46 .45 .44 .41 38 .36 .33
120 200 .49 .48 .47 .46 46 - 42 .40 - 37 .34
130 200 .51 .50 .49 .48 .48 J44 .41 .38 .36 .
140 200 .53 .53 .52 .51 .50 ) .43 .40 .37 .
150 200 .56 - .55 .54 .53 .52 .48 .45 .42 .38
160 200 . .59 .58 ST .56 .55 .51 .47 .43 .40
170 200 .~ .63 .62 .61 .59 .58 .54 .50 46 .41
180 200 .67 .66 .64 .63 .62 .57 .52 .48 .43
190" 200 .71 .70 .69 .67 .66 .61 .56 . .50 .45
200 200 LT7 .76 .74 t72 .70 .65 .59 .53 .47
210 200 .83 .81 <79 .77 .76 69 .63 .56 - .49
220 200 .90 . .88 . 86. .84 .82. .75 6T .60 . .52
230 200 .98 .96 .93 .91 . .89t .80 .72 .64 .54,
240 200 1.07 1.05 1.02 99 97 - .87 - .78 . 68 7 57°
250 200 1.19 1.16 1.12 1.09 1.06 .95 84 73 60
. H . : . ! . R B3
260 200 - 1.32 1.29 1.24 . 1.20: 1.16 1.03 91 .78 63
270 200 1.49 1.44 1.38° 1.33° 1.29 1.13 99 .84"° 67
280 200 1.69 1.63- 1.55 1.49. . 1,43 1.24 1.07.0 .90 70
290 200 1.9% 1.87.: 1.76 ' 1.68 1.60 . 1.36 1.16 -+ .96 732
300 200 2.27  2.17 2.02 1.90 1.80 1.48 1.2¢ 1.01 7
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Compressibilities of Sodium Chloride Solutions: ;-(S;

TEme
e

210

250

260
270
280
290
300

PRESS

(BAR)

400
400
400
400
400
400

- 400

400

400

400
400
4006
400

400
400
400
400
400

400
400
400
400
400

400
400
400
400

400 . .

400 -

400

400 .
400 .
400 -

Table 9

.100

449
425
.410
. 405
.401
. 396
.395

.250

440
.418
.404
. 399
.395
. 391
.390

.500

426
.406
. 393
. 389
. 386
.382
. 381

MOLALITY
.750 1.000
412 . 399
. 395 . 384
. 383 . 374
. 380 .37
. 377 . 368
.374 . 366
.3713 . 365
.37 .37
.38 .37
.38 .37
.39 .38
.40 .39
.41 .40
.42 .41

43 .42
.45 .44
47 .46
49 .48
.51 .50
.54 .52
.57 .55
.60 .59
.64 .62
68 . .66
T2 Tr
78. .76
.82
.9L .88
99 .96
07.. 1.04
18 1.14
29 1.25
42 1.37

X lOa bar
- T,m
2.000 3.000 4.000 5.000
.353
. 345
. 340
.339 . 312 .290 .273
. 337 . 312 .290 .273
. 337 .312 .292 .275
.338 .314 . 294 .2T78
.34 .31 .29 .28
.34 .32 .30 .28
.35 .32 .30 .29
.35 .33 .31 .29
.36 34 .32 .30
.37 .35 .33 .31
.38 .36 .33 .32
.39 .37 .35 .32
.41 .38 .36 .34
.42 .40 .37 .35
.4y .41 .38 .36
.46 .43 .40 .37
.48 .48 .42 .39
.51 7 Yy .40
.54 49 46 42
.57 .52 .48 .44
.60 .55 .50 .46
.64 .59 .53 .48
.69 .63 .56 .50
.74 .67 .60 .52
. 80 .T2 .64 .55
.86 77 .68 .58
.94 .83 .73 .61
1.02 .90, .78 .64
1.1Y .98 .84 .68
1.20 1.05 .90 .71
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Table 9

' . oV
Compressibilities of -Sodium Chlqride,Solutlons:'-;-(——D

TEMP PRESS
(°C) (BAR)
0 600
10 600
20 600

25 600 .
30 600 -
40 600
50 600
50 600
60 600
70 600
80 600
90 600
100 600
110 600
120 600
130 600
140 600
150 600
160 600
170 600
180 600
190 600
200 600
210 - 600
220 600
230 600
240 600
250 600
260 600
270 600
280 600"’
290 600 - -

300

600

.92
1.08
1.17
1.28

.250

.418
.398
. 386
. 381
.378
.373
.372

.500 .

.405

.387 -

.376

.372.

. 369
. 365

-364.

x 10* par
,m
MOLALITY - SR - E
750 1.000 2.000 3.000 4.000 5.000°
392 .380 .338.
L3717 (367 .331 z :
367  .358 .327 , P -
364 .355  .326  .300- '.279 .262°°
31 .353 .325 .300- .280 .263
1358 .350 - .324 .301 .281  .265
357 .350 .324 .302 .283 .267
.3 . .35 .32 .30 .28 .27
.3 .3%  .33. .31 .29 .21
36 . .3 .33 .3y .29 2T
37 .36 .3 .3 .30 .28
37 37 .3 .32  .30° .28
.3 .38 .35 .33. .3 .29
.39 .39 .3 . .33 .31 .30
40 .40 .37 .3% .32 .31
42 L4l 38 .35 .33 .31
43 42 .39 36 .34 .32 -
45 44 .40 .38 .35 .34
47 . .46 .42. .39 3T .35
S49. 4@ 44 40 .38 .36
51 .50 .45 .42 .39 37
54 .52 .48 44,  .41. .39
57 55 .50 .46 .43 .40
.60 .58 .53  .48. .45.. .42
64 .62 .56 .51 .47 .44
68 .66 .59 . .54 50 .46
72 700 .63 57T . .52 .48
78 .15 6T .61 .56 .50
.83 .81. .72 . .65 . .59: .53"
90 .87 .78 .70 .63 .56,
97 94 85 .76 .68 .58
106 1.03 .92 82 .73 6237
“1.15 1.12  1.00 90. S65
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Compressibilities of Sodium Chloride Solutions: l-(—g%)
v

TEMP PRESS
(°C) (BAR)
0 800
10 800
20 800
25 800
30 800
40 800
50 800
50 800
60 800
70 800
80 800
90 800
100 800
110 800
120 800
130 800
140 800
150 800
160 800
170 800
180 800
190 800
200 800
210 800
220 860
230 800
240 800
250 800
260 800
270 800
280 800
290 8090
300 800

Table 9

.100

.404
. 386
.374
. 370
. 367
.362
.361

.250

.397
. 380
. 369
. 365
. 362
.358
.356

.500

. 384
.370
. 360
. 357
. 354
.350
.349

MOLALITY
.750 1.000
.373 . 362
. 360 .351
. 352 . 344
.349 341
346 .339
. 343 . 337
.343 .33
.34 .34
.34 .34
.35 .34
.35 .34
.36 .35
.36 .36
.37 .36
.38 .37
.39 .38
.40 .39
.42 .40
.H43 .42
.45 .43
.47 .45
.49 47
.51 49
.53 .52
.56 .54
.59 .57
.63 .61
.67 .64
.71 .69
.76 .74
.82 .79
.88 .85
.96 .92

X 104 bar
T,m

2.000 3.000 4.000 5.000
323
31R
315
313 . 289 .269 .252
313 .289 .269 .252
312 .290 .271 .254
312 .291 .273 .257
.31 .29 .27 .26
.31 .29 .27 .26
.32 .30 .28 .26
.32 .30 .28 .27
.32 .30 .28 .27
.33 .31 .29 .27
.34 .31 .29 .28
.3y .32 .30 .29
.35 .33 .31 .29
.36 .33 .31 .30
.37 .34 .32 .31
.38 .35 .33 .32
.39 .36 .34 .33
.49 .37 .35 .34
.42 .39 .37 .36
L 40 .38 .37
.46 42 .39 .38
.48 44 .41 .40
.50 .46 .43 .42
.53 .48 .45 4y
.57 .51 .48 46
.60 .54 .50 .48
.65 .58 .53 .50
.70 .62 .57 .53
.15 .68 .61 .55
.82 . T4 .66 .59
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" Table 9

v 4
Compressibilities of Sodium Chloride Solutions: %—(%F x 10 bar
T,m
TEMP - PRESS MOLALITY
(°C) (BAR) . 100 .250 .500 .750 1.000 2.000 3.000 4.000 5.000
0 1000 . 382 .375 . 365 . 354 .344 308
10 1000 . 368 . 362 .353 L344 0336 .305
20 1000 .358 .353 . 345 .337 .330 .323
25 1000 . 354 .349 342 .335 .328 .302 .279 .259 241
30 1000 .351 .347 340 .333 326 . 301 .279 .259 .242
40 1000 . 347 .343 L3371 .330 . 324 .301 .280 .261 . 244
50 1000 . 346 .342 .336 .329 .223 .301 .281 .263 . 246
S0 1000 .35 .34 .34 .33 .32 .30 .28 .26 .25
60 1000 .35 .34 .34 .33 .32 .30 .28 .26 . .25
70 1000 .35 .34 .34 .33 .33 .30 .28 .26 .25
80 1000 .35 .35 .34 .33 .33 .30 .28 .27 .25
90 1000 .36 .35 .35 .34 .33 .31 .29 .27 .25
100 1000 .37 .36 .35 .34 .34 .31 .29 .27 .26
110 1000 .37 .37 .36 .35 .34 .31 .29 .27 .26
120 1000 .38 .38 .37 .36 .35 .32 .30 .28 .27
130 1000 .39 .39 .38 .37 .36 .32. .30 .28 .27
140 1000 .41 .40 .39 .37 .36 .33 .30 .29 .28
150 1000 .42 .41 .40 .39 .37 .33 .31 .29 .29
160 1000 .4y .43 .41 .40 .38 .34 .31 .30 .30
170 1000 .45 .44 .43 .41 .40 .35 .32 .31 -3
180 1000 .u7 46 . L4442 .41 .36 .33 .31 .31
190 1000 .49 .48 . 46 44 42 .37 .34 .32 .33
200 1000 .52 .50 .48 46 L4y .38 .34 .33 .34
210 1000 .54 .53 .50 0 .48 @ .46 .39 .36 L34 .35
.220 . 1000 .57 .55 .52. .50 .48 .4 27 .35 .36
230 1000 . .60~ .58 ' .55. .52. .50 .42 0738 .37 .38
240 1000 .63 .61 .58 .55 .52 4y .40 .38 .39
250 1000 .67 . .65 .61 .58 .95 .46 .41 -40 .41
260 1000 . .71 . .69 .65 - .61 .58 49 2 a4 - 42 43
270 1000 .76 .73 .69 .65 .62 .52 .46 .4y T
280 1000 .81 .77 I3 0 .69 .66 .55 .49 .46 .47
290 1000 - .86 .83 .78 T4 .70 .59 . .53 .49 .49

300:: - 1000 .92 .89 ;.84 .79 .Té .64 .57 .53 .52
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The relative enthalpy is related to the excess Gibbs energy of the

EX
_ 2 13G/T
= =T ﬂ(_—ST—:> _ (27)
P,m

P,m s

solution by the equation

The appafeﬁt molal,eptha1§§ is'definéd‘as

L . , .
o SoL=——L s (28)
g sho 2y i e el T

The parametric form of‘;hg eqqéiion'forlthe‘apparénﬁ molqlfenthalpy is,6

S
FRREH

1/2: - SN

GL = v|z z | = AH 1n(l+bI oo L L
S NGO y : -
2 <2vmvx> (_ MX )
- VRT'™m - .
Y oT . G
, P,m ) ; ey = .
‘ .L/ . (1)\ oy (29)
2 1/2\ [ 2v v 2B Y S o
_ 2VRT m‘(l-(l+a11/2)e-a1 ) <, m x)_( MX ) "
2 v aT
o I P,m
3/2\ ford \ | o AP
-2 pr?n? (2(\) £ )(ach) - L
2 " NE 3T ’ ' !
. P,m : .

where AH is the Debye-Hiickel enthalpy slopeiéiven in.pape’r'_VII.5
f The experimental determination of the éﬁthalpy of an electroi&ﬁe
solution is‘madé through heat of dilution or heat of solution measuyre-

ments. The molar heat of dilution AﬁD is the: heat éhange*per mole " .

- PO . . ‘P-:...: i
measured when a solution at concentration my is diluted to concentration
m,, and it is related to‘the apparent molal enthalpies at'm, and ml“by oy

PR : .. . ‘:‘
J B N . . ’i’.':é

HD - oLm, ) - oL(m)). (30)

The molar heat of solution, Aﬁs, is the heat change measured when one

mole of salt is dissolved in enough water to form a solution of



concentration m. It is related to the apparent molal enthalpy by
- - °
= -+ '
AHS AHS $L, (31)

o
where AHS is the heat of solution at infinite dilution. The apparent
molal heat capacity is defined as the difference between the heat
capacity of the solution and the heat capacity of pure water contained

in the solution, per mole of salt,

[}

C -n 6
P 1P
¢Cp = T . (32)

The appérent molal heat capacity is related to the apparent molal

enthalpy by
_o /3¢)L
4c_ =G +(“‘> (33)
P

R
where C is the partial molal heat capacity of the solute at infinite

P
2
dilution. Combining Equation (33) and the temperature derivative of

Equation (29) yields

° A
¢Cp = Epz + \)Iz z I _ZTJ- 1n(1+bI / ) o i
oy (0) 0)\
) <2vm\)x>[(3 B ) - (aBMX ) ]
- VRT'™m + = -
v 2 T aT
3T P.m P,m
. » : (34)
17.2,(1) 9]
2 1/2 f2v_v_\|{?°B 38
_ 2\)RzT m (- (1_*_0‘11/2) -aI )( m x)[( P;X ) +_%_( Bbg( ) ]
i S TNV AT” o P,m
v P,m
3/2 - ¢
- ( ) )[(a CMX) L £'<acm<> ) ] .
-2 v 272 STTN\NAT

where AJ is the Debye-Hiickel slope for the heat capacity given in paper
XII.5
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Finally, the pressure dependence ofzvth'ewact’ivity and thermal pro--

perties can be found by taking the derivatives of Equations (5), '(6),
(29), and (34) with respect to'pres‘shre. Equations are given below for

the change in these properties in going from an initial pressure Pl to .

a final pressure Pz,' . » Lol - ‘
A . .o :[]'/*2i - . °
¢ (P,) - ¢(P,) = (A (P ) A (P ) — 75
2 _ 1 2 1 lbel/z_
P2
. , 1/2
+ l {mB(O) + mB(l) e—aI + m20¢} dpP . (35)
v v o v
Pl : :
1/2
) N ) 1" 2 1/2
1nyi_(P2) lnYi'(Pl? = Izmzx] (A¢(Pv2) _A¢,(Pl))(l+1 /2 5 In(1+bI ‘)>
P
2 1) _ :
, 2mB 1/2
+ {Zme(o) + —— (1-(l+a /2 2 I) moel oy (36)
P v oI
1

+ 2 2 n C¢}dP
ey ) = sle ] & ytroagey D
P 0

2 (0) v |
a8 2 B - 1/2
- ’ {VRT2m< 37 ) + 2\’RZT m( =T ) 1~/ He™l ) (37)
, . 4 ,
P

,m o 1 P,m

1 ;
2 2 (ac? | |
+ VRTm [ " v 4P _ o
2 oT ;
P,m :

.

1/2

¢c ®,) - ¢c (P Y = \)|z z_ l (A (P ) A (P ))'51~n'(1+b‘1 )

P 1 } . M U .
2 SO\ OV T
- vRsz S 2\t ) o
or? /TN Sl @8
P Pm 2

1. ? _ ‘continued




2 (1) D)
+ 2\)’RT m[( v ) + _2_( v ) ](1 (1+oLIl/2) ol )
a I oT P P’m
(38)
2 4 ¢ 25°
2 2[ /s%c 3C C
9T T P, oT

To determine the pressure dependence of heat of solution data, the

-
change in AHS with pressure is also needed. The heat of solution at

infinite dilution is related to the partial molal enthalpy of the solute

-}

at infinite dilution, ﬁz, and the molal enthalpy of the solid salt, H(s),

by the equation

Aﬁ; = & - f(s). (39)

The change with pressure is

aAﬁ°) . (57, _
(—s =7 -T(—l> - {‘7(5) +T (i(—*f‘l) } , (40)
N8P/, T2 NBT T/,

_O
where V2 is the partial molal volume of the solute at infinite dilution

and V(s) is the molal volume of the pure salt in the solid phase. Since

t

the temperature and pressure dependences of the volume of the solid are

small, the'inteéfal of the term in bréckets é;n be approximated as
P, i ' '
{\—l(s) + T (%Q)P}d? ~ T(5),0gx (Py=Pp)-
P, R . .
This approkimétiénﬁis'accurate to ».OlsJ"mol'-l bar_l, so it is sufficient
in compariéon to the larger unééftaiﬁty in the pressure deperidence of ﬁ;.
The pressure dependence of Aﬁ; now reduces to,
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P
2 =
_o _o- : A _o. (3V2>

B

$dP —‘V(s)(Pé;Pi),'”"' (41)
P , :

40.

Y-
£l

with V(s) = 26.994}cm3 mol_l at. 25°C.

2. Estimation of Uncertainties

The error accumulated in a pressure correction is difficult to

determine becausenof the.multiple>operatioﬁs needeu to ebtain the final
value. The pressure depeudence of en osmotic or activity coefficient is‘
known most accurately, eince‘ouly terms describiué the specific volume
of the NaCl solutiou as a fuuction of'pressure are required for the
celculation. An estimated error of 10% in the pressure correction re-
sults in an uncerteinty of f.009 in the osmotic coefficient at 300°C
and 1000 bar. For comparison, the experimental uncertainty in the
measured osmotic coefficient at saturation pressure is +.005.
The.uncertainty in a pressure\correction for enthalpy and heat
capecity data will be 1afgé£, since these corrections require information
on the first and second temperature derivatives of the volume of the NaCl
solution. The minimum uncertainty in a pressure correction can_be
estimeted by compariug vaiues oﬂtained from the low tempereture fit and
' the overall fit in the reéion or overlau. Minimum uncertainties are
f20~1m01_1 for the apparent mclal euthalpy and +2 J K_i mol—l.for the
apparent molal heat capacity. ‘At high temperatures, recent enthalpy
and‘heat capacity data reported at elevated uressures can be used to
assess the_uncertainty»in the preseure-corrections. BuseyA; lists
enthalpy of dilution data et‘66 to 105 bar and 400,ber. Comparison of
the iow pressure data corrected up to 177 bar and the high pressure data

adjusted down to 177 bar shows that the corrected values are in agreement
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approximately within the scatter of the measured enthalpies. The heat
capacity data of Tanner and Lamb42 at 1 bar and of Likke and Bromley[‘3
at saturation pressures can be corrected to 177 bar for comparison with
the data of Smith-Magowan and Wood.44 Again, the differences between
the high pressure data and the data adjusted to 177 bar are comparable
to lhe observed scatter in the measured heat capacities. An estimated
error of 20Z for the pressure correction gives an uncertainty in the
correction to 200 bar of the same magnitude as the experimental uncer-
tainty in the measured enthalpies and heat capacities. Thus this value
has been chosen as the estimated uncertainty in the pressure corrections
for these quantities. The percent uncertainty should remain fairly
constant for corfections over larger pressure intervals, so that the
absolute error in a pressure adjustment from saturation pressure to
1000 bar will be four or five times as large as the uncertainty in a
correction from saturation pressure to 200 bar. Table 10 lists the
estimated percent uncertainties in the pressure adjustments, along with

the range of experimental uncertainties for existing activity, enthalpy,

and heat capacity data.

3. Explanation of Tables

The pressure dependences of the osmotic and activity coefficients,
the heat of solution, and the apparent molal enthalpy and heat capacity
are given in Tables 11-15. Values are listed as the change in a thermo-
dynamic property due to a pressure change from the saturation pressure
of pure water to 200, 400, 600, or 1000 bar. Thus the table values can
be added directly to experimental data along the saturation curve to
obtain the corresponding high pressure values. Of course, other pressure

adjustments, for example, from 200 bar to 400 bar, can be obtained by
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Table 10

Pressure Dependence of Thermodynamic Properties

Uncertainty Estimates

Pressure Correétion to L Experimental
Property Dependence 200 bar DataC
) 10% .002 (300°C) .005
lny 10% .002 ( 50°C) .002
AﬁD- 2072 20 J mo1”t ~ ( 25°C) 4 J/mol
30 J mo1™t (100°C) 20 J3/mo19
250 J mol L (200°c) 65 J/mo1d
1,500 J mol ™t (300°C) 1,000 J/mo19
AE 2072 20 J mo1~t ( 25°C) 16 J/mol
60 J mo1 ! (100°C) 100 J/mol
400 J mo1”t (200°C) 160 J/mol
¢cp 202° 2 7KL mo17t ( 25°C) 17K mo1™t
4 3kt mo1”t (200°C) 43K mo1”t

50 J KT mo1 ! (300°C)

a Uncertainty is 20% or 20 J mol-l, whichever is greater.
Uncertainty is 20% or 2 J K_1 mol-l, whichever is greater.
€ Values from Table III of Reference 45, unless otherwise noted.

d Values from a least squares fit of data from Reference 41.



taking the difference of two table values.

Above 25°C, pressure corrections calculated from the low temperature
fit and the overall fit are in good agreement compared to the 10% or 20%
estimated uncertainty. Thus for simplicity, all values listed in Tables

11-15 were calculated using only the overall fit (Parameter Set II).
Conclusion

Accurate calculation of the volumetric properties of sodium chloride
solutions over a wide range of concentration, temperature, and pressure
is possible with the equations presented above. Recent improvements in
the da;a base, including the high temperature data of Hilbert and high
concentration data at 20 bar, have been used. Special attention has
been paid to the behavior of the expansivity and compressibility values
derived from the volumetric fit. Because the temperature and pressure
dependences of the volumetric fit have been carefully controlled, calcu~
lation of the pressure dependence of activity, enthalpy, and heat capa-
_city data is possible. The change in these properties due to a pressure
change from saturation pressure to 200 bar generally can be calculated
with an uncertainty comparable to the experimental uncertainty in direct
measurements of these quantities, This important property of ‘the volu-
metric fit will allow it to be combined with a temperature dependent
tabulation of activity data to form a complete equation of state for

sodium chloride solutions.



Table 11

Pressure Dependence of the Activity Coefficient:

TEMP

(°C) (BAR) (BAR)

160

200

210
220
230
240
250

260
270
280
290
300

P1

it Qund pash fud pumt prmb pumb

L

P2

200

200
200
200
200
200
200

200
200
200
200
200

200
200
200
200
200

200
200
200
200
200

200
200
200
200
200

200

200
200
200
200

.100

.004
.003
.003
.003
.003
.003
.003

.004
. 004
. 004
.005
. 005

. 005
.006
. 006
.007
.008

.008
.009
.010
.011
.013

.014
.016
.017
.019
.022

.024
.027
.031
.035
.039

.250

.006
. 006
.005
.005
.005
. 005
.005

.005
.006
. 006
.007
.007

.008
.008
.009

.010
.011

.012
.013
.015
.016
.018

.020

.022
.025
.028
.031

.035
.039
.043
. 049
. 055

.500

.010 .
.008
.008
.007 .
.007
.007
.007

MOLALITY --
.750 1.000
.013 .015
.011 .013
.010 .011
.009 011
.009 010
.009 010
.008 010
.009 010
.009 010
. 009 011
.010 0t1
.011 012
.012 013
.013 014
.014 015
.015 .017
.017  .019
.018 .020
.020  .022
.022 .025
.025 .027
027 .030
.030 .033
.033 .036
.036 . 040
.040 . 044
. 045 .048
.049 .054
.055 .059
.061 . 066
.068 .074
.077  .083

1an(P2) 1nYt(Pl)

2.000 3.000 4.000
.024

.020

.017

.016 .020 .023
.015 .019 .021
.014  .017 020
.013  .016 018
.013 .016 018
.013  .016 018
.014  .016 018
.015  .017 019
.016  .018 020
.017  .019 .022
.018 .021 .023
.020 .023 .025
.022 .025 .028
.024 027 030
.026 .030 .033
.029 .033 .036
.031 .036 .040
.034  .039 .043
J037  .043  .0u47
.041  .047  .051:
.04  .050 .055
.049  .055 .060
.053  .059 .064
.058 .064 .069
.064 .070 .O74
.070 .076 .080
.077  .083 .087
.085 .091 .095
.09% .101 . 104
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Table 11

Pressure Dependence of the Activity Coefficient: lny+(P2) - 1nY+(P1)

TEMP P1 P2 - MOLALITY
(°C) (BAR) (BAR) .100 .250 .500 .750 1.000 2.000 3.000 4.000

0 1 400 .007 .012 .019 .024 .030 - .047

10 1 400 .007 .011 .016 .021 . 025 .038

20 1 400 .006 .010 .015 .019 .022 .033
25 1 400 .006 .010 .014 .018 .021 .031 .038 .043
30 1 400 .006 .010 .014 017 .020 .029 .036 .041
40 | 400 .007 .010 .014 .017 .019 .027 .033 .038
50 1 400 .007 .010 .014 .017 .019 .026 .031 .035
60 1 400 .007 .011 .014 .017 .019 .025 .030 .034
70 1 400 .008 .011 .015 .017 .019 .026 .030 .034
80 1 400 .G08 .012 .016 .018 .020 .027 .031 .035
90 1 400 .009 .013 .017 .020 .022 .028 .033 .037
100 1 400 .009 .014 .018 .021 .023 .030 .035 .039
110 1 400 .010 .015 .020 .023 .02% .033 .038 .042
120 2 400 .011 .016 .021 .025 .028 .035 . 041 . 046
130 3 400 .012 .016 .023 .027 .030 .039 . 045 .050
140 4 400 .013 .020 .026 .030 .033 .042 . 049 . 055
150 5 400 .015 .022 .028 .033 .036 .046 .054 . 060
160 6 400 .016 .024 .031 .036 . 040 .051 .059 .066
170 8 400 .018 .026 .034 . 040 . 044 .056 .065 .072
180 10 400 .020 .029 .038 . 044 . 048 .062 .071 .079
190 13 400 .022 .032 . 042 .048 .053 .068 .078 .087
200 16 400 .025 .036 . 046 .053 .059 .074 .085 .095

210 19 400 .028 . 040 .051 .059 . 065 .082 .094 .103
220 23 400 .031 . 044 .057 . 065 .072 .090 .102 113
230 28 400 .035 .050 .064 .073 .080 .099 .112 .123
240 33 400 .039 .056 .07 .081 .089 .109 . 122 .133
250 40 400 . 044 .063 .080 .091 .099 .121 .134 . 145

260 47 400 .050 .07 .090 .102 111 . 134 . 148 . 159
270 55 400 .057 .081 .102 .116 . 125 149 163 174
280 64 400 . 066 .093 .17 132 -142 .168 .182 .192

300 86 400 .089 .125 .157 .176 .189 .218 .232 .24l



Pressure Dependence of the Activity Coefficient: 1ny+(P2)

TEMP

(°C) (BAR) (BAR)

160

200

210
220
230

240

250

260
270
280
290
300

P1

V8 WN - It ot ot Pt

Yt et bt
TWOBDOR

St pont ot et i (ot

P2

600
600
600
600
600
600
600

600
600
600
600
600

600
600
600
600
600

600
600
600
600
600

600
600
600
600
600

600
600
600
600
600

Table 11

.024

035

.039
. 044
. 049
.055
.063

.07
.081
.093
.107
.125

.250

.018
.016
.015
.015
.015
.015
.015

.015
.016
.017
.019
.020

.022
.024
.026
.028
.031

.034
.038
.042
. 046
.051

.057
.063
.071
.079
.089

.101
.115
.131
.151
.176

.500

- .027

.024
.022
.021
.021
.020
.020

. 021
.022
.023
.024
.026

.028
.031
.034
.037
. 040

. 045
.049
. 054
.060
.066

.073
.081
.091
.101
.114

.128
. 145
.165
.190
.220

1nY+(P1)
MOLALITY
.750 1.000 2.000 3.000 4.000
.036  .043 067
.030 .036 .055
.027  .032  .047 :
.026 .030 .044 .055 .063
.025 .029 .042 .052 .059
-.024 .028 .039 .048  .054
.024 .027 .037 . 045 .051
.024 .028 .037 .044  .050
.025 .028 .038 . 044 .050
.027 .030 .039 .046 .051
.028 032 .041 .048  .054
.031 034 .04¢ 051 .057
.033 .037 .047 .055 .061
.036 040 .051 .060 .066
.039 O44  .056 .065 .073
.043 048 .061 .071 .079
.047 .052 .067 .078 .087
.052 .058 .074 .086 .096
.057 .063 .081 .094 .105
.063 .070 .089 .103 .115
.069 077 .098 .113  .126"
.076 .085 .108 .124 .138
.085 .093 .118 .136 .151
.094 103 .130 .149 .165
.104 115  .143  .163 .179
116 .127 157 (178 (196
L1300 142 174 .195 .213
146 L159  .192  .214 .233
164 179 L2184 .237  .254
L187 .202 .240 .262 © .280
.214  .231  .271  .293 .310
J247  .266  .308 330 .346
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Table 11

Pressure Dependence of the Activity Coefficient: lnY+(P2) - lnY+(Pl)

TEMP

(°C) (BAR) (BAR)

160

200

210
220
230
240
250

260
270
280
290
300

Pl

Pt pwd puoh pud pmd pumh b

ot puuth fumb b pasd

P2

1000
1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000

1000
1000
1000
1000
1000

1000
1000
1000
1000
1000

1000
1000
1000
1000
1000

1000

1000

1000

1000

1000

.100

.023

-033

.036
.039
.043
.048
.053

.059
. 065
.073
.081
.091

. 103
.116
.132
.151
.175

.250

.028
.025
.024
.023
.023
.023
.024

.025
.026
.027
.029
.031

.034
.037
. 040
. 044
. 048

.052
.057
.063
.069
.077

.085
.094
.104
.116
.130

146

. 165

.187 .

.213
. 245

.500

.043
.038
.035
.033
.033
.032
.032

.033
.034
.036
.038
S041

. 044
.048
.052
.057
.062

.068
.075
-082
-090
2099

.110
.121-
.134
. 149
.166 -

.186"
.209
.236
.268 .
. 307

MOLALITY
.750 1.000
.056  .067
048 .057
043 .051
041  .048
040  .046
038 .0u44
038 .043
.039 043
040  .045
042 .047
045 .050
-048  .053
.051  .057
056  .062
061  .067
066 .074
.072  .080
.079  .088
087  .096
095 106
J105  [116
115 [128
127 140
S140 . 154
S155 170
171 C188
-190  .209
.212 .232
231 259
S267  .290
.303- .328
346 .373

2.000

104

.086
.075
.069
. 066
.061
.059

.058
.059
.061
. 064
.068

.074
.080
.087
.095
.103

.113
.124
.136
. 149
-163

.178
.195
.214
.235
.258

.284
.313
.348
. 388

L4356

3.000 4.000
.085 .096
.081 .091
.074 . 084
.070 .080
.069 .078
. 069 .078
.071 .080
.075 .084
.080 .089
.085 .095
.092 .103
. 101 112
.110 .122
.120 .134
132 147
. 144 .161
.158 176
172 .193
.188 .210
.206 .230
.225 .250
.245 .272
.268 .296
.292 .322
.320 .350
.350 .382
.385 .7
.425 456
.473 .503
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Table 12

Pressure Dependence of the Osmotic Coefficient: ¢(P2) - ¢(P1)

TEMP. Pl P2 = ———m—m- MOLALITY
(°C) (BAR) (BAR) .100 . .250 .500 - .750. .1.000 2.000 3.000 &.000

200 .001 .002 .004 .005 .006 .010

0 1

10 1 200 .001 .002 .003 .004 .005 .007 L

20 1 200 .001 .002 ~.003 .003 .004 .006 ¢ :

25 1 200 - .001 .002 .002 .003 .004 .C06 .007 .008
30 1 200 .001  .002 - .002  .003 .003 .005 .006 .007
40 - ] 200 .001 .002 .002 .003 .003 .005 - .006 .006
50 1 200 .001 .002 .002 .003 .003 .004  .005 .006
60 1 200 .001  .002 .002 .003 .003 . .004  .005 .005
70 1 200 .001  .002 -.002  .003 .003 .004 . .005 .005
80 1 200 .001 .002 .002° .003 .003 .004 .005 .005
90 1 200 .001 .002 .002 .003 .003 .004 .005 . 005
100 1 200 .001 .002 .003 .003 .003 .004 .005 .005
110 200 .002 .002 .003 .003 .004 .005 .005 .006

1

2 200 .002 .002 .003 . 004 . 004 .005 .006 .006
130 3 200 . 002 .003 .003 .004° .004 .005 .006 .007 .

4 200 .002 .003 . 004 .004 .005 .006 .007 .007

5 200 .002 .003 . 004 .005 .005 .006 . 007 .008

160 6 200 .003  .004 .004 . 005 .006 .007 .008 .009
170 8 200 .003 . 004 .005 .006 .006 - .008 .009 .010
180 10 200 .003 . 004 .005 .006 .007 .008 . 009 .010
;gg :2 290 .003 .005 .006 .007 007 .009 .010 .011

200 .004 .005 . 006 .007 .008 .009 .011 .012

210 19 200 .004 .006 .007 .008 .009 .010 .01t  .012
220 23 200 .005 .006 .008 .009 .009 .01l .012 .013
230 28 200 .005 .007 .009 .009 .010 ~ .012 .013 014
280 33 200 .006 .008 .009 .010 .011 .012 .013 .014
250 .40 200 .006 .009 .010 .01 .012 .013 .014 .014

260 47 200 .007 .010 .01l .012 .013 .014 . 014 .015
270 55 200 .008 .011 .013 .014 .014 .015 .015 ' .015
280 64 200 .009 .012 .014 .015 .015 .016 .015 .015
290 . 74 200 .010 .013 .016 .017 017 .017  .016 .015
300 86 200 .o .015 .017  .018 .019 .018 017 .015



TEMP P1 P2
(°C) (BAR) (BAR)
0 1 400
10 1 400
20 1 400
25 1 400
30 1 400
40 1 400
50 1 400
60 1 400
70 1 400
80 1 400
90 1 400
100 1 400
110 1 400
120 2 400
130 3 400
140 4 400
150 5 400
160 6 400
170 8 400
180 100 400
190 13 400
200 16 400
210 19 400
220 23 400
230 28 400
240 33 400
250 40 400
260 47 400
270 55 400
280 64 400
290 74 400
300 86 400

- Table 12

Pressure Dependence of the Osmotic Coefficient:

.100

.002
.002
.002
.002
.002
.002
.002

.002
.002
.002
.003
.003

.003
.003
.004
. 004
.004

.005

.007

.250

.004
. 004
.003
.003
.003
.003
.003

.003
.003
. 004
. 004
. 004

. 004
.005
. 005
.006
. 006

.007
.008
.008
.009
.010

.011
.013
.014
.016
.018

.020
.023
.026
.030
.034

.500

.007
.006
.005
. 005
.005
. 004
. 004

.004
.004
.004
.005
.005

. 006
.006
.007
.007
.008

.009
.010
.011
.012
.013

.014
.016
.017
.019
.021

.024
.027
.030
.035
.040

6(P,) - $(P))

MOLALITY
.750 1.000 2.
.010 .012
.008 .009
.007 .008
. 006 . 007
.006 .007
.005 .006
.005 .006
.005 .006
.005 .006
.005 .006
.005 . 006
.006 . 006
.006 .007
.007 .008
.008 .008
.008 .009
.009 .010
.010 .011
.011 .012
.012 .013
.013 .014
.014 .016
.016 .017
.017 .019
.019 .021
.021 .022
.023 .025
.026 .027
.029 .030
.032 .034
.037 .038
.042 .043

000

.018
.014
.012
.011
.010
.009
.008

.008
.007
.007
.008
.008

.009
.010
.010
.011
.012

.014
.015
.016
.018
.019

.021
.022
.024
.026
.028

.030
.032
.035
.038
.042

3.000 4.000
.013 .015
.012 .014
.011 .012
.010 .011
.009 010
.009 010
.009 010
.009 010
.010 011
.010 011
.011 012
.012 013
.013 015
.014 016
.016 .018
.017 019
.019 .021
.020 .023
.022 .024
.024 .026
.025 .028
.027 .029
.028 .031
.030 .032
.031 .033
.033 .034
.035 .035
.037 .036
. 040 .037
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Table 12

Pressure Dependence of the Osmotic Coefficient:.'¢(P2) - ¢(Pl)

TEMP  P1 P2 ' - MOLALITY
(°C) (BAR) (BAR) .100 .250 .500 .750 1.000 2.000 3.000 4.000

0 1 600 . 004 . 006 .010 .014 .017 .026
10 1 600 .003 .006 .009 .011 ~ .014 .021
20 1 600 .003 .005 .008 .010 .01l 017
25 1 600 .003 .005 .007 .009 .010 .016 .019 .021
30 1 600 .003 .005 .007 .008 .010 .01y .018 .020
40 1 600 .003 .005 .006 .008 .009 .013 .015 .017
50 1 600 .003 . 005 . 006 .007 .008 .012 .014 .016
60 .1 600 .003 .005 .006  .007 .008 011 013 .015
70 1 600 .003 . 005 . 006 .007  .008 .011 .013 .014
80 1 600 . 004 .005 .007 .008 .008 .011 .013 .014
90 -1 600  .004 .005 .007  .008 .009 .011 .013 .015
100 1 600 .004 .006 .007 .009 .009 012 014 .016
110 1 600 .005 . 006 .008 .009 .010 .013 .015 .017
120 2 600 .005 .007  .009- .010 .011 .014 .01é .018
130 3 &00 .005 .008. .010 .OI .012 .015 .018 .020
140 4 600 .006 .008 .010 .012 .013 .017 .019 .022
150 5 600 .006 .009  .011 .013 .014 .018 .021 .024
160 6 600 .007 .010 .013  .0l4 .016 .020 .023 .026
170 8 600 .008 .011 .014 .016 .017 .022 .025 .028
180 10 606 .009 .012 .015 .017 .019 .024 .028 .031
198 }3 600 .010 .013 .017  .019 .021 026 .030 .034
20 6

600 .01 .015 .018 .021 .023 .028 .033 .037

210 19 600 012 .016 .020 .023 .025 .031 .035 .039
220 - 23 600 .013 .018 .022 .025 .027  .033 .038 . 042
230 28 600 .015 .020 .025 .028 .030 .036 . 040 . 045
240 33 600 L0177 .022 .027 .030 .033 .038 .043 .047
250 40 600 019 .025 .030 .034 .036 .041 . 045 . 049

260 47 600 .021 .028 .034 .037 .039 . 044 . 048 .051
270 55 600 . 024 .032 .038 .041 .043 . 047 .050 .053
280 64 600 .027  .036 .043 . 046 .048 .051 .053 . 055
290 74 600 .032  .042 . 049 .052 .054 .056 .055 .056
300 86 600 .037  .048 .056 .060 .061 .061 .059 .057



TEMP

(°C) (BAR) (BAR)

110

150

160
170
180
190
290

210
220
230
240
250

260
270
280

290 -

300

Pressure Dependence of the Osmotic Coefficient:

Pl

Pt o b G fumd Pt Pt

Pt put b prud ped

P2

1000
1000
1000
1000
1000
1000
1000

1000
1000

- 1000

1000
1000

1000
1000
1000
1000
1000

1000
- 1000

1000
1000
1000

1000 -

1000
1000

1000 -
1000

1000

1000

1000 :
-1000.

1000

Table 12

.100

.006
.005
.005
. 005
.005
.005
.005

.005
.005
.006
.006
.007

.007
.008
.008
.009
.010

.on
.012
.013
.014
.016

.018
.020
.022
.024
.027

.031
.034 .
.039
.045.
.051

..250

.010
. 009
.008
.008
.007
.007
.007

. 007
. 008
.008
.009
. 009

.010
.011
.012
.013
.014

.015
.017
.018
.020
.022

.024

.027
.030
.033 -
.037

.041
. 046
- .052 .
059
.068

- .050

.500

.016
.014
.012
.011
.011
.010
.010

.010
.010
.010
:011
.012

.013
.014
.015
.016
.018

.019
.021
.023
.025
.028

-030
.033
.037
.041

- 045

.055
062
.070
.079

.084

MOLALITY
.750 1.000
.022  .026-
.018 .021
.01s  .018
014 .016
013 .015
012 .01%

012  .013

011 .013

011  .013

012 .013

012 .014

013 .015

014  .016

016  .017

017  .019

018  .020

.020  .022
.022 024
024  .026
.026  .029
.029  .032
031  .034
.034- 038
.038  .041
041 045
.045 - .049
2050 .053
.055  .058
060 064
067 :.070-
2075 -.078
.087

2.000°

. 040
.032
.026

.031

043

. 047
.050
. 054
.058
.062 - .

.067
.072
07T
~082: "
.089°

3.000 4.

.029
.027
.024
.022

.020
.020
.020
.021
.022

.023
.025
.027
.030
.032

.036
.039
. 042
. 046
.050

. 054
.058
.062
. 066
070

.074
.078
. 082
.086
.090

000

.031
.029
.027
.024

.023
.022
.022
.023
.024

.026
.028
.030
.033
.036

. 040
. 044
.048
.052
.057

.061
.066
.070
.075
.079

.083
.086
.089
.091
.093
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Table 13

‘ . , MH . AR
Dependence of th t of Sol PR -3
Pres;ure ) nce of the Heat o olut;on RT (P2) RT '(Pl)
TEMP  P1 P2 By o ‘ ~ .
£ mm—e-- MOLALITY

(°C) (BAR) (BAR) RT .001 .005 .010 .020 .030 040 .050 100
25 1 200 ' -4.2E-02 -2.6E-01 -2.6E-01 ~2.6E-01 -2.66-01 ~-2.6E-01 "=2.6E-01 -2.6€-01 ~-2.6E-01
30 1 200 -8.6E-03 -2.26-01 -2.26-01 -2.26-01 =~2.26-01 -2.26-01 -~2.2E-01 -2.26-01 = -2.2E-01l
40 1 200 4.7E-02 ~-1.6E-01 -1.6E-01 -I.6E-O1 -1.6E-01 -1.6E-01 ~1.6E-01 ~-1.6E-01 -1.6E-01
50 1 200 9.4E-02 -1.0E-01 -1.1E-0} -1.1E-01 ~-1.1E-01 ~-1.1E-01 ° ~1.1E-01 ~-1.1E-01 ~-1.1E-O01
60 1 200 1.3E-01 <-5.9E-02 ~6.0E-02 ~—6.1E-02 ~—6.3-02 -6.4E-02 ~-6.4E-02 ~-6.SE-02 -6.TE-02
70 1 200 1.7TE-01 -1.7E-02 -1.9€-02 -2.0E-02 -2.26-02 -2.3E-02 -~2.4E-02 -2.5€-02 -2.8E-02
80 1 + 200 2.0E-01 2.2E-02  2.0E-02 1-.9E-02 1.6E-02 1.5E-02.  1.46-02 . 1.3E-02  8.9£-03
90 1 200  2.4E-01 6.0E-02 5.TE-02 5.5€-02 .-5.3-02 S.1E-02 - 4.9E-02  4.8E-02  4.4E-02
100 1 - 200 2.7E-01 9.6E-02  9.3E-02  9.1E-02  B8.BE-02  B.6E-02  B.4E-02  B8.3E-02 . . 7.TE-02
110 1 200 = 3.0E-01 1.3E-01 1.36-01 1.3E-01 1.26-01 1.26-01 1.2E-01 1.26-01 - 1.1E-0l
120 2 200 . 3.3E-01 1.76-01 1.6E-01 1.6E-01 1.6E-01 1.56-01 1.56-01 1.5E-01 1.4€-01
130 3 200 3.7E-01 2.0E-01 2.0E-01 2.0£-01 1.9€-01 1.9€-01 1.9€-01 1.86-01 1.7€-01
140 4 200 4.0E-0] 2.4E-01 2.4E-01 2.3€-01 2.3E-01 2.26-01 2.2E-01  2.26-01 2.1E-01
150 5 200  4.4E-0] 2.8E-01  2.8E-01 2.7TE-01 2.TE-01 2.6E-01 2.6E-01 2.5€-01 2.4E-01
160 6 200  4.8E-01 3.3E-01 3.2E-01 3.1E-01 3.1E-01 3.0E501  3.0E-01 2.96-01 2.86-01
170 8 200 5.26-01 3.7E-01 3.6E-01 3.6E~01 3.56-01 3.4E-01 3.46-01  -3.3E-01 3.26-01
180 10 200 5.7E-01 4.26-01 4.1E-01  4.1E-01 4.0E-01 3.9e-01 3.8E-01 3.8E-01 3.6E-01
190 13 200 . 6.2E-01 4.8E-01 4.TE-01 . 4.6E-01 4.5E-01  4.4E-01- - 4.3E-01  4.2E-0) 4. 0E-01
200 16 200 "  6.8E-0] 5.46-01 = 5.3£-01  5.2€-01 5.0£-01 4.9£-01  4.9E-01 4.8E-01  4.SE-O)
210 19 200  7.SE-01 6.26-01 6.06-01 5.96-01 S5.TE-01  5.6E-01  5.SE-01  S5.4E-01  5.1E-0I
220 23 200 -. 8.3E-01 7.0E-01  6.8E-01 6.TE-01 6.56-01  &.3E-01: . 6.26-01 . 6.1E-01  5.7E-0!
230 28 200  9.4E-01 8.0E-01 7.86-01 7.6E-01 7.46-01  7.2E-01 7.1E-01 . 6.9E-01 6.56-01
240 33 200 1.1E+00 . 9.3E-01 9.0£-01 8.8E-01 8.5E-01 8.3E-01  8.1E-01 - 8.0E-01 7.4E-~01
250 40 200 1.2E+00 1.1E+00 1.0E+00  1.0E+00  9.8E-0l 9.6E-01 9.4E-01 - 9.2E-01 8.6E-01
260 47 200 1.4E+00 1.3E+00 1.2E+00 1.2E+00 1.26400  1.1€+00 1.1E+00  1.1E+00 1.0E+00
270 55 200 1.7E+00 1.5€+00 1.5E+00  1.4E+00 1.46400  1.3E400  1.3E+00  1.3E+00 1.2E+00
280 64 200  2.0E+00 1.8E+00 1.86400  1.TE+00 1.TE+00 1.6E+00  1.6E+00  1.S5E+00  1.4E+00
290 T4 200 - 2.4E+00 - -2.3E+400  2.26400 2.1E+00  2.0E+00  2.0E+00° 1.9E+00 .- 1.9E+00 1.TE+00
3.0E+00 . * 2.9E+00  2.8€+00  2.TE+00  2.6E+00  2.5E+00  2.4E+00 2.4E+00  2.2E+00

300 86 200
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TEMP Pl

(°C) (BAR) (BAR)
25 1 400
30 1 400
40 1 400
50 1 400
60 1 400
70 1 400
80 1 400
90 1 400
100 1 400
110 1 00
120 2 400
130 '3 400
140 4 400
150 5 400

160 6 400

170 8 400

180 10 400

190 13 400

200 16 400

210 19 400

220 23 400

230 28 400

240 33 400

250 40 400

260 4T 400

270 55 400

280 64 400

290 . T4 400

300 86 400

P2
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Table 13

. ' . s \
Hedt of Solution: T (Pz)

-y,
-y,
-3.
-2.

-1.
-3.

N s ot ot s e D D O LY YRYRY N

VB WNN

N e ot et o -0 O

VIEWNN

.HE+00

.4E+00
.3E+00
.SE+00

-4,
-y,
-3.
-2.

-1.
-3.
.8E-02
.1E-01]
.8E-01

N == e e ODNP O VEWWN

ViEWNN

.010

2E-01

.HE-01
- 1E-01.
.8E-01
.5e-01
.2E-01

.0E-0]
.8e-01
.8E-01
.8E-01
.9€£-01

.1E+00
.3E+00
.SE+00
.TE+00
.0E+00

.3E+00
.TE+00
.3E+00
.2E+00
.3E+00

— -t s b D® >N Vi wwnN

VIEWNN -

.9E-01
.2E-01
.0E-0)
.0E-01

.2E-01
.9E-02
J4E-02
.0E-01
.TE-01

.4E-01

OE-01

.TE-01
.4E-01

1E-01

.1E+00

- MOLALITY
.020 .030

-y,
-4,
-3.
-2.

-1.
-4,
3.
1.
1.

——n - e ODDNOWN ViEWWN

Lwwhon

"

AH Aﬁs
g (Fp)

.040 .050 .100.
9E-01 -4.9E-01 -4.9E-01 -4.9E-01
26-01 ~-4.26-01 -4.26-01 ~-4.2€-01
0E-01 -3.1E-01 -3.1E-01 -3.1E-01
1€-01 -2.1E-01 -2.1E-01 -2.1E-01
26-01 -1.26-01 -1.2E-0{ -1.3E-01
26-02 -4.3E-02 -4.56-02 -5.1E-02
1E-02 2.96-02 2.TE-02 1.96~02
0E-01 9.TE-02  9.56-02 8.6E-02
TE-01 1.6E-01 1.6E-01 1.56-01
3E-01  2.3-01  2.26-01  2.1E501
0E-01 2.96-01 2.96-01 2.TE-01
¢E-01 3.6E-01 3.56-01 3.4E-01
3E-01 4.3€-01 4.26-01 4_0E~01
0E-01 4.9e-01 4.9E~01 4.7E-01
8€-01 5.TE-01 5.6E-01 5.36-01
6E-01 6.56-01 6.4E-01 6.1E-01
4E-01 7.3€-01 7.2€-01 6.96-01
4E-01 8.3E-01 8.1E-01 7.7E-01
5E-01 9.36-01 9.26-01 8.7e-01
1€+00 1.1E+00 1.0E+00 9.8€-01
2E+00 1.2E+00 1.2E+00 1.1E+00
4E+00 1.4E+00 1.3E+00 1.2E+00
6E+00 1.6E+00 1.5E+00 1.4E +00
8E+00 1.8E+00 1.8E+00 1.6E+00
2E+00 2.1E4+00 2.1E+00 1.9£+00
6E+00 2.56+00 2.56+00 2.3E+00
1E+00 3.0E+00 3.0E+00 2.TE+00
9E+00 3.8€+00 3.TE+00 3.4E+00
9% +00 4.8E+00 4.TE+00 4.3E+00
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Table 13

: _ . - S AH A
Pressure Dependence of the Heat of Solution: «?—I‘g“(PZ) '—??f'— (Pl) .

: 5 , S

TEMP P1 P2 2 = . “__

: _< MOLALITY - ‘ .

(°C) (BAR) (BAR) RT 001 005 - .010 .020 .03 T .0u40 .050 .100,

25 1 600 -5.0E-02 -7.0E-01 ~-7.0E-01 -7.0E-01 ~-7.0E-0f -7.0E-01 -7.0E-01 ~-7.0E-O01 ~-7.0E-Ol
\ggA : 600  4.0E-02 ~-6.0E-01 -6.0E-01 -6.0E-01 =-6.0E-01 -6.0E-01 ~-6.0E-01 =-6.0E-01 -6.0E-0}
40 ! 600  1.9e-01 - -4.3E-01 -4.3E~-01 ~4.36-01 ~-4.3E-01 -4.3E-01 -4.46-01. -4.46-01 -4.4E-01
_ | 600 3.1E-0t  -2.8E-01 -2.9E-01 -2.9g-01 -2.9E-01 -2.9-01 =-2.9E-01 -3.0E-01 -3.0E-01}
?8 1 600  4.26-01 -1.6E-01 -1.6E-01 ~1.6E-01 ~-1.7E-01 ~-1.7E-01 ~-1.TE-01 ~-1.7E-01 ~—1.BE-"1
70 1 600 5.2E-01 -4.1E-02 -4.6E-02 = -4.9E-02 ~-5.46-02 -5.TE-02- ~-6.0E-02 —-6.3E-02 -7.1E-02
80 1 600  6.1E-01 6.6E-02  6.0E-02 5.6E-02 5.0E-02  4.6E-02  4.3E-02  4.0E-02  3.0E-02

;30 1. 600 7.0E-01  1.7E-01 = 1.6E~01 1.6E-01 1.SE-01 1.4€-01 1.4E-01 1.46-01 1.26-01

: 1 600 7.96-01 2.TE-01  2.6E-01 2.5€-01 2.5€-01 2.4E-01 2.4£-01 2.3E-01 2.2E-01

110 1 600 8.7E-01 3.6E-01 3.6E-01 3.56-01 2 4E-01 3.3E-01 3.3E-01  3.2E-01 3.1E-01
120 2 600 9.6E-01 4_6E-01 4.5E-01 4. 4E-01 4.3E-01  4.3E-01 4. 2E-01 4.1€-01 3.96-01
130 3 600 1.0E400  5.6E-01 5.56-01 5.4E£-01 5S.3E-01  5.2E-01 5.1E-01 5.1E-01 4.8E-01
140 4 600 1.1E+00 6.7E-01 6.5€-01 6.4E-01 6.3E-01 6.2E-01 6.1E-01 6.0E-01 5.7E-01
150 5 600 1.26+00 7.7E-01 7.6E-01 7.56-01 7.3e-01 7.2E-01 7.1E-01 7.0E-01 6.TE-01
160 6 600 1.3E+00 8.96-01 8.7E-01 8.5E-01 8.4€-01 8.2€-01 8.1E-01 8.0E-01 7.66-01
170 8 600 1.5E+00 1.0E4+00  9.9E-01 9.7e-01 9.5€-01 9.3-01  9.2E-01 9.1E-01.  8.TE-01
180 10 600 1.6E+00 1.1E+00 1.1E+00 1.1E+00 1.1€+00 . 1.1E+00 1.0E+00 1.0E400  9.8E-01
190 13 600 L. TE+00 1.3E+00 1.36+00 1.26400  1.2E+00 1.26400  1.2E+00  1.2E+00 1.1E+00

200 16 600 1.9E+00 1.5E+00 1.4E+00 1.4E+00  “1.4E+00  1.3E+00  1.3E+00 1.3E400 - 1.2E+00

210 19 600 2.1E+00 1.7E+00 1.6E+00 1.6E+00 1.5E+00 1.56400  1.5E+00 ' 1.5E+00 1.4E+00

220 23 600 2.3E+00 1.9E+00 1.8E+00 1.8E+00 1.7E+00 1.7E+00 1.7€+00 1.6E+00 1.5€+00

230 - 28 600 2.5E+00 2.1E400  2.1E+00  2.06+00  2.0E+00 . 1.96+00  1.96+00 __ 1.BE+00 1.TE+00

240 33 600 2.9E+00 2.4E+00  2.4E+00  2.3E+00  2.2E+00 © 2.2E+00  2.1E+00 ~ 2.1E+00  2.0E+00

250 40 600 3.2E400 2.8E400  2.TE+00  2.TE+00  2.6E+00  2.5E+00  2.5E+00  2.4E+00  2.2E+00

260 47 600 3.7E400-  3.3E+00 3.26+00  3.1E+00 3.0E+00" 2.9+400  2.8E+00 - 2.8E+00 = 2.6E+00

270 - S5 600 4.3E400  3.9E+00 3.7TE+00 3.7E+00  3.5E+00  3.4E+00  3.3E+00  3.3E+00  3.0£+00

280 64 600 5.1E+00 4.TE+00  4.5E+00  4.4E+00  §.2E+00 4.)E+00  4.0E+00  3.9E+00  3.6E+00

290 74 600 6.26400 5.7TE+00 S5.56+400 S5.4E+00 S5.1E+00 S5.0E+00  4.9E+00  4.6E+00 - 4.4E+00

7 7.2E+00  6.9E+00  6.TE+00  6.4E+00  6.2E+00  6.1E+00  5.9E+00  5.4E+00

300 86 600

a i . B o
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TEMP  P1 )
(°C) (BAR) .(BAR). *°

210

250

260
270
280
290
300

et s pmn gt

s Y b

P2:

1000
1000

1000 -

1000:

1000
1000
1000
1000

1000 .

1000
1000
1000

1000

1000.

1000
1000
1000
1000 .
1000

1000
- 1000

1000 .
1000
1000

1000
1000
1000
1000
1000

VA ) ==

—t ot gt Q) =g

LLtwww NN N e

Table 13

iy,

. . AH AH: :

- : s s

Pressure Dependence of the Heat of So : — (P - —

P ce o Hea Solution RT (PZ) RT ( 1)

—o" .'

H ‘i . . .

2 : -~ MOLALITY ---- :

RT ; . .001 .005 - .010 .020 03¢ - .040 .050 .100
-4E-02  -1.0E+00 -1.0E+00 -1.0E+00 -1.0F+00 =1.0F +00 ~-1.0£+00 -1.0E+00 -1.0E+00
.6E-01 -8.9€-01 -9.0E-01 -9.0E-01 ~9.0E-01 -9.01-01 -9.0E-01 _ -9.0E-01 -9.0E-01
.BE-01  -6.4E-01 -6.5E-01 ~6.5E-01 -6.5€-01 -6.%¢=01 -6 6E-01 - -6.6E--0) -6.6E-01
.TE-O1 L-Q.3E-Ol -4.3E-01 -4 _.4E-01 -4 .4E-01 -4 4£-01 ". 5E-01 -4 .5e-01 -4 .5€-01
.3E-01 -2.4£-01 -2.4E-01 -2.5E-01 -2.5e-01 -2.6£-01 -2.6E-0) -2.6E-01 -2.7TE-01
.TE-O01 . ~~6.5E-02 -7.3E-02 -7.8E-02 -8.5€£-02 -9 . 0E-02 -9.4E-02 -9.8E-02 -1.1E-01
.OE+00‘A» 9.5€-92 8.6E-02 ~~ B.0E-02 7.2€-02 6.56-02 6.0E-02 5.6E~02 4._0E-02
.1E+00 2.56-01 2.4E-01 . 2.3&-01 _ 2.2e-0) 2.1E-01 2.1E-01 2.0E-01 1.86-01
.3E+00 Q.QE-Ol 3.8e-01  3.BE-0) 3.6E-01 3.5e-01 3.5e-01 3.48-01 3.26-01
4E+00 5.4E--01 5.3E-01 5.26-01 < 0E-01 4.96-01 4.9£-01 4 _.8E-01 4.5E~01
SE+00 6.9E-~01 6.TE-01 6.6E-01 6. .4E-01 6.3E-01 6.2E-01 6.1E~01 5.8E~01
6E+00 8.36-01 8.2E-0i 8.0E-01 7.86-01 7.7€-01 T.6E-01 7.5e-01 T.2E-01
8E+00 . 9.9E-01 9.6E-01 9.5E-01 9.3-01 9.1E-01 9.0E-01 8.9E~01 8.5£-01
?E+00 * 1.1E+00 1.1E+00 1.1E+00 1.1E+00 1.1E+00 1.0E4+00 = 1.0E+09 9.8E-01
1E+00 1.3E+00 1.3E+00 1.3E+00 1.2E+00 1.2E+00 1.2E+00 1.2E+00 1.1E+00
2E+00 1.SE+00 1.5E+00 1.4E+00 1.4E+00 1.4E+00 1.49E+00 1.3£+00 1.36+00
46400 - 1.7E+00 1.6E+00 = 1.64E+00 1.6E+00 1.5€+00 1.5€+00 1.5E+00 1.4E+00
6E+00 1.9E+00 1.86+00 1.8E+00 1.86€+00 1.7€+00 1.7TE+00 1.TE+00 1.6E+00
8E+00 2.1E+00 2.1E+00 | 2.0E+00 2.0E+00 1.9£+00 1.9€+00 1.9€+00 1.8E+00
1E+00 2.4E+00 2.3E+00 2.3€+C0 2.2E+00 2.2E+00 2.1E+00 2.1E+00 2.0E+ .0
4E+00 2.TE+00 2.6E+00 2.6E+00 2.5E+00 - 2.4E+00 2.4E+00 2.4E+00 2.26+)0
TE+00 3.0E+00 2.98400 2.9E+00 2.8E+00 2.TE+00 2.TE+00 2.6E+00 2.56+00
1E+00 3.4E+00 3.3e+00 3.2E+00 3.1€+00 3.1E+00 3.0E+00 3.0£+00 2.8E+00
6E+00 3.9e+00 3.86+00 3.7E+00 3.6E+00 3.5e+00 3.49E+00 3.3E+00 3.1E+00
2E+00 4.5E+00 4.3E+00 4.2E+00 4.1E+00 4_0E+00 3.9€+00 3.8E+00 3.5€+00
9E+00 5.2E+00 5.0£+00 4.9E+00 4.7E+00 4.6E+00 4.56+00 4.4E+00 4.1E+00
8E+00 6.1E+00 5.9£+00 5.TE+00 5.56+00 5.3E+00 5.26+00 5.1E+00 4. TE+00
OE+00 7.3E+00 7.0E+00 6.8E+00 6.5E+00 6.3E+00 6.26E+00 6.0E+00 5.6E+00
TE+00 8.9€£+00 8.5E+00 8.3E+00 7.9E+00 T.TE+00 7.5E+00 T7.3E+00 6.TE+0)
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RT
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TEMP

210

250

260
270
280

300

—t e Gat Bt bt

— s g g

47

86

VI8 WN

pLipg T
(°C) (BAR) (BAR) -

400
400

- 400
400

400

400

" 400
400
. 400

400 .
400
T400
400
400 -

400

400 °
400 -

‘400

T 400

400
- 400
400
400
400

400
400
400
400
400

Table 14

7,100 .

.9€e-03 -
J3E-03
J1E-02 -
~1.56-02

.9E-02
.4E-02
.9E-02
.4E-02
.1E~02

.8E-02
.S5E-02
.5E-02
.SE-02"
.8E-02

.0E-01
.2E-01
JHE-O01
| .6E-01
. 9E-01

.-3E-01
.TE-01
.3E-01
.0E-01
.8e-01

.9E-0]
.HE-01
.3E-01
.2E+00
.6E+00

-, 250

<—2
i B
-4,

-5
-5

-7.
-8.
-9.
il
-1

-3.
-4
-4.
.TE-01
-6.

-8.
-1.
.3E+00
.TE+00
.2E+00

-1
-1
-2

o .5E"03 :
22,
-1
-1.

1E-03

.0E-02

8E-02

.6E-02

3E-02
1E-02

.0E-02
.9E-02

0E-02
2E-02
SE~02
1E-01

.3E-01

.5E-01
-1.
-2.
-2.
=2.

TE-01
0E-01
4E -01
8e-01

3E-01
0E-01)
TE-01

9E-01

SE-01
1E+00

.500

1.7TE-02 3.2E-02
8.6E-03 2.1E-02
-5.4E-03 1.6E-03
-1.86-02 -1.5e-02

-2.9-02 -3.0E-02
“4.1E-02 -4.4E-02

- =5.26-02 -5.9E-02

-6.4E-02 -T7.4E-02
-T.7T€E-02 -9.0E-02

-9.26-02 -1.1E-01
~1.1E-01 -1.3e-01
-1.3-01 -1.5e-0!
-1.5£-01 ~ -1.7E-01
~1.7TE-01" -2.0E-01

-2.0£-01 -2.3-01
-2.3E-01 -2.6E-01

5 -2.TE-01  -3.1E-01
- =3.1E-01  -3.6E-01

-3.6E-01 -4.26-01

-4.3-01 ~4.9£-01
~5.1E-01 -5.8E-01
=6.1E-01 -6.9E-01
-7.3€-01 -8.3E-01
-8.8E-01 ~1.0E+00

-1.1E+00 -1.2E+00
-1.3E+00 -1.5E+00
-1.7TE+00 -1.9€+00
~2.26400 -~2.5E+00
-2.86+00 -3.2£+00

MOLALITY
50 1.000

Pressure Dependence of the Apparent Molal Enthalpy:

¢ ¢
L L
't P " wr B
2.000 3.000 4.000
.TE-02 1.0E-01 1.56-01 1.9e-01
.3E-02 8.0E-02 1.2e-01 1.5e-01
.2E-03 4.0E~02 6.9E-02 9.26-02
.1E-02 T.5-03 2.6E-02 4,26-02
9E-02 -2.1E~02 -1.1E-02 -1.9E-03
TE-02 -4.86-02 -4.6E-02 -~4.2E-02
4E-02 -T.9£-02 -T7.8E-02 -8.0E~-02
1E-02 -9.9€-02 -1.1€-01 -1.2E-01
9E-02 -1.3E-01 =1.4E-01 -1.5e-01
.2E~-01 -1.5e-01 -1.TE-01 -1.9€-01
.HE-01 -1.8£-01 -2.1E-01 -2.3E-01
.6E-01 -2.1E-01 ~-2.4E-01 -2.TE-01
.9e-01 -2.4E-01 -2.8E-01 -3.1e-01
.26-01 ~ -2.8E-01 " -3.3k-01- -3.6E-0}
.SE-01L -3.2E-01 -3.7E-01 -4.1E-01
.9E-~01 -3.7E-01 -4.2E-01 -4 .TE-01
LHE-01 -4.3E-01 -4 .8E~01 -5.3E-01
.9E-~01 -4.98-01 -5.5e-01 -6.0E-01
6E-01 -5.7E-01 -6.3E-01 -6.8E-01
.4E-01 -6.6E-01 -7.3E-01 -7.8E-01
.4E-01 ~-7.7E-C1 -8.56-01 -9.0e-01
.5€-01 -9.0E-01 -9.9£-01 -1.0E+00
.0E-01 -1.1E+00 -1.26+00 -1.2E+00
.1E+00 -1.3€+00 -1.4E+00 -1.5E+00
3E+00 -1.6E+00 -1.TE+00 ~1.8E+00
TE+00 -1.98+00 -2.1E+00 -2.2E+00
1E+00 -2.49E+00 -2.6E+00 -2.TE+00
TE+00 -3.1E+00 -3.3E+00 -3.4E+00
SE+00 -4.1E+00 -4_4E+00 ~4.5£+00
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Table 14

.100

.4E-03
.8E-03
.S5E-02
.1E-02

.BE-02
.#E-QZ'f~
AAE-027
“9E-02
|8E-02

.TE-02
.BE-02
.1IE-02
.1E-01
.2E-01

HE-01
.TE-01.
.9E-01
.3E-01"
.TE-01-

.1E-01.
.TE-01
.HE-01
.3E-01
.5E-01

.9E-01
.8E-01
.2E+00
.6E+00
.0E+00

.250

.2E-03
.6E~-03
.5E~-02
.6E~-02

.TE~02
.TE-02
.9E-02
.1E-02

.4E-02

.9E-02
.26-01
.3E-01
.6E-01
-BE~01

.1E-01
.4E-01
.8E-01
.3E-01
.9e-01

.5E-01
.4E-01
-HE-01
.TE-01
.3E-01

°

. 1E+00
.4E+00
.TE+00
.2E+00
.9E+00

.500
2.5e-02

-2.56-02

-1.4E+00
-1.8E+00
-2.26+00
~-2.8E+00
=3.7E+00

“MOLALITY
.750 1

4.TE-0 6

- 3.0E-0 L]
2. 7E-03 1
-2. lE-OZ -1
=4.3E-02 -4
-6.4E-02 -6
-8.4-02 -9
Y o-1.1E-01 -1
.~1.3-01 -1
-1.56-01 -1
-1.8E-01 -2
-2.1E-01 =~ -2
-2.46-01 -2
-2.8E-01 - -3
-3.26-01 -3
-3.TE-01 - -4
i=-4 3E-01 -4
~5.0E-01 -5
-5.8E-01 -6
-6.TE-01. -7
-7.9e~-01 -8
-9.4¢-01 -1
=1.1E+00 -1
-1.36+00 -1
-1.6E+00 -1
-2.0E+00 -2
-2.5E+00 -2
-3.26+00 -3
~i JE+00 -8

¢

$
L
(Pz) e (P )

000 - 2.000 3.000 4.000
.9E-02 1.5-01 = 2.2E-01" 2.TE-01}
.8E-02 1.2E-01" 1.7E-0% 2.2e-01
.4E-02 ~ 5.8E-02 - 9.8E-02 - 1.3E-0] .
6E-02 ' 1.1E-02 - 3.6E-02- 5.8E-02"
L.2E-02 -3.1E-02 -1.TE-02 —4.6E-03
LTE-02 -6.9E-02° -6.6E-02 - -6.2E-02
.1E-02 -1.1E-01" <~1.1E-01 "'=-1.2E-01
L2E-01 - ~1.46-01 . -1.6E-01 ' '-1.7E-O01 -
.HE-01 - --~1.B8E-01 -2.0E-01 . -2.2E-01
.TE-01 . -2.2E-0} -2.5E-01 -2.8E-0}
.0E-0] - -2.6E-01 -3.0E-0! . -3.3e-01 -
.E-01" “=3.0E-01 - -3.56-01  -3.9E-01 ‘-
.TE-01 - -3.5E-01 ~ -4.0E-01-+.-4.5E-01 -
L1E-01 ' -4.0E-01  -4.6E-01 ~-5.1E-01
.6E-01 _~4.6E-01 -5.3E-01 -5.9e-01
J1E-01 T -5.2E-01. -6.0E-01 - -6.6E-0I
.TE-01 @ ~-6.0E-01 - -6.8E-01 -7.5E-01 -~
.5E-01 ~ ~-6.8E-01 -7.8E-01 ' -8.5E-01
.3E-0) "--7.9E-01 - . -8.8E-01 -9.6E-01-
LHE=01° -9.1E-01:7 =1.0E400 - -1.1E+00
TE=01 =-1.1E+00- ~1.26400----1.2E+00
LOE+00 —1.2E+00 -1.4E+00 -1.4E+00
L2E+00 -1.5E+00 ~—1.6E+00 -1.TE+00
.SE+00 -1.TE+00 -1.9E+00 -2.0E+00

T : : S
LBE+00 -2.1E+00 -2.2E+00 -2.3E+00
L2ZE+00 -2.6E+00 ~2.TE+00 2.8E+00
TE+00 -3.26+00 -3.4E+00 -3 SE+00
SE+00 -4.0E+00 -4.3E+00 -4.4E+00
.SE+00 -5.2E+00 -5.6E+00 -5.TE+00
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Table 14

4 Lo Co ’ ¢ - ¢
Er@ssuge]Dependencg of the Apparent Molal Enthalpy: —%—(PZ) - i% (Pl)
Pi . P2 e : MOLALITY

. L1005 250 .500 150 1.000 2.000 3.000  4.000

RO et .

Ly o S 0
-1 1000 - -T.4€-03 7.8E-03° 4.0E-02" T.46~02 1.1E-01 2.3t-01 3.3E-01  4.1E-01
1 1000 ~1.3€E-02° -2.8E-03 2.2E-02 4.8E~02 7.6E-02 1.86-01 2.6-01 3.3€e-01
1 1000 -2.3E-02 -2.26-02 -1.0E-02 5.3&-03 2.26-02 9.0E-02 1.5£-01 1.9E-01
1 1000”.:-3.2E-02" -3.9E-02>'}-3.8E-02 -3.1E-02 -2.3E-02 1.TE-02 5.4E-02 8.6E-02
1. 1000 - -4.26-02 ' -5.5E-02 . ~6.3E-02 ~6.4E-02 -6.3E-02 -4.TE-02 -2.TE-02 ~-8.%-03
l< 1000 -5.1E-02 - -T7.1€-02 -8.TE-02 . -9.6E-02 -1.0e-01 -1.0E-01 -1.0E-01 -9.5E-02
1 1000 -6.2E-02 -8.86-02 -1.1E-01 -1.3E-01 -1.4E-01 -1.6E-01 -1.7E-01 -1.8E-01
11000 -7.3e-02 -1.1E-01 ~1.4€-01 -1.6E-01 -1.7TE-01 -2.1E-01 -2.4E-01 -2.5e-01
‘l llOOO»‘>-8.6E-02 -1.3€-01 -1.6E-01 -1.9e-01 -2.1E-01 -2.7E-01 -3.0E-01 -3.3-01
1 1000 -1.0E-01 -l.SE-Oi‘ -1.9£-01 -2.3E-01 -2.5e-01 -3.2E-01 -3.7é-0| " -4.1E~01
2 1000 -1.2E-01 -1.TE-01 -2.3E-01 -2.6E-01 -2.9£-01 -3.8E-01 -4.4E-01 -4.9E-01
3 1000 ~1.3E~-01 -2.0E~-01 -2.6E-01 -3.1E-01 -3.4¢6-01 -4 .4€-01 -5.26-01 -5.TE-01
4 1000 -1.5E-01 -2.3E-01 -3.0E-01 -3.5e-01 -3.9£-01 -5.1E-01 -5.96-01 -6.6E-01
5 1000 -l.8§-0l . ~2.6E-01  -3.5E-01 -4_1E-0% -4 .5e-01 -5.8E-01 -6.8F-01 -T.6E-01
6 1000 -2.1E-01 'A—3.0E-0i -4 .0E-01 -4_6E-01 -5_2E-01 -6.TE-01 -7.TE-0)1 - -8.6E-01
8 1000 . -2.49E-01 -3.56-01 - -4.6E-01 -5.3k-01 -5.9e-01 -T7.6E-01 -8.TE-01 -9.7TE-01
10 1000 -2.8E-01 -4.0E-01 -5.3E-01 -6.1E-01 -6.8E-01 -8.6E-~01 -9.9e-01 -1.1E+00
13 1000 -3.2E-01 -4.TE-01 -6.1E-01 -7.0E-01 -7.8E-01 -9.86-01 -1.1E+00 -1.2E+00
16 1000 -3.7e-01 -5.“E—Ol -7.0e-01 . -8.1E-01 -9.0£-01 -1.1E+00 -l.3£400 . -I.QE*OQ
19 1000°  -4.4E-0I. -6.3E-01 -8.26-01 =-9.4E-01 ~-1.0E+00 ~-1.3E+00 ~1.4E+00  -1.6E+00
23 1000 -5.1E-01 -7.4E-01 -9.6E-01 -1.1E+00 -1.2E+00 ~1.5E+00 -1.6E+00 -1.8E+00
28 1000 -6.1E-01 -8.TE-01 -1.1E+00 -1.3E+00 -1.4E+00 ~-1.TE+00 -1.9E+00 -2.0E+00
33 1000 .. -7.2E-01-. -1.0E+00 -1.3E+00 -1.5E+00 -1.6E+00 -2.0E+00 -2.2E+00 -2.3E+00
40 !000 . -8.6E—Olg‘ -1.2E+00 ~-]1.6E+00 -1.86+00 -2.0E+00 -2.3E+00 -2.5E+00 -2.TE+00
47 1000 -l.OE*éb -1.5E+00 -1.9€E+00 -2.28+00 -2.3E+00 -2.8E+00 -3.0E+00 -3.1E+00
55 1000 -1.3E+00 -1.8E+00 -2.3E+00 -2.6E+00 -2.8E+00 ~3.3E+00 -31.5E+00 -3.TE+00
1000 ~ -1.6E+00 - -2.2E+00 -2.8E+00 -3.2E+00 -3.5E+00 -4 _0E+00 -4.3E+00 -4 .4E+00
74 1000 -2.0E+00 -2.0E+00 -3.5E£+00 -4.0E+00 -4 .3€E+00 ~5.0E+00 -~5.3E+00 -5.4E+00
86 1000 -2.5E+00 -3.5E+00 -4.5E+00 -5.1E+00 -5.5E+00 -6.3E+00 -6.7E+00 ~6.8E+00
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Table 15
o | o | % bc
Pressure Dependence of the Apparent Molal Heat Capabiﬁy; _ﬁB (sz - ;ﬁR (Pl)

o

. C

TEMP P1 P2 P, A MOLALITY --

(°C) (BAR) (BAR) = .100 .250 .500 150 - . 1.000 2.000. - . 3.000 4.000
25 1. 7200  2.1E+00 - 2.0E+00  1.9E+00  1.8E+00  1.TE+00 . 1.6E+00 ~ 1.4E+00 .1.1E+00  9.9E-01
30 1 200 1.9E+00  1.8E+00  1.TE+00  1.TE+00  1.6E+00  1.SE+00  1.2E+00  1.0E+00  9.1E-01
40 I 200 1.6E+00  1.6E+00  1.SE+00  1.4E+00  1.3E+00  1.3E+00  1.1E+00  9.1E-01  8.0E-01
50 1. 200  1.5E+00  1.4E+00  1.3E+00.  1.3E+00  1.2€400  1.2E+00  9.8E-01 ~ 8.4E-01  7.3E-01
60 1, 200 1.4E400  1.3E+00  1.36+00  1.26400  1.1E<00  1.1E+00  9.2€-01 - 7.9E-01  6.9E-01
70 17°.200  1.4E+00  1.3E+00  1.2€+00  1.1E+00  1.1E+00° 1.0E+00  B8.9E-01 = 7.6E-01  6.6E-01
80 1 200 1.46+00  1.3E+00  1.26+00  1.1E+00  1.1E+00  1.0E+00  B8.7E-01  7.56-01  6.5E-01
90 1 200 1.46+00  1.3E+00  1.2€+00  1.1€+00  1.1E+00  1.0E+00  B.7-01  7.5E-01  6.5E-01
100 1 .200 - 1.56400  1.3E+00  1.2E+00  1.1E+00 . " 1.1E+00 ~ - 1,0E+00  8.8E-01  T7.6E-01  6.6E-01
110 1 200 1.5E+00 - i.4E+00  1.3E+00  1.26400  1.1E+00 " 1.1E+00. 9.0E-01 " ~7.BE-01  6.7E-O1
120 2 200  1.6E+00  1.4E+00  .1.3E+00  1.2E+00  1.2E+00 ° .1.1E+00 . .9.3E-01 ~:8.0E-01  7.0E-O1
130 3 200 1.8E+00  1.5E+00  1.46+00  1.3E+00  1.2E+00  1.1E+00  9.TE-01  B.4E-01  7.4E-01
140 4 200 1.96+00  1.6E+00  1.5E+00  1.4E+00  1.3E+00  1.2E+G0  1.0E+00  8.9E-01  7.9E-01

150 S 200  2.2E+00  1.8E+00 . 1:6E+00  1.SE+00-  1.4E+00-  1:3£400 . 1.1E+00 ° 9.5E-01  8.5€-01

160 6. 200  2.4E+00 . 2.0E+00  1.8E+00  1.6E+00  1.SE4D0:- “1.4E+00-.  1.2€+00-° .1.0E+00  9.3E-01

170 8 200 -2.6E+00 - 2.26+400  2.0E+00  1.BE+00  1.6E+00 = 1.5E+00 . 1.3E400 . - 1.1E+00  1.0E+00

180 10 200  3.2E+00  2.56400  2.2E+00  2.0E+00  L.BE+00  1.7E+00  1.4E+00  1.26+00  1.1E+00
190 13 200 3.7E+00  2.9E+00  2.5E+00  2.2E+00  2.0E+00  1.9E+00  1.SE+00  1.4E+00  1.3E+00

200  16- 200. 4.4E+00  3.4E+00 . 2.96+00  2.5E+00 ~ 2.3E+00 2.1E+00  1.TE+00  1.5E+00  1.5E400

210 190 200 5.3E+00  4.0E+00  3.4E+00  3.0E+00  '2.6E+00 2.4E+00 . 2.0£+00 . -1.8E+00  1.TE+00

220 237 200  6.5E+00  4.8E+00  4.1E+00  3.SE<00  3.1E+00  2.9E+00  2.3E+00. . '2.0E+00 1.3 +00

230 28 200  B.0E+00  6.0E+00  5.1E+00  4.3E+00  3.BE+00  3.4E+00  2.7E+00° 2.4E+00  2.3E+00

240 - 33 200  1.0E+01  7.5E+00 6.4E+00 -5.3E+00 ~Y.TE+00 . 4:26400  3.3E400 - 2.9€400  2.TE+00

250 . 40 200 1.3E+01 . 9.TE+00  B.2E+00  6.8E+00  6.0E+00 - -5.4E+00 - 4.0E+00-  3.5E+00  3.3E+00

260 47 200  1.7E+01  1.3E+01  L.1E+01  B.9E+00  T.BE+00 - 6.9E+00 . 5.1E+00  4.3E+00  4.0E+00

570 55 200  2.3+01  1.TE+01  1.46+01  1.26+01  1.0E+01  9.3E+00 ~ 6.TE+00  5.6E+00  5.0E+00

280 64 200 . 3.2E+01  2.4E+01 . 206401  1.6E+01 . 1 4E+01 [1.3E+01  9.1E+00  7.3E+00  6.3E+00

590 T4 200 © 4.SEs01  3.3E+01  2.8E+01 2.3E401  2.0E401 1.8E+0L  1.3E+0L  9.9E+00  8.3€+00

300 . 86 200  6.6E+01  #.9E+01 4. 1E+01  3.4E+01  3.0E+01  2.6E+01  1.8E+01  1.9E+01  1.1E+01
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Table 15

Apparent Molal Heat Capacity: —ﬁR (p

TV 2W wwhNN NN N NWwww

v me 0 ~§

DVENN

100

.8E+00
.4E+00
.0E+00
.TE+00

.5E+00
.4E+00
-HE+00
.4E+00
.5€+00

.6E+00
.TE+00
.9E+00
. 1E+00.
.4E+00

.TE+00
- 1E+00
.6E+00
.JE+00
.1E+00

. 1E+00
.SE+00
.0E+01
.3E+01
.TE+01

.2E+01
.9E+01
.0E+01]
.TE+0}
. 4E+01

- D)~ O WMELDWW whrNN NN N NNWW

N EWN -

.250

.TE+00
.3E+00 .
.9E +00
.6E+00

.4E +00
.3E+00
.3E+00
.3E+00
.4E+00

.4E+00
.SE+00
.TE+00
.9E+00
.1E+00

. 3E+00
.TE+00
. 1E+00
.6E+00
.3E+00

.2E+00
.3E+00
.BE+00
.1E+0}
.4E+01

.8E+0]
.4E+01
.3E+0]
.TE+01
.0E+01

D O\ ELWWW NN N NN N NN WW

VW NN =

.500

.S5E+00
.1E+00
.TE+00
.4E+00

.3E+00
.2E+00
.2E+00
.2E+00
.2E+00

.3E+00
.3E+00
.5E+00
.6E+00
.8E+00

.0E+00
.3E+00
.6E+00
.0E+00
.6E+00

.3E+00
.2E+00
.HE+00
.1E+00
.1E+01

.SE+01
.0E+01
.TE+0]
.9E+01
.TE+01}

—DONSeE LWwwmN NN NN N NN W W

L WN rs -

.3IE+00
.0E+00
.6E+00
.3E+00

.2E+00
.1E+00
.1E+00
.1E+00
.1E+00

1E+00
.2E+00
.IE+00
.4E+00
.6E+00

.BE+00
.OE+00
.3E+00
.TE+00
.1E+00

.TE+00
.S5E+00
.6E+00
.0E+00
.OE +01

.3E+01
.TE+01
.3E+01
.3E+01
.9E+0}

MOLALITY
.150 1.

O~NOWNE wWwwhnN NN NN N NN W

£ ANIN) v v

%c %
2 - R (B
000 2.000 3.000 4.000
.1E+00  2.SE+00 2.1E+00 1.8E+00
_BE+00  2.3E+00 2.0E+00 1.TE+00
J4E+00  2.0E+00 1.7E+00 1.5E+00
.2E+00 1.9E+00 1.6E+00 1.4E+00
JIE+00  1.8E+00  1.5E+00  1.3E+00
.0E+00 1.TE+00 - 1.5E+00 1.3€+00
.0E+00 1.TE+00 1.4E+00 1.2E+00
.0E+00 1.TE+00 1.4E+00 1.2E+00
.0E+00 1.7E+00 1.4E+00 1.2E+00
.0E+00 1.7TE+00 1.56400  1.3E+00
.1E+00 1.8E+00 1.5€+00 1.3E+00
.2E+00 1.8E+00 1.6E+00 1.4E+00
.3E+00 1.9¢+00 1.7TE+00 1.5€E+00
.4E+00 2.1E400  1.8E+00 1.6E+00
L6E+00 2.2E+00 1.9€+00 1.TE+00
.BE+00 2.4E+00 2.1E+00 1.9E+00
. 1E+00 2.6E400  2.3E+00  2.1E+00
J4E+00  2.BE+00 2.5E+00 2.3E+00
.8E+00 3.1€+00 2.8E+00 2.TE+00
.4E+00 3.5€+00 3.2E+00 3.0E+00
L1E+00  4_1E+00 3.7E+00 3.5E+00
L0E+00  4.TE+00  4.2E+00  4.1E+00
J26+00 S.6E+00  S5.0E+00  4.BE+00
L0E+00 6.8E+00 6.0E+00  5.TE+00
.1E+01 8.5E+00 T.4E+00  6.9E+00
.SE+01 1.1E+01 9.3E+00  8.6E+00
L1E+01 1.5E+01 1.2€+01 1.1E+01
.9E+01 2.0E+01 1.6E+01 1.4E+01
.3E+01 2.96+01 2.3E+01 1.9E+01
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Table 15
' % ¢
Pressure Dependence of the Apparent Molal Heat Capacity: —RR (PZ) - -——P—R (Pl)

(-]

c

TEWP P1I P2 P, ' MOLALITY -

(°C) (BAR) (BAR)  ——  .100 250 500 150 1.000 2,000  .3.000 . 4.000
25 1 600  S5.6E+00  S5.4E+00  5.2E+400  4.9E+00  4.6E400  N.4E+00  3.6E+00  3.0E400  2.6E+00
30 1 600 5.1E+00  4.9E+00  4.TE+00  4.5€+00  4.26+00  4.0E+00  3.3E+00  2.TE+00  2.4E+00
40 1 600  4.ME+00  4.2E+00  4.1E+00  3.BE+00  3.6E+00  3.SE€00  2.9E+00  2.4E+00  2.1E+00
50 1 600  4.1E+00  3.8E+00  3.TE+00  3.5E+00  3.3E400  3.2E+00  2.6E+00  2.26400  2.0E+00
60 1 600  3.9E+00  3.6E+00  3.5£500  3.36+00  3.1E+00  3.0E400  2.5E+00  2.1E+00  1.9E+00
70 1 600  3.BE-00  3.5E400  3.3E+00  3.2E+00  I.0E+00  2.9E+00  2.4E+00  2.1E+00  1.8E+00
80 1 . 600 3.8E+00  3.5E+00  3.3E+00  3.1E+00  3.06+00  2.8E+00  2.4E+00  2.0E+00  1.8E+00
90 1 ‘600  3.8Es00  3.56400  3.3E+00  3.1E400  2.9E+00  2.8E+00  2.4E+00  2.0E+00  1.8E+00

100 1 600  40E+00  3.EEs00  3.4E+00  3.2E+00 © 3.0E400  2.6E+00 - 2.4E+00  2.1E+00  1.8E+00
110 1 600  4.26400  3.TE+00  3.5E+00  3.26+00  3.1E+00  2.9E+00  2.5E+00  2.1E+00  1.8E+00
120 2 600  4.4E+00  3.9E+00  3.6E+00  3.36+00  3.2E+00  3.0E+00  2.5E+00  2.2E+00  1.9E+00
130 3 600  4.8E+00  4.1E+00  3.E+00  3.5E+00  3.3£+00  3.1E+00  2.6E+00  2.3E+00  2.0E+00
140 4 600 . 5.2E+00  4.4Es00  W.0E+00  3.7E+00 . 3.5€+00  3.3E+00  2.8E+00 . 2.4E+00  2.1E+00
150 ' 5 600  5.7E+00 = 4.TE+00  4.3E+00 3.9E+00 ° 3.TE+00  3.5E+00  2.9E+00 ~ 2.5E+00 - 2.2€400

160 6 " 600  6.3E+00  5.26400  4.TE+00  4.26400  3.9E400  3.7E+00  3.1E+00  2.TE+00  2.4E+00

170 8 600 7. 0E+00  5.7E<00  5.1E<00  M.6E+00  4.2E+00  4.0E+00  3.3E+00  2.9E+00  2.6E+00
180 . 10 600  B8.0E+00  6.4E<00  5.TE+00 - 5S.0E+00  4.6E+00 - 4.JE+00  3.6E+00 . 3.2E+00  2.9E+00
190 13 600 _ 9.1E+00  T.2E+00  6.3E+00  5.6E+00  5.1E+00  4.7E+00  3.9E+00  3.5E+00  3.2E+00

200 16 600 ' 1.1ESO1  8.2E+00  T.ZEen0  6.2E+00  5.6Es00  5.26400  43E+00  3.9E+00 - 3.6E+00

210 19 600  1.3E+01  9.5E+00  8.2E+00  T.IE+00  6.4E¢00  5.9%E+00  4.BE+00  4.3E+00  4.1E+00

520 23 600  1.5E<01  1.1E+01  9.6E+00  BZE+00  T.3+00  6ITES00  5.4E+00 4 400  4.LE+00

250 38 600  1.8E+01  1.3Es01  1.IE+01  9.6E+00  B.56400  7.8E+00  6.26+00  5.6E+00  5.3E+00

220 33 600 2 3E+01 1.6E<01  1.4Es0I  1.2E+01  1.0E+01  9.2E+00  T.ZE+00  6.4E+00  6.2E+00

290 40 600  2.8E+01  2.1Es01  1.TEs0l  1.46+01  1.Z6+01  1.1E+01  B.SE+00  7.6E+00  7.3E+00

260 47 600  3.TE+01  2.6E+01  2.2E+01  1.6E+01  1.5E+01  1.4E+01  1.0E+01  9.1E+00  B.7E+00

270 85 600  4.9E+01  3.SE+01  2.9E401  2.3E+01  2.0E+01  16E«0l  1I3E«01  11E«Ol  1.1E+01

2 a4 600- 6 6Es0]  A.TE4O1  3.9Ee01 - 3.1E+01 - 2.TE+01  2.4E+01 1 TE+01 1 MESOL 1 3E+0)

0S4 €00 9 Ee0l  6.5E+0)  5.4Ee0]  4.4E+01  3.TE+OI  3.26401  2.26401  1.GE+01  1.TE+O)

200 86 600  1.3E+02  9.5E+01  T.GE+01  6.3E+01  5.4E+01 4 3.26+01  2.5E+01  2.26+01
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: C
TEMP Pl . P2 Py - ALITY -
(°C) (BAR) (BAR) < .100 .250 .500 .rsoMOL H 1.
25 1 1000  B8.3E+00  B8.0E+00  7.6E+00  7.26+00  6.8E+00 6
30 1 1000  7.6E+00  7.3E+00  T.0E+00  6.5E+00 6.2E400 S
40 1 1000  6.6E+00  6.3E+00  &.0E+00 . 5.7E+00  5.4E+00 5
50 1 1000 6.1€+00  S5.TE+00  S.SE+00 5.2E+00 4.9E+00 4
60 1 1000  5.8E+00  5.4E+00  5.2E400  4.9E+00  4.6E+00 4
70 1 1000 5.7E+00  5.3E+00 5.0E+00  4.7E+00  4.5E+00 = 4
80 1 1000 5.6E+00  5.2E+00  4.9E+00  4.7E+00  4.4E+00 4
90 1 1000 5.7E+00 5.2E+00 5.0E+00  4.7E+00  4.4E+00 4
100 . 1 1000 5.9E400 5.3E+00 5.0E+00  4.TE+00  4.5E+00 4
110 1 1002  6.2E+00  5.5E+00  5.2E400  4.8E+00  4.6E+00 4
120 2 1000 .6.5E+400 5.BE+00  5.4E+00  S5.0E+00  4.TE+00 4
1300 -3 1000 - T.0E+00  6.1E+00 - 5.6E+00  5.2E+00  4.9E+00 4
140 4 1000 T.SE+00  6.5E+00 ‘i 6.0E+00  5.56400 5.1E+00 4
150 5 1000  8.2E4+00  6.9E+00  6.4E+00  S5.8E+00  5.4E+00 5
160 .6 1000 9.0E+00 7.5E4+00  6.8E+00  6.2E+00  5.BE400 5
170 8 1000  1.0E+01  B8.2E+00  7.4E+00  6.TE+00  6.26400 5
180 10 1000  1.1E+01 . 9.1E+00  8.1E+00  7.2E+00 6.7E+00 6
1900 13 1000  1.3E+01  1.0E+01  9.0E+00  7.9E+00  7.3E+00 6
200, 16 1000 . 1.5E+01 1.1E+01 1.064+01  B.TE+00  8.0E+00 7
2100 19 1000 1.7E+01 1.3E+0t 1.1€+01  9.8E+00  8.8E+00 8
2200 23 1000 2.0E+0) 1.5E+01 1.3E+01  1.1E+01  9.9E+00 9
230: 28 1000 = '2_4E+01 1. 7E+01 1.56+01  1.3E+01 1.1E+01 1
240 33 1000 © ,2.8E+01  2.1E+0I 1.8E+01 1.56+01  1.3E+01 |
250° 40 1000  3.5E+01  2.5E+01  2.1E+0] 1.7E+0} 1.56401 1
260 47 1000  4.4E+01 3. 1E+01  2.6E+01  2.1E+01  1.8E+01 1
270 55 1000 5.7E+01  4.0E+01  3.3+01  2.7E+01  2.3e+01 2
280 64 1000  T.5E+01  5.2E+00  4.3+01  3.4E+01  2.9E+01 2
290 . 74 1000  1.0E+02  T.1E+01  S5.BE+01  4.6E+01  3.9E+01 3
300 86 1000 1.46+02  1.0E+02  B.1E+01  6.4E+01  S.4E+01 4

Table 15

Pressure Dependence of the Apparent Molal Heat Capacity: —ig-(Pz) -

bc ¢
P
R (Pl)

000 2.000 3.000  4.000
LHE+00 5.1E+00 4,2E+400 3.6E+00
.BE+00  4.TE+00  3.9E+00  3.4E+00
JIE+00 4.2E+00  3.5E+400  3.1E+00
.TE+00  3.9E+00  3.3E400  2.9E+00
.4E+00 3.TE+00 3.2+00  2.8E+00
L3E+00  3.6E+00  3.1E+00 ~ 2.TE+00
L2E+00  3.6E+00  3.1E+00  2.7E+00
.2E+00  3.6E+00  3.1E+00  2.TE+00
LJE+00  3.6E+00  3.1E+00  2.TE+00
L3E+00  3.TE+00  3.26+00  2.TE+00
.SE+00  3.8E+00  3.3E+00  2.8E+00
.6E+00  3.9E+00  3.4E+00  2.9E+00
.9E+00  4.1E+00  3.SE+00 3.1E+00
JIE+00  4.3E+00  3.TE+00  3.3E+00
L4E+00  4.6E+00  4.0E+00  3.5E+00
.BE+00  4.9E+00  4.3E+00  3.8E+00
.2E+00 5.2E+00 4. 6E+00 4.1E+00
.BE+00  S5.6E+00 5.0E+00  4.5E+00
.4E+00  6.1E+00  5.5E+00 = 5.0E+00
L2E+00  6.TE+00  6.0E+00  5.6E+00
JIE+00 - T.46+00  6.TE+00  6.3E+00
.OE+01 8.3E+00  T7.SE+00  7.2E+00
.26+01 9.46+00  B8.5E+00  8.2E+00
.4E+01 1.1€+01 9.TE+00  9.5E+00
.6E+01 1.36+01 1.1E+01 1.1E+01
.0E+01 1.5E+01 1.36+01 1.3E+01
.6E+01 1.96+01 1.6E+01 1.6E401
.4E+01 2.4E+01 2.0E+01 1.9€-01
.TE+01 3.2E+01 2.6E+01 2.4E+01

L6



10.

11, |

12.
13.
14,
15.

16.

17.

18.
19.
20.

21.

.*°F. J. Millero, J Phys. Chem: 74, 356 (1970).

..This Dissertation, Chapter~2-

98

References
SIS

J. L. Haas, Jr., Am. J. Sei. 269 489:(19705.

R. W. Potter, III and D. L. Brown U. S. G. S. Bulletln 1421-C
(1977) .

H. Ozbek, S. L.:phiilips;,andfq. A,;Fa;r (1918). T be published.

K. S. Pitzer, J Phys Chem 77, 268 (1973) o .

.. D. J. Bradley and K s. Pltzer, I. Phys ' Chem: 83 1599 (1979).

L. F. Silvester and K. S. Pitzer, J. Phys. Chem. 81, 1822 (1977).

"Handbook: of ‘Physical Constants R F; Bireh,‘Ed.;PGeological Soeiety
of Amer1ca (1942) R ST e T

R. W. Potter, III, D R. Shaw, and J. L. Haas, Jr., U. S. G. S.
. Bulletin 1417 (1975) _— e

F. J. Mlllero, E V Hoff and L. Kahn, J. Soln Chem. 4, 309 (1972)

F. Vaslow, J. Phys ' Chem.. 73 3745 (1969)

F. Vaslow, J. Phys. Chem. 70, 2286 (1966) and ORNL Report TM-1438.
(1965).

'G. Perron, J. FOrfier and-J. E. Desnoyers,J:yChem: Thermo. Zﬁ;

1177 (1975). ,
R. E. Gibson and 0. H. Loeffler Annals. NY. Acad. Sci., 51,
727 (1949). . .

c. T. Chen, R. T Emmet and F J. Mlllero Jﬁ Chem. Eng. Data,
22, 201 (1977). "

G. Dessauges, N. MlljeV1c, and W. A. Van Hook J Phys Chem. :
84 2587 (1980) ‘

C-T. A. Chen, J. H. Chen, and F. J. Millero, J. Chem. Eng. Data,

25, 307 (1980).

4

;l"Internatlonal Crltical Tables ', McGraw—Hlll New York (1928) Vol 3.

" .A. J. E11is, J. Chem. Soc. A, 1579 (1966).

I. kh. Khaibullln and N. M, Borlsov, Teploflz Vysokikh Temperatur,
- 4, 518 (1966).



22.

23.

24,

25.

26.

27.
28.
29.

36.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

B. M. Fabuss, A. Korosi, and A. K. M. Shamsul Hug, J. Chem. Eng.
Data, 11, 325 (1966).

A. Korosi and B. M. Fabuss, J. Chem. Eng. Data, 13, 548 (1968).

R. Hilbert, Ph.D. Dissertation, University of Karlsruhe, Karlsruhe,
West Germany (1979).

V. I. Zarembo and M. K. Federov, Zhurnal Prikladnai Khimii, 48,
1949 (1975).

I. Tanishita, K. Watanabe, J. Kijima, H., Ishii, K. Oguchi, and M.
Uematsu, J. Chem. Thermo, 8, 1 (1976).

R. A. Fine and F. J. Millero, J. Chem. Phys. 59, 5529 (1973).
A. A. Yayanos, J. Chem. Phys. 64, 429 (1976).
G. S. Kell and E. Whalley, J. Chem. Phys. 62, 3496 (1975).

G. S. Kell, G. E. MclLaurin, and E. Whalley, Proc. R. Soc. Lond. A.,
360, 389 (1978).

G. S. Kell, J. Chem. Eng. Data, 15, 119 (1970).
W. D. Wilson, J. Acoust. Soc. Am. 31, 1067 (1959).

V. A. Del Grosso and C. W. Mader, J. Acoust. Soc. Am. 52, 1442
(1972).

J. H. Keenan, F. G. Keyes, P. G. Hill, and J. G. Moore, "Steam
Tables", John Wiley and Sons, Inc., New York (1969 and 1978).

J. Juza, Cesk. Akad. Ued. Rada. Tech. Ved., 1, 76 (1966). E.
Schmidt, "Properties of Water and Steam in SI Units", p. 174,
Springer-Verlag, Berlin (1969).

National Engineering Laboratory, "Steam Tables 1964", H.M.S.O.
Edinburgh (1964).

L. Haar, J. Gallagher, and G. S. Kell, Contributions to the 9th
International Conference on the Properties of Steam, Munich
(1979).

H. Kanno and C. A. Angell, J. Chem. Phys., 70, 4008 (1979).

H. M, Rowe, Jr., and J. C. S. Chou, J. Chem. Eng. Data, 15, 61

- (1970). :

"Handbook of Chemistry and Physics", 45th ed., R. C. Weast, Ed.,
The Chemical Rubber Co., Cleveland, OH (1965).

99



41.
42,
43,
44,

45,

. Smith-Magowan and R. H. Wood, submitted to J. Chem.

. H. Busey, personal communication.
. E. Tanner and F. W. Lamb, J. Soln. Chem. 7, 303 (1978).

. Likke and L. A. Bromley, J. Chem. Eng. -Data, 18, 189 (1977).

Thermo.

. F. Silvester and K. S. Pitzer, Lawrence Berkeley Laboratory

Report # 4456 (1976).

100




101

Chapter 2

MEASUREMENT OF THE DENSITY OF AQUEOUS SODIUM CHLORIDE
SOLUTIONS FROM 75°C TO 200°C AT 20 BAR

Introduction

Few precise determinations of the volumetric properties of electro-
lyte solutions are available above 100°C. Sodium chloride solutions
have been most extensively studied, but even in this case reliable volu-
metric data near the saturation pressure are scarce. Density data for
sodium chloride solutions at 20 bar, which were necessary to complete
the description of volumetric properties contained in Chapter 1, are
presented in this chapter.

Additional density data at low pressures were required for two
reasons. First, we were especially interested in determining the pressure
dependence of high temperature activity, enthalpy, and heat capacity data,
most of which are taken at saturation pressure. Since the volumetric .
properties of aqueous solutions vary most rapidly near the saturation
pressure, precise data in this region are important in calculations of
pressure dependence.

Secondly, the three avaiiable séts:of dehsity data for sodium
chloride solutions at high teﬁberaturesiéﬁd low pressures were either in-
complete or inéonsistent. The sétﬁration pressure data of Khaibullin and
Borisov1 differ from other daﬁa by as much as 1%. The data of Fabuss,
Korosi, and ﬁug2 are ﬁncertain.becaﬁée of.thé unknown effect of air
contained in their dilatometer. Only. the &ata of Ellis3 are sufficiently
precise fof calculations of the preésﬁre dependence of thérmai properties.
Unfortunately, Ellis' data cover only the low concentration region. Thus

additional density data at high concentrations were needed.
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Experimental

1. Description of Apparatus

Densities of sodium chloride solutions from 75° to 200°C, at a
constant pressure of 20 bars, were determined using a high pressure
dilatometgg. Thg dilatometer is similar to that used by Ellis,3 in
which ch;nges in the volume of a solution are measured as a function of
temperatufe.. The apparatus is_illgstraté& in Figure 1.

A pressQfe vessel, constructed‘of corrosion resistant HaynesR
Alloy No. 625, contains approximately 9 cm3 of sait soiution. The pres-
sure vessel is connected to a mercury reservoir by .062 inch outside
diameter, .007 inch inside diameter, stainless steel capillary tubing.
The mercury reservoir, which is madg of a coil of '.125 inch outside
diameFer staihless steel tubing, is in turn gonnegted to a glass capil-
lary célﬁmn. The entire system is pressurized with a high pressure
nitrogen gas cylinder.

To évoid possible hysteresis in the volume of the sqmple cellAwhen
the system is pressurized and depressurized, a dguble bomb system is
used. It is illustrated in Figurevz. The sample éell is welded to a
thick top cap, so that it is permanently sealed except for the inlet
and outlet ports. A thickvou;e; bomb surrounds the sample bomb and is
sealed using an annealed copper gasket. ‘The inner and outer vessels are
connectedkéh_the gas side of ghe apparatus, so that both can be‘élowly.
pressurizgd at the same time.. Thus there is never a pressure difference
between the inner and outer»vessels.

iThe high préssure glass to metal seals, used to connect the glass .
capillary to the étainless steelvtubing system,‘also are of interest.

They are constructed of standard swagelock fittings (1/8 inch gubing to
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Figure 1. Schematic diagram of the high pressure dilatometer.
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Figure 2. Schematic diagram of the high pressure solution cell.
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1/4 inch MNPT) which have been drilled out to provide a loose fit for
the glass tubing. The glass is simply glued into the fittings with epoxy
(G. C. Electronics). Precision bore glass tubing, 1.6 mm internal dia-
meter, is carefully annealed before use., The combination of glass
tubing and epoxy seal can contain 1 kbar‘pressure. For safety, the
glass tubing is always surrounded by a plexiglass pressure shield.
Temperature control is achieved using two separate systems. The
mercury reservoir and most of the capillary connecting tube are thermo-
stated at 30°C with a well stirred water bath and circulation pump.
The temperature of the water bath fluctuates by less than .01 K. The
sample cell is surrounded by a large aluminum block and is placed in a
high temperature fluidized bath. Temperature control of the fluidized
bath is good only to a few tenths of a degree, so the aluminum block
serves as a heat sink to reduce temperature fluctuations. With the
aluminum block, the temperature of the sample cell is stable to +.01 K

over a period of 30 minutes.

2. Method

The solution density was determined by measuring the change in the
volume of the_solution as the tempefature was raised. To begin a meas-
uremént, solutién of known mélalitfﬁﬁas-;repared with freshly degassed
water which had been distilled and ﬁassedgthrough a Millipore Q filter
system (final resistivity wés.greéter than 18 megaohm). JBaker reagent
grade NaCf wasihééd without furthefiﬁﬁ}ification. Théféélt;ﬁas dried
overnigﬂt at é00°c and cooled>under vacuum before being weighed.

The procedure used to fill the sample cell without inﬁraducing-any

air bubbles was somewhat complicated. The cell was filled and emptied

by syringe a minimum of five times to eliminate contamination by any old
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solution still in the cell. As the final slug of solution was placed
in the sample cell, a fine needle was used to stir the solution in the
inlet hole and dislodge any air bubbles trapped in the narrow opening.
A syringe containing 10 m? of the solution was then attached to the
inlet fitting and  the solution was forced through the sample cell and
the connecting tube, then out an opening at thé mercury solution inter-
face. A Swagelock cap used to close this opening was tightened while
pressure was applied by the syringe. The syringe was removed and the
inlet fitting was topped off with a few dfops of solution. As the inlet
cap was7£ightened, solution was forced out through the cracks, dis--
placing any remaining air. Finally the apﬁaratus was pressurized. Any
air bubbles in the system could be detected immediately by a large dis-
placement ‘in the level of the mercury column.

The sample cell was then placed in the fluidized bath and the solu--
tion was allowed to come to equilibrium at room temperature. The pressure
of the system and the level of the mercury column were monitored over-
night to check for leakage. The temperature of the sample was increased
in 25 K increments, and the height of the mercury column was measured to
+.01 mm at each step using a Wilde cathatometer. The temperature of the
sample cell waé determined to 1;005 K usiné a 25 9, calibrated platinum
resisténce thermometer and G-2 Mueller bridge. A bourdon tube pressure
gauge (Ashcroff Digiguge Model 7781), calibrated with a‘Ruska Deadweight
Tester, was gsed to determine the pressure of the system té +.1 baﬁi
The temperaturé of the water bath and the room temperature were meaéured

with mercury-in-glass thermometers.
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3. Derivation of Equations

The change in the height of the mercury column can be related to
the density of the solution as follows. Let T be the experimental
temperature, TR the reference temperature, and TB the water bath
temperature, in degrees Celcius. The density of the solution at the
experimental temperature, P is equal to the mass of solution in the

cell divided by the volume of the cell,

=5 1)

The mass of solution in the sample cell at temperature T is equal to the

mass in the cell at the reference temperature TR’ less the amount that

has expanded from the cell. The mass of solution expanded is equal to

AhAp,., , (2)
T
B

where Ah is the total change in the height of the mercury column between

temperatures T_ and T, A is the cross-sectional area of the mercury

R

column, and o is the density of the solution at the temperature of the
B .

water bath. Thus the density of the solution is given by

1 " .
pp =7 lpn Vo =~ AhAp_ ]. (3)
TV, Ty T T,

Assume that the temperature dependence of the volume of the sample cell is
v, = v ™, )

where VB is the volume of the cell at 0°C and o is the unknown expan-

sivity of the cell. Substituting Equation (4) into Equation (3) one obtains

—a(T—TR) -aT

Py = P e - (——) Ahp e .
T T ‘ VB TB



110

Expansion of the exponential yields

A .
o = b, [1-a(T-T.)] - (——) bho, [1-0T]
T T R Vg T, |
or
Pr = pp = (€L> AhpT + apT (TR-T) + a (éi) fAﬁpT . (5)
R B B R B B

This is the final equation relating the density of the solution to the
observed change in the height of themmercury column.
Equation (5) contains two unknowns, the expansivity of the sample

cell (a) and the ratio of the cross sectional area of the column to the

volume of the cell at O°C,(§#
B

run using pure water. The values of Ah observed with pure water and the

> . These are determined in a calibration

known values of the density of water are used in a nonlinear least squares

B

from Equation (5) requires knowledge of the solution densities at the

. A . . Lo
regression to determine (——) and a. Calculation of solution densities

reference and water bath temperatures and the experimental pressure.

4., Corrections to the Raw Data ~

In any experiment a certain number of experimental variables can
not be he;d exactly constant. Therefore small corrections to the raw
data are necessary to bring all the data points to the same baseline.

In experiments using the high pressure dilatometer, the change in height
of thé mercury column is observed as a function of sampie temperature,-
and this should be the only experimental variable. Thus small correc~
tions have been made to the observed colummn height to account for vari-
ations in water bath temperature, room,temperature, hydrostatic head,

and system pressure. To evaluate the effect of each of these variables,
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it is helpful to note that a change of .0l mm in the column height cor-
responds to a change of 2 x 10_6 g/cm3 in the derived density of the
solution.

The change in the mercury column height\due to temperature drift in
the water bath was measured experimentally, éF 20 bar system pressure,
as .0093 mm height per .01°C shift in bath temperature. The change in

height due to a change in room temperature from 23°C was estimated as
-4 o
Ah = h(1.5 x 10 ") (t-23°C)

where h is the total height of the mercury column and t is the room
temperature in degrees Celcius. The factor 1.5 x 10—4 is derived from
the difference in expansion of glass and mercury. The maximum shift in
room temperature was 3 K, and the maximum column height was 800 mm, so
this correction was always less than .36 mm.

As the mercury rises in the column, it exerts an increasing hydro-
static pressure on the salt solution. By measuring the height of the
column above the sample cell, the pressure increase, AP, due to hydro-

static head was found to be AP = .28 + 73%L5€ bar. The applied pressure

also is not quite constant since gas must be bled off as the temperature
of the sample is raised. Relating these changes in system pressure to
changes in the mercury column height,complicates analysis of the density
data. The change in coluﬁn height dﬁé to a pressure change of about 2
-bar was measured directly at 239C,'with fure water in the sample cell,
as .22 mm per bar. This value for the compressibility of the system was
used to correct both calibration and solution data at the reference
temperature. Because the correction was made in this way, each experi-

mental density determination was at a slightly different pressure. The



change in system pressure during one run was about oﬁe bar, so even un-
corrected data would be in error by less than 50 ppm.

One further correction for the variable mass of solution in the
connecting tube was found to be negligible up to 200°C. The unthermo-
stated length of the capillary connecting tube is 40 cm, but half of
this length is in the fluidized bath. Thus a sharp gradient from the
experimental temperature to the'water bath temperature occurs in about
20 cm of the tubing, which has a volume of .005 cm3. Correction of
Equation (2) fqr the difference in the mass of solution in this portion

of the tube at temperatures T and TR’ mT-mT , yields the following

form of Equation (5): .
o .= Pn - A Ahp +2T:n—T§- + ap,, (T_-T)+a A Ahp +iﬂE:m-T—R (6)
T TR <VB) TB A TR R "(VB) TB A
e
The difference in ————— for pure water and a 4.4 m solution is found to

A
B .
be only 6 x 10_6 g/cm3 at T = 200°C. Thus a correction for the mass of

solution in the connecting tube is not necessary.
Results

Tbe experimental values for the heightvof the mercury column were
first corrected for changes in water bath temperature, room temperature,
hydrostatic head, and aﬁplied pressure. The sefies of &alues for column
height as a function of temperature for each separate solution or.cali-

bration run were fit to an equation of the form
: 2
h=a+bv +cv.T+ dT + eT
w W

using a standard, linear least squares regression. Here v is the

volume of pure water at temperature T. By examining the regression, any
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.70
.35
.90
.98
108.
125.
142.
159.
176.
176.
176.
199.
199.

89
79
T4
84
46
52
48
61
68

20,

Table 1

CALIBRATION RUN WITH PURE WATER

PRESS. DENSITY
(BAR)  (GM/CC)

. 98806

19.7
19.7 .98173
19.8 .96826
20.0 .96072
19.9 95273
20.0 .93932
0 .92461
20.1 .90849
20.2 .89153
20.2 .89146
20.2 .89151
20.4 86558
20.4 86549

COLUMN
HEIGHT
(cm)
15.762
18.290
23.751
26.824
30.112
35.631
41.729
48, 445
55.544
55.580
55.559
66.481
66.516

DENSITY AT
s
52.00 C
.98793
.98793
.98793
98794
.98794
.98794
.98794
.. 98794
.98795
.98795
.98795
.98796
.98796

PREDICTED- REFERENCE COLUMN HEIGHT IS -15.815 Cm.

H

DENSITY AT

WATER BATH

30,06 ¢
.99648
. 99649
.99649
.99650
.99649
.99650
.99650
.99650
.99651
.99651
.99651
.99651
.99651
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TEMP.
(°C)

20.
- 20.
T6.
76.
150.
150.
176.
176.
176.

176

91
94
11
04
54

58

53
53
55

.58
200.
200.
200.
200.
200.

09
16
24
15
18

19,
19,
19,
19,
géo’
20
© 20.
20.
20.
“20.
~ 20.
20.
20.
20.
20.

~-PRESS.

6
6
8
8
1
1
2
2
2
2
3
3
3
3
3

CALIBRATION R

oy 3
i

‘ DENSITY
(BAR) . (GM/CE)

.99888

99888

.97503
.97507
91742

" 91739

.89146

. 89147

89144
.89141

. 86500

. 86492

.86483 -

.86493

.86490 .

Table 1

COLUMN
. HEIGHT REFERENCE
cem TEMP-. :OF
T 25,004 €
13.909 .99790
13,911 .99790
23.299 99791
237288 99791
47.027 - 199792
7,043 99792
"57.882  .99793
' 57.881 .99793
57.895 .99793
57.897 .99793
"69.018 99793
69.052 99793
69.090 ©.99793
1 69.049 .99793
. 69.063 .99793 -
14.268 CM.

PREDICTED REFERENCE COLUMN HEIGHT IS

UN WITH PURE WATER

DENSITY AT

DENSITY AT
WATER BATH
TEMP. OF

;30500 c

.99648
.99648
.99649
.99649
.99650 -
.99650
59651
“99e51
99651
.99651
99651
.99651
.99651
.99651
.99651
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Table 1

CALIBRATION RUN WITH PURE WATER

' o COLUMN  DENSITY AT DENSITY AT
TEMP. PRESS.  DENSITY HEIGHT ~ REFERENCE WATER BATH
(°C) (BAR)  (GM/CC) . (cm) TEMP. OF  TEMP. OF

e 52.00 C  30.00 C
50.07 19.5 .98880 11.899 .98792 .99648

75.67 19.9 .97531 17.332 .98794 99649
100.19 19.5 .95912 23.924 .98792 .99647
125.72 19.8 .93937 32.019 98793 .99649
150.67  20.0 .91729 41.173 .98794 .99650

175.40  20.1 .89265 51.451 .98795 .99650
200.61 20.4

.86439 1 63.355 .9879¢ . 99652

PREDICTED REFERENCE COLUMN HEIGHT IS 12.251 Cm.



TEMP .
(°C)
22.59
49.98
75.41
99.52
125.88

150.16

177.39

200.66

19.
19,

19,
2.
"' 20.
20.
20.

£ N = O 0 ™ o o

Table 1

CALIBRATION RUN WITH PURE UATER'

 PRESS. DENSITY
(BAR)

¢6M/CC).

.99850

.98885
.97545
.95962
233524
91778
.89055
.86433

COLUMN
HEIGHT
A(Cm)

21
36

56

PREDICTED REFERENCE COLUMN HEIGHT IS

2.
16,

602
300

.695
28.
.532
45,

148

431

.802
67,

849

DENSITY AT
REFERENCE
TEMP. OF
25.00.C
.99790
.99790
.99791
" 99791
.99791
.99792
.99793
.99793

"12.818 Cm.

DENSITY AT
WATER BATH

_TEMP. OF

30.00 C
99648
99648
99649
.99649
99650
.99650
.99651
.99652
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100.
125.
150.
175.
199.
200.

i34
19.
19.
19.
19.
19.
20.
20.
20.
20.
20.

£ £ M N O W @ 060 O N

e
.99847
.98871
.98863
.97550
.95892
.93923
.91762
.89204
.86512
. 86506

Table 1

CALIBRATION RUN WITH PURE WATER

COLUMN DENSITY AT
sy e
25.00 €
12.620 .99790
16.361 . 99790
16.390 .99790
21.670 .99791
28.426 .99791
36.537 .99791
45.501 .99792
56.206 .99793
67.523 .99793
67.541 .99793
12.823 Cm.

PREDICTED REFERENCE COLUMN HEIGHT IS

DENSITY AT
WATER BATH
36.06 ¢

. 99649

. 99648

. 99648

.99‘#9

. 99649

. 99650

.99651

.99651

. 99652

. 99652
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Table 1

CALIBRATION RUN WITH PURE WATER

LA COLUMN  DENSITY AT DENSITY AT

TEMP.  PRESS. DENSLTY HEIGHT = REFERENCE WATER BATH
(°C)" (BAR)  (GM/CC). (cm) TEMP. OF  TEMP. OF
‘ ” 52.00 C  30.00 C
51.07  19.4 .98835 ©  11.810 (98792 .99647
75.71 19.6 97527 17.047 .98793 .99648
99.97  20.0 .95931 23.572 /98794 .99650
125.63  19.9 .93945  '31.754 .98T94 ~ .996u9
150.24 , 20.0  .91770 . 40.785 .98794 .99650
175.26  20.2  .89280  51.191  .98795 .99651
199.99  20.2 /86512 62.833 /98795 .99651

PREDICTED REFERENCE COLUMN HEIGHT .IS 11.978 Cm.

eI



50.
T6.
100.
126.
151.
177.

201

52

.07
201.

13

PRESS.
(BAR)

19.
19.
19.
19.
19.
19.
20.
20.
20.
20.

Vi i M © v VW ©® O ~N -

NACL SOLUTION DENSITIES

DENSITY
(GM/CC)
1.00055
1.00055
.99073
.97703
.96107
.94129
.91857
.89284
.86639
.86632

Table 2

COLUMN  DENSITY AT
HEIGHT  REFERENCE
(cm) TEMP. OF

25.00 C
13.326 1.00008
13.326 1.00008
17.099  1.00008
22.584 1.00009
29.076 1.00010
37.201 1.00009
46.612  1.00010
57.346 1.00011
68.446 1.00012
68.475 1.00012

13.497 Cm.

PREDICTED REFERENCE COLUMN HEIGHT IS
CALIBRATION CONSTANTS ARE (A/VB) =

ALPHA =

NACL MOLALITY =

.233259%-02/CM
.380903E-04/ C

DENSITY AT

WATER BATH

36.00 °C
. 99865
. 99865
. 99864
. 99865
. 99866
. 99866
. 99866
. 99867
. 99868

. 99868

o

119
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Table 2
NACL SOLUTION DENSITIES ~ NACL MOLALITY = .2719
Sl COLUMN  DENSITY.AT DENSITY AT
(5C)’ (BAR>.  (emcdy  TComy' Teme.OF-  TEmB. oF
| | - 30.00 C  30.00 C
29.45  19.6  1.00757 13.441  1.00740  1.00740
50.40  19.7 .99944 - 16.567  1.00740  1.00740
75.43  19.8 /98609 21.859  1.00741  1.00741
100.43  '19.9 196964 28.485  1.00741  1.00741
126.57 20,0 .94%61 36.638  1.00742  1.00742
150.70 20.0 féééss 45.279 1.66142 1.00742
175.75 éo,l' ,904}3 qéﬁébé ©1.00742 1.00742
201.03  20.5 87653 66.828  1.00744 |

.00744

PREDICTED REFERENCE COLUMN HEIGHT IS -13.504 CM.-
CALIBRATION CONSTANTS ARE (A/VB) = .233259E-02/CM N
ALPHA = .380903E-04/ C -




75.
100.
126.
151.
125.
150.
176.
199.
199.

45

TR
19.6
19.7
19.7
19.8
19.9
.0
9
0
2
y
4

20

19.
20.
20.
20.
20.

NACL SOLUTION DENSITIES

DENSITY
(GM/CC)

1.02082
1.01010
. 99676
. 98049
. 96049
.93953
.96124
. 94046
.91567
.89105
.89086

Table 2
NACL MOLALITY = .5571
COLUMN
T g
25.00 C
11.006 1.02014
15.074 1.02015
20.300 1.02015
26.777  1.02015
34.819 1.02016
43.313 1.02016
34.519 1.02016
42.935 1.02016
53.049 1.02017
63.147 1.02018
63.224 1.02018
11.254 Cm.

PREDICTED REFERENCE COLUMN HEIGHT IS

CALIBRATION CONSTANTS ARE

(A/VB) =
ALPHA =

DENSITY AT DENSITY AT
WATER BATH
TEMP. OE

.233259E-02/CM
.380903E-04/ C

30.00

1

ot et et b et e e

e I R

.01852
.01852
.01852
.01853
.01853
.01853
.01853
.01853
.01854
.01855
.01855
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TEMP. -

(°C)

29.42
50.28

75.24
100.50

126.00
150.67
176.64
201.36

PREDICTED REFERENCE.COLUMN HEIGHT IS
CALIBRATION CONSTANTS ARE

NACL SOLUTION DENSITIES  NACL MOLALITY =

il
19.7
19.8
19.8
.9
9
1
3
5

19

19,
20,
- 20.

20.

'DENSTTY
- (GM/CC)

1.03464
1.02570

1.01219

.99579
97687
95634
93226
90701

Table 2

N

9775

~DENSITY AT DENSITY AT

_COLUMN ,
HEIGHT . REFERENCE - WATER BATH
(CM).  TEMP. OF  TEMP. OF
30.00 C  30.00 C
~13.225 f'i,oauqz »V1.034q2)
T 16.59  1.03443  1.03443
" 21.805 1.03442 1.03442
 28.223 . 1.03943  1.03443
‘d553699 1.03443  1.03443
 43.874  1.03444  1.03444
53.530  1.03444  1.03444
63.709  1.03445  1.03445
13.304 Cm.

(A/VB)
ALPHA

= .233259E-02/CM
= .380903E-04/ C
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24 .84
50.45

75.84
100.32
125.71
125.65
125.74
151.00
176.69
200.47
200.49
200.37
200.37

PREDICTED REFERENCE COLUMN HEIGHT IS
CALIBRATION CONSTANTS ARE

NACL SOLUTION DENSITIES

toi)
19.
19.
19.
19.
19.
19.
20.
20.
20.
20.
20.
20.
20.

6
6
4
8
9
9
0
1
2
3

3

3
3

DENSITY
(GM/CC)

1.03843
1.02776
1.01392
.99802
.97915
.97918
.97914
.95807

" .93428

.90992
.90990
.91001

.91002 . .~

Table 2

NACL MOLALITY = 1.0360

DENSITY AT

CoLUMN
HEIGHT REFERENCE
(cm) TEMP. OF
25.00 C
11.971 1.03837
15.970 1.03837
21.303 1.03838
27.511 1.03838
34.954  1.03839
34.938 1.03839
34.957 1.03839
43.328 1.03839
52.843 1.03840
62.644  1.03840
62.651 1.03840
62.607  1.03840
62.604...  1.03840 . .
11.991 cm.

(A/VB) =

.233259E-02/CmM
ALPHA = .380903E-04/ C

DENSITY AT
WATER BATH
TEMP. OF
30.00 C

" 1.03659

1.03658

1.03659

1.03659
1.03660
1.03660
1.03660
1.03661
1.03661
1.03662
1.03662
1.03662

1.03662 . -
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TEMP.  F
(°C) (BAR)
51.63,  19.6
75.99  19.7
101.20  19.8

126.51  19.9

150.79  20.0

176.90  20.1

176.86  20.1

199.73  20.3

199.84  20.3

NACL SOLUTION DENSITIES . NACL MOLALITY = 3.0610

PRESS.

s

1

DENSITY

(GM/CC) -

09537
08144
06525
.04729
02849
.00655
.00659
©.98583

98569

T ' > : - T o
il [u—y P —— et s . e P
N Y Lo .

 « "Table 2

COLUMN

i
15.913
20933
26.827

| 33.422
40.373
48,535
48.520
 56.285
56.339

09626

PREDICTED ‘REFERENCE COLUMN HEIGHT IS 15.603 Cm-
CALIBRATION CONSTANTS ARE® (A/VB) ='.233259E-02/CM

ALPHA = .380903E-04/ C

|

Ereh

DENSITY AT DENSITY AT

124

REFERENCE WATER BATH _
50,06 € 30.00
1.09623  1.10620
1.09624  1.10620 .
1.09624  1.10620
1.09624  1.10620
1.09625  1.10621
..09625  1.10621
11,0925  1.10621
1.09626  1.10622
1 1.10622



29.16
49.86
75.29
99.97
125.79
150.36
175.65
200.45

PREDICTED REFERENCE COLUMN HEIGHT IS
CALIBRATION CONSTANTS ARE

NACL SOLUTION DENSITIES

i
19.
19.
19.
19.
20.
20.
20.
20.

N N = - O O & o

DENSITY
(Gm/CC)
. 11237
.10204
.08748
.07160
1.05326
1.03415
1.01294
.99038

N S

Table 2

COLUMN
e e
30.00 C
17.309 1.11198
20.963 1.11198
26.177 1.11198
31.929 1.11199
38.626 1.11199
45.651 1.11199
53.498 1.11200
61.887 1.11200
17.445 Cm.

NACL MOLALITY = 3.2428

125

DENSITY AT DENSITY AT

(A/VB) = .233259%-02/Cm
ALPHA = .380903E-04/ C

WATER BATH
30.00
1.11198
.11198
.11198
.11199
.11199
.11199
.11200

1.11200

O T Y N Y



TEMP.
(°C)

29.09
50.37
T6.02
75.94

100.19

126 .44
126.38
150.59
175.87
200.43

NACL SOLUTION DENSITIES

53
19.
19.
19.

19
20.

20.
20.
20.
20.
20.

W = O © O O =~ ~N.~N =~

DENSITY
(GM/CC)

[

b .

1
1
1.
1
1

. 14750

.13618
.12134
.12139
.10582
.08755
.08757
06941
.04908
.02791

Table 2

COLUMN

 HEIGHT

(Cm)

14,
18.
23.

23

29.

35

35.
42.
49.

56

690
579
728
.T11
165
.611
602
052

.916

314

DENSITY AT DENSITY AT
WATER BATH
TEMP. OF

30.00

REFERENCE
TEMP . OE

30.00

1.
.14702
.14702
. 14702
.14i03
.14703
.14703
.14703
14704
.14704

d P [ et Ld - bt s Yt

14702

PREDICTED REFERENCE COLUMN HEIGHT IS 14.853 Cm.
.233259€-02/CMm
ALPHA = .380903E-04/ C

CALIBRATION CONSTANTS ARE

(A/VB) =

NACL MOLALITY = 4.3933

1.
.14702

. 14702
. 14702
.14703
. 14703
.14703
.14703
14704
. 14704

bt b Gt e

e

14702

¢
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points deviating by more than three times the standard deviation of fit
could be discarded. The regression also was used to determine the
column height at the desired reference temperature.

The data in this form are presented in Tables 1 and 2. The cali-
bration data are listed in Table 1, along with values for the density
of pure water given by Haar, Gallagher and Kell.4 Table 2 lists the
solution data and the assumed values of the density of the solution at
the reference and water bath temperatures. The latter values were
determined from the low temperature fit described in Chapter 1. These
two tables provide all the information necessary to calculate solution
densities from the experimental observations. The information is re-
corded here so that anyone desiring to recalculate the solution densities
(with improved values for the density of water, for example) can do so
with ease.

From this point, calculations involving calibration data and solu-
tion data were performed separately. All calibration data and the known
values for the density of pure water were used in a non-linear least
squares regression to determine the two unknowns in Equation (5). The
values for the unknowns and the regression statistics are given in Table
3. The value obtained for the expansivity of the sample bomb (38 x 10_6

K_l) is in good agreement with the expansivity of similar HastelloyR

alloys7 (36 x 10-.6 K-l).
Table 3
Least Squares Values of éL-and o
B
AV = 233259 x 107%/em 4 .10 x 10 /e
o = .380903 x 10°% KT + .37 x 1070 ¢t

Overall standard deviation of fit for all
calibration data is 40 ppm in the density
values for pure water.
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The solution data, the calculated values for solution densities at

the reference and water bath temperatures, and the values of (éL) and ¢
B

were then combined to calculate the high temperature solution densities.
Since these densities were at odd temperatures and pressures, they were
further smoothed to yield densities at rounded temperatures and 20 bar.
First the densities were corrected to 20 bar using the compressibility
data of Rowe ana Chou.5 Even considering the difference in compressi-

bilities calculated from the Rowe and Chou data and from the volumetric

fit (Chapter 1), the maximum error in this correction is 2 x 10-.6 g/cm3.

The constant pressure data were then fit at constant molality to

an equation of the form

2 '
pp = a + bpw + c(T-25) + d(T-25)" + epW(T—ZS)

where T is the temperature in degrees Celcius and P is the density of
water at T and 20.3 bar.

Densities at rounded temperatures calculéted from the regression
equation are listed in Table 4. The maximuﬁ error introduced in cor-

. . -5
recting the data to rounded temperatures is 2 x 10 g/cm3.
Discussion

The expected preciéion of the density data can be estimated by
calculating the effect of the uncertainty in the calibration constants.
Assuming this uncertainty is twice the standard deviation listed in
Table 3, the precision in the solution densities can be no better than

-5 3 o -4 3 o
+8 x 10 ~ g/ecm™ at 100°C and #2.5 x 10 * g/em™ at 200°C.
The actual precision in the density data can be estimated by exam-

ining the data as a function of molality at constant temperature and
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Least Squares Fit of NaCl Density Data

Table 4

T = 75°C T = 100°C T = 125°C
density density density
molality (g/cm3) A2 ‘(g/cm3) A2 (g/cm3) A2
.0530 .97782 0 .96141 0 .94216 1
.2719 .98633 -7 . 96995 -2 .95085 5
.5571 .99695 1 .98068 0 .96184 2
.9775 1.01230 0 .99615 -7 .97764 -13
1.0360 1.01439 -1 .99821 =5 .97970 -6
3.0610 1.08202 -1 1.06604 =5 1.04839 ~12
3.2428 1.08764 1 1.07156 7 1.05382 15
4,3933 1.12190 0 1.10594 -1 1.08859 -2
1P .97961 7 96314 17 .94397 15
.2 .98348 7 .96708 12 .94801 9
.5 .99489 =2 .97853 5 .95970 2
1.0 1.01316 1 -99691 3 .97832 8
Standard 4 8 10

Deviation
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Table 4 (continued)

T = 150°C T =175°C ° T = 200°C
density:ﬂ ' -density - S density
molality , (g/cmB) 22  -jg/cm3) 22 "u(g/cm3) 22
.0530 .92021 0 .89549 0 . .86767 7
2719 - .92920  -15 .90494 7 87774 24
.5571 .94055 5 .91676 6  .89024 28
.9975 .95689 0 - .93388  -40 .90847 =47
1.0360 95894  -27 93502  -16 .91042 0
3.0610 1.02912  -18 1.00820  -27 © © .98556  -40
3.2428 1.03446 27 1.01348 39 .99081 50
4.3933 1.06986 -4 1.04976 -6 1.02831 -6
1P .92197 29 .89730 39 .86995 7
) .92607 33 .90160 44 . .87449 24
.5 .93813 24 .,91428 27 . 88800 3
1.0 .95747 7 .93438 8 .90898 6
Seriation 23 31 33

3 p = [p(calculated) -p(experimental)] x 105 g/cm3.

® Data of Ellis.>
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pressure; The results of a least squares regression of the rounded
density data as a function of molality only, using Equation (12) of
Chapter 1, are listed in Table 4. The data of Ellis are included in
éhe regression in order to compare the two sets of density values.
Egamination of the magnitudes of the residuals listed in Table 4 shows
that they increase systematically with temperature. This trend is
illustrated in Figure 3, where the residuals at a few molalities are
plotted against temperature.

An increase in the uncertainties with temperature is the trend
predicted above, but the scatter in the data at 200°C is twice as large
as predicted. The most probable source of this error is the presence of
air that dissolved in the salt solution during filling of the sample
cell. The maximum effect of dissolved air can be estimated by assuming
that the solubility of air in the solution is the same as that in pure
water (.017 cm3 air/cm3 HZO ~at 1 atm and 25°C) and that the solubility
at 200°C and 20 bar is negligible. In this case .01 cm3 of air would be
present in the sample cell at 200°C and 20 bar, resulting in a system-
atic denéity error of about 3 x 10—4 g/cmj. On this basis, a conservative
value for the uncertainty in the data at 200°C would be +400 ppm, in
closer agreement with the observed variation in the data. Within these

limits, the present data are in agreement with those of Ellis.3

Conclusions

The densities of sodium chloride solutioné at 20 bar, from .05 m to
4.5 m and 75°C to 200°C,~have been measured using a high pressure dila-
tometer. The precision of the data decreases from +2 x 10-4 g/cm3 at

100°C to 5 x 10_4 g/cm3 at 200°C. This uncertainty is an order of

~



Figure 3.
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Density residuals as a function of temperature. Plotted
values represent the difference of experimental densities and
smoothed values obtained from a least squares regression of

the density data as a function of molality omnly.
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magnitude larger than that quoted by Ellis,3 but it is a factor of four
better than that given by Hilbert.6 The data greatly extend the concen-
tration range covered by Ellis,3 and thus fill an important. void..in the

sodium chloride data base.
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Chapter 3

'MEASUREMENT OF THE HEAT CAPACITY OF AQUEOUS
SODIUM SULFATE SOLUTIONS FROM 30°C to 200°C

Introduction

A major part of the effort to build a model for natural brines must
be to obtain basic thermodynamic data for electrolyte solutions over a
wide range of temperature and pressure. Heat capacity measurements are
ideal for this purpose, since the data can be integrated to yield
enthalpy and activity information. The purpose of this chapter is to
show that the method of flow calorimetry, developed by Picker, Leduc,
Philip, and Desnoyers1 for use at room temperature, can be adapted for
use at high temperatures and preésures.

Flow calorimetry has many features which make it ideal for use at
high temperature. Since the experimental fluid flows through the
calorimeter, it is possible to keep the calorimeter temperature constant
while changing sémples. Fluid flowing through the calorimeter can also
be kept at constant pressure, allowing measurements along isobars rather
than along the saturated vaﬁdf'bfessﬁrejéhfve. The capability to extend
measurém%ﬁts‘tbghigh pressures is limited only by the fluid pump and
the béck-pfessure'régulétion éys£em. The faéf féépoﬁgé and high sensi-
tivity which make flow calorimetry bodérfﬁljat room tember;ture also
iafé,adbantééésﬁs“ht high temperatures. [

i Tb'éﬁbw‘thaé‘flow mictgéalori@etrypéan‘be used_af ﬁiéh temperatures,
a brototfiéfé;iériﬁétér&hés been constructed and tested from 30°C to

200°C and 1 bar to 200 bar.
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Aqueous solutions of sodium sulfatejwere chosen as the experimen-
tal fluid because sodium sulfate is a major component of natural brines.
Solutions containiﬁglch}o;igg‘iqns'yﬁfé”agﬁidé&‘ééégusggoffthe possi-
bility of chioride ion stress-cdrrosiqn cracking in the gtainless steel
tubing used to construct the protofyﬁétcaidéimeter.

The heat capacity ﬂgasgpements obtaiqeq'v§th the high_;empergture
.calofiyete?vare five timéglmore p??cise qhgp ﬁhgge ig;ﬁh%;lipenﬁpure.

In addition, osmotic coeﬁficienté obta;ngdlby %qtég;atingwtheﬂheat

capacity qéta\arg in good agreemggF with gxisting data.

' Experiﬁéntalnj'“v"
- T 4

1. Description of Apparatus

The high temﬁerature, flow'calorimeger is an anp;atioﬁ of the
design originally used by Picker, gg_gl.l Tﬁe'caLOrimeter, il;gstrgted in
Figure 1, is constructed of gggll, thin walled ;ubing (.Oég‘iqgh,gy;side
diameter by>,009 in wall stainless steel for Fhe prqggtypg). Solutipn
flows through the tubing and past a heater where it is heatedl~3 K.
The heater is made of 1 m of "Thermocoax"R ipsulated nichrome peating
wire (Amperes Electronics) which.has a resistance qf 50 Qm-} and is
wound arQund thé tubing to form a helix about 5 cmllongf_ The heaged_
soluti&n ﬁhen flowg througﬁ'arzAcm lbng spirgl in‘the tup;gg,‘whigh‘gurfll
rounds a temperature sensor. Both Fhe inconel;glad heating wire and the .
thin walied, stainless steel thermometet well are silve;:soLdggyto tbq? .

tubing for good thermal contact. The temperature sensor is a four lead,

1

1000 Q@ platinum resistance thermometer (Rosemount.#146MA) which is

cemented into the well with high temperature ceramic .cement. A second,-

i

identical loop serves as the reference side of the calorimeter.



Figure 1.

High Temperature Flow Calorimeter.

A.
B.
C.
D.

Stainless steel jacket
Copper cylinder
Vacuum

Heater

Temperature sensor

Supporting tube containing electrical
leads and vacuum connection
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The calorimeter is supported on and surrounded by a large copper
cylinder, which serves both as thermal mass and adiabatic shield. The
copper cylinder is contained in a stainless steel vacuum jacket. The
pressure inside the calorimeter is held below 20 u with a vacuum pump
and monitored with a thermocouple gauge.

The whole assembly is heated in a fluidized bath, which is
controlled with én iron~constantan thermocouple sensor and Electroﬁax
III controller (Leeds and Northrup) to about + .1 K. The large thermal
mass of the copper cylinder provides temperature stability of better
than .0l K during the course of a measurement. Because both sides of
the calorimeter are equally affected by temperature fluctuations, the
temperature difference between referehce and working sides is stable
to .0005 K. This temperature difference is measured directly using a
calibrated, G~2 Mueller bridge with a microwvolt amplifier (Leeds and
Northrup) and recorder serving as the galvanometer. The temperature
of the coppef cylinder is measured using a calibrated, 25 @ platinum
resistance thermometer (Burns Engineering) and the Mueller bridge. The
cylinder temperature is monitored during a run using a Wheatstone bridge
(Leeds and Northrup), a second microvolt amplifier, and a recorder.

The flow system for the>calorimeter ié shown in Figure 2. Freshly
degassed water is drawn from the reservoir, through a cooling loop, and
into a recipréca£ing, double piston.pump (Altex Model 100). This pump
was chosen because it has an,electronic feedback system which monitors
the flowtrate and adjusts the piston speed to level out flow rate pulses.

The water is pumpéd through 2 m of thermostating tubing in the fluidized

bath, through 45 cm of tubing in thermal coatact with the copper cylinder,

and then through the reference side of the calorimeter. The water then
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exits the fluidized bath and passes through 2 m of tubing. thermostated
at 25°C. Ar this point a high pressure solution injeCtion valveh(Altex
Model 905) is used té direct  the water'either thrOughTthe working side
of the calorimeter or into a coil of tubing containing 15 ml of sample

solution thermostated at 25 C. The water displaces an- equal volume of

s

sample, which is then fed through the working side of the calorimeter.
Finally, the water or solution leaves the: high pressure flow system
through a back pressure regulator“(Grove Model S-91xw). The system
pressure 1s monitored to + 1 bar with .a pressure transducer calibrated

against a Bourdon tube pressure gauge (Ashcroft Digigauge Model 7781)
The solutions used in this study were prepared from,Baker reagent

CEr - 4 : ‘!;.
grade anhydrous sodium sulfate, which was dried overnlght at 180 C and

¢

cooled in a vacuum de31ccator.i All-solutions were prepared by weight,
and all weights were corrected- for air buoyancy: At room temperature
(22°C) sodium sulfate solutions- are saturated at.l. 56 molal - Since
supersaturated solutions of_sodium sulfate are relatively stable, a
few attempts were made to load theisqlutionicoilswith samples at high
concentrations. These attempts were~not entirely“successful, and the

few data points reported above 1.5 m should be used with caution.

5

The electronic c1rcuit de31gn for the calorlmeter heaters is shown
- S - ""j“ :
in Figure 3. The heaters are_powered by a 5 volt, regulated ‘power
"supply, and the voltage drop across the heaters is measured with a

calibrated, 5% place digital voltmeter (System DOnner Model 7205). The
current through the heaters is determined by measuring the potential
drop across 30 Q standard resistors in series w1th each heater. The

power to one heater can be reduced by increasing the series resistance

of the circuit with a decade resistance box (Leeds and Northrup). All
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Figure 3. Circuit diagram for calorimeter heaters.
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Circuit Diagram for Calorimeter Heaters
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heater leads from the calorimeter to its supporting block are 30 gauge
gold wire. The heater power leads are silver soldered to the heater
wire, and the potential leads are connected halfway between the heater

and the calorimeter support.

2. Derivation of Equations

When water is flowing through both sides of the calorimeter, the
power in the heaters can be adjusted to equalize the temperature rise

in both sides. The temperature rise in the working side is given by

T = (1)

where P, is the total power dissipated by the heater, L is the power
loss, fﬁ is the mass flow rate of the water, and c is the specific
heat capacity of pure water. When a sample solutioz is flowing through
the working side, the heater power cén again be adjusted so that the

temperature rise of the solution matches the unchanged temperature rise

of water in the reference side. In this case

T = (2)

where the power input, flow rate, and heat capacity are those of the
sample solution. The power loss in the working side of the calorimeter
is assumed to depend only on the temperature rise. Then the ratio of
the heat capacity of the solution to that of pure water is given

directly by

cp £ P -L'
S ¥YHN_s5 1. (3)
c f P -L

P s w o

W
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This formula can be further reduced by noting that the water dis-
places an equal volume of solution at 25°C, if we assume that the volume
effects of the small amount of mixing at the water/solution interface

are negligible. 1In this case,

fw fs
o "o, “
w s
where ps and pW are the densities of the solution and water at 25°C.
The final equation for the heat capacity ratio is
c
P -
Ps _(Ls)(fw )
c P -L o) o
Py w S/25°¢

- where the density ratio is taken at 25°C and the system pressure.
y y

3. Determination of Power Loss

To determine the heat capacity ratio given in Equation (5), it is
necessary to measure both the total power input to the calorimeter
heater and the amount of that power lost through conduction, convection,
and radiation. The use of a calibrated, platinum resistance thermom-
eter as the temperature sensor is an advantage in this regard, since the
temperature rise in the working side of the calorimeter, due to a given
amount of power in the heater, can be measured directly. 1In practice,
the temperature rise is measured with water flowing through the working
side of the calorimeter, and the mass flow rate of water is determined
by weighing the water discharged from the calorimeter in a given timé

interval. ' Application of Equation (1) yields the value of the power loss.



Determination of the power loss was repeated between every two or
three heat capacity measurements. The average power loss for a 3 K
temperature rise, as a function of the calorimeter temperature, is shown
in Figure 4. The power loss increases rapidly with calorimeter temper-

ature, showing the importance of its accurate determination.

4. Dependence of Heat Capacity on Flow Rate

In testing the operation of the calorimeter at high temperatures,
it is important to show that the heat capacity determination does not
depend on flow rate. For this reason, a series of preliminary measure-
ments on 2.0 m NaCl solutions, at varying flow rates, were taken at

77°C. The results, given in Table 1, show that the experimental ratio,
PS—L
o0 does not change when the flow rate is varied by + 25%.
\
Table 1

Dependence of Heat Capacity on Flow Rate
(2.0026 m NaCl, 76.76°C, 1 bar)

PS—L

Flow Rate (g/min) 7 L
w__

.547 .9575

.742 .9574

.952 .9575

5. Error Analysis

The precision of a heat capacity determination depends on the pre-
cision in the measurement of the. total power, the power loss on the
working side of the calorimeter, and the temperature difference between
the reference and working sides. The uncertainty in the measurement of

the total power with the digital voltmeter is negligible. Uncertainty

147



148

Figure 4. Power loss from calorimeter heater.
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in the power loss, resulting from uncertainties of + .0l K in the
temperature rise and of + .00l g/min in the flow rate, can be estimated
from Equation (1). Assuming an average total power of .185 J, tempera-
ture rise of 3 K, flow rate of .8 ¢ min_l, and heat capacity of 4.25

g—l K_l, the power loss is

o (fw+ .001)
L=P-(T+ .01)\——)c_ =.017 + .001 J..
(T + .01) 50 /%, t

Because the experimental ratio is never smaller than .97, the uncer-
tainty of + .001 J in the power loss results in a maximum uncertainty of

+ .00015 J in the experimental ratio,'

The temperatures of the two sides of the calorimeter are matched to
within + .001 K. From Equations (1) and (2), the resulting uncertainty
in the experimental ratio is

P -L fs S oL

s |
5> + .001
w

=~ 3o + -00035.
w w

The total uncertainty in the experimental ratio is + .0005, and this is
roughly equivalent to + .002 J g—l K“1 in the value of the specific
heat capacity.

Possible sources of systematic error include error in the determin-
ation of the temperature of the calorimeter and of the thermostating
bath for the solution exchange column, erfor in the voltage readings
from the digital voltmeter, and error in determining the molalities of

the solutions. These possible systematic errors have been minimized by
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frequent calibration of all thermometers, the Mueller Bridge, the

digital voltmeter, and the balance used to prepare the solutionms.

Results

1. Heat Capacity Measurements

The results of heat capacity measurements of sodium sulfate solu-
tions from 30°C to 200°C are given in Table 2. The direct experimental

ratio,

P LN (%)
P -L c P ?
is listed in the second column so that the heat capacity of the solution
can be recomputed to reflect any future changes in the accepted values
of the heat capacity of water or the densities of sodium sulfate solutions.
The values listed for the heat capacity of water below 95°C were taken
from Stimson,3 while those above 95°C were taken from the steam tables
of Haar, Gallagher, and Kell.4

Density data for sodium sulfaﬁe solutions at 25°C, given in the

. 5- . . . . .
literature, 7 were fit as a function of molality, m, using an equation

specific for the 2-1 charge type of sodium sulfate,

oV = T, +iAl 1n(1+1.2 T%) + 4RTm B 0)
=V T 1.2 . " Py
(6)
1
1 o172
+2RTT“‘ 1A-(1+2I%) e 21 ) efrl) + /7 RTm? Ci,

where ¢V is the apparent molal volume, I is the ionic strength, R is the

gas constant, T is the temperature in kelvins, Av is the Debye Hiickel

_O
slope, and V2 is the apparent molal volume at infinite dilution. The

v
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Table 2

Nazso4 Heat Capacity Data

T = 304.62 K (31.47°C)

P o 4 4.
molality [ —2 (Efi) OS(25°C)(g/cm3) e, (38 g1y ¢cp(Jmol ety
Puj.  V'25°C s
P = 1.01 bar P =1.01 bar . P = 1,01 bar P = 1.01 bar
0 1.0000 .997047 4.1780 -
.0528 .9978 1.0038 4.1408 . -116.
.0528 .9977 1.0038 4.1403 -126.
.0995 .9960 1.0097 - 4.1092 -108.
.2491 .9917 1.0279 4.0188 - 68.3
.4986 .9884 1.0572 3.8946 - 15.2
.7486 .9878 1.0853 3.7913 22.0,
.9995 .9891 1.1125 3.7036 51.4
1.9407 .9939 1.2060 3.4329 103.7
T = 324.00 K (50.85°C)
Cp 0
molality 2—5 (Ei) oS(25°C)(g/cm3) cp (Jg-lK_l) ¢Cp(Jmol—lK-l)
Py Wiasec s : : '
T
P =1.01 bar P = 1.01 bar P = 1.01 bar P = 1.01 bar
0 1.0000 .997047 4.1807 -
.0500 .9980 1.0034 4.1457 -111.
.1092 .9966 1.0109 4.1095 - 68.3
.2832 .9935 1.0320 4.0128 - 22.9
.2832 .9937 1.0320 4.0137 - 19.6
.4995 .9911 1.0573 3.9073 7.6
.4995 .9916 1.0573 3.9093 11.9
7487 .9910 1.0854 3.8058 39.8
1.0089 .9921 1.1135 3.7139 64.8
1.4430 .9967 1.1581 3.5873 98.3
2.0394 1.0064 1.2152 3.4522 133.1
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Table 2 (continued)

T = 349.18 K (76.03°C)

p 0
molality | —2 (Efi) p_(25°C) (g/em’) , g ik ¢Cp(Jmol_lK—1)
P wlco s
w 25°C
T
P = 1.01 bar P = 1.01 bar P = 1.01 bar P = 1.01 bar
0 1.0000 .997047 4.1932 -
.0500 .9984 1.0034 4.1600 - 73.
.1092 .9970 1.0109 4.1233 - 54,
.2832 .9944 1.0320 4.0285 - 9.4
.4995 .9927 1.0573 3.9254 21.4
.7487 .9920 1.0854 3.8211 45.8
1.0089 .9929 1.1135 3.7280 68.4
1.4430 .9974 1.1581 3.6006 100.8
2.0394 .9947 1.2152 3.4222 108.0

T = 413.90 K (140.75°C)

P P -1 - -1 -
molality ;;ji (Efi) ps(25°C)(g/cm3) cp (Jg lK l) cbCp(Jmol 1K l)
Pu/f, © VT25°C S
P = 5 bar P = 3.69 bar P = 3.69 bar P = 3.69 bar
0 1.0000 .997047 4.2901 -
.0528 .9976 1.0038 4.2510 -137.
.0995 .9961 1,0097 4,2200 -105.
L2491 .9922 1.0279 4,1288 - 61.1
.4986 .9874 1.0572 3.9950 - 24.4
. 7486 .9850 1.0853 3.8820 6.3
. 9995 .9834 1.1125 3.7810 27.7
1.9407 .9841 1.2060 3.4903 83.6

2.6294 .9936 1.2673 3.3537 120.2
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Table 2 (continued)

T = 450141 K (177.26°C)

P p
molality EJE (SE) os(25°C)(gm/cm3) cp (Jg—lK_l) ¢Cp(Jmol—lK-l)
Py Yi25°¢ s
T .
P = 10 bar P = 9.40 bar P = 9,40 bar P = 9,40 bar
0] 1.0000 .997047 4.3934 -
.0528 .9967 1.0038 4.3494 -215.
.0995 .9940 1.0097 4,3123 -203.
.2491 .9883 1.0279 4.2117 -131.
.4986 .9814 1.0572 4,0664 - 78.2
.7486 .9766 1.0853 3.9417 - 43.5
.9995 .9731 1.1125 . " 3.8315 - 17.9
1.9407 L9677 1.2060 3.5149 46.6

T = 474.68 K (201.53°C)

P P -] - -1 -
molality E—E- (Efi) ps(25°C)(gm/cm3) c_ (Jg lK 1) ¢C (Jmol 1K l)
0 wl . Py P
w 25°C
T
P = 17 bar P = 16.04 bar P = 16,04 bar P = 16.04 bar
0] 1.0000 .997047 4.4966 -
.0528 .9952 1.0038 4.4449 -348.
.0995 .9922 1.0097 4.4056 -289.

.2491 .9848 1.0279 4.2953 -198.
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Table 2 (continued)

T = 323,81 K (50.66°C)

c
P p -1 -1 - -1 -
molality -Eii (Ei) ps(25°C)(g/cm3) cp (Jg lK 1) ¢Cp(Jmol 1K l)
Py Wiosec S
T
P = 207.2 bar P = 200 bar P = 200 bar P = 200 bar
0 1.0000 1.0059 4,1379 -
.0528 .9985 1.0126 4.1044 - 51.
.0528 . 9985 1.0126 4.1044 - 51.
.0995 .9975 1.0184 4.0769 - 34,
.0995 .9973 1.0184 4.0761 - 42,
.2491 . 9948 1.0362 3.9960 - 2.0
.2491 . 9946 1.0362 3.9952 - 5.4
.4986 .9929 1.0650 3.8805 34.9
. 7486 .9931 1.0928 3.7826 62.7
.9995 .9946 1.1196 3.6976 84.7
1.9407 . 9907 1.2121 3.4020 104.0
2.6294 L9756 - - -
T = 414.20 K (131.05°C)
CP P
molality E—E- (Efi) ps(25°C)(g/cm3) cp (Jg-lK—l) ¢Cp(Jmol—lK_l)
Py Wias50¢ s

T

P = 199.2 bar P = 200 bar P = 200 bar P = 200 bar

0 1.0000 1.0059 4.2363 -
.0528 .9978 1.0126 ) 4,1991 -108.
.0995 .9963 1.0184 4.1689 - 85.
.2491 .9927 1.0362 4.0824 - 38.0
.4986 .9889 1.0650 3.9568 1.5
. 7486 . 9866 1.0928 3.8472 26.7
.9995 .9855 1.1196 3.7509 47.1

1.9407 .9869 1.2121 3.4696 97.8

2.6294 .9913 - - -
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. apparent molal volume is related to the density of the solution, ps, by

oV = llm( 7

p p

1000 +mM _ 1000 )
s w

where M is the molecular weight of sodium sulfate. Values of the fit

o @
v °? Bv

-0
parameters, V2, B ., and Ci, as well as values of the various

constants in Equation (6) are listed in Table 3. The standard deviation
of fit for the density data was 5 x 10_5 g/cm3. The density values at
1.01 bar, listed in Table 2, were calculated from this fit.

The data obtained above 100°C and near the saturated vapor pressure

c
P

were treated assuming that the ratio E—E does not .change over the small

P
interval between the experimental w pressure and the saturation

P
pressure of pure water. In addition, the error in using (Efi) at 1.01
A - . w
bar rather than at the saturation pressure is less than 2 x 10 @ and

results in an error in the specific heat capacity of less than 6 x 10-4

Jg-l K—l.

Table 3

Fit Parameters for NaZSO4 Density Data

10.8589 cm> mol

6; =
Béo) = 6.25266 x 10.-5 g mol_l bar-l
Bél) = -1.10496 x 107> g mo1 ™t bar-l.
c? = 2.98866 x 107 g2 mo17? par~!
T = 298.15 K
R = 83.1440 cm3 bar molml K_1
A = 2.8017 cm> mol L



Calculation of heat capacities from the high pressure data was more
complicated, Chen, Emmet, and Millero9 have reported density data for
sodium sulfate solutions at high pressures, but the concentration range
extends only to .33 molal. The only high concentration data available
are values of the bulk compressibility from 1 to 1000 bar reported by

Gibson.10 An estimation of the bulk compressibility to 200 bar, as a

percentage of the bulk compressibility to 1000 bar, is shown in Figure 5,

where the data of Millero have been used to determine the points below

- .33 molal. The values of o listed in Table 2 have been calculated using

the estimate of bulk compressibility to 200 bar and the known values of
Py at 1.01 bar, and they are thought to be in error by less than

+2x 10—4 g/cm3.

2. Comparison with Literature Data

Likke and Bromley2 have published the only comprehensive study of
the heat capacities of sodium sulfate solutions at high temperatures.
Their data are compared with that of the present study in Figure 6,
where the error bars shown for the 180°C data were calculated using the
uncertainty of + .01 Jg_l K—l (in the specific heat capacity) given by
Likke and Bromley. The two sets of data are in agreement well within
the stated uncertainty. However, the gfeater precision of the present
measuréments is evident at the lower concentrations.

No literature data on sodium sulfate heat capacities are available

at pressures greater than the saturated vapor pressure. However, the

behavior of the.high pressure data obtained in this study seems entirely

reasonable. The 200 bar data at 50°C and 140°C are compared with low

pressure data in Figures 7 and 8. The pressure dependence of the appar-

ent molal heat capacity of Nazso4 at 50°C is twice as large as that

reported by Smith-Magowan and Woodll for NaCl.
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Figure 5. Estimation of bulk compressibility of Na2804 solutions. . Low
concentration points were calculated from the data of Chen,

Emmet, and Millero.9




1.O
Na, SO, molality

XBL8I2-517I

6ST



-160

Figure 6. Comparison of apparent molal heat capacity values obtained in

this study with those published by Likke and Bromley.2
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Figure 7.

Comparison of apparent molal heat capacities at 1 bar and
200 bar, at 50°C.
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Figure 8. Comparison of apparent molal heat capacities at 4 bar and

200 bar, at 140°C.
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Calculations

1. Review of Equations

Heatvcapécity data are of major importance because they can be
integfated to obtain activity properties. To calculate high temperature
activity properties, the heat capacity data must be fit to a temperature
dependent equation, and the fitting equation must be intégrated twice
using enthalpy and activity data to evaluate‘the integration constants,
The system of equations chosen to compiete this calculation for sodium

2~-15

sulfate solutions was developed by Pitzer and co—workersl and was

found to describe successfully the properties of sodium chloride solu-

16,17

tions at high temperatures. The basic equations for the apparent
molal heat capacity, ¢Cp, the apparent molal enthalpy, ¢L, and - the
activity and osmotic coefficients, ¢ and Y,» have been derived in

Chapter 1 of this thesis. The specific equations for‘the 2-1 charge

type of sodium sulfate are summarized below.

3A
& = T~ o J 1. 1’5 - 2 (0)
Cp sz +313 In(1+1.217%) 4RT m B 2 (8)

2 L
- —Z—R%‘l (1-1+21% 21y g _ 7 pp2p? ¢
72 72

with

2.(0) (0)
ff‘((z))"'(aﬁz) +%(35T )
T 3T

P,m P,m
2 (1) ' ey
(D) 2 ()
T aT ’ P,m
P,m
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3

1 .
*L = 78 In@+1.21% - 4r1’m 6"
2RT2m 1 (1) 22 4
(1-(1L+21%) e )BT' - V2 RT"m C (9)
0)
) _ (ae )
with ST = 3T ,
P,m
@) (as@)
T /pn
o - (_a_ci)
T Ty
L L
6 = 1—2A¢——£———1—+%m8(0) +%m8(l) e21 +f‘—‘3/—fcq> (10)
1+1.21°2
% \
1n Y, = -2A¢( L T + 122 1n(2L+1.21’5)) + g mB(O) (11)
= 1+1.21° )

1.

e
+%% (1-1+21%-21) e 2Ly g1 4 2/7 n? 0

(0) (1)

Here, R , B° ¢

, and C" are the fitting parameters whose temperature

dependence will be determined from the heat capacity data. AJ, AH’ and
A, are the Debye-Hﬁckel slopes for the heat capacity, enthalpy, and

¢
activity reported by Bradley and Pitzer.l8 c°

D is the épparent molal
2 .

heat capacity at infinite dilution.
Use of Equation (8) to describe the sodium sulfate heat capacities
as a function of temperature requires one approximation. The definitions

of B(O)

and the other parameters require temperature derivatives at
constant pressure. However, the heat capacity data have been taken along
the saturated vapor pressure curve, so that above 100°C the required

(0)
<0)) ( <0>)
_ (28 8 ") e
'( 3T + P (BT : (12)

first derivative of B is
sat P T sat

()
oT
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Extensive volumetric data at high temperatures and pfessures are required
to evaluate the second term in Equation 12, 1In this study, the second
term has been assumed to be negligibly small. This assumption is
probably reasonabie below 200°C, but it could lead to significant error

at higher temperatures.

2, Temperéture Dependence of the Heat Capacity

The exﬁerimental heat capacity data were first fit to Equation (8)

at constant temperature to evaluate E;°. These values of E;b were
2 2

combined with those reported by Gardmer, Jekel, and Cobblel9 in a

least squares fitting routine to determine their temperature dependence.

The two sets of'E;° values and the smooth curve given by the fitting
2
equation,

T° =U, +UT+U.T + 4

p, 172 3 (T=263) * (13)

are shown in Figure 9. The coefficients of Equation (13) are given in

Table 4. The values of C_° were fixed by this equation for the rest of
2 .
the calculations.

Values of ¢Cp-6;‘ at all temperatures, including literature data

19-20 2

at 25°C, were then fit simultaneously in a linear least squares

routine to determine the optimum temperature dependent equations for

B(O), B(l), and C¢ . The equations are listed below, while the para-
T2 T2 T2 v ‘
meters, U, are given in Table 4:
2U 4} 526U
8P @ = v, + 2+ 4+ —L (14)
T T(T-263)
2U U 526U 13600

T2 T(T-263)>  T(680-T)>
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Figure 9. Comparison of values of the apparent molal heat capacity at
infinite dilution. The solid line represents values obtained
from the parameters listed in Table 4. Squares represent the
data of Gardner, Jekel, and Cobble,19 and dots represent

values obtained in this study.
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2U 526U
¢ (my = —2b 4 15
T

T (16)

T(1-263)°>

The factors (T—263)-3 and (680-T)-3 were chosen for convenience as
factors which vary rapidly at low and high temperatures, respectively.
The values of 263 and 680 have no theoretical significance.

The temperature dependent equations reproduce the heat capacity
data below 1 molal to + 2 x 10_3 Jg-l K_l which is in good agreement
with the estimated precision of the data. Between 1 and 1.5 molal,
the fit reproduces the data to + 3 x 1073 Jg_l kL. Only data below
1.5 molal were included in the least squares fitting routine, so cal-

culation of heat capacity values froﬁ Equations (8) and (14)-(16)

should be limited to concentrations below that wvalue.

3. Prediction of the Enthalpy, Activity, and Osmotic Coefficient

To obtain predicted values of the apparent molal enthalpy, osmotic
coefficient, and mean activity coefficient, Equations (14)-(16) must
be integrated as a function of temperature. The temperature dependent

equations for the apparent molal enthalpy are given below:

2 T
T
89 () - (3§) 801y + 1/1° [ v 2Q)(r) ar
T T
r 17
2 3 2
T ) T T T
T (0) T r 1
= — B (T)+2U(T———)+U(1-——)+U(—————)
T T t 5 TZ. 6 T2 I\T T2
2
-U 1 _ Tr
8

(T-263)2 TZ(Tr—263)2
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. 2 3 ’ 2 '
T T T T
(1) ) __r_ - 1_r
By () = (T) By (T + 2U9(T 2 )"' Ulo(l 2 )_+ U (T TZ)

T 2 T 2
- U 1 _ r + U 1 - r
12\ (1-263)% T2 (Tr-263)° 13\ (680-1)2 T2(680—Tr)2
2 2 ) 2

c? (1) =(T—r) () +u (JL-TL)- U 1 (19)
T T) “1% T\t 2 15 \(r26n? ~ 2(1_-269)7

For cohvenience, the reference temperature, Tr’ has been set at 298.15 K.

(18)

The three integration constants Béo)(Tr), Bél)(Tr),‘and C$(Tr), can be

21-23 with

evaluated by fitting literature data, available at 25°C,
Equation (9). The values of the iﬁtegration constants are listed in
Table 4. They differ slightly from the values determined previously by
Silvester and Pitzer24 only because the value of the Debye-Hiickel slope,
AH’ has been improved.18

Prediction of the temperature dependence of the osmotic apd activity

coefficients requires one more integration, and the resulting equations

are listed below:

T
8@ =8P + [ 839 (1) ar
Tr
2 3
T 2T
= (0 (0 r_ 2 r 2
-s(%y+%(H(%-T)+%G+ 7 3%>
) (20)
Tl’ Tr
+ U6(T + T ZTr) + U7(ln(T/Tr) +'ﬁr - 1)
263T-T 2
+U 1 + LS
8 \T=263)

2
T(Tr-263)
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Table 4

Values of the Fitting Parameters for the Heat

Capacity of N3280

Integration Constants

Parameters for C

(1)
B (Tr)

c

(0) =
B(T)) =

:
(1)

-]

Py

4

.01958

1.113

.0057

at ’1‘r = 298.15 K:
(0)

BT (Tr
(1)

BT (Tr

¢
¢ T(Tr

-990.405
6.79636
-.0117779

-6518.67

Parameters for Equations (14)-(16):

Fit of Heat Capacity Data Alone

-6.50891
2.26427
-1.12595
;8.80379
-3.62922
6.57403

-2.19053

6.29678 x 10

X

X

X

X

X

1

1.4908 x 10°

-6.91609 x 10

4

4.74519 x 10T

Fit of Heat Capacity and
Osmotic Coefficient Data

)
)
)

as a Function of Temperature

.002349
.005958

-.000479

1.47668 x 107°
4.06323 x 1072
-1.86055 x 10t
~5.50520 x 10
~2.86519 x 10
4.88447 x 107+
~1.53799 x 10°
—9.2681§ x 107t
1.46060 x 10°
8.95033 x 107"
3.16960 x 107+



gvr

1y 1 2 21 2 )
D)y = gD (1) r 2 r a2
BX(T) = BT (T) + By (Tr)(%r- T )-+ U9<;. + 3T,

T
Trz Tr
+ Ulo('r+—T—- - 2T+ Ull(ln(T/Tr) + -1) (21)
1 263T—Tr2 > 1 Tr2—680T
+U — + : +U +
12 |\ (T-263) T(Tr—263)2 13 (680—T) T(680-Tr)2

2 2
¢ _ At ¢ T T,
c®(my = c®(x) + ey \T, - )+ Uy, [T+ 5 - 2T

- 263T—Tr2
+ Uis (=263 * .

2
T(Tr—263)

(22)

The values of the integration constants B(O)(Tr), 8(1)(Tr), and C¢(Tr)

at 25°C have been evaluated previously from isopiestic data.13’15

4. Comparison with Literature Data

Osmotic coefficients over a‘fange of concentrations and temperatures
have been calculated using Eqdations (10) and (20)-~(22). The values
obtained from this fit of the heat capacity data alone are compared with

literature data26-31

from 45°C to 120°C in Figure 10, where the osmotic
coefficients predicted from this fit are shown by the solid line at low

concentrations progressing to the dashed line at high concentrations.

Below 100°C, the agreement of data and prediction is excellent, even to

concentrations above the 1.5 molal range of the fitting equation. Since
the parameters chosen as the integration constants reprodﬁce the osmotic
coefficient to high‘concentrations; this agreement above 1.5 m, at low
temberaturés, is not too surprising.

Above 100°C, the prediéted values trail off at 1.5 m. . The reason

for this behavior is straightforward. The three fitting parameters of
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Figure 10.

Comparison of predicted values of the osmotic coefficient

with Literature Data. Osmotic coefficients have been
calculated from published isopiestic ratiosze—30 referenced
to NaCl solutions using the tabulated values of ¢

given by Pitzer, 95_35.17

NaCl

1

5
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Equation (10) are each important at different concentration ranges.

B(g) and B(;) both account for the effects of short range forces between
T T

ions two at a time as well as for longer range forces due to various

1
e
T
because of its exponentially decaying dependence on the ionic strength,

0) |, .
while 8(2) is important over a wide range of concentration. C¢2
T
describes interactions of ions three at a time, and is most important
X . , 2 .
at high concentrations because of its m concentration dependence. C¢2
T
can not be determined well from the heat capacity measurements, because

electrostatic effects. is most important at low concentrations

of the limited concentration range of the data. For this reason, the
temperature dependence of C¢ is not quite correct, and the diffefences
between predicted values of the osmotic coefficient and literature data
become larger the higher the temperature.

This situation could be improved by using heat capacity data at
higher concentrations in the fitting routine. However, it i; very dif-
ficult to obtain higher concentration data with the present technique
because of the limited solubility of sodium sulfate at room temperature.
Another way to improve the fitting equation is to include the osmotic
coefficiegt data in the least. squares fitting routine, and redetermine

the fit parameters U5 through U This second method has been adopted,

15°
and the solid lines in Figure 10 show the osmotic coefficient values
calculated from the combined fit of heat capacity and osmotic coefficient
data. The.temperature parameters determined from the combined fit are
listed in the second column of Table 4.

Below 120°C,Vthe combined fit reproduces the osmotic coefficient
data to + 2%, up to concentrations of 2.5 molal. The uncertainty in

calculated values of the apparent molal enthalpy is also estimated to

be less than 2% at concentrations up to 2.0 m. However, above 120°C
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use of Equations (8)-(22) to calculate the various thermodynamic proper-
ties should still be limited to concentrations below'1l.5 m, because‘only
the heat gapacity data have been used to determine the fit parameters in
thié region. In addition, some difficulty was endountered in reproducing
the heat capacity data near 1.5 m, and this difficulty was nét resolved
by adding the osmotic coefficient data to the fitting routine. For this
reason, the equations'pre;ented here should be used to calculate heat
capacities only below 1.5 m.

Additional comparisons of thermodynamic properties calculated with
the fitting equations-and literature data are shown in Figures 11-13.
High téemperature values of the osmotic coefficient are in 'substantial
agreement with the data of Liu and Lindsay-,32 as illustratéd in Figure
11. TFigure 12 shows that the predicted Qalues of the apparent molal
enthalpy are in general agreement with the data of Snipes, Manly, and
Ensof33 betweeﬁ 40°C and 80°C, although the difference between calcu-
lated and experimental values is in some cases as large as 8% of the
calculated value. At high temperatures, predictions of the apparent
molal enthalpy are in good agreement with wvalues reported by Mayrath34
at low concentrations. At coﬁcentfations between .5 m and 1.0 m, the
values of Mayrath34 are substantially smaller than those obtained in
the present study, .as shown in Figure 13,

Some 1iterature-sources contained data that were not totally con-
sistent with the heat capacity and osmotic coefficient data chosen for
this study. High temperature osmotic coefficients obtained from the

isopiestic data of Soldano and co—workers:;'r’-'36

are substantially larger
than those predicted from the fit of the heat capacity data. Heat of

dilution data at 50°C reported by Gritsus, Akhumov, and Zhilina37 also



¥

Figufe 11.

‘

Comparison of osmotic coefficients for NaZSQAfsolutionsi

Solid lines represent osmotic coefficients predicted from
the combined fit of heat capacity and osmotic coefficient
data. Points are the data of Liu and Lindsay,32

not included in the combined fit.

which were
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Figure 12.

Comparison of values of the apparent molal enthalpy. Solid
lines represent values predicted from the combined fit of
heat capacity and osmotic coefficient data. Points are the

data of Snipes, Manly, and Ensor.33
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Figure 13. Comparison of apparent molal enthalpies at high temperatures.
Solid lines represent values predicted from the combined fit
of heat capacity and osmotic coefficient data. Points are

the values reported by Mayrath.34
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are not in agreement with the predicted values. Harned and Hecker38
have reported values for the activity coefficient of sodium chloride
from 0°C to 40°C, based on emf measurements. The temperature dependence
of the activity coefficient from 25°C to 40°C is in reasonable agree-
ment with that obtained in this study, although the Harned and Hecker
values for the activity coefficient at 25°C differ from those used in
this study. Osmotic coefficients calculated from the vapor pressure
difference measurements of Fabuss and Korosi39 behave erratically at
low concentrations, indicating that the precision of the measurements
is not sufficient to provide a test of the osmotic coefficient
predictions.

Calculated values of the activity and osmotic coefficients, the
apparent molal enthalpy, the apparent molal heat capacity, and the
specific heat capacity are given in Tables 5-9. The concentration
dependence of the mean. activity coefficient, at various temperatures,
is shown in Figure 14.

The temperature dependences of the parameters, as determined from
the combined fit, are shown in Figures 15-17. While the magnitudes of

(0) B(1) 16,17

B . , and c® for Na,SO, are smaller than those for NaCl,

2774
the temperature dependences of the parameters for the two salts are
similar. If substantial ion-pairing were occurring at high temperatures,

5 (1) (0)

one wou;d expect , and to a lesser extent R s, to become smaller

with increasing temperature. Fof NaZSOA’ only C¢ shows this behavior,
indicating that triple ion interactions are increasing with increasing
temperatﬁre.. Apparently, the electrostatic effects of the decrease in

the dielectric constant of water with increasing temperature are well

accounted for in the Debye-Hiickel term. The remaining short range



Table 5

- MEAN ACTIVITY COEFFICIENT OF AQUEOUS SODIUM SULFATE SOLUTIONS

~ -- ~=MOLALITY- -
(°C) (BAR) SLOPE  .050 .100 .250 .500 .750 1.00 1.25 1.50 1.75 2.00 2.25 2.50

25. 1.0 3.91E-01 .536 .454 .348 .273 .232 .206 188 .175 .165 .158 .152 .148
30. 1.0 3.95E-01 .535 453 .349 274 .234 .209 .191 .178 .168 .161 .155 151
40. 1.0 4.02E-01 .531 .450 .347 .275 .236 .212 194 .182 .172 .165 .159 .155
50. 1.0 4.10E-01 .526 .446 .344 .273 .236 .212 .195 .183 .174 .166 .160  .156
60. 1.0 4.19E-01 .520 .440 .339 .269 .233 .210 .194 .182 .172 .165 .159 .154
70. 1.0 4.28E-01 .513 .433 .333 .264 .229 .206 .190 .178 .169 .162 .156 .151
80. 1.0 4.3BE-01 .505 .424 .325 .258 .223 .200 .185 .173 .164 .157 .151 .146
90. 1.0 4.49E-01 .496 .416 .316 .250 .215 .19 .179 .167 .158 .151 .145 .139
100. 1.0 4.61E-01 .487 .406 .307 .241 .207 .186 .171 .160 .151 .144 .138 .132
110 1.4 4 73E-01 .477 .396 .297 .232 .198 .178 .163 .152 .143 .136 .130 .124
120 2.0 4.86E-01 .467 .385 .286 .221 .189 .169 .154 .l44 135 .128 .122 .11é
130 2.7 4.99e-01 .456 .373 .275 .21t .179 .159 .145 .135

140 3.6 5.14E-01 .445 .361 .263 .200 .169 .149 .136 .126

150 4.8 5.30E-01 .433 .349 .251 .189 .159 .140 .127 .117

160. 6.2 5.46E-01 .421 .336 .239 .178 .148 .130 .117 .108

170. 7.9 5.63t-01 .408 .323 .226 .167 .138 .120 .108 .099

180. 10.0 5.82E-01 .395 .310 .214 .156 .128 .111 .099 .090

190. 12.5 6.02E-01 .382 .297 .202 .145 .118 .102- .091 .082

200. 15.5 6.23E-01 .369 .284 .190 .134 .108 .093 .082 .074

981



Table 6

OSMOTIC COEFFICIENT OF AQUEQUS SODIUM SULFATE SOLUTIONS

T P D-H e SMOLALI TY =—— === == o mm e e ———=
(°C) (BAR) SLOPE  .050 .100 .250 .500 .750 1.00 1.25 1.50 1.75 2.00 2.25 2.50

25. 1.0 3.91E-01 .829 .794 .740 .692 .662 .643 .632 .627 .627 .631 .638 .648
30. 1.0 3.95E-01 .828 .794 .743 .696 .668 .651 .641 .636 .636 .639 .646 .654
40. 1.0 4.02E-01 .827 .794 .745 .702 .677 .662 .654 .650 .650 .653 .658 .664
50. 1.0 4.10E-01 .825 .792 .745 .705 .682 .669 .662 .659 .659 .661 .665 .669
60. 1.0 4.19E-01 .822 .789 .743 .705 .68B4 672 .665 .663 .663 .664 .667T .670
70. 1.0 4.286-01 .819 .786 .740 .703 .683 .671 .666 .663 .663 .663 .665 .666
80. 1.0 4.38E-01 .815 .781 .735 .699 .679 .668 .663 .660 .659 .659 .659 .659
90. 1.0 4.49e-01 .810 .776 .730 .693 .67T4 .663 .657 .654 .653 .652 .651 .649
100. 1.0 4.61E-01 .805 .770 .723 .686 .66T .656 .650 .64T7 .644 643 .640 .636
110. 1.4 4_73E-01 .799 .763 .715 .677 .658 .64T7 .641 .637 .634 .631 .62T7 .622
120. 2.0 4.86FE-01 .793 .756 .706 .667 .648 .637 .630 .626 .622 .618 .613 .607
130. 2.7 4.99E-01 .786 .747 .696 .656 .636 .625 .618 .613 :
140. 3.6 5.14E-01 .779 .739 .685 .644 .623 .612 .604 .599

150. 4.8 5.30E-01 .771 .729 .673 .631 .610 .597 .589 .583

160. 6.2 5.46E-01 .763 .719 .660 .617 .595 .582 .573 .567

170. 7.9 5.63E-01 .754 .708 .647 .602 .579 .565 .556 .549

180. 10.0 5.82E-01 .745 .697 .633 .586 .561 .547 .538 .530

190. 12.5 6.02E-01 .735 .685 .618 .569 .543 .528 .518 .510

200. 15.5 6.23E-01 .725 .673 .602 .551 .524 .508 .497 .489

L8T



Table 7

APPARENT MOLAL ENTHALPY OF AQUEOUS SODIUM SULFATE SOLUTIONS (KJOULE/MOL)

T P D-H  ————mmmeee

. ———— ~OLAL FTY == === e e -- -
(°C) (BAR) SLOPE  .001 .005 .010 .050 .100 .250 .500 .750 1.000 1.250 1.500
25. 1.0 1.98E+03 .29 .57 .73 1.01 .9% .35 ~-.80 -1.89 -2.89 -3.79 =-4.60
30. 1.0 2.15E+03 .32 .64 .82 1.4 1.28 .90 .01 ~-.88 -1.72 -2.50 -3.19
40. 1.0 2.51E+03 .38 .77 1.02 1.69 1.93 1.9 1.51 .9 .40 -.13. =6l
50. 1.0 2.90E+03 .45 .92 1.22 2.15 2.57 2.96 . 2.93 2.9 2.39 2.09 1.81
60. 1.0 3.33+03 .52 1.07 1.44 2.63 3,24 3.98 4.34 4.39 4.33 4.24 4.14
70. 1.0 3.80E+03 .59 1.24 1.68 3.14 3.94 5.04 S5.77 6.10 6.26 6.37 6.44
80. 1.0 4.31E+03 .67 1.42 1.93 3.8 4.68 .14 7.25 7.84 8.23 8.51 B.75
90. 1.0 4.86E+03 .76 1.62 2.20 4.26 5.47 7.31 8.79 3.65 10.25 10.71 11.10
100. 1.0 S.47E+03 .86 1.83 2.50 4.88 6.31 8.55 10.42 11.54 12.34 12.98 13.53
110. 1.4 6.146+03 .97 2.07 2.83 5.56 7.23 9.87 12.14 13.53 14.54 15.35 16.04
120. 2.0 6.87E+03 1.09 2.32 3.18 6.29 8.21 11.29 13.97 15.64 16.86 17.84 18.67
130. 2.7 7.68E+03 1.22 2.60 3.57 T1.09 9.27 12.81 15.92 17.87 19.31 20.47 21.45
140. 3.6 B8.56E+03 1.36 2.91 3.99 7.95 10.42 l4.44 18.00 20.25 21.92 23.25 24.38
150. 4.8 9.54E+03 1.51 3.24 4.45 8.88 11.66 16.19 20.22 22.78 24.68 26.20 27.48
160. 6.2 1.06E+04 1.68 3.61 4.96 9.90 12.99 18.05 22.58 25.47 27.62 29.34 30.78
170. 7.9 1.18E+04 1.88 #4.02 5.51 10.99 14.42 20.05 25.09 28.33 30.73 32.66 34.28
180. 10.0 1.32E+04 2.09 4.47 6.13 12.18 15.96 22.16 27.75 31.34 34.02 36.18 37.99
190. 12.5 1.47E+04 2.32 4.97 6.80 13.46 17.60 24.40 30.54 34.51 37.49 39.89 u1.90
200, 15.5 1.64E+04 2.59 5.52 T.54 14.85 19

.37 26.75 33.46 37.83 41.12 H43.78 46.03
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Table 8

APPARENT MOLAL HEAT CAPACITY OF AQUEOUS SODIUM SULFATE SOLUTIONS ( JOULE/ MOL DEG)

o

~ O NV

TP D-H c ——- —~—MOLALITY- ———

(°C) (BAR)  SLOPE P2 050  .100  .250  .500  .750 1.000 1.250 1.500
25. 1.0 3.28E+01 -196.5 -150.1 =-127.9 -81.5 -27.5 13.7 47.0 74.4  96.8
30. 1.0 3.43E+01 -174.8 -129.6 -109.1 -66.9 -18.5 18.6 49.2 75.0  96.9
40. 1.0 3.75E+01 -147.1 ~-101.9 -82.9 -45.1 -2.6 29.8 56.8  80.2 100.7
50. 1.0 4.09E+01 -132.5 -85.8 ~-67.1 -31.0 8.5 38.2 63.0 84.6 103.7
60. 1.0 4.46E+01 -126.3 ~77.2 -58.3 -22.7 15.3  43.4  66.6  86.7 104.6
70. 1.0 4.87E+01 -126.4 -T4.2 -54.7 ~-18.7 18.7 45.8  67.9  86.9 103.é
80. 1.0 5.32E+01 -131.5 -75.5 -55.1 ~-18.2 19.2 45.8 7.2  85.3 101.2
90. 1.0 5.82E+01 -140.6 -80.4 ~-58.9 -20.5 17.5 43.9 6&4.9  82.4  97.6

100. 1.0 6.37E+01 -153.5 -88.4 -65.5 -25.4  13.6 40.3  61.1  78.3  93.0

110. 1.4 6.99E+01 -169.7 -99.2 ~-74.9 -32.6 7.9 3.1 56.0 73.1  87.6

120. 2.0 T7.68E+01 -189.0 -112.6 -86.6 ~-42.0 2 28.3  49.6 66.9  81.3

130. 2.7 B.46E+01 -211.2 -128.3 -100.7 -53.5 =-9.3 19.9  41.9 59.6  74.3

140. 3.6 9.34E+01 -236.3 -146.4 -116.9 -67.0 =-20.6 9.8 32.8 51.1  66.3

150. 4.8 1.03E+02 -264.1 -166.5 -135.3 -82.7 -34.0 -2.0 22.1 41.4 57.3

160. 6.2 1.15E402 -294.6 ~-188.7 -155.7 -100.6 -49.5 ~-15.8 9.7  30.1 A7,

170. 7.9 1.29E+02 -327.7 -212.8 -178.1 -120.8 =-67.4 -31.8 -4.7 17.2  35.

180. 10.0 1.44E+02 -363.4 -238.6 -202.5 -143.3 -87.9 -50.3 -21.4 2.3 22.

190. 12.5 1.63E+02 -401.7 -266.1 -228.7 -168.4 -111.3 -71.8 -40.7 -15.0 6.

200. 15.5 1.86E+02 -442.5 -294.9 -256.8 -196.2 -138.0 -96.5 -63.1 =-35.0 ~-10.
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Table 9

SPECIFIC HEAT CAPACITY OF AQUEOUS SODIUM SULFATE SOLUTIONS ( JOULE/G DEG)

.991

T P D-H cp - ~-MOLALITY- - -——
(°C) (BAR) SLOPE  WATER  .050  .100  .250 .500 .750 1.000 1.250 1.500
25. 1.0 3.28E+01 4.179 4.142 4.108 4.016 3.889 3.786 3.701 3.628 3.565
30. 1.0 3.43E+01 4.178 4.142 4.109 4.019 3.893 3.789 3.702 3.628 3.564
40, 1.0 3.7SE+01 4.178 4.144 4.112 4.024 3.900 3.796 3.708 3.633  3.569
50. 1.0 4.09E+01 4.180 4.147 4.115 4.030 3.907 3.804 3.716 3.640 3.574
60. 1.0 4.46E+01 4.184 4.151 4.120 4.035 3.914 3.811 3.722 3.645 3.579
70. 1.0 4.87E+01 4.189 4.156 4.125 4.041 3.920 3.817 3.728 3.650 3.582
80. 1.0 5.32E+01 4.196 4.163 4.132 4.048 3.927 3.823 3.733 3.654 3.584
90. 1.0 5.82E+01 4.205 4.171 4.140 4.056 3.934 3.830 3.739 3.658 3.587
100. 1.0 6.37E+01 4.217 4,183 4.152 4.066 3.944 3.838 3.746 3.664 3.591
110. 1.4 6.99E+01 4.232 4,197 4.165 4.079 3.955 3.848 3.755 3.671 3.597
120.. 2.0 7.68E+01 4.249 4.213 4.181 4.093 3.967 3.859 3.764 3.679 3.603
130. 2.7 B8.46E+01 4.268 4.231 4.198 4.108 2.980 3.870 3.773 3.687 3.610
140. 3.6 9.34E+01 4.288 4.251 4.217 4.125 3.994 3.882 3.784 3.696 3.617
150. 4.8 1.03E+02 4.312 4.273 4.238 4.144 4.010 3.895 3.795 3.706 3.625
160. 6.2 1.15E402 4.339 4.299 4.262 4.165 4.028 3.910 3.807 3.716 3.635
170. 7.9 1.29E+02 4.369 4.327 4.290 4.190 4.048  3.927 3.821 3.728  3.645
180. 10.0 1.44E+02 4.403 4.360 4.322 4.218 4.070 3.945 3.837 3.742 3.657
190. 12.5 1.63E+02 4.443 4.399 4.358 4.250 4.097 3.967 3.855 3.757 2.671
200. 15.5 1 4.489 4.443 4.401 4.288 4.12T 3 3.875 3.775 3.687

. B6E+02

06T
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Figure 14. Concentration dependence of the mean activity coefficient

of Nazsoa.
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Figure 15. Temperature dependence of the fitting parameters B s

Béo), and B;g).
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Figure 16. Temperature dependence of the fitting parameters B(

B,gl), and B;%).
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6 oo

Figure 17. Temperature dependence of the fitting parameters C', T

and C¢2.
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interactions between Na+ and SOA= ions, described by 6(0) and B(l),

decrease with increasing temperature.
Conclusions

The quality of the heat capacity data obtained in this study and
their agreement with literature data indicate that flow calorimetry is
a valuable technique for high temperature studies. Indeed, the pre-
cision of the present data is five times better than that quoted for
the high temperature data in the literature.2 The successful predic-
tion of osmotic coefficients from a temperature dependent fit of the
heat capacity data shows that heat capacity measurements can be used
to obtain activity properties of electrolyte solutions at high temper-
atures.

One drawback to the use of flow calorimetry at high pressufes should
be mentioned. Reduction of the flow measurements to obtain specific
‘heat capacities requires density data at room temperature and the system
pressure. High pressure volumetric daFa, even at room temperature, are
available for only a few electrolyte solutions over a very limited
concentration range. In addition, integration of high ‘pressure heat
capacity data{tq‘bbtain activity properties requires enthalpy and
activity data at the same pressure to evaluate the iﬁtegratiOn constants.
These are-most easily obtained using deqsity agd expgpéiyity data, as a
function qf pressure, to gdjust actiﬁity and:enthalpfvdata at one bar
to the higher'pregéugé:“ fhus a fuil treatment of flow calorimetry data
requirés véiumetfic properties, as a function of pressure, over a small
temperature range. It is hoped'fhaf‘curreht interest in high pressure
flow calorimetry will encourage further work in the determination of

these important volumetric properties.
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Chapté% 4

.

SOLUBILITY OF CALCIUM, STRONTIUM, AND BARTUM SULFATES IN SALINE WATERS

Introduction -

»

Many problems in geothemistri and océanbgfébhy'iﬂvolvé the predic—i‘
tion of mineral solubility in natural bfiﬁ;érénd‘ééaéaféf;‘ Sticcessful
solubilityﬂprgdictioné depend on accurate calcqlatiqn of the activities
of ions in these'solutions. At least one comﬁonént of 5 sparingly
soluble salt will necessarily be a minor constituenf.ofié mixéd sg}ution.
'Thereforg_apy_model_oﬁ solutign.propggties'hsed for solpbility‘predic-
fidn ﬁust describe the activities of minor as well as major‘bbhsfithents.

A number of different model'sl-4 have been propégéd to calculate
activity coefficients, and they.are génerally succéssfpl in pié&ictihg
the aqtivities of Fhe_major components of a mixed electrolyte;solutipn,
However, many ﬁodels fail to predict the activities of minor conétituents.
The model for electrolyte solution propeftieS'develbped by Pitzefs-
has been used successfully to predict_the osmotic coefficient.of mixed
solutions.® In addition, whitfield'® has shown that the activity co-
efficients of the major Eomponents”in seawatér, predicted usiﬁg Pitzer's
equafions, are.in reasonable agfééﬁént with experimental Qélues. :How—
ever, recent attempts to ‘use this model to predict mineral solﬁbi%}ty
in seawatgr_baVe had mixed_resul;s: In.this&chapter{;p?qent)data.;qi
the solubility of gypsum in cg@ggnrand _noncommoﬁ iquéplutions agd»in
natural seawater have been4used to further test the effectiveness of

Pitzer's model for solubility prediction.
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Literature Review

Two separate studies have“concluded that the'system of equations
developed by Pitzer and Kim8 to describe mixed electrolyte solutions is

not successful in predicting the solubllity of CaSO4 2H 0 (gypsum) in

-
1

seawater. Whltfleldlo found that gypsum solubillty in seawater, calcu-

lated using the equations of Pitzer and Kim, was 15% lower than the
experimental-solubility of Marshall and Slusher.ll Assuming!that the

K o B - . -
discrepancy was due to CaSO ion pair formation, he proposed a hybrid

4

approach in whichvthe mean activity coetficient of CaSbAAwas calculated
through an ion-association equilibrium.“'ﬁis~ion-association approach
provided a moderate improvement in the solubility calculation at the
ionic strength'of natural seawater .7 ﬁjl Culberson, Latham, and
Bateslzlmeasuredﬁthe solubility of gypsum.andvcelestite (SrSGA) in syn-
thetic seawater. They found that the solubility predicted using the
equations ot Pitzer andnkim was$252 lower'than their experimental results

for CaSO4 2H20 and 187% lower for SrSO4

Recently, however, Harv1e and Weare13 have successfully reproduced

mineral solubility, 1nclud1ng gypsum solubillty, in a system of the

E N N J

major components of natural waters. They used the mixture equations of
IR IR e e, R R A

Pitzer and Kim, w1th the addition of terms derlved by P1tzer9 which

R o - : e ,,_a,; .. . wp e , g

account for the effects of unsymmetr1cal m1x1ng These additional terms

-are obtained from a purely theoretical treatment of the electrostatlc

SR S S i . e e KRR R RPN

'_effects ofnmixing ions of dlfferent charge but of the:saine. 51gn, -and

. - . . RS
TR PN TR Sl

they requlre no empirical adJustment. Harvxe and Weare~s results in-

e ras 4. _"f_‘ -1" ;

dicate that the effects of the terms for unsymmetrlcal m1x1ng are very

important in predicting activity behavior in complex mixtures.
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To complete their prediction of gypsum solubility in mixed electro- i

A'.,.‘x R sle e oy

lyte solutlons, Harv1e and Weare used parameters for pure CaSO4 whlch

are str1ctly va11d only to an 1on1c strength of 06 m, since the

N [N i
' B ¢ CaakESl e PRTEY . RPN

osmotic coeff1c1ent data used to determlne the parameters extend only

AT ASE v'~L e
. D To . i PRI RY RSN

to the solub111ty limlt of gypsum at 015 m. However because they

¢ -t AT A

evaluated mixture parameters for CaSO4 using hlgh concentratlon data,

= See e N . SRR s KL

use of the approxlmate parameters for pure CaSO4 should be adequate.
v - b s C

Unfortunately, Harv1e and Weare used an 1ncorrect parameter for pure

-} T, Y 2 s y 5 i‘v

e YA ESrT e “ 1' ST e

NaZSOA’ resultlng in an 1nconsistency withln their equatlons. They also

~ % o

TR ST .3 Fol Eoe . T

used a solubillty product for gypsum wh1ch is not 1n agreement w1th thelr

- v o FREER P

value for the mean act1v1ty coefflcient of CaSO4 at saturat1on 1n pure

RRR S PRI L . Toeoey

water.l Whlle the effects of these 1ncon51stenc1es are probably small

s N - T
- O 2 S S L

vl

in comparlson to the accuracy of Harvie and Weare s treatment, they can

. R} Ty
W . - . . o Y. st N AR

be important for more prec1se appllcations.

e g

Since Harvie and Weare completed thelr solub111ty predictlon work

N
55 8 RN BRIl IARLN ST A

extens1ve new data on the solublllty of gypsum 1n mixed solutlons of

R i
ol St

> CaClz, and NaCl have become avallable.14 These data can be used
© T A . . T e . A OF

Na SO

to refine the parameters for pure CaSO4 and it's mixtures. In view of
. : . B R o -

the high precision of the new data and of the inconsistencies in the
. - . . R it E . : ST

previous treatments, it seems profitable to re-examine the solubility
' : ) o . [ B

O

prediction of gypsum in mixed electrolyte solutions. In addition, new

Coh L e T RIS s o S S R P
1 The. solubility product given by Harvie and Weare13 is 2.35 x 10_5.
The known 'solubility of gypsum in pure water:iis 01518 + :OOOOStm,@43“73“
and the activity coefficient at that concentration calculated from the
parameters they used for CaS0, 'is.-.332,-- At that ¢oncentration the * = -
activity of water is greater than .999, so that the solubility proéduct
can- be calculated ass- .7 . 1.~ nY - S

22

K. = m> a ©=2.53 x 107 daliia el - i

sp " '

Thus the two values of the solubility product differ by 77
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data on gypsum solubility in natural seawater, seawater with added
MgClz, agricultural drainage water, and their concentrates also is
avaiiable.ls'ATheSe data prdvide én excellent test of gypsum solubility
in ggmplex, natural systems. .Finally the data of Culberson gg_gl.,lz
Templeton,16 and Davis and Collinsl7 can be used to test solubility

prediction for SrSO4 and BaSOa, based on parameter estimation using

CaSO4 as a model.

Equations

The equations developed by Pitzer and Kim8 to describe mixed solu-
tions require information on the properties of the pure salts making up
the mixture and on the behavior of common ion mixtures. Complete deri-
vations of the mixture equations have been given by Pitzer and Kim and
Pitzer.9’18 Therefore only the final equations for the osmotic coeffi-

cient and for the mean activity coefficién; of a salt in a mixture are

listed below:

=(Zmi)_1 21f¢+222mcm3 B ¢+_@£)__c ) +
i

ca ca
c a (zcza)
E E, mcmc'[ecc'-‘-lecc"i.g mawéﬁ{é] +
,g g‘ mama'[eaa' + }9 a" + z mcwcaa ' o (1)

lay,, = [z < £+ (v /v) Zm [B,, +(zmz) Cya* O /\) )6y ]+§2vx/v)

IR oS Toe IR 3 ]

Z'mc[Bc + (an) C 4-(v )9 ] + Z z m ma {Iz l '+

[ZVMZMCca+"Mcha+"x¢cax]} +1/2 ) Z, mom o [ o/ VIV oy *



]zMzX]ecc,Y] +.1/2 gpg' mama,[(vM/y)wMaa,p+ IZMZX|eaa"] s e (2)

P8

e Ve
JR-CIR N SR UEPAI SN

The activity of water, a_ s can be calculated from the usual relationship

M

.- e 4 1 S SN S o o A
. fmee Y yimL . .
1na I v 1505 ¢ - (3)
1 . . NN
-l N Teow FEE S L (F
where Mi“is'the moleciilar weight of pure water. PO s B
Here v, and v, are the numbers of ions M and X in the héugrélxéalt

M X

and v = vM&vX. The charges on the ions, in electronic units, are Zy and

ZX' The summations are over all catioms, c and c', and all aniomns, a
T “ioni . T wat S T ARY ¢
and a'. The ionic strength is - - '

I =1/2 2 m.z.2
i i"i

and

(mz) = ) m.z, =) malza
. - c - .

RO

The Debye-Hiickel terms for the osmotic and activity coefficient are given

¢

- ES

by
%
£ = a, —— 4)
1+1.21°
I 2 Ly ‘
£ = -A C+ 75 ln(1+1.21%) T (5)
® 141217 120

where the Debye-Hﬁckei sl&pe at 25°C is‘A¢.=‘.392. -

The terms'ng, BMX’ B&X’ and CMX are combinations of the parameters

for the neutral salt, MX.-

o Byt o a2+ 8D oy TH + 8D ewpoa, TH 0 (6)
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BMX = Béx)+ gx [1-(14—&114) exp(—alIé)] (7)
‘ o I : -
1
260 2 ks
+ 7 [1—(1+—a212) exp(—aZI )]
azI .
2800
B = —X [-1+ (1+ 11/24'-1/ 21) (- 11/2)]- (8)
MK~ 2.2 %1 3 ) eXPAT -
a, I
1
(2)
2 1 1
+ EMXZ [-1+ (14,1 +>1/20‘-,2?I) exp(-a,1 )]
a. I
2
]
- C
CMX = ___Egg_j: ) (9)
2|z 2z |2
M™X

For most electrolytes the parameter ng)

MX 1s

is not needed, and ay

assigned the value 2.0. For high valence type electrolytes, including

(2)

2-2 electrolytes, the parameter BMX

is required. For 2-2 electrolytes,
a, = 1.4 and a, = 12.0.
The additional terms 6.,., SZJ, and ¢,,,. occur only in mixtures of
N - DRREENE. & SRS € MRS £ | S
electrolytgs.' They account for binary interactions of unlike ions, i
and j, of the same sign and for ternary interactions of two unlike ions

of the same sign with an ion, k, of opposite sign. The binary mixture

parameter, eij"is composed of two terms, .

SUREN - SIS P ST :
95 = 33+ ogy(D- | (10)

. S . .
The first term, eij, is a constant which accounts for the effects of

short range interactions. It is the only adjustable parameter in
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Equation (10). The second term, Eeij(I)’ accouﬁ;s for the purely elec-
trostatic effects of unsymmetrical ﬁixiﬂg. When the ions i and j are
of the same charge, Eeij(I) is zero. When the charges of ions i and j

are differént, Eeij(I) depends on the total ionic'strgpgth and the

: , 1 .
charges z; and z,. The term eij = —5%1 contains contributions only from
. :

eij(l), because Se is assumed to be independent of‘idnié strength.

1]
Values of'Eeij(I) and'eij(I);can be calculated from quationgJor tables
given by Pitzer.9 The ternary terﬁ,,wijk, is an adjustégle parameter
and is considered to be independent of concentration. .

Equations (1) and (2)“cdﬂ£diﬁjé?iérge ndﬁbér’ofibéfameters. How~
ever, all ofjthe parameteré except the Seij and w;jk are usually eﬁalu—
ated frém data on single electrolytes. These parémeters are then fixed
for the calculation of the pfopeftieé-of?; ﬁixture. The mixture para-
meters Seij and ¢ijk are most easily evaluated from data on ternary,
common ion mixtures. They are:tﬁéﬁ"fixéd for ‘the calculation of the *

properties of a more complex mixture.
Calculations

The example of a sparingly soluble salt pr;sehts,a speciéi casé for
the determination of fitting parameters. If one is interested in the °
activity properties of a fairly insoluble salt in a mixture of moderate
ioﬁic'strength; the COntributions of the parameters for the pure, in-
solﬁble eleétrolyte will»be very small. Thus thé puré elééttolyteqféiméLA
canrbe estimated from knowledgg of the parameters of similar electroiyteS.
Thé mixture parameters € and ¢ canithen be evaluated from solubilify
data, préférabiy inlcommop'iog sqlﬁtions. Of. course, the effect of ék;

sparingly soluble salt on the osmotic coefficient of: the solution .or:.omn



the activity coefficient of a major component of the mixture will
generglly be small.

.However, the solubility of CaSO4'2H20 at 25°C is large enough that
accurate parameters for pure CaSO4 are desirable. Recently Briggsl4
has ogtained extensive data on the solubility of gypsum in common ion
solutioﬁs of CaCl2 and Na2804, as well as in more complex solutions of

NaCl, CaCl2 + NaCl, and Na2504 + NaCl. These data can be used to

evaluate both the parameters for pure CaSO4 and the mixture parameters,

The binary mixture parameters Se and

¢Ca,Na,so4 and l"031,01,304' Ca,Na

Se are already known from analysis of other data.9’20
Cl,SO4

The form of the equation used to obtain'CaSO4 parameters from the

solubility data can be derived as follows. -The expression for the

- solubility product of CaSO4°2H20 is
2 2
sp ~ T+ mCam804 3y D
where Yi is the mean activity coefficient of Casoa, mCa and mso4 are

the molalities of calcium and sodium ions, and a, is the activity of

water in the solution. The experimentally‘determined quantity is

. 2 : LT v ST - .

m, m,, a_ , where a - is included because it can be well determined using
Ca SO4 W . \ o _ L

estimates of the Can4 parémeters. "The activity coefficient is

R . St *

(1) (2)

»I) B + R, (m. ,m,-3I) BS-
SO4 CaSO4 2" Ca SO4 CaSO4

Tralh ' . . PR IR . ’ L e (12)

o *
lnyt =_lnyt_(+;R1(mCa,m

1
4+ 7 ®c1®catmsg ) Yea,c1,50

1. | -
¥ 7 g (meatmgg ) Yea na,s0 00

43 4

N TR _ Lo B
where-lny+ is the contribution to -the activity coefficient calculated

(1 (2)

B
CaSO4’ CaSOA’ lpCa,Na,SOl"

set to zero. In this case, since four parameters and the

from Equation (2) with the unknown parameters B

and wCa,Cl,804
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solubility product:have to be determined, the value of the-parameter

éoéo was fixed at .2. Because the concentration of CaSO4 is'never -
4 : o
very high, the CgaSO parameter is not needed and has been set to zero.
. 4 ‘ -
The two terms’;R1 and R2 are the ionic'strength dependént coefficients’
(1) (2) e L -
of BC 30 .and BCaSO s v
(n)
‘n = 2B : 1 1y T
”Rn = 21 {(mCa+m504)[l (1+anI ) exp(—anI )]
: f’mCamsQ4 TS . , |
+-————f—f——'[-1+(1+anI +‘/a I) exp(—a Iz)]} - (13)

vé'.A e R S

X

where n = 1l.or 2. :;The finai form of the fitting'equation is obtained by

taking the natural logarithm of Equation (11) and substituting Equation

2 * _ (1) 2)
ln(mcamsoaaw ) + 21nyt = 1n KSP 2Rl BC 804 2R2 BCaSO4
(14) -
-y (e Mg ) Yeu waiso ~ Pe1Meat™so:) Yea,c1, 50

4 T4 4 4

All of the terms on the left side of the equation are known, and
the right 51de is 11near in all of the unknown parameters. Thus this

equation can be used w1th any standard 11near least squares routlne to

determine -the flvebunknown parameters s1multaneously from Solublllty
data. One g;nal iteration, using the new values .of the'pa:ameters to
calculate a&,'insures that the equations are internally'consietent. It
is important to'determine-simuitaneouély-the7vaiues of the solubility

product and the CaSO4 parameters, in order to ma1nta1n internal con- .
e

T, . N R

sistency between ‘the solubillty product, the known solub111ty of gypsum

] . - AR IN

1n'pute water, and the act1v1ty coeff1c1ent calculated w1th the.CaSO4

t

parameters.
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Results

The results of a least squares fit of Briggs' solubility data,
using Equation (14), are given in Table 1. The low concentration,
electromotive force data of Lilley and Briggs19 also were included in
the fit, since these data describe the activity properties of CaSO4 at
concentrations below gypsum solubility. The experimental activity co-
efficients listed in Table 1 are caiculated from the solubility data
and the value of the solubility product obtained with the least squares
fit. The agreement between calculated and experimental values is very
good, showing that Pitzer's specific interaction equations are success-
ful in describing the activity properties of a minor component in mixed
solutions.

The values of the parameters obtained with the least squares fit,

as well as the parameters for the other salts in the mixtures, are given

(1) and 8(2)

CaSO4 CaSO4

parameters for other 2-2 electrolytes. The mixture parameters wCa Na. SO
’ *

in Tables 2 and 3. The parameters B are similar to the

4

and ¢ are very different from those obtained by Harvie and

Ca,Cl,SO4

Weare13 (-.067 vs -.023 for v and -.027 vs 0 for ¢ ).
4 4

The two sets are not strictly comparable however, because Harvie and

Ca,Na,SO Ca,Cl1l,S0

Weare used the old value of .020 for 6 0.° while the improved value
4

of .030 determined by Downes and Pitzer20 was used in this study. The

CL,S

value of .027 for ¢ is similar to that of .020 for ¢
4 )

is more negative than most ternary mixture

Ca,Cl, S0 Mg,C1,S0, "

4

The parameter wCé NaASO
’ ’

4
. ' . s sy : ++ +
parameters, indicating large, triplet interactions between Ca , Na ,

and SOA= ions. The value of the gypsum solubility product determined in

the least squares fit is 2.615 x 10—5, in good agreement with the value

of 2.63 x 10_5 obtained by Lilley and Briggs19 from an analysis of their
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Table 1

Least Squares Fit of Gypsum Solubility Dataa

: molality ————— Exp. v
Ionic Water +

: = + - . CaSo b
Strength Ca++ SO4 Na Cl Activity 4 A

.06272 ©.01603 .01463 - .00280 1.000 L334 -0©
. 06568 01721 .01406 .00630 1.000 . 329 0
.06977 .01880 .01338 .01083 . 999 .323.. -0
07611 02116 .01264 .01702 .999 .313 . =0
09194 .02679 .01156 .03045 . 999 .291 -0
.11614 .03517 | .01062 04910 .999 . 265 =1
.16284 .05104 .00973 ‘ .08263 .998 .230 -2
.24837 .07978 .00904 L4147 C.997 191 -2
.35070 .11403 .00861 .21084 .995 T 164 -2
.52314 L17165 .00819 .32693 .992 137 -3

. 95359 .31528 - 00777 , .61501 .985 . .105 -2
1.39953 . 46402 .00745 " .91314 .978° . 089 -1
2.76801 .92066 . 00604 1.82924 .951 .072 ]
4,19427 1.3965 . 00455 2.78406 .915 .070 1
£.22156 2.07297 .00267 4.14060 . 854 .081 -1

. 06560 .01428 c1711 . 00565 1.000 .327 ld
.06554 .01427 ..01709 . 00565 1.000 . 328 0
.07057 .01353 .01901 .01096 . . 999 .319 0
.07058 .01353 .01901 .0109é . 999 . 319 0
.07746 .01292 .02151 .01718 .999 . 307 1
.07737 .01290 .02149 . .01718 .999 ° .307 0
.09183 .01200 .02661 . 02922 .999 .286 0
.09184 01200 .02661 .02922 .999 .286 0

. 12040 011C9 . 03644 .05069 .999 .255 -1
.12055 .01113 .03648 .05069 .999 . 254 -1
.153023 .01078 04742 .07327 .998 .227 0

. 15242 01063 .04726 .07327 .998 .229 -1
.21027 .01622 .06668 .11292 .997 . 196 -2
.21025 .01022 .066638 .11292 _ .997 . 196 -2
.33475 .01003 .10824 . 19642 . 996 156 -3
.33477 .01604 . 10825 . 19642 . 996 .156 -3
.50569 .01024 .16515 .30982 .993 .125 -2
.50564 .01023 .16514 .30982 .993 .125 =2
.79588 .01083 .26168 .50171 . 990 .097 -2
.79582 .61081 .26167 50171 .990 . 097 -2
1.30661 .01201 L43153 .83904 . .98y .072 -1
1.30658 .01201 .43153 .83904 . 984 .072 -1
2.16298 .01385 .71638 1.4G506 .975 .053 -0
2.16292 .01383 LT1626  1.4050G6 .975 .053 -0
3.48199 .01€é16 1.15528 2.27825 . .961 .039 -¢
3.48200 .01616 1.1552¢  2.27825 T .961 .039 -0
5.14737 - .01793 1.70981 3.38237¢ . 944 .031 -1
5.1474¢6 .0179¢é 1.76984 3.38237¢ . 944 .031 -1



Strength

1
1
1
1

e Swwhhhn

Ionic

.06869
. 06871
.07322
.07310
.08855
.0885¢
.09879
.09870
.12583
.12593
. 15106
.15100
.18463
.18583
.18581
.25489
.25492
. 30596
. 30604
.3990%
. 39905
.45939
.459¢68
.52746
.52738
.64623
.64641
. 76337
.T6344
.97493
. 97496
.20695
.20690
. 724u4
.72412
.23744
.237%1
.T60627
LT6617
.24317
.24316
.21813

.21810

.67902
.6T7876

Ca

.01576
.0157¢6
.01609
.01606
.01708
.01708
.01768
.01768
.01913
.0191¢
.02042
. 02040
.02165
.02195
.02194
.02473
.02474
.02649
.02651
L0294y
. 02944
.03111
.03119
.03293
.02291
.0356¢6
.03570
.03812
.03814
.04196
.0419¢€
. 04534
. 04533
. 05096
.psoae
.05431
.05433
..05602
.05599
.05614
05614
.05168
.05168
.04783
.08776

Table 1 (continued)

molality
= +
SO4 Na

.01576 . 00565
.0157¢6 . 00565
.01699 .00887
.01606 . 00887
.01708 . 02022
.01708 .02022
.01768 .02809
.01765 ~ .02809
.01913 . 04929
~.0191¢ . 04929
.02042 . 06940
.02040 . 06940
.02165 .09802
.02195 .0928032
.02194 .09803
.02473 .15598
. 02474 .15598
.02649 .20000
.02651 .20006
. 02944 .28129
.02944 .28129
.03111 . 33494
.03119 . 33494
.03292 .39575
.03291 .3957%
.03566 .50359
.03570 .50359
.03812 .61088
.03814 .61088
04196 .80710
T.04196 - .80710
.04534  1.02560
.04533  1.02560
. 05096 1.52060
.05088  1.52060
.05431 2.02020
.05423  2.02020
.05602 2.52620
.05599  2.52620
.05614  3.01860
05614  2.01260
.05168  4.01140
.05168  4.011490
.04783 5.48770
.0uTT76  £.48770

AR B £ W W NN NN = e e

Cl

.00565
.00565
.goaer
.goear
.02022
.02022
.02809
.02809
. 04929
.04929
.0694¢C
. 06940
.09803
.09803
.09802
. 15598
.16598
.20660

.20000

.28129
.28129
. 33494
. 33494
. 39578
.39575
.50359
.50359
.e1088
.é1088
.80710
.80710
.02560
.02560
.52060
.£2060
.029020
.02020
.53620
.52620
.01266
.01860
01140
.01146
48770
LUBTT0

Water
Activity

.999
.999
.999
.999
. 999
.999
.999
.999
.998
998
.997
. 997
.99¢
. 996
. 996
.99t
. 994
.993
.993
.990
.990
.988
.9288
. 986
. 986
.983
.983
.979
.979
.972
.972
. 965
. 965
. 948
. 948
.929
.929 -
.910
.910
. 890
.89¢
.849
. 849
.781
.781

Exp.

+
- 0
CaSsS 4

bt e b Pt Bt et et Bt Bt et Bt Bt Gt Bt et
WWr-=O0O0OO0O0O0OOm—N
NNSN NN O Qe N~ AR

b

1

|
(=]

[} ]
OO

BB QD UD b e e b et et et s et et (N et BN = N ) DD

NN st et 5t s bt e PP e = OO OO Q
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Ionic
Strength

07617
.08936
S11146
14644
19764
.31295
.43749
-65766
- 90096

1.59233

2.72107

4.18414

€. 14444

. 09442
.11521
. 16575
.23349
. 33807
.52691
.THT0Y9
.89183
1.45762
2.52698
3.93600
6.10765

.09096
.11822
. 15591
.21976
.32167
.51639
.6T484
. 94668
1.51944
2.50520
3.95729
6.05864

Table 1 (continued)

Ca

.01851
.02138
.02623
.03393
. 04524
.07079
.09843
. 14731
.20134
. 35489
. 60555
. 93046
. 36586

.02063
.02402
.03232
.04347
.06078
.09209
. 12866
.15272
L2u6T2
.42431
.65832
.01925

.01831
.€2100
.02458
.03035
.03932
.05595
. 06926
.09187
.13901
.21937
. 33749
.50949

molality
= +
SO4 Na
.01426 .006137
.01374 .01147
01310 .019¢8
.01246 .03219
.01183 .05010
-.01118 .08939
.01082 . 13139
.01038 .20536
01007 - -.286R6
.00912  .5185¢
.00752 - . 89689
.00539 1.38736
.00308  2.04379
.01469 01783
.01444 .02872
.01407 .05474
.013¢6 .08941
.01327 . 14248
.01280 .23783
.01239 . 34873
.01219 .42150
.01126 .70622
.00930 1.24474
.00672 1.95433
.00356 3.04635
.01609 01993
.01671 +03852
.01736 . 06481
.01803 .11068
.01872 . 18499
.01928 .32927
.01941 44766
.01929 “.65179
.01829 1.08412
.01539 1.83171
.01076 2.93407
.00565 4.52452

c1”

.014a7
.02676
.04592

07512

EWN -

WM Lo N =

X YRy Ny

.11691
.208¢61
. 30661
.47922°
.66942
.21009
.09297
.23752
.T€933

- .02972

.. 04736
v 09124

14904
.23748
.39643
.58127
.7025¢&
17714
07476
.25752
07772

.02437
.04710
.07925
.13533
.22619
.40261
.5473¢
. 79696
. 32557
.2396¢6
.58752
.53219

Water
Activity

.999
.999
.998
. .998
.997
. 994
.991
.987
.981
..965
.93%
.890
.819

.999
. 998
.997
.995
- .993
.988
.983
.979
. 964
.933
.287
.203

. 999
.998
.997
. 995
.993
.987
.982
.975
.957
. 924
.870
.781

Exp.
tcaso

4

(a) =t et bt ot Bt P Gt P s

WNNNNN -0

[=2
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AL

Ionic
Strength

- 34749
.34751
.51827
.5181¢8
.99351
.9935¢
1.48346
1.48344
1.94651
1.94645
3.01098
3.01100
5.04641
5.04627

.35603

. 35597

.52300

.52297
1.01908
1.01903
1.48217
1.48225
1.9€6506
1.96501
2.97909
2.9791¢6
£.04057
5.04053

. 35465

. 35461

.5343%

.53436
1.0129¢
1.0130%
1.47752
1.47723
1.97426
1.97427
2.96791
2.96794
5.063924
5.639¢2

.06072
.03992
.02399
.01334
. 00801
-G0444
.00263

Table 1 (continued)

Ca++

.01220
.01220
.01220
.01217
.01259
.012¢0
.01302
.01302
.01331
.01329
L0134}
.01342
.01212
.01209

.01418
.01416
.01416
.0141%5
.01432
.01431
.01435
.01437
.01425
.01423
.01348
.01350
.01064
.01063

.01727
.01T26
.01757
.01757
.01773
.01775
.0174¢6
LOLT4T
.¢1ée8e
.01689
.0150¢6
.0150é
.0162¢%
.01G30

.01518
. 00998
.606060
.6G334
.06206
.00111
.00Geé

molality
= +
SO4 Na
.o7858 .23232
.07858 .23232
.11653 .3651¢6
.11650 .3651¢
.22218 .T7335¢
.22219 .T3356
.33110 1.11330
.33110 1.11330
.43403 1.47255
.43402 1.47255
.67059 2.30015
.6T060 2.30015
1.1227¢6 3.88727
1.12273 3.88727
. 06406 . 24944
. 06405 L 24944
.09188 . 38865
.09188 . 38865
17462 .80151
17461 .801¢51
.25181 1.18730
.25183 1.18720
.2322¢ 1.5900¢
.33224 1.59006
.50160 2.43766
.50102 2.437¢66
.84364 416503
.843¢63 4.16503
.04900 .25382
. 04899 .25382
.06914 .41251
.06914 .41251
. 12241 .83738
.12243 .83738
.17388 1.2512%
17389  1.25125.
.22876 1.69486
.2287¢ 1.6948¢6
.3321¢6 2.58459
.33817  2.58459
56566 4.44292
56571 4, 4u292
.G1%18
.06998
.00600
.G0234
.0020¢
.06111
.0006¢

PO = e

G () = vt s s

c1

.09957

.09957

. 15650
. 15650
. 31439
.31439

47713
LATT12
.€3110

.63110

.98579
.98579
.66599
.66599

. 14966
14966
.22319
.23319
.48091
.48091
.71238
.71228
. 95404
. 95404
.46260
.46260
.49903
.49903

.19036
.1903¢é
.30937
.30937
.62802
.62801
.93841
.93841
.27111
.27111
.93839
.92838
.23210
.33209

Water
Activity

. 994
. 994
.990
.990
.981
.981
.972
.972
.96y
. 964
.943
.943
.901
. 901

.993
.993
.989
.989
.978
.978
.967
.967
.956é
.956
.932
.932
.a7e
.areg

.992
.992
.987
.987
.975
.975
.963
.963
. 949
.949
.921
.921
. 854
.854

Exp.
4
~Caso

LA77

078

.338
.88
L4484
.535
.609
.81
151

4

[

OOt s st it bt st et DO O O

NN NIRNI N NN N v e t--‘‘--‘'\)l\.)h)l\)f\.)'\)'ﬂ'-"""-‘""‘-"L_‘I
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bt N) b e 1
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Gypsum solubility product is 2.615 x 10> at 25°C.

A= [Y+ (cale) - Yy (exp)] x 103.

CaCl2 solutions.

NaZSO4 solutions.

NaCl solutions.

CaCl2 + NaCl, mCaClz/mNaCI = .66.
CaC12‘+ NaCl, mCaClz/mNaCl = ,33.
* ll‘.

CaCl2 + NaCl, mCaClz/mNaCl =

Na2504 + NaCl, mNaZSOA/mNaC1 = .66.
NaZSO4 + NaCl, mNaZSO4/mNaC1 = ,33.

Na2804 + NaCl, mNaZSOA/mNaCl = ,17.

Electromotive force data.
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Table 2

Parameters for Pure Electrolytes at 25°C

Salt g(® gD g(®) c?
Na,SO, .019575 1.1130 .00570
NaCl .07650 .2664 .00127
NaBr .09730 .2791 .00116
NaNO, .00680 .1783 -.00072
K,S0, .04995 .7792 0.

KC1 .04835 .2122 -.00084
KBr .05690 .2212 -.00180
KNO, -.08160 .0494 .00660
MgSO, .22100 3.3430 -37.23 .02500
MgCl, .35235 1.6815 .00519
MgBr, .43270 1.7530 .00312
Mg(NO3), .36710 1.5850 -.02062
Caso, ¢ .20000 3.1973 -54.24 0.

CaCl, .31590 1.6140 -.00034
CaBr, .38160 1.6130 -.00257
Ca(N03), .21080 1.4090 -.02014
SrSOAd .20000 3.1973 -54.24 0.

SrClzb .29180 1.5603 -.00446
SrBr, .33110 1.7120 .00123
Sr(NO3), .13460 1.3800 -.01992
BaSOAd .20000 3.1973 -54.24 0.

BaCl, .26280 1.4963 -.01938
BaBr, .31455 1.5698 -.01596
Ba(NO3), -.03230 .8025 0.

2 Values of the parameters are taken
unless otherwise noted.

Parameters from Reference 12.

c . ,
Parameters evaluated in this study.

Parameters estimated from CaSoO, .

4

from Reference 8
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Table 3

Mixed Electrolyte Parameters at 25°C -+

(For Use With the Higher Order Electrostatic Terms)a

8 Values of the parameters are taken from Reference 8
unless otherwise noted.

b Parameters from Reference 9.

. . S
. J K iy Visk
Na K 50, ~.012 -.o010°
c1 -.0018
Br -.0022
No, -.0012
Na Mg 50, .07° -.023P
c1 -.010°
No, -
b e
Na Ca 50, .07 -.067
(Sr,Ba) b
c1 ~-.007
Br (-.007)
NO, -
K Mg 50, 0.0% . -.0489
c1 -.0224
Br (-.022)
No, -
b
K Ca 50, .032 -
(Sr,Ba) cl -.OZSb
Br (-.025)
No, -
‘Mg Ca ) .010 .02°
(Sr,Ba) 4
, c1 0.0
Br (0.0)
NO, -
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Table 3 (continued)

219

. ) S
i i K ‘ eij wijk
S0, c1 Na ©o 03¢ 0.0%
K ; -.005°
Mg -.020°¢
Ca(Sr,Ba) -.027°
50, Br Na (.03) (0.0)
K (-.005)
Mg (-.020)
Ca(Sr,Ba) (-.029)
: e
S0, NO, Na .062 -
K -—
Mg -
Ca(Sr,Ba) 0.0e
Cl Br Na 0.0 0.0
'¢ 0.0
Mg -
Ca(Sr,Ba) -
c1 NO, Na .016 -.006
K -.006
Mg , 0.0
‘ca(Sr,Ba) .017
Br . NO, Na _ (.016) (-.006)
! . ) LS A . AT L, T L
K (-.006)
Mg o i wmo ?<O“..'O)’-

Ca(Sr,Ba)

c.ga;amgters from Reference 20.---

Parameters from Reference 13,

e . ,
Parameters evaluated in this study.

(-.017)
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IREEE 100 I ' C
electromotive force data. This value is over 10% larger than that used

by Harvie and Weare.13

3

P b U — .- - e PR

Two previous studiesfby Whitfieldloiand by Culberson, Latham, -and
Bate‘s12 have ‘concluded that Pitzer's equations are not successful in

predictingzgyﬁsum solubility. HoWever{'ﬁeither study used the term

Eeij’ which accounts for the purely electrostatic effects of unsym-

EE .
metrical mixing.
A T

Using the treatment presented in Paper IV,8 which does not include

Eeij, it is'not possible to fit simultdneously all of Brigg's solubility
| . ) : (1) @)

data. It is possible to-determine parameters BCaSOA*'BCasoa’

wCa,Na,SOA’ and wCa,C1,804 from on}y the common-ion solubility data.

(Here the symbol ¢ is used to differﬁntiate the mixture parameters
determined without eij’ since they will not be the same as those

evaluated when ei is included.) When these parameters are used to

]
predict gypsum solubility in NaCl_solutions, the predicted solubilities
are systematically low. The calculated“activity coefficients are
compared to those derived from knowledge of the gypsumggolubility con-
stant and the“éxperimenfal solubilities in Figure l.. The predicted
activity coeffiéients.are about 20% higﬂt?t NaCl concentrations above
) molal.' This is the same type Qf behaviorJfound in the two previous
studies. Théfproblem cdﬁ*%e Eompletely overcome by-using the full,

unsymmetrical-mixing equations derived in Paper V.9

- ..
W
S

-Prediction of Gypsum Solubility in Seawater
The prediction of gypsum solubility’ in seawater and natural brines
of widély varying composition provides a fihal test of the efféctiveness

of Pitzer's equations. To complete these calculations, the unknown
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Figure 1.

Mean activity coefficient of CaSOA in solutions of NaCl

saturated with gypsum.
calculated without Ee.

data of Briggs.l4

The solid line represents values

Points are from the solubility

221



25

10

| [ |
— colculated without 6
O Briggs
o o © -
! L 1 ‘ I |
1.0 2.0 5.0

3.0 40
NaCl molality '

6.0

X BL 8i2-5166

ace



223

. and wCa SOA, have been determined from an
analysis of gypsum solubility in the approprlate common-ion solutions.

parameters wMg Ca, SO

Although Harvie and Wearel3 have‘prev1ouslyﬂg1ven a-value for ¢ s
. Mg,Ca,SO4

they used a gypsum solubility product ahd»CaSOA’parameters which differ

from those determined in this stuﬁy. Thus, ‘to retain internal consis-

|
1

tency, the values of these parameferSVhaveﬁbeen redetermined.

The equation used to determine the:mixture parameters is

1 *

I U s
4 ; :
: i -~ o . - Y R
_ ++ - L S
where k represents Mg = or NO3;.-yF92.miXtuteS:°f CasSO, and MgSO,, 6jk:
S : . ! S is S
represents eMg,Ca' In mixtures of Caso, and Ca(NO )2, eJk is eNOB,SO

Again, is the activity coeff1c1ent calculated from Equation (2) with

Yt

only the unknown mixture parameters set to zero. [The experimental value

Iny_ is determined from the solubility data and the known value of
—CaSOA l ; ’ '
the solubility product.. ) b cenr,
S ! .
The values of eSOA,NO and ?Ca,SO4,NO3 were determined as the

intercept and slope of a graph oﬂ
I

.

i
1
i . . -
T - T B
H
t

1 a 1 *)
—— n-Y -— n‘Y
m + e
TR 3 e
NO3 h CaSO4
T A i . BRSSO ahl¥

versus l—(mCa f ESO4)' The value of Mg Ca has alreadyqbeen deter=-
mined from osmotic coeffic1ent data.for the systemuMgCl “1wCaC1 .

Therefore only wC Me. SO was determlned from data on the- solubility of
a,Mg,ou,
CaSOA-ZHZO in MgSOA. Included 1% Table 3 are the values of the ‘three

parameters determined in this manner.
Extensive data on gypsum solubility in natural seawater, agricul-

tural drainage water, and their concentrates have recently been published
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by Adler;, Glater, andAMcCutchan,}ég The concentrations of the various
ions, ‘which they give in terms of- weight and concentration factors., have

‘been converted to molalities ysing,densi;y datd tabulated in the’same-.

4 IR R

publication.:..In some cases, the solutions did not satisfy electroneutral-

. ' Sy + - ,

ity conditions,.and the concentration of Na or Cl was increased
arbitrarily to.achieve charge-balance. Parameters.for single. electro-.
lytes and the_mix;urepparametersfpsed in. the calculations-are listed in

Tables 2 and 3. In many cases the mixture parameters are unknown.

Those encloséd'inﬁparencheses;héve been estimatéd from knowledge of the

parameters of similar 'salts,. and others have been set to zero. Para-

meters for mixtures containing K “and Mg - have been -taken from Harvie

LG

andiearé.l3

“Thie predicted}values'bf Edi;£hﬁ'and sulfate concentrations and the
mean activity coefficient of CaSb&'éfe'cbmpaféﬁ'Wifh‘the experimental
values in Tables 4 and 5. “ The piéﬁidtéa activity coefficiént is in
very good agreement with the experiﬁental value even at ‘very high con-
centrations and;high'leﬁels of m;gnesium‘adgmentation. :

Culberson, Latham, and Bates12 have measured the solubility of

gypsﬁm in synthetic seawater, and their data also have been used to test
gypsum soiubility predictions. Th§~compbsition of their synthetic sea-
water at 35%-$alinity is.listed in Table 6. Their measured gypsum solu-
.bilitieé*iﬁ‘héfﬁalﬂ éligﬁtly concentrated, and slightly‘dilhtedyéea—
water of vaf?ing’maénésihm‘concentrétions are compared’ with predicted
'valués“ihﬂTéble 7.  Again, the agreement of the predicted and measured ~
solubilities is ‘excellent. * =~ -' ' '

- Other measurements of gypsum solubility_in sea§ater’dilﬁténts and”
concenfrates up’ to an ionic strength of 4 m have been compiled by ii

.
K



Ionic 

Strength. Activity

NN -

WNN =

.8057
5152
.2267
.5829
L9435

.8980
.6986
4999
.9068
-3145

.9887.»

[NYRY VY

T WWN -

LWWNI-

.8758
L7696
.2219
.6793

.0791
.0531 .-
.0348
5322
.0357

.1696
.2284
.2941
.8397
. 3897

Water

.981°
.961"

. 940
.928
- 916

.979
"958

.934 .
. 920

.907

.978

. 954

.927
.913

-897 -

97T
951

.921
. 905
.887

.975
. 947
.915
.896
.817

Table 4

Gypsum Solubility in Natural Seawater at 25°C>

[aS i d

N b= e

4852
.9808
.4887
. 7455
-0068

.4859
. 9849
4959
:7582
.0222

4857
.9851
.5003
.7639

0316~

4860

L9863

5031
.T679
.03¢68

.4863
. 9866

1.5029

15
8 pata of Adler, Glater, and McCutchan.

.T699
.0399

L0100
-0202
.0307
£0360
L 0H1Y

.0103
0209

10317
0373

042

-0103
.0209
.0318
.0374
L 043)

~0103

©.0209

.0319
. 0375
. 0432

.0103
. 0209
.0318
.0375
. 0432

Mg

.0553
-1118
.1697
-1989
L2287

.0830
. 1682
.2555
.3003
. 3454

.1107
. 2245
. 3420
.4020
L4630

.1384
.2809
-4281
-5034
.5800

.1662
.3372
.5136
. 6049
.6972

WMNN - NN = N N == be [V 1S Rl

WM s

C1

L5674

L1470
L7410
L0412
. 3468

.6240

.2648
.9211
L2579
.5969

.6791
L3774
.0977
.4663

. 8406

L1347
L4911
L2724

L6725

.0791

. 7906
.6039
.4433
.8715
.3164

molality

Experimental Calculated
+ = + =
Ca SOA‘ Ca SO4
L0319 .0510 L0314 .0505
L0359 .0745 - .0351 .0737
.0362 .0948 L0350 .0936
L0353 . 1044 .0339 .1030
.0343. 1137 .032¢ .1118
.0333 .0524 L0334 ,0525
L0369 .075¢ L0374 .0761
.0378 .0966 .0367  .0955
L0373 -, 1064 L0353 . 1044
.0343 .1138 L0334 1129
.0368 .0560 .0353  .0545
.0411  .0800 .0393 .0782
.0410 .1003 .0380 .0973
.0401 .1098 .0362 .1059
.0376 ° . 1179 .0338 .114]
L0377 .05¢9 L0371 .0563
L0417 .0807 .0410 .0800
L0407 . 1000 .0391 .0984
.0392 .1090 L0367 .1065
L0370 1174 .0338  .1142
.0394 .058¢ .0388 .0580
.0420 .0820 L0426 .0816
L0414 . 1008 .0398 .0992
.0396 .1094 L0370 .1068
L0367 .1173 .0336 .1142

Exp. Calc.
Y
+
CaSO4

.129 .131
.103 .105
.093 .095
.091 .093
.089 .093
125 125
101,100
.091 .092
.088 .09]
.090 .092
115 119
.093 .097
.086 .091
084 .091
.086 .092
L1300 115
.093 .094
.087 .090
.086 .090
.087 .093
109 111
.091 .092
.087 .089
.087 .091
.089 .094
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A vt T - Table e ‘
;{;‘x‘:. w3 ,:';3: N J .‘_; o . “.“,'{J ‘ ‘_ ey
’ ., Gypsum Solubility ‘in Agfiéixltural Drainage Water at 25°62

v molality — e .
» g . L E an - o oy "~ . Exp. Calc.

. % = v : , S Sos ~Experimental "Calculated s

Lonic Water, 'y + ++ ST il G = .= R

Strength Activity Na® K. gt erT Noy ‘ca*t Tso, ea'™ s0,” ¢ caso,
1617 998" 0601  .0002 .0082 .0187 ! .0013 .0120.. 0403 0121 .0405 - .233, .23
L2167 [997.. 10902 .0002 .0123 .0281 ' 0020 70115 .0540 . .0117 .0542 .205. .203
2729 9965 (1205  .0003 .0164 .0375 0026 . -OLl4 10682 . .0115...0683 - .184 183
23298 1996': 1509 .0004 .0206 .0470  .0033 0114 <0825 o114 0825 ' l16T .167
13866 .995 1813 .0005 .0247  .0564 .0039 - .0113 .0967 0113 .0967 156 155
M451 1994 12124 10005 .0290 0661  .0046 20115 < L1115 0113 1113 - 144, (14
1883 .998 0639  .0002 .0165 .0270  .0013  1:0027 -.0410°  ...0131 - .0414 .225, 220
.3228 1996 ©  .1280 .0003 .033} .0541 .0026 ..0121 0688 - :0127 .0694 :..178 .173
4586 994 1922 .0005 .0496 .0812 .0039 T0121 .0972 L0126 0977 150 . 147
5274 . .993 .2246  .0005 .0580  .0949  .0046 0121 1115 .0126 ..1120 140 .137
5967 1992 . .2572 .0006 .0664 .1087  .0052 - ..0122 .1261 - .0126 :.1265 131 .129
.6656 991 :2895 [0007. [0T48 1223 0059 10122 . 1404 10126 11408 125 123
a 15
Data of Adler, Glater, and McCutchan.™ . -

92¢
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Table 6

Composition of Synthetic Seawater

Species Molality Comments

Na© .48523

kt .01058

Mgt .05518

catt .01068

srtt .00009

cl .56824 C1~ replaced Hco3'

Br . 00094 Br + F concentration
co, .02927

227



Table 7

Gypsum Solubility in Seawater at 25°C

molal concentration

ggfr‘iggth Mgt ca’t  so WY _ catt 0, ¥ teaso
4 4
‘experimentala calcﬁiated
.5562 .00 .05075 .02253 .153 .05028 .022061f .156
.7228 .01742 .04854 .02928 .138 .04806 .0é880'7 .140
.9397 .03930 .04646 .03809 125

.04595  .03758,  .126

2 pata of Culberson, Latham, and Bates.12

(Y .

8¢¢




Marshall and Slusher.11 Although the values are tabulated at 30°C, they
can be used for comparison because the solubility of gypsum changes very
little over the 25-30°C range. The solubilities also were not all meas-
ured in seawaters of exactly the same composition. However, the compo-
sitions are similar enough to make a rough quantitative comparison.
Water has been removed or added to the seawater composition given in
Table 6 in order to calculate the predicted gypsum solubilities over a
large ionic strength range. The predicted solubility wvalues are
compared with the various measurements in Figure 2. Again, agreement

of predicted and measured gypsum solubilities is very good even at

ionic strengths above 4 molal. These results indicate that the system
of mixture equations developed by Pitzer can be used to predict the

activity properties of even minor components in a complex mixture.
Prediction of Strontium and Barium Sulfate Solubility

The parameters obtained for calcium sulfate can be used to predict
the solubility of celestite and barite in mixed solutions. Although
the solubilities of strontium and barium sulfates are much lower than
that of gypsum, the activity coefficients of these 2-2 electrolytes
should be similar to those of CaSO4.< Comparison of the predicted solu-
bilities with experimental resﬁlts provides a test of the use of
approximate parameters in mineral solubility predictions. Accurate pre-
~diction of the solubility of celestite and barite in seawater is of
interest because of the importancé of these sulfates in mineral forma-

tion. -‘Mixed strontium and barium sulfate scales deposited from oil

well field waters also are a common problem in petroleum production.

229



Figure 2.

Baj:es;l2 and Adler, Glater, and McCutchan.

230

Gypsum solubility in seawater. The solid line represents
solubilities predicted using Pitzer's equations and the CaSO4
parameters determined in this study. Points are from data

repofted by Marshall and Slushef;11 Culberson, E;tham, and
) 15 ;
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Solubility products for SrSO4 and BaSOa, which are consistent with
the appfoximaté values of the activity coefficients, can be calculated
as follows. For SrSOA, the solubility in pure watef determined by
Culberson, EE_EL.IZ is 6.44 + .01 x 10-4 molal. At that concentration,
the activity coefficient of SrSOA, calculated using the CaSO4 parameters,

is .765. The solubility product is

-7
=y m., m 2.43 x 10 .7,
SrS0,, fSrso4 st 50,

For BaSO4, the solubility in pure water given by Templeton16 is 1.08 x
10_5 m. The activity coefficient of BaSO4 at that concentration, approxi-

mated using the CaSO4 parameters, is .970, The solubility product is

o -

KB;SO4 = YiBaSOA L mS04 = 1.10 x 10 %O.
To maintain internal consistency, it is important to use solubility:
products determined in this manner. Use of a different solubility pfo-
duct will result in an inconsistency between the assumed values of the
activity coefficient and the known solubility in pure water.

The solubility of SrSO4 in NaCl solutions has been measured by
Lucchesi and Whitney,21 Davis and Collins,17 Striibel,22 and Culberson,
Latham, and Bates.12 Their experimental values are compared with the
predicted solubilities in Figure 3. The predicted value is in good

~agreement with the recent determination of Culberson, et al. at .7 m
NaCl. The measﬁrements of Davis and Collins are.high compared to this
value. Overall, the predicted solubilities in NaCl solutions are in

reasonable agreement with the experimental determinations to an ionic

strength of at least 1.5 m. The predicted solubilities of SrSO4 in



Figure 3.

SrSO4 solubility in solutions of NaCl énd MgClZ.‘ Solid lines
represent solubilities predicted using CaSO4 parameters to
approximate SrSO4 behavior. Points represent data of Davis
and Collins;17 Culberson, Latham, and Bates;12 Lucchesi and

Whitney;21 and Striibel.22
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solutions of MgCl2 also are in good agreement with the data. Celestite
solubility in seawaters of varying magnesium and calcium concentrations
are compared with the measurements of Culberson 55_3;.12 in Table 8.

The predicted values are slightly higher than the measured solubilities
in all cases. However, the maximum difference in predicted and experi-
mental values is less than 3.5%. These results indicate that prediction
of SrSO4 solubility in high NaCl content brines and seawaters will be
reasonably accurate to ionic strengths of 1 molal.

The solubility of BaSO4 in NaCl solutions has been measured by
Neuman,23 Templeton,16 Striibel,24 and Davis and Collins.17 Predicted
and measured values of barite solubility are compared in Figure 4.
Again, the predicted solubilities are in good agreement with the data
of Davis and Collins up to .5 m NaCl, but are below the measured values
at higher NaCl concentrations. The calculated solubilities of BaSO4 in

solutions of MgCl, are close to the experimental values up to an ionic

2
strength of 1.5 molal. Since tﬁis behavior is analogous to that of
SrSOA, one would expect the predicted barite solubility in 357 salinity
seawater to be within 5% of the true value. However, the predicted
concentration of Ba++ at saturation is 2.09 x 10"7 m, while the solu-
bility measured at 20°C by Burton, Marshall, and Phillip525 is 3.5 x
10'-7 m barium. One possible reason for this discrepancy is the large
dependence of barite solubility on particle size. Lemarchands26 has
found that the apparent solubility_pf barite can increase by a factor of
three as the particle size is reduced. The predicted activity coeffi-

cient of BaSO .134, is 167 higher than the value calculated by Hanor,27

10

4
and 147 lower than that given by Whitfield.



Celestite Solubility in Seawater at 25°C

molal concentration

Table 8

Seawater Mg Ca++ Sr++x103 SO4= Y Sr++x103 SO - Y
+ 4 + . .
~CaSo -Caso0
4 4
experiment:ala calculated’
1 .06598 0.0 414 .029679 .141 .426 .029691 .139
2 ' .05519 -.01076 .416 .029682 .140 .429 .029695 .138
3 .03801 .02795 .423 .029689 .139 434 .029700 137
4 .02099 .04497 422 ..029689 .139 434 .029706 .136
a 12
Data of Culberson, Latham, and Bates.
@ o ) ‘I;

9¢¢



Figure 4;-

BaSO4 solubility in solutions of NaCl and MgClz. Solid lines

represent solubilities predicted using CaSO4 parameters to

approximate BaSO4 behavior. Points represent data of Davis
24

and Collins,17 Templeton,16 and Strﬁbel.

e
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Another interesting aspect of barite solubility prediction is the
formation of a mixed BaSO4—SrSO4 solid solution. Precipitation of a
barite containing strontium would be expected to lower the solubility
of barium sulfate because of the lower activity of BaSO4 in the solid
solution. Hanor27 has discussed in detail the estimation of BaSO4 and
SrSO4 activities in a non-ideal solid solution, so that in principle
one could calculate the effect of a solid solution on solubility.
Unfortunately, the situation is further complicated by an experimental
determination28 of BaSO4 and SrSOa, in 1 m NaCl, in equilibrium with a
natural barite containing 8.5% SrSOA. The activities of SrSO4 and BaSO4
in this solid solution can be calculated from the solubility products
and the predicted solution activities. The activity of solid SrSOa,
.024, is in good agreement with the value of .0l7 obtained from Harnor's
treatment. However, the activity of solid BaSO4 is close to 1, not .87
as predicted by Hanor. Either the predicted activity coefficient of
BaSO4 in solution is 10% too high, or the solid activity predicted by
Hanor is too low. Certainly further experimental studies of BaSO4 and
SrSO4 solutions in equilibrium with well characterized, mixed solids

are needed before barite solubility in natural systems can be accurately

predicted.
Conclusion

The system of equations developed By Pitzer has previously been
shown to reproduce the activity of water and the activity properties of

8,10 This studyv has shown that

major components in mixed solutions.
. v H .
Pitzers specific interaction model also can reproduce the properties

of minor components in a complex mixture. 1In addition, a method of
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determining electrolyfe parameters from solubility data has been described.
Parameter estimation using information on similar electrolytes also was
shown to be successful for sparingly soluble saits;

The agreement between experimentally determined activity coefficients
and those caléulated in this chapter indicates that’PitZéf%S»model can
be used to predict aﬁcurately the properties of ‘electrolytes in natural
brines and seawater. The importance of a predictive model lies in its
ability to calculate activity properties in solutions over a wide range '
of composition and concentration not studied experimentally.: As an
example of this use of Pitzer's model, the calculated activity coeffi-
cients of eighteen salts in seawater are listed as a function of ionic
strength in Tablev9.

The effectiveness of this model in describing solubility behavior
at 25°C is encouraging., Future work will involve extension of the model
to high temperaturés, since many hydrothermal, geochemical, and indus-
trial problems require solﬁbility prediction in this regime. A large
body of data is available on the solubilities of minerals in various
solutions at high temperatures. However, new data on the high temper-
ature, solution activities of the major components of natural brines
(NaCi, NaSO4, KC1, KZSOA’ MgCIZ) and on the properties of their common

ion mixtures will be required.



Table 9

Predicted Activity Coefficients in Seawater

Ionic

Strength .05 .10 .30 .50 .72 1.00 1.50 2.0
5 .928  .914 .900 .899 .904 .913 .935 .91
Na, SO, .641  .563  .441 - .388 .352 .323 .290 .270
NaCl 820 .TTT (708 .680 .663 - .654  .651  .659
NaBr 822 (780 .T14 (689  .676 .670 .675 .69l
K504 .637  .557 430 .373 .333 .300 .262 .237
RC1 817 (772 695  .660 .637 .620 .603  .597
KBr .819 774 1700 669 649 635 625 .62¢
MgSO, 417 .327 - .212- 172 .148 .131 .115  .108
' MgCl,~ (669 602 .509 ' 477  .461  .454 . .461 .48l
MgBr~ 670  .605 .515 .485 .473  .470  .484  .513
caso,  .412  .322 .206 .166 .142  .124 - .107 .098
caCl, 664  .596° .500 .465  .447  .437  .438 451
Cabr 1665 1599  .505 - .4T4  .458  .452  .460 .48l
STS0, .411 .320 .204  .163- .138 . .1200 .102 .092
srCly (663 (594 496  .460  .440 --428  .425  .434
StBr. [664 1597 1501  .468  .451 443  .446 463
BaS0y, .410  .318 .201 _..159 ..134 .115 .096 .085
BaCl, ~ .661 .592 .491 ~ .453  .431  .416 . .408 412
BaBr. 663 (594  .496  .461  .442  .431 428  .439

a'Seawat:e_rcbc_nnposition giﬁeﬁ'iﬁ Table 6 with [Sr++] = 8.95 x lO,—5 m
and [Ba+f] =1.37 x 10‘7\m. Other concentrations were obtained by adding

or removing water.
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