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solubility of CO at atmospheric pressure and room
temperature, m®/m?®

solubility of CO, kmol/m?®

Henry's coefficient of solubility, kmol/(m® kPa)

barometric pressures, kPa

vapor pressure of water at temperature T, kPa

vapor pressure of solvent in eq 3, kPa

partial pressure of CO in the autoclave, kPa

temperature in the autoclave, K

temperature in the gas buret, K

vqurane of water displaced by the desorbed CO gas,
m

volume of the liquid sample withdrawn from auto-
clave, m®

X mole fraction of the organic component in water
Registry No. CO, 630-08-0; allyl alcohol, 107-18-6; diethylamine,

109-89-7; triethylamine, 121-44-8.
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Evaluation of Pitzer Ion Interaction Parameters of Aqueous Mixed
Electrolyte Solutions at 25 °C. 2. Ternary Mixing Parameters

Hee-Talk Kim and William J. Frederick, Jr.*

Department of Chemical Engineering, Oregon State University, Corvallis, Oregon 97331

The Pitzer mixing parameters 0,, and \0,,,, were evaluated
for 49 ternary mixtures with common lons at 25 °C. The
Harvie and Weare model, which Is based on Pitzer
equations for aqueous mixed electrolyte solutions, was
used for these evaluations. Evaluation of these
parameters for mixed electrolyte solutions required only
the single-salt parameters and experimental values of in
v, or ¢ for ternary mixtures with common lons. The
effects of the higher order electrostatic terms were
considered for all asymmetrical mixtures of electrolytes.
The mean standard devlation for the calculated In v, or ¢
values Is 0.0070 when compared with the experimental
values used to obtain the ternary mixing parameters.

Introduction

In recent years there has been increasing interest in the
thermodynamic properties of aqueous mixed electrolyte solu-
tions, especially at high concentrations. In fields such as sea
water desalination, geothermal energy recovery, chemical
oceanography, hydrometallurgy, and pulp and paper chemistry,
it is essential to have accurate data on the thermodynamic
properties of mixed electrolyte solutions.

The nonideality of a single electrolyte solution is conven-
tionally represented in terms of the mean activity coefficient,
Y-

Activity coefficients are of primary importance in describing
accurately the thermodynamic behavior of agueous mixed
electrolyte solutions. The lack of accurate activity coefficient
predictions can resuit in large errors when calculating the
solubility of inorganic species in aqueous multicomponent ionic
solutions of high ionic strength even when only a few chemical
species are present.

Among recently developed models of electrolyte solutions,
ionic interaction models provide the simplest and most coherent
procedures for calculating the thermodynamic properties of
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electrolyte components. They use a single set of equations to
describe the activity and osmotic coefficients of the compo-
nents of aqueous single and mixed electrolyte solutions. An ion
interaction model for predicting activity coefficients of mixed
electrolyte solutions was developed by Pitzer and co-workers
(7-4) in the early 1970s. The Pitzer model extended the De-
bye-Huckel method, using a virial expansion to account for the
ionic strength dependence of the short-range forces in binary
and ternary ion interactions. The virial expansion approach
accurately represents the compositional dependence of the
thermodynamic properties in most multicomponent electrolyte
solutions to high ionic strengths. Also, these equations can be
used in iterative calculations since the ion interaction parame-
ters are expressed as explicit functions of ionic strength, and
only a few parameters are needed to evaluate properties of
both single and mixed electrolyte solutions. Many publications
(5-11) have shown that the Pitzer model results in excellent
solubility prediction.

The purpose of this work is to obtain Pitzer mixing ion in-
teraction parameters, f, and Y, from experimental data on
aqueous mixed electrolyte solutions with common lons. The
f-terms summarize interaction between ions of like charged
sign that are independent of the common ion in a ternary
mixture and the Y-terms account for the modifying influence of
the common ion on these interactions. The mixing ion inter-
action parameters from our results are stored in a computer
as a database with single-salt parameters, and activity or os-
motic coefficients for mixed electrolyte solutions can be cal-
culated simply by identifying the salt and defining the appropriate
ionic strength.

General Equation for Mixed-Electrolyte Solutions

Recently Harvie and Weare (5) have developed a chemical
equilibrium model for calculating mineral solubilities in brines
from zero to high ionic strengths at 25 °C. This modei was
based on the semiempirical equations of Pitzer and co-workers
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(7-4) for the thermodynamics of aqueous electrolyte solutions.

The following set of equations for mixed electrolytes are
identical with the form used by Harvie and Weare (5) for
modeling the osmotic coefficient and the activity coefficient of
a neutral electrolyte.
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The term F in eq 2 depends only on ionic strength and tem-
perature. The defining equation of F is given by
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where A® = /27N qd,/1000)"%e?/DkT)*2.

A? is the Debye-Hiickel coefficient for the osmotic coefficient
and equals 0.392 for water at 25 °C (2). N, is Avogadro’s
number. d,, and D are the density and static dielectric constant
of the solvent (water in this case) at temperature 7. Also k is
Boltzmann's constant and e is the electronic charge. The em-
pirical parameter b in eq 1 and 3 is taken as 1.2 at 25 °C (2).

In eq 1, 2, and 3, the subscripts M, c, and ¢’ represent
cations. Similarly, the subscripts X, a, and a’ refer to anions.
The designations

Y and L2

c< ¢ a< a’

in eq 1, 2, and 3 mean the sum over all distinguishable pairs
of dissimilar anions or cations (5). m,, is the molality (mol/kg
of solvent) of a cation with charge z,, corresponding to stoi-
chiometric coefficient vy, and v = py + vy. The function Zis
defined by

z=Tmiz| = 2A=myzy) = 2AZmylzy)

and

I= yzzmlzlz

is the total ionic strength of given system.

The parameters Bfy, Byx, and B’y which describe the in-
teraction of pairs of oppositely charged ions represent meas-
urable combinations of the second virial coefficients. They are
defined as explicit functions of ionic strength by using the fol-
lowing equations.

Bix = B3 + Bike " + BRe ™ (4)
x = B0+ BAf(@ IV + BRAa I (8)
B = B (e 1VD)/ 1+ BRf (el ¥)/1 (B
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where
fix) =2[1-(1+ x)e™X]/x? (7)
Fix)=-2[1-(1+x+ 1/2x)e*]/x? (8)

For one or both ions in univalent type electrolytes, the first two
terms of eq 4 and 5, and only the first term of eq 6, are con-
sidered, and a4 = 2 (2). For higher valence type, such as 2-2
electrolytes, the full eq 4, 5, and 6 are used, and oy = 1.4 and
oy, = 12 (3).

The single-electrolyte third virial coefficients, C\yx, account
for short-range interaction of ion triplets and are important only
at high concentration. These terms are independent of ionic
strength. The parameters C)y and CﬁX, the corresponding
coefficients for calculating the osmotic coefficient, are related
by the following the equation (2)

Cwux = Cix/2[1ZuZx(]"? (9)

The mixed electrolyte second virial coefficients, ®;, account
for interactions between ions of the same signs, and are defined

by eq 10-12. 0/, is a adjustable parameter for each pair of
®p =0, + E0ﬁ(1) + IEB’,,.(I) (10)

®, =0, + 50,1 (1)

', = E'y(I) (12)

anions or cations. The third virial coefficients, Y. in eq 1 and
2 are mixed electrolyte parameters for each cation-cation-
anion and anion-anion-cation triplet in mixed electrolyte solu-
tions. These parameters are aiso assumned to be independent
of ionic strength.

Higher Order Electrostatic Terms

The terms *0,(1) and &6"/(I) from eq 10, 11, and 12 account
for electrostatic unsymmetric mixing effects. Friedman (72)
predicted the existence of these significant effects for unsym-
metrical mixtures when ions of the same sign, but different
charges, are mixed. Pitzer (13) derived equations for calcu-
lating these effects, and Harvie and Weare (5) summarized
Pitzer's equations in a convenient form as follows:

z
Efn(l) = —— | JOX ) JO(XMM) - JO(XNN) (13)
al
Egl i1y = Zus 1 1 O
0'wll) = p Vod 10X m) = Vo 10X )] - T
(14)

where X = 62,2 A*I V2, for cations M and N. (/) and
E9'.w(I) are zero when z,, = z, and are functions of ionic
strength, the electrolyte pair type, and temperature. For anion
pairs, equations similar to eq 13 and 14 are defined. The terms
JO(X) and J1(X) are given by following integrals.

1 1 e i
JOX) = ZX' 1+ )—(f [1-exMe™y2dy (15
o]

ax_ f [1 - (1 + e Y)e ox/vie ] ]Y2 dy (16)

These terms JO(X) and J 1(X) are equal to J(X) and XJ’'(X),
respectively, which are given by Pitzer (73). Pitzer has given
convenient forms ( 73) for evaluating approximate values of his
expressions, J(X) and J'(X). However, we chose to evaluate
the integrals JO(X) and J 1(X) directly using the IMSL library

J1(
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Table I. Values of the Integrals J0(X) and J1(X)

X JO(X) JIUX)
0.01 0.00005178 0.000136 27
0.05 0.00113941 0.00192858
0.10 0.003 60030 0.005 862 02
0.20 0.01088057 0.01699179
0.30 0.020 32005 0.030864 22
0.40 0.03131183 0.046557 32
0.50 0.043 50765 0.06357538
0.60 0.056 679 30 0.08161027
0.70 0.070665 33 0.10045379
0.80 0.085 34549 0.119957 32
0.90 0.10062710 0.14001019
1.00 0.116 437 0.160 528
2.00 0.294 158 0.381213
3.00 0.492 823 0.615992
4.00 0.702 924 0.856 962
5.00 0.920 340 1.101 259
6.00 1.142 862 1.347 551
7.00 1.369 157 1.595 127
8.00 1.598 356 1.843571
9.00 1.829861 2.092624
10.00 2.063 238 2.342115
20.00 4.454 392 4.846 403
30.00 6.893411 7.354 296
40.00 9.352336 9.861749
50.00 11.822009 12.368 340
60.00 14.298 329 14.874126
70.00 16.779125 17.379 234
80.00 19.263116 19.883 775
90.00 21.749 488 22.387 845
100.00 24.237693 24.891520
200.00 49.195521 49.915589
400.00 99.117123 99.937508
600.00 149.093071 149.948642
800.00 199.078617 199.955 682
1000.00 249.068759 249.960 644
5000.00 1249.024 371 1249.984 829
10000.00 2499.015 087 2499.990 364

subroutine DMLIN ( 74). We have included values of JO(X) and
J1(X), calcutated by our method for various X values, in Table
I. Also, the values of JO(X ), J 1(X un): JOX un), J X m)s
JOX )y J X n)s EOyns and B0’y for MX-NX,-H,O systems
where M and N denote the different anions and X denotes an
anion as a common ion at constant total ionic strength at 25
°C are shown in Table II.

Evaluation of Mixing Ion Interaction Parameters

The set of parameters defining the model for calculating the
thermodynamic properties of mixed electrolyte solutions is Bk,
B B C‘&xo 0;, and ;. Among these parameters, the
parameters B4, Bi% B&, and Cfy are readily obtained from
single-salt data as shown in our earlier tabulation (75). How-
ever, for many saits, experimental data for mixtures with com-
mon ions are not available at high concentrations. For exam-
ple, in the system HCI-NCl,~-H,0, where N = Ba, Ca, Co, Mg,
Mn, or Ni, the maximum molality of HCI for which data is re-
ported in the literature is 5.0 m. The maximum molality in our
evaluation of single salt parameters for HCl was 16.0 m. Use
of the single-salt parameters evaluated at a higher concentra-
tion range may result in inaccurate values of mixing parameters.
In order to avoid this problem, we reevaluated the single-salt
parameters for pure electrolyte solutions at a reduced maximum
molality which corresponded to the maximum molality for the
ternary mixture data. The results for single salts are shown in
Table III.

The functions By, Bux, B'wX, and Cx may be calculated
from their defining eq 4, 5, 6, and 9 by using single-salt-pa-
rameter values which are given in Table III and our earlier
paper (15). Mixed electrolyte terms &7, &;, and &', were
obtained from &6, and ¢’ values, calculated from eq 13 and
14. The remaining terms in eq 1, 2, and 3 contain §; and ¥,
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Figure 1. Fits of eq 19 for HCI-BaCi,~H,0 system at 25 °C.
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Figure 2. Fits of eq 19 for HCI-CaCl,-H,0 system at 25 °C.

which are the adjustable parameters in our evaluation for mixed
electrolyte solutions with common ions.

Pitzer (4) suggested simplified equations and a simple
graphical procedure for evaluation of §;and Y. For the activity
and osmotic coefficients of an MX-NX mixture, he obtained

Zm,’
i

2m ymy = O T Mxhunx (17)

A¢

and

V4
—M| Ve (18)

v 1
Aln 'ny(———) =Gt g + my Z

2VMnN

The terms A¢ and A In 7, are the difference between the
experimental values of ¢ or In vy, and the calculated values
of @ or In v\ with the appropriate single-sailt parameters values
for the pure single-electrolyte terms, but with Gy = Yy = 0
ineq 1and 2.

The quantity on the left-hand side of eq 17 or 18 is plotted
against the coefficients of on the right-hand side. The values
of fyn and Yyuux are obtained from the linear plot as the inter-
cept, Oy and the slope Yy, respectively. However, Khoo (53)
pointed out the disadvantage of this procedure. According to
Khoo, eq 18 and 19 represent a nonlinear plot particularly at
low molality of the solute NX. That is, the uncertainties in A¢
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Table II. High-Order Electrostatic Functions at Constant Total Ionic Strength for MX-NX,-H,0 Systems at 25 °C

I JO(Xmn) JUXmn) JO(Xmm) JU X pm) JO(XnN) J1(Xnn) EOmn Eg/vn
0.10 0.19940 0.26539 0.07701 0.10892 0.48777 0.61005 -0.41477 1.79542
0.50 0.56037 0.69411 0.23115 0.304 58 1.29014 1.50897 -0.20028 0.18791
1.00 0.855 38 1.028 70 0.362 38 0.462 84 1.92487 2.194 37 -0.14413 0.06915
1.50 1.08934 1.28860 0.468 39 0.587 55 2.42142 2.722 53 ~0.11852 0.03830
2.00 1.29014 1.50897 0.56037 0.69411 2.844 31 3.16855 -0.10305 0.02513
2.50 1.46915 1.70378 0.64298 0.78879 3.21934 3.56185 -0.092 40 0.01810
3.00 1.63239 1.88029 0.71875 0.87490 3.55999 3.91760 —0.084 50 0.01383
3.50 1.78349 2.04287 0.78920 0.95442 3.87437 4.244 86 -0.07833 0.01102
4.00 1.924 87 2.194 37 0.855 38 1.02870 4.16781 4.549 53 -0.07334 0.009 04
4.50 2.058 25 2.33679 0.91799 1.098 64 4.44407 4.83572 —0.069 20 0.007 60
5.00 2.18486 2.47160 0.977 60 1.16495 4.705 86 5.10643 -0.06569 0.006 50

Table III. Ion Interaction Parameters for Single Salts at 25 °C

compd Y g c? max m SDe Rb ref
HCl 0.18024 0.27154 0.000 06 6.00 0.0013 1.000 16
HBr 0.196 22 0.34529 0.00762 4.00 0.006 1.000 16
HCIO, 0.17238 0.31708 0.008 55 6.00 0.0019 1.000 16
LiCl 0.146 67 0.33703 0.00393 6.00 0.0020 1.000 16
LiBr 0.17362 0.259 76 0.005 56 4.50 0.0016 1.000 16
LiNO, 0.14060 0.28894 -0.00547 6.00 0.0012 1.000 16
NaBr 0.099 34 0.26202 0.00097 5.00 0.0010 1.000 16
NaNO; 0.00479 0.20241 —0.00027 6.00 0.0005 0.999 17
NaH,PO, -0.06509 0.09100 0.01138 4.00 0.0023 0.998 16
NaClo, 0.056 21 0.27177 -0.00143 5.00 0.0005 1.000 16
Na2CO, 0.07185 1.15645 -0.008 35 1.50 0.0007 0.999 18
NaHCO;* 0.02800 0.044 00 19
KCl 0.046 80 0.22096 -0.000 50 4,00 0.0003 1.000 16
KH,PO, -0.11280 0.060 58 0.02012 1.80 0.0003 1.000 16
CsCl 0.029 95 0.06367 0.00027 6.00 0.0007 0.999 16
CaCl, 0.306 54 1.64278 0.002 22 3.50 0.0028 1.000 20
CaBr, 0.36272 1.81585 0.00349 2.50 0.0016 1.000 20
Ca(NOg), 0.18472 1.64500 -0.01069 4.00 0.0074 0.999 21
CoCl, 0.356 23 1.54019 -0.01251 3.00 0.0039 0.999 22
CuCl, 0.31373 1.246 07 -0.042 22 2.00 0.0021 0.999 23
MgCl, 0.35372 1.700 54 0.005 24 5.00 0.0029 1.000 20
Mg(NO;), 0.36516 1.59563 —0.01971 2.00 0.0023 1.000 21
NiCl, 0.346 57 1.589 40 -0.00326 2.50 0.0020 1.000 22
MnCl, 0.33547 1.46033 -0.02324 3.50 0.0012 1.000 23
U0,(ClOy), 0.62346 1.97357 0.020 84 2.50 0.0030 1.000 23
La(ClOy); 0.764 85 6.533 33 0.00275 3.00 0.0007 0.999 24

48D, standard deviation of fit for the osmotic coefficient data. ®R, multiple correlation coefficient which is a measure of the closeness of

linear relationship. ¢Used the values of Peiper and Pitzer (see ref 19).

and A In vy, are greatly magnified at low values of the coef-
ficients of Yynx in €q 17 and 18, so that one must observe the
least-squares fitting carefully. The validity of Khoo's indication
was clearly represented in Figures 1 and 2, which show plots
of Aln y\/mg versus '/, (my + mg) from eq 18 for the
HCI(A)-BaCl,(B)-H,O system (35) and the HCI(A}-CaCl,(B)-H,O
system (37), respectively.

Our method of obtaining 0,, and Y, considers all experimental
points in a fitting to eq 1 or 2 using multiple regression. We
used the regression package in Number Cruncher Statistical
System (NCSS) (64). The resulting values of mixing parame-
ters, 6, and v, , for 49 ternary mixtures with common ions at
25 °C are listed in Table IV.

It was suggested that the same pair of cations or anions
should have the same value of 9, but different values of Y in
ternary or multicomponent mixtures. For example, the value
of 0. = 0.0368 in the present study was selected by con-
sidering all systems (HCI-NaCl-H,O, HBr-NaBr-H,0, and
HCIO,—NaCl0,—H,0) which contain both of H* and Na*.

Discussion

Although Pitzer (73) has pointed out that the higher order
electrostatic effects may be ignored for several MT-N?* sys-
tems, we included these effects for all ternary mixtures of
asymmetrical electrolytes with common ions. Table IV shows
that the standard deviations in In v or ¢ are less than 0.01 in
38 systems among the total 49 sets of ternary mixtures which

0 HCI-NaCl (InY;) =
0.2 F + Na,$0,-MgSQ, (£ -1) i
© Na,50,-CuS0Q, (#-1) %
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o
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Figure 3. Comparison of experimental and calculated In v, or (¢ -
1) for various systems at 25 °C.

were considered in the present work. The mean standard
deviation for the 49 data sets is 0.0070. Only for two systems,
however, the standard deviations in ¢ are above 0.02. These
latter results are due to the relatively large values of ionic
strengths (maximum I = 18.25 mol/kg for CaCl,—~Ca(NO;),-H,0
and 14.25 mol/kg for NaClO,~UO4(ClO,),-H,0) in these two
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Table IV. Pitzer’s Mixing Parameters for Mixtures with Common Ion

system exptl [/ ¥ SD (6 and ) SD (§=y=0) max [ ref
HCI-KCI Invy 0.0067 -0.0081 0.0128 0.0177 3.51 25
HBr-KBr In v 0.0067 -0.0215 0.0065 0.0257 3.01 25
HCI1-NaCl In v 0.0368 -0.0033 0.0014 0.0439 3.01 25
HBr-NBr In ¥y 0.0368 ~0.0107 0.0032 0.0323 3.01 25
HC10,~NaClO, 1) 0.0368 ~0.0162 0.0017 0.0163 5.35 26
HCI-LiCl In ¥ 0.0151 -0.0022 0.0052 0.0215 4.01 25
HC10,-LiC10, o 0.0151 0.0000 0.0028 0.0109 4.45 26
HBr-LiBr In vy 0.0151 0.0101 0.0141 0.0351 3.01 25
HCI1-CsCl In vy -0.0459 0.0040 0.0100 0.0371 3.00 27
NaCl-KCl In v 0.0070 ~0.0098 0.0112 0.0274 4.30 28
NaH,PO,~KH,PO, b 0.0070 -0.0162 0.0072 0.0302 6.04 29
NaCl-LiCl o] 0.0120 ~0.0022 0.0020 0.0027 5.84 30
NaNO;-LiNO, o) 0.0120 -0.0065 0.0028 0.0216 5.92 30
NaOAc-LiOAc [} 0.0120 -0.0065 0.0064 0.0185 6.05 30
NaClO,-LiClO, o) 0.0120 ~-0.0061 0.0028 0.0094 5.82 26
KCI-KH,PO, [l 0.1071 ~-0.0160 0.0026 0.0243 2.07 29
NaCl-NaH,PO, [ 0.1071 -0.0147 0.0048 0.0335 2.37 29
NaCl-NaF In v -0.0028 0.0076 0.0019 0.0021 1.05 10, 31
NaCl-NaHCO;, In v 0.0735 0.0989 0.0135 0.0200 1.10 32
HCI1-CoCl, In v 0.0829 0.0075 0.0039 0.0310 3.00 33
HCI-NiCl, In v 0.0895 0.0044 0.0039 0.0316 3.00 34
HC1-BaCl, Invy 0.0991 -0.0081 0.0050 0.0300 3.00 35
HBr-BaBr, In v 0.0991 0.0035 0.0060 0.0268 2.00 36
HCl1-CaCl, In~y 0.0682 0.0043 0.0046 0.0120 5.00 37
HBr-CaBr, In vy 0.0682 0.0285 0.0060 0.0284 2.00 38
HCl-MnCl, In v 0.0899 ~0.0092 0.0050 0.0372 5.00 39
HCI-MgCl, In v 0.0891 ~-0.0006 0.0065 0.0483 5.00 40
HCI1-8:Cl, In vy 0.0728 0.0050 0.0016 0.0286 3.00 41
HBr-SrBr, In vy 0.0728 0.0310 0.0055 0.0197 2.00 42
HCI0,-U0,(CIO,), ® 0.1377 ~0.0319 0.0131 0.0603 10.88 43
KCI-SrCl, & 0.0149 ~0.0201 0.0018 0.0214 4.80 44
LiCl-BaCl, [} 0.0243 0.0208 0.0057 0.0188 4.32 45
CsCl-BaCl, ¢ -0.0441 -0.0229 0.0026 0.0167 4.08 45
NaCl-MnCl, 3 0.0907 -0.0190 0.0019 0.0130 9.30 46
NaCl-CoCl, 3 0.0382 -0.0056 0.0036 0.0063 7.29 47
NaCl0,-U04(CI0,), ¢ 0.0231 -0.0437 0.0257 0.2993 14.25 43
MgCl,-Mg(NO,), p 0.0002 0.0073 0.0163 0.0353 13.70 48
CaCl,—Ca(NOy), ¢ 0.0002 -0.0116 0.0268 0.1180 18.25 48
Mg(NO,),~Ca(NOy), é -0.1844 0.0252 0.0125 0.0219 14.42 48
Na,S0,-MgSO, ® 0.0970 -0.0352 0.0051 0.0126 8.83 49
NaCl-MgCl, [ 0.0970 ~0.0517 0.0149 0.0528 7.14 49
CuCl,-CuSO0, ¢ 0.0380 0.0234 0.0022 0.0253 6.90 50
MgCl,-MgSO, ol 0.0380 —0.0062 0.0052 0.0100 7.71 49
NaCl-Na,S0, 5] 0.0380 0.0081 0.0100 0.0249 6.00 49
NaCl-CuCl, o) 0.0370 -0.0129 0.0044 0.0070 7.30 50
Na,S0,-CuS0, [ 0.0370 -0.0235 0.0031 0.0041 5.47 50
NaCl-Na,CO4 ol -0.0630 0.0025 0.0076 0.0163 5.70 51
NaClO-La(Cl0,); [} 0.2174 -0.0202 0.0049 0.0158 4.90 52
CaCly-CoCl, o 0.1722 -0.0332 0.0114 0.0300 13.08 47

systems. A comparison between the calculated values using
our resuits and experimental values of In v, or (¢ - 1) for
several systems is shown in Figure 3. It is clear that In v,
or ¢ for mixed electrolyte solutions with common ions can be
predicted accurately by using our evaluated values of ternary
mixing parameters.

In order to compare our results with previously published
mixing parameter values, we chose HX-CaX systems with X
= Cl| and Br. The activity coefficients of these systems have
been measured and interpreted, based on the Pitzer equations,
by various methods. Khoo et al. (38, 55) obtained the values
of O, = 0.0739 and Y\, = 0.003 for HCI-CaCl,-H,0 and
8uca = 0.0800 and Y\ cos = 0.0009 for HBr-CaBr,—-H,0, re-
spectively. Also, fc, = 0.0612 and Yy, = 0.0008 were
obtained for HCI-CaCl,—H,O by Roy et al. (37). These values
are close to, but not identical with, our result in Table IV. This
is due to the following reasons:

1. Roy et al. (37) used a linear plot of eq 18, as suggested
by Pitzer (4), to obtain 8., and Yycac, While Khoo et al. (38,
55) utilized a nonlinear regression method in eq 2. We used

2. Khoo et al. (38, 55) covered ionic strengths only up to
3.0 mol/kg for HCI-CaCl,—H,0, but Roy et al. (37) and our work
included data up to I = 5.0 mol/kg for HCI-CaCl,~H,0.

It can be seen from Table 1V that 6, values for the HX-
NX,~H,0 systems, where X = Cl and Br, and N = Co, Ni, Ba,
Ca, Mn, Mg, and Sr, are close to each other. This could be
expected to define an average value for 6., and to characterize
H* and N?* interactions which are not specific to the N2* ion.
The average value of f, is 0.0838 in the present work,
whereas 6., = 0.078 obtained by Khoo et al. (33) for six
HCI-NCI,—H,0 systems where N = Mg, Ca, Sr, Ba, Mn, and Co.
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Excess Molar Enthalpies for the Methanol-1-Butanol-Benzene

System at 25 °C

Isamu Nagata® and Kazuhiro Tamura

Department of Chemical Engineering, Kanazawa University, Kanazawa 920, Japan

Excess molar enthalpies at 25 °C for
methanol-1-butanol-benzene were measured with an
Isothermal dilution calorimeter. The experimental results
agree well with those calculated from the UNIQUAC
associated-solution model with two association constants
for alcohols, three solvation constants for complex
tormatlon, and binary Interaction parameters.

Introduction

Ternary excess molar enthalpies of 23 systems containing
two aliphatic alcohols and one saturated hydrocarbon have
been collected; however, those of systems of two alcohols with
one unsaturated hydrocarbon are not filed in the compilation of
Christensen et al. (7) and experimental results on only such two
systems involving benzene at 25 °C have been reported from
this laboratory: for ethanol-1-propanoi-benzene (2) and for
methanol-2-butanol-benzene (3).  As part of a program to
provide excess molar enthalpies on ternary systems formed by
two alcohols and one unsaturated hydrocarbon, this paper re-
ports the experimental results of the methanol-1-butanol-
benzene system at 25 °C. The experimental results are com-
pared with those caiculated from the UNIQUAC associated-
solution model (2). Excess molar enthalpies at 25 °C for the
three binary systems forming the ternary system are available

0021-9568/88/1733-0283%01.50/0

from the literature: methanol-1-butanol (4); methanol-benzene
(&); 1-butanol-benzene (5).

Experimental Section

Analytical grade 1-butano! of specific purity 99.8 mol %,
purchased from Wako Pure Chemical Industries Ltd., was di-
rectly used. C.P. methanol, treated with anhydrous copper
sulfate, was distilled in a 1-m glass column packed with
McMahon packing. C.P. benzene was purified by recrystalli-
zation three times. Densities of three chemicals at 25 °C,
measured with an Anton Paar DMA40 densimeter, agreed ex-
cellently with the literature values (6). The isothermal dilution
calorimeter as described by Nagata and Kazuma (7) was used
to obtain ternary excess molar enthalpies. 'The experimental
error involved in observed values was £0.5% over the mole
fraction range studied. Each experimental run was performed
by adding benzene to a binary mixture of methanol and 1-bu-
tanol. A ternary mixture is regarded as a pseudobinary system
made up of one binary mixture and benzene. One mole of the
ternary mixture is prepared by mixing (1 - x ;) of the initial binary
mixture and x ; of component 3. The ternary excess molar
enthalpy H:,; at x,, x5, and x, can be given as

His = AH + (1 - x)H,, (M

where AH, is the observed molar excess enthalpy for the
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