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A critical evaluation of the mean activity and osmotic coefficients in aqueous solutions
of eleven bi-univalent compounds of zinc and cadmium and ethylene bis(trimethylam-
monium) chloride and iodide at 298.15 K is presented. Osmotic coefficients were
calculated from direct vapor pressure measurements, from isopiestic measurements and
from freezing point depression measurements. Activity coefficients were calculated from
electromotive force measurements on galvanic cells with and without transference. Given
are empirical coefficients for three different correlating equations, obtained by a
weighted least squares fit of the experimental data, and tables consisting of the activity
coefficients of the compounds, the osmotic coefficients and activity of water, and the
excess Gibbs energy of the solution as functions of the molality for each electrolyte system.
The literature coverage is through the computerized version of Chemical Abstracts of
September 1979. '
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1. Introduction

This paper presents a continuation of work at the National
Bureau of Standards towards the evaluation of activity and
osmotic coefficients in aqueous solutions. Previously, evalua-
tions have been made for the uni-univalent electrolytes [1],*
calcium chloride [2], the alkaline earth metal halides [3],

! Figures in brackets indicate literature references.
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sulfuric acid [1], FeCl, and the biunivalent compounds of
iron, nickel, and cobalt [5], the bi-univalent compounds of
lead, copper, manganese, and uranium [6], and the alkali

_ metal nitrites [7). The evaluation procedures have been de-

scribed {2,3,8] in substantial detail and a biliography [9] giv-
ing the results of a search of the scientific literature for rele-
vant sources of experimental data has been published. The
evaluations presented here complete the systematic coverage
of the data for the bi-univalent electrolytes with the exception
of the non-halide compounds of magnesium, calcium, stron-
tium, and barium (ie., the nitrites, nitrates, perchlorates,
acetates, etc.) and the cadmium halides. ‘

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981



2 R. N. GOLDBERG

We present our evaluations in detail so that any potential
users of the data, as well as future data evaluators, can have a
better view of the status of the measurements on these sys-
tems. We also give coefficients, obtained by a weighted least-
squares fit of the experimental data, for as many as three
different correlating equations and tables consisting of the
mean activity coefficients of the electrolyte, the osmotic coef-
ficient and activity of water, and the excess Gibbs energy of
the solution as functions of the molality for each electrolyte
system at 298.15 K. The literature coverage is through the
computerized version of Chemical Abstracts of September
1979.

The reader is referred to the glossary of symbols at the end
of this paper for the definitions of the various symbols used
throughout the paper. In general, we have attempted to ad-
here to the recommendations of the IUPAC [10] with regard
to nomenclature and units.

2. Evaluated Activity and Osmotic
Coefficients

2.1. Presentation of Data

We have arranged the presentation of data according to
compound. For each compound that has been evaluated we
present:

1. The recommended values of the activity and osmotic
coefficients, the activity of water, and the excess Gibbs
energy per kilogram of solvent at selected molalities, which
extend up to the highest molality for which data of non-zero
weight exist, including, where possible, values at saturation.
The latter molalities, indicated by (sat) in the tables, were,
unless indicated otherwise, calculated from the data given in
the compilation of Linke and Seidell [11]. Estimates of the
standard deviations of the calculated values of the vsinotic
coefficient{a($)], the activity coefficient[o(y)}, and the natural
logarithm of the activity coefficient [o{£n y)}, all at selected
molalities, are given at the bottom of each table.

2. The coefficients, standard deviations of the coefficients
[o(coeff)], and standard deviation for observations of unit
weights [o(eq)] for as many as three different correlating
cquations. The corrclating equations we have used are:

A,I'?
fny=-——"tr+ Cm+Dm? +Em* +..., (1)
[ny=—AJ”z‘AanI+§l Bimv2 (2a)
Iny =—A,]'"? +i'§"] Bim )2 (3a)

The corresponding equations for the osmotic coefficient
become:
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$=1+—"{1+BI'"?)+24n(l +BI'?) +
BI (1b)

1/(1+BI'V?)} +1/2Cm +2/3Dm? + 3/4Em® +. . .,

¢ = '1”z Liiint +1/2)+3, B, 2‘“; m @+ /2(2k)
and
=1~ Al[x/z z B—1 (i+1) 2 (3b)
(i+3)
For 2-1 electrolytes in water at 25 °C, 4, =24 and 4, = %—Az,

where 4 is the constant in the Debye-Hiickel equation and is
equal to 0.51084 log,10 kg'/? -+ mol™/? at 25 °C. Using this
value of 4 and ten significant figures, 4, = 2.352505138
mol*/2 - kg'/? and 4, = 0.9223800706 mol* - kg. The user
should note that in our tables, where we have given the coeffi-
cients of these correlating equations for the various systems
that have been evaluated, we have used a shorthand notation
to designate the various parameters, i.e., parameter 1 corre-
sponds to either B in eqs 1, or B, in eqs 2 or 3, parameter 2
corresponds to either C in eqs 1 or B, in eqs 2 or 3, parameter
3 corresponds to either D in eqs 1 or B; in eqs 2 or 3, etc.
Also, powers of ten are implied in the representation of a
number, e.g., .499-02 is .499 x 10-2, We have retained at
least ten digits for the coefficients in order to avoid a loss of
potentially useful information which might be ef value for
some applications in which the derivative of the activity coef-
ficient with respect to the molality is of interest. The digits in
excess of those required to ensure a precision of 0.001 or bet-
ter in the calculation of ¢ or £ny have not been underlined.
Unless indicated otherwise, eqs(1a) and (1b) were used to pro-
duce the activity and osmotic coefficients given in the tables
of recommnended values.

3. The calculated values of $ and/or y/y,., obtained from
the experimental measurements reported by the various
authors and the weights assigned to the various data sets. It
should be noted that, in most cases, these are not original
data, but rather the result of an intermediate calculation. The
results of these intermediate caleulations are of an additional
utility in that if one wishes to employ a differcnt correlating
equation(s) or model(s) than the ones we have used, these in-
termediate results represent the essential experimental data
which, if the experiments are deemed to be reliable, must be
accommodated. Individual data points designated by an as-
terisk (*) were given zero weight.
and

4. A deviation plot in A$ and/or Ay as a function of the
molality. In these plots the symbol A means “‘observed minus
calculated’” values.

The excess Gibbs energy AG*™, is given by AG* = G,,., —
Gigear =vmRT(1—$ + fny).
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2.2. Evaluated Systems
CgHaoNoCla

Recommended Values for the mean activity and osmotic coefficient of ethylene bis{

trimethyla i i
CSH N-Cl in B0 at 298,15 K y }ammon i um) chlorlde‘,

2227°2° 2

m/mol+kg”! Y ) a,  A6/skg!
001 88490 <9598 955548 -1.
.032 8426 «9447 +9008¢98 -2,
.033 8139 <9336 .s9s84C -3.
.004 .7895 «9246 +999890 -s.
005 7697 <9169 .s99752 -7,
+006 +7526 .o102 +999705 -s.
.097 +7375 <5041 <995658 -11.
«028 «7238 8986 «S90612 -13.
929 7114 .8936 599565 -16.
010 +7001 «8RRY «CGO520 -18a
.92? €199 .8545 +569077 -5%:
«03D 5677 «8315 * 998653 -8Gq
.98) 5322 8141 .S98242 -133,
050 +£008 «8002 «S57849 -183.
«JE2 +4708 « 7380 9 9744C =236
<079 *4566 «7786 «997059 ~293,
089 4393 <7700 +596676 -353.
«0o? c4241 «7624 «996298 -415.
«129 4107 +7557 «s95924 -489:
209 3275 «7135 «992317 -1234,
392 .2844 <6531 988825 -2129:
400 .2572 .6822 «085359 -3095,
500 .2381 <6769 .981875 -4134,
. 600 .2241 .6752 .o78342 -5225,
702 .213a 6763 972740 -€356.
830 +2050 «6794 «S71051 -7520,
<939 .1985 <6843 .s67262 -8711.
1.093 e1932 <6906  .963364 -s924.,
1.250 1845 .7113 953084 -13027.
1.502 .1891 7373 +941980 -16195.
1.759 1785 .7671 «539015 -193¢3,
2,909 ‘1792 .7996 917199 -22595,
2.25) .1814 8339 +9€3571 -25731,
2.590 1850 .8692 889196 ~28937.
2,750 «1897 .5749 «8741S5 -32052.
3.00) e1953 9407 858538 -35116.
3.250 .2017 «9761 +842440 -38123,
3.590 .2087  1.2109 .825949 -41068.
2.750 «2163  1.0449 +809148 -43548,
4,992 .2245  1.0781 752103 -a67€d.
4.250 .2332  1.1104 +774865 -49502.
4,40 .2387  1.1295 764843 -51113.

m/mol +kg ] a(8) o(&ny) oly)

.001 0001 <0001 0001

017 2004 0039 <0096

-100 0018 -0041 -0017

1.000 .0013 0951 0910

2.000 .0017 <9056 <0910

4.400 .0332 .c06a «€015

Cuefficients of Corrclating Equations

Egs 1 | Egs 2 Eqs 3

Par coefficient g (coeff) coefficient o(coeff) coefficient o(coeff)
1 .83383414949+00 .234-01 ~.6040116379+01 .490+00 .5237153667+01 .766-01
2 -.3051026855~01 .410-01 - .3331002842+02 .302401 -. 1759kl970+0] .201+00
3 .1169278318+00 .231-01 -.5185829843+02 .800+01 .3322522357+01 .206+00
4 -. 937824495'0] .638-02 .5En3532]]6+02 © . 115402 -. ]05372136+0| .933-01
5 .T1236462194-02 .637-03 -.3568257799+02 .955+01 .Th57539432+00 .156-01
6 - .T512027397+02 461401

7 -.3091370753+01 .120+01

8 .2373232862+00 . 130400

o{egs 1) = .341-02 cleqs 2) = .292-02 : o(egs 3) = .290-02

1. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
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-xperimental Data Employed in Generation of Correlating Equations

Bonner and Kim {11a].

Vapor pressure osmometry and isopiestic measurements, reference electrolyte was

NaCl [11b]. The authors do not report the isopiestic molalities. Assigned weight is 1.0.
-1
m/TO,],k,g,, 0298 15
«010000 <8939
«040002 «8100
«99C20¢ «7589
«100000 « 7520
«2060009 «7200
«3000D0 «68990
«50000) « 6830
+ 600000 6789
« 700009 «6779
+ 800000 6790
+99C329 « 6829
1.000000 6880
1.29029%3 « 7050
14959000 » 7250
1.€00300 «7480
1.800000 « 7740
24500000 «8000
2.500009 «8729
3.00927%¢0C «9410
3.500000 1.005D
4000009 1.0780
4.,4000092 1.132%0
3.000 — —~——r —_
2.500 t
2.000
1.500 ¢
1.000 1
4 A
500 }
&
~ A &
+ A a A A N A
e &~ AT - s B = -
Ix 4, & o a
_s00 P& &
—1.000
-1.500 ]
—-2.000 t
-2.500 1
-3.000 " i A -~ " " A N " A 4 e b i
[¢] .400 .800 1.200 1.800 2.000 2.1-00 2,800 3,200 3.600 4.000 4.400

Deviation Plot For CBH N.Cl,:

Molality/mol kg~

oMLyt AP vs molality

A

). Phys. Chem. Ret. Daiq, Vol. 10, Ne. 1, 1981

Bonner and Kim ]11al- vapor pressure osmometry and isopiestic vs NaCl
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C8H22N2|

2

Recommended Values for the mean activity and osmotic coefficient of ethylene bis(trimethylammonium) iodide,
| in H,0 at 298.15 K

N

P
-1
m/mol *kg Y
«001 «8828
<032 «8403
«002 «8068
«J04 « 78853
«005 « 7647
.« 006 «7468
«0C7 «73C8
«008 e71€S
«009 « 7034
o010 «6913
«020 «€045
.030 .5486
« 040 «5073
<0590 «4746
+060 «4478
<070 «4250
« 080 «4053
-« 090 «3880
<100 « 3726
« 200 «2756
« 300 e2241
«400 «19)9
« 500 «1672
« 600 «14¢4
« 700 +1355
« 800 «1243
« 500 «1151
1.000 «1074
1.259 «0928
1.5C0 «0826
1.750 «£759
20 0C0 00691
20250 00645
2500 «0606
24750 «0574
3.000 «0546
3250 <9521
3500 «0500
3750 <6483
4.00C <0469
m/mol +kg”'
<001
«010
«100
1.000
2.000
4.000
Coefficients of Correlating Equations
Eas t
Par coefficient i (coeff)
1 . 7014955383+00 .156-01
2 -.5868515919+00 .350-01
3 .20453951427+00 .200-01
4 -.5380099008-01 .589-02
5 L671638602-02  .636-03
6
7
8

2'2’ 2
) a A6 dokg™!
- w —
9591 «$96948 -1c
25433 0959898 -20
09316 0599849 =30
09220 0599801 -5¢
9137 0996753 -70
09064 0599706 -9
08997 0S99660 -t1o
08937 0599614 -Y40
08881 0559568 -160
.8828 «999523 -19.
8431 «555089 -52,
<8152 2 CCRAT7SO -Q3s
07932 0598287 ~1400
07749 0557908 -1930
07590, 0597542 -2510
07451 ©0€97185 -3130
07325 ©TIOBIE -3780
67211 0596499 -4470
07106 0596167 -51%
06352 0693158 -1274¢
05861 0990542 -24130
©5497 0988187 -35870
05211 0586018 -487060
04979 0983983 -62430
04790 0982043 -76940
04633 0980167 -9213,
04504 0578326 -167930
04398 ©0$76510 -124270
04212 0571648 -167160
04107 0967255 -z12680
© 4956 0962366 -25977¢
«49339 «$957285 -30870.
04040 0552055 -359040
04051 0946732 -410600
04066 0541365 -463240
04081 ©935970 -516860
4100 0530513 -571360
04128 0924884 -62667¢
04174 0916884 -682690
08251 0912200 -739320
o(g) u(8ny) a(y)
0000 0091 «0001
« 0002 0008 o DODA
0010 00026 00010
.0008 00031 00003
.0011 20035 00002
.0622 06040 50002
Egs 2 Egs 3
coefficient g{coeff) coefficient
-.6197029197+01 L 214+00 .4101816790+01
.2870723899+02  .140+01 - .JG55516414+01
-.3991307386+02 .391+01 3225201035401
.3990551878+02 .593+01 -.1209473698+01
~.2581158583+02 .521+01 .1784897683+00
.1030872539+02 .266+01
-.2318178593+01 .728+00
2251123930400 .829-01
ofeqs 1) = .221-02
oeqs 2) = .111-02
oeqs 3) = .247-02

o (coeff)

.707-01
.196+00
.210+00
.100+00
.176-01

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
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Experimental Data Employed in Generation of Correlating Equations

Bonner and Kim [11al. Vapor pressure osmometry and isopiestic measurements, reference electrolyte was

NaCl[11b]. The authors do not report the isopiestic molalities. Assigned weight is 1.0.
m/mol -kg ] 8298.15
«010000 «88S0
«040000 07980
«G90000 07200
«102000 07100
«200000 06330
«300000 05850
«406062 05500
«500000 05220
«609600 © 4580
«700000 04780
« 800000 04630
«900000 04510
1.000000 04410
1.200000 04260
1.400000 04130
1.600000 04060
1.800000 24050
2.000000 0 4050
2.500000 04050
3900000 ©4080
500000 04130
4.000000 04250
Comments

The data for this compound are indicative of a substantial degree of {on-pairing.

x10+2

Deviation Plot for C8H22N |

3.000

2.500

2.000

1.500 |

1.000

.500

~-.500

-1.000

-1.500 }
~2.000 r
-2.500 r

—-3.000
0

L

e ——y— "

r

IR

[ 3

>

400 .800

2'2°

1.200

AP vs molality

A
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2.000
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2!'\'::Z

Recommen: d Values for the mean activity and osmotic coefficient of ZnF2 in HZO at 298.15 K
m/mol kg Y g - a, AGex/J-kg_l
«001 «8831 «9593 999948 -1,
«002 « 8409 «9437 «999898 ~2e
«003 «8107 9322 « 999849 -3
«004 « 7866 «9228 « 999801 =5
« 005 7663 «9148 «999753 -7
« 006 « 7486 «9077 «999706 -9
« 007 « 7330 «9013 + 999659 -11.
«008 «7190 «895%5 999613 -13e.
« 009 «7062 «8902 «© 99567 -16.
«010 «6944 «8852 «999522 ~-19a
«020 «6105 «8483 «999083 =Sl
«030 «5571 «8234 « 998666 ~91e
«040 «5181 «8043 2998263 =137
«050 +4876 «7889 «997871 =189
«060 «4625 e 7758 . «997487 —244.
<070 4413 «7644 «997112 —303e
« 080 04231 « 7543 «996744 -366.
«090 «4070 7451 «996382 =431
«100 «3928 7367 «996026 ~499.
142 +3459 « 7067 «994593 -810.
-1
m/mol +kg olg) o (&ny) aly)
«001 «0001 «0003 «0003
«010 «0011 «0023 20016
«100 «0035 « 0058 «0023
142 «0089 « 0098 «0034
Coefficients of Correlating Equations
Egqs 2 Egs 3
Par v coefficient G(coeff) ’ coefficient o{coeff)
1 ~.3709000087+01 .293+00 .4617689871+01 .323+00
2 .1308751917+02 .865+00 -.—E38696087+01 .953+00
oleqs 2) = .118-01
o(eqs 3) - .130-01

Experimental Data Employed in Geﬁeration of Correlating Equations

Cook, Davies, and Staveley {12]. Emf measurements. Zn-Hg (two phase); ZnF%(m); PbFy(s), Pb-Hg (two phase).

Mref = 0.141808 mol kg']. Assigned weight is 1.0, except for three points at the lowest molalities which were
weighted zero.

-
m/mol+kg Y/Yref
141808 1.0000
«129609 1.0361
-NARARO3ZI 1.17A8
«069706 1.2555
«045486 144501
«034746 1.5384
«028407 1.6188
«017112 1e¢8591
«012544 1.9667
«009663 2.0266
06102 2.2433%
ev04847 2.2476%
«003766 2.1801%

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
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Comments

The cell studied by Cook, Davics, and Staveley [12] is complicated by the solubility of the PbFZ(s) in the
InF, solution. We have calculated the amount of PbF,(s) soluble in the ZnFy solutions using the formula

3

Kgo = 4 @mpp2+) m + me2+)2 TpbF, (A)
where K_. is the solubility product of the PbFy(s) and which we have taken as 2.69 x 10 8 mol3'kg 3 [13];
mpbz+ i2"the molality of Pb%* in the equilibrium solution; m is the experimentally known molalty of ZnF,; and
YpbF, is the activity coefficient of the PbF, in the Znf, solution. Since we do not know Ypyp ~under sich
condftions, we have estimated it by assuming that it is equal to y for Znf, evaluated at the ekperimentally
known molality of InFp. The above equation was solved for mpp2+ by successive approximations using the
experimentally known values of m, the value of K,q and, for the first approximation, taking y equal to unity
at all molalities. Solution of this equation for each data point yielded a value of mpp2+ which was used to
calculate the total amount of fluoride ion, me=, in the equilibrium solution, ie. me= = 2 {n + me2+).

The measured cell emf, €, is given by
R 2
E = E° - 2—';' in Qﬂznz.p mF, YB) ()

where m, 2+ is the molality of the zinc in solution and ¥ is the activity coefficient of Inf,. This equation
was then combined with a similar equation which refers to a reference molality to yield values of (y/y
the various molalities. These values of (Y/v ef) were then used to calculate, using previously descri
techniques [ 2], values of the coefficients o¥ the correlating equations and thence values of the activity
coefficients. These new activity coefficients were then used for an improved calculation of values of mp,2+
for equation (A) above, which, in turn, were used for an improved calculation of the activity coefficients, etc.
1t was found that this iterative approach yielded values of the activity coefficient which converged to within
0.4 percent after two iterations. |In these iterative calculations, the values of Y/Yref were taken to refer to
the molalities given by 1 +mpp2+). '

) at
331

It should be noted that we have given zero weight to the three measurements at the lowest molalties, since
for these three point, the percent solubility correction [(mpp2+/mzn2+) x 100%] varied from 7 to 33 percent. We
have also chosen our reference molality as the molality (0.1418 mol-kg™!) where the solubility correction was
the smallest (0.006 percent). Equations | could not be used since attempts to apply it yielded values of the
B coefficient which were too negative. The numbers in our table of recommended vaiues are based on equations 3.

Our final tabulated values of the activity coefficient are slightly higher (3 to 6 percent) than the values
calculated by Cook, Davies, and Staveley [12]. These workers used the Debye-Hickel 1imiting law to calculate
values of yppp and used extrapolation procedures to obtain a value of E° = -.4163 V in equation (B) and thence
values of the &ctivity coefficients at various molalties. The observed differences are undoubtably attributable
to these different calculational procedures.

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
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3.000 —A—— . . . .

2500 ¢
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-2.000
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.0200 .1000 .1200 .1400 .1600

Deviation Plot for ZnF,: Ay vs molality

A ook, Davies, and Staveley [12], emf measurements
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Recommended Values for the mean activity and osmotic coefficient of Zn[ll2 in H,0

m/mol=kg"

.ool
«002
<003
« 004
«00S
0006
'007
« 008
«009
«010
«020
0 030
<040
0 0E0
« 060
0 070
<080
© 090
100
0200
«30C
o &00
« 500
¢ 600
«700
0 800
900
1.,0¢CC
1.280
1.500
1.750
2.000
24250
2.500
2.750
3.000
3.250
3.500
3.750
4.000
40250
44500
4.750
€.000
54250
€500
54780
€.000
6250
€.500
€o7ED
7000
76250
70500
7750
80000
8e 259
80500
84750
90000
94250
G0 500

9750

100000
10. 250
100500
10.750

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981

1

v
«8867
« 8475
«6201
« 7986
«7807
07654
«7520
a7400
«7292
07154
«€516
e€10S
«£82F5
eE609
«5438
0£268
«E180
o079
«49¢1
04467
«4163
23GC 8
«3842
03707
«3589
¢3483
«3388
«3302
«3124
«2989
2862
«2826
«2785
«27€7
«276€8
«2787
«2B821
«2870
«2931
«3006
«30€3
«3182
«3302
«3425
«3560
«3706
«38€5
«4037
4221
441G
04631
«48E6
«50c€
0£3€1
«5621
0£906
+£208
€524
«68E7
27207
#7572
o793
«E350
08763
«S162

eS635

1.C092

R. N. GOLDBERG

ZnCl,

1.03848
lel1184
1.1525
101870
1.2217
162567
1.2917
1e3268
13616
13668
14315
1.4€60
1e¢£002
1.5340
1e5€74
1.€002
146328
1.€€42
106952
1.72€5
le 75850
1.7837
18116
1.8386

a
LA
«555548
€S9 898
«559848
599769
+999750
eS99702
«999654
- GSQ607
«599560
0599513
«559050
eSS8596
«SS814€
e S$57698
«$S7251
096803
+S9€3585
©S€5907
«€65458
eSS0945
«98€E439
«9R810CH
«S77653
973411
+969269
0965216
*901237
987316
0947647
+C379€9
0528064
917762
906940
«8SEE12
0883427
«B70658
« 857202
»843068
0828280
«812871
eTSOBB2
»780358
o 763347
2745903
«728079
070931
0651514
«672886
e6£4102
+635218
0616287
« 567364
578501
559746
«541148
522753
«S04£01
0486734
*4€S 188
*4515%6
«435187
e418789
«402823
«387310
« 372265
0357701
«343627

2

865 73ekg”

-1.

-2¢

~3e

=Ze

6o

—-8o
=10
-13a
~18.
~17e
—4€.
=80e
=119
=160¢
-204.
~251¢
~299.
-348¢
=400,
-963¢
-1587.
-2282,
-2949.
=36740
-4424.
-51970
=T992e
-6807.
~8920e
~11126.
=134040
~-15733.
-18098¢
~20482.
-228710
-25254.
=27619%¢
-2695€a
~322580
~34517.
-36T72%T0
~38878a
~40570¢
~42597
449530
-4683€.
-466430
~50370.
-8201%0
-53576.
=5£0810
-5€438.
=57736¢
-58944,
-€00€1.,
-61086¢
-€201Ge.
-6285%0
-€3607.
-64262¢
-€4825.
—-€5296¢
—€ES5€ET7.
—~€59670
-66168.
-66281e
-6€307.

i



ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS "

Recommended Values for the mean activity and osmotic coefficient of chlz in HZO at 298.15 K - continued

1

m/mol *kg Y
110000 140563
11.250 1.1047
110500 101543
11720 1.204¢
120 000 102566
12,280 13062
12.E00 1.3628
12750 1e41€5
13.0C0 le4711
13.250 1.82€1
13.500 1.5814
13.750 1.63€8
14.000 1.€924
14.250 1+7480
14.500 1.£034
14.750 1.E587
15.0C0 15137
15250 1 e90ES
15.5C0 2.0228
1€.750 240768
16.0C0 21304
16250 2.1835
1€.500 2.23€3
16.750 2428E8
17.000 2e34C9
17250 243928
17.5C0 244445
1770 2049€0
18.000 2.5476
18020 2e£9¢€1
18500 2.€508
180750 207028
16.000 2.75€0
196 250 20807
19.500 2.8605
190750 205139
20.000 2.5E78
200 250 300222
204500 3.0770
200750 3e13290
21.000 31873
210250 302425
21.500 342975
210750 303518
220000 3040L1
22,250 3.45€9
220500 305066
22.750 3.5€34
230000 30EGES
234163 346267

-1
m/rol *kg
«C01
«010
«100C
1.000
2.C0C
S5«000
1¢.000C
204000
23193

g

108646
1.8897
19137
1.9368
109588
1.9798
14€698
200187
240368
200833
20690
2040838
20975
201103
241221
201330
241431
201523
2.1607
2¢1684
2¢1754
201818
2.1E76
201929
241977
202021
242C61
202069
2.2134
2e2167
262158
fe2228
22257
22286
202314
202342
242370
202397
202425
202481
242477
22501
2+2E23
202541
202556
2e25CS
22567
242560
202544
2.2523

o(g)

<0000
«0001
« 0004
0012
«0016
«0021
«0033
0082
«0UCES

26%%/Jvkg”

a
s

«330049 -662470
«316970 —€€103.
0304390 —6S5B877e
«262306 ~£65571.a
«280715 -€518S.
«265610 -64T7224
«258980 -64184.
«24E816€ -63572¢
«239106 -£2890.
225837 -62138¢
«220993 -€1319.
0212560 -604340
«204822 =-59487.
e19€8€3 ~5847%e
«185564 -57411
0182610 -562860
«175984 ~55107.
e1C96GT —53874c
«163644 ~5258%.
e157868 -512550
«152412 ~4S 872
0147170 —-484430
0142157 —4696S.
0137358 -45451¢
«1327€0 -43890e
e128348 —-42288¢
«124110 —40646.
0120033 -38965¢
«11£108 ~37245.
0112322 —354880
«1086¢€8 -33694.
0105137 —31863¢
«101722 -29997.
0058415 ~-2809%0
«098212 —2€158.
0092108 —-241870
«0891C0 -22182.
086186 -201420
«0833€4 -18069
008063€ -15963¢
« 077999 ~13824.
e 075457 —=11€53e
«073013 ~9450.
0070670 -72170
0068433 —49553e
«0CETIO? —2661.
00642¢9 -341e
+0E2416 2004.
«e0606€7 4372¢
«059414 €216,

o(&ny) aly)

«0000 «2000

00003 ¢ 0002

«G012 « 0006

=0018 -0N00A

<0024 «0007

e 0031 00010

«0046 « 0040

0065 00193

«CO72 e0263

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981



12 R. N. GOLDBERG

Coefficient of Correlating Equations

Egs 2 Egqs 3
Par coefficient o {coeff) coefficient o{coeff)
1 -.485782186002+01 .212+00 .891992914434+01 .409-01
2 5454068610803+02 .158+01 -.720120602552+02 . 145+00
3 -.101526598719+03 . 484+01 .9543485259035+01 .204100
N .159813916689+03 .812+01 -.5592h3619154+01 L147+00
5 -. 55502931822+03 .844+01 .I3350332h97l+0] .597-01
6 .959925255657+02 .581+01 -.7257300612813+00 .138-01
7 -.5553531112ﬁ7+02 .275+01 .2550865458799-01 .168-02
8 .152297964409+02 .919+00 -.T05593130612-02 .839-04
9 - 59573095773+0] .218+00
10 .58627003/436+00 .365-01
11 -.627860601780-01 h14-02
12 .39734701727L4-02 .287-03
13 -.112585366991-03 .916-05
olegs 2) = .747-02
ofleqs 3) = ,684-02

Experimental Data Employed in Generation of Correlating Equations

Fricke and Havestadt [i4]. Vapor pressure measure- Pan [18]. Isopiestic measurements, reference
ments at 15°C. @ data for Zn(NO,), were used to salt is CaClz. Assigned weight is 0.50.
adjust the data to 25°C, since thé thermal data for _

ZnCly do not extend to high enough molalities. Assigned m/mol*kg ! ) 8.1
weight is zero. ——— _298.15
-1 «161600 « 8459
m/mol «kg ﬂ298 i5 «270300 «8431
— —_— «415300 8429
7.760000 1.2100 «617200 .8328
6.401000 1.2300 +844100 +8156
5.,653000 1.1390 +843900 «8165
4.357000 «9900 -970500 -.80890
1.059000 «8013

Ishikawa and Takai [15]. Vapor pressure 1.184300 ° 7972

measurements. Assigned weight is zero. 1.328100 «7924
-1 1.331200 7923

m/mol+kg D298 15 14477100 ¢ 7900

— — 1.535500 «7891

«518800 «6304 1.868900 ¢ 7939

1.,036000 «7151 1.952500 07961

1.832000 « 6850 2.020600 « 7976

2.330000 « 6751 2205200 «8062

3147000 «6840 2.294200 +8099

Jones [16]. Freezing point depression measure- 2.421400 8181
ments. & and & data for ZnCl, were used in treating Stokes [19]. Isopiestic measurements, reference

these and the other freezing point depression data

for this system. Assigned weight is zero. electrolyte is HZSDQ. Assigned weight is 1.0.

-1
ol mimol +k [

m/mol*kg Br08.15 8 298.15

001000 <5840 11.814000 1.9494

.002990 “9617 13.552000 2.0768

.004960 <9408 14.,044000 2.098%

.006910 «9312 15.130000 2.1457

008860 29229 17333000 22006

.020010 +9186 19.853000 242341

838030 8879 22.073000 2.2609

-

.054250 <8444 23.193000 202495
'gggg;% .:222 Stokes [19]. Isopiestic measurements, reference

. . N . . .

electrolyte is CaClz. Assigned weight is 1.0.
Jones and Getman [17]. Freezing point depression m/mol'kt_:j_1 ) 3

measurements. Assigned weight is zero. o 29815

3.347000 -88A8

] 3.394000 +8934

m/mol kg %298.15 3.894000 .9442

3.932000 «9515

+«049350 9408 4,724000 1.0474

.008770 -9012 S.100000 10948

«197700 «8879 5837000 1.2021

«297600 « 8791 7119000 1.3846

«397000 «8842 7+950000 14963

9.013000 16364

9.,991000 17512

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981



ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS 13

Brull [20]. Emf measurements. Zn-Hg (two Harris and Parton [22]. Emf measurements.
phase); ZnCly(m); Hga€la(s), Hg(l). M.o¢ = 0.001697 Zn(Hg) (1) ZnCly ()3 AgCl(s), Ag(s). ™ ¢ = 0.50
molekg~!. Assigned weight is 0.20. mol'kg". Assigned weight is 0.50.

-1 -1
mimoltks Mrer m/molvks Mrer
« 865450 4101 «700000 9578
«427410 04626 «900000 «8933
«283970 «4946 1000000 8691
212710 «5180 2000000 «7418
«170060 «5366 3000000 « 7356
«141600 «5527 4,000000 e7914
«084910 «5989 S4000000 «9035
« 028290 «7114 6000000 1.0634
«016970 «7706 7000000 1.2381
«00S010 «9083 8.000000 1.5024
9.00000¢ 17954 *

Egan and Partington [21]. Emf measurements. 10.000000 241166 %
Zn(s); InCly(meef) ; Haplla(s), Ha(l) - Ha(1), HgyCl, 11.000000 2.4622%
(s); ZnCly(m); Zn(s). “mreg = 0.498K mol+kg™!. 12.000000 2.8362 %
Assigned weight is 0.20. } ) (H())rsch([2)3.]. Emf measurerl:legts. Zn(?); ZnCl, (m) ;

o] AgCi(s), Ag(s). m = 0.0003478 mol-kg™'. Assigned
m/mol +kg Y/Yref weight is zero. ref
«415300 1.0164 Jmo] vk -1 /
«298800 1.0841 mimol*kg Y/ o
«212400 le1582 T T e
; .0102 6619
«100300 1.2986 : 10219
. «006022 «6961
«052900 1.3982
0003112 «7789
«018200 146555
«001453 «8364
013800 1.7374 «001253 .0088
«012200 1.,7993
« 000772 «8100
«008100 1.8697
004700 «000649 «9100
. 2.0726 +000400 .8751

Egan and Partington [21]. Emf measurements. Ishikawa and Takai [15]. Emf measurements.

Same cell as above. m_. ¢ = 0.4942 molekg~1. Assigned gg§1022n)(12i Z"C|2§m); nggl (52, Hg(1). Mref =
weight is 0.20. . mol-kg™!. Assigned weight is zero.
- -1
m/mol-kg ! Y/y m/mol +kg Y/Yref
—_— ref — __ref
.431700 1.0125 .398000 .8198
.288600 1.0018 « 733200 7216
«199200 1.1794 1.021800 6691
«116200 1.2671 1.553100 «6064
«+080000 13525 2118300 «5761
«050000 1.4642 2707000 +5696
« 020000 146723 3.324300 «5859
:g;;ggg ::g:g: Jahn [24]. Emf measurements. E?(s); Z?CIZ(m\;
« 008300 1.9037 AgCl(s), Ag(s). m_.e = 0.566 mol+kg™l. Assigned
«007000 1.9438 weight is zero.
« 005800 19792 =1
+005000 2.0190 m/mol -kg Y/ of
«004700 2.0208 - -
«003500 2.0743 1.112000 - 7226
«002300 241665 2.220000 1.1079
«001200 ’ 2.2858

Egan and Partihgtgn [21]. Emf measurements.
Same cell as above. Mo = 0.3606 mol+kg™!. Assigned
weight is 0.20.

m/molekg Y/y

ref
«288600 1.0392
«199200 1.1187
«116200 1.2063
+080000 1.2830
«050000 1.3962
«020000 1.5984
«011600 1.7439
+«008300 1.8139
«007000 1.8477
«00S800 1.8804
«005000 1.9237
+002300 2.0637
«001200 .2.1836

J. Phys. Chem. Ref. Data, Vol. 10, Neo. 1, 1981



14 R.-N. GOLDBERG

Lutfullah et al. [25]. Emf measurements. Zn-Hg (two Robinson and Stokes {26]. Emf measurements.
phase); .ZnClg{m); AgCl(s), Ag(s). m..¢ = 0.00043035 In-Hg (two phase); InCly(m); Ag@](s)? Ag(s). Mpef =
molekg™!. Assigned weight is 0.60. 0.003151 mol+kg™!. Assigned weight is 1.0.
- -1
m/mol *kg ! Y/Yref m/mol kg Y/ e
-006611 <9757 «005082 » 9429
« 007354 «8971
« 000634 «9820
. «010400 «8658
«000832 9643
«017530 «8012
«000981 « 9585
«018540 «7988
+003663 « 8606
.022010 .7769
«004420 «Bab4 _
« 026710 7561
«008051 « 7955
« 046020 «6938
+008272 «7882
« 064390 «6583
«008857 « 7845
1 «104200 «6016
«011150 7618
7539 +130600 «5853
«012040 .
+185600 «5477
«015490 » 7259 )
«301300 «5197
018120 #7102
Y «322300 «5021
«020190 «7007
«432000 «4808
«030180 «6594 23
<035710 6427 «712100 - 18
1.031000 «3951
«039110 «6327
1490000 «3619
040860 «6219 231
« 047750 #6135 2830000 «3
+058220 +5925
«061540 .5813 Scatchard and Tefft [27]. Emf measurements.
«072810 #5711 In-Hg (two phase{; InCi,(m); AgCl(s), Ag(s). m ¢ =
.0818990 +5611 0.002941 mol-kg™!. Assigned weight is 1.0.
+086600 .5524 . :
«101800 +5406 mimol vkg™ | ot
«102990 5388 —
+158070 «5045 «007814 «8928
« 162520 5017 +.012360 8443
«164310 «5020 021440 - 7867
-193000 «4841 «042420 «7046
«222530 *4793 .090480 <6259
231140 4748 «221100 «5403
+ 296030 -4532 «449900 4799
«327920 «451 «640400 «4454
«339600 #8493 1.480200 «3613
«485160 4184
«513300 4192
«524900 «4094
«639800 3956
«665000 3972
«663900 *3943
«682800 3914
«860700 3707
« 860500 3746
+ 876600 3701

Comments

The experimental data for ZnCly is in remarkably good agreement as is evident from an examination of the
deviation plots. Particularly noteworthy is the fact that the results obtained from four different types of
electrochemical cells are in excellent agreement with each other .and with the results of three different isopiestic

Investigations. (Note that we have preferred the results of the isupiestic measurements over the measurements
of Harris and Parton [22] in the range 9 to 12 mol-kgt.)

-The freezing point depression measurements of Biltz [28] yield unreasonable results and are not given

above. Data involving concentration cells with transference have been reported by Masaki [29], Lehfeldt [30],

and Foxton and Shutt [31]. We have used the transference numbers of Kaimakov and Sharkov- [32] in treating the
data of Masaki and find that the calculated values of Y/Yref are unreasonable and we have not included these

-data in the above material. The data of Lehfeldt could not be treated since it is not clear what the reference
molality is for his measurements. Foxton and Shutt performed their measurements at 60.5 and 80.5°C. In view

of the absence of transference numbers at that temperaturc and the uncertainties inherent in correcting to 25°c,
we ‘have not treated their data. We suggest that, in view of the apparent reliability of the activity coefficients

for ZnCIZ, careful measurements on a concentration cell with transference should yield reliable values for the
transference number.

We have described the behavior of this system from zero to 25 mo]-kg-] by means of nine empirical coefficients
using eqs 3 and by means of twelve empirical coefficients using eqs 2. |t was not possible to describe the ’
experimental data using eqs 1. The table of recommended values is based on eqs 3.

J; Phys. Chem. Ref, Data, Vol. 10, No. 1, 1981



ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEQOUS SOLUTIONS

3.000 — — .
2.500
2.000 )
1.500 |
1.000 ]
500 j Y P z
& .
X2 2

0

[

14
X10+<

-.500 t
K
~1.000 X
~1.500 }
-2.000 |
X

-2.500

3000 Lbbbbb e hd A
Q

4.00 8.00 12.00 16.00 20.00 24.00
Molality/mol kg™

Deviation Plot for Zntlz: Ag vs molality

A
+

<~ N XM O X

Fricke and Havestadt [14], vapor pressure
Ishikawa and Takai [15], vapor pressure

Jones [16], freezing point depression

Jones and Getman [17], freezing point depression
Pan [I8], isopiestic vs Cati2

Stokes [191, isopiestic vs H,S0,

Stokes [19]1, isopiestic vs Ca(',l2
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2.000
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ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS 17

Deviation Plots for ZnCIZ: Ay vs molality

Brill [20], emf - Zn-Hg amalgam vs Hg,Cl,, Hg
Egsn and Partington [21], emf - Zn vs ngclz, Hg, Mot = L4984 mol°kg-]v

1

Egan and Partington [21], emf - Zn vs HQZCIZ, Hg, m_ ¢ = 4942 molekg”

re
Egan and Partington [21], emf - Zn vs ngmz, Meof = .3606 mol-kg-]
Harris and Parton [22], emf - Zn-Hg amalgam vs Ag, AgCl

Horsch [23], emf - Zn vs Ag, AgCl

Ishikawa and Takai [15], emf - Zn~Hg amalgam vs ngmz, Hg

Jahn [24], emf - Zn - Hg amalgam vs Hg,Cl,, Hg

Lutfullah et al. [25], emf - Zn-Hg amalgam vs Ag,AgCl

Robinson and Stokes [26], emf - Zn-Hg amalgam vs Ag,AgCl

~ DA% N( < NXNO X + b

Scatchard and Tefft [27], emf - Zn-Hg amalgam vs Ag,AgCl

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981



Recommended Values for the mean activity and osmotic coefficient of Zn('CIOA)2 in H

r/mol kg ! Y
« 001 «8901
« 002 «85326
« 003 <8285
~008 .8090
«00S «7929
« 006 « 7793
« 007 «7674
«008 e 7568
° 009 7474
«010 «7388
«020 <6809
« 030 «6471%
+ 040 «6241
« 050 «6071
.« 060 «5941
« 070 «5839
« 080 «575€
« 090 «5689
«100 «5633
« 200 «S42Z
«300 5522
+400 «5746
- 4500 «B0B67
« 600 6472
«700 «£6958
« 800 «75321
«900 «8196
1,000 «8%964
1.250 1.1424
1.500 1.4887
1.750 1.9761
24000 2.6638
2.250 3.63712
2500 5.0183
24750 6e9815
3000 Q<7722
34250 13.7344
2.500 19.2425
3750 27.2423
4.000 I842953
4.250 S2.€2E5
4.300(5at57.32246
4,311 S8.1702
n/rolekg
«0013
<010
«100
1.000
2.000
4,311
Coefficients of Correlating {guations
Eqs 1
Par coefficient o (coeff)
.1826491001+01 .128-01
.68Z1360413+00  .797-02
.20/2/48265+00 VARV

-.2011571951-01 .529-03

Vi Wi —~

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
ys

R. N. GOLDBERG

[ a
— v
«9631 © 999948
9509 999897
«9426 995847
.9362 .o00708
«9310 «e999748
« 9266 « 999700
«9228 «9996E1
93195 999603
+9160 e YYYS54
«9140 + 999506
«8977 « 999030
«8393 «998558
« 8860 998086
«8841 997614
«8837 «e997129
«8841 e996661
«8353 « 996180
«8870 2995695
«B8890 0995207
«9208 « 990096
9615 984531
10064 978478
1.0542 973914
1.1045 «964818
141570 e 957173
1.2115 948955
1 .2680 940185
1.3264 «930823
14798 «904865
1.6428 « 875308
1.8141 «842331
1.9925 «806242
21765 767463
2e3€ 47 e 726507
25558 683953
247485 +640416
209413 ¢ 596524
2e1328 e £52885
363217 « 510068
245065 «4£8583
36858 «428866
37209 0421167
3e7286 « 419485
o(@) a(fny) a(y)
«0000 «0001 «0001
«0002 «0004 «0003
« 0005 «0016 «0009
« 0009 +00i5S «0013
«0010 « 0016 0044
«002& «0031 e1811
Bas 2
coefficient o (coeff)
.3083326019+01 .987-02
I587372726%01  .T21-01
- . BURZYBB 3 36+0U . 368-02
olegs 1) = .434-02
o(eqs 2) = .615-02

oegs 3) = .764-02

20 at 298.15 K

265/ dokg”!

-1,
~2e
-3
-4,
-€.
~8e¢
-10.

40970,
426463

42794,

Egs 3
coefficient o (coeff)

.8708630442+01 - .745-01
-.22221ﬁ2049+01 .228+00
.B153650458+U1 . 256+00
-.1992352632+01 .124+00
.2583951692+00 .217-01
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txperimental Data Employed in Generation of Correlati\ng Equations

Libus and Sadowska [33]. Isopiestic measurements. Stokes and Levien [34]. Isopiestic measurements,
Authors do not specify the reference electrolyte. reference electrolyte is stol&' Assigned weight is 1.0.
Assigned weight. is 0.10. :

-1 -1
«837300 1.2594 1.754000 1.8097
1.483200 1.6615 1.837000 " 148707
2617600 244910 1881000 1,9023
3221100 2.9785 2.044000 2.0223
2.051000 2.0296

Stokes and Levien [34]. Isopiestic measurements, 2.126000 2.0861

reference electrolyte is KCl1. Assigned weight is 1.0. 2.618000 204618
. 1 2.815000 Zagggg
kg 2.935000 2e
m/mwol kg 5298.15 3.042000 2.7870
3.173000 28804
091730 +8935 3.28“000, 209661
3.461000 3.1001
«114300 « 8985
3789000 33416
«121900 « 8999 3 2185
«233300 9405 3.886000 . :
«302200 »96990 4,015000 34510
.381100 1.0021 4.268000 3.7042
4,.,282000 3.7095
447200 1.0330 4.311000 3.7313
«4T71300 1.0447 ° °
eS77000 {o0921
«606299 141063
«618400 101178
«640000 1.1265 Stokes and Levien [34]. Emf measurements.
«€654900 | 161353 Zn-Hg (two phase amalgam); Zn(C104}90n),
+811500 1.2201 Zn(C10,)5(m,); Zn-Hg (two phase amalgam). m__. =
«877200 1.2569 0.100 mol-ka'i. The transference number and'®
+927000 1.2832 density data for Zn(C104), given in the table of
+934000 1.2872 auxiliary data were used in treating these
1.001000- 1.3278 measurements.
1.0318000 13366 .
1.069000 13678 L
1.153000 1.4206 m/mol "k ALY
1.202000 1.4474
1.268000 1.4884 «150000 «9€63
1301000 1.5130 «200000 « 9532
1.,318000 1e5226 +300000 «9744
1369000 15567 «400000 1.0i82
1374000 15566 +500000 1.0687
1.446000 16005 «600000 1.1377
1.528000 16597 « 700000 1.2328
1.660000 1.7492 «800000. 1.3z248
1668000 17477 « 900000 1.4567
1.000000 1.5916
1.100000 17434
1200000 1.92€4
1.300000 241362
1.400000 243750
1.500000 26484
1 .600000 29695
1.700000 362991
1.800000 . 37100
24000000 4.7281
2.500000 BeILED
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20 R. N. GOLDBERG

Comments

Lilich et al. [35] report isopiestic measurements at O and 50°C using H,SO, as the reference electrolyte.
We have chosen not to treat these measurements since: (I) the molalities of the H,50, and the Zn(Cth) are
given to only two significant figures and (2) the uncertainties inherent in adjusting the measurements %o 25°C
are not negligible. '

Sircar and Prasad [36] report measurements on the cell Zn-Hg (2 phase amalgam); Zn(C10,).,{n,); agar salt
bridge; Zn(C10,),(n,); Zn-Hg (2 phase amalgam). The interpretation of this cell involves unknown liquid
junction potentials and we have chosen no to treat these measurements.

There is good agreement between the isopiestic data and the emf measurements of Stokes and Levien [34].

3.000 e — i — —A

2500 } 1
2.000
1.500
1.000 | )

500 P « X ]

Ay
x10+2
o
+H

+
+
+

~-.500 | X X ]
~1.000 ¢ + X
—1.500 4

-2.000 ]

~2.500

~3.000 " s i - N . 4 . —_ a N L
.400 .800 1.200 1.800 2.000 2.400 2800 3.200 3.600 4.000 4.400
Molality/mol kg™

Deviation Plot for Zn(CIOh)Z: 8¢ vs molality

A Libus and Sadowska [33], isopiestic vs ?
4+ Stokes and Levien [34], isopiestic vs KCI

X Stokes and tevien [34], isopiestic vs st%

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981



ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS n

3.000

2.500

2.000

1.500

1.000 ¢

.500

Ay

-.500 ¢

-1.000

-1.500

-2.000

-2.500 }

-3.000
0

X10+2
Q

A e

.400

800 1.200
Molality/mol kg™

Deviation Plot for Zn(CIOh)z: Ay vs molality

4 Stokes and Levien [34], emf

1.600 2.000 2.400
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Recommended Values for the mean activity and osmotic coefficient of ZnBr2 in H20 at 298.15 K

m/mol '_kg-]

«001
«002
«003
« 004
« 005
« 006
« 007
« 008
+009
«010
«020
«030
« 040
« 050
« 060
« 070
« 080
« 090
«100
«200
«300
« 400
«500
«600
«700
«800
«900
1.000
1250
1500
1750
2000
24250
2500
24750
3000
34250
3.500
3750
4« 000
44250
44500
4750
5000
54250
54500
5750
64000
64250
64500
6750
7000
7250
74500
T+750
B.000
8250
8.500
Be7S50
94000
S 6250
9.500
e.780
10.000
10,250
10.500
10.750
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«890%
«8543
«8294

. «8102

«7943
«7808
«7691
+7587
«7493
«7408
«6830
<6484
«6242
+6058
+S911
«S5791
«5690
+5605
«5531
«5152
~5064
«5088
<5162
«5254
«S348
+3430
«5513
«5578
«5686
«S5738
«S5762
«5780
«5810
«5860
«5937
«6041
«6174
«6336
«6525
«CT41
«6984
«7254
«7561
«7877
«8232
«8617
«9036
«9490
«9981
1.0512
1.1085
1.1703
1.2368
1.3082
1.3847
1.4664

.1.5536

1.6462
17444
1.8482
1.9574
2.0721
2.1922
243173
2.4474
2.5821
2.7212

R. N. GOLDBERG

ZnBrz

» 9634
29513
9432
+ 9369
«9318
«9275
9238
«9205
«9177
+9151
«8984
« 8896
«8841
«8804
«8780
«8764
«8754
« 8749
«8749
« 8877
«9117
«9383
« 9636
«9859
1.0044
le0192
1,0303
1.0383
1.0478
1.0480
1.0449
1.0423
1.0425
1.,0465
1.0546
1.0668
1.0827
1.1017
1.1234
le2a73
1.1730
1.2003
1.2288
1.2585
1.2892
1.3209
1.3533
1.3866
1.4206
1.4553
1.4905
1.5263
1.5624
1.5989
1.6355
1.6721
1.7086
1. 7448
1.7806
1.8159
1.8505
1.8843
1.9172
1.9491
1.9799
240095
200379

a
-

«999948
« 999897
2999847
« 999797
« 999748
* 999699
-90996K1
+ 999602
« 999554
« 999506
+999029
« 998559
«998091
« 997624
«997157
*e996690
«996222
«995753
«995283
«990450
+QR5E3I2E
« 979920
+ 974296
« 968535
«962713
e950892
«951120
«945430
«931662
«918546
« 905897
«893449
«880939
+868149
+854920
«841157
«826813
«811881
« 796378

«780341

«763811
« 746833
« 729450
«711704
«693634
« 675278
+ 656672
«637855
«618868
+ 599754
+580562
«561342
«542150
«523043
«504079
«485319
«466819
«448636
«430822
0413424
«396484
«380038
~364117
2348743
«333933
«319699
«306046

265/ Jokg !

b T

-2
=3

-4,

—6e

—~Be
-10.
~12.
=14,
-16.
—-42,
—72¢
-106.
-142,
-180.
~220.
-261.
~304.
-347.
—81%.
—-1321.
~1826.
-2324,
—-2809.
-3281.
~3740.
-4188,
—4626.
-5692.
-6732.
~7760.
~8782.
—9797.
-10799.
—~11782.
~12736.
~13€53.
—14526.
-15348.
—10112e
-16812.
-=17445.,
—~18005.
—-18488.
-18891.
-19210.
=19443.
-19586.
-19637.
-19592.
—=19450.
-19209.
—18865.
-18418,
-17865.
~-17207.
-16442.
-1556%.
-14588.
~13500.
-12304.
-11003.
—9596.
-8085.
-6471.
~4757.
~2945.



ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS b

Recommended Values for the mean activity and osmotic coefficient of ZnBr2 in HZO at 298.15 K - Continued

m/mol+kg ! %
11.000 2.8644
114250 3.0113
11.500 3.1616
11.759 3.3149
124000 3.4707
12.250 3.6287
12.500 3.7884
12.750 3.9494
13,000 4,1112
134250 4.2734
13.500 4.64356
13,7590 4,5972
144000 4.7578
14.250 449169
14.500 5.0741
1447590 S.2289
15.000 5.3811
15.250 5.,5302
154500 5.6760
154750 5.8184
16,000 5,9572
16,250 6.0925
16.500 6.2245
16,750 6.3534
17.000 6.4798
17.250 6.6041
17.500 6.7270
17.750 648493
18.000 6.9717
184250 7.0949
18.500 7.2194
18.750 7.3456
19.000 7.4732
19.250 7.6014
19.500 7.7283
19.750 7.8510
20.000 7.9647
200100 800062
-1
m/mol-kg

«001

+010

«100

1.000

2,000

5000

10,000

20.0020

204100

Coefficients of Correlating Equations

—_—— ]
N~ OwWwo~NoON W o — |m
-

Egs 1

coefficient

.176073113615+01
.G82797034713+00
-.356563857827+00
.102429959187+00
-.155298973223-01
.T36915643033-02
-.705503289954-04
.T96LB1L18164-05
-.227893788490-07

g (coeff

.252-01}
.248-01
.190-01
.702-02
.137-02
.148-03
.896-05
.284-06
.366-08

)

[} a
- -
2.0650 292974
2.0908 «280479
201153 Te268554
2.1384 «257186
2.1601 «246364
2.180S +236070
241995 226288
2.,2172 «217001
22336 «208189
2.2486 +199833
2.2624 «191915
2.2749 «184416
2.2862 «e177316
2.2962 +170599
2.3051 «164244
243127 «158235
2.3193 «152553
2.3248. «147180
243292 «142099
2.32327 «1372¢0
2,3353 «132735
2.3370 128415
2.3380 124312
2.3384 «120404
2.3383 «116674
2.3377 «113102
2.3369 «109668
243360 +106356
2.3350 *103148
2.33a1 «100032
2.3334 096999
2.3328 «094043
2.3324 +091165
243320 088375
2.3314 « 085690
2.3302 «083139
2.3278 «080767
2.3264 « 079880
al(g) o (&ny)
«0001 «0001
+0003 «0007
«0006 .0012
.0011 «0018
-001S «0026
.0017 0029
«0026 0036
.004as .0053
+0049 «0055%
Eqs 2
coefficient g (coeff)
. 183450603 194+01 .120+00
.505103744932+01 .790+00
.687764115080+01  .215+01
. 337]51l§044+02 .321+01
.193183310799+02  .292+01
.116768309032+02 171401
Gh31 75:_7544—01 .659+00
.107550510230+0] .166+00
;1528333250h8+00 .263-01
. 39933093014-0] .237-02
.522899998894-03 .933-04
olegs 1) = .128-01
o(egs 2) = .555-02
o(egs 3) = .480-02

A6/ Jokg!
-1036.
968
3063,
247.
7518,
9873.
12310.
14825,
17416,
20081.
22816,
25619.
28487,
31418,
34409,
37457,
40559
43713,
46917
5016%.
53465,
56804,
60184,
63602
67058.
70550,
74077«
77638.
81232.
8485G,
88518
92209
95932,
99688,
103474,
107291«
111136,
112681.

o(x)

«0001
«0005
«0006
«0010
«0015
«0023
«0084
<0422
« 0442

ESS3

coefficient 0 (coeff)

.140170270083+02 . 150+00
-.'39950382633+UZ /0
.33&537602259+02 .378+01
-. 13855069181+03 .670+01
.T01830114673+03 .733+01
-.3]3353]5]8h3+02 .526+01
.25390067!577+02 .255+01
-.72367h485168+01 .837+00
.139791084737+01 .185+00
-. 7592K350792+00 .261-01
.125017255910—01 .214-02
-.516223359926-03  .773-0k
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24 R. N. GOLDBERG

cxperimental Data Employed in Generation of Correlating Equations

Ishikawa et al. [37]. Vapor pressure measure- Stokes, Stokes, and Robinson [38]. \Isopiestic
ments. Assigned weight is zero. measurements, reference electrolyte is H,50,. The
- ZnBry solution is that used by Parton and Mitchell in
m/mol kg ! gZSS I5 their investigation [40]. Assigned weight is 1.0.
LI0. 10 .
10.172000 2.0226 m/mol *kg %y98.15
8831000 1«8121 .
6.637000 145917 2,832000 1.0879
5.796000 1.51a7 2.838000 1.0573
4,761000 144634 24870000 1.0594
2.516000 1.3030 Z.887000 1.0604
2,377000 . 1.2592 3430000 1.1384%
1.036000 1.2458 3.608000 1e1102
3933000 1.1403
. 3.980000 11438
Stokes, Stokes and Robinson (38]. {sopiestic 4,420000 1.1867
measurements, reference salt is KCl. The ZnBr, was 4.718000 12272
prepared from Analar Zn0 and Anaiar HBr. Assigned 54266000 1.2911
weight is 1.0, 5.563000 13319
- 54695000 13443
m/mol «kg ”29815 5.824000 1.3637
LD 2 6.014000 143799
. 6.185000 144156
:32;:22 ::Z:f 6.810000 1.6004
«158100 .8780 7.040000 1.5350
~158600 P 7.288000 1.5689
164600 . 8806 7326000 15738
179500 .8825 7902000 1.§595
2244500 «8996 . Te946000 156645
-296600 To077 8.828000 1.7888
«320100 9163 84847000 1.7939
345300 9232 10.065000 1.95326
+353900 .9258 117690000 21410
.492800 ©0629 11.790000 241451
«582000 9822 13.010000 2.2287
615000 L0012 13.530000 242730
633700 9905 13.840000 2,2763
«710500 1.0079 14.910000 243111
«817900 1.0218 15370000 2.3277
«898000 1.0342 15650000 2.3334
«975500 1.0405 17.020000 2.3396
1.175000 1.0453 18440000 2.3328
1.237000 1.0481 20.100000 2.32685
. .
:.i:iggg i:g:‘?’: Stokes, Stok(::s, and l}obin%on [38]. Reference
1.702000 1.0427 salt is KC1. Assigned weight is 1.0.
2.136000 1.0429 -1
24404000 1.0437 m/mol - kg #398.15
2.868000 1.0627 — I
2.886000 1.0692 «102900 8729
«174300 8777
Acheson [39]. Vapor pressure measurement over :ézgggg :g:;i
the saturated solution. Assigned weight is zero. +293400 8730 %
-1 «435100 29445
m/mol kg %598.15 +449500 -9a69
— +563600 «91312 "
20.88(sat) {391 2.2381 4659100 <9955
+ 745990 10110
«847500 10246
« 969600 1.0378
1.048000 1.0389
1104000 1.0420
1195000 1.0449
1.356000 1.0463
1.796000 1.0410
1954000 1.0818
24437000 1.0481
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ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS 25

Egan and Partington [21]. Emf measurements. ) Parton and Mitchell [40]. Emf measurements.
n(s); ZnBro(m.eg)s HaaBry(s), Hg(1)-Hg(1), HgyBry(s); Ag(s), AgBr(s); ZnBr%(mref)lZnBrz(m); AgBr(s), Ag(s).
InBry, (m) ; Zn(sg. ref = 0.3782 molekg™l. Assigned mpef = 0.507 molekg™'. The transference number and

weight is 0.50. density data for ZnBry given in the table of auxiliary-

data were used in treating these measurements.

,,,/\-nc,}.kg-1 YV ot Assigned vieight is zero.

".311800 1.0062 m/mol +kg” ! VI, o
«199900 1.0200 ——— —
«138800 10593 «030000 ‘e 8864
095900 1e1141 +040000 «8769
.080400 1.1313 .0s0000 .8412
2047400 1.2184 « 060000 «8040
« 022400 1.3129 «070000 «7706
«012500 14072 « 080000 «7445
«009000 104699 .090000 «7215
007100 1.5012 .100000 <6948
« 005000 1.5572 . .

003100 1.6409 . Parton and Mitchell [40]. Emf measurements.
'001700 1.6904 Zn-Hg (two phase); ZnBry(m); AgBr(s), Ag(s). m.¢ =
.001000 1.7595 0.02 mol*kg™!. Assigned weight is 0.60 up to 0.3
-

mol+kg™! and zero from 0.40 to 16.0 mol<-kg~!.

Egan-and Partington [21]. Emf measurements. -l
Same cell .as above. 7_.c = 0.3819 mol-kg ? Lmol_k—g_ ﬂf‘fﬁ
Assigned weight is 0.55.
=030000 9440
m/molokg™ ! YIY o «040000 +9083
__ref +050000 .8828
+060000 +8619
«311200 1.0064 2070000 +8455
« 280600 <7581 «0B0DDO «8337
.140100 1.0526 «090000 «8200
»100000 1.1038 .100000 .8103.
2078800 11440 2200000 «7553
« 062600 1.1770 »300000 7337
+050000 1.2092 «400000 «7245%
«032500 1.2712 «500000 e7153%
«020900 1.3282 +600000 7074 %
+018700 1.3516 +703000 «7086%
«009800 1.4431 +800000 «T133%
«008800 1.4573 +900000 e7163%
«007800 1.4824 1.000000 «7189%
«007100 1.5014 1.200000 «7203%
«006300 1.5193 1.400000 .7252%
# 005000 1.5521 1600000 «7358%
2004100 1.5899 1.800000 7446
+003100 1.6313 2.000000 . «7532%
«001500 1.6908 24500000 «7955%
+001000 1.7583 3.000000 .8461%
2.500000 »9232%
4,000000 «9968%
Iskihawa et al. [37]. Emf measurements. Zn_(Hg) 44500000 1.0934%
(1); ZnBry (n); Haz8r,(s); Ha(l). m ¢ = 0.011 mof- 5.000000 1.1955%
kg'i. Assigned weight is zero. 6.000000 1.4254%
- | 8.500000 2e1320n
- - L ] #
m/mol kg MARY: 9.000000 2.5614%
10.000000 3.0512%
11.486000 4.0658 11.000000 3.6334 4%
10.824000 3.8209 12.000000 443402+
5.285000 1.1375 13.000000 5.1802%
24455000 +8060 14.000000 6401323
1.838000 7948 15.000000 6.9255%
«812200 . 7390 16.000000 7.7863 %
+360600 <6822
«160000 «7159
+079200 7731
.040800 .8452
.023200 «9079

J. Phys. Chem. Ref. Data, Vol. 10, No. 1,.1981



26

Stokes and Stokes [41].

(two phase); ZnBrz(m); AgBr(s), Ag(s).

R. N. GOLDBERG

Emf measurements. Zn-Hg

Mo = 0.002026

molekg™!. Assignéd weight is 1.0.
-1
m/mol*kg Y/Yref
«003250 «9661
«004245 «9458
«007622 «8938
«008216 +8880
«012810 «8476
2018870 «8085
-« 032100 «7474
+057050 +6915
«072890 «6680
«100000 +6408
+202800 «5974
«381000 «5940
«455400 «5973
« 698600 «6287
«708200 +6296
«990000 «€532
Comments

The isopiestic investigation of Stokes et al. [38], in which two different preparations of ZnBr, and two

different reference electrolytes were used, is internally consistent and in good agreement with the careful emf
measurements of Stokes and Stokes [41].

We have relied largely upon these two investigations in obtaining a
''best' fit to the data for ZnBr,. We note that the agreement with the emf measurements of Egan and Partington

[21] is very good, but that the data of Parton and Mitchell [40], for the most part, must be considered inaccurate.
We have chosen not to use the vapor pressure measurement of Acheson [39] for the saturated solution since the
result does not correlate well with the isopiestic measurements. As was the case for ZnCl2, the data

cover a broad range of molalities, and we have had to use between nine and twelve empirical coefficients to
describe this system. The table of recommended values and the deviation plots are based on eqs. 3.

I S S S S S

2.500 t

3.000 R T

—

2.000 |
1.500 } 1
1.000 1
500 | 1

L4

500 & X 4

+2
XX

Ay
X10

-1.000

-1.500

-2.000 ¢ )

-2.500

&b N . N “
0
2.00 4.00 .00

800 1000 _12.00
Molality/mol kg

14.00

-3.000

16.00 18.00 20.00

Deviation Plot for ZnBrz: AP vs molality

A Ishikawa et al. [37], vapor pressure & sStokes et al. [38], isopiestic vs KC1 {solution
B of ZnBr,)

+ Stokes et al. [38], isopiestic vs KCI (solution A of ZnBrZ) 2

X Stokes et al. [38], isopiestic vs H S0,

2
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ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS 27

3.000 e K— k& . &

2.500
2.000 t
1.500 [

1.000 | +

—~3.000 ddddddde 4

0 .050 .100 150 200 .250 .300 350 .400 .450 .500
Molality/mol kg™

3.000 ¥

2.500
2.000
1.500
1.000

500 }

0 2.00 4.00 6.00 8.00 1000 ~ 1200 1400  16.00
Molality/mol kg’
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28 R. N. GOLDBERG

Deviation Plots for ZnBrZ: Ay vs molality

A Egan and Partington [21], emf - Zn vs Hg,Br,, Hg. Mot = 0.3782 mol-kg;

1

Egan and Partington [21], emf -~ Zn vs ngBrz, Hg. m = 0.3819 mo]-kg-

ref
Ishikawa et al. [39], emf - Zn-Hg amalgam vs HgZBrz,Hg
Parton and Mitchell [40], emf - concentration cell with transference (Ag, AgBr electrode)

Parton and Mitchell [40], emf - Zn-Hg amalgam vs Ag, AgBr

N X O X +

Stokes and Stokes [41], emf - Zn-Hg amalgam vs Ag, AgBr
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Recommended Values for the mean activity and osmotic coefficient of ZnI2 in H

m/mol~kg_l

«001
«002
«003
« 004
« 005
« 006
« 007
«008
«009
«010
« 020
« 030
«040
050
«060
« 070
+ 080
«090
«100
« 200
. 300
«400
«500
«600
+ 700
«820
«900
1000
1250
1.500
1.750
2000
24250
2500
2750
3.000
3.250
3.500
3.750
44000
4.250
44500
44750
S5-.000
54250
54500
5750
64000
De250
6500
64750
7000
7250
7500
7750
8.000
84250
8.500
84750
9000
94250
9500
9750
10000
10.250
10500
10750

<

«8931
«8592
«8362
«8187
«8044
«7924
«7820
«7728
« 7647
«7573
«7082
«6790
«6596
«6445
«6325
«6225
6142
«6072
«6011
«5741
«S5798
«6025
«6351
«6734
e7145
« 7563
«7971
«8358
«9197
«9830
1.0287
1.0623
1.0893
1e.1142
11399
1.1683
1.2004
1.2366
1.2771
13219
1.3711
1.4248
1.4831
1.5464
1.6153
1.6903
1.,7723
1.8619
1,9600
240675
2.1850
23132
2.4526
2.6035
2.7661
2.9401
3.1254
33214
3.5278
37439
3.9692
4.2035
4.4464
4.6982
4.9588
S.2283
S.5060

anz

« 9648
« 9541
« 9470
*9418
«9376
«9343
«9314
«9290
° 9268
«9250
«9139
«9087
«9056
«9037
«9025
«9018
«9015
«9015
«9019
«9198
«2568
1.0008
1.0482
1.0939
1.1355
1.1718
12023
1.2272
1.2672

-12834

1.2848
1.2793
1.2720
1.2662
1.2638
1.2654
12710
1.2803
1.2928
13080
143253
1.3446
1436S5
1.38R0
les4121
1.4377
1.4650
14939
le5245
15567
1.5904
1.6253
l.6612
1.6979
17350
1.7721
1.8089
1.8450
1.8803
1.9145
1.9474
1.9791
2. 0094
2.0386
2.,0666
2.0935
2.1192

a

.
«999948
+ 999897

0999846

«999796
«999747
«999697
«999648
«999598
999549
999500
+999013
998528
«e998044
997561
«997078
«996594
*«996110
«995624
«995137
990107
«084622
«978596
«972071
965148
+957950
« 950597
943195
«935829
«917950
«901189
885572
+8708SS
«856694
842751
828754
«814511
+ 799912
+ 784909
*»769498
753701
«737551
«721078
«704301
687233
« 669874
«652222
634274
«616034
«S973517
«578755
«559795
540702
+521559
«502458
«483498
«464781
2446402
+428447
410985
+«394071
«377736
«361996
«346849
+332283
«318281
304829
+291931

20 at 298.15 K

26%%/yekg”!

=1le
=2
=3

. XY
-6
~Te
-9
-11.
=13,
~1S.
=39,
~DOe
=96
-128.
-161.
=196,
-231.
~268.
~306e
=706,
—-1117.
-=1510.
—1868.
-2184.
—2455.
—-2684,.
—2872e.
-3023.
-3262.
-3352.
-3339.
-3255.
-3119.
—-2938.
-2716.
—-2450.
=2136e
=1770.
-~1345.
-859.
=306.
316,
1011,
1783.
2633,
3567.
4586
5696,
B89Ye
8199,
9601.
11107,
12720.
14444,
16279.
18227.
20289.
22464.
24752.
27152.
29660,
32277.
34999.
37825.
40751.
43778
469901,
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Recommended Values for the mean activity and osmotic coefficient of Znl

1

m/mol +kg~ ¥ ¢
11.000 S547902 21435
11,250 60770 241659
11.500 643588 2.1854
11,750 6.6230 2.2004
11,892 6.7582 2.2062
m/mo]-kg—] G{8)
« 001 «0001
«010 «0007
«100 «0015
1.000 «0034
2.000 « 0035
5.000 «+ 0044
10.000 « 0074
11.892 «0110
Coefficients of Correlating Equations
Eqs 2
Par coefficient o (coeff)
1 .547742963214+01 .305+00
2 -.126715350978+02 .218+01
3 .[B9h34585059+02  .633+01
4 -.670175952462+02 . 992401
5 .552551308758+02 .934+01
6 ~.270682199344+02 .552+01
7 .850601619923+01 .207+401
8 -. 3E2923IIS73+01 L77+00
9 .178329426597+00 .616-01
10 -.833021069833-02 .342-02
o(egs 2) =
a(egs 3) =

R. N. GOLDBERG

a

il
279618
«267965
-257105
247249
242213

g{2ny)
«0003
«0017

A%/ 0 kg™

S0120.
53430.
$6828.
60306,
62313,

Egs 3

coefficient

1

in H,0 at 298.15 K - Continued

g{coeff)

.174986783353+02
—.556ﬂ00497896+02
.T14573582166+03
=.152922075597+03
.lI133z333967+03
-.557380144366+02
1795451854 12+02
-.36046490308#+0I
.510810930688+00
~-.203130361402~01

.927-02
.111-01

Experimental Data Employed in Generation of Correlating Equations

Stokes and Levien [42].
ments, reference salt is NaCl.

1.0.

m/mol'kg-]

1.167000
1.253000
1335000
14350000
24234000
2554000
3.113000

Isoplestic measure-
Assigned weight is

ﬂ298.15

1.2558
1.2669
12759
1.2788
l.2678
le 2631
1.2623

J. Phys. Chem. Ref. Date, Vol. 10, No. 1, 1981

.364+00
.260+01
.756+01
.119+02
.112+02
.659+01
.247+01
.569+00
.736-01
.409-02

stokes and tevien [42]. 1Isoplestic measure-
ments, reference electrolyte is HZSOA' Assigned
weight is 1.0,

m/mol'kq-l

2204000
2.737000
3.682000
3314000
3825000
44033000
4.595000
4.950000
5192000
5593000
5.848000
S+956000
6392000
6542000
6.848000
7963000
8454000
9.464000
9.994000
10.960000
11.892000

ﬂ298.15

1.2696
1.2712
12918
12971
1.2968
1.3062
13490
1.3883
1.4084
1.4437
1.4771
14899
1.5434
1.5636
16035
17632
1.8385
1.9758
240396
21379
242066



ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS n

Stokes [43]. [Isopiestic measurements, reference Egan and Partington [21]. Emf measurements.
«lectrolyte is KC1. Assigned weight is 1.0. Zn(s); Znly(meef); Hgplals), Hg(\)-HgS}), ng!z(s);
anz(m); Zn(sg. Meaf = 0.2499 mol+kg™!. Assigned
m/mt’)l-kg_l ﬂ298.15 weight is zero. ]
<105200 .8960 m/mol +kg Y/ of
«124400 «9001
145800 +9059 «193800 7247
« 305500 » 9582 «131800 5715
« 366000 «S9824 121000 « 5525
«496800 1.0378 « 098600 «4889
«518100 1.0473 « 076500 4117 -
«713800 -141331 «047000 «3099
«857000 1.1800 « 024900 3374
+943500 1.2092 «016600 «3510
1.123000 1.2467 «011400 «3724
1.228000 1.2620 «008100 «3940
1.343000 1.2785 ¢ 005100 «4046
1.520000 1.2860
1,709000 1.2874 -
1.833000 1.2877 Partington and Torto [45]. Emf measurements.
2.050000 1.2824 Zn-Hg (two phase); Znl,(m); Agi{s), Ag(s). Meef =
2.099000 1.2783 0.00695 mol-kg™!. Assigned weight is 0.60.
2513000 1.2640 -1
m/mol+kg Y/Yref
Bates [44]. Emf measurements. Zn-Hg (two —_— —_—
phase) ; anz(m); Agl(s), Ag(s). Reference molality «007500 «9939
is 0.001182"mol+kg~l. Assigned weight is 0.90. < 008000 «9891
-1 +008500 .9831
m/mol+kg Y/Yref «009010 29769
—_— —_— «012220 «9509
«002026 «9933 «017380 «9105
»004140 + 9546 «024330 8676
+ 004692 «32434 «034420 «B8352
«005683 9221 «046200 «8130
«008455 «8830 069440 e 7759
+009650 «8736 090210 7486
«012770 « 8490 «114750 «7433
«018010 «8249 «163400 «7392
«026750 «7795 «219930 «7212
« 042940 « 7343 « 390600 «7630
+056190 «7212
« 060680 «7154
«074410 6944
«122400 «6708
«177100 «660S
«328900 «6654
«8417600 «6965
.800800 .8636

Comnments

The isopiestic measurements [42,43] are in reasonable agreement with the emf measurements of Bates [44] and
of Partington and Torto [45]. The measurements of Egan and Partington [21], which utilized a cell different
than the other electrochemical investigations, are not in agreement with either them or the isopiestic measure-
ments. Unfortunately, Partington [45] did not attempt to reconcile his separate results. We also note that,
for the lowest molalities, the emf measurements of Partington and Torto [45] are not in complete agreement
with the results of Bates [44]. While we have given a slightly higher weight to the results of Bates [44],
both the nature of the correlating equations and the preponderant weight of the data in the region 0.0] to 0.20
mol+kg™' make tt difficult to make a completely satisfactory accomodation of the lowest four data points of
Bates [44] in the molality range 0.002 to 0.0057 molekg™'.

. Egs 1 could not be used to correlate the data tor this system. The table of recommended values and the
deviation plots are based on egs 3.
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3.000 T v — - v r v +

2.500 }

U p———

2.000 }
1.500
1.000 | ]
500 | xX +

s}

Ap
X10+2

-.500
-1.000 } X x
-1.500 }
-2.000 } ]

-2.500 t

-3.000 - . . -
0

2.00 4.00 8.00 10.00 12.00

6.00
Molality/mo! kg™

Deviation Plot for 2al,.: AB ve molality

2

A Stokes and Levien [42], + Stokes and Levien [42], X stokes [43]

3.000 — — — r T T T -
A

2.500

2.000

1.500

[

1.000 . A

500 + A

o K ,

2
4

x10+

-.500 |x ]

-1.000

X
X

—1.500 £ X

-2.000 | x

-2.500

3000 WHbdb b . —
0 .100 .200 .300 .400 .500 .600 .700 .800 .900
. Molality/mo! kg™
Deviation Plot for ZnI,: Ay ve molality

A Bates [44], emf - Zn-Hg amalgam vs Ag,Agl X Partington and Torto [45], emf - Zn-Hg amalgam vs
Ag, Agl
4 Egan and Partington [21], emf - Zn vs Hgyl,, Hg
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ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS 3

Zn(N03)2

Recommended. Values for the mean activity

m/molekg ! ¥
«001 «8893
«002 8522
«003 «8264
+004 «8064
«005 c 7898
2006 « 7757
« 007 « 7633
« 008 «7523
« 009 «7424
0010 « 7334
.020 <6718
«030 «6349
« 040 «6090
« 050 5894
« 060 «5739
eU70 5612
« 080 «5506
« 090 +5416
«100 «5338
« 200 24916
300 «4771
« 400 «4736
500 4762
«600 «4830
«700 «4929
« 800 «5054

«900 5202 -

1000 «5372
1.250 «5883
1500 «6521
1750 +7292
24000 +8210
20250 «9291
24500 1,0554
24750 1.2022
3,000 1. 3721
3.250 1,5677
3.500 147920
3750 2.0483
44000 2,3400
4,250 246709
4,500 3.0449
4750 344665
54000 39405
54250 444722
S4500 Se0678
‘54750 Se7342
6.000 6.4797
64250 73142
64500 8.2498
6.750(sat) 943013
7.000 10.4873
7e103 110203
=1

m/mol*kg

«001

010

«100

1,000

24000

5000

7«103

g
« 9627
+9501
9414
«9346
«9291
29244
«9203
«9167
«9134
+9105
8914
«8811
«8746
08704
«8677
LY -1-1-3"
« 8648
«8642
«8640
+8738
«8917
«9127
«9353
«9591
«9839
10095
10357
1.0626
11322
12047
1.2793
1.3556
14329
1.5107
1.5887
1.6663
147431
1.8190
18936
1.9668
20383
2.1080
241760
242421
23065
23693
244306
2+.4907
2+ 5498
246082
26664
27248
227490

a(8)

«0001
«0003
«0010
20007
« 0007
<0016
« 0074

and osmotic

a

W

+999948
+999897
+999847
+999798
«999749
«999700
«599652
+999604
«999556
+999508
-9QQnN37
.998572
«998111
«997651
+997190

«99B 730 -

0996268
«$95805
«995341

2990600 -

«985646
«980463
«975041
« 969376
« 963461
« 957293
«950870
«944189
«926364

«906957 .

«866035
«863702
»840092
+815362
«789688
«763255
« 736251
«706864
.681273
+653647
«626139
+598886
«572004
*545591
510724
«404463
+469845
445895
-422618
.400008
«378047
«356708
«348089

o (&ny)

<0001
«0008
«0030
«0036
«0035
«0040
.0093

coefficient of Zn(N03)2 inH

20 at 298.15K

86/ dokg!

=1e
-2e
=3
-4
-6
—8e
-10.
-12.
-14,
=16,
-83.
~7Se "’
-1106
=148,
=189,
—=231e
—27S5e
-320.
=366,
~-868.
~1409.
-1964.
-2518.
-30€S.
-3599.
-4116e
-4613.
=5087e
~6160.
=7052.
=T7744,
-8222.
—847T74.
—8493
-8272.
~7807.
~709S.
-6135.
=4926.
=3470.
-1766,
183.
2374,
4804.
74726
10373.
13505.
16866.
20453,
24265,
28300.
32557.
34377

Q
3

20001
+0006
«0016
«0019
« 0029
« 0157
«1029

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981



34 R. N. GOLDBERG

Coefficients of Correlating Equations

Eqs 1 Egs 2 Eqs 3

Par coefficient o (coeff) coefficient o(coeff) . coefficient o (coeff)
i .1737838301+01 .209-01 .1602902387+01 .749-01 .9005722093+Of .108+00
2 .3152128814+00 .105-01 . 7559717601401 .226+00 -.7153452275+02 .326+00
3 .9323196573-01 .531-02 -. 790537090+01 .281+00 .9]88895864+0] .407+00
i -.745710276L-01 .113-02 1623731669401 . 174+00 -.[117908187+01 . 251400
5 .7310567456-03 .823-04 -. 5147301 741+00 .527-01 .9661726148+00 .762-01
6 .}535811596-01 .624-02 -.92735L1114-01 .902-02

oleqs 1) = .318-02

olegs 2) = .318-02

oleqs 3) = .460-02

Experimental Data Employed in Generation of Correlating Equations

Dieterici [46]. Vapor pressure measurements Motornaya et al. [49]. Isopiestic measurements,
at 0°C.. The ¢ and ¢ data for Zn(NO3)2 given in reference salt is CaC]z. Assigned weight is 0.60.
the table of auxiliary data were used”to adjust this -1
and the other data obtained for this system at m/mol kg [ 3
temperatures other than 25°C to that temperature. —_— ~298.15
Assigned welzgnl}'tno;?kzg o. s .610000 +«9663
RS 298.15 «680000 «9708
«747000 «9902
«498000 «8070 « 789000 1.0091
«994000 «8990 « 825000 1.0166
1.469000 1.0350 «911000 1.0822
1.875000 l1¢1460 1.,028000 1.0687
2487000 1.3270 1.,278000 1.1386
2997000 1.4860 1.487000 1.1978
3.718000 1.6720 1.559000 142192

Ewing and Fisher [47]. Vapor pressure measure-
ments at 20°C, Assigned weight is zero.

1

Stokes and Levien [34]. Isopiestic measurements,
reference salt is KC1. Assigned weight is 1.0.

@_kg_ ﬂ_298-15 m/mol *kg ) 0298.15

«601000 1.3610
1.196000 1.4270 «111300 «8663
1815000 1.1920 «116100 «8671
14897000 124460 <142100 .8640
2.525000 1.5200 «182300 8702
2796000 1.6700 «203700 8713
24853000 17560 «236400 «8777
4,156000 240390 « 355900 «9029
6011000 243670 « 368000 +9065
7103000 245940 « 369300 «9044
«452000 «9230
Ewing and Fisher [47]. Vapor pressure measure- «511600 «9370
ments at 30°C. Assigned weight is zero. «630400 «96790
«730700 «9925
mimol kg $298. 15 +898400 1.0358
e —_—— «902700 1.0384
«601000 14140 «930200 1.0440
1.196000 13220 14026000 1.0725
1815000 12020 1113000 1.0961
1.897000 1.5020 1.148000 11071
2.525000 1.6880 1.208000 11210
24796000 15630 1.296000 161473
2.853000 2.0250 1.546000 1.2186
4,156000 2.0970 1730000 1.,2718
6.011000 243870 1.774000 1.2846
7103000 27410 1.805000 1.2935
. i X 1.RRR000 1.32158
Jones et al. .U+SJ. F[‘eezn.\g point depression 2.043000 1.3692
measurements. Assigned weight is 0.10. 2.063000 1.3757
-1 24219000 1e4229"
m/mol kg $y98.15 2.230000 1.4234

« 065170 «8863

«129700 «8815

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981



ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS

Stokes and Levien [3%].

Isopiestic measurements,

Yakimov and Guzhavina [50].

35

Vapor pressure

reference electrolyte is stol.- Assigned weight is measurements. Assigned weight is 0.10.
1.0.
m/mol -k -1 [/} m/mol-kg-l []
9 298.15 P298.15
2.064000 1.3745 3.833000 1.8936
2.240000 1.4315 3,082000 1.6589
2.278000 1.4427 2.,265000 1.4182
2392000 1.4765 1.231000 1.1196
2.871000 1.6307 «589000 «9T710
3.369000 1.7839
4,075000 1.9907
4.191000 2.0224
44211000 2.0267
5199000 22922
5383000 243367
54834000 204542
64310000 25649
64439000 205927
Comments

The recent work of Motornaya et al. [49] is in excellent agreement with the results of the careful

experiments of Stokes and Levien [34].

Zn(NO )2
trans%erence numbers tor Zn(NU

The rest of the data is largely scattered.

Stokes and Levien [34] have performed measurements on the cell Zn-Hg (2 phase amalgam); Zn(NO )9 (m]),
(mZ); Zn-Hg (2 phase amalgam) from which, in combination with activity coefficients, they have calculated
The absence of independent transference numbers prevents us from using these

Vo
measurements to calculate actiéi%y coefficients for this system.

3.000 — -k R .3

2.500
2.000
1.500 | X
1.000

.500 X Y

2
NN
bl

+ X
1

Ap
x10+
o
N%
NNN
N
e} ~1N
AN
IR
A N
<N
N«
-
+

~.500 -
-1.000 }
-1.500 |
~2.000 X

—-2.500 r

—3.000 A4 4

X

A

0 1.00 2.00 3.00

Deviation Plot for Zn(NO_ﬁ)Z: AP vs molality
3 .

4.
Molality/mol kg

00 5.00

8 Dieterici [46], vapor pressure X Motornaya et al. [49], isopiestic vs cacl,
+ E'winggand tisher [47], vapor pressure measurements 2 Stokes and Levien [34], isopiestic vs KCI
at 20°C . ’
Y Stokes and Levien [34], isopiestic vs st%

X Ewing and Fisher [47], vapor pressure measurements
at 30°C

)i Yakimov and Guzhavina [50], vapor pressure

Jones et al. [48], freezing point depression
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% R. N. GOLDBERG
Zn(C7H703S)2

Recommended Values for the mean activity and osmotic coefficient of zinc p-toluene sulfonate,

Zn(c7H7035)2, in H,0 at 298.15 K
2/mol kg | ¥ ) a, 265%/Jokg !
<001 «8884 9622 «999948 -1e
«002 «8505 «9492 « 999897 ~2e
«003 «8241 « 9400 «999848 -3
«004 «8034 «9328 « 999798 —Se
«30S « 7862 «9269 « 999750 -6
« 006 «7715 9218 999701 ~Be
« 007 » 7586 9173 « 999653 —~10.
«008 7470 «9133 «999605 ~12.
«009 7366 «9097 999558 -14.
«010 7271 «9064 «999510 -17.
«020 «6610 « 8837 e 999045 —444
<030 «6203 «8701 «998590 ~78e.
« 040 +5911 « 8605 «998141 -11S.
« 050 «5683 « 8532 « 997697 =156
« 060 «5498 «B8474 «997256 ~199.
«070 «5343 « 8426 «996817 -244.
080 «5209 8385 «9906381 ~292.
« 090 «5092 «8350 « 995947 ~341.
<100 «4988 «8319 995514 -392.
«200 «4325 «8126 «991255 -968.
«300 «3953 «8011 « 987096 -1627.
m/mol kg ! o(p g (2ny) aly)
« 001 «0002 «0004 «0003
-010 .0010 .0024 .0017
«100 «0024 « 0080 «0040
+300 +0036 « 0080 «0032
Coefficients of Correlating kquations
Egs 1 Egs 2 Egs 3
Par coefficient o (coeff) coefficient o{coeff) coefficient o(coeff)
1 .1656450715+01 .695-01 -.3667255232+01 . 131401 .9209325677+01 .233+00
2 -.2005284867+00 .618-01 .3573024298+02 .912+01 -.1281003438+02 .928+00
3 -.5966828227+02 .218+02 .ZQZﬁ251500+01 .969+00
4 .1072995258+02 . 172+02
ofeqs 1) = .399-02
aleqs 2) = .438-02
olegs. 3) = .213-02

Experimental Data Employed in Generation of Correlating Equations

Bonner et al. [51]. Vapor pressure osmometry and isopiestic measurements performed at 37°C, reference
electrolyte was NaCl [11b]). The authors do not report the measured isopiestic molalities. The data were
adjusted to 25°C using the measured temperature dependency of the osmotic coefficient of copper p-toluene
sulfonate [52]. Assigned weight is 1.0.

m/mol-kg ! 0298.15
-010000 .9000
« 020000 «8810
+050000 8540
«100000 «8340
«200000 «8150
« 300000 « 7990

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
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3.000 - v -
2.500 r ' 1
2.000 o
1.500 '}
1.000

500 +

Ay
X10+2
[e]

~.500 1

—1.000 ¢

-1.500 t

-2.000 t

—2.500 r

-3.000
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Deviation Plot for Zn(C7H7035)2: A vs molality

& Bonner et al. [51], isopiestic vs NaCl and vapor pressure osmometry
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Cd(CIO,),

Recommended Values for the mean activity and osmotic coefficient of l:d(ClOLl’)2 in H 0 at 298.15 K

2

m/mol-kg ! Y [ a, A(_;ex/J.kg'1
« 001 «8904 *9633 «999948 -1e
« 002 «8541 «e9512 999897 -2e
« 003 «8291 «9430 «999847 -3
«004 «8098 * 9366 999798 -4 e
«005 « 7938 «9315 +999748 —6e
« 006 «7803 9271 « 999699 -8
« 007 « 76886 -90234 « 900681 -10.
«008 « 7580 9201 «999602 -12.
« 009 «7486 9172 « 999554 —14,
«010 «7400 9146 «999506 -16.
« 020 «6822 «8982 «999030 —-824
« 030 6481 «8900 0998558 -T2
«040 «6246 « 8854 «998088 . =106,
« 050 «6072 «8829 e997617 -142,
« 060 «5935 «8816 «997145 -180e
« 070 «5825 «8813 996672 -219,
« 080 «5735 «8815 ¢ 996196 —-260e
«090 «S5660 «8822 *«995718 ~302.
«100 «5597 « 8833 0995237 ~345,
«200 «5300 9042 «990274 -802.
«300 eS273 «9327 29204991 —12?77e
«400 «5364 *« 9647 «979361 =1748.
«500 «5528 9992 «973360 -2201.
«600 «5752 1.0358 e 966968 -2627.
700 «6030 140745 «960163 -3021.
«800 «6360 1.1153 «952923 -3378.
«900 €745 1.1580 0945230 -3693.
1000 «7188 1.2027 937065 ~-3963.
1250 «8593 1,3233 «914482 —-64414,
1.500 1.0535 14564 «888631 ~-4511.
1.750 1.32290 1.6023 «859374 ~4206.
1.928 1.5753 17140 «8364338 -3722.
m/molokg | a(p) o (ny) a(y)

« 001 « 0005 «0010 «0009

«010 « 0029 « 0066 « 0049

«100 « 0074 0233 «0131

1.000 « 0098 «0228 «0164

1.928 «0087 «0258 «0406

Coefficients of Correlating Equations

Eas | Egqs 2 Egs 3
Par coefficient o (coeff) coefficient o (coeff) coefficient g (coeff)
1 .]_9_2_5282]1(6+01 . 186+00 .2758501643+01 . 160+00 .9827333339+01 .626+00
2 .4514899862+00 .874-01 .§728567850+01 .269+00 -.1236301718+02 .169+01
3 1584100571400  .297-01 -.6630687962+00  .115+00 .8275912476+01 .156+01
4 ~.2043632974+01 .477+00
olegs 1} = .157-01
oleqs 2) = .146~-01
o{eqs 3) = .161-01

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
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Experimental Data Employed in Generation of Correlating Equations

Pan and Ni [53]. lsopiestic measurements, ref- Kalman et al. [54]. Isopiestic measurements.
erence salt is KC1. Assigned weight is 1.0. Authors do not give the essential exper_'lmental data
for this system. They report only their calculated

m/mol-kg—] ‘6298 15 activity coefficients. Assigned weight is zero. The

B results of Kalman et al. differ significantly from our
final values and we do not present a deviation plot.

«135000 «8975 -
«252000 9173 m/mol kg ¥
«273000 .9315 298.15
«312000 93288
«376000 «9576 0.3 0.656
0.4 0.688
+425000 «9719 o 0028
+435000 +9769 9-2 0.77!4
«507000 9855 . 0.778
+726000 1.0770 0.7 0.8 )
1.104000 1.2488 0.8 .87
1.512000 1.5030 0.9 0.9233
1.748000 1.5770 1.0 1.0
1.845000 1.6459 1.2 1.297
1.904000 1.7009 }2 :g?g
1.928000 1.7241 -6 )3
2.0 3.006
2.5 5.368
3.0 9.62
3.5 17.2
4.0 31.0
4.5 54.5
4,666 (sat) 65.3

Comments

We have selected the results of the isopiestic measurements of Pan and Ni [53] rather than the results

of Kalman et al. [54], who did not report their essential experimental data. An additional, carefully done,
set of measurements would be of value. ’

Jena and Prasad [55] report measurements on concentration cells with transference, both with and without
the presence of a salt bridge. The results involving a salt bridge involve unknown liquid junction potentials
and we have chosen not to treat those measurements. The results obtained without the use of a salt bridge
could not be trecated in the absence of rcliable transference numbers. The diffusion measurements of Reilly and
Stokes [63] cover the range 0.05 to 1.0 mol«1-1, Since the method of obtaining activity coefficients from
diffusion measurements is valid only for very dilute solutions, we have not utilized their data.

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
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Deviation Plot for Cd(C10,),: Af vs molality
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Cd(NOz)z

Recommended Values for the mean activity and osmotic coefficient of Cd(NOz)2 in Hy0 at 298.15 K

m/mol kg ! % ) a, AG®*/Jekg!
«001 «8813 «9583 «999948 -1e
«002 «8375 «9417 « 999898 -2
«003 «8058 «9293 «999849 -3
+ 004 . 7804 +9189 «999801 —Se
« 005 «7588 *9100 2999754 -7 e
« 006 «7400 «9020 e999708 -9
« 007 e7232 « 8948 0999662 -11le
«008 7081 -8881 ‘2999616 -14.
« 009 «6943 «8819 «909571 -17e
«010 +6815 «8761 0999527 ~19.
« 020 «5892 «8313 «999102 —-S4.
. 030 .6206 .7903 998705 ~97.
«040 +4856 e 7739 998328 -148.
+ 050 «4509 e 7527 « 997968 -204.
« 060 04225 e 7344 - « 997621 -266.
« 070 «3986 «7182 997287 . -332.
« 080 «3780 7038 e 996962 — 403
« 090 «3600 «6907 2996646 —877e
«100 - 3442 «6789 2996338 =554,
« 200 «2469 «5974 0993563 ~1482.
« 300 «1982 «5506 «991113 -2608.
«400 1682 *« 5199 «988823 -3875e
«500 «1476 *4989 «986610 -5251.
«600 01325 4840 «984427 —-6715.
«700 «1210 4735 «982244 -B253.
<800 «1110 .A662 .o80043 -9853.
«900 «1046 «42614 «977809 -11508.
1.000 « 0985 +4583 «975533 -13210.
1250 «0871 +4566 +969623 -17639.
1.500 ‘e 0792 « 4605 962357 ~22269.
1.750 20735 e 4679 «956710 -27056e
2.000 «0691 4777 ¢949678 ~31969.
24250 «0658 « 5890 942264 -36983.
2.500 <0632 « 5016 «934478 ~-42082.
2750 «0611 «5149 «926330 —-47249.
' 34000 « 0594 +5288 «917835 -52473.
3.250 ’ «0581 «5431 «909008 -57743.
3.500 «0570 . «5578 « 899865 —-63052,.
3.750 «0561 5726 «890424 -68393.
44000 +0555 «S676 .880703 -73750.
44250 « 0549 «6027 +870724 -79144.
4,500 . <0546 « 6177 « 860506 -84546.
4750 «0543 6327 «850073 -89959.
5000 <0541 «6476 «839449 -95380.
54250 .0540 <6626 .828658 -100806
54500 +0539 « 6770 «817726 -106235.
Se750 « 0539 «6913 « 806681 -111664.
64000 «0540 ¢ 7053 « 795551 -117092.
6 ¢ 250 +0541 «7190 «784366 —122517.
64500 0542 « 7324 «773154 ~-12793B.
6750 <0544 «7453 761949 -133353.
7.000 «0546 7577 « 750780 -138763.
7 . 250 «0548 « 7696 « 739679 -144166.
TeSOS *0550 « 7809 «T28681 -14955Z.
7750 «0552 « 7915 «717817 =154952.
T 840 + 0553 « 7952 «713945 —-156890.
wmoltkg’ | o) olmy) o)
«001 «0000 «0000 « 0000
«010 «0001 «0003 «0002
«100 «0008 «0019 « 0006
1.000 «0017 " #0059 + 0006
24000 «0016 «0056 <0004
S«.000 «0019 «0056 «0003
7840 +0031 -0058 -0003

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
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toefflcients of Correlating Equations

Eqs 2 Eqs 3
Par coefficient o (coeff) coefficient a{coeff)
1 -.3182647978+01 .238+00 .2489247431+01 .288-01
2 .1337388]]9+02 .609+00 ~.9190705467+00 .381-01
3 -.7503383808+01 . 642400 .2072450729+00 .175-01
h '.2769933726+01 . 336400 -.2071611108-01 .267-02
5 -.56L0974025+00 .867-01
6 .802008727-01 .878-02
ogleqs 2) = .345-02
oleqs 3) = .336-02

Experimental Data Employed in Generation of Correlating Equations

Chekhunova et al. [56]. Vapor pressure measurements. Aésigned weight is 1.0.

m/mol *kg ! 0298.15
+«500000 «5036
«700000 «4726
1,000000 4576
1.500000 «460S
2.000000 T #4761
2.500000 «4964
3.000000 +5317
4,000000 #5920
S5¢000000 ~6477
6000000 «7036
7+000000 ) «7556
7.840000 «7969

Comments

The activity coefficients of Cd(NO,), drop to rather low values, a phenomena which is interpretable in
terms of a subtantial amount of ion-pairing. While the nitrites of charge type 1-1 show [7] a moderate degree
of this type of behavior, the extent demonstrated by Cd(NOZ) seems rather large and while we have based our
table of reécommended values upon the only existing set of medsurements, we would feel more comfortable if there

were confirmatory data. Egs | could not be used for this data set and the table of recommended values is
based on eqgs 3.

). Phys..Chem. Ref. Data, Vol. 10, No. 1, 1981
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Cd(NO3)9

Recommended Values for the mean activity and osmotl

1

m/mol kg Y
«001 «8884
«002 «8506
« 003 8243
« 004 «8037
«005 « 7866
« 006 « 7720
« 007 « 7593
«008 e 7479
« 009 7376
«010 «7283
« 020 «6637
« 030 «6247
« 040 «5971
« 050 «5761
« 060 «5592
«070 «5454
«080 «5337
« 090 «5237
«100 «S149
«200 «84649
«300 4434
«400 «4327
«S00 «4276
«600 «4260
«700 4266
«800 «4289
«900 «4324

1.000 «4370

1.250 «4519

1.500 «4706

1750 «4923

24000 5168

2,250 5439

2.500 «5735

2.638 «5909

-1

m/mol ~kg
«001
«010

« 100
1.000
24000
2.638

Coefficients of Correlating Equations

Par

1
2
3
i
5

Egs |

coefficient

g(coeff)

-1585019220+01
.2601065525+00

.924-02
.160-02

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981

c coefficient of Cd(NO

), in H,0 at 298.15 K

3'2 2
) " a AGS*/Jokg™!
— - P
«9622 «999948 -1.
«9453 +S99897 -2.
«0402 +999848 -3
.9331 «999798 -5
«9272 «999729 —€e
9222 « 999701 -8
«9178 «999653 -10.
«9140 +«999605 -12.
«9105 «9%9557 -14.
»9073 «999510 -17.
«8861 +999043 -44,
«8741 +098584 -77.
+«8663 «998129 -114.
+« 8609 +997676 -153,
8570 «997225 -1964
8542 «996774 -240.
«8521 096323 -286.
«8506 «995871 ~333,
«8496 «9956419 -382.
«8518 «990834 -919,
«8626 «986111 -1508.
+8760 «981241 -2123.
«8903 «976228 -27S51.
+9051 «971076 ~3385.
«9201 «965789 -4019.
9351 «960374 -4651.
«9502 «954834 ~5278.
09652 «949174 -5897.
1.0024 «934522 -7407.
1.0392 «919201 -8847.
10757 «903265 -10207.
le1118 ' « 886765 ~11479.
11476 +869749 -12659.
1.1831 «852264 -13743.
12026 «B8642429 -14298.
a(g) afsny) oly)
+0000 «0001 <0000
«+0002 «0004 «0003
«0006 «0017 «0009
«0006 «0033 0015
<0008 «0031 «0016
<0012 «0029 «0017
Egqs 2 Egs 3
coefficient o (coeff) coefficient o (coeff)
. 1178436006+01 .125+00 .9086181054+01 . 125+00
.5\30502368+0| .415+00 -. 23h§69965+02 .519+00
-.L356174299+01 .541+00 .9992863487+01 .5h5+00
. 1645689513+01 .313+00 -.4216167554+01 .315+00
-.2723912106+00 .667-01 .7153523847+00 .673-01
oleqs 1) = .306-02
o(eqs 2) = .311-02
of{egs 3) = .314-02
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fxperimental Data Employed in Generation of Correlating Equations

Dicterici [46]. Vapor pressure measurements
performed at 0°C. The @ and &_ data for Cd(N03)2

given in the tabie of auxiliary data were used to adjust

these and. the other data obtained at temperatures

other than 25°C to that temperature.

Is zero.
m/mcvl'kg_l

«501000
+998000
1.496000
1.994000
2.500000

Ewing and Guyer [57]. Vapor pressure measure-

8,98.15

«7720
«8700
«9610
1.0450
1.1100

ments at 20°C. Assigned weight is zero.

m/mol-kg—]

«517000
1.289000
1720000

Ewing and Guyer [57].

$298.15

«9910
1.0660
1.1540

ments at 30°C. Assigned weight is zero.

m/mol~kg-]

«S17000
1.289000
1.729000

Ewing and Guyer [57].

8

298.15

+9050
1.0430
1.1220

ments at 40°C. Assigned weight is zero.

m/mol-kg-]

«517000
1.289000
1.720000

Jones [58]. Freezing point depression measure-

8,98.15

«8730
1.0230
1.1030

ments. Assigned weight is zero.

]

mimol kg

4001000
«002980
+004920
« 0069950
«008760
«020000
«036020
«048850

Jones et al. [48].

Pa98.15

«9745
«9560
«9530
« 9373
«9324
«9269
«9234
«9230

Freezing point depression

measurements. Assigned weight is zero.

1

m/mnl-kg—

« 084800
«170300
«343200

ﬂ298.15

«9399
«9114
«9436

Assigned weight

Vapor pressure measure-

VaPQf pressure measure-

Kovyrzina et al..[59].

m/mol'kg_]

«250000
500000
1.000000
1.500000
2.500000

Motornaya et al. [49].

m/mol'kg-I

«640000
«704000
-819000
«840000
«889000
+990000

Motornaya and Ben'yash [60].
measurements. Authors did not give the isopiestic
molalities nor did they state which reference electro-

Vapor pressure measure-
ments. Assigned weight is zero.

g298.]5
15273
2.2492
1.8340
1.5942
1.1012

Isopiestic measurements,
reference salt is CaClz. Assigned weight is 0.50.

8,98.15
9210
9197
« 9305
«9428
09457
09534

Isopiestic

lyte was used. Assigned weight is 0.50.

m/mul'kg-‘

+200000

+400000

«600000

+800000
1.000000
1.200000
1.400000
1600000
1.800000
2.000000
2.200000
2.400000
2.600000

229815

«8520
+8730
«9030
«9310
«9620
«9950
1.0250
1.0670
1.0850
11140
1.1430
1.1680
11960

Robinson, Wilson, and Ayling [61].

measurements, reference electrolyte is KCI.

Assigned welght Is 1.0.

m/mol'kg_]

«113400
«121700
«155900
«197500
«330900
«414100
«534500
«640900
«673000
«686300
1.041000
1.138000
1.206000
1.267000
1.531000
1.681000
1.841000
1.873000
1.989000
241062000
24315000
2.381000
2.638000

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981

g298.15

«8476
« 8567
«8537
«8511
«8647
«7333%
«8970
29141
- «9175
*9146
«9702
+9843
«9948
1.0011
1.0466
1.0685
1.0912
1.0924
101132
lel31la
11587
1.1633
1.2041
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Comment s

The recent work of Motornaya et al. [49,60] is in excellent agreement with the results of the careful
measurements of Robinson, Wilson, and Ayling [61]. The rest of the data is largely scattered.

X10+2
(o]

X
i

-2.000 ¢ (4

-2.500

4 e ST S - . — Xk

1.200 1.600 2.000 2.400 2.800
Molality/mol kg™

-3.000 . b —
0 .400 .800

Deviation Plot for Cd(NOB)Z: AP vs molality

Dieterici [46], vapor pressure
Ewing and Guyer [57], vapor pressure measurements at 20°C
Ewing and Guyer [57], vapor pressure measurements at 30°C
Ewing and Guyer [57], vapor pressure measurements at 40°C
Jones [58], freezing point depression

Jones et al. [48], freezing point depression

Kovyrzina et al. [59], vapor pressure
Motornaya et al. [49], isopiestic vs CaCl

2
Motornaya and Ben'yash [60], isopiestic vs ?

b k¥ (< N X O X + b

Robinson, Wilson, and Ayling [61], isopiestic vs KCI

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981



ACTIVITY AND OSMOTIC COEFFICIENTS FOR AQUEOUS SOLUTIONS 47

Cd(C7H703‘S)2

Recommended Values for the mean activity and osmotic coefficient. of .cadmium p-toluene sulfonatg,

Cd(C7H703$)2, in Hy0 at 298.15 K
- -1
m/molskg ! Y [} a, 265%/Jkg
» 001 <8884 09622 « 999948 =1le
«002 «8506 29492 ¢« 959897 —2e
+ 003 8242 9401 «999848 —3e
004 «8034 9329 «999798 ~5e
« 005 « 7863 « 92€9 « 999750 —6e
«006 « 7715 «9218 «999701 —8e
+ 007 « 7586 «9173 « 999653 -10s
«008 7471 «9133 « 999605 ~-12e.
« 009 «7367 «9097 «599558 ~14.
«010 7272 <9064 «999510 -17.
« 020 «66 09 « 8835 «999045 ~44.
« 030 «6199 «8696 «998591 ~T78e
« 040 +5903 « 8596 «998143 -115.
«050 5673 «8520 «997700 -156.
« 060 +«5485 «8458 997261 -199.
«070 «5326 «8406 «996825 -245.
« 080 «5189 «8361 « 996391 -293.
«090 «5068 .8322 « 995960 -343.
«100 +4961 8287 «995531 -394,
«200 +4268 «8049 «991337 ~976.
« 300 «3867 «7887 +987293 -1648.
«400 « 3582 + 7748 «983390 -2384.
«500 3357 7617 «979628 -3172.
+600 «3170 « 7489 «976009 -4006.
«001 «0002 «0003 «0003
«010 <0009 <0022 . «0016
100 «0018 0066 «0033
«600 «0029 «0071 0022
Coefficients of Correlating Equations
Eqs 1 Egs 2 Eas 3
Par coefficient a{coeff) coefficient g (coeff) coefficient o(coeff)
1 . 1680063040401 .697-01 -.3488542177+01 .933+00 .8671712572+01 .192+00
=== - 3E5T417670+ 680+01 -.7098276536+02 .527+00
2 -.2989528189+00  .834-01 -3521417670+02 © . 790732280401 . 384400
3 .1252038044-02 .808-01 -.7181067190+02 . 190402 .527473 .
b - . 7606224814402 .232402
5 -.307h143207+02 . 104+02
oleqs 1) = .324-02
cleqs 2) = .338-02
cleas 3) = .386-02

J. Phys. Chem. Ref. Data, Vol. 10, No. 1, 1981
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Experimental Data Employed in Generation of Correlating Equations

Bonner, Breazeale, and Rushing [52]. Vapor pressure osmometry and isopiestic measurements performed at
37°C, reference electrolyte was NaCl [11b]. The authors do not report the measured isopiestic molalities.
The data were adjusted to 25°C using the measured temperature dependency of the osmotic coefficient of copper
p-toluene sulfonate [52]. Assigned weight is 1.0.

m/mol kg ﬂZSS.]S
«010000 <9000
« 020000 «8810
«050000 «8530
«100000 «8310
«200000 «8070
«300000 «7880
«400000 «7730
«500000 «7610
«600000 «7500
3.000 v -—
2.500
2.000
1.500
1.000
.500
o~ A
+ A & &
;\S [e] A =
< x a &
~.5CD
A
-1.000
-1.500 1
—2.000
—2.500
-3.000 - -+ - — . . At +
0 .050 .100 .150 .200 350 400 450 500 .550 .600

250 .300
Molality /mol kg™

Deviation Plat for ¢d(C H 0,8)

M0 2" AB vs molality

A Bonner, Breazeale, and Rushing [52], vapor pressure osmometry and isopiestic vs NaCl
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2.3. Systems Not Treated

Kertesz [62] reports measurements on the cell Cd(2 phase
umalgam); CdRym); KCi(sat)y Hg,Cl(s), Hg(f) where R
is trichloroacetate (CCL,C00), sulfosalicylate
(C.H,OHCOOHSO,), or sulfanilate (C¢H,NH;SO;). The use
of these data to obtain activity coefficients involves the inter-
pretation of unknown liquid junction potentials and we have
chosen not to treat these data.

The cadmium halides present a particularly difficult prob-
lem in data analysis. In attempting to apply the correlating
equations which we have used previously, we find that these
equations do not represent the experimental data adequately.
The reason for this is that the activity coefficients drop rapid-

ly to very low values, ie., y for CdCl, is 0.22 at m = 0.10

mol-kg™ [64]. This type of behavior, which is typical of
highly associated clectrolytcs, makes it a very difficult task
for polynomial representations to reconcile both the Debye-
Hiickel limiting law and the experimental data, hence egs 2
and 3 (see section 2.1) cannot be used. Eqs 1 are also inap-
propriate since too negative a value of the B coefficient is re-
quired which, in turn, causes the osmotic coefficient to
become an imaginary number. While the experimental data
themsclves can bc represented by discarding the Debye-
Huckel limiting law, the author is not completely satisfied by
that type of treatment and attempts are currently underway
to devise a more satisfactory method of analysis.-We note
that Reilly and Stokes [63] in treating the data for CdCl, used
an association model and assumptions about single-ion activ-
ities. The activity coefficients they [63] calculate for CdCl,
and the ones tabulated by Robinson and Stokes [64] for
CdBr, and CdI, probably represent the best numbers
presently available for these systems.

We note that, for the bi-univalent compounds of mercury,
there exist only the old beiling point elevation measurements
of Kahlenburg [65] and the freezing point depression meas-
urements of Biltz [28] for HgCl, and the freezing point
depression measurements .of Jones and Caldwell [66] for
Hg(CN),: None of these data sets is sufficiently precise to
warrant the generation of a set of recommended activity and
osmotic coefficients. This is unfortunate in view of the envi-
ronmental and general chemical importance of mercury
compounds.

2.4. Previous Compilations and Evaluations

Previous evaluations and compilations of the activity and
osmotic coefficients for six of the systems dealt with herein
may be found in the book by Harned and Owen [67], the
tables of Stokes[19] and Robinson and Stokes [64],-and in the
papers of Wu and Hamer [68] and Pitzer and Mayorga [69].
None of these previous reviews has presented data for
ethylene bis(trimethylammonium) chloride and iodide, ZnF,,
zinc p-toluene sulfonate, Cd(NO,),, or cadmium p-toluene
sulfonate.

The tables of Robinson and Stokes [64] and Stokes [19] ap-

pear to be based largely upon their own isopiestic measure-
ments; similarly, Harned and Owen [68] based their tables
upon the calculations of Stokes [19]. For the compounds be-

ing examined in this paper, the coefficients of Pitzer and
Mayorga [69] are based exclusively upon the smoothed osmot-
ic coefficients given by Robinson and Stokes [64]. Wu and
Hamer [68] utilized a larger data base than the others[19, 64,
67, 69] but, unfortunately, did not state how the various data
sources were weighted to obtain their final tables of recom-
mended values. :

For the six systems of interest, there is summarized in table
1 the values of the activity coefficients at the maximum
molality for which comparisons may be made between our
evaluation and previous evaluations.

The evaluation of Wu and Hamer [68] for ZnCl, and ZnBr,
shows unusually large differences between the numbers
which we and Stokes [64] give for the values of the activity
coefficients at the maximum possible molalities. We believe
that the evaluations of Wu and Hamer [68] are in error at
these extrema. For ZnCl, the numbers they [68] tabulate are
in substantial agreement with our own up to 20 mol-kg™*,
while for ZnBr, the numbers they [68] give are systematically
lower than the ones recommended in our own table.

The differences observed for Znl, are undoubtedly due to
the inclusion of additional data other than isopiestic in our
evaluation procedure. The agreement for the other systems is
satisfactory.

2.5. Relationship of Activity Coefficients to
Solubility Data

Knowledge of the stoichiometric solubility (m..,), the activi-
ty coefficient and activity of water at saturation, and a knowl-
edge of the number (r) of waters of hydration to be associated
with the solid phase in equilibrium with its saturated solution
in pure water can be used to calculate the standard Gibbs
energy of solution (AG°,,,,). For an electrolyte M, X, ,

AG®,,., = —RTin & (viv-) (my)®
where AG®,,;, refers to the brocess
M, X,_-nH,0(s) =v.M=(aq) +v.X* (aq) + nH,0(liq)
The solubility product (K,o) is calculable using

Ko = afviovr) (my)

This sort of analysis can be useful in establishing the value of
the solubility product or in the construction of a thermody-
namic data network.

3. Auxiliary Data
Osmotic Coefficient Data
Evaluated data for several reference systems were needed
in treating the isopiestic data. These systems and the sources

of the evaluated data are: KCI[1], NaC]1}, CaCLf2], and
H,S04].
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Redative Apparent Molal Enthalpy Data

The coefficients for the equation @./J-mol™* = ): a;m’?
were obtained by a least squares fit to the values of &,
caleulated from the enthalpies of formation as a function of
the molality as given in NBS Technical Note 270-30 (70]. The
coefficients are given in table 2.

Apparent Molal Heat Capacity Data

The coefficients for the equation ®./J mol” K =
®? + Z f3:m’’? are given in table 3.

Transference Number Data

The coefficients for the equation ¢, = £3 +Z a;C’?, where
C is the molarity in mol-dm, are given in table 4. The trans-
ference numbers for ZnBr, are based on the measurements of
Samis 73] performed at 40 °C with 842/ T being estimated
from the measurements of Keenan et al. [74] on CaCl, at sev-

R. N. GOLDBERG

eral temperatures. The coefficients for ZnCl, and Zn(ClO.),
are based on a fit to the Hittorf data of Agnew and Paterson
[75, 76}

Density Data

Densities of ZnCl, and Zn(Cl0,), solutions were calculated
from the coefficients given in table ! of the paper by Agnew
and Paterson [75, 76). The densities of ZnBr, solutions were
calculated from the equatiom: p/g-cm™ = 0.997074 +
0.19744 ¢ — 0.0096776 ¢ */*, where ¢ is the molarity in
mol-dm™. This latter equation was obtained using the ap-
parent molal volume data tabulated by Millero [77].
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Table 1. Comparison of Activity Coefficients from Different Sources
Haximun molality/mol +kg”" . _ mla]ltY/ nolality/ molalit
System for which data exist ¥[19,64] y[this evaluation] mol* a(%)? y168] [this evaluanon] mol <kg 8(%) |y[69] [this eva!uatuon] mol kg A(%)
ZnCI2 23.193 3.46 3.433 22.9  -0.8 L. by 3.433 22.0 -29.3 [0.318 0.315 1.2 -1.0
Zr|Bl"2 20.100 7.86 7.965 20.0  +1.3 3.50 7.965 20.0 56.1 0.566 0.575 1.6 1.6
Zl'll2 11.892 5.‘%‘5 6.758 11,892 +5.1 3.59 3.744 3.0 4.1 0.706 0.756 0.8 6.6
L"(Uuk]Z 4.311 bU.‘Bh 53.3 4,311 -2.7 37.83 39.097 4.0 3.2 2,626 2.714 Z.0 3.2
Zn(N03)2 7.103 6.38 6.480 6.0 +1.1 6.80 6.480 6.0 -4.9 10.813 0.821 2.0 1.0
Cd(N03)2 2.638 0.573 0.57% 2.5 +0.2 0.568 0.574 2.5 1.0 2.5 Q.7

2A{%) is defined to be [(this evaluation - previous evaluation) x 100%1/{this evaluation].

blnterpclated value.
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Table 2. Coefficients Used to Calculate Relative Apparent Molal Enthalpies

Range of Validity
System molal ity/mol'kg-] Q.

- Ly 23 S 5 o - 8-
ZnCl, 0 to 1.39 10263. & 3105.56  4776.8 =2953 .43 —mmmmoome | mmmmeme mmmcmee cmmeeeo
Zn(N03)2 0 to 6.94 10263.4  -11248.1  -47636.7 129340.0 -129489.0  6L295.4  -15827.2  1543.31

Table 3. Coefficicnts Used to Calculate Apparent Molal Heat Capacities

Range of Validity
System  molality/mol-kg”! o° B

o By ——B-Z-— Reference
Znti, 0.25 to 17.12 -169.4 147.63 -11.69 (WAD]
Zn(N03)2 0.11 to 2.90 -186.6 146 44 ———— [72]

Table 4. Coefficients Used to Calculate Transference Numbers

Range of Validity

System C/mol+dm™3 E ,a_], a_z f}‘_ ill .a_s
ZnCl, 0 to 3.37 0.419495 -0.431755 1.10289 -1.46948 0.691174 -0.111814
n(c10,), 0 to 2.43 0.414653 -0.0619701 -0.0166223 - - -
ZnDrz 0 w 0.15 0.395403 0.0998432 -0.0426553 - - -
Additional ¢ :iliary data follow:

Mg = 6008 Jemol”! (78] B3, = 381 dmol (73]

&b = -0.197 4K Zemot™" 78] Teus = 273.15 K for water  [10]

R = 8.314h1 JoK emol”' 791 F = 96484.56 Comol”! [74]

A = 0.51084 Tog 10 k' Zemo1 ™2 [21  pe = 3168.6 Pa (23.7627 torr)  [81]

for water at 25 °C
B, = -992 cnd'mol” at 25 °C  [80]
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6. Glossary of Symbols fusion of the pure solvent at the freezmg tem-1

) - perature of the pure solvent ‘

a,. - Activity of water , S

o . AC, the. difference between the partial molal heat

“Ab .. (3AC,/07T, : ~ capacity of the solvent in a solution and the

. ) _ molal heat capacity of the solid solvent at the
cgorcC concentration of solute substance B . . freezing temperature of the solutwn

mg orm molality of solute substance ‘ ' E - electromotiveforce

7 _transference number of ithion - F- . the Fafad.ayb Constant

2 .charge numper or an wup AG= the excess Gibbs energy of a solution contammg

_ “one kilogram of solvent -
A constantin Debye-Hiickel limiting law
s ) ‘ AH°;,“' the cuthulpy of fusivu of the pure solventat the:

4, |zzld ... freezing temperature of the pure solvent .. -

. ‘ (zivizia)z ’ . . .

4, 5 ) IL.orl " ionic strength: (,, =163 m;2%)

4, coefficients in a specified equation Koo solubility product

B,CD,E... Ccoefficients in eqs(1) P - vapor pressure of a solution

B, coefficients in a specified equation P - vapu pressure of pure solvent

B; the second virial coefficient for water vapor R molar gas constant

AC,, the heat capacity change accompanying the T thermodynamic or absolute temperature
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ahsolute temperature of fusion of pure solvent
coefficients in a specified equation
coefficients in a specified equation

activity coefficient, molality basis

activity coefficient evaluated at a given
reference molality (m..,)

number of ions of species i formed from one
molecule of solute assuming complete dissocia-
tion

1%

$org
b

&,

total number of ions formed from one molecule
of solute assuming complete dissociation: [v =
ZV.']

density

standard deviation

osmotic coefficient

apparent molal heat capacity

relative apparent molal enthalpy
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