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The sources of previous thermodynamic property values are detailed for cadmium and

some compounds of cadmium that might

be expected as derivative from anthropogenic

introduction of cadmium into the environment or are required for calculation of thermo-
dynamic properties of cadmium-containing systems. Included are descriptions of the
sources of information and methodology used to obtain the values for these compounds

reported in the NBS series of publications
Thermodynamics Tables. @998 America
cal Society[S0047-2688)00105-4

loosely and collectively referred to as the NBS
n Institute of Physics and American Chemi-
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1. Introduction

This is the first in a series of documents that describe some
of the sources of values of thermodynamic properties of ma-
terials and systems that are essential in the calculation and
prediction of environmental fates of particular materials and
environmental remediation technologies. Also essential in
the environmental arena is the determination of “risk”
(93CAR). A risk analysis incorporates validation of the data
being used in calculations and in decision-making processes.
The present series of documents contain information re-
quired to assess the reliability of values calculated from
some environmental simulations.

Many believe these thermodynamic properties are well
enough known that such calculations, for example calcula-
tion of the aqueous concentration of cadmium in an aquifer,
are primarily an exercise in numerical analysis. This belief
has been fostered, perhaps, by the large number of “data
evaluations” and/or compendia that list thermodynamic
properties of these substances and the observation that these
values are almost always nearly identical. However, many of
these sources of thermodynamic information merely repeat
“evaluated” thermodynamic information gleaned from other
literature sources rather than having examined the measure-
ments that might have led to the thermodynamic properties.
As an example, both 7BROB/HEM and 84PAN cite the NBS
Tables(68WAG/EVA) as a source for some of the thermo-
dynamic properties they gave for compounds and minerals
containing cadmium. Indeed, the number of “thermody-
namic property evaluations” for many individual cadmium
compounds far outnumber the thermodynamic measurements
upon which they are based. This was recently and ably dem-
onstrated for cadmium carbonatetavite by 93STI/PAR.
They showed, in their Fig. 1, the existence of a large number
(28) of “data evaluations,” most of which were directly or
Sndirectly traceable to only a very small numkidy of actual
thermodynamic measurements for crystalline cadmium car-
bonate(counting the CdC@ decomposition studies as one
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916 DONALD G. ARCHER

study). Furthermore, the few direct examinations of the ther-auxiliary values that might have been used, etc., will be iden-
modynamic measurements often did not describe the medified. Section C details the auxiliary substances required to
surements examined and/or how the “evaluated” thermody-obtain the NBS Tables thermodynamic property values for
namic properties were obtained from those measurementthe title substance. The measurements examined by the NBS
For example, all of thé\;H values for CdCQ(cr) arose from  Tables staff, but not used in their final assessment, are de-
a measurement reported in 1883, but one is not told this iiscribed in section D. Section E describes more recent mea-
the thermodynamic property compendia. surements that could lead to thermodynamic property values.
The existence of a large number of compendia reportingther evaluations or compendia of thermodynamic proper-
similar values, combined with the absence of critical exami+ies of the substances are not listed in this section, regardless
nations of the foundations of these compendia, have led to af quality. This is due to the large number of such evalua-
widespread, but mistaken, impression that sufficient knowltions (vide supra. Finally, references are given within sec-
edge exists of the thermodynamic properties of toxic metalsion F for each title substance.
released or redistributed in the environment. It is not always clear-cut for which substance one might
A heavily mentioned source of thermodynamic propertyplace some of the new measurements in a document such as
values, the NBS Tables, was cited abod8WAG/EVA, this. Thus, one reader might consider inclusion of, say, os-
82WAG/EVA). These values were not documented as tamotic coefficient measurements for aqueous cadmium chlo-
source and methodology. The present series of articles deide underneath Cd(ag) as correct, whereas another might
scribe, as best as can be discerned, how those values warensider entry under CdC{ag to be more correct. We
determined. The present series of articles include not just thehoose not to involve ourselves with that level of minutiae.
measurements and pathways used, but also itemize the mea-
surements considered, but not used, by Wagetas. The
present document should not be cited as a source for thermo-
dynamic property values from either 6BWAG/EVA or from  Cadmium poses health concerns at very low levels of in-
82WAG/EVA, values from those sources should be cited agjestion or inhalation. Ongoing federal regulations concern
being from those sources, even if the individual doing theanthropogenically caused cadmium concentrations in the
citing has corrected an arithmetic error contained in thos&vorkplace and in the environment. Large natural deposits of
values based on information contained in this document. Ficadmium minerals are primarily limited to forms of cad-
nally, the articles detail relevant measurements that have apnjum sulfide(CdS, e.g., greenockite, Hawleyite, and xan-
peared in the literature since the time the NBS Tables valuegochroite, and one significant-sized deposit of otavite,
were prepared. CdCQ;, located in Africa. Other mineral forms of cadmium
The documentation and investigation of the methods usegre generally found in deposits of other metals. Cadmium is
by Wagmaret al. have been prompted, in large part, by cre-recovered commercially from ore processing and is found in
ation of a new investigation of some of these properties athe tailings from zinc, copper, and lead mineral deposits.
NIST and, in lesser part, by difficulties encountered by curRunoff from tailings-piles can potentially contaminate
rent NIST staff in response to requests for information fromground water and surface water. Commercially, cadmium is
the technical community. Our examinations have identifieciound in batteries and solders, is used in electroplating and
arithmetic errors affecting the tabulated values, as well asission control, and is also used as a pigment and in phos-
errors in the processing of the measured values. phors. Thus, cadmium might be found at low levels in solid-
The organization of the current series of articles is as folwaste streams intended for incineration, either as simple
lows. Under each substance described will be six sectiongvaste elimination or as fuel in waste-to-energy facilities.
The first section, A, will describe the methodology and the Cadmium ions dissolved in water are strongly precipitated
measurements that led to the value given in the NBS Tablesy hydroxide and by carbonate ions. However, these precipi-
This information was kept on loose papers, “worksheets,”tation mechanisms are significantly dependent on imposed or
that have been kept in file cabinets at NIST. Not all of thenatural conditions. For example, the solubility of cadmium
“worksheets” were equally understandable. As such, wehydroxide in water changes by two orders of magnitude for
have not been able to discern sources for all values; somevery unit change in pH. Otavite solubility depends on pH
times the worksheets have been too cryptic to be understoodnd on CQ partial pressure. Further complicating the impact
This also applies to some of the auxiliary values; many ofof cadmium on the environment is the ready ability of cad-
these were not listed on the worksheets. Tracing all auxiliarynium to substitute for calcium in crystal lattices, thus result-
values(osmotic coefficients, saturation molalities, gtand  ing in such substitution in calcite-containing formations.
in many cases making assumptions from where they may Some of the values given in the NBS Tables for the cad-
have come did not seem a wise investiture of resourcesnium compounds, discussed below, were found to have been
Therefore, the sources of these values were not guessednfiscalculated. This is unfortunate as some of these values
they were not identified on a worksheet. The second sectiomave been used in calculation of thermodynamic properties
B, contains comments by the author of the article regardingf other, more complex cadmium-containing compounds.
the methodology used in generation of the NBS Tables val- It is also worth noting that heavy use of Etlj) amalgam
ues. In section B, such things as arithmetic errors, erroneousectrodes was made in determining the thermodynamic

1.1. Considerations Concerning Cadmium
Compounds
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properties of Cé"(ag and some of the other species. Hence, 1.3. References for the Introduction
most of the tabulated Gibbs energies of formation of
cadmium-containing compounds ultimately contain within68WAG/EVA Wagman, D. D., Evans, W. H., Parker, V.

their pedigree the Gibbs energy of the reaction, B., Halow, I., Bailey, S. M., Schumm, R. H.,
Cd(cr)+Hg()=Cd(Hg, two-phasg Yet, there are very few Selected Values of Chemical Thermody-
measurements, most old, of this reaction in the literature. namicProperties. Tables for the first Thirty-
The problem of validating reliability has been exacerbated Four Elements in the Standard Order of
by not describing this weak link. As an example, the CO- Arrange-ment. (NBS Tech. Note 270-3,
DATA Key Values for Thermodynamic$89COX/WAG) 1968.
does not mention the thermodynamic properties of cadmiunf8ROB/HEM  Robie, R. A., Hemingway, B. S., Fisher, J.
amalgam, but includes the aqueous cadmium ion as a key R.,Thermodynamic Properties of Minerals
species. In their description of the source of their properties andRelated Substance at 298.15 K and 1 Bar
for aqueous cadmium ion, they stated G° was calculated (10° Pascals Pressure and at Higher
from the electromotive force@mfs of the following types Tempera-turestUSGS Bull. 1452, 1978
of cells containing Cd/Cd electrodes.” But this was not 82WAG/EVA Wagman, D. D., Evans, W. H., Parker, V.
really true, almost all of the cell measurements involved B., Schumm, R. H., Halow, |., Bailey, S. M.,
amalgam cells, not cadmium metal cells. 89COX/WAG had Churney, K. L., Nuttall, R. L., J. Phys.
to use some value for the generation of the amalgam reaction Chem. Ref. Datd 1, Suppl. 2(1982.
and they did not inform the reader of the value or its basis84PAN Pankratz, L. B., Thermodynamic Properties
One can easily argue that because the thermodynamic prop- of Halides.(USBM Bull. 674, 1984.
erties of Cd"(ag) were determined primarily from the ther- 89COX/WAG Cox, J. D., Wagman, D. D., Medvedev, V.
modynamic properties of cadmium amalgams, the cadmium A., CODATA Key Values for Thermodynam-
amalgams are more “key” than Gd(ag) and should have ics (Hemisphere, New York, 1989
been included in the Key Values. 93CAR Carnegie Commission on Science, Technol-
There is no doubt that cadmium forms complexes in solu- 0gy,
tion. However, the only evidence of some of the complexes and Government, Risk and the Environment,
that have been reported in the literature was their inclusion in Improving Regulatory Decision Making
the representation of a set of thermodynamic measurements. (Carnegie Commission, NY, 1983
The author invokes the principle that a set of thermodynami®@3STI/PAR  Stipp, S. L. S., Parks, G. A., Nordstrom, D.
measurements can be supportive of more than one set of K., Leckie, J. O. Geochim, Cosmochim.
complexation assumptions, particularly when one can tinker Acta 57, 2699(1993.

with nonideality models in the process. It is possible that

some of the aqueous species described below are fictitious

and are nothing more than a fitting parameter. They have 2. Cd(cr)

nonetheless been included because they were included in A. Selected Values, NBS Tables

82WAG/EVA and the reader can judge for himself. The au-

thor makes no claim in this article regarding the usefulness The NBS Tables list two forms of crystalline cadmium,

of the reported aqueous species. a and y. The NBS Tables values for Cg cr) were taken
The present document is relevant to the origin of valuedrom 63HUL/ORR as H° (T=298.15K)-H° (T=0K)

from both 68WAG/EVA and 82WAG/EVA. The 82WAG/ =6.238 kJmol ! (1.491 kcaimol™%), $°=51.76 JK!

EVA values are slightly different than the 68WAG/EVA val- -mol™* (12.37 calK "!-mol™%) and C5=25.98 JK *.-mol~*

ues because the former chose to tabulate values relative to(6.21 calK ~t-mol™).

bar standard pressure, whereas the latter chose 1 atm. TheThe Gibbs energy of formation of theform of cadmium

effect of this small pressure difference on the tabulated valfrom the y form was calculated from the emf for the cell

ues is described in 82WAG/EVA. The specific calculationsreaction:

in the following pages should give the numerical values in

68WAG/EVA, Tather than those in B2WAG/EVA. Ths is Cd,€n|CASQ(ad|CdHY). @)

because the worksheets correspond to the 1 atm standaféie 298.15 K emf value was listed as 0.0474ZNGET)
pressure. with a temperature coefficient of-0.000 200 V/K. The

compilers combined this emf with an emf value for the elec-
trochemical cell:

1.2. Acknowledgments Cd(y,cn|CdSQ(ag)|Cd(Hg), )

The author wishes to recognize the efforts of Rhoda LevinOf 0.050 47 v-0.000 2437 V/K T —298.15 K). The appro-

and of Tamar Thorne in the collection of literature articlesprlate difference gavé*=0.003 05 -0.000 0437 VK T

and especially thanks Rhoda Levin for a very careful proof- 298.15K) as the emf for reaction
reading of the article. Cd(y,cr)=Cd(a,cr). 3)
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918 DONALD G. ARCHER

Conversion to joules gave the Gibbs energy of formation otal-K~*-mol™%). Another value, —75.3JK *-mol™*
the a phase from they phase as-0.59 kJmol™* (=0.141  (-18.0 calK *-mol™) was obtained from the entropy of
kcal-mol™). The temperature dependence of the two cell'sCdCly(cr) from 59ITS/STR, the enthalpy of the solution of
emfs was used to giva;S® of —8.43K™"-mol™* (-2.0  cdCl(cr) from 1887PIC, the enthalpy of dilution measure-
ca-K~t.mol™®) and AH° of —3.08 kJmol™* (~0.737  ments from 42ROB/WAL, vapor pressure measurements, an
kcal-mol™). However, these two latter values do not matchaqueous solubility and an activity coefficient of saturated
the NBS Tables entries that are consistent only WifB° of  CdCl(ag). The source of the latter three was not given, but
0JK tmol™. Other calculations under the heading probably corresponds to values described under §dg)
Cd(Hg) gave A(S° of 0K *-mol™* for Cd(a, cn. This  refer to Sec. 4. A third value-71.1 JK L-mol™! (=17.0
value was consistent with measurements from 34PAR/LAMca|.K71.m0|*1), was listed as having been determined from
decomposition pressure, heat of soluti@ISH/UED, item
B. Comments 9 in section D below an aqueous solubility value, a satu-

o rated solution activity coefficient and an entropy for
No examination of the thermal property measurements fog gy, (cr). Sources and values for these were not present on

the y phase appeared to have been made. No explanation Wgs, \yorksheets. The unweighted average of the three values
found for the differences between the tabulated values ang s — 732 3k —1.mol~! (—17.5 calK~1-mol™Y).

the values on the worksheets for the entropy and the heat of TheA,G° of Cd®*(ag) appears to have been taken from an
formation of thea phase. average of 18 different values obtained from measurements
on the sulfate, chloride and bromide, and 10 of the 18 were

C. Auxiliary Values Required for Data Pathway counted twice for the average. The 18 values were:
A;G°[Cd(Hg)] 1. The 31LAM/PAR measurements for the electrochemi-
cal cell:
D. Other Thermodynamic Measurements Cd(Hg)|CdSQy(aq,salPbSQ(cr)|Ph(Hg) (1)
Considered

were indicated as one source of the aqueous iaf%’. The
The emf for the CHg)=Cd(y,cr) cell was supported by emf of this cell, 0.04641 abs. V, was converted ta &=

the measurements from 34PAR/LAM on a similar cell. —8.956 kdmol™ (—2.1405 kcalmol™). This was com-
bined withA{G° values for PHg), CdHg), and PbSQcr)

E. More Recent Determinations of the of —1.13 kJmol ! (—0.27 kcalmol™Y), —9.740 kmol ™!
Thermodynamic Properties of Cd  (cr) (—2.328 kcalmol™1), and —813.20 kdmol™! (—194.36

, kcal-mol™Y), respectively, to obtain A;G°[CdSQ
69CET/HOL reported measurements of heat capacity from(H20)8,3]=—1464.02 kdmol~! (—349.909 kcalmol Y.

1030 K. On the worksheets for Cd(ag), it was indicated that these

measurements gave a value a&fG° for C'(ag of

F. Bibliography —77.442 kdmol™* (—18.509 kcalmol™1); the worksheets
17GET Getman, F. H., J. Am. Chem. S@, 1806  for CdSQ indicate they gave a value of 76.199 kdmol~*
(1917. (—18.212 kcalmol ™).
34PAR/LAM  Parks, W. G., La Mer, V. K., J. Am. Chem. 2. 41VIN/BRI measured the emf of the electrochemical
Soc.56, 90, 2797(1934. cell:
63HUL/ORR Hultgren, R. R., Orr, R. L., Anderson, P. D.,
Kelley, K. K., Selected Values of Cd(Hg)(two-phasg{CdSQ;- (H,0)g/s(cr)|
Thermody-namic Properties of Metals and
Alloys (Wiley, New York, 1963. CdSQ(aq.sat|Hg,SO,(en|Hg() @
69CET/HOL Cetas, C. T., Holste, J. C., Swenson, C. A.from 293.15 to 323.15 K. The worksheets indicated the
Phys. Rev182 679 (1969. Gibbs energy change for Eq2) at 298.15 K to be

—196.447 kdmol ™! (—46.952 kcalmol™Y) calculated from
o the emf of 1.01844 abs. V. This quantity was combined with
3. Cd“"(aq) A;G° values for CdHg), Hg,SO,(cr), and HO(l) of —9.740
A Selected Values. NBS Tables kJ-mol™* (-2.328 kcalmol™), -625.880 kJmol™*
’ (—149.589 kcalmol™), —237.183 kdmol™! (—56.688
The entropy of C#"(ag) was obtained as the average of kcal-mol™1), respectively, and a contribution from the
three values. The first was obtained from the combination ohonideality of 8/3mol of water in the saturated
a heat of solution measurement of Cg&® and an entropy solution, —0.761 kJmol™! (—0.182 kcalmol ™). The
determination for the same, both from 55PAP/GIA, and val-A{G°[CdSQ(H,0)g5(cr)] was  calculated to be
ues of the solubility and activity coefficient at saturation. The— 1465.316 kdmol™* (—350.219 kcalmol™). Removal of
worksheets indicated these valug®me unspecifiodgave the A;G° for 8/3 mol of water and the nonideality contribu-
an entropy of C8(ag of —73.39 JK 1.mol™? (—17.54 tion for water, followed by inclusion of the nonideality con-
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tribution for CdSQ(ag in saturated solution gave A;G°[CdCh(ag] of —340.214 kdmol™! (—81.313
A{G°[CdSQ(ag]=—822.127 kdmol™! (—196.493 kcal kcalmol™) and A;G°[Ch'(ag]=—77.693 kImol !
-mol™Y). A;G° [Cl*(ag]=—77.500 kdmol™! (—18.523 (—18.569 kcalimol™1).
kcal-mol™1). 7. 30PRI/VOS measured the emf of the electrochemical
3. 31ISH/MUR measured the emf of the electrochemicakell:
cell:
Cd(Hg)|CdCl,- (H,0)s/JCdCh(aq,sal
Cd(Hg)|CdSQ - (H,0)g4(cr
(HY)CASQ: (HOen(cr) CdCh: (H,0)s/(sal, PbCh(sab|PhHg).  (7)

CdSQ(aq,satiHg,SO;(cn]Ha(l), ® The 298.15 K emf of the cell, 0.14072 int. V, was used to
obtaining 1.01845 int. V for 298.15 K. This value was usedcalculate A,G=—27.167 kdmol™ ! (—6.493 kcalmol™%).
to obtain a Gibbs energy of formation of Combination of this withA;G° for H,O(l), CdHg), PhHg),
—1465.404 kdmol ™! (—350.240 kcalmol ™). See and PbCjcr) of —237.183 kdmol™! (—56.688
CdSQ-(H0)gs5(cr), section 22. From this value, th&G  kcal-mol ), —9.740 kJmol™! (—2.328 kcalmol™?}),
for 8/3 mol of HO(l) and the nonideality contribution forthe —1.13 kJmol™* (—0.27 kcalmol™), and —314.14
solvent were removed and then to it was added a nonidealityJ-mol~* (—75.08 kcalmol 1), respectively, and a nonide-
contribution for the solute, taken to be 9.941kdI™*  ality correction for the water in saturated solution, was used
(2.376 kcalmol ™). The resultingA(G° for CdSQ(ag) was  to calculateA;G°[CdCl- (H,0)s(cr)]=—944.053 kdmol 1
—822.215 kdmol ™t (—196.514 kcalmol™) and A;G° for  (—225.634 kcalmol™Y).
Cd"(ag was —77.588 kdmol™! (—18.544 kcalmol ™). 8. 30PRI/NVOS measured the emf of the electrochemical
However,—18.544 was transcribed as18.514 for the cal- cell:
culation of the average.

4. 21TAY/PER measured the electrochemical potential of Cd(Hg)|CdCl: (H0)s/2
the cell: CdCb: (H;0)s/x(sad|Hg,Cly(sapHg. €S)
Cd(Hg)|CdCh- (H,0)s) The 298.15 K emf, 0.6706 int. V, was used to calculate
CdCh(ag,satAgCl(cn|Ag(c). 4 AG=-129.449 kdmol~! (—30.939 kcalmol ™). This

value was combined witi\;G° for H,O(l), Cd(Hg), and
The 298.15 K emf vyieldled a value ofA\G  Hg,Clycr) of —237.183 kdmol™! (—56.688 kcaimol™?),
= —120.608 kdmol~* (—28.826 kcalmol™). This value _9740kJmol ! (-2.328 kcalmol™}) and —210.777
was combined withA(G° values for AgClcr), HO(), and  kJ.mol~! (—50.377 kcaimol %), and a nonideality correc-
Cd(Hg), of —109.805 kdmol™~* (—26.244 kcalmol™*), and  tjon for the water in saturated solution ef0.473 kimol~t
—237.183kdmol™*  (—56.688 kcalmol™!),  —9.740  (—0.113 kcalmolY). These values yielded

kJ-mol™* (—2.328 kcalmol™) and a nonideality correction A G°[CdCL- (H,0)s/(cr]=—944.107 kdmol ! (—225.647
for the water in saturated solution-0.473 kmol™! kcal-mol™%).

(—0.113 kcalmol™) per mole of water. These values g9 16LIP/HUL determined the emf of the electrochemical
yielded A{G°[CdCh-(H,0)s(cN]=—944.094 kdmol™!  q:
(—225.644 kcalmol™2).

5. 36HAR/FIT measured the emf of the electrochemical Cd(Hg)|CdC- (H,0)s.(aq,saiHg,ClHg  (9)
cell: from 288.15 to 303.15 K. The 298.15 K emf, 0.67102 abs. V
Cd(Hg)|CdClL(aqm)|AgCl|Ag (5) was used to calculatd,G=-129.491 kdmol™! (—30.949

) kcal-mol™1). No other auxiliary values were given on the
from 0.0005 0 1 M and from 273.15 to 313.15 K. The Gibbs o ksheets. Checking their worksheet value of

energy calculétled from the _2198.15EK’ - Was A G°[CACh: (H,0)s(cr)]=—944.144 kdmol™! (—225.656
—110.784 kdmol (—26.478 kcalmol™*). Combination kcal-mol~Y) with other values on those sheets and

of this with A;G° values for AgClcr), and CdHg), given AG°[Hg,Cl(chn] from the NBS Tables gave

in the preceding paragraph, gave\;{G°[CdCh(aq] A{G°[CdCl- (H,0)5,(cr]=—944.115 kdmol ! (—225.649
of —340.134kdmol™!  (—81.294 kcalmol™!) and kcal-mol™1).

AG°[Cd*(ag]=—77.613 kdmol* (—18.550 kcalmol™%). 10. The worksheets used information that 32ISH/KIM in-

6. 58TRE/FER measured the emf of the electrochemicaljicated was from OBA(year unknowh Purportedly, OBA
cell: measured the emf of the cell:

Cd(Hg)|CdCh(aqm)|AgClIAg (6) Cd(H)|CACh- (H,0)s(sal|

at 298.15 K and for values ofn from ~0.0011 to
~0.022 molkg™t. Their value of E°=0.5745 abs.V was CdCh(aq,salfPbCh(cr.sal[Pb(Hg).  (10)

used to determineA,G=-110.863 kdmol™! (—26.497 The emf was taken to be 0.14074 abs. V at 298.15
kcal-mol™Y). Combination of this value with\;G° values K which was then used to obtain AG
for AgCl(cr), and CdHg), given in item 4, gave =—27.158kJmol ! (—6.491 kcalmol™%). This value was
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combined withA;G° values for PbCGlcr), Cd(Hg), H,O(l),
Pb(Hg)(“0.72% by weight”), of —314.135 kJmol?!
(—75.08 kcalmol™}), —-9.740 kJmol! (-2.328
kcal-mol™1), —237.183 kdmol ! (—56.688 kcaimol™?),
and —2.109 kJmol ™! (—0.504 kcalmol™1) and also a non-
ideality correction for the water in saturated solution of
—0.473 kJmol™ ! (—0.113 kcalmol 1) per mole of water.
The lead amalgam was taken as saturated anil;& was
taken to be—1.130 kJmol™! (—0.27 kcalmol™). These
values  yielded A{G°[CdChL-(H,0)s5(cr)]=—944.044
kJ-mol~* (—225.632 kcalmol™%).

Each of theA;G° values for CdCGJ- (H,O)s(cr) was con-
verted into a value for Cd@laq,std by removingA;G°® for
2.5 mol HO, removing the nonideality contribution for wa-
ter and adding a nonideality contribution for the solute
{—RT In[4(my)*]}. The values taken for the saturation mo-
lality and activity coefficient were 6.566 mdig ® and

DONALD G. ARCHER

Cd(Hg)|Cdl(agm)|Agl|Ag (14

from 278.15 to 313.15 K and from 0.001224 to
2.0742 molkg™!. Only the 298.15 K measurements were
considered, and of these, only those fom
=(0.095 42 to 2.0742mol-kg ™! (six value$ were consid-
ered. For each of these concentratiols@° of Cdl,(aq,std
was calculated using 41BAT’s values for the activity coeffi-
cient and A{G°[Agl(ch]=—66.19 kJmol ! (—15.82
kcal-mol™ 1) and then these six values were averaged to ob-
tain A;G°[Cdl,(aqg,std]=—180.786 kJdmol~ ! (—43.209
kcal-mol™1). (41BAT’s value of E° can be used to obtain
—180.845 kdmol ™! for A(G°[Cdl(aq,std].)

14. 37ISH/TAK measured the emf of the cell:

Cd(Hg)|CdIx(agqm)|Hg.! (cr)|Hg (15
for molalities from 0.099 36 to 2.2190 mély* at 298.15

0.02564. The Gibbs energy of formation of the aqueouX. The same procedure was used as in item 13, however the

chloride ion was taken to be—131.260 kdmol™?!
(—31.372 kcalmol™1). This resulted in calculated values
for AG°[CH*(ag] of —77.617kdmol™! (—18.551
kcal-mol™), —77.576 kdmol™! (—18.541 kcaimol™?),
—77.630 kdmol™! (—18.554 kcalmol™l), -77.672
kJ-mol~! (—18.564 kcalmol ™), and —77.571 kJmol !
(—18.540 kcalmol™), for items 4, 7, 8, 9, and 10, respec-
tively.
11. 28YOS measured the emf of the cell:

Cd(Hg)|Cdl,(cn)|Cdly(aqg,saiHg,l ;| Hg (11

activity coefficients were indicated as being from Robinson
and Stokes, with no other reference details. Their average of
values obtained from the seven molality values gave
A;G°[Cdly(aq,std]=—180.845 kdmol ! (—43.223
kcal-mol™%).

15. 37BAT/VOS measured the emf of the electrochemical
cell:

Cd(Hg)|Cdl(aq,m)|CdI,(agm)|Hgl(cn|Hg  (16)

from 298.15 to 318.15 K and for molalities from 0.001 025
to 2.366 molkg~?; the last of these values being that for the

from 298.15 to 308.15 K. The 298.15 K emf of 0.41735 abs Saturated solution. Only the value for the 298.15 K saturated

V was used to obtail,G =—80.538 kdmol ! (—19.249
kcal-mol™1). Combination of this value withA;G°’s of
CdHg) and Hgly(c), —9.740kJmol™! (—2.328
kcal-mol™Y), and —111.00 kdmol~! (—26.53 kcalmol™3),

gave AG°[Cdl,(cr]=—201.280 kdmol™! (-48.107
kcal-mol™1).
12. 27VOS measured the emf of the cell:
Cd(Hg,Pb|Cdl,(cr,aq,satCdl,
+ Pbby(cr,aq,salPb(Hg) (12

from 288.15 to 313.15 K. The emf of the -cell:
Cd(Pb,Hg|Cd**(ag)|Cd(Hg) was also measured and used to
obtain the emf of:

Cd(Hg)|Cdl,(cr,aq,satCdl,

+ Pbly(cr,aq,satPh(Hg). (13

solution was considered. The emf of the cell containing satu-
rated solution, 0.417 16 abs. V, was used to calculgte
=—80.500 kdmol ! (—19.240 kcalmol™%). Combination
of this value withA;G° for Hg,l,(cr) and CdHg), both given
above, gave A;G°[Cdl,(ag]=—180.845 kImol !
(—43.223 kcalmol™). In this case, A{G°[Cdl(ag)]
=-180.786 kdmol~* (—43.209 kcalmol™1) was calculated
using Mg,= 2.366 molkg ™! and y.,=0.0171. These values
are different from those used for this calculation in other
items, the net difference being about 2endl .

16. 21TAY/PER measured the emf of the electrochemical
cell:

Cd(Hg)|Cdl,(aq,salAgl(cr|Ag (17)

from 273.15 to 313.15 K. The 298.15 K emf, 0.3036 abs. V,
was used to calculatd,G=—58.584 kdmol™ ! (—14.002
kcal-mol™1). Combination of this value withA;G° of
CdHg) and Aglcr), given in previous items, gave

The 298.15 K emf, 0.0996 int. V, was used to calculateA;G°[Cdl,(cr)]=—200.706 kdmol~* (—47.970 kcalmol™%).

A,G=—19.20 kJmol ! (—4.59 kcalmol™1). Combination
of this value withA;G° of Cd(Hg), Pi(Hg) and Pbj(cr), the
former two given in previous items, and the lattet] 73.64
kJ-mol™* (—41.50 kcalmol™l); gave A;G°[Cdly(cr)]
—201.46 kdmol ! (—48.15 kcalmol™1). 27VOS reported
a persistent hysteresis of the observed cells corresponding
Eqg. (12).

13. 41BAT measured the emf of the cell:

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998

Each of theA;G° values for Cdj(cr), with the exception
of item 15, was converted into a value for G@iq,std by
adding a nonideality contribution for the solute
{—RT In[4(my)*]}. The values taken for the saturation mo-
lality and activity coefficient were 2.377 méig~? and
@01698.(Item 15 used different values for solubility and
activity coefficient) The Gibbs energy of formation of the
aqueous iodide ion was taken to be51.59 kmol™!
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(—12.33 kcalmol™). The resultant values from items section D. If the same pathway for calculation of the en-
11-16 forA(G°[Cd " (aq)] were — 77.65,— 77.84,—77.61,  tropy of CdCl(aqg) is used, with the exception of the substi-

—77.67,—77.61, and—77.10 kdmol™ 2. tution of the 1882THO and 17COH/BRU values for the ap-
17. 37ISH/TAK measured the emf of the electrochemicalparently less accurate 1887PIC value, and using the better
cell: value ofA,C,, then the entropy for Cd (ag) is calculated to
be —73.3 JK~1.mol™%. An explanation for neither the value
Cd(Hg)|CdBr,(ad,m)|Hg,Br(cn|Hg (18 _19.22 kImol* nor the choice of values from 1887PIC

for seven molalities from m=0.2393 to mg, over the others was found. The words of 1887PIC regarding
=4.120 molkg™! at 298.15 K. The same procedure washis own measured values for cadmium chloride samples,
used as in item 13; the activity coefficients were indicated a®oth fused and dried at 473 K, may have some value:

being from Robinson and Stokes with no other reference  (The values can only be regarded as approximations;
details. The worksheet indicated the average of six values  ¢or on the one hand, it was found impossible to dehy-

(the saturation molality was not incl_l,|10)ethich gave drate the salt completely without fusion, while, on the
A¢G°[CdBry(ag]=—-285.478  kJmol (—68.231 other, fusion was impossible without a certain amount
kcal-mol™%). (The standard deviation of the sample of the six of decompositiorithe specimen No. Pused salt con-
values was~280 Jmol 1) tained 0.5% of oxide

18. 210BA measured the emf of the electrochemical cell; .
However, the agreement of the enthalpy of solution measure-

Cd(Hg)|CdBr,- 4H,0(cr,saj|PbBr(cn|Ph(Hg). (19  ments of 1882THO and 17COH/BRU for Cdg@ir) would

The 298.15 K emf of this cell. taken to be 0.14312 abs. Vv Sudgest that either the salt does become anhydrous at some
gave A,G=—27.619 kdmol (’—6.601 kcalmol~%). Com- temperature, or that it reaches some very reproducible value

bination of this value withAG° of Cd(Hg), H,O(l), PliHg), ~ Of water content. o
all given in previous items, PbBicr), —261.92 kimol ™1 A second source of error also exists in the entropy of
(—62.60 kcalmol™%), and a nonideality correction for the Cd?*(ag) calculated from the cadmium chloride system. This

solvent of —1.151 kdmol™* (—0.275 kcalmol %), gave ef]‘ect is an apparent grithmetic error in Fhe calgulatiqn of the
A;G°[CdBr,-4H,0(cr)]=—1248.029 kdmol~! (—298.286 G|bbs_ energy of solution of Cdgktr) and is (_explalned in the
kcal-mol™2). Removal of the nonideality term for the solvent description of values for Cdgicr). Calculating the entropy
and theAG for four moles of water and introduction of a ©f C&"(ag) from the same pathway but correcting that error
nonideality term for the solute-12.749 kdmol™ (—3.047  then givesS® [CH*(ag]=—71.0 JK-mol™™. The three se-

kcal.molfl) gave AfG°[CdBr2(aq)]=—285.399 kdmol™1 |eCt€? valyles.then becom(e—73.4, —-71.0, anijl—?l;],l
(—68.212 kcalmol™Y). J-K™*-mol™* with an average value of 71.8 JK™*-mol

For items 17 and 18AG°[Br (ag] was taken to be 2and o=14JK"T.mol"%. The dierrenE(le of this average
—103.972 kdmol~* (— 24.85 kcalmol™Y). This gave values value from that tabulated (1.4& -mol™>) correspoqu to
of Cd*(ag) of —77.53 and—77.45 kJ.mol ™. approximately 400-dnol™! in the enthalpy of formation of

The average of the 18 values given above was taken, Witﬁ:d%(aq)'
the values from items 1, 2, 4, 5, 6, 7, 8, 12, 13, and 15
counted as occurring twice in the average. The result was C. Auxiliary Values Required for Data Pathway

AG°[Cd*(ag)]=—77.57 kImol~* (—18.54 kcaimol ™). m.Cdso(adl CdSO(a

The enthalpy of formation was calculated through the sal @l ysl Afaq)
usual manipulation of the Gibbs energy and entropy of for- Ms{ CAChL(ag)];, sl CdCh(ag)]
mation.

Me[CABrL(@0Q];  ysa[CdBr(aq]
msa{Cdlz(aQ)]; ')’sa[Cdlz(aq)]
S°[CdSQ(en]; S°[SC; (ag]; S°[CdCh(cn)]

B. Comments

The items listed above were chosen from a larger list of
values. Why these particular items were chosen was not de- S°[CI"(ag]; S°[CdBrycn)]; S°[Br (aq]
tlled. Th roe VaWes averagen for the enyoey of G AG°[PBHGL  AG[CAHGL  AG® [HO()];
=2.13K Lmol™?). The —75.3JK 1.mol! value was A¢G°[PbCl(cn)]
calculated from measurements for Cg@t) which included . . .
an enthalpy of solution valuer 19.22 kJmol™%; this value A1G°[AGCIen];  AG°[Hg,Cly(cn];  AG°[PbSQ(en];
was indicated as being obtained from 1887/t€m 12 sec- . A{G°[Hg,SO4(ch]
tion D). The two measured values from 1887PIC were sig-
nificantly different from the values determined by 1882THO  A{G°[PbCh(cn]; A{G°[Hgala(cn];  A¢G®[Pbh(cn];
and 17COH/BRU. The latter two values were in good agree- AG°[Agl(cn]
ment with each other, particularly if a reasonable value of the
heat capacity of the reaction is uséske items 12-15 in A;G°[Hg,Bry(cn]; A{G°[PbBr(cn]; A{G°[Cl (ag];

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998



922 DONALD G. ARCHER

A¢G°[Br(ag] Cd(Hg)|CdCl- (H,0)|CdCl- (H,0)(saj)|
AGe[I"(ag];  AG°[ST; (ad)] PbCh(say|P(Hg). (24)
The monohydrate is not thermodynamically stable at 298.15

K, but readily forms at slightly higher temperatures. The
monohydrate cells were formed by warming the 2.5 hydrate

Many other measurements were used in calculations foun@nd then cooling back to 298.15 K. The emf of the first cell,

D. Other Thermodynamic Measurements
Considered

on the worksheets. 0.6671 int. V, was wused to calculateA,G
1. 21TAY/PER measured the electrochemical potential of~ —128.767 kdmol™* (—30.939 kcaimol ™). The emf of
the cell: the second cell, 0.13759 int. V, was used to calculy@
=—26.476 kJmol ™! (—6.328 kcalmol ™). Using the auxil-
Cd(Hg)|CdCh: (H20)s/3) iary values described above, these results gave two values for
CdCIz(aq,sajj PbC&(cr)|Pb(Hg). (20) AfGo [CdCIZ HZO(CT)], —587.074 kdmol ! (—140.314

kcalmol™!) and -587.011 kJmol™! (—140.299
The 298.15 K emf yielded a value oA, G=-28.647 Kcal-mol%). The 298.15 K solubility of the monohydrate
kJ-mol™* (—6.8468 kcalmol™*). This value was combined and the activity coefficient of that supersaturated solution
with AG° values for PbGlcr), CdHg), HO(),  were taken to be: 7.565 mddg~?, and 0.0222, respectively.
Pb(Hg)(*0.72% by weight”), of —314.135kdmol™  The resulting values ofG° [C* (ag] were — 76.944 and
(—75.08 kcalmol™), -9.74 kJImol! (-2.328 _76.881 kmol L.
kcal-mol™"), —237.183 kdmol™* (-56.688 kcalmol™), 5. 27VOS measured the emf of the metastable monohy-
—2.109 kJmol™* (—0.504 kcalmol™!) and a nonideality grate cell:
correction for the water in a saturated solution of
—0.473kJmol™! (—0.113kcalmol™). These values Cd(Hg)|CdCl- (H,0)(cr)|CdCh- (H,0)(sal)|
yielded A{G°[CdCh-(H,0)s5(cr)]=—944.555 kdmol !

(—225.754 kcalmol ') and AG°[C#*(ag]=—78.078 PbCh(sal|Pb(Hg). (25)
kJ-mol™*. The values were treated as in item 4 of this section to obtain

2. 19HOR measured the emf of the electrochemical cell: A G°[CdCl,-H,O(cr)], —587.095 kdmol™! (—140.319

Cd(Hg)|CdCL(agm)|AgCI|Ag (21 kealmol™)) and AG°[Cd'(ag]=—76.965 kdmol*

(—18.395 kcalmol ™).

for 298.15 K. The emf of the cell with saturated solution g 39BAT measured the emf of the electrochemical cell:
(6.62 motkg™Y), 0.62203 int. V, and 19HOR’s measured

potential for the CéHg)|Cd cell, 0.0534 int. V, were used to Cd(Hg)|CdBr,(aq,m)|AgBr|Ag (26)
calculateA,G=—130.378 kdmol ™! (—31.161 kcalmol™?).

This was used to calculatedG°[CdCh-(H,0)gs(cr] from 278.1§1 to 313.15 K_ and from 0.000324_ to
=-044.128 kdmol* (—225.652 kcalmol}) and 1.897 molkg™". An extrapolation was used to obtain a

AG°[Ch* (ag)]=—77.651 kdmol™* 298.15 K value forE®°, 0.42281 abs. V, which was used to
' i — -1/_ -1
3. 37ISH/TAK measured the 298.15 K emf of the cell; calculate A,G=—81.592 kdmol * (—19.501 kcalmol ™).
Combination with A;G° for Cd(Hg), given above, and
Cd(Hg)|CdCl(aq,m)|Hg,Cl,|Hg (220 AgBr(cr), —96.90 kJmol™* (—23.16 kcalmol™), gave

o -1
for values ofm from 0.1616 to 5.8696. The emf of the cell 2fC OEICdBr?(aq,std as _285'014 kJ[”OI (—68.15
for 0.5302 molkg™?, 0.71764 abs. V, was used to obtain kcal~m9ll ). This value gave a\G°[C'(ag] =—77.20
A,G=—138.486 kdmol* (—33.099 kcalmol™}). To this KMol ,
value, a nonideality term of —18.309 kimol ! 7. 32SPE/SEL measured the electromotive force of the

(4.376 kcalmol™%) was added, as was theG® for Hg,Cl,  Cell
and CdHg), yielding A{G°[CdChL(ag] of —340.695 kJ )
-mol~t (—81.428 kcalmol™%). This was the value used in Cd(Hg)|CdBr,-4H,0(cr,sa)|AgBr(cn)|PHg)  (27)
subsequent calculations. If one repeats their calculation witfrom 298.15 to 308.15 K. The 298.15 K emf, 0.48845 abs. V,
the measured emf for a 1.0325 miaj * solution then a dif- was used to obtaim\,G=-94.257 kdmol! (—22.528
ferent value of A;G°[CdCh(ag] =—340.247 kdmol™*  kcal mol™Y). Using the values ofG® for Cd(Hg), PHg),
(—81.321 kcalmol™) is obtained. This value is 400rdol™! and AgB(cr), all given above, gave
different for the same cell with the exception of a different A;G°[CdBr,-4H,0(cr)]=—1247.681 kdmol™! (—298.203
concentration. kcal-mol™1). Removal of the nonideality term for the solvent
4. 30PRI/VOS measured the emf of the two electrochemiand theA;G° for four moles of water and then introduction
cal cells: of the nonideality term for the solute;12.749 kdmol ™!
(—3.047 kcalmol™Y), gave A{G°[CdBr,(ag]=—285.399
Cd(Hg)|CdCl+ (H,0)|CdCh: (H,0)(sal)| k}mol™! (—68.212 kcalmol).  AG°[Cd(aq]
Hg,Cl,(sab|Hg (23 =-77.107 kdmol™ L.
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8. 1882THO measured the enthalpy of solution of the tet— 3,157 kdmol™* and A,,H°=-2.772 kdmol™%. The en-

rahydrate of CdBicr) in sufficient water to vyield thalpy of solution value from 1882THO is in very good
CdBry(400 H,0): agreement with the later value from 30ISH/UED, the
difference=30 Jmol™%, and is not “low.”

CaBry- 4H;0(cr)=CdBr,(400 HO) 28) 12. 1887PIC measured the enthalpy of solution of
at 291.15 K as 30.510 kihol ™! (7.292 kcalmol™Y). The CdCl(cr) in sufficient water to yield CdG{400 H,O):
heat capacity of the reaction was assumed to be
21 JK-mol™! (5calK-mol™Y), giving the 298.15 K en- CdCl(cr)=CdCh(400 HO) (32)
thalpy of solution as 30.656 kdol ! (7.327 kcalmol™).  at 291.15 K as—14.150 kmol™! (—3.382 kcalmol™}).
Combination of this value witlAH° for 4 mol HO(l) and  For this calculation the worksheets indicated the heat capac-
CdBry(400 H,0), —319.373 dmol™* (—76.332 ity of the reacton was —117 JK 'mol™! (-28
cal-K~*-mol™), gaveA;H°[CdBr,-4H,0(cn)] =—1493.35  cal-K~1-mol™?) giving the heat of solution for 298.15 K as
J-K-mol™! (—356.92 calmol ™). Note: The heat capacity —14.970 kdmol~! (—3.578 kcalmol™1). The enthalpy of
value for the reaction may be inaccurate. UsBfy, , values  dilution used for conversion to standard state,
for Cd*(ag), Br (ag), and an estimate of, ,~C5 4 Ob-  —4.251 kImol ! (—1.016 kcalmol™2), gives the standard-
tained from the apparent molar enthalpy values given bytate enthalpy of solutionA H°®=—19.221 kmol™*
42ROB/WAL for 288.15 and 298.15 K gives-—117  (—4.594 kcalmol™1). A more accurate value of the heat ca-
J-K~t.mol™? for the contribution from the aqueous species,pacity of reaction,—215 JK*-mol™%, can be obtained as
a DuLong—Petit estimate for Cdger) is ~70 JK™*-mol™*  follows. Cy 4 values for Cd*(ag) and CI (ag) can be com-
and the transfer of 4 moles of water from hydrate to liquidpined with an estimate oE, 4— Cg 4 Obtained from the ap-
contributes~4- (75—43) JK~-mol™, giving a heat capac- parent molar enthalpy values given by 42ROB/WAL for
ity of the reaction of approximately-59 JK™*-mol™,  288.15 and 298.15 K to obtain — 140 3K ~1.mol~* for the
rather than+21 3K~ !-mol™%. Using this value of the heat heat capacity contribution from the aqueous species. The
capacity —of the  reaction, A H(T=298.15K) heat capacity of CdGlcr) is ~75 3K 1-mol~! and hence
=30.10 kdmol™* and A(H°[CdBr,-4H,0(cr)] =—1492.79 the heat capacity of the reaction is approximately
JK tmol™. —215 3K~ tmol™%. Use of this better value of,C, gives

9. 30ISH/UED measured the enthalpy of solution of theA H°=—19.906 kdmol ™.

tetrahydrate of CdBfcr) in sufficient water to vyield 13. 1887PIC measured the enthalpy of solution of fused
CdBry(400 H,0): CdCl(cn in sufficient water to yield CdG{400 H,0):

CdBr,-4H,0(cr)=CdBr,(400 H,0) (29 CdCl(cr, fused=CdCL(400 H,0) (33

at 298.15 K as 29.87 kthol* (7.139 kcalmol ™) (average at 291.15 K as- 13.435 kdmol* (—3.211 kcalmol™Y). If
of three valuesg= 130 Jmol ™). The same method as in the one assumes- 215 JK~-mol~! for AC,, (see item 12,

previous item gaveA;H°[CdBr,-4H,0(cr)] =—1492.56 this section then the heat of solution for 298.15 K is

kJ-mol™* (-356.73 kcaimol™%). This value falls within 2 —14.940 kdmol~L. The enthalpy of dilution for conversion
of the 1882THO value, provided the better value of the heato standard state:4.251 kJmol™* (—1.016 kcalmol™%),
capacity of the reaction is usddee item 8, this section gives the standard-state enthalpy of solutidnH°®
10. 30ISH/UED measured the enthalpy of solution of=-19.191 kdmol~l. 1887PIC indicated that fusing the
CdBry(cr) in sufficient water to yield CdB(400 H0): sample introduced a 0.5% oxide impurity.
CdBr,(cr)=CdBr,(400 H,0) (30) 14. 1882THO measured the enthalpy of solution of

CdCl(cr) in sufficient water to yield CdG{400 H,O):
at 298.15 K as-3.187 kJmol™ (—0.762 kcalmol™%) (av-

erage of three values;=12 Jmol™1). No further compari- CdCh(cr)=CdCl(400 HO) (34)
son of this value was made on the worksheets. This valugt 290.15 K as- 12.678 kdmol ! (—3.03 kcalmol™%). For

gives A g,H° [CdBry(ag)]=—2.804 kJmol ™. this calculation the worksheets indicatedCg 4
11. 1882THO measured the enthalpy of solution of=—230 JK *.mol! (—55catK 1-mol™) and that the
CdBry(cr) in sufficient water to yield CdB(400 H0): heat capacity of the reaction was thus117 JK ™ 1.mol™?

(—28 catK "t.mol™Y) giving the heat of solution for 298.15
K as —13.61 kdmol™! (—3.254 kcalmol™1). The enthalpy

at 291.15 K as—1.82 kJmol™! (—0.436 kcalmol ). For  of dilution used for conversion to standard state,
this calculation the worksheets indicated the heat capacity of 4.251 kJmol™* (— 1.016 kcalmol™%), converts this value
the reaction was—125JK-mol™* (—30caltK tmol™) to the standard-state enthalpy of solutiofH®
giving the heat of solution for 298.15 K as2.70 kimol™*  =-17.865 kdmol™ (—4.270 kcalmol™1). Use of the bet-
(—0.646 kcalmol™) with an indication that this value was ter value of A,C, (see item 12, this sectipngives
low. Using a more appropriate value ofA,C, of A;H°=-18.649 kdmol L.

—190 JK 1.mol™?, calculated from information given in 15. 17COH/BRU measured the enthalpy of solution of
item 8 of this section, the 298.15 K heat of solution would beCdClL(cr) in sufficient water to yield CdG{400 H,O):

CdBr,(cr)=CdBr,(400 H,0) (31
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CdChL(cr)=CdCL(400 H,0) (35 Pl (Hg)|PbSQ(cr, and aq, sat
at 291.15 K as—12.933 kdmol™! (—3.091 kcaimol™). CdsQ(aq, 0.1 molkg Y)|Hg, SOcr, aq, satHg
For this calculation the worksheets indicated the heat capac- (41)

ity of the reaction was —117 JK tmol™! (-28

cal-K~1.mol™?%) giving the heat of solution for 298.15 K as and

—14.171 kdmol~! (—3.387 kcalmol™1). The enthalpy of CdCdSQ(ag, 0.1 molkg Y|Cd(Hg). (42

dilution used for conversion to standard state,

—4.251 kdmol™! (—1.016 kcalmol™Y), converts to the For cell (41) they gave an emf value of 0.0509 V.

standard-state enthalpy of solution A H® 71EGU/YAZ measured solubilities of cadmium sulfate in
SO

——18.138 kdmol ™! (—4.335 kcalmol%). Use of the bet- Water for temperatures from 373 to 573 K.
ter value ofA,C, (see item 12, this sectiprgives AgyH® 92LAP/AKH and 87MAK/FED each measured the solu-

— —18.689 kimol™Y the values from 17COH/BRU and Pility of cadmium sulfate in water for 323.15 K.
1882THO are in exé:ellent agreement. 72HAM did not give any new measurements for any sub-

16. 21TAY/PER measured the emf of the electrochemicaftance. This is different from what might be inferred from
cell: reading page 49 of 89COX/WAG, “From data obtained by
Hamer (1972, using a HgHg,SO,SC; (ag) electrode, a

Cd(Hg)|Cdl,(aqg, saPbl(ag, saP0.72% H9 (36)  value forA;G°(CdSQ-8/3H,0) equal to—(1465.38-0.50

kJ-mol~* was calculated.” In 72HAM, Hamer made a small
from 273.1_5 to 31_3.15 K. The 298.15 K emf, 0.10728 abs. V*adjustment of earlier emf measurements made by Waf
was combined with the emf for the cell: ported from 1904 to 192Cfor conversion from the interna-
0 tional volt to the absolute volt and for small changes in tem-
Pb(0.72% HQIPbCh(ad, saiPb S perature scale. 72HAM then compared those adjusted cell
to calculate A,G=-18.593kdmol"! (—4.444 kcal results determined by Wolff with other thermochemical in-
-mol™Y). Combination of this value witt\;G° of Cd(Hg)  formation. The Wolff emf measurements were not found in
and Pbj(cr), given in previous items above, gave the NBS Tables notes despite apparently having been per-
A{G°[Cdly(cn] =—201.97 kdmol~! (—48.272 kcalmol™%). formed at the Bureau of Standards. The author is unaware of
reasons for either the absence of Wolff's measurements on
137 cadmium sulfate cells from the NBS Tables notes or the
o apparent attribution of Wolff's measurements to 72HAM in
E. More Recent Determinations of the 89COX/WAG
, . o4 .
Thermodynamic Properties of Cd (@q) 92BAR/BAR measured the enthalpy of solution of a “99

71VOR/BRO measured the enthalpy change for the readhass %" sample of Cd@lcr) into water at 298.15 K in the

tion molality range of 0.002—0.035 mddg~*. The measured val-
ues were not reported. A value df,,H°, “calculated by
CdQ(cr)+6.9H,S0,(soIn., H,SO,-244H,0) extrapolation,” was reported as-18.20 kdmol™%. This

_ value is somewhat smaller in magnitude than the other val-
=CdSQ(soln., CdSQ-1683.6 HO-5.9H,S0y) ues for A,H° obtained earlier €18.404,—18.364,

+5.9H,S0,(soln., CdSQ@-1683.6 HO-5.9 H,SO,) —18.906,—19.621) kdmol™!, when calculated using the
A,C, of —215 JK™t-mol"%. We note previous enthalpy of

+Hz0(soIn., CdSQ1683.6 HO-5.9 HSO) (38)  gojution measurements for Na&t) were discordant from

as —113.4+0.2 kImol™ 1. After adjustment for concentra- others by about 5%92ARC). i
tion effects and association effects with unspecified values, ./ 9-ON/MUS reported potential measurements for cad-

71VOR/BRO gave a standard-state enthalpy of reaction oflum amalgam cells against silver chloride cells for varying
—101.67 kdmol ™1 for the reaction compositions of cadmium in the amalgam. After combina-

tion of these values with measurements by others, they ar-
CdO(cn +2H" (ag=Cd** (ag)+H,0(l). (399 rived at “AG°” =-77.580-0.050 kJmoll, * AH”

o _ ——73.580:0.050 kJmol* and ‘“‘AS°’ =—65.40
Combination of that value with an unreferenced value for the+ g 17 3k ~1.mol~? for Cc?*(ag. The author believes the
enthalpy Qfl formation of Cd@r) of —259.8 it two to be formation properties and the latter was not for
=0.6 kimol *, they gave a standard-state enthalpy of for-5 changein entropy for a reaction but was actuay re-
mation of Cd"(ag) of —75.7+1.0 kimol™*. . ferred to S°[H*(ag]=0. Thermodynamic property values

90STA/LAR gave emf values for the following cell reac- \yere also given for CgHg).
tions 89VIS/MEK reported measurements of the potential of the
Cd,(Hg)|CdSQ(agm)|PbsQ(er, and aq, saPh(Hg)
(40) Cd(Hg)|CdCk(aq,m)|AgCl|Ag (43
for values ofm from 0.00375 to 0.12344 mdig?, and claimed such mesurements can resuldrfor
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Cd(s)+2AgCl(s)=2Ag(9)+(CT+2CI").  (44) Soc.54, 4504(1932.
Th de h fli | . 36HAR/FIT Harned, H. S., Fitzgerald, M. E., J. Am.
ey made neavy use O Iterature comp exation constants Chem. 30058, 2624(1936-

for Cd—Cl complexes and also the measurements fror%?BAT/VOS

36HAR/FIT. 89VIS/MEK seemed unaware of the widely re-

ported systematic biases present in 36HAR/FIT’s activity CO371SH/TAK

efficients, see for example 70REI/STO or 40ROB. Chem. Res(Tokyo) 16, 1251(1937).
77VAS/BUR measured the heat capacity of Cda) at 30BAT Bates. R. G. J. Am ’ Chem. So8l 308

298.15 K and for compositions from0.05 to~3 mol-kg ™. (1939’ T ' ' ’
78LIL/CHE measured enthalpies of dilution of Cd@lg) '

Bates, R. G., Vosburgh, W. C., J. Am.
Chem. Soc59, 1583(1937).
Ishikawa, F., Takai, T. Bull. Inst. Phys.

40ROB Robinson, R. A., Trans. Faraday S
at 273.15 and 323.15 K. Tables of apparently smoothed val- 1135|(1940 y S66
ues were given for the composition ranges of 7‘4_0'44lBAT Bates. R G J. Am. Chem. So63 399
mol-kg™?* (323.15 K and 4.9-0.2 moekg ! (273.15 K). (194])’ T ' ' ’

84KUD measured the solubility of Cdgaq at 308.15 K 41VIN/BRI Vinal. G. W.. Brickwedde. L. H.. J. Res
as 54.35% and the precipitated phase was the monohydrate. Natl. Bur. Std.26. 455 (194'1) I '

67KRE/ABR measured the enthalpy of solution of -
42ROB/WAL Robinson, A. L., Wallace, W. E., Chem.
CdCh(ag) for low concentrations £0.01—0.03 mokg ™) Rev. 30, 195 (1942
and for unspecified temperatures above and below 298.15 Keb 1 b/ A Paﬁadé)poulos M. N., Giauque, W. F., J
Measured values were not reported. Extrapolation to low Am. Chem 80&77‘2720(1955 T

concentrations appears to have been accomplished with BTRE/FER  Treumann. W. B.. Ferris. L. M.. J. Am
nonideality model that ignored speciation in the solution. Chem Soc,80 5045(1958 T '

59ITS/STR Itskevich, E. S., Strelkov, P. G., Zhur. Fiz.
Khim. 33, 1575(1959.

F. Bibliography 67KRE/ABR Krestov, G. A., Abrosimov, V. K., lzv.
Vyssh. Uchebn. Zaved., Khim. Khim. Tekh-
OBA Obata, J. Res. Electrotech. Lab. No. 100, p. nol. 10, 1005(1967).
411. (quoted in 32ISH/KIN. 70REI/STO Reilly, P. J., Stokes, R. H., Aust., J. Chem.
1882THO Thomsen, J.Thermochemische Untersu- 23, 1397(1970.
chungen(J. Barth, Leipzig, 1882-1886 71EGU/YAZ Eguchi, M., Yazawa, A., Nippon Kogyo
1887PIC Pickering, S. U., J. Chem. SoBl1, 75 Kuishi 87, 329 (1971).
(1887. 71VOR/BRO Vorob'ev, A. F., Broier, A. F., Russ., J.
16LIP/HUL Lipscomb, G. F., Hulett, G. A,, J. Am. Phys. Chem45, 2390(1971).
Chem. Soc38, 20, 889(1916. 72HAM Hamer W. J., J. Res. Natl. Bur. StarkbA,
17COH/BRU Cohen, E., Bruins, H. R., Verslag. Gewone 185(1972.
Vergader. Afdel. Natuurk., Koninkl. Ned. 77VAS/BUR Vasilev, V. A, Burlai, T. F., Izv. Vyssh.
Akad. Wetenscha®6, 587 (1917. Uchebn. Zaved., Khim. Khim. Tekhnak0,
19HOR Horsch, W. G., J. Am. Chem. Satl, 1787 216 (1977).
(1919. 78LIL/CHE Lilich, L. S., Chernykh, L. V., Rumyant-
210BA Obata, J. Proc. Phys.-Math. Soc. Jpn136 seva, N. E., Izv. Vyssh. Uchebn. Zaved.,
(1922). Khim. Khim. Tekhnol.21, 676 (1978.
21TAY/PER Taylor, H. S., Perrott, G. St. J., J. Am. 79LON/MUS Longhi, P., Mussini, T., Rondini, S., Sala,
Chem. Soc43, 484 (1921). B., J. Chem. Thermodynaril, 359(1979.
27V0S Vosburgh, W. C., J. Am. Chem. Sot9, 84KUD Kudryakova, S. A., Mezhvuz. Sb. Nauchn.
2222(1927). Tr.-Yarosl. Gos. Pedagog. Inst. K. D. Ush-
28Y0OS Yoshida, T., Nipp. Kwagaku Zas48, 435 inskogo205, 44 (1984).
(1928. 87MAK/FED Maksimemko, A. A., Fedorenko, T. P., Zh.
30ISH/UED Ishikawa, F., Ueda, Y., Nippon Kagaku Neorg. Khim.32, 1799(1987).
Zassi51, 634(1930. 89COX/WAG Cox J. D., Wagman, D. D., Medvedev, V.
30PRI/NVOS  Priepke, R. J., Vosburgh, W. C., J. Am. A., CODATA Key Values for Thermodynam-
Chem. Socb52, 4831(1930. ics (Hemisphere, Washington, 1989
31ISH/MUR Ishikawa, F., Murooka, T., Inst. Phys. 89VIS/MEK Visic, M., Mekjavic, I., J. Chem. Thermody-
Chem. ResearcfiTokyo) 10, 173(1931)). nam.21, 139(1989.
31LAM/PAR La Mer V. K., Parks, W. G., J. Am. Chem. 90STA/LAR Starostina L. I., Larionov, E. G., Izv. Sib.
Soc.53, 2040(193)). Otd. Akad. Nauk SSSr, Ser. Khim. Nauk3
32ISH/KIM Ishikawa, F., Kimuru, G., Murooka, H., Sci. (1990.
Rep. Imp. Tohoku Univ21, 455(1932. 92ARC Archer, D. G., J. Phys. Chem. Ref. D&th
32SPE/SEL  Spencer, H. M., Selden, R. F., J. Am. Chem. 793 (1992.
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92BAR/BAR Barczynska, J., Bartel, L., Mokrzan, J., B. Comments
Taniewska-Osinska, S., J. Chem. Thermody- )
nam. 24, 297 (1992. Using the values on the worksheet page for B), an

92LAP/AKH Laptev, V. M., Akhmarov, F. I., Dmi- &rthmetic error may have been madeG [Eq. (3)] should
trevskii, B. A, Kamalov, O. K., zh. Pril, Nave been  calculated to be: 14.143rkal

71 71 . .
Khim. (St. Peterburg65, 2363(1992. (3.380 kcalmol™™) or 65?0 Jmol™* different. This changes
A¢G° to 3.197 kdmol™* and changedG° [ CdCl(cr)] to
—343.298 kdmol~L. The minimum uncertainty in this value

-1 H o
4. CdCl.(cr should be about 200thol™*. Similarly, A, H° and
2(cr) A{H°[CdChL(cr)] will be affected by this error; the actual
A. Selected Values, NBS Tables values should have been19.32 and—390.88 kdmol 2,

respectively. This standard-state enthalpy of solution is
larger in absolute value, than those that were calculated from
heat of solution measurements for Cg@t).

The 298.15 K entropy, 115.27K *mol?!
(27.55 calk "1-mol™Y), the difference of enthalpy between
0 and 298.15 K, 15.863 kol * (3.7913 kcalmol™%), and
the 298.15 K heat capacity, 74.68J1-mol!
(17.85 calk ~1-mol™ 1), were all taken from 59ITS/STR.

32ISH/KIM measured the pressure of water over AG°[CP*(ag]; AG°[Cl (ag)]
CdCh-2.5H,0(cr) in contact with saturated solution with a o o
mercury manometer. Their measured pressure, 2.618 kPa S*[ClLAg)]; S*[Cden].
(19.64 mm Hg, was used to calculate A,G
=22.655 kdmol ™! (5.415 kcalmol™Y) (per mol Cd for the
reaction:

C. Auxiliary Values Required for Data Pathway

D. Other Thermodynamic Measurements
Considered

) _ Other thermodynamic measurements considered but not
CaCl-2. 5H0(en=CdChiag, sat+2.5 HOQ. (1) used for this substance can be found in section D for the

32ISH/KIM also measured the pressure of water overspecies C#'(aq); refer to section 3.
CdCl-H,0O(cr). Their measured pressure, 0.23 KB&Z mm

Hg), (average of 3, c=0.012kPa, corresponding to E. More Recent Determinations of the
+130Jmol™Y) was used to calculate A,G Thermodynamic Properties of CdCl  ,(cr)
=15.13 kJmol ™! (3.616 kcalmol™%) (per mol Cd for the

92UVA/TIM apparently measuretbut not clear from the
article to the authgr the coexistence pressures of
CdCl,-H,0(cr)=CdCh(cr)+H,0(g). 2 CdCh-2.5H,0(cr) and CdC}-H,O(cr). They gave values of
0.287 kPa for Eq(2) and 2.261 kPa for Eq.3). However,
Finally, 32ISH/KIM measured the pressure of water overihese may be only calculated values.

CdChL-2.5H,0(cr). Their measured pressure, 2.258 kPa

reaction:

(16.94 mm Hg, (average of 3g=0.004 kPa corresponding F. Bibliography

to *2Jmol'Y) was used to calculate AG  32|SH/KIM Ishikawa, F., Kimura, G., Murooka, T., Sci.
=13.460 kdmol* (3.217 kcalmol™?) (per mol Cd for the Rept. Tohoku Imp. Univ21, 455(1932.
reaction: 59ITS/STR ltskevich, E. S., Strelkov, P. G., Zhur. Fiz.

Khim. 33, 1575(1959.
92UVA/TIM  Uvaliev, Yu. K., Timofeeva, T. G., Batyan,
The Gibbs energy of solutiot\,G°, was then calculated V. V., lzv. Akad. Nauk Resp. Kaz., Ser.
as A,G [Eq. (1)] — AG [Eqg. 2] — AG [Eq. (3)] Khim. 1992 12 (1992.
—RT In[4(Msrysa)°], Where the I?tter term is the nonildeal-
ity contribution, —9.811 kdmol™* (—2.345 kcalmol™ ).
Their value of Ay G°® was  3.878 kdmol ™! 5. CdCl,-H,0(cr)
(0.927 kcalmol™Y). They then combined this value with A. Selected Values, NBS Tables
their values ofA;G°[Cd?*(ag)] and A{G°[CI (ag)] to ob-
tain  A;G,[CdChL(c)]=—-343.97 kdmol™* (-82.21 30PRI/VOS measured the emf of the two electrochemical

CdCl-2.5H,0(cr)=CdCh-H,0(cn+1.5H,0(g). (3)

kcal-mol™Y). cells:

A value of the enthalpy of solution,A,;H®, Cd(Ha)|CdCh- (H.0)|CdCL - (H.O)(sab|Ha.Cl.(sab|H
—18.64 kJmol ! (—4.455kcalmol™}) was calculated (Ho) b (H0) b (HZ0)(sa|Hg.Clo (s g(l)
from the difference of the\;,(G° and an entropy of solution
calculated from S°[Cd2+(aq)]+28° [CI_(aq)] Cd(Hg)|CdCI2(H20)|CdCI2(HZO)(Sai)|Pbe(Sai)|Png()2)

—S°[CdCL(cn]. This enthalpy of solution was then com-
bined with A(H°[Cd?*(ag)] and AH°[Cl (ag)] to obtain  The monohydrate is not thermodynamically stable at 298.15
A¢H°[CdCh(cr)]=—391.50 kdmol ™! (—93.57 kcalmol ™ %). K, but readily forms at slightly higher temperatures. The
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monohydrate cells were formed by warming the 2.5 hydratesional pathway. Additionally, 1887PIC said his enthalpy of
and then cooling back to 298.15 K. The emf of the first cell,solution values for CdGl“can only be regarded as approxi-

0.6671 int. V, was wused to calculateA,G
=—128.767 kdmol~* (—30.939 kcalmol™!). The emf of
the second cell, 0.13759 int. V, was used to calculsi®
= —26.476 kmol™* (—6.328 kcalmol™1). Using the auxil-
iary values described under the entry’Cg), these results
gave two values for A;G°[CdCL-H,O(cr)], namely,
—587.074 kdmol ™! (—140.314 kcalmol ™) and
—587.011 kdmol™* (— 140.299 kcalmol™Y).

mations; for, on the one hand, it was found impossible to
dehydrate the salt completely without fusion, while, on the
other, fusion was impossible without a certain amount of
decomposition(the specimen No. 2 contained 0.5% of ox-
ide).” Specimen No. 2 from 1887PIC is the fused salt of Eq.
(4). Finally, Egs.(4)—(6) introduce a question of thermody-
namic consistency. This is because the valué gfH° ob-
tained from 1887PIC and used in the calculation, after con-

27VOS measured the emf of the metastable monohydratsideration of temperature differences, does not correspond to

cell:

Cd(Hg)|CdCl- (H,0)|CdCh- (H,0)(sab|PbCh(sah|Ph(Hg).

that obtained as AH°[CF*(ag]+2AH°[Cl (ag]
—2A:H°[CdCh(cr)], where theA{H° values would be
those tabulated.

The A;G°[C*(ag)] values obtained from Eqg1)—(3)

The values were treated as in the preceding paragraplere different from the final NBS Tables values by

to obtain A;G°[CdChL-H,O(cr)], —587.095 kJmol !
(—140.319 kcalmol ™).

The average of these three values was taken to
A¢G°[CdChL-H,0(cn]=-587.057 kdmol ! (—140.310
kcal-mol™1).

1887PIC measured the enthalpy change for:

CdCly(cr, fused=CdChL(400 H,0) (4)

and

CdCl-H,0(cr)=CdCL(400 H,0) (5)

both for 291.15 K. The measured enthalpy changes were

—13.435 kdmol ™t (—3.211 kcalmol ™), and
—2.615 kJmol ™! (—0.625 kcalmol™Y), respectively. Com-
bination gives the enthalpy change for the reaction:

CdCh(cr, fused+H,O(l)=CdCl-H,O(cr) (6)

as —10.820 kdmol™! (—2.586 kcalmol™?) for 291.15 K.
The heat capacity of the reaction was assumed to
—38JK mol ! (—9calK t-mol Y, giving the 298.15
K AH°=-11.09 kJmol ! (—2.65 kcalmol™%). Combina-
tion of this value with 28H°[H,O()] and
A{H°[CdCL(cr)], whereA{H°[CdCl(cr)] was taken to be
—391.497 kdmol™! (—93.57 kcalmol™%), 40 Imol! dif-

ferent than the value obtained under the G¢€) entry.

Their final value was —688.44 kJdmol™! (—164.54
kcal-mol™Y).

The entropy of CdGIH,O(cr) was obtained
from —(A¢G°—A:H°)/(298.15+S° (Cd)+ S°[Cly(9)]
+ S°[Hx(g)] + 0.55°[0,(g)] =167.8 JK 1-mol~* (40.1
cal-K 1-mol™?).

B. Comments

In the enthalpy of formation calculation;H° [ CdCh(cr)]
was used. This value contained an arithmetic gisee Com-
ments for CdCJ(cr), Sec. 4. Using A{H° [ CdCh(cr)] with-
out the arithmetic error,—390.88 kdmol™%, rather than
—391.497 kdmol ™%, the values forA{H° and S° would be:
—687.80 kdmol™? and 169.9 K 1.mol!, respectively;
differences  of  approximately  640mol !  and

2 JK 1-mol™?, using the same measurements and calcula-

~700 Jmol L. This may indicate a systematic bias in the
emf of the cell by this amount, if one accepts the
ba;G°[Cd*(ag)] value and the auxiliary values described in
the appropriate items under €dag) as valid. This bias
would then introduce a ~700Jmol™! bias in
AG°[CdChL-H,O(cn)].

C. Auxiliary Values Required for Data Pathway
AsG°[CdCh(ag]; AG°[Cd (ag]; AG°[Cl(aq)];
A{G°[Hg,Cly(cn)]

A{G°[PbCh(cn]; AG°[PhHg)]; A¢G°[Cd(Hg)]
A¢H°[CdCh(cn]
S’ [ClA9]; S*[HA9]; S°[0:(9)]; S°[Cd(cn].

D. Other Thermodynamic Measurements
Considered

be

None.

E. More Recent Determinations of the
Thermodynamic Properties of CdCI ,-H,0O(cr)

84CHU measured the T—p locus of the
CdCl,-H,0(cr)—CdCl(cr) existence curve. These measure-
ments establish a difference in molar volume of the anhy-
drous and monohydrated forms of the dihalide.

F. Bibliography

1887PIC Pickering, S. U., J. Chem. SoBl, 75
(1887.

27V0S Vosburgh, W. C., J. Am. Chem. Sot9,
2222(1927).

30PRI/VOS Priepke, R. J., Vosburgh, W. C., J. Am.
Chem. Soc52, 4831(1930.

84CHU Churagulov, B. R., Khim. Termodin. 193

(1984.

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998



928 DONALD G. ARCHER

6. CdCl,-2.5H,0(cr) +2A{H°[Cl (ag)]— 2A{H°[CdChL(cr)], where the A{H°
values would be those tabulated, followed by adjustment of
A. Selected Values, NBS Tables the temperature. The 17COH/BRU enthalpy of solution is
17COH/BRU measured the enthalpy of solution of also different than that from 1887PIC used in the analogous

CdCl(cr) in sufficient water to yield CdG{400 H,0): calculation for CdGl-H,O(cr) (—12.933kdmol™ vs
—13.435 kdmol 1, respectively.
CdCh(cr=CdChL(400 H,0) (1)

at 291.15 K as—12.678 kdmol™! (—3.091 kcaimol™?).

They also measured the enthalpy of solution of . -,

CdChL-2.5H,0(cr) in sufficient water to yield AgG°[CdCh(ag]; A(G°[C'(ag]; AG°[Cl Yag]

CdCH(400 O AG*[AGCI(en]; AG®[PbChen]; A(G®[Hg,Chlcn]
CdCl,-2.5H,0(cr)=CdCL(400 H,0) 2 AH®[CACKLEN]: AH®[H,0()]

at 291.15 K as 12.309 kihol™! (2.942 kcalmol™). The

worksheets used these two reaction enthalpies to calculate > LCl2(@1 S°[HAQ)]; S'[Ox(@)]; S*[Cd(en].
the enthalpy for:

C. Auxiliary Values Required for Data Pathway

D. Other Thermodynamic Measurements
CdCh(cr +2.5H,0()=CdCh-2.5H,0(cr)  (3) Considered
as —25.242 kdmol ™! (—6.033 kcalmol™1). The heat ca-
pacity of the reaction was assumed to-b82 JK 1.mol™?
(—22 catk ~1.-mol™1) giving the heat of reaction for 298.15
K as —25.886 kdmol™! (—6.187 kcalmol™). This value

See Cd"(aq items, in section 3, under section for other
determinations ofA;G for CdC}L-2.5H,0(cr).

was then used to calculate the enthalpy of formation E. More Recent Determinations of the

of CdChL-2.5H,0(cr) as AH°+2.5A:H°[H,0(l)] Thermodynamic Properties of CdCI  ,-2.5H,0(cr)
+AsH°[CdCh(cr)], where A{H°[CdCl(cr)] was taken to

be —391.497 kdmol™! (—93.57 kcalmol™Y). Their final 84CHU  measured the T—p locus of the
value was— 1131.94 kdmol ™! (- 270.54 kcalmol™}). CdChL-H,0O(cr)—CdC}-2.5H,0(cr) existence curve. These

They obtained\;G° [ CdCh-2.5H,0(cr)] as an average of measurements establish a difference in molar volume of the
six values that are described under the entry fot'Cay, in WO hydrated forms of the dihalide.
items 4, 7, 8, 9, and 10 of section A and item 2 of section D.

The average wasA;G°[CdChL-2.5H,0(cr)]=—-944.094 F. Bibliography
kd-mol~* (—225.644 kcalmol ™). 17COH/BRU Cohen, E., Bruins, H. R., Verslag. Gewone
The entropy of CdGt2.5H,O(cr) was obtained from Vergader. Afdel. Natuurk., Koninkl. Ned.
— (AG® — AH®)/(298.15) + S°(Cd) + S°[Cly(g)] Akad. Wetenscha26, 587 (1917).
+ 2.558°[Hy(@)] + 1.255°[0,(g)]=227.2 JK"-mol™*  84CHU Churagulov, B. R., Khim. Termodiri93
(54.3 calK "1-mol™1). (1984).
7. CdCl*(aq)

B. Comments

A. Selected Values, NBS Tables
In the enthalpy of formation calculatiod:H° [ CdChL(cr)] .

was used. This value contained an arithmetic gisee Com- Values of the equilibrium constant for the reaction
ments for CdCl(cr), section 4. Using A;H°[CdCh(cr)] _

without the arithmetic error, —390.88 rather than Cd*(ag +Cl” (ad=CdCl"(ag @
—391.497 kdmol ™2, the values for\;H°, andS°® would be:  for 298.15 K and for ionic strength limiting to 0, only, were
—1131.34 kdmol™%, and 229.2 X 1.mol™?, respectively. taken from 64SIL/MAR. From each of the equilibrium con-
Also, a better approximation of the heat capacity for 8. stants was calculatefl,G and thenA;G°. Seven of the val-
would be —110 JK "t -mol™}, (from —44 JK 1.mol™! as ues, thus calculated, {(52.58,—52.64,—52.57,—52.77,

the heat capacity change per mol of hydrated watarry-  —52.61,—52.64,—52.57) kcalmol ™! were averaged to ob-
ing this value through their calculational pathway yields:tain —224.39 kdmol™ ! (—53.63 kcalmol™%).
A{H°=—-1131.47 kdmol™? and S°=229.0 JK 1.mol}, From 64SIL/MAR’s list of values of the enthalpy change

differences  of  approximately ~ 500mol™* and for Eq. (1), one value was chosenAH°=25
1.8 3K 1.mol™%, using the same measurements and calculakJ-mol~1(0.6 kcatmol™?). [Other values listed were 5.31
tional pathway. and 4.60 kdmol™! (1.27 and 1.10 kcainol™%)]. The chosen
Additionally, there is a question of thermodynamic consis-AH°, when combined withAH°[C*(ag] =-75.90
tency that arises due to the use of the enthalpy of solution dfJ-mol™* (—18.14 kcalmol™}) and A{H°[Cl (ag)]
CdCh(cr) from 17COH/BRU. The value obtained from =-167.159 kJmol %(—39.952  kcalmol™}), gave
17COH/BRU is not that obtained fromH°[Cd*(ag]  A¢H°[CdCI'(ag]=—240.6 kimol 1(—57.5 kcalmol™%).
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Finally, the worksheet indicated that the entropy of Cd*(ag+Cl (ag=CdClI" (ag) 2)

+ -1 -1
(Cldoa éZ?Kfl’f’riirf)?'C”'ated to be 435K mol e (3.4:2.1) kImol* for 298.15 K. Their value is dif-
ferent from that given by 53VAN/DAW, 2.51 kol ™!
B. Comments (298.15 K, by more than 53VAN/DAW'’s estimated uncer-
tainty of 0.21 kmol 2.

An arithmetic error was made in the calculation of the 7OREI/STO measured the potential of the cell

average for A;G°; it should have been—52.63, not
—53.63 kcalmol ™. Correction of the mathematical error Cd(Hg)|CdCh(m;),NaClm;,)|AgCl|Ag 3
gives A;G°=—220.20 kdmol ™%, 4.18 kIJmol™* different.
The net effect of the error is to increase the equilibrium
constant by a factor of 5 from-100 to ~500. No reason
was given for the particular choice of enthalpy of reaction.
Completing the calculation gives S°[CdCI*(ag)]

with varying values ofm; andm, at 298.15 K. From their
measurements they extracted stability constants for the four
complexation reactions including Eql). Activity coeffi-
cients were taken to be functions of ionic strength with ad-
~ = " 71 I justable parameters determined in the representation of the
=29.53 JK™"-mol™*, 14 JK~*-mol = different than the meaqured values. The equilibrium constant they obtained for

tabulated value. o _ Eq. (1) was 85+1, yielding a Gibbs energy of reaction of
Finally, it should be noted that the equilibrium constantis_ 11 91+0.03 kIJmol ™.

not large and so the thermodynamic properties for the asso- gogcH/SCH measured  the enthalpy of dilution of
ciation reaction are model dependent. Choices of values fror&dCIz(aq) with a commercial small-celled batch-mixing
different models and averages over models were performedy|orimeter. The dilutions involved an initial molality of ap-
Perhaps relevant is the comment made by 70REI/STO aft roximately 1 molkg~* and final molalities ranging from
examining their values and those of others for speciation of g +5 0 1 molkg L. They were able to represent the enthal-
Cd—Cl complexes. From 70REI/STO, “The only conclusion yieg of dilution with an ion-interaction equation and without

possible ... is that the degree of complexing in the cadmium,, assumption of formation of any Cd—Cl complexes in
chloride system varies with the autho. .”

solution.
90STO measured potentials of electrochemical cells with
C. Auxiliary Values Required for Data Pathway and without transference. His measurements led to activity
. . _ R coefficients for CdClag at 0.1, 1.0, 2.0, 3.0, and
AG°[CH(ag]; AG°[Cl (aq)] 6.0 moltkg L. They confirm solute activity coefficients ob-
AH°[CE*(ag]; AH°[CI(ag] tained from earlier isopiestic molality determinations. Cation
transference numbers were also obtained.
S°[Clx(g)]; S°[Cd(cn)]. 85RAR/MIL measured isopiestic ratios of Cg@lg
against NaGhg for molalites from ~1.8 to
D. Other Thermodynamic Measurements ~7.3molkg™! and for 298.15 K. Diffusion coefficients
Considered were also determined.

) . 68PAN/NI measured isopiestic molalities of cadmium
Several other values were listed in 64SIL/MAR but Were chioride (molalities from 0.183 to 5.881 malg™Y) relative

considered no further. No explanation was given why pary, potassium chloride.

ticular values were chosen. _ _ 66HUA/PAN measured freezing point depressions of
Although included in 64SIL/MAR, special note is made 5q,60us cadmium chloride for molalities from 0.0056 to

here of a potentiometric study by 5S3VAN/DAW. They mea- 5 0943 molkg~L. From these measurements they estimate

sured the potentials of concentration cells with liquid junc-4, equilibrium constant for Ed1) at 273.15 K to be 745.
tions and cadmium amalgam electrodes. The measurements,

not reported, were made at different temperatures and differ-
ent ionic strengths. They were used as a basis for treatment F. Bibliography

of measurements described in section E, below. 53VAN/DAW Vanderzee, C. E., Dawson, H. J., J. Am.
Chem. Soc75, 5659(1953.

64SIL/IMAR  Sillen, L. G., Martell, A. E.,Stability Con-
stants of Metal-lon Complexé¥he Chemi-
calSociety, London, 1964

70PRO/WUL measured the enthalpy of reaction of an un66HUA/PAN  Huang, J.-T., Pan, K., J. Chin. Chem. Soc-

E. More Recent Determinations of the
Thermodynamic Properties of CdClI  *(aq)

characterized sample of Cd@Cd(OH),+ y-Cd(OH), with (Taipe) 13, 64 (1966.

an aqueous mixture of HCl and HCJOThe measurements 68PAN/NI Pan, K., Ni, W.-Y., J. Chin. Chem. Soc.

were made with five different compositions of the acid mix- (Taipei 15, 69 (1968.

ture. From combination of these measurements with equilib7OPRO/WUL  Provost, R. H., Wulff, C. A., J. Chem. Ther-

rium constant values reported by 53VAN/DAW, and various modynam.2, 793 (1970.

convoluted methods for nonideality effects, they calculatedOREI/STO Reilly, P. J., Stokes, R. H., Aust., J. Chem.
the standard enthalpy of reaction of 23, 1397(1970.
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85RAR/MIL  Rard, J. A., Miller, D. G., J. Solution Chem. D. Other Thermodynamic Measurements

14, 271(1985. Considered
90STO Stokes, R. H., J. Phys. Che®¢, 7769

(1990. None.
92SCH/SCH  Schreiber, D. R., Schreiber, L. C., J. Solu-

tion.Chem.21, 249(1992. E. More Recent Determinations of the

Thermodynamic Properties of CdCl  3(aq)
8. CdCIg(aq) 70PRO/WUL measured the enthalpy of reaction of an un-
characterized sample of CdQCd(OH),+ y-Cd(OH), with
A. Selected Values, NBS Tables an aqueous mixture of HCI and HGJOThe measurements

were made with five different compositions of the acid mix-
ture. From these measurements combined with equilibrium
CdCI*(ag)+Cl~ (ag=CdCB(ag) (1)  constant values reported by 53VAN/DAW, and various con-

for 298.15 K and for ionic strength limiting to 0, only, were voluted methods for nonideality composition, they calculated

taken from 64SIL/MAR. A value ofA,G° was calculated the standard enthalpy of reaction of
from each of the equilibrium constants. A number was writ- C*(ag+2ClI~ (ag=CdCB(ag 2

ten on the worksheet: “85.002”. This number is the sum of 1 . -
A/G°[CI~(ag)]= — 31.372 and- 53.63 kcalmol ™, the sup- to be (0.8-4.2) kImol™* for 298.15 K. Their value is dif-

. -1
posedA;G° for CdCI"(ag), with inversion of sign. Such a ferent from that given by 53VAN/DAW, 5.0 kihol

value was needed because 64SIL/MAR’s equilibrium con—(298‘15 K. by more than 53VAN/DAW's estimated uncer-

. _1 . . . . . -y
stants are for stepwise addition. The number “85.002” wasdinty of 1.3 kJmol™, indicating a significant probability of

added to each of three values &fG® for Eq. (1). These systematic errors between 53VAN/DAW’s and 70PRO/

WUL'’s values.
t11r8e5e.82 \Iggfﬁ]so,r1,thuswe:::Iculzt\(/a:r,ag22.95, to 85nga;in 70REI/STO measured the potential of the cell
A«G°[CdCB(ag)] =—-359.322 kdmol~1(—85.88 Cd(Hg)|CdCl(m;),NaCkm,)|AgCl|Ag 3)
kcal-mol™1).

A value of AH° from 64SIL/IMAR was found on
the worksheet, 2.5 kiol! (0.6 kcalmol™?).
A¢H°[CdCB(ag)]=—405.0 kJmol™*  (—96.8 kcalmol™)
was calculated from A{H[CdCI"(ag)]+AH°[Cl (ag)]
+AH°.

Finally, the worksheet indicated the entropy of Cgéad)
was calculated to be 121.7% lmol™! (29.1
cal-K 1.mol™}).

Values of the equilibrium constant for the reaction

with varying values ofm; andm, at 298.15 K. From their
measurements they extracted stability constants for the four
complexation reactions including Eq2). Activity coeffi-
cients were taken to be functions of ionic strength with ad-
justable parameters determined in the representation of the
measured values. The equilibrium constant they obtained for
Eq. (2) was 2312, yielding a Gibbs energy of reaction of
(—13.491-0.02) kImol L. Comparative values from
53VAN/DAW were 500+ 20 and (+15.40
+0.20) kJmol ™.

B. Comments F. Bibliography
A¢G°[CdCI"(ag)] was calculated incorrectly and that er- 53VAN/DAW Vanderzee, C. E., Dawson, H. J., J. Am.

ror was passed into the current values. Using Chem. Soc75, 5659(1953.
A¢G°[CdCI"(ag] =—220.20 kdmol™%, A;G°[CdCB(aq)] 64SIL/IMAR  Sillen, L. G., Martell, A. E.,Stability Con-
was calculated to be-355.15 kdmol™%, 4.2 kImol™* dif- stants of Metal-lon Complexé$he Chemi-
ferent. Completing the calculation giveS®[CdCH(ag)] cal Society, London, 1964
=107.6 JK L-mol ™%, 14 JK L. mol ! different than the 7OPRO/WUL Provost, R. H., Wulff, C. A., J. Chem. Ther-
tabulated value. modynam.2, 793(1970.

Finally, it should be noted that the equilibrium constant is7OREI/STO  Reilly, P. J., Stokes, R. H., Aust. J. Chem.
not large and so the thermodynamic properties for the asso- 23, 1397(1970.
ciation reaction are model dependent. Choices of values from 9. CdCIg(aq)

different models and averages over models were performed.
A. Selected Values, NBS Tables

C. Auxiliary Values Required for Data Pathway Values of the equilibrium constant for the reaction
AG°[CdCI*(ag]: AG®[CI-(ag] CdCB(ag+Cl~(ag=CdCk (ag) 2
° + . or - for 298.15 K and for ionic strength limiting to 0, only, were
AfP[CdCT aql; AH7[CT (@q)] taken from 64SIL/MAR. From each of the equilibrium con-
S°[Clx(g)]; S°[Cd(cr)]. stants was calculated,G°. A number was written on the
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worksheet as: “117.252”. This number is the sum of 70REI/STO measured the potential of the cell
A{G°[Cl (ag]= —31.372 and-85.88 kcalmol ™%, the sup-
posedAG° for CdCR(ag), with inversion of sign. Such a Cd(Hg)|CdClL(my),NaClm;)|AgCl/Ag ®
value was needed because 64SIL/MAR’s equilibrium conwith varying values ofm; andm, at 298.15 K. From their
stants are for stepwise addition. The number “117.252" wagneasurements they extracted stability constants for the four
added to one of the values df G° for Eq. (1) given in  complexation reactions including Eq2). Activity coeffi-
64SIL/MAR to give A{G°[CdCk (ag]=—487.0kJmol™?  cients were taken to be functions of ionic strength with ad-
(—116.4 kcalmol™3). justable parameters determined in the representation of the
A value of AH° from 64SIL/MAR was found on the measured values. The equilibrium constant they obtained for
worksheet, 11.09 kdnol™* (2.65 kcalmol™}). Eqg. (2) was 122+ 1, yielding a Gibbs energy of reaction of
A{H°[CdCE (ag]=—561.1 kJmol %(—134.1 kcalmol™?%) (—11.909-0.02) kJmol™t. Comparative values from
was calculated as AH°[CdCB(ag]+AH°[Cl (ag]  53VAN/DAW were (13010 and—12.0+0.4) kJ-mol ™2,
+AH°.

Finally, the worksheet indicated the entropy of Cgé&d) F. Bibliography
was calculated to be 202.9K ! -mol™! (48.5 calk™! 53VAN/DAW Vanderzee, C. E., Dawson, H. J., J. Am.
-mol™1). Chem. Soc75, 5659(1953.
64SIL/IMAR  Sillen, L. G., Martell, A. E.,Stability Con-
B. Comments stants of Metal-lon Complexé¥he Chemi-

_ cal Society, London, 1964
AG°[CdCB(ag)] was incorrec{see entry for CdGlag,  70PRO/WUL Provost, R. H., Wulff, C. A., J. Chem. Ther-

section § and that error was passed into the current modynam.2, 793 (1970.

values. Using AG°[CdCBag]=—-355.15 kdmol™®,  70REISTO  Reilly, P. J., Stokes, R. H., Aust. J. Chem.
A{G°[CdCk (ag)] was calculated to be-482.83 kdmol ™2, 23, 1397(1970.

4.2 kImol™ ! different. Completing the calculation gives

S°[CdCl; (ag)]=188.9 K 1-mol %, 14 JK L-mol *  dif- 10. CdO(cr)

ferent than the tabulated value. A. Selected Values, NBS Tables

Finally, it should be noted that the equilibrium constant is
not large and therefore the thermodynamic properties for the The 298.15 K entropy and heat capacity of Gd®were
association reaction are model dependent. Choices of valuéaken from 61KEL/KIN to beS° =54.81 JK~*-mol™* (13.1
from different models and averages over models were percal K *-mol™") and C$=43.43 JK 'mol™* (10.38

formed. cal-K™t-mol ™).
The enthalpy of formation of cadmium oxide was calcu-
C. Auxiliary Values Required for Data Pathway lated from the measured enthalpy of dissolution of cadmium
. R oxide in sulfuric acid. Manipulation of that reaction’s en-
AG°[CdCh@ag]; A(G°[Cl™(ad] thalpy with other measured enthalpies gave the enthalpy for
AfHo [Cng(aq)], AfHo [CI_(a(])] the reaction:
CdO(cr)+H,S0(7.086 HO)=CdSQy(cr)+H,O(l),
S° [Clz(g)], S°[Cd(cr)]. q ) 2 4( l_& ) Q( ) 2 () (1)

for 303.15 K (65ADA/KIN) as —84.01 kdmol™ . The en-

D. Other Thermodynamic Measurements _
thalpy of Eq.(1), adjusted by 65ADA/KIN to 298.15 K, was

Considered = gl
(—84.27+0.33) kJmol™%. Combination of AH° for Eq.
None. (1) with the AH° of H,O(), —285.830kJmol%;
CdsQ(er), —933.28 kdmol !, and HSO,(7.086 HO),
E. More Recent Determinations of the 876.518 kdmol ™! gave an enthalpy of formation of Cd@)
Thermodynamic Properties of CdCl 3 (aq) of —258.2 kJmol™* (—61.7 kcalmol ).

_ The Gibbs energy of formation,—228.4 kimol™?
70PRO/WUL measured the enthalpy of reaction of an un{—54.6 kcalmol™1), was calculated from the usual manipu-

characterized sample of Cd@Cd(OH),+y-Cd(OH), with lation of the above values.

an aqueous mixture of HCl and HCJOThe measurements

were made with five different compositions of the acid mix- B. Comments
ture. From these measurements combined with equilibrium

constant values reported by 53VAN/DAW, and various con- None.

voluted methods for finding nonideality effects, they calcu-

lated the standard enthalpy of reaction of C. Auxiliary Values Required for Data Pathway
Cd?*(ag+3Cl™ (ag=CdCE (ag) 2 S°[0x(g]; S°[Cden],  S°[H0()]
to be (17.6-4.2) k3mol™* for 298.15 K. AH°[H,O()]; AH°[CdSQ(cn];
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E. More Recent Determinations of the
Thermodynamic Properties of CdO  (cr)

AH°[H,S0,(7.086 HO)]

A{H°[H,O(].
H7LHO0] 70PRO/WUL measured the enthalpy of dissolution of
CdQ(cr) in aqueous HCIQ They did not report the values of
measurements at finite concentration and gave the standard-
state enthalpy of reaction of<(103.39-0.8) kImol L.
Their analysis of their crystalline sample indicated it con-
tained 0.47 mol HO for each mole of C@H),(cr). Any
correction for the enthalpy change due to this level of water
content was not described, if applied.

71VOR/BRO claimed a value of the enthalpy of formation
of CdQO(cr) exists “from electrochemical measurements” but
gave no other information. The value they claimed was
(—259.8+0.6) kJ-mol™ 1.

74COY/LEW made Knudsen effusion measurements on a
sample of Cd@r) from approximately 900-1100 K with
different orifice diameters. Their measurements corre-
sponded to the reaction

CdO(cn=Cd(g)+1/20,(g). (4)

81SCH/BAL made equilibrium measurements of the reac-
tion

D. Other Thermodynamic Measurements
Considered

The emf of the electrochemical cell:
Cd(Hg)|CdgBa(OH),/HgO(red ch|Hg ()

was determined to be 0.85858 abs. V0.000188 abs. V/K
(T—297.98 K) by 29MAI. This emf was used to calculate
the 298.15 K emf for the reaction,

Cd(Hg)+HgO(red ch=CdO+Hg, 3

as 0.85889 V, giving & ,G° of —165.745 kdmol™ 1. Com-
bination of this value with the A;G of Cd(Hg),
—9.740 kJmol™%; and HgQred cp —58.555kImol !
yielded a value of-234.0 kJmol ™! for the A,G° of CdO.

For 42MAK an indication of “some cell” or “same cell”
appeared along with “metallic Cd” and E,;= —0.0353.”
The indication was that this led to &;G° of CdQ(cr) of
—230.4 kJmol ™%,

56GIL/KIT measured the partial pressure of cadmium
over cadmium oxide from 1153 to 1373 K. These measure-
ments gave the Gibbs energy of reactiody,G°
=360.33 kJmol 1—0.2044r J-mol™ L. From this equation
they calculated the 298.15 K entropy of CdO

Cd(h)+PbQyellow,cn=PK()+CdQ(s) (5)
for temperatures from 743 to 1051 K. From these measure-
Sments, 81SCH/BAL obtained A,G°(800 K)=(—37.24
“mal-1 i -
60.7 3K Lmol ! and the enthalpy of formation as +0.22 kJ-mol™~. Th_ey al_so_made e_nthalpy of reaction mea
surements for dropping liquid cadmium on yellow lead oxide

— -1
254.0 kimol . at 785 and 811 K. From these measurements, they obtained

Decomposition pressures over cadmium oxide were als% 1
. H°(800K)=(—39.15+1.6) kJ-mol™". They then extrapo-
measured by 63GLE/STO. The Gibbs energy that 63GLE ated these values to 298.15 K, by means of tabulated ther-

STO obtained was A,G°=365.01 kJmol 1-0.2090 . . : .
modynamic properties for lead, cadmium, lead oxide, and

T J:mol* for temperatures from 1242 to 1379 K. The cadmium oxide, and combined that result with an enthalpy of
298.15 K enthalpy of formation and entropy for Cg0 formation of yellow lead oxide; they obtainedH°

calculated from these values were258.6 kJmol™* and 1
52.3 JK 1.-mol™?, respectively. =(=255.7=1.6) kd-mol ™.
The enthalpy of formation was determined by combustion
calorimetry by 54MAH. The enthalpy of formation value
54MAH calculated from the measurements was266.1
+0.8) kImol™%.
33BEC/ROT also measured the enthalpy of combustion of
Cd(cr) to give Cddcr). The NBS Tables staff calculated a 29MAI
value of the enthalpy of formation of 260.9 kJmol* from
the 33BEC/ROT measurements. 33BEC/ROT

F. Bibliography
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61KEL/KIN  Kelley K. K., King, E. G., Contributions to introduced in the data manipulatioiisee Commenjs The
the Data on Theoretical Metallurggu.S.  value from Eq.(2) was entered into the NBS Tables.
Gov. Printing Office, U.S.B.M. Bulletin 592, Solubility product valuesas pKy) of 14.22, 13.93, 14.61,

1961). 13.66, 14.23, 14.39, and 14.4 were taken from the compila-
63GLE/STO Glemser, O., Stker, U., Ber Bunsenges. tion by 64SIL/MAR. An additional solubility product, 14.09,
Phys. Chem67, 505(1963. was taken from 64SPI/MAI. These values were each con-

65ADA/KIN  Adami, L. H., King, E. G., Heats of Forma- verted into the Gibbs energy of solution and the average
tion of Anhydrous Sulfates of Cadmium, taken to be 81.38 kol (19.45 kcalmol™Y). This value
Cobalt, Copper, Nickel, and ZindU.S. was combined witt\;G° values for Cd"(ag) and OH (aqg)
Gov.Printing Office, U.S.B.M. Rl 6617, of —77.580kdmol™* (—18.542kcalmol™})  and

1965. —157.293 kdmol™! (—37.594 kcalmol™Y), respectively, to
70PRO/WUL  Provost, R. H., Wulff, C. A., J. Chem. Ther- obtain A;G° for Cd(OH),(cr)=—473.6 kJmol ! (-113.21
modyn. 2, 655 (1970. kcal-mol™1).
71VOR/BRO Vorob’ev, A. F., Broier, A. F., Russ. J. Phys. The difference of these two values gave the entropy of
Chem.45, 2390(1972). formation which, when combined with the entropies of the
74COY/LEW Coyle, R. T., Lewis, G., J. Am. Ceram. Soc. elements, gave an entropy of 9&J-mol™?!
57, 398(1974. (23 catK " 1-mol™Y).

81SCH/BAL Schuffenecker, L., Balesdent, D., Houriez,

J., J. Chem. Thermodyni.3, 849 (1981).
B. Comments

The heat capacity change for the reaction appears too
11. Cd(OH)(cr) large. Estimating the maximum heat capacity for(GH),
A. Selected Values, NBS Tables by the DuLong—Petit rule as 120KI"*-mol™%, recognizing

_an approximate cancelation of contributions from the"Na
1882THO measured the enthalpy change for the followingang Br aqueous ions on both sides of the reaction and using
reaction: standard-state values for €dac) and OH (ag) ions of + 54
CdBr,(400 H,0)+2NaOH200 H,0) and —57J3 K 1mol! (sum=—60JK 1.mol™?), the
maximum reasonabled,C, would be 180 K™ *-mol ™.
=Cd(OH),(ppY)+2NaBi(400 H,0), (1)  Concentration effects for the aqueous ions would shift the

_l _1 . .
at 291.15 K and obtained-24.85 kJmol~! (—5.94 kcal —60JK™*-mol™* value to a less negative value which re-

-1 -1
.mol™Y). The heat capacity change for this reaction wasduces the 180-K~-mol"* value to a smaller value. Thus,
written on the worksheets as+188JK l.mol-l their crossed out value fak,C, was more correct. The dif-

(45 catk~t-mol™Y), crossed out, and-251 JK~*-mol~! ference inA,C, causes a 0.5 kihol™* error in the 298.15 K
(60 catK~-mol~Y) then written. Their value for the 298.15 enthalpy of reaction used in subsequent calculations. The
K enthalpy of reaction, —23.14 kJmol™* (-553 enthalpy —of f_cirmation used f_olr NaQB00 H0)
kcal-mol™Y), was combined with the enthalpies of formation ~470-700 kdmol™*(~112.50 kcalmol™") does not mf‘}Ch

of CdBI,(400 H,0), NaOH200 H,0), and NaBf400 H,0) the_ value given in the NBS Tables ef_469.608 kdmol™-.

of —319.373 kdmol! (~76.332 kcalmol™Y), —470.700 Using both of these changes and ER.gives an enthalpy of
kd-mol ! (—112.50 kcalmol™Y), and —361.351 kdmol >  formation of —559.5 kdmol™, different by 1.6 kamol™*.

(—86.365 kcalmol™Y), respectively, to give the enthalpy of The standard deviation of the Gibbs energies of solution
formation of —561.1 kamol™L. averaged above is approximately 1.3rkdl .

1882THO also reported measurement of the enthalpy
change for the reaction:

Cd1,(400 H,0)+2NaOH200 H,0)
= Cd(OH),(ppt)+2Nal(400 H0), 2)

A¢H°[Nal(400 H,0)]
at 291.15 K as AH°=-13.14 kJmol'! (-3.14 . N . _
kcal-mol~1). This value was indicated as leading to a 298.15 AG°[Cd"(ag];  AG°[OH (aq)];
K AH°=-11.38 kJmol™* (—2.72 kcalmol™%). Combina- s [Cden]; S[0,9)] S°[Hag)]:
tion of this value with the enthalpies of formation of
Nal(400 H,0), NaOHZ200 H,0), and Cd}(400 H,0) of
—295.010 kdmol™* (—70.509 kcaimol ™), —470.700
kJ-mol™* (—112.50 kcalmol %), and —198.008 kdmol™*
(—47.325 kcalmol™Y), respectively, gaveAH°®=—560.7 Also found on the sheets was: “QdH),(c)= —113.2
kJ-mol~1. The difference of values obtained from the two AH;=(crossed out}-132.2 for aged(illegible)
different Thomsen measurements is smaller than the errors AS;=—63.7

C. Auxiliary Values Required for Data Pathway
A{H°[CdI,(400 HO)]; A{H°[NaOH200 H,0)];

D. Other Thermodynamic Measurements
Considered
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S=28.9eu This is high, if Cde13.1. Cd(OH)f((aa). Their measurements and subsequent treat-
ment led to a value of the Gibbs energy for the reaction
The source of all but the first of these values was not listed. CeP* (ag)+20H (ag)=CAOH),(B,c1) ©)

29MAIl measured the emf of the electrochemical cell:
of —80.712-1.2 kImol L. Using NBS Tables values for

Cd(Hg)|Cd(OH);(cr|Ba(OH)(ac|HgOHg. ©) the Gibbs energy of formation of Et(ag) and OH (ag),
Treatment of this potential led to &a\;G° value of this value would lead to a Gibbs energy of formation of
—468.909 kdmol™* (—112.072 kcalmol ™). This value —472.81 kdmol™* for Cd(OH),(B,cr).
was not considered further as they believed the reaction to 70PRO/WUL measured dissolution of a sample of
have been uncertain, in other words, they thought it possibl€d(OH),(cr) in different concentrations of perchloric acid,

that the CdOH), was in actuality Cd@r) in Eq. (3). ranging from 0.1 to 1.0 mekg 1. They gave a value of the
27ISH/SHI measured the emf of the electrochemical cell:standard state enthalpy change for the reaction
Cd(Hg)|Cd(OH),(cr)|NaOH(ag)|HgOHg (4 Cd(OH),(cn+2H" (ag=Cd** (ag+2H,0(1) (10

and obtained a voltage of 0.8598 V which was used to obtaias — 85.19+ 0.8 k}mol~1. Their analysis of their crystalline
a Gibbs energy of reaction of—165.979kdmol™l  sample indicated it contained 0.25 moj®ifor each mole of
(—39.670 kcalmol ™). This led to a value oA;G° equal to Cd(OH),(cr). Any correction for the enthalpy change due to

—471.081 kdmol™ (—112.591 kcalmol ™). this level of water content was not described, if applied.
1882THO measured the enthalpy change of the reactions
Ba(OH),(400 H,0)+CdSQ(400 H,0) F. Bibliography
1882THO Thomsen, J., Thermochemische
= Cd(OH),(ppt)+BasSQ(ppt) (5 Untersuchun-ger(J. Barth, Leipzig, 1882—
1886.
Ba(OH),(400 H,0)+H,S0,(400 H,0O
A0H)2(400 HO)+HZSO,(400 HO) 27ISHISHI  Ishikawa, F., Shibata, E., Nippon Kagaka
=BaSQ(ppt)+2H,0 (6) Zassi48, 279(1927).
at 291.15 K as—54.693 kmol! (—13.072 kcalmol™t) ~ 29MAI Maier, C. G., J. Am. Chem. So&1, 194
and —154.373 kdmol™! (—36.896 kcalmol™Y). They as- (1929.

sumed that no enthalpy change occurred for the correction §4SIL/MAR  Sillen, L. G., Martell, A. E.,Stability Con-
298.15 K; from that assumption and the measured values, stants of Metal-lon Complex&Zhe Chemi-

they calculated A{H®=—561.242 kdmol~* (—134.14 kcal calSociety, London, 1964
.mol~Y). Use of a reasonable value AfC, gives AH = 64SPI/MAI Splvakovs_ku, V. B., Maisa, L. P., Zhur.
— 559.4 kimol L. Neorg. Khim.9, 2287(1964.

e7_0PRO/WUL Provost, R. H., Wulff, C. A., J. Chem. Ther-

1882THO also measured the enthalpy change for the r
modynam.2, 655(1970.

ti :
actions 91RAI/FEL Rai D., Felmy, A. R., Szelmeczka, R. W., J.
2KOH(200 H,0)+CdSQ(400 H0) Solution Chem20, 375(1991).
=Cd(OH 1)+ K,S0,(800 H,O 7
(OH),(ppt) 2S0O( H0) (7) 12. Cd(OH)g(aq)
2KOH(200 H,0)+H,S0,(400 H,0)

A. Selected Values, NBS Tables

=2H,0+K2S0,(800 HO) ® 64SPI/MAI calculated a series of stability constants from
at 291.15 K as-29.564 kdmol ™! (—7.066 kcaimol™!) and  measurements of pH as a function of the concentrations of
—130.909 kdmol~* (—31.288 kcalmol ™). They assumed Cd?* and Br in basic solutions. From the solubility of
that no enthalpy change occurred for the correction to 298.18d(OH), and the stability constants, A;G° value for
K; from that assumption and the measured values they caEd(OH)3(ag of —441.8 kJmol™* (—105.6 kcalmol™?)
culated A¢H°=-559.568 kdmol ™! (—133.74 kcalmol™Y).  was calculated.

Use of a reasonable value oAC, gives AH = The solubility of CdOH),(cr) as a function of concentra-
— 561.4 kmol ™. tion of HCIO,(ag) and NaOHag) was measured by 57GAY/
WOO. The assumption of the reaction:
E. More Recent Determinations of the Cd(OH),(cr)=Cd(OH),(ag) (1)

Thermodynamic Properties of Cd (OH),(cr) o
and the measurements led to an equilibrium constant for re-

91RAI/FEL measured the solubility of @@H),(cr) as a  action (1) of 4.3x10°®. When combined with the\;G°
function of pH and at low ionic strengfl).01 NaClQ(aq)]. value for CdOH),(cr), theA,G° reaction(1) yielded aA:G°
The measurements were treated with a chemical equilibriuraalue for CdOH),(ag) of —443.5 kJmol™* (—106.0
model that included precipitation @-Cd(OH),(cr) and for-  kcal-mol™Y). These measurements were also used to deter-
mation of the aqueous species (O#)3(ag and mine properties of G@®H) " (ag and HCAQ (ag).
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The Gibbs energy of formation was taken to be the un- 62BIE/CIA also made potentiometric measurements using
weighted average of the two values given above, namelgither a glass electrode or a quinhydrone electrode. The value

—442.7 kmol ™! (—105.8 kcalmol ™).

B. Comments

In the treatment of multiple equilibria in solution, results

one obtains for any particular species can depend on whicg
species were assumed to exist in the solution. The studi%sd(OH)2 and the stability constant, &G°

of AG° obtained from these measurements was
—58.2 kJmol™? yielding a A¢G° value for CdOH (ag) of
—256.5 kdmol™* (—61.3 kcalmol ™).

64SPI/MAI calculated a series of stability constants from
measurements of pH as a function of the concentrations of
&* and Br in basic solutions. From the solubility of
value for

described in section A assumed different distributions of SPECHOH" (ag) of —269.4 kimol! (—64.4 kcalmol™Y) was
cies. It is possible that some of the differences in valueg g o iated.
observed above were due to the differences in assumed The solubility of CdOH),(cr) as a function of concentra-

chemical models. Thus, the validity of statistical improve-

ment due to averaging may be suspect.

C. Auxiliary Values Required for Data Pathway
A{G[Cd(OH),(cn)].
D. Other Thermodynamic Measurements
Considered

None.

E. More Recent Determinations of the
Thermodynamic Properties of Cd  (OH)5(aq)

91RAI/FEL measured the solubility of @@H),(cr) as a
function of pH and at low ionic strengfl).01 NaClQ(aq)].

tion of HCIO,(ag and NaOHag) was measured by 57GAY/
WOO. The assumption of the reactions:

CAOH),(cn)+H*(ag=CdOH" (ag+H,0  (2)
Cd(OH),(cr)=CdOH" (ag)+OH™ (ag) 3)

and the measurements led to equilibrium constants for Egs.
(2) and(3) of 4.3x 10 *# and 1.5< 10 °, respectively. When
combined with the A;G° values for C4OH),(cr) and
OH (ag), Egs. (2) and (3) yielded A{G° values for
CdOH"(ag) of —255.64 kdmol™* (—61.1 kcalmol %) and
—260.24 kdmol ™! (—62.2 kcalmol™), respectively.

The Gibbs energy of formation was taken to be the un-
weighted average of the five values given above, namely
—261.1 kJmol™* (—62.4 kcalmol™%).

The measurements were treated with a chemical equilibrium

model that included precipitation ¢f-Cd(OH),(cr) and for-
mation of the aqueous species (Ode)g(aa) and

B. Comments

CA(OH)2 (ag). Their measurements and subsequent treat- 1N€ standard deviation of the average used for the Gibbs

ment led to a value of the Gibbs energy for the reaction
Cd(OH),(cr)=Cd(OH)3(aq) ()

of 40.18+1.2 kImol™ L. This value would lead to a Gibbs
energy of formation of-432.3 kJmol ™! for Cd(OH)g(aa).

F. Bibliography
57GAY/WOO Gayer, K. H., Woontner, L., J. Phys. Chem.
61, 364 (1957.

64SPI/MAI Spivakovskii, V. B., Maisa, L. P., Zhur.
Neorg. Khim.9, 2287 (1964).
91RAI/FEL Rai D., Felmy, A. R., Szelmeczka, R. W., J.

Solution Chem20, 375(1991).
13. CdOH*(aq)
A. Selected Values, NBS Tables

57MAR used a potentiometric titration of €daqg with
NaOH in 3 M NaClQ,(ag) using a glass electrode. The reac-
tion was assumed to be:

Cd*(ag+2H,0=CdOH"(ag+H;0"(ag. (1)

The logarithm(base 10 of the equilibrium constant was re-
ported to be— 9.0+ 0.2 yielding —51.4 kamol™* for A,G°.
This value resulted in a\{G° value for CdOH (ag of
—263.2 kJmol! (—62.9 kcalmol ™).

energy is 5.6 kdnol™L. In the treatment of multiple equilib-

ria in solution, the results one obtains for any particular spe-
cies can depend on which species were assumed to exist in
the solution. The studies described in section A assumed
different distributions of species. It is possible that some of
the differences in values for CdO¥ag observed above
were due to the differences in assumed chemical models.
Thus, the validity of statistical improvement due to averag-
ing may be suspect.

C. Auxiliary Values Required for Data Pathway
A{G°[CdOH),(cn]; A{G°[CH'(ag)]
AG°[H0()];  A(G°[OH (ag].

D. Other Thermodynamic Measurements
Considered

None.

E. More Recent Determinations of the
Thermodynamic Properties of Cd (OH)*(aq)

None.
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F. Bibliography 64SPI/MAI Spivakovskii, V. B., Maisa, L. P., Zhur.
57GAY/WOO Gayer, K. H., Woontner, L., J. Phys. Chem. Neorg. Khim.9, 2287(1964.
61, 364 (1957). o
57MAR Marcus, Y., Acta Chem. Scand.1, 690 15. Cd(OH);™ (aq)
(1959. A. Selected Values, NBS Tables
62BIE/CIA Biedermann, G., Ciavatta, L., Acta Chem.
Scand.16, 2221(1962. 64SPI/MAI calculated a series of stability constants from
64SPI/MAI Spivakovskii, V. B., Maisa, L. P., Zhur. measurements of pH as a function of the concentrations of
Neorg. Khim.9, 2287(1964). Cd?* and Br in basic solutions. From the solubility of
_ Cd(OH), and the stability constant, &:G° value for
14. Cd(OH);(aq) CAOH)Z (ag) of —754.8 kmol * (—180.4 kcaimol %)
A. Selected Values, NBS Tables was calculated.

The solubility of CdOH),(cr) as a function of concentra-
64SPI/MAI calculated a series of stability constants fromtion of HCIO,(ag) and NaOHaq) was measured by 57GAY/
measurements of pH as a function of the concentrations 0VOO. They reported no value for, or assumption of, a dis-
C®* and Br in basic solutions. From the solubility of tinct CdOH); (ag). The value listed on the worksheet and
Cd(OH), and the stability constants, A;G° value for attributed to this reference is only the sum of the properties
CdOH); (a9 of —597.5kImol! (—142.8 kcaimol™l)  of CdG (ag and HO(). That value was- 759.4 kimol~*

was calculated. (—181.5 kcalmol™1).

The solubility of CdOH),(cr) as a function of concentra-  58LAK/GOO conducted a polaragraphic study of cad-
tion of HCIO,(ag) and NaOHag) was measured by 57GAY/ mium ions in hydroxide solutions. The average of 11 equi-
WOO. They reported no value for, or assumption of, a disdibrium constant values they obtained for the reaction
tinct CdOH); (ag. The value listed on the worksheet and 2— _~2+ -
attributed to 31[his reference is only the sum of the properties CAOH);" (ag=Cd™" (ag +40H (ag @
of HCdG,(ag and HO(). That value was was2X 10~ °. From this, theA;G° value for CdOH); (ag)
—604.6 kdmol™* (—144.5 kcalmol ™). of —761.9 kJmol~* (—182.1 kcalmol™1) was calculated.

The Gibbs energy of formation was taken to be the un- The Gibbs energy of formation was taken to be the un-
weighted average of the two values given above, namelyveighted average of the three values given above, namely
—600.8 kJmol™! (—143.6 kcalmol™). —758.6 kdmol™* (—181.3 kcalmol ™).

B. Comments B. Comments

In the treatment of multiple equilibria in solution, the re-  In the treatment of multiple equilibria in solution, results
sults one obtains for any particular species can depend o€ obtains for any particular species can depend on which
which species were assumed to exist in the solution. Thépecies were assumed to exist in the solution. The studies
studies described in section A assumed different distributiongescribed in section A assumed different distributions of spe-
of species. It is possible that some of the differences in valcies. It is possible that some of the differences in values
ues observed above were due to the differences in assume@served above were due to the differences in assumed
chemical models. Thus, the validity of any expected statistichemical models. Thus, the validity of any expected statisti-

cal improvement due to averaging may be suspect. cal improvement due to averaging may be suspect.
C. Auxiliary Values Required for Data Pathway C. Auxiliary Values Required for Data Pathway
A{G°[CAOH),(cn]; A(G°[HCAD; (ag]; A(G°[HO()]. A(G°[CAOH) (en]; AG°[CdO; (aq]

AG°[CF (ag] A(G°[OH (agl; AG°[HO()].
D. Other Thermodynamic Measurements

Considered D. Other Thermodynamic Measurements

None. Considered

None.
E. More Recent Determinations of the
Thermodynamic Properties of Cd  (OH); (aq) E. More Recent Determinations of the
Thermodynamic Properties of Cd  (OH)3™(aq)

None.
91RAI/FEL measured the solubility of @dH),(cr) as a
F. Bibliography function of pH and at low ionic strengtfi0.01 molkg™!
57GAY/WOO Gayer, K. H., Woontner, L., J. Phys. Chem. NaClOy(ag)]. The measurements were treated with a chemi-
61, 364 (1957). cal equilibrium model that included precipitation of
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B-Cd(OH),(cr) and formation of the aqueous species 17. CdO%_(aq)
Cd(OH)Y(ag and CdOH); (ag. Their measurements and

subsequent treatment led to a value of the Gibbs energy for A. Selected Values, NBS Tables
the reaction TheA;G° value listed on the worksheet was the difference

Cd(OH)Y(cr)+20H (ag=Cd(OH)2 ™ (ag) (2)  of theAsG® values of CdOH); (ag) and HO(). That value
. . was —284.5 kImol ! (—68.0 kcalmol™%).
of 32.08+ 1.8 kImol~%. This value would lead to a Gibbs

energy of formation of- 755.2 kJmol™* for Cd(OH)ﬁ‘(au). B. Comments

The value for Cd@’(aq) was calculated by the NBS

F. Bibliography Tables staff as the difference of values for(O#); (ag)
57GAY/WOO Gayer, K. H., Woontner, L., J. Phys. Chem. and for 2H0(1). The so-calculated value for CdQaq) was
61, 364(1957. then used for calculation of one of th&G® values for
58LAK/GOO Lake, P. E., Goodings, J. M., Can. J. Chem.Cd(OH)Z (ag). Thus, this is a circular pathway, resulting in
36, 1089(1958. values whose uniqueness does not really exist.
64SPI/MAI Spivakovskii, V. B., Maisa, L. P., Zhur.
Neorg. Khim.9, 2287(1964). C. Auxiliary Values Required for Data Pathway

91RAI/FEL Rai, D., Felmy, A. R., Szelmeczka, R. W., J.

Solution Chem20, 375 (1991). AG°[CAOH); (ag];  A{G°[H,O()].

D. Other Thermodynamic Measurements
16. HCdO; (aq) Considered
A. Selected Values, NBS Tables None.

The A{G° value listed on the worksheet was the difference
of the A{G° values of C§OH); (ag and HO(l). That value
was —363.6 kJmol ™! (—86.9 kcalmol ™).

E. More Recent Determinations of the
Thermodynamic Properties of Cd (OH)3 (aq)

None.

B. Comments F. Bibliography

The Gibbs energy of formation for HCd@ag) calculated None.
by the NBS Tables staff was the difference of values for

— 0
Cd(OH); (ag) and' HO(). The value ofor HCdQ(aa) was 18. CdSO4(aq)
used for calculation of one of th&;G° for Cd(OH); (ag).
Thus, this is a circular pathway, resulting in values whose A. Selected Values, NBS Tables

uniqgueness does not really exist. :
No values given.

o . E. More Recent Determinations of the

C. Auxiliary Values Required for Data Pathway Thermodynamic Properties of CdSO  4(aq)
A{G°[CdOH); (ag)]; A:G°[H,OW)]. . .
G [CAOH); (aq)] G° [H00)] 77KAT gave equilibrium constants, determined from con-

. ductivity measurements, for the ion-association reaction
D. Other Thermodynamic Measurements y

Considered C*(ag+SC; (ag=CdSQ(aqg) 1)

None. as a function of temperature from 273.15 to 318.15 K. A
Bjerrum model was used for the nonideality contribution to
the solution. In their Bjerrum model, a temperature-
dependent value of the closest approach distance of ions was
used. The values given for E¢l) at 298.15 K wereA,G
=(—13.28+0.04) kJmol %, A,H=(8.39+0.65 kJ -mol 1,
None. andA,S=(72.7+2.3) JK 1. mol L.

89AHA/GHO measured emfs of the cell:

. PiH,(9)|CdSQ(aq,q),H,SO,(aq,%)|CdSQ(ad,q),
F. Bibliography 2)

None. H,S0,(aq,6)|CdSQ(aq,q),H,SOs(aq,6)|Hg,SOx(cr|Hg.

E. More Recent Determinations of the
Thermodynamic Properties of HCAO ; (aq)
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With an ion interaction nonideality model of the Bronsted 59ROB/STO Robinson, R. A., Stokes, R. Hlectrolyte

type, they attempted to extract changes in thermodynamic Solutions 2nd ed. (Butterworths, London,
properties for Eq(1). Their measurements spanned tempera- 1959.
tures of 293.15 K-308.15 K. They gaveG°, AH°, and 69BEC/GRU Becker, F., Grundman, R., Z. Phys. Chem.
A,S° of (—17.1+0.4) kImol™%, (64.3+3.0) kImol ! and N. Folge66, 137 (1969.
(273.2+6.4) IK L.mol™%, respectively. TheA,G corre- 69IZA/EAT  lzatt, R. M., Eatough, D., Chritensen, J. J.,
sponds to K,=1000.0) They also gave association constants Bartholomew, C. H., J. Chem. Soc. &7
and thermodynamic properties for the complexation of two (1969.
sulfate ions with two cadmium ions. We don't reproduce 70LAR Larson, J.W., J. Phys. Chenv4, 3392
those values here. (1970.

81WAC/RIE measured enthalpies of dilutioal(,) for ~ 72PIT Pitzer, K. S., J. Chem. Soc., Faraday Trans.
cadmium sulfate but did not report the measured values. 21972 101(1972.
They extracted an equilibrium constant and an enthalpy o7 7KAT Katayama, S., Rikagaku, Kenkyusho
association from their measurements by treating these quan- Hokoku 53, 212 (1977).
tities as parameters. In their model they also treated as 8&LWAC/RIE  Wachter, R., Riederer, K., Pure Appl. Chem.
variable parameter the distance under which a pair of ions 53, 1301(1981).
was defined as an ion pair. Using these three adjustable p8AHA/GHO Aha, T., Ghosh, A. K., Ghosh, J. C., J. In-
rameters and a Coulombic potential for free ions, they ob- dian Chem. Soc66, 762(1989.
tained A,G=—13.57 kJmol™! (from K,=238.8 and A,H
=8.389+0.004 kJmol ™. 19. CdSOy(cr)

69I1ZA/EAT titrated solutions of (CH;),N],SO,(ag) into
0.02 M CdCIO,),(ag in a calorimetric vessel. Measured
values were not given. They represented the nonideality of The 298.15 K entropy, 123.039K l.mol !
the free ions as a sum of an electrostatic contribution and a(p9.407 calk ~*-mol 1), the enthalpy difference between 0
ionic-strength independent second virial coefficient of fixedand 298.15 K, 18.217 kihol™* (4.354 kcalmol™Y), and the
value. Their “log K” value of 2.55 K,=355) for Eq.(1)  298.15 K heat capacity, 99.58K1 1. mol?
gives A,G=—14.56-0.06 kJmol * and they gaveA,H  (23.805 calK 1-mol~Y), were all taken from 55PAP/GIA.
=4.10-0.17kJmol™* and A,S=62.8+0.04 JK*! 55PAP/GIA also measured the enthalpy of solution of an-
-mol™%, hydrous cadmium sulfate in water and obtained a value of
69BEC/GRU measured the enthalpy change for mixing—45.928 kdmol ! (—10.977 kcalmol™?) at 298.15 K for a
Cd(ClO,),(ag) with Na;SOy(ag) in 2 mol-17* NaClO,(ag) by final state of CdS@400 H,0).
means of a titration calorimeter. They gave thermodynamic

A. Selected Values, NBS Tables

parameters for the reaction CdSQ(er)=CdSQ(400 HO). @)
This enthalpy of solution, when combined with the enthalpy
C*(ag+SCO; (ag=CdSQ(aqg) (3)  of formation of CdSQ400H0), —979.223 kdmol™?
(—234.040 kcalmol™), gave an enthalpy of formation of
as “K=4.3+0.2 l-mol™*" and A;H=8.0+0.8 k3mol™*. —933.28 kdmol™* (—234.040 kcalmol™Y). The usual com-

38DAV from the treatment of conductivity measurementshination of the enthalpy of formation and the entropy of
gaveK,=195 and thus\,G=—13.07 kJmol~* for Eq.(1).  formation gave AG°=-822.825 kdmol ! (—~196.66
72PIT used a multiple equilibrium model to analyze emfkcal-mol™2).
measurements from 31LAM/PAR and osmotic coefficients,
probably from 59ROB/STO. The equilibrium constant so-
obtained was K,=250, corresponding to AG
=—13.7 kImol~* for Eq. (1). 80MAR/DOW demonstrated that thermal property mea-
70LAR assumed from other literature sources an equilibsurements from Giauque’s laboratory for both copper and
rium constant for ion-pair formatiork,=204, and treated aluminum bore similar discrepancies from more modern
the enthalpy of dilution measurements described in 33LANmeasurements. These discrepancies suggested the possibility
MON to obtain an enthalpy change for ion-pair formation, of a systematic bias for measurements made with Giauque’s
Eq. (3), of (9.0=0.7) k3mol™%. calorimeter. If so, then the uncertainty assigned to the en-
tropy of CdSQ(cr) should include this systematic effect. The
cadmium sulfate sample was prepared by dehydration of pre-
cipitated crystals of the hydrate.

B. Comments

F. Bibliography
31LAM/PAR LaMer, V. K., Parks, W. G., J. Am. Chem.

Soc.53, 2040(1931); 55, 4343(1933. C. Auxiliary Values Required for Data Pathway
33LAN/MON Lange, E., Monheim, J., Robinson, A. L., J. o

Am. Chem. Soc55, 4733(1933. AH"[CASQ400 HO)]
38DAV Davies, C. W., J. Chem. Soc. 2098938 S°[Cd(cn]; S°[S(en]; S°[O(g)].
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D. Other Thermodynamic Measurements E. More Recent Determinations of the
Considered Thermodynamic Properties of CdSO  4(cr)
1882THO measured the enthalpy of E#) for 291.15 K. 68LAR/CER measured the enthalpy of solution of

The value he obtained was —44.936kJmol™t  CdSQ(cr) in water for 298.15 K. Their standard enthalpy of
(—10.740 kcalmol™Y). The later adjustment to 298.15 K solution was—51.92 kJmol™! (—12.41 kcalmol™%). This
gave the value-46.82 kJmol ! and an enthalpy of forma- value is about 50-dnol™! different from that used to deter-
tion of —932.404 kdmol™! (—222.85kcalmol™). No  mine the NBS Tables of enthalpy of formation.

source for the reaction heat capacity was identified on the

worksheets. The value used corresponds to approximately F. Bibliography

—272 JK L.mol™%, 1882THO Thomsen, J., Thermochemische
1882THO also measured the enthalpy of solution of the Untersuchun-ger{J. Barth, Leipzig, 1882—

hydrate CdS® (H,O)gs in sufficient water to yield 1886.

CdSQ(400 HO), also at 29115 K, AH  20COH/HEL Cohen, E., Helderman, W. D., Moesveld, A.

=—11.13kJmol™! (—2.66 kcalmol™%). Adjustment of L., Th. Z. Phys. Chem96, 259 (1920.

this value to 298.15 K and combination with the enthalpy of33ISH/MUR  Ishikawa, F., Murooka, H., Bull. Inst. Phys.

formation of the hydrate, the enthalpy of formation of Chem. Res(Tokyo) 9, 781 (1933.

8/3 mol of water and 1882THO'’s measured value for @. 55PAP/GIA Papadopoulos, M. N., Giauque, W. F., J.

gave an enthalpy of formation of-933.911 kdmol ™! Am. Chem. Soc77, 2740(1955.

(—223.21 kcaimol ™). 65ADA/KIN  Adami, L. H., King, E. G., Heats of Forma-
20COH/HEL measured the enthalpy of Ed) for 291.15 tion of Anhydrous Sulfates of Cadmium,

K. 20COH/HEL's measured value,—44.730 kmol™! Cobalt, Copper, Nickel, and ZindU.S.

(—10.690 kcalmol™1), was in good agreement with that of Gov.Printing Office, U.S.B.M. Rl 6617,

1882THO. Further calculations were performed on the work- 1965.

sheets and then crossed out so as to be illegible. 68LAR/CER Larson, J. W., Cerutti, P., Garber, H. K,
33ISH/MUR measured the vapor pressure of the decom- Hepler, L. G., J. Phys. Cheni2, 2902

position reaction for the monohydrate (1968.

80MAR/DOW Matrtin, J. F., Downie, D. B., J. Chem. Ther-
modyn.12, 779(1980.

20. CdSO,-H,0(cr)

at 298.15 K. The measured vapor pressure for 298.15 K gave A. Selected Values, NBS Tables

a Gibbs energy change for the reaction of 17.6Mal ! 1 1
it o : : ; The 298.15 K entropy, 154.030-K~*-mol™* (36.814
(4.21 kcalmol™). Combination of this value with the Gibbs calK-1.mol-}), the enthalpy difference between 0 and

energy of formation of water vapduncorrected for nonide- 1 =t
ality) and the Gibbs energy of formation of the monohydrateggg'ig T( 2hS.3t56 k-Jno.It (55548§4k|2?11m0| l,)l’ agg ;gg
crystal gave a Gibbs energy of formation of 7% eat capacity, -54-KJ ~-mol © (32.

-1 -1
—822.616 kdmol ! (—196.61 kcalmol 3. (The work- CcaFK “-mol™%), were all taken from S5PAP/GIA.

sheets indicated this value was to be used for the Gibbs en- 25P_AP/G|? talso mehasdureid _the ?nthalzy Stf _Smgt'on ?f
ergy of formation entry in the table. Those same worksheet§adMmium suffate monohydrate in water and obtained a vajue

_ -1/_ -1
also indicated\{H° andS° were to be taken as described in of . 25.497 kdmol * (- 6.094 kcalmol ™) at 298.15 K for
section A) a final state of CdSg400 H,0).

65ADA/KIN determined the enthalpy of the reaction: CdSQ-H,O(cr)=CdSQ,(400 H,0). (N)

CdSQ,-H,0O(cr)=CdSsQ(cr)+H,0(g) 2

This enthalpy of solution, when combined with the enthalpy
CdO(cr)+H,S04(7.086 HO)=CdSQy(ch+H,O(l), of formation of CdSQ400H0), —979.223 kdmol !
(3)  (—234.040 kcalmol™) and HO(), gave an enthalpy of
formation of —1239.55 kdmol ! (—296.26 kcalmol™1).
The Gibbs energy of formation was calculated from the en-

measured at 303.15 K and adeSted to 298.15 K. From the[lha|py of formation and the entropy by the usual manipu|a_
value of the enthalpy of the reaction, the worksheets indition [A;G°= —1068.84 kdmol~* (—255.46 kcalimol™1)].

cated that a value of the heat of formation of Cd&D was
calculated to be-931.11 kdmol™* (—222.54 kcalmol™).
The enthalpy of reaction for E@3) was used in conjunction
with the A;H° for CdSQy(cr) to obtain the enthalpy of for- 80MAR/DOW demonstrated that thermal property mea-
mation of CdQcr). That value ofAH° for CdO(cr) was then  surements from Giauque’s laboratory for both copper and
used with the same measurement to obtain the enthalpy @fuminum bore similar discrepancies from more modern
formation of CdSQ(cr). This was a circular argument. measurements. These discrepancies suggested the possibility

B. Comments
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of a systematic bias for measurements made with Giauque'sufficient water to yield CdS{400 H,0), at 291.15 K. The
calorimeter. If so, then the uncertainty assigned to the endifference of these two enthalpies was used as the enthalpy
tropy of CdSQ-H,0 should include this systematic effect. of the reaction:

CdSQ-H,0(cr) +8/3H,0(1)=CdS Q- (H,0)ga(Cr).

C. Auxiliary Values Required for Data Pathway Adjustment of this value to 298.15 K, using a heat capacity

AH®[CASQ(400 HO)] change for the reaction of 46 JK *.mol™%, and combina-
tion with the enthalpy of formation of CdS@H,0)g4(cCr),
S°[Cd(cn]; S°[S(en]; S°[0x(9)]; S°[Hx9)]. the enthalpy of formation of 5/3 mol of water gave an en-

thalpy of formation for the monohydrate of

_ ] -1/_ -1
D. Other Thermodynamic Measurements 1238.42 kdmol™* (—295.99 kcalmol ™).

Considered
E. More Recent Determinations of the
23CAR/JET measured the vapor pressure of water over Thermodynamic Properties of CdSO ,-H,O(cr)
the hydrate, CdSQ(H,0)g/3, from 298.15 to 363.19 K as it

decomposed into CASH,0: 68LAR/CER measured the enthalpy of solution of
CdSQ-H,0 in water for 298.15 K.
CdSQy- (H20)g/5(cn=CdSQ-HO(cr) +5/3H,0(g). Their standard enthalpy of solution was32.05 kJmol ™!

(2 (-7.66 kcalmol™).
These vapor pressures were used to calculate the Gibbs en-

ergy and enthalpy changes for E@®), but not by model F. Bibliography

representation. In other words, the Gibbs energy change wa$82THO Thomsen, JThermochemische Untersuchu-

based on the 298.15 K measurement alone and the enthalpy ngen(J. Barth, Leipzig, 1882-1886

was obtained from a line drawn through some of the mea23CAR/JET  Carpenter, C. D., Jette, E. R., J. Am. Chem.

surements. The Gibbs energy and enthalpy changes for Eq. Soc.45, 578(1923.

(2) were then combined with the enthalpy and Gibbs energy#1VIN/BRI  Vinal, G. W., Brickwedde, L. H., J. Res.

of formation for CdSQ (H,0)g3, —1729.33 and Natl. Bur. Std.26, 455(1941).

—1465.337 kdmol %, (—413.32 and-350.224 kcalmolY) ~ SSPAP/GIA  Papadopoulos, M. N., Giaugue, W. F., J.

to obtain the enthalpy and Gibbs energy of formation for Am. Chem. Soc77, 2740(1955.

CdSQ-H,O(cr) of —1241.18 and —1068.815 kdmol™2 68LAR/CER Larson, J. W., Cerutti, P., Garber, H. K.,

(—296.65 and— 255.453 kcalmol™%). Hepler, L. G., J. Phys. Chenir2, 2902
1882THO measured the enthalpy of Ef) for 291.15 K. (1968.

The value he obtained was —25.31kdJmol”! 80MAR/DOW Martin, J. F., Downie, D. B., J. Chem. Ther-

(—6.05 kcalmol™). The later adjustment to 298.15 K gave modyn. 12, 779(1980.

the value—26.94 kJmol™! and an enthalpy of formation of
—1238.13 kdmol~* (— 295.92 kcalmol ). 21. CdSO,-(HO)gs(cr)

41VIN/BRI measured the emf of the electrochemical cell: A. Selected Values, NBS Tables

Cd(Hg)(two-phasgCdSQ, The 298.15 K entropy, 229.635K '-mol*
(54.884 calk ~-mol™Y), the difference in enthalpy between

-H,0(cn)|CdSQ(aq,saliHg,SOy(en|Ha() 0 and 298.15 K, 35.551 khol * (8.497 kcalmal 2, and

(3 the 298.15 K heat capacity, 213.26&J-mol?

-1, -1
from 293.15 to 323.15 K. The worksheets indicated the(so'970 calK™ -mol ), were all taken from S5PAP/GIA.

: The worksheets indicatedA;G° was “—350.224
Gibbs energy change for Eq3) at 298.15 K to be N T\ e f
—195.711 kdmol™* (—46.776 kcalmol™1). Also involved keal-mol ™ (see Cd")," but that value does not appear on

in the worksheet calculation was a quantity 0.314wdl ! the C&Jr(a}q) worksheets. It may hé\{e been_ calculated from
(0.075 kcalmol™2). This quantity was related to the nonide- the quantity[3-(~350.219 kcalmol ™) (obtained from the

-1
ality of water vapor over saturated Cdgax). The quanti- measyrements from 41VIN/BR#(—350.240 kcaimol™)
. . . (obtained from the measurements of 33ISH/MJ/R No ra-
ties that would have entered into that correction are the mo: . . .

; : o ._“tionale for this calculation was listed.
lality and the osmotic coefficient of the saturated solution

and the vapor pressure of water at 298.15 K. However, the 41VIN/BRI measured the emf of the electrochemical cell

monohydrate is not stable at 298.15 K, the 8/3 hydrate is. Cd(Hg)(two-phas@CdSQ;- (H,0)g5(cr)
The Gibbs energy of formation was then calculated to be
068,626 komol.! (— 255.456 kcaimol 2. |CdSQ(aq.saHg,SO4(cn|Hy() @

1882THO also measured the enthalpy of solution of therom 293.15 to 323.15 K. The worksheets indicated the
two hydrates CdSEH,O(cr) and CdSQ-(H,O)g5(cr) in  Gibbs energy change for Eql) at 298.15 K to be
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—196.447 kdmol™! (—46.952 kcalmol™1) calculated from  (—234.040 kcalmol™Y) and HO(l) gave an enthalpy of for-
the emf of 1.01844 abs. V. Also involved in the worksheetmation of —1729.306 kdmol ™! (—413.314 kcalmol™%).
calculation was a guantity 0.761 4dol ! 210BA measured the emf of the electrochemical cell:
(0.182 kcalmol™Y). This quantity was related to the nonide-

ality of water vapor over saturated Cdgéx) multiplied by Cd(Hg)|CdSQ (H,O)ers(cr.sa}|PbSQ(er)|PHY). (

8/3. The quantities that would have entered into that correc- o ) )

tion are the molality and the osmotic coefficient of the satu-The worksheets indicate this cell yielded a value of the
rated solution and the vapor pressure of water at 298.15 K3ibbs energy of formation of —1467.542 kdmol™*
The Gibbs energy of formation was calculated to be(—350.751 kcalmol™).

—1465.316 kdmol~* (—350.219 kcalmol™3). 31LAM/PAR measured the emf of the electrochemical
33ISH/MUR measured the emf of the electrochemicalCell:
cell: Cd(Hg)|CdSQy(aq,salPbSQ(cr)|Ph(Hg).  (5)
Cd(Hg)|CdSQ,- (Hz0)g/s(cr) The worksheets indicate this cell yielded a value of the

Gibbs energy of formation of —1464.019 kdmol™?

|CdSQy(aq,salHg,SO,(cn|Hg(), 2 (—349.909 kealmol ).

Obtaining 1.01845 int. V for 298.15 K. This value was used 20COH/HEL measured the entha]py Change for the solu-

to obtan a Gibbs energy of formation of tion of the 8/3 hydrate into water:

—1465.404 kdmol ™! (—350.240 kcalmol™Y). The pathway

of the calculation was similar to that described in the preced- CdSQ- (H;0)g/s(cr)=CdSQ400 HO). ©®

ing paragraph. The enthalpy change for Eq(6) at 291.15 K was
The enthalpy of formation [AH° —10.623 kdmol™! (—2.539 kcalmol™1). A heat capacity

=—1729.37 kdmol~! (—413.33 kcalmol™})] was calcu- change of —188 JK 1-mol ! (—45 catK L-mol™) was

lated from the usual manipulation of the entropy and theassumed. The resultant 298.15 K heat of solution was

Gibbs energy of formation. —11.92 kJmol™! (—2.85 kcalmol™1). The assumedheat
capacity change is discordant with the value measured by
B. Comments 55PAP/GIA. Using 55PAP/GIA’s measured value of heat

capacity, 20COH/HEL'’s enthalpy of solution becomes in-

80MAR/DOW demonstrated that thermal property mea-stead —12.209 kdmol™* (—2.918 kcalmol™), in good
surements from Giauque’s laboratory for both copper andgreement with values from 55PAP/GIA and 68LAR/CER
aluminum bore similar discrepancies from more moderndiscussed in section)E
measurements. These discrepancies suggested the possibility) 882THO measured the enthalpy of E6). at 291.15 K as
of a systematic bias for measurements made with Giauque’'s 11.12 kJmol™* (—2.66 kcalmol™). A heat capacity
calorimeter. If so, then the uncertainty assigned to the enchange of —188 JK *.mol™* (—45catK 1-mol™) was
tropy of CdSQ-(H;0)g/3 should include this systematic ef- assumed. The resultant 298.15 K heat of solution was
fect. —12.42 kJmol™* (—2.98 kcalmol™Y).

C. Auxiliary Values Required for Data Pathway E. More Recent Determinations of the

A{G°[Hg,SO,(cn]; AG°[H,O(N]; A{G°[CdHg)] Thermodynamic Properties of CdSO  4-(H,0)g3(cr)
Mg, CASQ(ag)] 68LAR/CER measured the enthalpy of solution of
CdSQ-(H,0)g3 in water for 298.15 K. Their standard
$sal CdSQ(ag)] enthalpy of solution was —18.08 kJmol ™!
Psaf H20) (—4.32 kcalmol ™). This value is within 10 and 70 thol*
of the values obtained by 55PAP/GIA and 20COH/HEL, re-
S*[Cdcen]; S°[S(en]; S°[09)]; S°[Hag)]. spectively, after calculating the changes of the earlier values
from 0.1388 molkg ! to standard state using the NBS
D. Other Thermodynamic Measurements Tables value for this enthalpy effect.
Considered
55PAP/GIA measured the enthalpy of solution of F. Bibliography
CdSQ-(H,O)g5cr) and  obtained a value of 1882THO Thomsen, J., Thermochemische
—12.129 kdmol™* (—2.899 kcalmol™Y) at 298.15 K for a Untersuchun-ger{J. Barth, Leipzig, 1882—
final state of CdSgi400 H,0) 1886.
20COH/HEL Cohen, E., Helderman, W. D., Moesveld, A.
CdSQ-(H0)gs(cr)=CdSQA00 HO). () L., Th. Z. Phys. Chemd6, 259 (1920.
This enthalpy of solution when combined with the enthalpy210BA Obata, J., Proc. Phys. Math. Soc. Jpr36
of formation of CdSQ400H0), —979.223 kdmol™* (1921).
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31LAM/PAR La Mer, V. K., Parks, W. G., J. Am. Chem. for the relative enthalpy ofCd0O),-CdSQycr) and auxiliary

Soc.53, 2040(1932). values of the enthalpy of S@j), O,(g) and CdQcr) to cal-
33ISH/MUR  Ishikawa, F., Murooka, T., Sci. Rept. To- culate a 298.15 K enthalpy of formatiof(—1441.0
hoku Imp. Univ.22, 138(1933. +2.6) kI3mol™!] from 83SCH'’s high temperature value, in
41VIN/BRI  Vinal, G. W., Brickwedde, L. H., J. Res. good agreement with—1446.4-2.6 kImol™%. Note that
Natl. Bur. Std.26, 455(1941). 86BEY/FER did not increase 83SCH'’s uncertainty estimate;
S5PAP/GIA  Papadopoulos, M. N., Giauque, W. F., J.this assumes no uncertainty to be introduced in the extrapo-
Am. Chem. Soc77, 2740(1955. lation from 1100 to 298.15 K, which would be rather un-

68LAR/CER  Larson, J. W., Cerutti, P., Garber, H. K., Jikely.
Hepler, L. G., J. Phys. Chem/2, 2902 88FUK/SAI measured oxygen activity over the €8+0

(196{3- . system with a stabilized zirconia as the electrolyte for the
80MAR/DOW Martin, J. F., Downie, D. B., J. Chem. Ther- galvanic cell. Their measurements are in good agreement
modyn.12, 779 (1980. with values from 83SCH. For example, 88FUK/SAI give an
equation for the standard-state Gibbs energy change of the
22. (CdO),-CdSO,(cr) reaction
A. Selected Values, NBS Tables 6CdQ(cn)+2S0y(g)+0,(g)=2(Cd0O),-CdSQ(cr) (3)
No values given. that gives a value of 202.9 kJmol~! which compares with

83SCH'’s value calculated from his measurements at that

o temperature of-203.04 kdmol™.
E. More Recent Determinations of the P

Thermodynamic Properties of  (CdO),-CdSO,(cr)
F. Bibliography

83KO/BRO determined the enthalpy of formation of 77COD CODATA Bull. 28, 18 (1979.
(CdO),-CdsQycr) through a calorimetric procedure. By 83KO/BRO Ko, H. C., Brown, R. R., Enthalpy of
conducting a series of enthalpies of solution measurements Forma-tion of 2CdOCdSQ, (U.S Bureau of
and manipulating the measured values, they obtained an en- Mines RI 8751, 1988
thalpy of reaction of—83.178-0.16 kJmol~? for the reac- 83SCH Schaefer, S. C., Electrochemical Determina-
tion tion of Thermodynamic Properties of

3Cdaen) +(H,S0,+6H,0)(1) Manga-nese Sulfate a.nd Cadmium Oxysul-
fate (U.S. Bureau of Mines RI 8309, 1983
=(CdO),-CdSQy(cn+7H,0(l). (1) 86BEY/FER Beyer, R. P., Ferrante, M. J., J. Chem. Ther-

modynam.18, 365 (1986.

Combination of this enthal ith enthalpies of f tion of
ombination of this enthalpy with enthalpies of formation o Fukatsu, N.. Saito. A.. Noboru. S.. Ohashi,

88FUK/SAI
H,O() and (H,SO,+6H,0)(I) (—285.830-0.042) and
(—874.556-0.42) kJ-mol~%, respectively from the NBS T., J. Electrochem. Sod.35 997 (1988.
Tables, and with the enthalpy of formation of C@®
[(—258.15+0.84) kImol~1] from 77COD gave the result- 23. CdCO4(er)
ant enthalpy of formation for(CdO),-CdSQ(cr) as A. Selected Values, NBS Tables
(—1446.4+ 2.6) kImol ™. . .

86BEY/FER measured the heat capacity of The Gibbs energy of formation was taken from the elec-

(CdO),-CdSQy(cr) from near 5 to 300.7 K. The sample was trochemical cell mea;urements described by Saegusa
the same as that of 83KO/BRO. 86BEY/FER also madd50SAB. The cell reaction was:
enthalpy-increment determinations between temperatures Cd(Hg)|CdCOy(cn|K,CO5KHCO4/Ag,COAg. (1)

ranging to 1001.5 and 298.15 K. They reported the existence ) )
of a “nonisothermal transition” in the temperature range of The emf for this cell was 1.1540 abs. V at 298.15 K. This

245-260 K. Their value for the 298.15 K entropy was Value yields a standard-state Gibbs energy change for the

246.588 K~ *-mol . reaction
83SCH measured the emf of the electrochemical cell Cd(Hg)+Ag,COs(c=CdCO(cn+2Ag(cr)  (2)
P{(CdO),-CdSQy(cn), of —222.67 kdmol™t (—53.22 kcalmol™Y). This value of

CdOSO,(g, 1 atm| [Zr0y| [O; (g, 0.0092 atniPt (2) ﬁgfcéi?;f"?nbé”eé;ﬂ;}f he—ezxvsaéf’g % nvf):yle Sﬁ?—s 1on
from 1037 to 1208 K. From these measurements and knowkcal-mol™Y) and —9.740 kJmol™! (—2.328 kcalmol™?),
edge of the zirconia electrode’s thermodynamic propertiesiespectively. These values resulted #669.4 kJmol !
they gave a Gibbs energy of formation pf—1812.76 (—160.0 kcalmol™Y) for A¢G° for CACOy(cr).

+0.92989T) +2.55] kJ-mol! and an enthalpy of forma- The enthalpy of formation was taken from Thomsen's
tion of (—1812.76-2.55) kdmol™! for the temperature (1882THQ measurement of the enthalpy change for the re-
range of 1036.8—1208 K. 86BEY/FER used their own valuesaction
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CdSQ(800 H,0)+Na,COx(800 H,0) make a reliable adjustment. Additionally, in gas decomposi-
tion studies the establishment of true equilibrium introduces
=Na,;S0,(1600 HO)+CdCOy(cn) () a complicating factor. The Cy) decomposition pressure

occurring at 291.15 K. The observed enthalpy change foptudies were from 25AND, 63BER/KOV, 24CEN/AND,
291.15 K, —1.55 kJmol™! (—0.37 kcalmol™*) was con- 27JAN, and 56BER/RAS. The values afG°, AH°, and
verted to an enthalpy change for 298.15 K by assuming th&° deduced from these measurements wer&75.3
heat capacity change for E¢3) was —125 JK t.mol-t  kJ-mol™*, —754.4 kJmol™*, and 100.0 K~ *-mol™*.
(—30calK mol™Y). This gave a 298.15 K enthalpy

change for Eq(3) of —2.43 kJmol™* (—0.58 kcalmol™%).

This enthalpy of reaction was then combined with values of E. More Recent Determinations of the

the heats of formation of N80,(1600 HO), Thermodynamic Properties of CACO  5(cr)
Na,C0O4(800 H,0), and CdSQ@800 H,0), of —1388.67 kJ

-mol~! (—331.90 kcalmol™), —1157.09 kdmol ™! 96ARC determined the entropy and other thermal proper-

(—276.55 kcalmol™), and—979.884 kdmol™! (—234.198 ties of CdCQ(cr) from enthalpy-increment measurements
kcal-mol™Y) to give the enthalpy of formation of CAG@r)  determined from 4.5 to 350 Ktemperature basis, ITS-D0
equal to—750.6 kJmol™* (—179.4 kcalmol™%). and the assumption of a zero-valued configurational entropy.
The usual manipulation of these two values gave an enMeasurements were made with an adiabatic calorimeter with
tropy of formation of —272.3 JK 1.mol™! (—65.1 a previously demonstrated high degree of reliability. The
cal-K~1.mol™1). Combination of this value with the entro- 298.15 K entropy,S°, was determined to be (103.88
pies of formation of the elements yielded an entropy of=0.2) JK 1.mol™%
CdCQy(cr) of 92.5 JK t-mol™t (22.1 calK~-mol™Y). 93STI/PAR measured the solubility of cadmium in water
as a function of pH, pCg® pClO, (inert electrolyte in the
form of KCIO,) and temperature. These measurements were
regressed with a chemical equilibrium model that accounted
The heat capacity change for E®) is obviously wrong.  for hydrolysis reactions and ion-pairing reactions. The statis-
(The crystal phase has a positive heat capacity and the eletieal treatment of the measurements required assumption of
trolytes possess negative heat capacities. Thus, the heat daowledge of thermodynamic properties of all these other
pacity change for the reaction should be positive, not negareactions, including but not limited to cadmium hydroxides.
tive.) The enthalpies of formation used in the calculations forFrom these measurements and calculations, they obtained a
Na,CO5(800 H,0O) and for NaSO,(1600 HO) do not match  298.15 K standard-state Gibbs energy and enthalpy of the
the values giverl in the NBS Table6—1154.64 and reaction,
—1388.52 kdmol™-, respectively. _
According to their own descriptions of their methods, the Cd2+(aq)+CO§ (ag=CdCOy(en), )
A¢G°[Ag,COs(cn)] value used by them for this calculation of —69.08 and 0.74 kinol™%, respectively. They combined
did not exist at the time they performed the calculation, yethose values with auxiliary values from 89COX/WAG to ob-
there it was. Thus, the sequential method, with certain semin A;G°, AH°, and S° values of —674.7 kimol™%,
lected exceptions which they described, was not in agree-751.9 kmol™%, and 106 K ~1-mol~%.

B. Comments

ment with their calculation for this substance. 91RAI/FEL measured the solubility of cadmium in water
as a function of pH, pC¢® and varying concentrations of
C. Auxiliary Values Required for Data Pathway Na,COs(ag). These measurements were regressed with a

. ) . chemical equilibrium model that accounted for hydrolysis
AfG°[CdH)]; AG®[Ag,COs(cr)] reactions and ion-pairing reactions. The statistical treatment
AH°[Na,SO,(1600 HO)]; of the measurements required assumption of knowledge of
thermodynamic properties of other reactions, including but
AfH®[Na,CO4(800 HO)]; AH°[CASQ(800 HO)] not limited to cadmium hydroxides. The Gibbs energy of
S [Cden]; S°[C(cn]; S°[Oxg)]. fo_rmation for CdCQ(ag and Cdcog)g‘(au) were g_ls_o ob-
tained from the treatment of the measured solubilities. From
these measurements and calculations they obtained a 298.15
K standard-state Gibbs energy of the reaction,

+2 - —

Several sets of measurements of the vapor pressure of cd (aq)+CO§ (ag=CdCOyer), @
CO,(g) over CdCQ(cr) were examined but were not in- of —69.87 kJmol 1. They combined those values with aux-
cluded in the final analysis. These measurements are not iliary values from the NBS TablegC?*(ag)] and 84HAR/
particularly good agreement with each other. They also reMOL [CO%’(aa)] to obtainA{G° of —675.37 kdmol 2.
quire auxiliary high temperature thermodynamic properties 77GOR/CHE measured decomposition pressures from 512
to adjust from high temperature to 298.15 K; apparentlyto 625 K. Results were in reasonably good agreement with
these values were not thought to be well enough known teéhe earlier measurements from 25AND.

D. Other Thermodynamic Measurements
Considered
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76MAR/POU measured the equilibrium pressure of E. More Recent Determinations of the
CO,(g) with CdCO;4(cr) and CdQcr) from about 700 to 900 Thermodynamic Properties of CdCO g(cr)
K and pressures to 30 MPa. From these measurements and - o
the van't Hoff relation they gave the enthalpy of the reaction 91RAI/FEL measured the solubility of cadmium in water
to be 964 kJ-mol~*. They also measured the enthalpy of @5 & function of pH, pC&® and varying concentrations of

the decomposition reaction by means of differential thermalN&COs(@d. These measurements were regressed with a
analysis. From that method they gave a value of 10£hemical equilibrium model that accounted for hydrolysis
+5kJmol L reactions and ion-pairing reactions. The statistical treatment

75POU/MAR was the same as 76MAR/POU. of the measurements required assumption of knowledge of
65GAM/STU measured solubilities of cadmium carbonatetn€rmedynamic properties of other reactions, including but
under pH and pC@control. Their solubility product led not limited to cadmium hydroxides. The Gibbs energy of

them to a Gibbs energy of formation ef674.34 kamol~L, ~ formation for CdC@(ag and CdCOy); (ac) were also ob-
tained from the treatment of the measured solubilities. From

these measurements and a combination with auxiliary values

F. Bibliography from the NBS Table§ Cd**(ag)] and from 84HAR/MOL
1882THO Thomsen, J,  Thermochemische [CO3 (ag] they obtained AG°[CdCC)aqg] of
Untersuchun-ger{J. Barth, Leipzig, 1882— —632.41 kdmol ™.
1886. 74GAR gave a value of p& —4.02+0.04 for formation
24CEN/AND Centnerszwer, M., and Andrussow, L., Z. of CdCCg(au), obtained by means of potential measurements
Phys.Chem111, 79 (1924. with an ion-selective electrode.
25AND Andrussow, L., Z. Phys. Chenll15 273 76BIL gave a value of pk—3.5 for formation of
(1925. CdCdg(aa), obtained by means of potential measurements
27JAN Jander, W., Z. Anorg. Chenil68 113 made with stripping voltammetry. It has been said that
(1927. 76BIL/HUS doubt the significance of CdG@g). More cor-
50SAE Saegusa, F., Sci. Rep. Tohoku Univ. | Ser.rectly, 76BIL/HUS indicated that carbonate complex forma-
34, 55 (1950. tion was less significant for cadmium than for some other

56BER/RAS Berg, L. G., Rassonskaya, |. S., Buris, E. V., metals at metal concentrations representative of ground wa-
Akad. Nauk SSSR, Izvest. Sekt. Fiz. Khim. ter concentrations, i.e., an order of magnitude 1.
Anal., Inst. Obsh. Neorg. Khim27, 239 Other similarly obtained values of pK fall within the range

(1956. —3-—05, see 93STI/PAR.
63BER/KOV Berg, L. G., Kovyrzina, V. P., Dokl. Akad.

Nauk SSSR151, 117 (1963. F. Bibliography
65GAM/STU Gamsjger, H., Stuber, H. U., Schindler, P., 74GAR Gardiner, J., Water Re8, 23 (1974.

Helv. Chim. Acta48, 723 (1965. 76BIL/HUS  Bilinski, H., Huston, R., Stumm, W., Anal.
75POU/MAR Pouillen, P., Martre, A.-M., Conf. Int. Ther- Chim. Acta84, 157 (1976.

modynam. Chemd, 14 (1975. 84HAR/MOL Harvie, C. E., Moller, N., Weare, J. H.,
76MAR/POU Martre, A. M., Pouillen, P., Petot, C., J. Geochim, Cosmochim. Act48, 723(1984).

Therm. Anal.9, 271(1976. 91RAI/FEL Rai, D., Felmy, A. R., Moore, D. A., J. So-
77GOR/CHE Gorban, N.D., Chernyshov, A. A., Vestn. lution Chem.20, 1169(1991).

Kharkov Un-ta.161, 42 (1977. 93STI/PAR Stipp, S. L. S., Parks, G. A., Nordstrom, D.
84HAR/MOL Harvie, C. E., Moller, N., Weare, J. H., K., Leckie, J. O., Geochim. Cosmochim.

Geochim. Cosmochim. Act48, 723(1984). Acta 57, 2699(1993.

89COX/WAG Cox, J. D., Wagman, D. D., Medvedev, V.
A., CODATA Key Values for Thermodynam-
ics (Hemisphere, Washington, DC, 1989 . . . .

91RAI/FEL Rai, D., Felmy, A. R., Moore, D. A., J. So- This appendix addresses several matters raised by review-
lution Chem.20, 1169(1992. ers.

93STIPAR  Stipp, S. L. S., Parks, G. A., Nordstrom, D. Cdance"aﬁon of e”‘.’rSAh.rer:’ lewer disagc;e‘hed Writh an in- f
K., LECkie, J. O., Geochim. Cosmochim. tro UCtory statement in which it was noted that the nature o

25. Appendix

Acta 57, 2699(1993 a sequential analysis is such that errors in the properties for
96ARC Archer, D.G. J Chem Eng. Dadd, 852 some species can be carried into the properties for other spe-
(1996 . ' ' ’ cies further in the sequence. The reviewer stated “This is

misleading—in many cases the error cancels in the calcula-
tion of a process value and théhould be pointed out.”

24. CdCOg(aq) The reviewer also pointed to the specific case of the effect of
A. Selected Values. NBS Tables a calculational error on the properties of the species
' Ccdcf(ag and CdCj(aqg), and stated “If the error appears
No value was given. on both sides of the reaction, the process will be alright; a
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statement to this effect should be made.” The reviewer'sever, the coupling does not change the conclusion provided
point is true in a certain instance that is described here. It iby this back-of-the-envelope heuristic demonstration, par-
not a useful claim for those attempting to calculate the speticularly so for very dilute solutions.
ciations, or extents of reactions, in chemical systems; this is Mixing of models and averages over modéfsdescrip-
also described below. The reviewer is apparently implyingtions of some of the species it was stated that values were
that if one takes the reaction: chosen from different models and that, in some cases, an
_ average of values over different models may have been per-
CdCI'(ag+Cl (ao)=CdC§(aa) (A1) formed. A reviewer questioned why these procedures would
and calculates\,,,G° that the correct value will be calcu- be noted by the author. This is discussed next.
lated because bothA{G° values for CdCf(ag and When ion association is not strong, the values of equilib-
Ccdcf(ag possess the same value of error. This is true forium constants extracted from thermodynamic measurements
calculation of the Gibbs energy of the reaction of E41).  depend strongly on the assumptions made regarding the non-
However, and more importantly, the error does not “cancel”ideality models used. Consider the example Mg@&@ and
and, in fact, can have a large effect on the accuracy of cavalues given by 71ISO. In this system it is often hypoth-
culated properties of the aqueous solution, or the calculategisized that the following ion-pairing reaction occurs:
distribution of species, even if one of the processes is written n N
as in Eqg.(Al). This is shown next. Mg® (aq)+SO§ (aq)—MgSOf{(aq), (AB)
One is normally more interested in calculation of theand thermodynamic properties for it are determined from
amount of species found in the solution than in the value okome sort of thermodynamic measurements. In 711SO, mea-
aA,G° per se The reviewer's pathway for calculation of the sured freezing temperatures of aqueous solutions of magne-
concentration of CdG{ag) in a solution containing chloride sium sulfate were reported and from them were calculated
and cadmium ions is through th® G value for Eq.(A1)  osmotic coefficients. Equilibrium constants were then ex-
and the corresponding equilibrium constaff,for Eq.(Al):  tracted from the calculated osmotic coefficients assuming
K = (CdC@)/(CdCI*)(CI‘). (A2) differgnt Yalues of the ion size parameter in a Debyéeekell
Therefore, calculation of @I through the pathway of eauation:
: (Cd9)l,
Eq. (A1), requires knowledge of the activity of CdGhq). In y.=(=AZI"%)/(1+Bal"), (A7)
The activity of CdCT (ag) is calculated from the Gibbs en- where y.. is the activity coefficient of the solute ion4, is
ergy of reaction for: the Debye Hukel parameter for activity coefficiert,is the
Cd*(ag+Cl~(ag)=CdCI*(ag) (A3) chargg of the ion$2), | is the ionic strength of the solution,
andB is a solvent-dependent constant. For each of the two
and its associated equilibrium constant expression. As disyaluesa=0.4 nm anda=0.6 nm, 71ISO reported an equi-
cussed under the section for CdGig) the equilibrium con-  jibrium constant for association, 3 and 143 10, respec-
stant for this reaction calculated from the Gibbs energies ofjvely, from the same set of examined values. Both models
formation would be about five times too large because of thga=0.4 nm, K=77; anda=0.6 nm, K=143) represent the
apparent arithmetic error. Thus the value of (CdTkalcu-  measurements, but each equilibrium constant has meaning
lated from: only when taken in conjunction with its assumed nonideality
K = (CdCI")/(CdH)(CI) (A4) model. If.o_ne mergly extracts the vallfgz 77 from 711S0O,
converts it into a Gibbs energy of reaction, and then tabulates
is four to five times too large for a dilute solution of aqueousa Gibbs energy of formation of Mgg(ag) and does not also
cadmium chloride(~1x10"* mol-kg™* CdCh). Incorpora-  give the nonideality model, then it would be highly unlikely
tion of this too large value into EqA2) results in a calcu-  that somebody else could take that tabulated value and recal-
lation of (CdC§) that would be too large also. Therefore, in culate accurately the thermodynamic property of the solu-
the calculation of the solution behavior, the calculated activition, because that person would have to guess at which non-
ties of neither CdGlag) nor CdCI'(ag) would be correct, ideality model might have been used to obtain the tabulated
even through the reviewer's pathway, the error, does noalue. This is an example of the general problem.
“cancel.” Extension of the argument for Cdglag is Now consider averaging the two values of the Gibbs en-
straightforward. That these errors do not cancel when calclergies of reactions, one from each of the two model-
lating a property of the solution should also be expectectalculated equilibrium constants, obtained above. One would
through the simple observation that the calculated Gibbs ernthen be taking the average f10.77 kJmol™* (K=77) and
ergy of reaction of: —12.30kJmol™* (K=143) and calculating A,G°
+ _ _ =—11.54 kIJmol L. But this value corresponds to neither of
Ce™(ag)+2Cl (aa)—CdCQ(aa), (A5) the nonideality models and could not be later combined with
would have to be incorrect because the arithmetic error afeither of them to calculate accurately the properties of the
fects the Gibbs energy of formation of only one side of Eq.solution. Statistically, one calculates an average of indepen-
(AB). Of course, Eqs(A2) and (A4) are coupled to each dent observations of a random variable. Averaging across
other and this coupling involves additional calculation; how-different models, as was just done, is equivalent to averaging
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different random variables, not averaging different observaway of writing chemical reactions. For example, consider
tions of the same random variable, and to the best of theriting in the same way the reaction corresponding to mea-
author’s knowledge does not have a valid statistical basis. surement of a Joule—Thomson enthalpy due to the expansion

Reaction stoichiometnA reviewer objected to the writing of chlorine gas from 1 to 0.1 MPa. Using a methodology
of chemical reaction equations corresponding to measureznalogous to that used to write E@\9), the reaction would
ments of enthalpies of solution typified by: then be written as:

CdCh(cr)=CdChL(400 H0). (A8) Cly(1.0 MPa+(—0.9 MPa=Cl,(0.1 MPa.

The reviewer stated that these written reactions are stoichio- (A10)

metrically unbalanced. Presumably, the reviewer believe&quation(A10) is written in the same general way as Eq.
such reactions should be written as: (A9), namely, a state, or a change in state, has been added to

a substance in one state to obtain the same substance in a
CdClycn)+(400 H0)=CdCL(400 HO)  (A9) new state. The only difference resides in the nature of the
similar to that given on page 2—27 of 82WAG/EVA. In both specific states. Since this is not the customary way of writing
Egs. (A8) and (A9), the information within parentheses re- reactions, it has not been adopted in this article.
fers to astateof the substance, not to the substance itself.
Thus, in Eq.(A8), CdCh(cr) denotes a substance, cadmium

chloride, in a particular state, that of crystal. Similarly, References for the Appendix

CdCL(400 H,0) refers to the same substance in a different711SO Isono, T., Sci. Rep. Inst. Phys. Chem. Res.
state, an aqueous solution composed of 400 moles of water (Jpn) 65, 95 (1977).

per mole of solute. The process measured is that of changir82WAG/EVA Wagman, D. D., Evans, W. H., Parker, V.
the state from one to the other. Thus, it necessarily follows B., Schumm, R. H., Halow, I, Bailey, S. M.,
that Eq.(A9) adds a statdo a substance in a state to obtain Churney, K. L., Nuttall, R. L., J. Phys.
the substance in the new state. But this is not the customary Chem. Ref. Datd 1, Suppl. 2(1982.
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