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This volume covers the solubilities of halogenated aliphatje G, compounds with
water, heavy water, and electrolyte solutions. All data were critically examined for their
reliability and best value estimates were selected on the basis of such evaluations. Ref-
erenced works are presented in the standard IUPAC-NIST Solubility Data Series format.
Reported and best value data are presented in tabular form and, where justified, data
correlation equations and graphical illustrations are provided. Throughout the volume, Sl
conventions have been employed as the customary units. The importance of these data
arises from the fact that halogenated aliphatics have considerable commercial uses in a
variety of applications such as industrial chemicals, process raw materials, solvents, and
the like. In such applications they are often in contact with water and are routinely
exposed to the atmosphere. Sometimes such contact and exposure results from spillage,
leakage, or mishandling. Reliable data are essential for concentration estimates for the
halogenated aliphatics in drinking and ground water, foodstuffs, human tissue, marine
organisms, and the atmosphere. The halogenated aliphatics are of particular interest to
health scientists, engineers, environmentalists, and atmospheric chemists in that they
represent a class of chemical materials which has many significant industrial applications.
However, at the same time, some of this class of substances have been shown to be
carcinogenic and also to be especially harmful for the earth’s atmospheric and natural
water composition. Indeed, the chemical reactivity of some halogenated aliphatics has
resulted in atmospheric ozone depletion. The high ozone depletion potentials of such
chemical substances emphasizes the importance of having available complete, accurate,
and reliable data for mutual solubilities with water. The availability of such data is
essential for estimates of halogenated aliphatic hydrocarbon levels in both natural water
and aqueous industrial liquids which result from industrial fabrication, industrial liquids
which result from industrial fabrication, industrial waste removal processes, and the like.
The data also provide significant solubility values for studies concerning the health of
humans and other biological systems. 1®99 American Institute of Physics and Ameri-
can Chemical SocietyS0047-2689)00403-1]
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1. Preface

This volume, which continues the systems provided in the
substituted methanes with water and the halogenated ethanes
and ethenes with water volumes of this series, contains a
comprehensive collection and critical evaluation of solubility
data published prior to 1993 for halogenated aliphatic
C;—C,4 compounds with water, heavy water, seawater, and
aqueous electrolyte solutions. The systems are ordered on the
basis of chemical formula according to the Hill system.

A critical evaluation of the solubility data is not satisfac-
tory without a comprehensive literature search followed by
compilation of all the available information reported in jour-
nals, patents, pamphlets, brochures, books, etc. The difficul-
ties and problems in retrieval of all solubility data are a well
recognized fact. Some of the difficulties which arose during
the retrieval of the original publications for this volume
were:

i. The articles, reports, etc., were not cited in the Chemical
Abstracts.

ii. The British Library did not hold the publications.

iii. The Slavonic Section of the British Library was unable
to obtain some publications from abroad.

iv. Manufacturers’ reports, leaflets, brochures, etc., were
not available from industrial source.

v. University reports from experimental stations were not
available from university libraries.
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TaBLE 1. Sources of solubility data
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TaBLE 2. Conversion formulas for solubility units

A. Bibliographies:
1J. Wisniak and A. TamirLiquid-Liquid Equilibrium and Extraction. A
Literature Source BookElsevier, Amsterdam, 19801252 pp.
2J. Wisniak and M. HerskowitzSolubility of Gases and Solids. A
Literature Source BogkParts A and B(Elsevier, Amsterdam, 1984p.
2070.
B. Secondary sources:
1G. W. Ware,Review of Environmental Contamination and Toxicology
Vol. 116 (Springer, New York, 1990 200 pp.
°R. K. Freier,Aqueous Solutions/ol. 1 (Walter de Gruyter, Berlin,
1976, 477 pp.
SLandolt-Banstein Zahlenwerte und Funktionen aus Physik, Chemie,
Astronomie, Geophysik und Techni@leichgewichte der Absorption
von Gasen in FlesigkeitenVol. 4a/c1(Springer, Berlin, 1976 479
pp.
4Landolt-Banstein Zahlenwerte und Funktionen aus Physik, Chemie,
Astronomie, Geophysik und Technik, 6th ed., Vol.Eigenschaften
der Materie in Ihren Aggregationstien Part 2b,
Losungsgleichgewichte (Springer, Berlin, 1962
SLandolt-Banstein Zahlenwerte und Funktionen aus Physik, Chemie,
Astronomie, Geophysik und Technik, 6th ed., Vol.Eigenschaften
der Materie in Inhren Aggregatzusdan Part 2c,Losungsgleichgewichte
Il (Springer, Berlin, 1964
SA. L. Horvath, Halogenated Hydrocarbons. Solubility-Miscibility with
Water (Marcel Dekker, New York, 1982 889 pp.
E. W. Washburn, ednternational Critical Tables of Numerical Data
Vol. 3 (McGraw-Hill, New York, 1928.
8Beilsteins Handbuch der Organischen Cheneilstein Institut fur
Literatur der Organischen Chem(i8pringer, Berlin, 1918—present
Vol. 1.
9Kirk-Othmer Encyclopedia of Chemical Technolpggt, 2nd, 3rd, and
4th eds.(Wiley, New York).
1A, Seidell, Solubility of Organic Compoungd$8rd ed.(Van Nostrand,
New York, 1963, 926 pp.
W, F. Linke, Solubilities of Inorganic and Metal-Organic Compounds
4th ed.(van Nostrand, Princeton, N)JVol. 1 (1958, Vol. 2 (1965.
24, Stephen and T. StepheBplubilities of Inorganic and Organic
CompoundsVols. 1 and 2(Pergamon, Oxford, 1963
133, A. Riddich and W. B. BungeQrganic Solvents3rd ed., Vol. 2
(Wiley-Interscience, New York, 1970603 pp.
143, Gmeling and U. Onken, DECHEMA Data Seri¥&por-Liquid
Equilibrium Data Collection. Aqueous-Organic Systeiviel. 1
(1977.
R. R. DreisbachPhysical Properties of Chemical Compoundsn.
Chem. Soc. Adv. in Chem. Set5, 536 pp.(1955, 22, 491 pp.
(1959, and29, 489 pp.(1961) (ACS, Washington, D.Q.
C. Databases:
IAQUASOL Database of Aqueous Solubjlyh ed., S. H. Yalkowsky,
ed. (University of Arizona, Tucson, Arizona, 1991
D. Primary sources:
1. Journals
2. Reports
3. Brochures, leaflets
4. Patents
5. Private communications

a. Henry's law constantH):
Pvap(atm) Msolute

82.06 T(K)
Mass %

o _
H(dlmen5|onles)5>< 100

dsolvent
Pvap( atm) M solute

H (m®atm/mo)

Mass %= X104

dsolvem
Cair _ 16-043vap(atm) M solute

Csolventi T(K) Ssolute(mg/dn?)
b. Air/water partition coefficienti aw):

100 KawPyap
82.054 T(K) dsolvent

H (dimensionless=

Mass %=

c. Distribution ratio p/c):
solute vapor pressure(mm Hg)

(plc)= solute concentratio{mmole/dnd)
d. Partition coefficientK):

1

K= Ostwald coefficient
e. Distribution coefficientK;):

1
L

Y.
K;=Ostwald coefficientL= X—'
i

C. Databasegcomputer softwares

D. Primary sourcegjournals, reports, ett.

A list of the various sources of solubility data following the
above classification is summarized in Table 2.

Once a copy of the original document—usually a
photocopy—was obtained, the first step was to read it care-
fully. Often the original article was in a foreign language
which required a translation. If the description was not fo-
cused on the solubility aspect, then often some relevant de-
tails, e.g., source and purity of the solute and solvent, or
both, were not included in the text. In many cases, the
method, apparatus, and procedure were simply referred to
other articles. Furthermore, when the experimental errors
were not stated, the compiler sometimes introduced a subjec-
tive judgement for the accuracy of the measured solubility
and temperature. The estimated accuracy of the measured
quantities is quite subjective and the readers must take this
fact into consideration.

The summaries of the procedures and abstracts were based
on the available description of the method, apparatus, and
procedures. Often a short statement “Details are not avail-
able,” had to be used when the main contents of the articles
focused not on solubility measurements but some other as-
pects of chemistry.

In summary, there were several cases where the original The conversion of the published solubility data into con-
sources were not obtainable and the information had to beentional units often presented difficulties, particularly when

taken from secondary sources.

the dimensions were not expressed clearly. For example, the

The referenced literature sources can be classified into thdenry’s law constants, separation coefficients, distribution

following groups:
A. Bibliographies
B. Secondary sourcebooks, reviews

J. Phys. Chem. Ref. Data, Vol. 28, No. 3, 1999

ratio, partition coefficients, etc., were not specified explicitly.
Some of the more relevant conversion formulas are given in
Table 3.
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romethane (CKCl,) is 2.363 g/100 g water at 0°C. The

-0.6 , . , , | , , solubility in g CH,CI,/100 g soln. at the same temperature is
O cH.cl, required. If 100 g water dissolves 2.363 g £&H), then the
—08 T O CH.Brcl ) total mass of the solution becomes 102.363 g. This means
. -10FO ? - that 100 g aqueous solution will dissolve less JCH than
mE | oy i 100 g pure water, that is,
T
} —1.4 | . 2.363 g CHCI,
,g el | m{[OOZZBOM (g CH2C|2/100 g soln).
m Ter T The result is 2.3084 g Cj&1,/100gsoln. at 0°C. Conse-
aog o0 4 quently, there is a 2.31% reduction in the solubility relative
o to 100 g pure water. This is in comparison to the reduction of
—22r T only 0.10% in the case of the solubility of GOh 100 g
o4l 4 water or 100 g aqueous solution at 25 °C.
All critical evaluations of the solubility data are presented
28 6'5 7Io 7'5 8'0 8'5 9'0 9'5 100 on the evaluation sheets. The information available on the
relevant compilation sheets served as the fundamental source
Molar Volume (cms/mole) for the critical evaluations. The following main aspects of

the solubility data have been considered:

Fic. 1. Logarithm of saturated molarity vs solute molar volume at 25 °C for Purity of the component&olute and solvents
halogenated methanes in water. .

Date of the experiment
Accuracy of the method
Reproducibility of the experiment
Experience of the investigai@y, previous publications
Consistency of the data, trends in series.

To convert solubility data from one unit to another, often
the density and vapor pressure of the pure components

and/or of the mixture were needed. The physical propertieﬁ)nce these aspects of the works had been examined, efforts
of the pure compounds were taken from the DIPRRd were made to weight the reliability of the reported data. As

T}BC.VI:Z databas_es.dTo find or (Ijeglve tthe ][cafhytsul:zal pr(_Jpertltet.‘uch as possible, the differences in the quality of the data
of mixtures required a more elaborate effort. Experimental .. . oo taken into account.

data, e.g., density and vapor pressure for aqueous solutlonsThe available solubility data for binary systems may be

of halogenated hydrocarbons are extremely rare in the Iiterq;ery scarce, medial, or abundant, depending on the commer-

turle.t_ConsequentIy, z(ajp%rqu?tlodns ;vehre ?jtt))tawll(ed using F(;a‘i'al application of the systems. Whenever data from different
culations recommended in standard handbooks, €.9., ReG,  qaq exist, they often disagree. For evaluation of the

etal An |IIu§tra';:on Ofbthfhd";ﬁ(l:luw of tobtlalnlmg accurate agreement or disagreement among the data, graphical presen-
conversions Is shown by the foflowing typical case. tations usually provide the clearest picture. The figures nor-

HTge _so(l)ulb(i)lit)r/ﬁ/(ifogarr.r%on :e”afg'gfge _I_(f‘gl irll l\)'\_llfatter mally contain the original data from all references for a given
(H0) is 0.10¢ cht water a - | N€ Solubility In system. A plot representing the solubility dd&xpressed in

mass percent (g C¢Z100 g soln.) is required. The density of mole fraction or mass percentan reveal whether or not a

pure carbon tetrachloride is 1.5834gGlehr at 25°C trend exists among the data in addition to highlighting any

(DIPPR databage The SOI.Ut'On _densny Is required to con- discrepancies of the experimental solubility measurements.
vert the pure water density using the mass of the aqueous The final data can be classified as:

sgt)lutl?r;hof carbon tetralc?_lorld;:‘ at iS Ct rom?vgg thhe den-t obscure or dubious—rejected data
sity of the aqueous solution of carbon tetrachloride has not . . w0 ot recommended data

bgen reported in the Ilteraturg. The reason is quite simple; the recommended—good agreement among the published
difference between the density of pure water and that of the results

aqueous solution of carbon tetrachloride at 25 °C is marglnalA graphical presentation of the solubility data may be per-

As a consequence, the errors obtained upon the determinﬂirmed on linear, semilogarithmic, etc., scales. The unit of

tion of solubility are considerably greater than the p055|bleSolubility may be given as specific or molar scales. For prac-

difference between the solubility in pure water or in 'ts.aque'tical reasons, the mass percent unit is often used, whereas the
$nole fraction is another common unit of solubility. In this
volume most figures are plotted using one of two different

g CCl/100 g HO~g CCl/100 g soln. scales. For the solubilities in water, linear graphs are used

and for the solubilities of water in halogenated hydrocarbons,

On the other hand, for solubility values larger than, say, 2—3he so called Cox chart is applied. In the Cox charts, the
mass percent, the differences become significant, as the fabolubility of water is given as logx, vs 1/T. A straight line
lowing example illustrates. The solubility in water of dichlo- on a Cox plot can be very useful for revealing consistent data

one must use the approximation

J. Phys. Chem. Ref. Data, Vol. 28, No. 3, 1999
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covering a limited temperature range. However, the straighénergy is required for cavity formation and for the changes in
line does not apply for solubility data over a very wide tem-rigidity of the lattice as temperature is changed.
perature interval, e.g., from the triple point to the critical The appearance of these minima resembles the depen-
point. Therefore, in some casésg., some of the polyhalo- dence of the critical micelle concentration upon temperature.
genated ethanes with water solubilitieie normal polyno- Here, the iceberg formation of water molecules around the
mial equations were used for smoothing the solubility data.monodisperse solute enhances the critical micelle concentra-
To fit experimental data into the various equations, thelion, the logarithm of which would be decreased linearly
individual data points are often weighted. The smoothed dat#ith 1/T provided the solution behaves regularly, and the
may be influenced somewhat by such procedures of Weigh{ceberg formation increases with a temperature reduction.
ing individual data points. Data analysis is a process of math- It is well recognized that the rare gases and hydrocarbon

ematical and/or graphical treatment of experimental dat@ases form iceberg-like structures when dissolved in cold

through the use of statistical or parametric proceduregVater, followed by an iceberg melting as the temperature is

Whenever the raw data are fragmentary, the aim is to genergised. The solubility of 'most gases in water shows a mini-
ate an extended range of internally consistent values by syfUm when plotted against temperature. The shape of the

thesis. In any case, the temperature dependence of solubili I I_Ub'l('jt}:) curves_dfo_r mtohle;:l:rl]es_ Wlﬁ'hk allf[yl gt]roupsf IS tex-_
must be examined and any unusual irregularities must b ained by considering that the ice-like structure ot water 1S
. . also formed around the nonpolar alkyl group of molecules in
investigated carefully. )

water. This structure tends to break down as the temperature

The temperature dependence of the solubility of halogebf the solution is increased.

nated hydrocarbons in water has been correlated using nor- o o
. . . . The minimum solubility temperature can be calculated
mal polynomial equations over limited temperature intervals . . .
These equations should be used onlv in the tem eraturﬂom a calorimetric measurement of the enthalpy of solution
_cd . y.mn P at infinite dilution A¢qH™). This value is very large and
range indicated. The equations play two major roles; to pro

de d it | lated d ith q varies from negative to positive values within a small tem-
vide data users with interpo gte ata with goo accuracy e rature range. Consequently, very large errors may be
and to provide data users with acceptable data for use i

aused by an erroneous interpretation. In addition to the en-

computer programs, if desired. The deviation of the variougy, 5y of solution, the change in the heat capacity at infinite
experimental values from the fitted data are given as standarg;;te aqueous solutionA,,,C*) is required for the calcu-
oln~p

or average deviations. lation of the minimum solubility temperaturd §;.);
If the experimental data cover a reasonable temperature

interval, then the data and the smoothing equation are often AgoH7(298.15 K

illustrated in a figure. The graphical presentation of the re- Trmin=298.15 K- —~

ported and fitted data clearly indicates the risks involved AsorCp

when one attempts to extrapolate the raw experimental data. detailed d - f the mini lubility oh
In some cases, an extrapolation is quite safe for the desiréﬁ more detailed description ot the minimum Sofubriity phe-

. . Tnomenon is given by Horvath,Shinoda, Nishino and
temperaturgsee for example, the solubility of water in ha Nakamurd and Privalov and Gill

logenated hydrocarbons in moderate temperature int¢yvals The relations between the solubility and some of the

whereas, in other cases, the risk is very high and it is nof hysical properties of the solute or solvent have been inves-

recommendeq. The shape of t.he SOIUb.'“.tY.CUNGS suggesﬁsgated from early times in solution studies. The various ex-
the extrapolation and interpolation possibilities.

Whether th tual solubility betw Wo liquids i periments showed that in very diluted solutions the influence
. ether the mutual Solubility between two liquids 1S par- ot yne golute molecules does not extend to all solvent mol-
tial or complete depends on the similarities or difference

: Secules in the solution. Consequently, the large fraction of
between the molecules of the two chemical compounds. Th§olvent molecules, which are not affected by solute mol-

halogenated hydrocarbon and water systems are only pakgjes must exist more or less in the same state of aggrega-
tially miscible without exception. Furthermore, the miscibil- 5 as in the pure state. A change of solvent molar volume
ity or immiscibility of water with other liquids is also very in dilyte solutions is very small. However, in more concen-
dependent upon temperature. At ambient temperature and gfated solutions the effects of the presence of the solute mol-
mospheric pressure, the miscibility is very limited betweengcyles on the solvent molecules are not negligible. The
water and halogenated hydrocarbons. For most systems, thgnount of molar volume change of the solvent depends on
mutual solubility is less than 2 mass percent. the nature of the solutes. The dissolution process is related to
In a liquid—liquid system the variation of solubility with the disintegration of the solute in the solvent, as compared to
temperature depends on the sign of the heat of mixing ojts pure state molecular order, as a result of the mutual action
solution. The minimum dissolution temperature occurs forof attraction of the solute and solvent.
most halogenated hydrocarbon—water systems between 270In general, solubility depends on many parameters and is
and 310 K. The interactions between the solute and solvenif a very complex nature. There is no simple relation estab-
molecules provide the explanation for the phenomena. Thiéshed between solubility and the other properties of the pure
temperature dependence of solubility is a result of temperacomponents(solute and solveit Despite the lack of a
ture dependent structural modifications of water. A differentsimple relationship, the solubility of halogenated benzenes in
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water at 25 °C has been correlated with a reasonable succesported miscibility gaps and upper and lower critical solu-
using the molar volume of the solutéSimilarly, the solu- tion temperatures are included where appropriate and when
bility of halogenated methanes in water shows a lineaavailable.
relationship’ The correlation is based on the assumption that
the molar volumes in saturated solutions are not greatly dif- 2.2. Compilations and Evaluations
ferent from those in the pure state. The simple linear relation
at 25°C is illustrated graphically in Fig. 1. This is a very The formats for the compilations and critical evaluations
useful and practical way to show the consistency of the soluhave been standardized for all volumes. A description of
bility data. Any significant deviation from such a linear re- these formats follows.
lationship suggests some inconsistency and introduces doubt
concerning the reliability of the data. 2.2.1. Compilations
Correlation equation:
The format used for the compilations is, for the most part,
log(S/mole/dn?) = 1.8995—4.3707 self-explanatory. A compilation sheet is divided into boxes,
_ _ with detailed contents described below.
X102 (Vp/em?mole™). ComponentsEach component is listed according to 1U-
PAC name, formula, and Chemical Abstra@®A) Registry
1.1. References Number. The Chemical Abstracts name is also included if
this differs from the IUPAC name, as are trivial hames if
IDIPPR, Design Institute for Physical Property Datém. Inst. Chem.  appropriate. I[UPAC and common names are Ccross-

Eng., New York, 1985 Software package for IBM PC. referenced to Chemical Abstracts names in the System In-
2TRCVP, Thermodynamic Research Cent&exas A & M University Sys- dex

tem, College Station, TX, 1989 . L. . . .
®R. C. Reid, J. M. Prausnitz, and B. E. Polifie Properties of Gases and The formula is g|vgn either in term_s of the IUPAC or Hiil .
Liquids 4th ed.(McGraw-Hill, New York, 1987, 742 pp. system and the choice of formula is governed by what is
“A. L. Horvath, Halogenated Hydrocarbons: Solubility-Miscibility with ysual for most current users: i.e., IUPAC for inorganic com-

Water (Marcel Dekker, New York, 1982 889 pp. : : _
5K. Shinoda, J. Phys. Cher81, 1300(1977. pounds, and Hill system for organic compounds. Compo

6N. Nishino and M. Nakamura, Bull. Chem. Soc. JBa, 1617(1978. nents are ordered on a given compilation sheet according to:
7P. L. Pivalo and S. J. Gill, Pure Appl. CheBi, 1097 (1989. (a) saturating components;

8A. L. Horvath and F. W. Getzerilalogenated Benzenes, Toluenes and (b) nonsaturating components in alphanumerical order;
Phenols With WaterlUPAC Solubility Data Series, Vol. 20Pergamon, - :
Oxford, 1985, 266 pp. (c) solvents in alphanumerical order.

9S. Horiba,Memories of the College of Science and Engineetitgoto _ The saturating components are a_rranged ir_‘ order aCCQrd'
Imperial University, 191¥, Vol. 2, p. 1-43, ing to the IUPAC 18-column periodic table with two addi-
tional rows:

Columns 1 and 2: H, alkali elements, ammonium, alkaline earth elements
Columns 3 to 12: transition elements
Columns 13 to 17: boron, carbon, nitrogen groups; chalcogenides, halogens

2. Introduction to the Solubility Data

Series. Solubility of Liquids in Liquids Column 18: noble gases
) Row 1: Ceto Lu
2.1. Nature of the Project Row 2: Th to the end of the known elements, in order of atomic
number.

The Solubility Data projectSDP) has as its aim a com-  QOrganic compounds within each Hill formula are ordered
prehensive review of published data for solubilities of gasesin the following succession:

liquids, and solids in liquids or solids. Data of suitable pre- _
cision are compiled for each publication on data sheets in by degree of unsaturation; _
uniform format. The data for each system are evaluated and® by order of increasing chain length in the parent hydro-
where data from different sources agree sufficiently, recom-  c&roon; _ _ _
mended values are proposed. The evaluation sheets, recofffl DY order of increasing chain length of hydrocarbon
mended values, and compiled data sheets are published on Pranches; N ,
consecutive pages. (d) numer!cally by pos!t!on of unsatL.Jrayon;
This series is concerned primarily with liquid—liquid sys- (&) numerically by position by substitution;
tems, but a limited number of related solid—liquid, fluid— () _a@lphabetically by IUPAC name.

. . . Example:
fluid, and multicomponenforganic—water—salsystems are CeHe cyclopentane

included where it is considered logical and appropriate. Solu- 2-methyl-1,3-butadiene
bilities at elevated and low temperatures and at elevated 1,4-pentadiene
pressures have also been included, as it is considered inap- 1-pentyne
propriate to establish artificial limits on the data presented if*so cyclopentane
. 3-methyl-1-butene

they are considered relevant or useful. 2-methyl-2-butene

For some systems, the two components may be miscible in 1-pentene
all proportions at certain temperatures and pressures. Data on 2-pentene
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TaBLE 3. Interconversions between quantities used as measures of solulglitiesiponent systems containiogl solutes and single solvent

X Wi m Ci
Xi= Xi 1 1 1
c—1 c-1 c—1
1 W, 1 m 1 C M
1+ =14 (—c—l)—‘ > 1+—(£—M,)+ —‘(1— ‘)
c |Wi 71 \Me T w mM, & m M ¢ 7 G M
W;= 1 Wi 1 cM;
M (1 (M \x 1 - 2
1+ S22+ (—1—1)—1 1+ —— |1+ D, mM;
Mi[& ,Z‘Mc X mM; ,Z: i
m; = 1 1 m, 1
1 c—1 X 1 c—1 W c—1
Mo o—1- > M| -1, ) —{p=> oM, |-,
X i X Wi im Wi G e
Gi= p oW, p Gi
1 c—1 M % VI 1 c—1
M;+Mgj——1+ —‘—1)—’ =1+ >, mM; |+ M,
b ,Z Me 7% m ,Z e
p: density of solutionM; : molar masses af For relations for two-component systems, set summations to 0.
CsHio 2,2-dimethylpropane author's units are expressed according to IUPAC
2-methylbutane recommendatiorisas far as possible.
pentane Errors in calculations, fitting equations, etc., are noted, and
CsH,,0 2,2-dimethyl-1-propanol h ibl d ial i d by th i
2-methyl-1-butanol where possible corrected. Materla inserted by the compiler
2-methyl-2-butanol is identified by the word “compiler” or by the compiler’s
3-methyl-1-butanol name in parentheses or in a footnote. In addition, compiler-
f‘met[‘y"zl'b‘“ano' calculated values of mole or mass fractions are included if
-pentano .. . L.
Z—Sentanol the original data do not use these units. If densities are re-
3-pentanol ported in the_original paper, conversions frpm co_ngentrations
CeHy,0 cyclohexanol to mole fractions are included, but otherwise this is done in

4-methyl-1-penten-3-ol  the evaluation, with the values and sources of the densities
1-hexen-3-ol being quoted and referenced.

4-hexen-3-ol . . . . - .
Deuterated 3H) compounds follow immediately the corre- Details of smoothing equatior(svith limits) are included
if they are present in the original publication and if the tem-

sponding H compounds. ) A .
Original MeasurementsReferences are abbreviated in the PErature or pressure ranges are wide enough to justify this

forms given by Chemical Abstracts Service Source IndexProceédure and if the compiler finds that the equations are
(CASS)). Names originally in other than Roman alphabetsconsistent with the data. .

are given as transliterated by Chemical Abstracts. In the case 1he Precision of the original data is preserved when de-
of multiple entries(for example, translatiopsan asterisk in- fived quantities are calculated, if necessary by the inclusion

dicates the publication used for compilation of the data. ~ Of one additional significant figure. In some cases graphs
Variables: Ranges of temperature, pressure, etc., are indibave been included, either to illustrate presented data more

cated here. clearly, or if this is the only information in the original. Full
Prepared by:The names of all compilers are given here. 9rids are not usually inserted as it is not intended that users
Experimental ValuesComponents are described &9,  should read data from the graphs.
(2), etc., as defined in the “Components” box. Data are re- Method: The apparatus and procedure are mentioned
ported in the units used in the original publication, with thebriefly. Abbreviations used in Chemical Abstracts are often
exception that modern names for units and quantities arésed here to save space, reference being made to sources of
used; e.g., mass percent for weight percent; moltifor  further detail if these are cited in the original paper.
molar; etc. In most cases, both mass and molar values are Source and Purity of Materials=or each component, re-
given. Usually, only one type of value.g., mass percens  ferred to as(1), (2), etc., the following informatior(in this
found in the original paper, and the compiler has added therder and in abbreviated fojns provided if available in the
other type of valuge.g., mole percehtfrom computer cal- original paper: source and specified method of preparation;
culations based on 1989 atomic weighfSemperatures are properties; degree of purity.
expressed ag°C, t/°F or T/K as in the original; if neces- Estimated Error:If estimated errors were omitted by the
sary, conversions t®/K are made, sometimes in the compi- original authors, and if relevant information is available, the
lations, and always in the critical evaluation. However, thecompilers have attempted to estimate errGdentified by
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“compiler” or the compiler's name in parentheses or in a (d) Recommended values. Data are recommended if the
footnote from the internal consistency of data and type ofresults of at least two independent groups are available and
apparatus used. Methods used by the compilers for estimatihey are in good agreement, and if the evaluator has no doubt
ing and reporting errors are based on Ku and Eiserfhart. as to the adequacy and reliability of the applied experimental

Comments and/or Additional Datdany compilations in- and computational procedures. Data are reported as tentative
clude this section which provides short comments relevant tif only one set of measurements is available, or if the evalu-
the general nature of the work or additional experimental anétor considers some aspect of the computational or experi-
thermodynamic data which are judged by the compiler to benental method as mildly undesirable but estimates that it
of value to the reader. should cause only minor errors. Data are considered as

ReferencesThe format for these follows the format for doubtful if the evaluator considers some aspect of the com-
the Original Measurements box, except that final page numputational or experimental method as undesirable but still
bers are omitted. Referencéssually cited in the original considers the data to have some value where the order of
papej are given where relevant to interpretation of the com-magnitude of the solubility is needed. Data determined by an
piled data, or where cross-reference can be made to othéradequate method or under ill-defined conditions are re-
compilations. jected. However, references to these data are included in the
evaluation together with a comment by the evaluator as to
the reason for their rejection.

The evaluator’s task is to assess the reliability and quality (€) References. All pertinent references are given here,
of the data, to estimate errors where necessary, and to reicluding all those publications appearing in the accompany-
ommend “best” values. The evaluation takes the form of al"d compilation sheets and those which, by virtue of their
summary in which all the data supplied by the compiler have?©0r Precision, have been rejected and not compiled.
been critically reviewed. There are only three boxes on a (f) Units. While the original data may be reported in the
typical evaluation sheet, and these are described below. units used by the investigators, the final recommended values

ComponentsThe form,at is the same as on the Compila-2'€ reported in Sl unifswhen the data can be converted
tion sheets. accurately.

Evaluator: The name and affiliation of the evaluai®r

and date up to which the literature was checked. . . .
Critical Evaluation: 2.3. Quantities and Units Used in

(a) Critical text. The evaluator checks that the compiled Compilation and Evaluation of Solubility

data are correct, assesses their reliability and quality, esti- Data
mates errors where necessary, and recommends numerical
values based on all the published détecluding theses, re-
ports and patentdor each given system. Thus, the evaluator A mixture*® describes a gaseous, liquid, or solid phase
reviews the merits or shortcomings of the various data. Onlyontaining more than one substance, where the substances
published data are considered. Documented rejection dire all treated in the same way.
some published data may occur at this stage, and the corre-A solutior?® describes a liquid or solid phase containing
sponding compilations may be removed. more than one substance, when for convenience one of the
The solubility of comparatively few systems is known substances, which is called tlselvent and may itself be a
with sufficient accuracy to enable a set of recommended valmixture, is treated differently than the other substances,
ues to be presented. Although many systems have been stuahich are calledsolutes If the sum of the mole fractions of
ied by at least two workers, the range of temperatures ishe solutes is small compared to unity, the solution is called
often sufficiently different to make meaningful comparisona dilute solution
impossible. The solubility of a solute 1(solid, liquid, or ga} is the
Occasionally, it is not clear why two groups of workers analytical composition of a saturated solution, expressed in
obtained very different but internally consistent sets of reterms of the proportion of the designated solute in a desig-
sults at the same temperature, although both sets of resultsted solvent.
were obtained by reliable methods. In such cases, a definitive “Saturated” implies equilibrium with respect to the pro-
assessment may not be possible. In some cases, two or maresses of dissolution and demixing; the equilibrium may be
sets of data have been classified as tentative even though th@ble or metastable. The solubility of a substance in meta-
sets are mutually inconsistent. stable equilibrium is usually greater than that of the same
(b) Fitting equations. If the use of a smoothing equation issubstance in stable equilibriurtStrictly speaking, it is the
justifiable the evaluator may provide an equation representactivity of the substance in metastable equilibrium that is
ing the solubility as a function of the variables reported ongreater. Care must be taken to distinguish true metastability
all the compilation sheets, stating the limits within which it from supersaturation, where equilibrium does not exist.

2.2.2. Evaluations

2.3.1. Mixtures, Solutions, and Solubilities

should be used. Either point of view, mixture or solution, may be taken in
(c) Graphical summary. In addition {&) above, graphical describing solubility. The two points of view find their ex-
summaries are often given. pression in the reference states used for definition of activi-
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ties, activity coefficients, and osmotic coefficients. Note that These relations are used in solubility equations for salts,

the composition of a saturated mixtufer solution can be

and for tabulation of salt effects on solubilities of gagese

described in terms of any suitable set of thermodynamidbelow).

components.

2.3.2. Physicochemical Quantities and Units

3. Mass fractionof substance 1w, or w(1):
91
W=, (6)
! 25-10s

wheregs is the mass of substanse Mass percenpf sub-

Solubilities of solids have been the subject of research fostance 1 is 100(1) or 10Qv;. The equivalent termeeight
a long time, and have been expressed in a great many wayfaction, weight percentand g(1)/100g solutionare no
as described below. In each case, specification of the tenionger used.
perature and either partial or total pressure of the saturating 4. Molality of solute 1 in a solvent 2n;, :

gaseous component is necessary. The nomenclature and units
follow, where possible, Ref. 3. A few quantities follow the

ISO standardsor the German standafdsee a review by
Cvitas'® for details.

ny
_nzMz

()

mq

S| base units: molkgh. Here, M, is the molar mass of the

A note on nomenclaturdhe nomenclature of the IUPAC solvent.
Green Book calls the solute component B and the solvent 5. Aquamolality, Solvomolalitpf substance 1 in a mixed
component A. In compilations and evaluations, the first-solvent with components 2,3m:

named componeritomponent 1is the solute, and the sec-

ond (component 2 for a two-component sysbeis the sol-
vent. The reader should bear these distinctions

in

m;M
M3

m{3 =

®

nomenclature in mind when comparing equations given herg| base units: mol Kgt. Here, the average molar mass of the

with those in theGreen Book
1. Mole fractionof substance 1x; or x(1):

ny
= ,
Zs-1Ns

oY)

X1

whereng is the amount of substance g§fandc is the number

of distinct substances preseioften the number of thermo-

dynamic components in the systenMole percentof sub-
stance 1 is 104, .

2. lonic mole fractionsof saltl, x;. , x;_:
For a mixture ofs binary salts, each of which ionizes com-
pletely into vq, cations andvg_ anions, withvs=vg,
+vs_ and a mixture ofp nonelectrolyteg, of which some

may be solvent components, a generalization of the defin

tion in Ref. 11 gives:

. Vi X . _Vi-Xi+ i—1 s
1+ 1+EiS:l(Vi_1)Xsy i— Vi+ e,
2
X.
X! ! j=(s+1),....p. (3

11435 (vi—1)x
The sum of these mole fractions is unity, so that, vaths
+p,

Zl<xi++xi_>+2 X/ =1. (4)

i=s+1

solvent is

M=x,M,+(1—x5)Mg, (9)

and x; is the solvent mole fraction of component 2. This
term is used most frequently in discussing comparative solu-
bilities in water(component 2and heavy watefcomponent
3) and in their mixtures.

6. Amount concentratioof solute 1 in a solution of vol-
umeV, cq:

(10

Sl base units: mol AF. The symbolc, is preferred tdfor-
mula of solutd, but both are used. The old termwolarity,
‘molar, andmoles per unit volumare no longer used.

" 7. Mass concentrationf solute 1 in a solution of volume
V, ry: Sl base units: kg A,

¢,=(formula of solutg=n,/V

p1=01/V (13)
8. Mole ratio, r , g (dimensionless(10)
I’A,B=n1/n2 (12)

Mass ratio, symbol, g, may be defined analogous'y.

Mole and mass fractions are appropriate to either the mix-
ture or the solution point of view. The other quantities are
appropriate to the solution point of view only. Conversions
between pairs of these quantities can be carried out using the
equations given in Table 1 at the end of this Introduction.
Other useful quantities will be defined in the prefaces to

General conversions to other units in multicomponent sysindividual volumes or on specific data sheets.
tems are complicated. For a three-component system con- 9- Density p:

taining nonelectrolyte 1, electrolyte 2, and solvent 3,

!
o — Va+Xq o
1= ' 2™
Vai = (Vo= 1)Xp4

X2+
Voi = (Vo= 1)Xpy

©)
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Sl base units: kg AT, Hereg is the total mass of the system.
10. Relative densityd=p/p°: the ratio of the density of a
mixture at temperaturg pressurep to the density of a ref-

p=glV
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erence substance at temperattirepressurep’. For liquid 3], Mills et al, eds.,Quantities, Units and Symbols in Physical Chemistry
solutions, the reference substance is often water at 4 °C, 1(theGreen Book (Blackwell Scientific, Oxford, UK, 1998

bar. (In some cases 1 atm is used instead of 1)bere term ™+ H: Ku, p. 73; C. Eisenhart, p. 69; in H. H. Ku, e@iecision Measure-
e .. ment and CalibrationNBS Special Publication 300, Vol. NBS, Wash-
specific gravityis no longer used.

. o ington, 1969.

Thermodynamics of Solubility 5J. Regaudy and S. P. Klesndypmenclature of Organic Chemistry (IU-
Thermodynamic analysis of solubility phenomena pro- PAC) (the Blue Book, (Pergamon, Oxford, 1979

vides a rational basis for the construction of functions to °V. Gold et al, eds.,Compendium of Chemical Technologiie Gold

represent solubility data, and thus aids in evaluation, and,B0¥ (Blackwell Scientific, Oxford, UK, 1987

sometimes enables thermodvnamic quantities to be e tractedH' Freisen and G. H. Nancollas, ed€gmpendium of Analytical Nomen-
! Yy ic qu L X tlature (the Orange Book (Blackwell Scientific, Oxford, UK, 1987

Both these are often difficult to achieve because of a lack of gect 9.1.8.

experimental or theoretical activity coefficients. Where ther- 8IS0 Standards HandbooRuantities and UnitgInternational Standards
modynamic quantities can be found, they are not evaluate%olrganizationy Geneva, 1993 _
critically, since this task would involve examination of a Cerman Standard, DIN 1310zusammungsetzung von Mischphasen

. . - Beuth, Berlin, 198
large body of data that is not directly relevant to solubility. 10'(|'.eclljvitaé %rr']gm ,n)tl_ﬂ 123(1995.

Where possible, procedures for evaluation are based on €8gr_a. Robinson and R. H. StokeElectrolyte Solutions2nd ed.(Butter-

tablished thermodynamic methods. Specific procedures usedvorths, London, 1959

ina particu|ar volume will be described in the Preface to thatlzJ. W. Lorimer, inAlkali Metal and Ammonium Chlorides in Water and

volume Heavy Water (Binary Systemsgdited by R. Cohen-Adad and J. W.
' Lorimer, IUPAC Solubility Data Series, Vol. 4Pergamon, Oxford, UK,

) 1991), p. 495.
2.4. References for the Introduction

Section 2 was written by:
A. F. M. Barton F. W. Getzen

LE. A. Hill, J. Am. Chem. Soc22, 478(1990. Perth, WA, Australia Raleigh, NC, USA
2|JUPAC Commission on Atomic Weights and Isotopic Abundances, Pure. T. Hefter D. G. Shaw
Appl. Chem.63, 975(1989. Perth, WA, Australia Fairbanks, AK, USA
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3. Halogenated Aliphatic Compounds C

3—Cy4 Solubilities

Components:

(1) Water; HO; [7732-18-3

(2) 1,2-Dibromo-1,1,2,3,3,3-hexafluoropropangBGFg;
[661-95-0; R-216B2

Original Measurements:

Wilmington, Del., 17 pp(1966.

du Pont de Nemours & Company, Solubility Relationships
between Fluorocarbons and Water, Tech. Bull. B-43,

Variables: Prepared By:
TIK=294 A. L. Horvath
4. 1,2-Dibromo-1,1,2,3,3,3-hexafluoropropane with Water
Experimental Data
10% X, 100w;M; ¥/mol g*
t/°C 100w, (compilen (compilen
21 6.8<10°3 1.17 3.7K10°4

Auxiliary Information

Method/Apparatus/Procedure:
Details are not available.

Source and Purity of Materials:
(1) Distilled (compilep.
(2) Source and purity not given.

Estimated Errors:
Solubility: Not specified.
Temperature*1 K (compilen.

Components:

(1) Water; HO; [7732-18-3

(2) 1,2-Dichloro-1,1,2,3,3,3-hexafluoropropaneQGFg;
[661-97-7; R-216

Original Measurements:

Wilmington, Del., 17 pp(1966.

du Pont de Nemours & Company, Solubility Relationships
between Fluorocarbons and Water, Tech. Bull. B-43,

Variables: Prepared By:
T/IK=294 A. L. Horvath
5. 1,2-Dichloro-1,1,2,3,3,3-hexafluoropropane with Water
Experimental Data
10° X, 100w;M; Y/mol g~*
t/°C 100w, (compilen (compilen
21 9.6¢10°3 1.18 5.3%10°4

Auxiliary Information

Method/Apparatus/Procedure:
Details are not available.

Source and Purity of Materials:
(1) Distilled (compilep.
(2) Source and purity not given.

Estimated Errors:
Solubility: Not specified.
Temperature:=1 K (compilep.
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Components: Original Measurements: Components: Original Measurements:
(1) Water; H0; [7732-18-3 du Pont de Nemours & Company, Solubility Relationships (1) Water; HO; [7732-18-3 du Pont de Nemours & Company, Solubility Relationships
(2) 1,1,1-Trichloro-2,2,3,3,3-pentafluoropropangCGFs; between Fluorocarbons and Water, Tech. Bull. B-43, (2) 1,1,1,3-Tetrachloro-2,2,3,3-tetrafluoropropangCigr,; between Fluorocarbons and Water, Tech. Bull. B-43,
[4259-43-2; R-215 Wilmington, Del., 17 pp(1966. [2268-46-4; R-214 Wilmington, Del., 17 pp(1966
Variables: Prepared By: Variables: Prepared By:
T/IK=294 A. L. Horvath T/IK=294 A. L. Horvath
6. 1,1,1-Trichloro-2,2,3,3,3-pentafluoropropane with Water 7.1,1,1,3-Tetrach