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Foreword

The Journal of Physical and Chemical Reference Data is published jointly by the American
Institute of Physics and the American Chemical Society for the National Institute of
Standards and Technology (NIST). Its objective is to provide critically evaluated physical
and chemical property data, fully documented as to the original sources and the criteria
used for evaluation. One of the principal sources of material for the journal is the NIST
Standard Reference Data Program, a program promoting the compilation and critical
evaluation of property data.

The regular issues of the Journal of Physical and Chemical Reference Data are published
bimonthly and contain compilations and critical data reviews of moderate length. Longer
works, volumes of collected tables, and other material unsuited to a periodical format have
previously been published as Supplements to the Journal. Beginning in 1989 the generic
title of these works was changed to Monograph, which reflects their character as indepen-
dent publications. This volume, ‘‘Heat Capacity of Liquids: Volumes I and II. Critical
Review and Recommended Values’’ by Milan Zabransky, Vlastimil Razicka Jr., Vladimir
Majer, and Eugene S. Domalski is the first of two volumes of Monograph No. 6 of the
Journal of Physical and Chemical Reference Data.

Jean W. Gallagher, Editor
Journal of Physical and Chemical Reference Data
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Preface 1

The Commission 1.2 on Thermodynamics of the International Union of Pure and Applied
Chemistry is responsible, through its Subcommittee on Thermodynamic Data, for the
dissemination of internationally-approved thermodynamic tables. The projects are conve-
niently discussed under two headings. Firstly, there is the compilation of internationally-
agreed values for the equilibrium thermodynamic properties of individual substances of
special interest and importance to scientists and technologists. This work is carried out at
the JIUPAC Thermodynamic Tables Project Centre at Imperial College of Science, Technol-
ogy and Medicine, London with publication in the series International Thermodynamic
Tables of the Fluid State, now published by Blackwell Scientific Publications, Oxford. The
second type of project is the critical compilation of values for individual equilibrium
properties for a large group of compounds, which is carried out through international
collaboration. The present publication on Heat Capacities of Liquids is the result of the first
of these projects to be approved, because of the importance of this property in thermo-
chemistry, in thermodynamics and in chemical engineering generally. The authors are to
be congratulated on their careful assessment of all the experimental data and the clear
presentation of their results: the summary of the experimental data, the selected and
rejected sets, the coefficients in the correlating equations, the recommended data and the
deviation plots. The tables given here should be of considerable value to all thermodynam-
icists, The emphasis on the accuracy of the values will be of particular importance to the
user.

J. H. Dymond

Chairman

Subcommittee on Thermodynamic Data
Commission 1.2 on Thermodynamics

International Union of Pure and Applied Chemistry
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Preface 2

This monograph is a result of an IUPAC data project carried out in cooperation with
the Department of Physical Chemistry at the Institute of Chemical Technology, Prague
(Czech Republic), the Laboratory of Thermodynamics and Chemical Engineering at the
University Blaise Pascal in Clermont-Ferrand (France) and the Chemical Thermodynamics
and Kinetics Division at the National Institute of Standards and Technology (NIST),
Gaithersburg, MD (U.S.A). The authors started cooperation on data collection and evalua-
tion of liquid heat capacities in the mid-1980s, and this endeavor was accepted as an official
project of the IUPAC Subcommittee on Thermodynamic Data (STD) of the Commission
on the Chemical Thermodynamics in 1987 at the 34th IUPAC General Assembly in Boston.
A specimen copy including all introductory material and representative examples of tables
was prepared in the spring of 1991 and sent for review to experts from all over the world
selected by STD. Altogether eleven reviews were received, providing constructive criticisms
and suggestions. As a collective group, they accepted the project output in a positive manner
without any serious objections. Most reports from reviewers were available before the 36th
IUPAC General Assembly held in Hamburg in 1991 where all the input from the review
process was discussed and minor modifications to the text and data presentation were
decided upon. The manuscript was corrected accordingly and final approval for publication
was given by the IUPAC Commission on Chemical Thermodynamics in the summer of
1992 during its meeting at Snowbird, Utah. Although STD and the authors were ap-
proached by several scientific book publishers, the Journal of Physical and Chemical
Reference Data Monograph Series was selected as the best possible choice to publish the
results of the IUPAC data project. This Monograph Series was selected because the NIST
Standard Reference Data Program (SRDP) from which it originates has considerable
experience in the dissemination of evaluated data and also because it is in charge of
distributing a computerized database on liquid heat capacities which is closely connected
with this data project. All the materials for publishing the monograph were submitted
electronically to the SRDP staff during 1994.

The objective of the data project was to collect and critically assess all calorimetric,
isobaric, and saturation heat capacities for well-defined organic and inorganic compounds
in the liquid state which were published in the primary literature between 1862 and 1994.
Older data were considered in exceptional cases where no other literature sources were
found. Only pure chemicals with melting temperature below 573 K were considered. High
melting chemicals such as most metals, inorganic compounds, and some organic com-
pounds, were not included. The collected heat capacity data were related mainly to atmo-
spheric pressure or saturated vapor pressure while investigations which focused on heat
capacities as a function of pressure were considered beyond the scope of this project. The
main outputs of the project are the recommended heat capacities provided as a function of
temperature along the saturation line in the form of correlation equation(s) parameters and
tabulated values with the expected uncertainties. Detailed characterization of all literature
sources of experimental data (both included and rejected in the final selection) is also given.

The authors have followed, in general, the terminology and symbols recommended by
IUPAC as well as the values for fundamental constants and molar masses. With respect to
nomenclature, the authors followed the system used by Chemical Abstracts Service because
it was generally an unambiguous and computer readable scheme.

At this point, we wish to thank all those who contributed to the success of the project
in its different stages.

First of all we are grateful to the successive Chairmen at the Department of Physical
Chemistry, Institute of Chemical Technology, Prague — J. Pick, R. Holub and J. Matous,
for allowing us to use Department facilities for most of the practical work of the project.
We thank the Chief of the Standard Reference Data Program, M. W. Chase, Jr., and the
Editor of the Journal of Physical and Chemical Reference Data, J. W. Gallagher, for their
assistance with arrangements in the final publication phase of the project. The Chairman
of the Subcommittee on Thermodynamic Data, J. H. Dymond, was always instrumental and
ready to help when problems had to be overcome.
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Our sincere thanks go to all the reviewers who devoted their valuable time to reading
the specimen copy. Their ideas and remarks certainly improved the manuscript and affected
the final version of the book in a positive manner. The individual reviewers were:
R. C. Chirico from NIPER, Bartlesville, OK (U.S.A.), G. T. Furukawa from NIST,
Gaithersburg, MD (U.S.A.), A. 1. Johns from the National Engineering Laboratory,
Glasgow (United Kingdom), B. V. Lebedev from the Lobachevsky State University,
Nizhnii Novgorod (Russia), P. Liley from Purdue University, IN (U.S.A.), K. N. Marsh
from The Texas A&M University System, TX (U.S.A.), P. A. G. O’Hare from NIST,
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K. Kollar-Hunek from the Budapest Technical University. Deviation plots were generated
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format manipulation of this monograph from the submitted computer files.

Milan Zabransky
Vlastimil Razicka Jr.
Vladimir Majer
Eugene S. Domalski

J. Phys. Chem. Ref. Data, Monograph 6 X



Heat Capacity of Liquids: Volume 1
Critical Review and Recommended Values






Heat Capacity of Liquids: Volume |
Critical Review and Recommended Values

Milan Zabransky, and Viastimil RGzZi¢ka Jr.,
Institute of Chemical Technology, Prague, Czech Republic

Viadimir Majer,
Université Blaise Pascal & CNRS, Aubiére, France

and

Eugene S. Domalski
National Institute of Standards and Technology, Gaithersburg, Maryland 20899-0001, USA

This monograph contains recommended data on liquid heat capacities for over 1600 pure,
mostly organic compounds that have melting temperatures below 573 K. The data were
obtained by critical evaluation of calorimetrically measured heat capacities published in the
literature. The introductory part of the monograph includes a discussion of the liquid heat
capacity as a thermodynamic quantity, a brief survey of relevant calorimetric techniques,
and a description of a procedure adopted for data treatment. The bulk of the monograph
consists of tables for individual compounds which include information on experimental
sources, the selection process, quality of correlation, and recommended data. Recom-
mended data are presented as parameters of a correlating equation that expresses the
dependence of the heat capacity on temperature, and in tables at several equally spaced
temperatures. An estimate of the overall uncertainty of the recommended data is also given.
At the end of the monograph, a formula and name index is provided as well as a bib-
liography.

Key words: bibliography; correlating equations; critically evaluated data; heat capacity; liquids; recommended
values.
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HEAT CAPACITY OF LIQUIDS 5

1. Introduction

Heat capacities belong among the basic thermophysical
and thermodynamic properties which characterize a liquid.
They are directly linked with temperature derivatives of basic
thermodynamic functions and are therefore indispensable for
the calculation of differences in these functions between dif-
ferent temperatures. This information is widely used in chem-
ical engineering for establishing energy balances, in thermo-
dynamics for obtaining entropy and enthalpy values, and in
thermochemistry for calculating changes in reaction en-
thalpies with temperature. A knowledge of heat capacities is
also required for evaluating the effect of temperature on phase
and reaction equilibria. Variations in heat capacities serve as a
sensitive indicator of phase transitions and are an important
tool for understanding changes in the structure of liquid solu-
tions.

1.1. Heat Capacity Calorimetry for Liquids; from the
Early Measurements to the Present Status

Heat capacities were among the first physico-chemical
quantities obtained by calorimetric measurements. For a num-
ber of chemicals, the first determinations were made in the
19th century using a Dewar flask as a simple drop calorimeter.
As the temperatures of an ampoule with a sample and the
water inside the flask differed considerably, this technique
yielded enthalpy differences rather than values corresponding
to true heat capacities. Other approaches were also consid-
ered, but these suggestions were more of a theoretical than
practical character; the technical means available in the 19th
century did not allow for the development of more sophisti-
cated methods. The principle of relative calorimetric measure-
ments was first mentioned as early as 1845 when Joule pro-
posed the comparison of a sample under investigation with a
well known reference substance (*45JOU) (See Sec. 6.3.1. for
definition of reference format.). The first isoperibol calorime-
ters appeared after 1900 (02GAE); major contributions were
due to Eucken (09EUC) and Nernst (10NER, 11NER), Nernst
was the first to use the isothermal shield (14NER/SCH). This
type of instrument (‘‘Nernst calorimeter’’) made it possible to
perform measurements with temperature increments of
several kelvin. These were the first results which could be
considered as true heat capacity values.

The most important step in the development of instru-
ments for heat capacity measurement was the introduction of
adiabatic calorimetry. This technique became widely utilized
shortly after the description of the first instrument using an
adiabatic jacket (20COH/MOE). Since then, a great number of
such instruments have been constructed. This method achieved
a high degree of sophistication and became the most important
and accurate tool for heat capacity determination over a wide
range of temperatures. The years between 1935 and 1970 were
the most fruitful concerning both the quantity and quality of
the published data; the error of high-precision measurements
decreased to 0.05 percent. Most determinations were per-
formed for condensed phases over the temperature range from
several kelvin to room temperature and permitted the calcula-
tion of the absolute entropy, enthalpy, and Gibbs function at
298.15 K.

Although the accuracy of adiabatic calorimetry has not
been surpassed so far, several other approaches to heat capac-
ity measurement have been developed which are less costly,
faster, and easier to use. Calculations of heat capacity from
heating or cooling curves became wide-spread especially in
the high-temperature region; an alternative approach was the
introduction of the differential thermoconducting calorime-
ters. The latter concept was applied successfully in the devel-
opment of commercial instruments for differential thermal
analysis and differential scanning calorimetry, and has been
routinely used for determining heat capacities. Recently, a
significant amount of data have been generated from differen-
tial flow calorimeters which were used extensively for mea-
surements near room temperature. Adiabatic calorimetry has
not undergone any major changes or experienced new devel-
opments. The main area of change or progress has been in the
high degree of automation of process control and in the intro-
duction of microcomputers for logging, retrieval, and process-
ing of data.

Over the past twenty years, heat capacities of liquid or-
ganic mixtures and of electrolyte and nonelectrolyte aqueous
solutions have been intensely investigated near ambient tem-
peratures; the number of systems studied largely outnumbered
measurements with pure substances. This occurred due to the
arrival of the Picker differential flow calorimeter (71PIC/
LED) which permits very fast data acquisition over the whole
concentration range; this calorimeter is available commer-
cially. After 1980, this principle was also successfully used for
investigating liquid mixtures at high temperatures and pres-
sures.

In recent years, little experimental activity was oriented
specifically towards heat capacities of pure liquids. Low-tem-
perature measurements have been performed primarily for
solids, and often in connection with superconductivity
research. Systematic studies for liquid compounds contained
in coal and petroleum have been performed at the National
Institute for Petroleum and Energy Research (NIPER),
Oklahoma (USA) and for liquid macromolecular and
organometallic compounds at the Gorkii University (USSR,
now Russia). Occasionally, data for various liquids have been
measured in a limited temperature interval using commercial
differential scanning calorimeters. Frequent measurements on
mixtures near ambient conditions yield heat capacity data for
pure substances as values at the limit of a concentration range.

Several reasons led to a considerable decline in measure-
ments on pure liquids. First, low-temperature heat capacities
and the derived quantities resulting from the third law thermo-
dynamics (S, H, and G functions) are now available for many
pure liquids of theoretical and/or practical interest. Funding
for low-temperature measurements which are time-consum-
ing, laborious, and require expensive and complex instrumen-
tation are generally scarce. Second, the available data base of
experimental heat capacity values is often used for the devel-
opment of group contribution methods and other estimation
techniques which allow prediction of thermophysical proper-
ties for a wide variety of organic structures with a typical
accuracy of 5 to 10 percent. This is satisfactory for many
industrial and technological applications. Because group con-
tribution predictions are less successful for solids, thermal
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6 ZABRANSKY ET AL.

properties are more often measured on them. Third, attention
is now primarily focused on determining heat capacities of
mixtures which offer many more possibilities for theoretical
interpretation using different statistical thermodynamic
models.

1.2. Scope of the Project

The project was started under auspices of the IUPAC
Subcommittee on Thermodynamic Data. Its purpose was to
review the state of available knowledge on heat capacities of
pure substances in the liquid state and to produce the recom-
mended values based on the evaluation of all available experi-
mental data. The project covered organic and inorganic com-
pounds. The criterion for inclusion of a substance in the
compilation required a substance to have a melting point below
573 K. Only well-defined compounds in the isotropic liquid
state were considered. Data on compounds which existed as
undercooled liquids were excluded.

In order to produce thermodynamically well-defined
data, we gave considerable attention to the origin of experi-
mental values and to the conditions of their measurements.
Only calorimetric heat capacities were compiled; primarily
the values measured at (or close to) the saturation line were
considered. Neither enthalpic measurements on reference-
fluid boil-off calorimeters nor heat capacities determined by
indirect techniques (see below) were considered. In general,
the raw data base comes directly from experimental measure-
ments which have been reported in the literature. Except for a
few compounds for which no other data are available, compre-
hensive tables, calculated values, and other secondary data
sources were not included. The bulk of the literature used has
been published after 1920, which marks the beginning of the
development of modern low-temperature calorimetry. Mea-
surements published previous to this time were included only
if no other data sources were available in the corresponding
temperature interval or if the later data were obviously doubt-
ful. All the sources of heat capacities referenced in Chemical
Abstracts up to the end of 1992 were considered. Moreover
the most important journals were checked for the data up to
September, 1993.

Individual steps in the project were as follows:

1. Compilation of all available heat capacity data following
the criteria described above.

2. Critical evaluation of the data.

Correlation of the selected data as a function of tempera-
ture.

4. Generation of sets of recommended values and estimation
of their accuracy.

The main output of the project is the recommended iso-
baric and saturation heat capacities for 1624 substances. They
are presented as parameters of two different correlating equa-
tions expressing heat capacity as a function of temperature for
all substances (about 80 percent) for which the values are
available at several temperatures. One equation serves for
accurate representation of heat capacity within the tempera-
ture limits of experimental values. Discrete heat capacity
values calculated from this equation are also tabulated.

J. Phys. Chem. Ref. Data, Monograph 6

Parameters of the second correlating equation describe heat
capacity over a larger temperature range allowing meaningful
extrapolation in the direction of the critical point. Estimates of
uncertainty are given for all recommended data.

1.3. Organization of the Monograph

The monograph consists of three parts: General, Indices,
and Data.

The General part consists of several chapters. The heat
capacity of liquids is discussed as a thermodynamic quantity,
the result of calorimetric measurements and object of compi-
lation efforts; the procedure adopted in this project is de-
scribed and the presentation of data in this monograph is
explained.

Chapter 2 defines different types of heat capacities,
demonstrates their interconnection, and gives the basic ther-
modynamic background. Different calorimetric approaches to
the heat capacity determination are analyzed in light of the
thermodynamic interpretation of results. The variation of heat
capacity with temperature and possible approaches to its cor-
relation are examined.

A brief analysis of calorimetric techniques for determin-
ing the heat capacities of liquids is given in Chapter 3. Termi-
nology and criteria for classifying experimental methods
adopted in this project are introduced. Thereafter, a critical
outline of the main experimental approaches with examples of
representative calorimeters is provided. At the end of the chap-
ter, a table summarizes all of the calorimeters referenced in
the data sources which were utilized in this compilation.

Chapter 4 is an annotated bibliography of the previous
compilations and evaluations regarding heat capacities of lig-
uids and gives some description of all important secondary
sources.

All the facts on the methodology of the project and han-
dling of data are in Chapter 5. Rules for compiling and eval-
vating information from the original sources are described
together with the techniques used for selection and correlation
of data. Specifications are given concerning the types of rec-
ommended data and the methods used for their determination.

Chapter 6 defines the division of substances into groups
for presentation purposes; the order in which the substances
are listed is specified. A guide to tables gives detailed informa-
tion as to how the data and accompanying information are
presented and how the tables should be read.

The part Indices includes one literature index denoted
References presenting all references to literature sources. For
locating a substance according to its code number, the For-
mula index and Name index at the end of the monograph can
be used.

The bulk of the monograph is the Data part consisting of
tables for individual substances which include information on
experimental sources, selection process, quality of correlation
and recommended data. All of the data for one substance are
presented together in several tables along with a deviation plot.
The substances are ordered into groups according to chemical
structure; short introductory discussions precede each group.
Each substance presented is assigned a characteristic code
which determines its position inside the tables.
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1.4. Summary of Notation

Note: Symbols which occur only once in the text are not listed

Symbols:

Roman letters:

Helmbholtz energy

correlation parameters

time integral of the thermopile voltage
heat capacity

specific heat capacity
deviation

volumetric flow rate
correction factor

Gibbs energy

enthalpy

constant of proportionality
heat transfer coefficient

heat loss

number of adjustable parameters
amount of substance (moles)
number of experimental points
power input

pressure

heat

universal gas constant
minimized objective function
entropy

deviation

temperature (kelvin)
temperature (°C)

internal energy

voltage

volume

QTR O

=
<

o

TOQTTN=TLLIQT v 2 OE

Greek letters:

« thermal expansivity
B isothermal compressibility
0% thermal pressure

A difference function
o deviation

I3 function (1 - T/T.)
p specific density

3 sum

o error

a? variance

T time

Superscripts:

g gaseous

1 liquid

Subscripts:

avg average

amp ampoule

b bias

c critical point

cv calorimeter vessel

exp experimental (raw) value

fi final

i general index

in initial

J general index

m molar

nb normal boiling temperature (p., = 101325 Pa)
constant pressure

r relative; reduced

re reference

rec receiver

s sample

sat saturation curve

sm fitted (smoothed) value

su surroundings

T constant temperature

t two-phase equilibrium system

Vv constant volume

v vaporization

w weighted

2. Heat Capacities of Liquids—
Thermodynamic Background

2.1. Definitions, Basic Relationships
Heat capacity C is defined by the differential equation

C =(0Q/dT), (I1-1)
where Q indicates the amount of heat exchanged between the
system studied and the surroundings when the temperature 7
changes under conditions specified by x. These conditions
have to be specified as the heat Q is not a state function or
quantity, and C varies according to different paths along which
Q is exchanged. The corresponding intensive quantities are
related to the unit amount of mass — specific heat capacity ¢,
or to one mole — molar heat capacity C,,. Sometimes, heat
capacities are also denoted as thermal coefficients.

Several different temperature gradients of thermody-
namic functions are encountered in the literature: the isochoric
heat capacity or heat capacity at constant volume

Cy=T(3S/9T)y =(8U/ 6T)y =—T(3*A/8T?)y,  (11-2)
the isobaric heat capacity or heat capacity at constant
pressure

J. Phys. Chem. Ref. Data, Monograph 6
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C,=T(95/8T), =(8H/ dT), =-T(3°G/aT),, (I1-3)
the saturation heat capacity
Coar = T(3S/ 0T )sut (11-4)

and (0H/0T )s, and (AU/8T ), which do not have any specific
designation and are less common. The thermodynamic func-
tions U, H, S, A, and G are internal energy, enthalpy, entropy,
Helmholtz function, and Gibbs function, respectively. The
subscript “sat” denotes derivatives along the saturation
(orthobaric) curve. For simplification of the notation, we use
throughout this monograph the symbols C,, Cy, and Cy,; they
are also used for denoting molar heat capacities (omitting
subscript m). The connection of individual coefficients with
entropy and enthalpy is illustrated schematically in Fig. 1. For
plots of S versus the logarithm of T and of H versus T the
slopes of isochores, isobars, and saturation line correspond
directly to the quantities introduced above. While the heat
capacities defined by equations (II-2) and (II-3) can relate to
any combination of temperature and pressure, the other three
temperature gradients are by definition confined to the satura-
tion curve (T, p.). It should be stressed that Cy, is not identical
to (0H /3T )., as is sometimes expected on the basis of the
mistaken analogy with equation (II-3).

Using well known thermodynamic relationships, one can
derive conversion equations between the individual thermal
coefficients (S6HAA, 82ROW/SWI, 89MAJ/SVO):

C,-Cy = T(3p/dT)(3V/4T),

=-T(3V/3T)2/(3V/dp)r (I1-5)

=-T(dp/dT)/(9p/dV)r
Co—Co=TOV/3T),/(p/dT s (I1-6)
Cv—Coa=-T(3p/3T)y/(8V/0T ) {1-7)
Co—(0H /8T ) = —[V-T(8V/3T), W0p/0T)sue  (11-8)
Cr—(BU/8T )5 = [p-T(@p/dT W (OV/3T )su (I1-9)
Csa—(3H /3T }su= -V (8p /0T st (I1-10)
Coa—(U /3T )sy= p (OV/3T )5 (I1-11)

where

(0V/0T ) = (0V/0T),+(3V/0p)r(dp/ 3T )su.  (11-12)

The partial derivatives on the right-hand side of equations
(II-5) to (II-12) are often expressed in terms of mechanical
coefficients «, = (0V/3T),/V (thermal expansivity),
Br=—(8V/dp)r/V (isothermal compressibility) and 7y =
(0p/dT)y (thermal pressure) which are available for
many pure liquids. The coefficient (3p/dT ), is easily ac-
cessible from the temperature dependence of the vapor pres-
sure. Below the normal boiling temperature, the term (3V/
9p)r (3p/3T s in equation (II-12) is negligible compared with
(8V/aT),. Except for +v,, all coefficients increase with

J. Phys. Chem. Ref. Data, Monograph 6

S

ey e

- X slope=C,, V4]

InT

T

FiG. 1. Schematic plot for entropy and enthalpy of a fluid as a function of the
logarithm of temperature and temperature, respectively; C,—isobaric heat
capacity, Cy—isochoric heat capacity, C,,—saturation heat capacity, C.—iso-
choric heat capacity of a two phase system; full lines—saturation curve,
dashed lines—isobars pi<p.<p,, dashed-dotted lines—isochores V<V .<V3,
C.P.—critical point.

increasing temperature; a, and Br are equal to plus infinity at

the critical point. For example, for liquid benzene at the

normal boiling temperature (T, = 353.3 K), the values of the

coefficients are as follows: Vi =9.59 - 107> m® - mol~!,

a,=135-107K™", Br=1.52-10*kPa™!, 7,=8.9kPa-K/,
and (9p/0T )s =3.13 kPa - K",

It holds for the saturated liquid that (82ROW/SWI):

(0H /8T )sae > Cp > Cyy > (8U/3T ) > Cy. (I1-13)

The first nonequality applies only when T, < 1, which

is the case for most liquids. The differences between the indi-

vidual coefficients increase with increasing temperature and
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all five are equal to infinity at the critical point. The first four
quantities usually agree below the normal boiling temperature
T, to within several tenths of one percent and divergence
becomes more important only above that temperature. For
liquids, therefore, it is not necessary to make any clear dis-
tinction below ~0.9 T,;, between C, at the saturation curve and
C.a as the differences are less than the uncertainty obtainable
in high precision measurements. For instance, a difference of
0.1 percent between Cy, and C, is observed for benzene at
333 K, and the same difference for n-heptane and water,
is observed at 358 and 403 K (7,,=371.6 and 373.2 K),
respectively.

The differences between Cy and the other coefficients are
more important at all temperatures. For example, for liquid
benzene and n-heptane, C, and C, differ by 40 and 50
J - K™+ mol ! near their respective 7,,. The typical variation
of C,, Cv, and C, with temperature for n-heptane is depicted
in Fig. 2. It should be stressed that the above inequality does
not generally apply to the saturated gas where Cg, can assume
negative values for small molecules. Corresponding heat
capacities for gases are always lower when compared with
those for liquids.

400

ClK " -mol!

300

200

| | |
200 400

TIK

FiG. 2. Temperature variation of Cy, C,, Cy for n-heptane (according to
82ROW/SWI) M—melting temperature, B—normal boiling temperature,
T—critical temperature, C,—isobaric heat capacity, Cy—isochoric heat ca-
pacity, Cy,—saturation heat capacity.

Data on C, and Cy are often available at conditions re-
moved from the saturation curve. The variation of these coef-
ficients with pressure and volume, respectively, is expressed
by the differential equations:

(), o
),

which can be used for the conversion of the data to saturation
conditions. By +ntegration, one obtains the relationships:

Psat
Co(T,pa)—Cy(T,p) = —Tf (0*VIaT*),dp  (II-16)
14

Vsﬂl

CT, V)= Cy(T,V)=T f (%1 8T )y dV  (I1-17)

v

where Vi, is the molar volume at T and p,.. The conversion
between the two states can be performed provided the pVT
data for the liquid are available.

There are two principal methods for the determination of
the heat capacities of liquids. The first method is an indirect
approach and consists in the calculation from the other proper-
ties which are available experimentally. This approach utilizes
the thermodynamic relationship of heat capacities to the com-
binations of different mechanical and adiabatic coefficients
which can be obtained from pVT and speed of sound measure-
ments. The calculations are easy, but not very accurate, and
results with an error below one percent can rarely be obtained.
Indirect determinations have not yielded a significant number
of results because the input data are available only for a limited
number of substances. This method is described by Cruick-
shank and coauthors in 68MCC/SCO. In compiling data for
this monograph, we did not consider any heat capacities
obtained by indirect methods.

The second method consists of direct determination by a
calorimetric measurement. The thermodynamic and methodo-
logical aspects of this approach are discussed briefly below.

2.2. True and Average Heat Capacity

In most calorimetric measurements, a sample under in-
vestigation is heated or cooled and the quantity measured is the
amount of exchanged heat corresponding to a finite tempera-
ture change. The true heat capacity is, however, a differential
quantity and the experimental value obtained as the ratio of
heat and temperature increment cannot be automatically con-
sidered as C in equation (II-1). It is rather the average heat
capacity, Cy,, defined as the amount of heat necessary to
change the temperature of a system by one kelvin. The average
heat capacity is expressed by:

(II-18)

Cug = 2

(T-T)

in an interval defined by the temperatures 7; and 7,. This
value is related to the average temperature, Ty, = (T} + T2)/2.

The relationship between C and C,, is obtained by intro-
duction of the integrated equation (II-1) into equation (II-18):

1 ("

Cuvg = 75—~
¢ (TZ"TI) T,

CdT. (II-19)

The heat capacity of a liquid always changes with tem-
perature and C and C,, are identical at T, only when heat

J. Phys. Chem. Ref. Data, Monograph 6
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capacity is a linear function of temperature. The two quantities
approach each other when the temperature interval over which
the average heat capacity is determined converges and they are
equal to each other in the limit:
C= lim Cy,.

T 17

(I1-20)

We find that the heat capacity of most liquids changes
moderately with temperature without a strong curvature (ex-
cept in the region of high vapor pressures) and the true heat
capacity agrees in most cases with the experimental value
within the error of measurement provided the temperature
interval is not too large (intervals up to 10 K are usually
acceptable). Sometimes it is preferable to proceed with a
wider temperature increment in order to reduce the time of
experiments.

When the C = C(T') function is nonlinear and the temper-
ature steps are too large, it is possible to apply a curvature
correction. Three methods have been described in the litera-
ture (68MCC/SCO):

a. The heat capacity can be expanded around T, by
means of a Taylor series using the terms up to 7°,

. o) r, (£)
C'C(T‘V')+< >8T (aT > +t\am) 6

where all derivatives are taken at T, and 87 = T — T, After
introduction of (II-21) into (II-19) and transformation of the
integration variable we obtain:

(I1-21)

1 e 3C\ (T=T)>
2711
CIVE (T T) (T . )Cd(ST) C(ng) + ('75) 24 .
i =42
(I1-22)

The second temperature derivative of C can be obtained in an
iterative way using the C, = Cye(T) function as the first
approximation and repeating the calculation until the
C = C(T) values do not change.

b. The difference between C and C,, is usually small
and with minimal temperature dependence over the interval
between T; and 7. Hence:

(€ CodTr T = [ (€~ CugdT =
T

T

Cug(Tr-T1) - f Cug AT (11-23)

T

where values of Cyo(T') and C,e(T) can be obtained numeri-
cally or graphically from the C,,; = Cyy(T) curve at the tem-
peratures T, and T3. This procedure can serve the experimen-
talist as a quick test to find out if the correction for curvature
is needed.

c. If the average heat capacities are available at several
temperatures and the true heat capacity as a function of tem-
perature is described by a polynomial then by combining
Eqns. (II-19) and (II-28) we obtain:
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(I1-24)

o A
j j+ 1 j+1
Cou = (Tz-Tl 27 1<T T )

where parameters A; are adjusted by least squares fitting, This
method was used for correcting average heat capacity data by
Wilhoit and coworkers (8SWIL/CHA).

2.3. Calorimetric Determination of Heat Capacities

From the experimental point of view the individual heat
capacities defined by equations (II-2) to (II-4) differ by the
paths along which the heat is exchanged between the sample
and its surroundings. Cy and C, can be obtained directly by
measuring with a liquid sample at constant volume and pres-
sure, respectively. C, can be derived from measurements at
constant volume using a sample in a vessel containing small
vapor space. These experiments are briefly characterized be-
low.

2.3.1. Isochoric Measurements Without Vapor Space

Isochoric measurements with liquids are difficult to
carry out at temperatures far below the critical temperature
where the thermal pressure coefficient, vy, of the liquid is
large and when it is difficult to prevent any changes in the
volume of the vessel. The vessel has to be constructed from a
highly rigid material with a considerable wall thickness. This
latter requirement has as a consequence an unfavorable ratio in
the overall heat capacities of the sample and the vessel which
leads to a decrease in sensitivity. The measurements at low
reduced temperatures are, therefore, rare and Cy is usually
calculated from the other types of heat capacity measure-
ments via equations (II-5) and (II-7). Direct determination of
isochoric heat capacities is feasible close to the critical region
where vy is substantially smaller than that in the region remote
from the critical point (61GOO).

2.3.2. Measurements at Constant Pressure

The isobaric heat capacity of a liquid can be measured
directly at pressures above the saturation vapor pressure. Al-
though the direct determination of C, at the saturation line is
not feasible, it is possible to obtain experimental values close
to the conditions of vapor-liquid equilibria and to correct them
by equation (II-16). Direct measurements are easy to carry out
in a flow calorimeter where the liquid is pumped through the
system under a pressure maintained constant by means of a
controller connected in series after the instrument. This ap-
proach was recently used extensively for studying isobaric
heat capacities of mixtures in a wide range of temperatures
and pressures.

Determination of C, in a batch calorimeter is much less
convenient; it is necessary to conceive of a calorimetric vessel
which would allow its volume to change continuously during
heating in order to allow for expansion of the liquid sample
under isobaric conditions. Several variations of batch
calorimeters were reported in the literature; due to numerous
technical difficulties, only a limited amount of data was
obtained by this technique. Aqueous solutions at elevated
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pressures were investigated by using a cylindrical vessel
closed with a sliding piston (SSGUC/CHR). Another experi-
mental approach was the placement of a flexible metallic
diaphragm at the top and/or bottom of the vessel (61BRO/
FOC, 55TOD); a limited change of the internal volume is
permitted in this way. When expansion occurs the pressure is
not quite constant and correction via equation (II-14) is neces-
sary if the temperature range of measurement with one filling
is important. A more dependable alternative is to accommo-
date the interior of the calorimeter vessel with a highly com-
pressible capsule as a reentrant well (64TIM, 68REC1); for
instance, a flexible metal bellows made of brass or phosphoric
bronze can be used. In this way, the internal volume of the
vessel is substantially reduced and measurements over as much
as 100 K can be performed with one filling without any
serious pressure increase. Temperature inhomogeneities due
to insufficient mixing of the liquid can arise. Rastorguev et al.
(7SRAS/GRI) used a steel calorimetric vessel connected
through a metallic capillary to a large volume tank filled with
argon for maintaining isobaric conditions. The effective quan-
tity of sample in an experiment was calculated by considering
the amount of liquid expelled from the calorimeter and the
thermal expansion of the calorimeter vessel. A similar ap-
proach was used by Coxam and coworkers (91COX/QUI).

2.3.3. Isochoric Measurements in a Two-Phase System

Examination of the plot of the entropy versus the loga-
rithm of temperature (Fig. 1) shows that the lowest dashed-
dotted line represents an entropic isochore corresponding to a
subcritical molar volume. The slope of this line on the right of
the intersection with the liquid saturation curve represents Cy
of a liquid and on the left of the intersection represents the
isochoric heat capacity of a two-phase equilibrium system C,
for which the volume of the vapor space becomes zero when
the isochore crosses the saturation curve. It is clear that except
for the vicinity of the critical point, Cj, for the liquid must be
closely related to the isochoric heat capacity of this two-phase
system, with the relative mass of vapor being much smaller
compared with that of the liquid. This is schematically illus-
trated in the entropy diagram by the proximity of the two-
phase isochore and the saturation curve. From the experimen-
tal point of view, it means that the saturation heat capacity is
accessible through a calorimetric measurement with a vessel
filled under vacuum with a liquid which fills most of the inner
space and is in equilibrium with its vapor. Then, only a small
correction has to be applied in order to obtain the true value
of Cyu. This experiment is also the most effective way to
determine C, at the saturation line (correction using equation
(II-6) has to be applied when necessary). Isochoric measure-
ment with a two-phase system is much easier to perform
compared with isochoric or isobaric measurements with the
liquid phase only. Most heat capacities for pure liquid sub-
stances reported in the literature were determined by this
procedure. The overall heat capacity of such a two-phase
system C, consists of the contribution from the saturation heat
capacities of the liquid and vapor and further reflects the heat
absorbed or evolved during vaporization or condensation in-
side the vessel. When the temperature increases, the liquid

expands and the mass transfer between the coexisting phases
is necessary for maintaining equilibrium conditions. Typi-
cally, the amount of substance in the vapor space increases
first, attains a maximum, and then decreases finally towards
zero (under the condition that the vessel was filled in such a
way that there is no vapor space at the maximum temperature).

The relationship between Cy and C, can be derived as
follows (46HOG, 82ROW/SWI). The differential of the
entropy of a two-phase equilibrium system S, containing N
moles of a sample can be written as:

dS, = NdSy + d[N B(SE - S,,‘n)] . (I1-25)

S% and Sy, are the molar entropies of the coexisting phases and
Nt is the amount of substance in the vapor space which can be
expressed from the total vessel volume V and molar volumes
of the coexisting phases as N® = (V —NVp5)/(VE-Vs). By
taking the temperature derivative of equation (II-25), the satu-
ration heat capacity of the liquid can be expressed as:

851y vy
et
N~ THTN oT sat

(11-26)

where AS, = S& — Sp and AV, = V& ~ V,;, are the molar entropy
and molar volume of vaporization, respectively. Equation
(II-26) can be rearranged with use of the Clapeyron equation
(dp/dT)e, = AS,/AV, to a more convenient form:

_G (ﬁe) (3_"»1‘1) _ (L’_ 1)<i’a> g
Ca=g+T(55) (5F) -T(§-v+) (35)_ - @2

The correction on the right hand side of this relationship can
be easily calculated from the vapor pressure equation and pVT
properties of the liquid (except when in or near the critical
region, (0Va/dT )s, is close to the isobaric thermal expansivity
a, - see equation (II-12)). The temperature variation of the
two terms of equation (II-27) is illustrated for benzene in
Table 1. The first term must always be positive and increase
with temperature; the second term has the opposite sign as
the vapor pressure is a convex function of temperature and
VIN = V. The variation of the latter term with temperature is
more complex in that near and below the normal boiling
temperature its absolute value increases with temperature
when the vapor space volume is appreciable. Thereafter, it
passes through a maximum, and finally drops rapidly towards
zero when the vapor space vanishes. In this limit, equation
(I1-27) becomes identical with equation (II-7). If the vessel is
completely filled with a liquid near the upper temperature
limit there is typically a temperature at which the correction
terms compensate and C, = Cy. Table 1 shows that at temper-
atures below T, the overall correction never exceeds 0.1 per-
cent and it should be considered only for high precision mea-
surements. It can play, however, quite an important role during
high pressure measurements at saturation conditions.
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TaBLE 1. Correction terms in equation (I1-27) for benzene; Vi = 100(V -
NVu)/V denotes the percentage of the vessel volume occupied by the vapor,
1 = T(8p/8T )5 @V/ T Ysaty 11 = ~T(VIN = VA)(8*p/8T ), Corr = 100(Ciat —
C/N)/Cea denotes the overall percentage difference between Cyy and C/N

z Ve G I L Con

K % J-K" - mol™ %
278. 15° 11.4 131.88 0.007 -0.035 -0.02
293.15 9.8 134.87 0.015 -0.054 -0.03
313.15 7.6 139.27 0.036 -0.079 -0.03
333.15 5.1 144.22 0.075 -0.088 -0.01
353.15 2.7 149.31 0.139 -0.069 0.05

? recommended values of Cy, from this compilation
® extrapolation outside the temperature interval of experimental data using the
quasipolynomial equation (V-12).

2.4, Variation of Heat Capacity With Temperature,
Correlation Equations

Thermodynamics is limited in the exact information it
provides to the temperature dependence of the heat capacity
for liquids; the examples of C=C(T) curves are shown in
Fig. 3. Typically, the heat capacity is considered to be an
increasing function of temperature though there are some
substances for which the heat capacity can decrease over a
certain temperature range. Heat capacities, however, always
increase progressively when approaching the critical region
where they are unbounded. Isobaric measurements performed
at supercritical pressures by flow calorimetry indicate sharp
maxima on the heat capacity curve above the critical temper-
ature. With increasing pressure, these peaks for the supercrit-
ical fluid become less pronounced and shift towards higher
temperatures.

For many substances, the heat capacity curves are flat
above the solid-liquid phase transition and some of them
exhibit a shallow minimum in the region above their melting
temperature. This is the case for many simple inorganic com-
pounds (e.g. AsH3, COClL, SOF,, PHj;, SO, H,0, halogens)
and some organic compounds having up to five carbon atoms
in the molecule (e.g., alkenes, halogenated alkanes and
alkenes, oxygenated heterocyclic compounds, sulfides, thiols).
This minimum is attributed to changes in the structure of the
liquid near melting conditions and is not usually pronounced.
At higher temperatures, a typical monotonic increase of heat
capacity is observed for most of these substance.

The temperature variation of the heat capacity can be-
come rather complex for substances exhibiting some ordering
in the liquid phase (hydrogen bonded compounds). The degree
of association usually decreases with increasing temperature
and this association is reflected in the shape of the heat capac-
ity curve which can have an S form with an inflection point
(90ZAB/RUZ). For 1-alkanols with more than two carbon
atoms and some of their branched isomers, the second temper-
ature derivative of the heat capacity is positive above the triple
point (C curve is convex), it becomes negative in the middle
part of the temperature interval (curve is concave) and finally
must again become positive when the critical point is
approached.
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FIG. 3. Typical heat capacity curves for liquids: 1—water, temperature

dependence typical for metals and simple inorganic substances, 2—-
methanethiol, 3—1-propanol, variation typical for 1-alkanols C; and higher,
4—n-hexane @ triple point temperature, O normal boiling temperature.

For several compounds, discontinuities (called A-peak
because of their shape) have been observed on the heat capac-
ity curve. Such behavior was reported for instance for sulfur
at 435.2 K (54BRA/MOL, 59WESI, 73KOM/MIL) and for
several aldehydes (acetaldehyde at 241.9 K, 88LEB/VAS;
propanal at 243 and 286 K, 77KOR/VAS; butanal at 198.2 and
284.8 K, 89VAS/LEB; hexanal at 243 K and 298 K, 91 VAS/
BYK). These transitions, however, did not seem to be the
typical second-order phase transitions as heat exchange was
observed. Little attention was paid to the explanation of these
anomalies in the literature; the above cases of atypical heat
capacity curves were reviewed and discussed by Zabransky at
al. (93ZAB/BUR).

Empirical equations are used for correlating experimen-
tal heat capacity data. Two main criteria should be considered
in selecting a relationship for fitting such experimental data:

I. The ability to describe reasonably the experimental
data over the whole temperature range with a relatively small
number of parameters is required.

2. The possibility of a meaningful extrapolation outside
the temperature limits of experimental data is desired.

A polynomial seems to be the most dependable expres-
sion to describe heat capacity as a function of temperature and
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has been used most often. The general form of a polynomial
expression is:

C = E Aj+ 1Tj,

j=0

(11-28)

where A; are adjustable parameters and, usually, 3 = m = 1.
However, for some compounds up to eight parameters would
have to be used for a satisfactory description of C over the
whole temperature range where experimental data are avail-
able. A substantial drawback of a high-degree polynomial is
the possibility of oscillations.

A reasonable alternative is the use of cubic splines which
prove to be valuable in describing complex functions in a
number of applications. Cubic splines are used in this mono-
graph for fitting the data for some compounds. They are as
flexible as high-degree polynomials without having the risk of
numerical instabilities.

The principle of interpolation by cubic splines is as
follows. The overall interval of the independent variable (temp-
erature) <Tmin, Tmax> is divided into k-1 subintervals which are
delimited by temperatures Tpin=T1,..., Tj ...y T = Thax
called knots. The heat capacity as a function of temperature is
approximated between the neighboring knots by cubic polyno-
mials in temperature. The basic property of the splines is that
the j-1" and the j* polynomials must have at the temperature
T; not only the same values with respect to heat capacity but
also must have identical values for first and second tempera-
ture derivatives. As the overall temperature range is described
by k-1 cubic polynomials (each having four parameters) and
the above three constraints apply to k-2 knot temperatures Tj,
there are 4(k-1) - 3(k-2) = k + 2 independent adjustable
parameters. They are expressed as heat capacity values at &
knot temperatures and two further constraints, typically taken
as boundary conditions at T and T;. The end conditions that
require the second derivative to be zero are the most common
(natural spline).

When using cubic splines for smoothing experimental
data, the knot temperatures have to be chosen first and then the
heat capacity values at the respective knots are adjusted by a
spline correlation routine in order to minimize the sum for
squares of deviations between experimental and calculated
values. The flexibility can be increased by considering the
boundary conditions as two additional adjustable parameters
instead of using the natural spline. It was shown (88MAJ/
GAT) that spline fitting with an adjustable second-derivative
end condition is equivalent to adding an arbitrary knot beyond
both end knots and fitting the data with a natural boundary
condition. This simplifies substantially the minimization
algorithm. More specific information regarding use of splines
in this monograph can be found in Section 5.3.1.

The cubic splines are very flexible when describing the
temperature dependence of the heat capacity inside the limits
of the temperature range of experimental data, i.e. they are
excellent for interpolation. However, as with conventional
polynomials, the cubic splines cannot be used for meaningful
extrapolation. Thus, other formulations were used to provide
reasonable extrapolations, especially towards the critical

point. Engineering Science Data Unit, ESDU, Great Britain
represents in its publications the heat capacities along the
saturation line by expansions of the type (79ENG, 86ENG?2):

2
C=2 A¢,

j=-1

(11-29)

1
C=2 A7,

j=-2

(11-30)

where €= (1 - T/T.). Although the C values obtained from
these relationships are always infinite at the critical point,
there is no assurance against unrealistic behavior between the
upper temperature limit of experimental data and T.

In this project we have used a modified version of a new
type of relationship proposed by Zabransky et al. (90ZAB/
RUZ) which is called the quasi-polynomial equation. The
modified quasi-polynomial equation, even though it contains
less adjustable parameters, is more flexible than the original
relationship. Contrary to the original quasi-polynomial equa-
tion, the modified equation gives a positive second derivative
of heat capacity with respect to temperature for the entire
range from the lower temperature limit to the critical temper-
ature. A flat area on the heat capacity curve C = C(T) located
above the upper limit of experimental data, that was observed
for some compounds when using the original equation, has not
been encountered for the modified equation.

The derivation of a quasi-polynomial equation was based
on the assumption that the heat capacity is always an increas-
ing function of temperature. As attention was focused on the
extrapolation capability towards high temperatures rather than
on a perfect fit of experimental data, the possible presence of
a minimum on the heat capacity curve was ignored. Let us
suppose that the first derivative of the heat capacity with
respect to the variable 7, = 7/T, has the form:

m 2
dc R(i+2a,-+3 T,’) .

paald (> (11-31)

The expression on the right-hand side of this equation is
always positive (C must increase with increasing T;) and can
be integrated to obtain:

(11-32)

E-lle)

= A, In(1-T)) + lf—zT + EOA,-”T{',
T j_

A; and a; are adjustable parameters; A;’s are automatically
constrained by equation (II-31) in such a way that the temper-
ature derivative of the heat capacity must always be positive
and equal to plus infinity at the critical temperature. When m,
is equal to 0, then m = 1, and three parameters are independent;
when m, is equal to 1, then m = 3, and four parameters are
independent. More specific information on the use of this
correlation equation can be found in Section 5.3.2.
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3. Calorimetric Techniques for Determining
Heat Capacities of Liquids

Calorimetry is the most frequently used method for de-
termining heat capacities of substances in the condensed state.
Several publications describe heat capacity calorimeters and
attempt to introduce some system of classification. A general
overview of calorimetric techniques for investigation of non-
reacting systems is given in an JUPAC monograph edited by
McCullough and Scott (68MCC/SCO) where the emphasis is
on heat capacity measurements. The review articles by Wadso
(70WAD, 85WAD) present microcalorimetric techniques and
those by Lakshmikumar and Gopal (81LAK/GOP, 82LAK/
GOP) describe new modern trends in determination of heat
capacities; low-temperature calorimetry was reviewed by
Gmelin (79GME, 87GME). Heat capacities can be deter-
mined in a variety of calorimeters which are not specifically
designed for this purpose. The majority of heat capacity
calorimeters for measurements with liquids can be used also
for determination with solids. On the other hand, only a small
number of instruments (flow calorimeters) permit measure-
ments with both liquids and gases (or vapors).

3.1. Terminology and Criteria for Classification
of Calorimeters

There is no officially established nomenclature for de-
scribing different types of calorimeters; an attempt was made
by Rouquerol and Zielenkiewicz (86ROU/ZIE) to introduce a

classification of calorimeters based on heat exchange consid-

erations, paying special attention to the dynamic behavior of
calorimeters. A somewhat different terminology used in this
monograph is described in this section.

That part of the calorimeter which accommodates the
sample will be called the calorimeter vessel or cell. In most
cases, it also contains a temperature sensing element and a
resistance heater which serves either in the measurements
directly or during calibration. Adjacent parts of the calorime-
ter which surround the vessel (jackets, shields, calorimeter
block etc.) will be called the surroundings. The heat transfer
between these two parts is, in most cases, proportional to the
difference in average temperatures of the heat exchanging
surfaces; they are denoted below as T, (corresponding to the
calorimeter vessel) and T, (corresponding to the surround-
ings). Heat capacity determination is usually based on record-
ing a temperature change connected with either heating or
cooling of the sample. This change can be either intermittent
(determination of temperature increment AT, corresponding
to the exchange of a certain finite amount of heat Q) or
continuous (measuring the heating rate d7../dr corresponding
to the power input P = dQ/d). Highly automated instruments
which are capable of performing measurements over a wide
temperature range are called scanning calorimeters. For inter-
mittent heating, the heat capacity of the calorimetric vessel
with its contents C, is obtained from the relationship:

0=Cu AT + f Ldv L)
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where T denotes the heating period, and for continuous heat-
ing, from the equation:

P=C, (dT. /dT) + L. (111-2)

The first term on the right hand side of the equations expresses
the accumulation of heat in the vessel and the second term
corresponds to the unaccounted heat transfer between the ves-
sel and its surroundings. The heat loss (leak) L stands for the
amount of energy lost per unit time. In its simplest form, the
equation can be expressed as:

L= kh((ch _Tsu )’

where the heat transfer coefficient ky, quantifies the heat ex-
change across the space separating the vessel from its sur-
roundings. In some cases, this expression can become complex
because terms other than T, — T, can also govern the heat
losses (see Section 3.2.3).

Measurements are considered as absolute when the
amount of energy exchanged with the sample is quantified, or
comparative (relative) when calibration is necessary for deter-
mining the value of heat capacity. Calibration can be either
chemical using a reference substance of well-known heat ca-
pacity or can be electrical using the Joule effect to determine
the response of the instruments to the introduction of an ex-
actly known amount of heat. Corrections for heat losses are
established by specific procedures that depend on the design
of the instrument and the technique adopted for measuring
heat capacity.

Heat capacity calorimeters can be classified according to
four criteria:

(I11-3)

1. motion of the sample inside the instrument (batch,
flow, and drop calorimeters)

2. mode of measurement (stationary or dynamic condi-
tions)

3. temperature relationship between the calorimeter ves-
sel and its surroundings — mode of heat transfer (adiabatic,
isoperibol, isothermal, and conduction calorimeters)

4. number of calorimeter vessels (single vessel and twin
vessel calorimeters)

TABLE 2. Criteria codes used for classification of calorimeters

Motion of Mode of Temperature relation of ~ Number of
sample measurement vessel to surroundings vessels
1 2 3 4
batch B stationary S adiabatic A one vessel O
flow F dynamic D isoperibol 1 two vessels T
drop D isothermal T
conduction H
thermopile

conduction C

Table 2 lists individual criteria with the codes used for
characterizing calorimeters in Tables 3 and 4 and in tables with
experimental values (see Section 6.3.1.). In the subsequent
text, the above characteristics are briefly described. It should
be kept in mind that the codes serve for a concise categoriza-
tion of instruments and the adopted system of classification
does not pretend to be exhaustive.
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TaBLE 3. Types of calorimeters used for determining heat capacity of pure TABLE 4. Survey of calorimeters for determining heat capacity of liquids —

liquids (Continued)
Type of calorimeter Classification Section Reference Temp. Measur. Note
1 2 3 4 range accuracy

Adiabatic batch calorimeters 49HOR/STO 300-500 K 0.50 %
with intermittent heating B S AO 3.2.1. 49STA/GUP low medium

508 i d 1.00% high to 6.9 M
Adiabatic batch calorimeters AG/HOU ﬁ;g‘“m an b high pressure (up to Pa)
with continuous heating B D AO 3.2.1. 51AST/FIN 15-300 K 0.20%
Isoperibol batch calorimeters B S I OT 3.2.2. 51DOL/HET 253-573K  low .

51EUC/EIG medium medium
Isoperibol flow calorimeters F § 1 OT 323, 52ADA/JOH low and high

medium

Isoperibol drop calorimeters DSTI O 3.2.4. 53WES/HAT 250-550 K 0.15 %
Adiabatic drop calorimeters DS AO 324, S4BRAMOE  medium and 0.50 %

54STR/ICK low 0.30 %

Isothermal drop (phase change) SSDAU/MAR 20-330K 020 %

calorimeters DS T O 3.2.4.
S55MAR/SMI 253-553 K 0.25 % measurement error of 0.5 %
Thermopile conduction drop near upper temperature limit
calorimeters DDCT 3.2.4. SSPAC/PIE low 0.10 % also for heat of adsorption
) 55STA/TUP 283373 K 1.00 %
Measurement of heating and/or 56COO/BAL room high also for heat of solution
cooling curves B DHO 3.25. 56POP/KOL 60-300 K 0.50 %
Differential heat conduction STPIL ;g‘gdia<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>