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New Batch Cells Adapted To Measure Saturated Heat Capacities of

Liquids

R. Paramo,’ M. Zouine,* and C. Casanova*'

Department Termodinamica y Fisica Aplicada, Universidad de Valladolid, 47005 Valladolid, Spain, and
Department des Sciences de Base, Ecole National d’Agriculture, Université de Meknés, Meknés, Maroc

New “batch” cells adapted to measure saturated heat capacities with a Micro DSC Il (Setaram)
microcalorimeter designed to avoid any leakage during measurement are described. Using the “scanning”
and “step-by-step” methods, the heat capacities of pure organic liqguids—hexane, heptane, decane, dodecane,
cyclohexane, toluene, methanol, and 1-butanol—in the temperature range (5 to 75) °C were determined.
In addition, the excess heat capacities of several binary liquid mixtures—(benzene + cyclohexane) and
(2,5,8,11-tetraoxadodecane + dodecane)—with the step-by-step procedure were measured. A very close
agreement with literature values better than 1% indicates that the apparatus and technique are suitable

for heat capacity measurements on volatile liquids.

Introduction

Heat capacity is one of the more valuable thermophysical
quantities to be considered when studying pure liquids and
liguid mixtures. Accurate values are needed in many areas
of physics, chemistry, and chemical engineering for estab-
lishing energy balances, obtaining entropy and enthalpy
values, or studying phase transitions. Moreover, ascertain-
ment of the heat capacity of liquids as a function of
temperature is a source of important information concern-
ing their molecular structure and is essential for checking
the efficiency of estimation models used in industry.

To obtain direct and accurate heat capacity measure-
ments, a suitable calorimeter must be used. The adiabatic
calorimeter is the most important and accurate tool for heat
capacity determination over a wide range of temperatures.
However, other approaches to heat capacity measurement
have been developed which are less costly, faster, and
easier to use. This is the case of the Picker differential flow
calorimeter, which has been extensively used to determine
heat capacities of liquids but which has the shortcoming
of having a limited operating range of temperature. An-
other possibility is the calculation of heat capacity from
heating or cooling curves obtained with a differential
scanning calorimeter (DSC). This method has become
widespread, but most of these instruments lack the resolu-
tion needed for the precise determination of liquid heat
capacity values.

Setaram Micro DSC instruments offer a very high
sensitivity which enables highly precise measurements of
liqguid heat capacities over a wide temperature range.
Another advantage with respect to other calorimeters is
the small sample size required for the operation.

In this work, new “batch” cells adapted to measure
saturated heat capacities with a Micro DSC Il microcalo-
rimeter designed to avoid any leakage during measurement
are presented. By means of the “scanning” and “step-by-
step” methods, heat capacities of several pure organic
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liquids and the excess heat capacities of several binary
liquid mixtures at different temperatures were measured.
The results agree well with those of the literature.

Experimental Section

Apparatus. To measure the molar saturated heat
capacities, a Setaram Micro DSC Il microcalorimeter was
used. The basic design of this apparatus is similar to that
of a standard Calvet calorimeter,! but with the further
exception that the temperature is set by Peltier elements
with an internal liquid (undecane) loop which flows around
the calorimeter block. An additional external water circula-
tion circuit is required to provide or remove heat from the
thermoelectric elements. This arrangement produces ac-
curate temperature control, excellent thermal homogeneity,
and low inertia, factors which account for its very good
baseline stability. By applying two symmetrical semicon-
ducting heat flow meters, sensitivity is increased to about
106 uV/mW, which is double that of the thermopile detec-
tors in the standard Calvet calorimeter. The assembly is
set in an inert atmosphere of dry nitrogen.

The experimental vessels provided by Setaram to mea-
sure heat capacities of liquids with this calorimeter are of
the open type, fitted with two tubes welded to the body.
The sample and reference liquids enter their corresponding
vessels via one of the tubes so as to avoid any vapor phase.
The calorimetric signal obtained in the scanning or step-
by-step method is then proportional to the heat capacity
per unit volume of the sample liquid (Cp,V~1). Therefore, to
obtain the heat capacity, it is necessary to measure the
density of the liquid at the same temperature.

If this last condition cannot be fulfilled, the Setaram
closed “batch” vessels can be used. This alternative method
makes it possible for the specific heat capacity to be
obtained (density is not required), as long as there are no
leaks and the mass of the sample (and reference) is
constant throughout the measurement. The vessel is made
fluid-tight by an elastomer seal, able to stand a maximum
internal pressure of 20 bar, according to Setaram. From
our experience, these types of vessels always leak when
the temperature is changed. This even occurs in the case
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Figure 1. New experimental vessel suitable for saturated liquid
heat capacity measurements using a Micro DSC (Setaram) mi-
crocalorimeter.

of not very volatile liquids; hence, it is not possible to obtain
the necessary accuracy in heat capacity measurements.
Furthermore, the elastomer seal may be affected by the
organic solvents. For this reason, the vessels were modified.
The new design is shown in Figure 1. A hermetic seal has
been obtained by means of a stainless steel sphere set on
the vessel’s fill hole and made tight by the lid. The height
of the body cell is 27 mm, and it has an external diameter
of 9 mm. The internal cell volume is approximately 1 cm3.

The temperature is measured in the calorimetric block
which contains the two vessels, but it does not correspond
to the true temperature of the measured sample. For this
reason, the microcalorimeter requires a temperature cali-
bration procedure which has been undertaken by means
of a calibrated Pt-1000 probe embedded in a stainless steel
block of the same geometry as the vessels. This process has
been carried out at different scanning rates, from 0 K/min
(isothermal mode) to 0.2 K/min, and the corrections have
been smoothed with a polynomial equation, the coefficients
of which have been introduced in the software of the
apparatus. We estimate the final uncertainty of the tem-
perature to be +0.01 K for the isothermal mode and +0.03
K for the scanning mode.

In this type of calorimeter, the output signal recorded is
proportional to the total heat flow rate. Therefore, a
calorimetric calibration must be performed to determine
the proportionality coefficient between those two magni-
tudes at each temperature. To carry out this calibration,
the Setaram vessels specially designed to produce electrical
heating of a known power with the EJ2 constant power
source (Setaram) were used. Taking into account the
uncertainty of this calibration method and that of the best
experimental procedure (isothermal mode), we consider
that the uncertainty of our molar heat capacity measure-
ments is better than 0.05 J-K~1-mol .

Experimental Procedure. Two experimental proce-
dures can be used to measure heat capacity with a
differential scanning calorimeter: the scanning or continu-
ous method and the step-by-step or discontinuous method.
Determinations with the first method are both easy and
very fast. The second method requires lengthy experiments
but is able to produce more accurate measurements. In this
work both methods to determine the saturated heat capaci-
ties of the same organic liquids were used and subsequently
the results have been compared.

The scanning method principle is based on the relation
between the heat flow rate Q, which is proportional to the
measured calorimetric signal, the overall heat capacity of
the sample (liquid and vapor) inside the sample cell, c;,

which corresponds to saturation conditions in “batch” cells,
and the scanning rate f:

Q=c(Tp 1)

This method consists of three steps in which the refer-
ence cell is always filled with a liquid (dodecane in this
work):

(&) The heat flow rate of the baseline with an empty
sample cell, which is termed Q[empty,Ca,], is determined.

(b) A calibration liquid (water) of a recognized heat
capacity is put into the sample cell. The corresponding heat
flow rate is termed Q[water,Ci,].

(c) The calibration liquid is replaced by the sample liquid
and the heat flow rate obtained is termed Q[sample,C,].

By successively applying eq 1 to each of the above steps,
the following ratio for the overall heat capacity of the
sample is obtained:

o = Muater Qlsample,C,,] — Qlempty,Cy,]
t/sample msample\ t/water Q[water,Clz] _ Q[empty,Clz]

)

where Myater @Nd Msample denote the water and sample
mass, respectively, and (Ci)water denotes the specific heat
capacity of water inside the cell (liquid and vapor).

The scanning rate does not appear in eq 2, but in practice
the one chosen must be fast enough to avoid very long
experiments and slow enough to prevent excessive thermal
delay between the programmed and the real heating or
cooling rates, with the consequent disturbance of the quasi-
steady-state condition in the cells. A scanning rate of 0.15
K-min~1 has been selected in all the experiments.

The step-by-step method consists of waiting till the
temperature of the calorimetric block settles at a constant
plateau temperature. The actual heat capacity measure-
ment is performed during a temperature increase or
decrease AT ~ 1 K centered across the plateau tempera-
ture. The heat flow rate is then recorded and integrated
as a function of time to give directly the difference in heat
transferred to the cells during heating or cooling, which is
termed Q. As in the previous method, three steps are
needed: one with the sample cell empty, Q[empty,Ci2],
another with this cell filled with water, Q[water,C;,], and
the last involving water replaced by the sample liquid,
Q[sample,C;2]. As indicated, the reference cell is in all cases
filled with dodecane. Considering that the overall heat
capacity of the sample, (Ct)sample, inside the cell is nearly
constant across the interval AT, it could be expressed as

(Ct)sample =
Myater Q[sample,C ] - Q[empty,C ]
—t[ ,fAT(Ct)water dT] 12 — 12
rnsample Q[Watervclz] Q[emptyvclz]
3)

Corrections. The saturation heat capacity, Cst, can be
obtained from the calorimetric determinations of the overall
heat capacity of a sample inside a “batch” cell, c;, given by
eq 2 or 3. Only a few small corrections have to be applied
in order to obtain the value of cey, provided that the
temperature in not very close to the critical one. Further-
more, for liquids, it is not necessary to make any distinction
below ~0.9T,, where T is the normal boiling tempera-
ture, between the isobaric heat capacity at the saturation
curve, cp, and csy, as the differences are less than the
experimental uncertainty, which is the case in our mea-
surements.
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In our “batch” cells the liquid fills most of the inner space
and is in equilibrium with its vapor. 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 inside the
sample cell. The relationship between the measured c; and
Csat Can be obtained as follows.

The entropy of the two-phase equilibrium system, S, can
be written as

S, =n's' + n%? )

where s' and s9 are the molar entropies of the coexisting
phases and n! and n9 are the amounts of substance in the
liquid and vapor phases, respectively. As the cells are
hermetically sealed, the total amount of substance, (n' +
nd), can be considered to be constant throughout the
experiment.

Considering the expression of heat capacity according
to entropy, Cx = T(8S/dT), and by taking the temperature
derivative of eq 4, the overall heat capacity of the substance
inside the sample cell is obtained:

nd
C = nlclsat + n%y, + AvapH(%_-[-)sat (%)
where c.,, and ¢, are the saturation heat capacities in
the liquid and vapor phases, respectively, and AyapH is the
enthalpy of vaporization (or condensation) of the sample.

From eq 5 the correction terms which must be applied
to the experimental measurement C; to obtain the satu-
rated heat capacity in the liquid phase, cgat, can be easily
inferred. First, the second term on the right-hand side of
eq 5, n9%9%;,¢, which corresponds to the heat capacity of the
substance in the vapor phase, must be subtracted from C..
This correction term can be calculated quite well, if ideal
behavior is assumed in the vapor phase. The ideal heat
capacity is taken from the literature, and the value of n9
at each temperature is calculated with the experimental
measurements of the total amount of substance inside the
sample cell, the vapor pressure, the density of the liquid,
and the total volume of the cell.

The second correction concerns the third term, Aya,H(9n%/
dT)sat, Which provides the contribution of the enthalpy of
vaporization (or condensation) during measurement. AyapH
is obtained from the literature, and the derivative factor
is evaluated by calculating the change of n9 in the short
temperature interval.

The cell is always filled almost completely with the liquid
in order to have a very small vapor phase, and although
corrections are very small and in many cases negligible,
they have been applied to all the heat capacity measure-
ments presented in this paper.

Materials. Hexane (Fluka AG, puriss p.a.; 299.5 mol
%), heptane (Fluka AG, puriss p.a.; 299.5 mol %), decane
(Fluka AG, puriss p.a.; 299 mol %), dodecane (Aldrich
Chem. Co. Inc; >99 mol %), cyclohexane (Fluka AG, puriss
p.a.; 299.5 mol %), benzene (Fluka AG, puriss p.a.; 299.5
mol %), toluene (Fluka AG, puriss p.a.; =299.5 mol %),
methanol (Fluka AG, puriss p.a.; =99.5 mol %), 1-butanol
(Fluka AG, puriss p.a.; =99.5 mol %), and 2,5,8,11-
tetraoxadodecane (Aldrich Chem. Co. Inc; >99 mol %) were
used without further purification. Prior to measurements
the liquids were stored over Fluka molecular sieves type 4
A to reduce any traces of water.

Table 1. Experimental Molar Saturated Heat Capacities,
Csat, at Different Temperatures

Csat/(J-K~1-mol 1)

Csat/(J-K~1-mol~1)

T/IK step scan step scan

Hexane Heptane
348.15 213.72 213.70 245.10 245.30
338.15 210.00 209.72 241.09 241.01
328.15 206.30 205.96 237.11 236.76
318.15 202.62 202.53 233.13 232.68
308.15 198.89 198.70 229.12 228.63
298.15 195.23 195.29 225.10 224.85
288.15 191.27 191.26 220.94 220.73
278.15 187.22 216.57

Decane Dodecane
348.15 340.07 340.28
338.15 335.01 334.69 398.13
328.15 329.96 329.45
318.15 325.00 324.16 386.66
308.15 320.04 319.16
298.15 314.88 314.80 375.76
288.15 309.78 310.13
278.15 304.53 364.38

Toluene Cyclohexane
348.15 172.12 172.27 176.14
338.15 169.15 169.02 171.96
328.15 166.18 166.02 167.96
318.15 163.24 162.85 164.17
308.15 160.22 159.83 160.06
298.15 157.15 157.06 156.09
288.15 154.10 154.12 151.97
278.15 150.80

Methanol 1-Butanol

348.15 93.25 93.43 217.97 217.63
338.15 90.59 90.64 209.54 208.88
328.15 88.06 88.06 201.06 200.39
318.15 85.68 85.65 192.78 192.05
308.15 83.42 83.37 184.81 184.12
298.15 81.26 81.36 177.21 177.06
288.15 79.24 79.41 170.34 170.44
278.15 77.30 163.68

Experimental Results

With the aim of checking our new heat capacity cells and
the experimental technique, saturated heat capacities of
several pure organic liquids (hexane, heptane, decane,
dodecane, cyclohexane, toluene, methanol, and 1-butanol)
have been measured in the temperature range (5 to 75) °C
by the scanning and/or step-by-step methods. Furthermore
the excess heat capacities of the liquid mixtures (benzene
+ cyclohexane) at (25, 35, and 45) °C and (2,5,8,11-
tetraoxadodecane + dodecane) at (25, 45, and 65) °C with
the step-by-step procedure have been measured. The tem-
perature intervals have been selected so as to be able to
compare the main part of our results with the literature.
For the mixtures studied, only direct experimental data of
c,'f at 25 °C can be found in the literature; nevertheless,
for the (benzene + cyclohexane) mixture, there exist excess
enthalpy data?® measured with great care at different
temperatures which enable us to calculate the CE(T). The
reported values with the step-by-step method correspond
to the average of six consecutive experimental determina-
tions, with heating and cooling, alternatively.

The experimental values of the saturated heat capacities
of the organic liquids are presented in Table 1. For each
pure liquid and each method of measurement, a polynomial
function

Coad (3K 1-mol ™) = a, + a, T/K + a,(T/K)? + ay(T/K)?
(6)

was used to correlate the experimental values of ¢ with
temperature using the method of least-squares with all
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Table 2. Parameters a; of Eq 6 and Standard Deviations, s

liquid method ap ay ar as J-K~L:mol~t
hexane step —190 2.9 —0.007 9 0.000 008 1 0.04
scan 84.9 6.554 0.17
heptane step —140 2.7 —0.007 0 0.000 007 2 0.02
scan 140 0.16 0.000 39 0.09
decane step 148 0.61 —0.000 16 0.07
scan 280 -0.23 0.001 14 0.13
dodecane step 208.5 0.561 0.17
toluene step 46 0.44 —0.000 22 0.05
scan 103 0.07 0.000 36 0.07
cyclohexane scan 36.6 0.4006 0.09
methanol step 73.2 —0.155 0.000 611 0.018
scan 99 —0.318 0.000 87 0.02
1-butanol step 640 —54 0.018 —0.000 017 0.09
scan 970 —-8.2 0.026 —0.000 025 0.09
Table 3. Experimental Excess Molar Saturated Heat 450 F
Capacities, c,,, at 298.15, 308.15,and 318.15K of the Dod
Benzene (1) + Cyclohexane (2) System 400 | J;o“m
T=298.15K T=30815K T=31815K - /D/ W Decanc
—~ 2 [ 1
CEat CSI,Eat Csl,zat I_o' M
x1  JKImol'l! x;  JKIlmoll x; JKlmoll f 3001 ¢
0.1044 —-1.01 0.1040 —0.88 0.1040 —0.83 é 250 n-Heptane |
01997  —1.84 01995 -163 01995  —1.57 3 Mw&’ﬁ“
0.2934 —2.37 0.2984 —2.30 0.2984 —-2.21 * 200 | M ]
0.3995 —2.72 0.3968 —2.70 0.3968 —2.57 Cyclohexane
0.5004 —291 0.4979 —2.84 0.4979 —2.71 M
0.5969 —2.82 0.5982 —2.80 0.5982 —2.66 150 &
0.7034 —2.60 0.7017 —2.43 0.7017 —2.29
0.8022 —2.09 0.8063 —-1.81 0.8063 —1.69 100 ' : : : :
0.8979 —1.18 0.8979 —1.15 0.8979 —1.05 270 280 290 300 310 320 330 340 350 360

Table 4. Experimental Excess Molar Saturated Heat
Capacities, ct,,, at 298.15, 318.15, and 338.15 K of the
2,5,8,11-Tetraoxadodecane (1) + Dodecane (2) System

T =298.15 K T=318.15K T =2338.15K
X1 J-K~L:mol—t X1 J-K~L:mol—t X1 J-K~L-mol-t

0.0529 —1.45 0.0529 —-1.10 0.0529 —-1.01
0.1014 —2.09 0.1014 —1.94 0.1014 —1.86
0.1564 —2.28 0.1564 —2.24 0.1564 —-2.29
0.2073 —1.55 0.2073 —2.21 0.2073 —2.48
0.2972 0.09 0.2972 —-1.27 0.2972 —-1.96
0.4065 2.45 0.4065 —0.08 0.4065 -1.17
0.4562 3.42 0.4562 0.50 0.4562 —-0.75
0.4970 3.86 0.4970 0.72 0.4970 —0.70
0.5470 3.66 0.5470 0.82 0.5470 —-0.52
0.5956 3.39 0.5956 0.54 0.5956 —0.68
0.6567 2.39 0.6567 0.08 0.6567 —-0.94
0.7524 0.92 0.7524 —0.48 0.7524 —-1.09
0.8007 —0.18 0.8007 —1.05 0.8007 —1.49
0.8497 —0.45 0.8497 —-0.81 0.8497 —-1.03
0.8979 —0.42 0.8979 —0.57 0.8979 —-0.73
0.8956 —0.48 0.8956 —0.63 0.8956 —-0.79
0.9495 —0.48 0.9495 —0.39 0.9495 —0.48

points weighted equally. The number of coefficients used
in eq 6 for each fitting was determined by applying an
F-test. Table 2 gives the coefficients a; together with the
standard deviations s defined as

N
s =Y (€ — & )?/(N — n)]? (7)

where N is the number of experimental values and n is
the number of adjustable parameters.

Binary mixtures were prepared by mass. Caution was
taken to prevent evaporation. The uncertainties in the mole
fractions are estimated to be less than 0.0001. Conversion

T/K

Figure 2. Saturated heat capacities of normal alkanes or cycloal-
kane as a function of temperature: O, experimental data (step-
by-step method); A, experimental data (scanning method); O,
literature values?® at 298.15 K. The full curves represent the
smoothing of eq 6 with the coefficients of Table 2.

Table 5. Parameters Aj and Standard Deviation, s, for
the Redlich—Kister Eq 8 Corresponding to the Excess
Molar Saturated Heat Capacities, ct,,, for the Benzene (1)
+ Cyclohexane (2) System at Different Temperatures

S

T/K A1 Az Az Ay As J-K~t:mol?
298.15 -—11.48 -1.2 -41 —-03 54 0.03
308.15 —1144 -1.20 1.0 0.04
318.15 —-1091 -—-0.90 1.4 0.04

Table 6. Parameters A; and Standard Deviation, s, for
the Redlich—Kister Eq 8 Corresponding to the Excess
Heat Capacities, c5,,, for the 2,5,8,11-Tetraoxadodecane
(1) + Dodecane (2) System at Different Temperatures

S

T/IK A1 Az Az As As J-K~1:mol~1
298.15 14.8 8.2 —70 4 37 0.14
308.15 2.8 5.7 —45 4.4 29 0.10
318.15 —25 5.0 —33 3.2 23 0.10

to molar quantities was based on the relative atomic mass
table of 1985 issued by IUPAC.20

The experimental excess molar saturated heat capacities
of the systems (benzene + cyclohexane) and (2,5,8,1-
tetraoxadodecane + dodecane) are reported in Tables 3 and
4, respectively. The Redlich—Kister smoothing equation

k
CE /(K mol ) = x,(1 - x) Y A2x, — 1)’ (8)
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60 1 . . 1
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Figure 3. Saturated heat capacities of methanol, 1-butanol, and
toluene as a function of temperature: O? experimental data (step-
by-step method); A, experimental data (scanning method); O,
literature values? at 298.15 K. The full curves represent the
smoothing of eq 6 with the coefficients of Table 2.

0.0
0,5+
10
k=
E a5t
e
=)
W 20F
3
&
25 i
3.0
35 L L ‘

00 01 02 03 04 05 06 07 08 09 1.0

x7

Figure 4. Excess heat capacity, csEat, of the system benzene (1) +
cyclohexane (2) at 298.15 K: @, experimental data (this work); A,
literature values;?2 O, literature values.?! The full curve represents
the smoothing of eq 8 with the coefficients of Table 5.

where x; is the mole fraction of benzene or 2,5,8,1-
tetraoxadodecane, respectively, was fitted to the measure-
ments by the method of least-squares with all points
weighted equally. The coefficients A; together with the
standard deviations s, defined as before, obtained in the
regression for each system and temperature are shown in
Tables 5 and 6. The F-test has been employed to determine
the number of coefficients.

Graphical representations of our measurements of satu-
rated heat capacities, Csa, Of pure liquids according to
temperature, with the two experimental procedures, are
given in Figure 2 for alkanes or cycloalkane and in Figure
3 for methanol, 1-butanol, and toluene. The literature
value?? at 298.15 K and the values (full line) given by eq
6 with coefficients of Table 2 have been also represented.

0.0

05 %

20

Cyat E/(J-K“-mol")

301

35 . . . . .
00 01 02 03 04 05 06 07 08 09 1,0

x]
Figure 5. Excess heat capacities, csEat, of the system benzene (1)
+ cyclohexane (2): O, 298.15 K; A, 308.15 K; 0, 318.15 K. The
full curves represent the smoothing of eq 8 with the coefficients
of Table 5.

Csat E/(J-K"-mol")

3 L
00 01 02 03 04 05 06 07 08 09 1,0

x1

Figure 6. Excess heat capacities, ct,,, of the system 2,5,8,11-
tetraoxadodecane (1) + dodecane (2): @, 298.15 K; A, literature
values;® <, literature values.?* The full curves represent the
smoothing of eq 8 with the coefficients of Table 6.

In Figure 4, the excess heat capacities of the system
(benzene + cyclohexane) at 298.15 K have been represented
along with literature experimental data?-22 for comparison.
Full curves represent smoothing eq 8 with the coefficients
of Table 5. In Figure 5, all our experimental measurements
of that mixture at the temperatures (298.15, 308.15, and
318.15) K with the corresponding smoothing curves have
been collected.

In Figure 6, the excess heat capacities of the system
(2,5,8,11-tetraoxadodecane + dodecane) at 298.15 K are
presented along with literature experimental data?324 for
comparison. Full curves represent smoothing eq 8 with the
coefficients of Table 6. In Figure 7, a graphical representa-
tion of all our experimental measurements of that mixture
at the temperatures (298.15, 318.15, and 338.15) K is given
with the corresponding smoothing curves.
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5

cm,E /(K mol™)

L L L L
00 01 02 03 04 05 06 07 08 09 10

x]
Figure 7. Excess heat capacities, ct,, of the system 2,5,8,11-
tetraoxadodecane (1) + dodecane (2): O, 298.15 K; A, 318.15 K;
0O, 338.15 K. The full curves represent the smoothing of eq 8 with
the coefficients of Table 6.

Table 7. Molar Saturated Heat Capacities of Pure
Compounds at 298.15 K and Atmospheric Pressure

molar sat.
heat capacity/(J-K~1-mol~1)

liquid exptl lit.

195.23 195.482
195.673
195.334
224,982
224.76°
224.78%
314.542
315.467
314.218
375.70°
376.0010
375.2611
156.012
156.0312
156.113
135.762
135.70714
135.6415
157.292
157.15%6
157.057%7
methanol 81.26 81.472
81.9218
81.0413
177.082
367.781°

hexane

heptane 225.10

decane 314.88

dodecane 375.76

cyclohexane 156.09

benzene 135.58

toluene 157.15

177.21
368.01

1-butanol
2,5,8,11-tetraoxadodecane

Discussion

To assess experimental data of the saturated heat
capacities of pure and liquid mixtures measured by means
of the new calorimetric cells, a comparison with literature
values has been done.

Pure Liquids. In general, the best literature values of
heat capacities of liquids have been determined at 298.15
K and atmospheric pressure; for that the cs: values of the
pure liquids studied under those conditions are listed in
Table 7 with some literature values. Agreement between
the two sets of measurements is particularly good. In
Figures 8 and 9 the percentage deviations of our experi-
mental measurements with respect to those proposed in
the literature,? defined as 100(Csat — Ciit)/Csat, @re repre-
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Figure 8. Percentage deviations of the measurements of this work
with respect to the literature?® for the pure liquids hexane,
heptane, decane, dodecane, and cyclohexane as a function of
temperature: O, step-by-step method; A, scanning method.

sented as a function of the temperature. In each diagram
two dashed lines are drawn which correspond to the upper
and lower levels of uncertainty assigned in the reference
cited.

Only in the case of hexane did all the experimental points
show a negative deviation, which may denote a systematic
error. However, we should bear in mind that most of the
experimental points come within the uncertainty interval
(£0.5%) and that the literature monograph?> assigns an
uncertainty of +1% for temperatures over 330 K. In
addition, the temperature interval analyzed in this refer-
ence is wider than ours, and in fact the data covering our
interval generally manifest significant deviation with
respect to the final correlation. This leads us to believe that
the correlation polynomials overestimate the heat capaci-
ties in this temperature range.

For all the other liquids, especially for heptane, which
is one of the better studied liquids, the experimental
determinations of this work are within the uncertainty
interval recommended.?® This very close concordance with
the data recommended in the above-mentioned monograph
gives us confidence in our measurement methods.
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Figure 9. Percentage deviations of the measurements of this work
with respect to the literature?® for the pure liquids methanol,
1-butanol, and toluene as a function of temperature: O, step-by-
step method; A, scanning method.

It is also observed that, in the case of pure liquids, there
is no significant difference between the data measured with
the step-by-step method and those determined by the
scanning method.

Liquid Mixtures. Figure 4 shows the experimental data
of the excess heat capacity, cSEat, of the system benzene (1)
+ cyclohexane (2) at 298.15 K, with those of the litera-
ture,2t22 and the smoothing of eq 7 (full curve) with
coefficients of Table 5. Although a determination by the
scanning method was attempted, it was not possible to
obtain acceptable values. The data correspond to the
average of six consecutive experimental determinations. It
can be observed that there is very close agreement between
our determinations and the values of the bibliography.

Measurements at the temperatures 308.15 and 318.15
K, for which no direct experimental determinations exist
in the bibliography, have also been carried out and are
represented in Figure 5. It is possible to calculate CE(T)
from very precise excess enthalpy measurements at dif-
ferent temperatures?® for comparison. Our results at the
two temperatures differ less than 2% in the central range
of concentration, which is very satisfactory.

Experimental determinations of the ct, of the system
2,5,8,11-tetraoxadodecane (1) + dodecane (2) have been
performed at 298.15, 318.15, and 338.15 K; this exhibits a
W-shape, and its determination is consequently dependent
upon a good calorimetric measurement system. In Figure
6, a comparison is made between the values obtained at
298.15 K and those of the literature.2324 It can be seen that
there is a discrepancy in the maximum and the two
minimum areas. The quality and sensitivity of the equip-
ment employed and the conditions at which the experi-
ments have been carried out—the fact that each experi-
mental point of the graph actually represents the mean of
eight independent determinations with minimum disper-
sion (and always less than the difference with data in the
bibliography)—give us complete confidence in our experi-
mental measurements.

Finally, in Figure 7 the c,, values are presented at the
three temperatures and the variation in this function can
be observed. In the three cases, the characteristic W curve
is found, where the maximums decrease and the two
minimums approach each other as the temperature in-
creases and moves away from the critical point of phase
separation.

Conclusions

The new “batch” cells for a Micro DSC (Setaram)
presented in this work have been designed to avoid any
leakage during measurement. With the step-by-step and
the scanning methods, many heat capacity experimental
determinations of several pure organic liquids and binary
organic liquid mixtures over wide temperature ranges have
been carried out. A very close concordance with the
literature values has been obtained, which proves their
suitability for these kinds of measurements even with
volatile liquids.
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