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Abstract

The heat capacities of various liquids were determined with a high precision using differential scanning calorimetry. The
calibration and measurement procedures, as implemented on a Setaram Micro DSC II calorimeter based on Calvet’s
differential detection of the heat flow rate in the measuring and reference vessels are analysed and discussed. An experimental
procedure for determining heat capacities based on the scanning method is proposed. Calibration is done with liquids of
known heat capacity. The proposed method was checked against various standard liquids. The results of ensuing scanning
method are compared with those obtained by using the isothermal step method. © 2000 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Heat capacity is a macroscopic quantity related to
microscopic properties of substances; knowledge of
the heat capacity of liquids over a wide temperature
range is of thermodynamic interest, and it provides
information about molecular structure in the liquid
state. The experimental measure of this quantity is the
isobaric heat capacity, C,,. Measuring this quantity in a
precise manner is highly desirable with a view, for
example, to determining the excess heat capacity of a
binary liquid mixture. As a rule, experimental mea-
surements of Cp, in liquids are subject to a number of
problems largely derived from their volatility. Such
problems are even worse when measurements are to be
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made near the boiling point of the liquid concerned.
Some calorimeters typically used to determine C, in
liquids (e.g., the Picker flow calorimeters) must oper-
ate at near room temperature and are thus, scarcely
flexible as regards temperature adjustment; Picker
flow calorimeters and other ones (e.g., adiabatic
calorimeters) can only operate at a single temperature
in each experiment, so determining the temperature
dependence of the heat capacity Cn(T) is labour-
intensive and time-consuming. Although differential
scanning calorimetry is not a standard technique for
determining liquid heat capacities, it is the most
suitable choice when measurements at a variable
temperature are required. However, most differential
scanning calorimeters lack the resolution needed for
the precise determination of liquid C, values.
Setaram Micro DSC instruments afford the highly
precise measurement of liquid heat capacities over a
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wide temperature range. These calorimeters are
designed in such a way that they minimise most of
the problems encountered in the experimental deter-
mination of C;, in liquids. In this work, a technique for
measuring C,, based on the scanning method (the best
choice for determining C,,(7)) with a Micro DSCII was
developed. The underlying study was focused on
calibration of the calorimetric signal. Although this
is usually based on the Joule effect, calibration with
liquids of known heat capacity was chosen; in that
sense, the recommendations of the GEFTA working
group ‘Calibration of Scanning Calorimeters’ [1-4]
were followed. The general measurement procedure is
described, with emphasis on the different factors
affecting measurements (viz. thermal lag, scanning
rate, interpolated baseline).

The isothermal step method is the recommended
and most widely used choice with this type of calori-
meter on account of its precision. Its foundation is well
documented [5-7], so only a brief description is
provided here as an introduction to the scanning
method. The proposed method was validated by mea-
suring the heat capacity of pure liquids and liquid
mixtures, and also by comparing the results with those
provided by the isothermal step method and with
reported values.

2. Micro DSC II calorimeter

This instrument is described in detail in the litera-
ture [5-9]. Basically, it consists of two differentially
assembled vessels (reference and measuring) accom-
modated in a calorimetric block immersed in a ther-
mostating liquid (undecane) the temperature of which
is controlled via the Peltier effect. This ensures a
highly uniform temperature and very low thermal
inertia, and allows operation in the scanning mode.
The assembly is placed in an inert atmosphere of dry
nitrogen. The temperature is measured near the ves-
sels, inside the calorimetric block. The reproducibility
is +£0.01 K and the operating range is 253.15-
373.15 K. The calorimeter operation is based on Cal-
vet’s principle: the calorimetric signal is the differ-
ential heat flow rate, which is measured by one
thermopile around each vessel. The detection limit
of the heat flow rate ranges from 0.2 to 2 uW, depend-
ing on the particular conditions. This calorimeter

Detection zone

Fig. 1. Scheme of a Setaram liquid heat capacity vessel.

combines the power of differential scanning calori-
metry and the precision of Calvet calorimetry, so it is
suitable for the precise determination of heat capa-
cities over a wide temperature range.

Most of the vessels used in conventional calori-
meters are designed in such a way that a vapour phase
is always present; this calls for measurement correc-
tions. Setaram liquid heat capacity vessels circumvent
this shortcoming by avoiding the presence of the
vapour phase over the liquid (see Fig. 1). Thus, the
calorimeter detection zone is in contact with a small,
constant volume V of about 1 cm® filled with liquid
phase and no vapour phase correction is needed. The
calorimetric signal is proportional to the heat capacity
per unit volume Cl[,V_1 of the unknown liquid; deter-
mining this quantity per unit mass obviously entails
using density data which, in this work, were measured
by means of an Anton—Paar vibrating tube densimeter.
One of the major advantages of the calorimetric
vessels used is that they do not need to be removed
for cleaning (usually by flushing with an organic
solvent); this allows the system geometry to be pre-
served between measurements and calibrations to hold
over long periods.

3. Calibration and measurement

The use of liquids of known heat capacity is the
most suitable choice for calibration in both the iso-
thermal step and the scanning method. The heat
capacity of the sample was obtained in three experi-
ments: in the first (I), both vessels were filled with
heptane (reference sample); in the second (II) and
third (III), heptane was replaced with a reference
material and the sample, respectively, in the measur-
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ing vessel. Experiments I and II, which constituted the
actual calibration procedure, were performed in tri-
plicate under identical conditions. Experiment I
defined the asymmetry of the measuring system;
although this step is usually performed with two
empty vessels, we chose to fill both with heptane in
order to determine the asymmetry in both the vessels
and the effect of the volume difference between them
when filled with liquid. In addition, the reference
vessel held the same liquid in the three experiments.
The reference material used in experiment II, butan-1-
ol, was chosen on account of its well-known heat
capacity and of the fact that CP\Fl for most liquids is
between those of heptane and butan-1-ol (see Table 1),
so the calibration spanned the range of interest; data
for both heptane and butan-1-ol were taken from
literature [11,12]. In each experiment, the temperature
T and the differential heat flow rate dH/dr were
recorded against time .

3.1. Isothermal step method

In this method, a temperature increment of 1 K
centred at the measurement temperature was applied
at a constant rate of 0.2 K min~"'. In order to minimise
the effect of convection currents due to the liquid
phase outside the thermostated zone, a positive and a
negative temperature increment were programmed in

Table 1

Heat capacity per unit volume CPV’1 of various liquids at 298.15 K
Liquid (CV Y IK ' em™)
Toluene 1.472

Hexane 1.485

Benzene 1.518

Heptane 1.526

Octane 1.554

Decane 1.606

Propyl ether 1.609

Methyl acetate 1.802

Propyl formate 1.825

Ethanol 1.914

Propan-1-ol 1.914

Butan-1-ol 1.925

2-Methyl, propan-1-ol 1.948

Nitromethane 1.964

Propan-2-ol 2.010

Butan-2-ol 2.125

# Calculated from literature data [10].

each experiment. The heat capacity of the sample was
computed from the peak areas S, g obtained in I, II,
and III. The peaks were integrated with respect to a
linear baseline joining the isothermal starting and end
lines, using software from Setaram. The isobaric
molar heat capacity C,, , of the sample was calculated
from

PrM((Cpm)rp/Mrm) — PR ((Cpm)r /MR)
Ps

SskR — SRR Pr(Com)r
SrRMR — SRR psMr

(Cp,m)S:MS

(D

where p denotes the density; M molecular weight; and
subscripts S, RM and R properties of the sample,
reference material and reference sample, respectively.

3.2. Scanning method

In this method, the temperature was changed at a
constant rate by heating and cooling in order to
minimise the effect of convection currents. C,, at
the temperature 7 was calculated from

(Cpm)s — Mg |:pRM((Cp,m)RM/MRl\//)I) _PR((Cp,m)R/MR)
S
o ((dH/dt)s g /Bsr)— ((dH /dt)g g /Brr)
((dH/dt)gpr/Brmr) — (dH /dt)g g/ Brr)
Pr (Com)r
0y Mg } )

X +

Again, subscripts S, RM and R denote properties of
the sample, reference material and reference sample,
respectively; f=d7/dr is the scanning rate.

Fig. 2 shows the curves obtained in experiments
(I-1II); data are valid within the range where quasi-
stationary conditions hold, viz. after a time greater
than 10 times the calorimeter’s time constant
(t=60 s), has elapsed. As it can be seen, the isother-
mal starting and end lines coincided in both experi-
ments, so the heat flow rates of Eq. (2) were always
referred to the same baseline.

We examined the difference between the preset
scanning rate, fp., and the true scanning rate, fiye.
Sarge et al. [3,4] found calculating § from pairs of
consecutive 7 and ¢ values to be a more accurate
approach to f,. than was using the preset rate.
Fig. 3 shows the variation of f,. in the course of
an experiment. As it can be seen, the calculated and
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Fig. 2. (—) Differential heat flow rate dH/dt against time ¢ in experiments (I-III); I sample — reference sample, II reference material —
reference sample, I1I reference sample — reference sample, (- - -) temperature program (temperature 7 against f), (— - —) interpolated baseline.

preset values were quite similar, which allows one to
use fpre in Eq. (2).

The scanning rate chosen was neither too low so as
to avoid unduly long experiments nor too high in order
to avoid an excessive thermal lag between the
recorded and real temperatures. Although no signifi-
cant differences are observed using scanning rates
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Fig. 3. Scanning rate f§ against time z. (@) True values; (—) preset
value.

over the range (0.05-0.80) Kmin ', an operating
scanning rate $=0.15 K min~' was chosen. At such
a rate, the thermal lag was about 0.5 K; although this
resulted in no appreciable error in C,;, for pure
liquids, the temperature was calibrated to introduce
an appropriate correction.

4. Results and discussion

Existing uses of Micro DSC calorimeters for mea-
suring C,, in pure liquids and excess molar heat
capacities Cﬁm in liquid mixtures all rely on the
isothermal step method [5-7,13—17]. We used the
scanning method to determine the heat capacities of
seven pure liquids over the temperature range 288.15—
308.15 K; the results were fitted to the following
equation:

Cpm = Ao + AT + A T? (3)

Table 2 gives the values of the A; coefficients and
the standard deviations o; it also contains sources and
purities of the chemicals used; the purities were
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Table 2

Coefficients A; of Eq. (3) and standard deviations ¢ for the isobaric molar heat capacity-temperature relationship of the liquids of this work in

the temperature range (288.15-308.15) K

Liquid Source Purity in % Ao Ay Ay o
Toluene Fluka >99.8 174.37 —0.37529 0.0010689 0.0012
Hexane Fluka >99.5 202.64 —0.38554 0.0012147 0.0004
Octane Fluka >99.5 187.89 0.031196 —0.00064275 0.0007
Decane Aldrich >99.5 252.03 —0.073802 —0.00094751 0.003
Nitromethane Fluka >99.0 —67.534 1.0488 —0.0015667 0.005
Butan-2-ol Aldrich >99.8 -283.66 2.0814 —0.0015822 0.003
2-Methyl, propan-1-ol Aldrich >99.5 74.018 —0.20924 0.0019028 0.00012

determined by g. c. analysis in our laboratory. Fig. 4
compares Cp, n(T) curves obtained for hexane, decane
and toluene with literature data [12,18,19]. As can be
seen, the results are quite consistent as regards both
magnitude and variation with temperature; the average

relative deviation from the experimental values is
about 0.23%.

Table 3 gives the C, ., values for pure liquids as
obtained with both methods (isothermal step and scan-
ning), in addition to literature values [6,10,20-24].
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Fig. 4. Isobaric molar heat capacities C;, ,, against temperature 7. Literature data: (@) toluene [18], (A) hexane [19], () decane [12]. (—)

Values of this work using the scanning method.



42 C.A. Cerdeiriiia et al./ Thermochimica Acta 347 (2000) 37-44

Table 3
Isobaric molar heat capacities C,, of the liquids of this work at the temperature T
Liquid T (K) Copm G Kmol™)
Scanning method Isothermal step method Literature
Hexane 298.15 195.66 195.48 [10], 195.76 [20], 195.80 [21]
Octane 298.15 254.33 254.15 [10]
Decane 298.15 314.26 314.14 314.54 [10]
Toluene 298.15 157.49 157.29 [10], 156.88 [6], 157.026 [22]
Nitromethane 288.15 104.58 104.54
293.15 105.29 105.32
298.15 105.90 105.90
308.15 106.89 106.88 107.03 [10]
Butan-2-ol 288.15 184.72 184.65
293.15 190.52 190.46
298.15 196.26 196.21 196.67 [23]
308.15 207.47 207.41
2-Methyl, propan-1-ol 288.15 171.72 171.71
293.15 176.20 176.20
298.15 180.78 180.77 181.00 [10], 181.05 [24]
308.15 190.22 190.25
240 — . : .
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Fig. 5. Isobaric molar heat capacities Cj, , against temperature 7. Isothermal step method: (@) nitromethane, (A) butan-2-ol, (Ill) 2-methyl,
propan-1-ol. (—) Scanning method.
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Excess isobaric molar heat capacities C&m for x nitromethane+(1—x)butan-1-ol

x T (K) CE, UK "mol™")
Scanning method Isothermal step method
0.05763 288.15 3.34 3.44
293.15 3.38 3.52
298.15 3.39 3.50
308.15 3.32 3.37
0.10652 288.15 5.72 5.72
293.15 5.78 5.80
298.15 5.78 5.77
308.15 5.59 5.52
0.94641 288.15 1.22 1.32
293.15 0.96 1.13
298.15 0.71 0.88
308.15 0.23 0.39

Results from both methods agree closely with litera-
ture values. The average relative deviation between
the results of both methods was about 0.02%:; there-
fore, both lead to very similar results (see also Fig. 5).

One appropriate test for validating the scanning
method was to determine the ngm of binary liquid
mixtures. Table 4 shows the results obtained for three
different mixtures and those provided by the isother-

Cct 7 JK ' mol’

om
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Fig. 6. Excess isobaric molar heat capacities Cgm for x nitro-
methane+-(1—x)butan-1-ol against temperature 7. Isothermal step
method: (@) x=0.05763, (A) x=0.10652, () x=0.94641, (—)
scanning method.

mal step method. As can be seen, the data are quite
consistent, so the scanning method is precise enough
for the reliable determination of Cl}im values (see Fig.
6). Based on these results, the precision of the scan-
ning method is essentially identical with that of the
isothermal step method.

5. Conclusions

As shown in this work, Micro DSC calorimeters are
suitable for the precise determination of liquid heat
capacities with the advantage over other alternatives
(e.g., Picker flow calorimeters) that they afford con-
venient operation over wide temperature ranges in a
simple manner. Also, a small amount of sample is
required in contrast to the large amounts in adiabatic
calorimetry. The precision of the scanning method is
identical to that of the isothermal step method, which
is much more time-consuming.

In future work, the scanning method will be applied
over a broader temperature range. In addition,
attempts will be made at improving both temperature
and heat flow rate calibrations by using a more com-
prehensive set of standard reference substances.
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