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A method was developed for calculating the difference Acp between molar heat capacity of liquid
c}, and of ideal gas c%" from the temperature dependence of heat of vaporization. By an a priori
analysis the maximum error of the calculation procedure was determined. The exploitation of the
method was demonstrated on a group of 20 saturated hydrocarbons. Besides these Acp values,
the data on c,‘, and cg" were calculated in the regions where no experimental data are available,
by combining Acp with the experimental values of molar heat capacities.

The difference between the molar heat capacity of liquid cp and the molar heat
capacity of ideal gas ¢§’ is a thermodynamic quantity (denoted henceforth as Acy)
important for the thermodynamic description of vapour-liquid phase equilibrium.
This quantity is useful when calculating the enthalpy balances of some engineering
processes, it can be used further for mutual conversions between the molar heat
capacity of liquid and that of ideal gas. The quantity Acp has a close relation to the
temperature derivative of heat of vaporization. In chemical-engineering relations
for estimating cj on the basis of the knowledge of ¢f°, however, the value Acp is
usually calculated from the second-order derivative of saturated vapour pressures
with respect to temperature®. Such a procedure is numerically badly stable and the
calculation is usually subject to a considerable error. The calculation of Acp directly
by using the temperature dependence of heat of vaporization, however, has not been
applied yet above all for considerable lack of accurate experimental data on heat
of vaporization which would enable to determine the derivative of heat of vaporiza-
tion with respect to temperature with sufficient accuracy. In our laboratory we have
been dealing for several years with the accurate measurements of heats of vaporiza-
tion in their dependence on temperature. Therefore we decided to develop a method
allowing to exploit these data for the determination of Acp. The aim of this paper is
to test the chosen method, to judge its accuracy, reliability and to delimit the region
in which its reasonable application is possible. The calculations of Ac, were de-
monstrated on a group of saturated hydrocarbons (16 aliphatic and 4 cyclic) C5—C8.

* Part XIII in the series Enthalpy Data of Liquids; Part XIII: This Journal 44, 637 (1979).
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Hydrocarbons are very suitable for the first test of the method proposed because
accurate data on heat of vaporization are available for them, it is possible to express
comparatively easily the P-V-T behaviour of these substances and for some of them
also experimental values ¢&* and cj may be found in the literature which can be
employed for the comparison of Acp calculated from heats of vaporization with
the values determined from experimental molar heat capacities.

THEORETICAL

The change of heat of vaporization with temperature along the line of saturation
(pressure and temperature are bound by the Clapeyron equation and designated
by subscript (7) can be expressed by the following way

(8 AH,JOT), = (9HY0T), + (0H|OP) (9P[OT), +
— (8H"[T)p — (9H[2P); (8P|0T), , (1)

and by rearranging we obtain the relation

(0 AH,JOT), = c& — i + AH,T[1 — T((aV%}aT), +
— @V [aT)p)(ve — V1)]. )

Considering that it holds

P
g — = —Tf (0*V¥oT?)p dP, .3

N B

it is possible by combining Eqs (2) and (3) to attain the expression giving the dif-
ference of molar heat capacity of liquid and ideal gas in the form

b — o = —(2 AH,[OT), + AH,[T(1 — T((8V*[aT) +
P

—@VaT))(ve — V) - TJ (6*v¥eT?),dP. )

°

The accuracy of the first member on the right-hand side of Eq. (4) usually above
all conditions the success of calculation and for simplicity it will be denoted further
as DH,. The values of next two terms increase with increasing non-ideality of the
vapour phase and in further text they will be denoted as correction terms D, and D,.
Then holds ’

Acp = —DH, + D, + D, . ©)
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To express the first member DH, the data on temperature dependence of heat
of vaporization were used which were published in the foregoing part of our series?.
The given data set was obtained on the basis of critical analysis of literature values
and of the results obtained recently in our laboratory. The data were selected which
were considered to be the most accurate. In some cases the data of several authors
were combined to attain wider temperature range and to diminish the probability
of occurrence of systematic errors. The data were correlated by the Thiesen relation

AH, = K(1 — T)F. (6)

In Table I, the values of constants of the Thiesen correlation relation K(kJ/mol)
and o are given for the substances investigated together with the temperature ranges
within which they hold. We assume that it is possible to determine heat of vaporiza-
tion with an accuracy of 0-2%; in terms of the given constants in the respective tempera-
ture ranges.

It is evident from Eq. (4) that for determining the correction terms D; and D,
it is necessary to estimate as well the P-V-T behaviour of the liquid and above
all of the vapour phase. Considering that temperatures within the range of 0 to 100°C
and pressures altogether lower than 150 kPa are concerned in this work, the virial
expansion truncated after the second virial coefficient was used to express the P-V-T
behaviour of the vapour phase. Attention was paid to the choice of suitable relation
for the second virial coefficient which would make it possible to express with suf-
ficient accuracy above all the first- and second-order derivative of volume with
respect to temperature. The fact that the results can be influenced to a considerable
extent by the use of virial expansion explicit in pressure or volume has been discussed
before®. It was found by an analysis carried out by us that in the given case it is
most advantageous to make use of the pressure-explicit form of virial equation where
the value of second virial coefficient is determined according to Pitzer and Curl*.
This estimation relation is especially advantageous for our case because when eva-
luating constants of this equation, experimental data on pressure dependence of c§
of some hydrocarbons had been used, too.

_ To express molar volume of the liquid phase the Rackett equation® was used

Vl - (RTC/PC) z£1+(1—7'(]0-2557|], (7)
(0V*[oT)e = —0-28571V  In (V') (1 — T,)****" (T, - T). (€)]
The terms in Eq. (5) can be then expressed as follows:

DH, = —a AH[(T, - T), ©
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D, = AH,JT{l — T[R[P + dBJdT — (aV'[oT),)J(RT/P + B — V1)}, (10)
D, = —TP(d*BJdT?). (11)

Possibilities of the method proposed were first justified on the basis of an a priori
estimate of possible error in calculated values of Acp. For such an estimation it is
necessary to know at least approximately the magnitude and error of the three
members occurring on the right-hand side of Eq.(5). The terms DH,, D, and D,
and the final values of Acp for normal hydrocarbons in their dependence on tempera-
ture are given in Table II for illustration. It clearly follows from the table that the
importance of estimated terms D, and D, increases with rising temperature so in-
creasing also the inaccuracy in Acp. Heats of vaporization are known for most
substances in the range not exceeding very much the temperature of normal boiling

TasLE 11
Members of Eq. (5) in Dependence on Temperature for Normal Hydrocarbons (J mol™! K™H

Temperature

o DH, p, D, -k

Pentane

10 —54-9 — 85 2:4 48-8

40 —61-2 —14-9 41 50-5

70 —70-0 —229 64 53-5
Hexane

10 —54:1 — 47 1-4 50-8

40 —59-2 - 93 2:6 52:5

70 —65'8 —159 43 54-2
Heptane

10 —572 — 25 07 555

40 —61-7 — 56 1-6 577

70 —67-2 —10-6 2:9 596
Octane

10 —61-0 — 12 0-4 60-1

40 —651 -~ 33 09 62:7

70 —70-1 — 69 19 65-0

Collection Czechoslov. Chem; Commun. [Vol. 44] [1979]



1692 Majer, Svoboda, Pick

point. To estimate the maximum error it is therefore possible to start from the magni-
tude of values of input properties in the vicinity of normal boiling point. For the
maximum error of Acp then holds

8Acp = 8 DH, + 6D, + 8D, . (12)

The error in AH, was estimated at 0-2 and therefore we can assume that the relative
error 6, DH, in the derivative of heat of vaporization will be about 0-5%; for an aver-
age value DH, = 66 J mol™* K~ ! the absolute error will be then about § DH, = 0-33
J mol™! K~!. When estimating the error of the member D, we can consider as typical
the following values of input properties (in parentheses the estimated inaccuracy
in per cent is always given): B = —1300cm®mol~! (10%), dB[dT = 10cm®.
.mol™' K™* (15-20%), V' = 150 cm® mol~* (3%), (6V*/6T)s = 0-2 cm® mol ™" .
JK! (6%), T = 340 K. Under these circumstances the relative error 4,D, is then
about 14% and for an average value of D, = 16 J mol™* K~! the upper limit of error
is 6D, = 22T mol™! K~!. By comparing the values of the member D, calculated
according to Eq. (II) with the experimental data on ¢§ — c§* given by Waddington
and coworkers for some of substances investigated it followed that the error 4,D,
did not exceed 20%; for a typical value of D, in the vicinity of the temperature
of normal boiling point equal to 4 J mol™! K™ ! it is to be expected that 6D, = 0-8
Jmol™! K71

By adding the individual absolute errors of members of Eq. (12) we get 6 Acp = 3-3
Jmol™! K™!, Assuming that Acy is on the average 54 J mol~* K ™! it is then an error
approximately 6%. In this connection it is necessary to emphasize that the error
determined by this a priori analysis is the upper limit of the error which may occus
Jjust under the assumption that all inaccuracies of input quantities will sum up in one
direction. With regard to a considerable number of input data it is, however, very
little statistically probable. In reality practically always a compensation of some
inaccuracies occurs and the results are generally subject to a lower error. The error
also decreases substantially with decreasing temperature owing to the decreasing
significance of the terms D, and D,. In the region about the pressure of saturated
vapour equal to 50 kPa, the maximum limit of the error determined by the above-
mentioned way is already & Acp = 1:9Jmol™* K™, §, Acp, = 3-5%. When the
value of Ace is employed for calculating c§'(c}) on the basis of knowledge of experi-
mental values c3(c§°) the inaccuracy in the value Acp can cause a maximum error
in cg(cp) 2% (1:5%). We assume that for temperatures about normal boiling point
the values c&° = 160 Jmol™* K~! and ¢} = 210 Jmol~* K~! are typical of the
set of substances investigated.
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RESULTS

The results of calculating the difference between molar heat capacity of liquid and
ideal gas Acp are summarized in Table I in the form of constants of the correlation
polynomial Acp = Ky + K, T + K,T? + K, T (Jmol~! K™!). The values Ac; cal-
culated from the temperature dependence of heat of vaporization are compared in
Table 111 with the values determined from the experimental molar heat capacities
cp and ¢f°. The comparison was carried out for those substances for which a tem-
perature range exists where the heats of vaporization and experimental values of
¢ and cf° are known simultaneously or their slight extrapolation is sufficient. In
the second and third column, the absolute average deviations § Ac, and the relative
average deviations &, Ac, of calculated values of Acp from experimental ones are
given together with the temperature ranges where the comparison was carried out.

By combining the values Acp determined from the temperature dependence of heat
of vaporization with the experimental values of ¢ and cp and on using the relations
cp = 8%, + Acp and ¢ = cpg,, — Acp, the data on ¢; and c§° were obtained
which reach to the temperature regions where no experimental data are known. The
results are summarized in Table IV for all the set of substances investigated in the
form of constants of the correlation polynomial ¢, = Kg + KT + K, T2 1f the values
of constants of the expansion for ¢} are not given for some substances it means that
no sufficiently accurate values of ¢§> were found in the literature allowing the con-

TasLE 111

Deviations of Values Acp Calculated from Temperature Dependence of Heat of Vaporization
from Values Determined from Experimental Data on ¢} and c§°

Substance Eéfp _ 5,:&‘,, Temp. range of

Jmol™ " K A comparison, °C
Pentane 05 . 09 5— 25
2-Methylbutane 1-0 2:6 30— 40
Hexane 05 0-9 40— 80
2-Methylpentane 07 13 35— 45
3-Methylpentane 0-2 0-4 40— 50
2,2-Dimethylbutane 15 32 40— 50
2,3-Dimethylbutane 33 67 35— 55
Heptane 2-8 48 70—100
2,2,3-Trimethylbutane 11 2:3 40— 60
Cyclopentane 09 2-1 35— 45
Methylcyclopentane 0-2 05 40— 50
Cyclohexane 1'3 28 85— 95

Collaction Czachoslov. Chem. Commun. [Vol. 44] [1979]



1694

Majer, Svoboda, Pick :

TabLE IV

Constants of Correlation Polynomial for Calculated Values of cpa ¢% (J mol "' K™1)

Substance

Pentane

2-Methylbutane

Hexane

2-Methylpentane

3-Methylpentane

2,2-Dimethylbutane

2,3- Dimethylbutane

Heptane

2-Methylhexane
3-Methylhexane
2,3-Dimethylpentane
2,2,3-Trimethylbutane

Octane
2-Methylheptane
4-Methylpentane
2,2,4-Trimethylpentane

Cyclopentane

Methylcyclopentane

Cyclohexane

Methylcyclohexane

Value

Ko

47-3947
162:276

43-0877
35636

58:6759
139-189

55-1935
45-5708

51-04
45-1912

442829
29-8659

44-4538
945522

63-9054
155-865

154-341
342-879
237-202

52:2595
47-3591

183-487
82:9531
113-586

—153-785

6:08292
0-462498

21-7152
77-8392

51-8587
63:2925

116-882

408:571
646132

410
276935

453-219
281-748

462667
328-333

462969
325-413

480-001
8469

467-857
- 9-08899

526:787
211-449

— 287-067
—1639-63
882-838

535667
395-667

217-566
361:711
99:0779
187802

402725
280133

453-992
90:8065

364-881
10-8584

230-786

Temp

K3 .10°  range, Ref.
°C
25— 55 6
168835 s— 55 7
30— 40 8
—5— 40 9
40— 90 10
1000 5— 85 7
35— 75 11
10— 45 12
40— 85 11
5— 50 12
40— 60 10
904748 10— 50 12
40— 170 11
591-193 10— 55 12
65—100 13
847824 5—100 7
109963 s— 45 14
349359 5— 45 1S
216663 5— 40 15
40— 80 13
25— 65 14
812725 5—100 7
5— 60 16
532024 5— 60 16
—2451'6 5— 60 16
35— 60 17
15— 45 18
40— 85 17
683198 10— 50 18
80—100 19
571-929 5—100 20—22
10059  5— 55 23
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version mentioned. In other columns, the temperature ranges are given in which the
constants hold and references from which the experimental values of c%‘fﬁxp(c;,hp)
for calculation of cp(c§’) were taken over.

DISCUSSION

‘When judging the applicability and accuracy of the method developed it is necessary
to take into account the present state of our knowledge of experimental molar heat
capacities of liquids and gases. The up-to-date adiabatic calorimetry is able to provide
values of molar heat capacities of liquids within the range from very low tempera-
tures up to a temperature 20— 30°C below normal boiling point with an accuracy bet-
ter than to 0-5%, the best laboratories report even the error lower than 0-2%. In the
vicinity of the temperature of normal boiling point, however, the scattering of values
given for the same substance by different authors is usually considerable (often 1 —2%).
The experiments are commonly, in the region of higher saturated vapour pressures,
subject to systematic errors usually due to evaporation effects. The values of molar
heat capacities of ideal gas are most often determined by calculating from spectra;
however, these data do not often correspond to the real values of c¢§* because even
for not too complicated molecules it is not possible to determine and resolve all
fundamental vibrations and to establish the values of energy barriers which influence
the value of gas molar heat capacity especially in the region of lower tempera-
tures. The direct calorimetric determination of ¢§° by extrapolating molar heat
capacities measured at several pressures to the value of zero pressure is experimentally
rather troublesome. Some authors attain the accuracy of as much as 0:2%; by elaborat-
ing this method; however, small number of systems in not too wide temperature
ranges has been measured in this way for the present and generally the values of ¢}’
determined from spectral data are preferred. It follows unambiguously from the Tou-
loukian and Makita critical compilation’, summarizing all the data on molar heat
capacities of 55 industrially and theoretically important substances, that at high
temperatures the agreement among the authors reporting ¢’ of organic substances
is usually good but at temperatures around normal boiling point the scattering is
always 3 —49%; and with decreasing temperature it has yet increasing trend.

It follows from the above-mentioned facts that the values Acp determined from
experimental values of molar heat capacities can be liable to a considerable uncertainty
(several per cent) which can strongly exceed the sum of errors in molar heat capacity
of liquid and gas given by authors. Under these conditions it is then possible to
consider the values of Acy calculated from the temperature dependence of heat of va-
porization, as very good. This confirms also the altogether satisfactory agreement
of experimental and calculated values of Acp.

If the values Ac, are calculated from heats of vaporization by the way indicated
they can be easily used for conversions between molar heat capacity of ideal gas

Collection Czechoslov. Chem. Commun. [Vol. 44} [1979]



1696 Majer, Svoboda, Pick ¢

and liquid. It enables an advantageous estimate in the regions where one of the
quantities mentioned is experimentally accessible with difficulty while the second
is known with sufficient accuracy. The concrete calculations and the presented survey
of the contemporary knowledge of experimental ¢, data indicate under which circum-
stances is advantageous to exploit such a type of conversions. The combination
of Ac, with an experimental value of cj is suitable for estimating ¢%° at temperatures
far below the temperature of normal boiling point because the values of molar
heat capacity of liquid are known here with sufficient accuracy, while it is not pos-
sible to obtain here reliable data on c§°. On the other hand the calculation of cp
on the basis of combination of Acp with experimental value of c§’ can be used at tem-
peratures around normal boiling point where the determination of molar heat
capacity of liquids is complicated and of little reliability.

LIST OF SYMBOLS

B second virial coefficient

Cp molar heat capacity at constant pressure

Acp difference between molar heat capacity of liquid and ideal gas
D,, D, corrrection terms defined by Egs (0) and (11)

DH, deivative of heat of vaporization with respect to temperature
H molar enthalpy

AH, heat of vaporization

K adjustable constant of Thiesen relation

Ko, — K, adjustable constants of polynomial for expressing Acp

Ky — Kj adjustable constants of polynomial for expressing cp

pressure

gas constant -
temperature (K)

molar volume

compressibility factor .

adjustable constant of Thiesen relation

absolute deviation

average absolute deviation

relative deviation

average relative deviation

<N=®Y

Ul W™ RN

Indices

c critical property

g vapour property

go ideal-gas property

I liquid property

r reduced quantity

o change along saturation line
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PN NV N R N

18.
19.
20.
21.
22,
23.
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