SURVEY

CRITICAL PARAMETERS OF PURE SUBSTANCES.
I. HYDROCARBONS

E. S. Barkan ‘ UDC 542.3

The solution of a number of theoretical and applied problems in thermophysics and ther-
modynamics requires reliable values for the critical parameters of individual substances,
since the accuracy of these values in many cases significantly affects the results obtained.
Unfortunately, in many handbooks and monographs [1-3], the magnitudes of the critical param-
eters are presented based either on old data or on simple averaging without taking into
account the method by which they were obtained, the quality of the apparatus used, the cali-~
bration of the apparatus, etc. Naturally, these values have low accuracy.

Work on the determination of the critical properties of many organic substances pub-
lished prior to 1968 was reviewed by Kudchadker, Alani, and Zvolinskii [4]. Subsequently,
the values of the critical parameters recommended in this work were included in the handbook
[5], the data in which is used most often. However, first of all, the experimental data
presented were not analyzed in [4] and the tabulated values cannot always be assumed to be
the best and, second, over the last 13 years, a large number of new works have appeared in
which, based on very careful and precise measurements, the values of the critical parameters
of various substances were determined again, permitting refinement of the old results. At
the same time, in some cases, the new data for the same substance agree, while in other
cases they do not agree. Since all of these data are widely spread out in the literature
and in many cases are not well known, we felt that it would be useful to collect them in one
place and to present a detailed analysis establishing the most accurate presently available
values of the critical parameters, In the present work, we will examine the results for
sixteen basic, technically important hydrocarbons.

Experimental Data. In accordance with the problem stated, only works published after
1968 are included in the analysis (Tables 1-7). In all cases, for comparison, data obtained
by Kudchadker and others [4] are presented. In choosing the values of the critical density,
preference was given to quantities found with the help of the rectilinear diameter law. This
method has been repeatedly critized and some investigators even assumed that precise values
cannot be obtained with this method [6-8]. However, new experiments, conducted in recent
years with great care [44, 55, 59], did not confirm these objections and, recently, based on
the mechanostatistical theory, we gave a rigorous proof of this rule [9]., The main and
extremely important advantage of this method is the fact that it is not necessary to make
measurements directly at the critical point and in a small region around 1it, where the complex
problem of taking into account the effect of gravitational forces, small concentrations of
impurities, and so on arises, which greatly affects the accuracy of the final results.

Methane. The data in all works, with the exception of [10], obtained by different methods,
almost completely agree with each other and have high accuracy. The value of T, obtained by
Jansoone et al. [1l] is 0.03°K lower than subsequent measurements. However, it was obtained
using IPTS-48, while the others were obtained using IPTS-68. When we transform to this scale,
we obtain 190,.53°K, 1.e., we have complete agreement (Table 1).

Ethane. All values of T¢ within the limits of the total error agree with one another
and have the required accuracy (Table 2).

The values of P,, found by Khazanova and Siminskaya [16] and Berestov and Kiselev [22],
are identical, but are 0.16 and 0.25% higher than the values obtained by Miniovich and Sorina
[17] and by Douslin and Harrison [20], respectively. Several years ago, two groups of American
researchers [23, 24] independently carried out precision measurements of the saturation vapor
pressure of ethane up to the critical point. In both cases, an insignificant extrapolation
to To gave the value P, = 48.71 bar, agreeing within the limits of error with the quantity in
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TABLE 1. Parameters of the Critical Point of Methane

Reference Te K| Pe, bar |{po,gem® ‘Reference Te, K | Be, bar pc,g/Cm3
[4] 190,5 46,03 0,1620 [13] 190,53 45,95 0,1629
(107 190,77 | 46,25 | 0.1625 [14] 190,55 | 45.95 | 0.1627
[11] 190,50 45,94 0,1628 [15] 190,52 — —
[12] — | 0,1630 .

[20]. Keeping in mind that the error in determining P, in [16] 1s quite high (0.3%), while
the accuracy of [17, 20, 23, and 24] is very high, the base value was taken as the average
of the latter quantities.

The critical density of ethane in most works [16, 17, 19, 20] was obtained using the
rectilinear diameter method and, in addition, the results of the first three works coincide
with one another, while the results of [20] are 1.3% higher, which exceeds the total error
in determining p.. Besides these works, the liquid-gas existence curve in the vicinity of
the critical point was carefully investigated by Slivinskii [25] and the value of p, that
we computed from his data equals the quantity obtained in [16, 19]. For this reason, al-
though the analysis of the original works did not permit establishing the reasons for the
observed disagreement, we believe that the measurements of Douslin and Harrison are less
precise. The method of neutron analysis was first used by Bulavin et al. [18]. All
measurements were carried out with great care and the computational equations appear to be
completely reliable., Nevertheless, since the measurement carried out with the given method
is, as far as we know, singular, it is difficult to judge the true accuracy of the results
obtained. Finally, the average of the data in [16, 17, 19] and [22] is taken as the recom-
mended value, since in the latter case, p. was determined from an analysis of the results
on heat capacity with the help of the scale theory and has high accuracy. The result ob-
talned by Strumf et al. [21], using the moving meniscus method, agrees with the value chosen
within the limits of error.

Ethylene. The results of the measurements of all three works [26-28] coincide with one
another within the limits of experimental error and their accuracy does not raise any doubts
(Table 3). We only note that the quantity T. obtained from P—V-T measurements [28] ex-
ceeded by 0.1°K the values found using the moving meniscus method [26] and from an analysis
of data on the coexistence curve according to the equations of scale theory [27]. Starting
from an analysis of these works and general considerations on the determination of the
critical temperature [29], preference was given to the data in [26, 27].

Propane. Although the values of T. in [30-32] agree with one another within the limits
of the total error of the measurements, their absolute accuracy (0.2°K) is too low. In this
connection, we calculated the value of the critical temperature 1c = 369.78 * 0.02°K from
data according to the coexistence curve near the critical point [25] using the least-square
method from the linearity of the relation [33]

I pg—py | = 10 28, + Py In |(T'— T/T- @)

Using this value of T, we calculated p. from the data in [25] using the rectilinear
diameter method and P, from the saturated vapor pressure [32]. The new value of pc 1s the
average of the quantities in [30, 32) and differs from them by 2.7%Z. Keeping in mind that in
the works indicated, the critical density was not found by the rectilinear diameter method,
while Slivinskii's data [25] agree very well with the results of subsequent measurements made
by other workers [20, 34, 35] and, therefore, are reliable and have high accuracy, preference
was given to the value obtained in the present work. The value of p, obtained by Clegg and
Rowlinson [36], also obtained by the rectilinear diameter method, is recommended in [4].
However, analysis and comparison of the work in [20, 25, 34-36] showed that the data in [36]
are less accurate,

Cyclopropane. The work carried out by Lin, Silberberg, and McKetta [37] (Table 4) is
the first investigation of cyclopropane in which all critical parameters were determined
(previously p. was unknown). The purity of the substance was 99.93%, the temperature was
measured to within 0.01°K, the pressure to within 0.04%, and the density to within 0.06%.
The critical temperature and pressure were found from the P—V diagram and the density was
found using the rectllinear diameter method., Here, it should be noted that, as shown in
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TABLE 2. Parameters of the Critical Point of Ethane

Reference Ter K| B, bar |pe, g/cm3 Reference Ter K P, bar p;;,g/cm3
[4] 305,43 48,79 0,2032 19 305,36 —_ 0,2040
[16] 305,34 48,84 0,2039 [20] 305,33 48,72 0,2066
[17] 305,35 48,76 0,2043 [21] 305,37 — 0,2055
[18] 305,34 — 0,2062 [22] 305,36 48,84 0,2050

[4], even 1f all P—V-T measurements are carried out with high accuracy, it is difficult to
find the most accurate value of T, from the P—V diagram. TFor this reason, as an additional
check, we calculated the critical temperature from Eq. (1). The value obtained turned out
to be equal to 398.28 + 0,02°K and, within the limits of error, .coincides with the original
quantity. Taking this fact into account and the carefulness with which all measurements
were performed as well, the reliability and accuracy of the values of P. and p. obtained do
not give rise to any doubts.

Propylene. For propylene, the critical parameters were determined last a long time ago
and they have low accuracy [4]. However, at the end of the 1960s, Voinov, Pavlovich, and
Timrot [38] carried out new, highly accurate measurements of the demsities of the gas and
liquid phases on the coexistence curve over a wide region in the vicinity of the critical
point. Using these data, we determined once again the critical temperature from Eq. (1) and
then the critical density using the rectilinear diameter rule, which were then adopted as
base values. The critical pressure was calculated for the value of T, adopted from the data
on the saturation vapor pressure [39].

n-Butane., It was noted in [4] that for normal butane, the critical parameters were not
determined since 1940. However, this is incorrect. Connolly [40] first measured the criti-
cal temperature and pressure, and then Jones and Kay [4l] determined all parameters. The
values of the critical temperature and pressure, obtained in both works, coincide with one
another within the limits of the total experimental error and have adequate accuracy.

The value of the critical density, found by Jones and Kay, is ~2% lower than the cor-
responding value found by Kay [42], recommended by Kudchadker et al. [4]. At the same time,
in [42], oo was determined using the rectilinear diameter method, while in [41] this method
was not used. In order to choose the most accurate value of p., we additionally determined
pe from data on the coexistence curve obtained by Slivinskii [25] and, in addition, since
they encompass a region of temperatures that is quite far removed from the critical point,
the expanded form of the rectilinear diameter law, taking into account terms of higher order,
was used. The value of the critical density obtained in this manner turned out to be equal
to 0.2287 * 0.006 g/cm® and within the limits of accuracy coincided with the quantity in
[42]. We chose this value as the best value.

Isobutane. For isobutane, there are only two works concerned with determining the param-
eters of the critical point. One of these, Connolly [40], unfortunately, was not included in
the review in [4]. The value of T, presented in it is 0.4°K lower than the value determined
by Beattie et al. [43], while the value of P, is lower by 0.5%. Since in both cases sub-
stances with a high degree of purity were used and the measurements were carried out with
special care, it is difficult to give preference to one set of data over the other. For this
reason, the averages of the results in both works were chosen as the base quantities., Using
the value of T, adopted, we refined the magnitude of the critical demsity from data in [25]
and, at the same time, as in the case of n-butane, we used the expanded form of the recti-
linear diameter rule, The value obtained turned out to be 2.3% higher than that found by
the classical method from the P—V-T measurements [40] and, as already noted, it is more
accurate.

n-Pentane., The disagreement between the values of the critical temperature, obtained in
both works, is 0.8°K and greatly exceeds the total error. In both cases, the substance used
had approximately the same purity (>299.9%) and such a high difference observed is difficult
to explain. However, since the technique used by Artyukhovskaya et al, [44] is more refined,
their value was considered to be the best value. 1In [44], the critical temperature and pres-
sure ware obtained by studying the vertical distribution of density and subsequent investiga~
tion of the shape of the isotherm for small Ap. This permitted approaching the values of the

1042



TABLE 3. Parameters of the Critical Point of Ethylene

v

s (024 3

Reference Te, K | Pas bar g/cm3 Reference Te K Pe, bar e 8/cm
[4] ‘ 282,36 50,30 ‘ 0,2175 [27] ‘ 282,35 ' 50,42 0,2142
[26] | 282,34 50,39 0,2146 [28] 282,45 — 0,2142

critical parameters by orders of magnitudes closer than in carrying out the usual P—V-T
measurements [45] (T. was approached to within 0.005°K). 1In order to obtain the vertical
distribution of density, a flotation method and two optical techniques (Topler and molecular
scattering) were used simultaneously, which permitted avoiding systematic errors., In addi-
tion, the critical temperature was determined directly from direct visual observations, while
the critical density was determined using the rectilinear diameter method, and the values
obtained in both cases coincide within the limits of error in the measurements. We note that
all preceding precision measurements of T, and p. are not as accurate as the work in [44] and
there i1s no need to examine them.

The value of P, was recalculated for the chosen critical temperature from the results
in [45] and the magnitude found coincided with the critical pressure calculated from the data
on the saturation vapor pressure [46],

Neopentane. The critical parameters for neopentane were determined only once in the
time period being examined [47] (Table 5). The experimental technique and the determination
of the corresponding critical quantities are the same ag for cyclopropane in [37]. 1In this
connection, a control determination of T. using Eq. (1) was carried out, which confirmed the
high accuracy of the original value, which in its turm indicates the correctness of the
magnitudes of P, and p, obtained. As in the case of isobutane, the value of p., recommended
by Kudchadker et al. [4] and obtained by the classical method from the P-V—T measurements
[48], differs by 2.6% from the value found using the rectilinear diameter method and is less
accurate.

n-Hexane. The values of T, obtained by different workers {31, 32, 50, 51] agree with
one another within the limits of the total experimental error and the average of these quanti-
ties was adopted as the recommended value. Nondegassed substances were used in [49] so that
these results can be viewed as only approximate.

Using the chosen value of the critical temperature, we recalculated the value of P, from
data on the saturated vapor pressure [32], which emcompassed the range of temperatures in-
cluding the critical temperature and are accurate to within 0.07%. For p,, there are no new
data and Kay's value [52] remains the only value as before. In this case, it should be noted
that it was obtained using the rectilinear diameter method and is quite reliable (in our
opinion, the possible error does not exceed 1,5%).

Cyclohexane. New, high~accuracy measurements of the saturation vapor pressure over a
wide range of temperatures, including the critical temperature (Table 6), were carried out by
Hugill and McClashan [53]. Based on a quite detailed comparison of our data with all pre-
vious data, it is concluded that the results of other workers are the best results at the
present time. Their analysis does not raise any objections and we adopt the values of T, and
P, of this work as base values. New determinations of the critical density were not carried
out in recent years and we recommend using the value p, obtained by Kudchadker et al. [4],
which was obtained using the rectilinear diameter method.

n-Heptane. The values of T, obtained in both works differ by 1°K, which greatly exceeds

the total error in their determination. As already mentioned in the case of n-pentane, the
latest methods were used in [44, 55, 59] and the results obtained have the highest accuracy.
At the same time, Kobe and Matthews [54] determined T, by an old, very inadequate method,
which gives a large error (0.3-0,6°K). Starting from this, the gquantity in [55] was chosen
as the best value. We note that the new value of the critical temperature agrees to within
0.14°K, i.e., within the limits of the total error, with previous, most accurate determina-
tion of T [56], which serves as an additional confirmation of the reliability of the value
chosen,

The critical pressure was calculated at the chosen value of T, from data of two works
on the saturation vapor pressure [54, 56] and the average of these two values was chosen.
Both values differed by 0,07 bar.

1043



TABLE 4. Parameters of the Critical Point of
Propane and Cyclopropane

Substance Reference T., K P, bar | pa, g/em®
n-~CgH, [4] 369,82 42,48 | 0,217
[30] 370,02 42,60 | 0,226
[31, 32] 369,74 42,54 0,214
cyclo-
CoHy [4] 397,80 . | 54,9 —
[37] 398,30 55,79 0,258

TABLE 5. Parameters of the Critical Point for
n-Butane, Isobutane, Pentane, and Neopentane

Substance | Reference Te, K P., bar pe» gfem?
n~CyHyo [4] 495,16 37,97 0,298
[40] 495,12 37,87 —
[41] 425,05 37,93 0,225
is0-C,Hyg 14] 408,13 36,48 0,221
[40] 407,77 36,32 —
n~C;Hj, [4] 469,60 33,68 0,237
[44] 469,62 — - 0,232
[45] 470,40 33,78 0,233
neo-C;Hy, [4] 433,75 31,98 0,238
[47] 433,75 31,95 0,232

The magnitudes of the critical density, found in [54, 55] using the rectilinear diameter
method, coincide and their accuracy does not raise any doubts,

n-Octane. No new determinations of the parameters of the critical point have been car-
ried out for normal octane in the last 15 years. For this reason, the data obtained by
Kudchadker et al. [4], which were chosen based on the complete agreement of the results for
the two latest works [56, 57], are presented as recommended values of T., Pp, and pq.
Analysis of these works (the apparatus and method used for making the measurements, their
accuracy, and the purity of the substances used), as well as a comparison of the critical
parameters of several other substances obtained in these works with similar more reliable
independent measurements, lead to the conclusion that the recommended values are indeed the
most accurate.

Benzene. While examining n-pentane, we indicated that in the work carried out by Art-
yukhovskaya et al. [44, 55, 59] the most precise methods were used and the results obtained
are reliable and have high accuracy. For this reason, these values are recommended as the
standard values. The values of the critical density obtained by Campbell and Chatterjee
[58] and Akhundov and Abdullaev [60], obtained by the rectilinear diameter method and a
method based on the phenomenological Planck—Gibbs rule, respectively, coincide within the
limits of the total error with the value in [59]. As far as the results of Kobe and Matthews
[54] are concerned, here, undoubtedly, there is some kind of misunderstanding.

The recommended value of P, was taken as the average of the results of four calculations
from data on the saturation vapor pressure [54, 57, 61, 62] for the chosen value of T,. The
maximum disagreement between the separate calculations did not exceed 0.2 bar.

Toluene. No new determinations of T, were carried out for toluene and, for this reason,
we recommend the same value as Kudchadker et al. [4] (Table 7). For this temperature, the
value of P. was recalculated according to the latest data [64] and the value obtained coin-
cides with the quantity in [62], used in [4], to within 0.25%. The value of pg, found by
Akhundov and Abdullaev [63] from the phenomenological Planck and Gibbs rule, within the
limits of error, coincides with the magnitude calculated using the rectilinear diameter method
[4] and verifies its reliability.

Discussion of Results. Table 8 presents the recommended values of the critical param-
eters of all substances examined and their allowable error. In most cases, the magnitudes
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TABLE 6. Parameters of the Critical Point of
Hexane, Cyclohexane and Heptane

Substance Reference T, K P, bar pc,g/cma

n-CgHya [4] 507,35 30,12 0,233
[49] 507,25 30,46 —

[31, 32] 507,68 30,35 —

[50] 507,38 30,36 -

eyclo- [51] 507,55 30,48 —
CeHs (4] 553,45 140,73 0,273
(53] 553,64 40,75 —

n-C;Hie [4] 540,2 27,35 0,932
[54] 540,8 97,56 0,234

[55] 539,86 — 0,234

TABLE 7. Parameters of the Critical Point for
Benzene and Toluene

Substance | Reference Tg K P., bar per 8lem?
CeHg [4} 562,09 48,97 0,302
[58] 562,10 | 48,85 0,306
[54] 562,20 49,03 0,316
[59] 561,80 — 0,301
[60] 562,60* 49,43 0,301
CoH,CH, Y 501,72 41,08 0,992
[63] 593,95* 42,36 0,290

*The value of T, is chosen on the basis of
data in the literature.

TABLE 8. Recommended Parameters of the Critical Point of Indi-
vidual Hydrocarbons

Substance T, K | AT, K |P.,MPa | ar,, % Dc,g/cm3 Ve, e’/ Apc(AV,), %
: mole
CH, 195,53 0,02 4,595 0,04 0,1628 98,54 0,2
CoHy 282,35 0,02 5,041 0,05 0,2142 130,97 0,3
C,Hg 305,36 0,02 4,873 0,06 0,2045 147,05 0,3
CaHg 364,21 0,05 4,544 0,1 0,2308 182,33 0,4
cyclo -CgHg 398,28 0,02 5,579 0,05 0,2580 163,10 0,3
CaHg 369,78 0,02 4,246 0,1 0,2201 200,35 0,3
n-CaHyg 495,09 | 0,05 3,790 | 0,1 0,2287 | 954,15 | 0,4
iso-CyHyq 407,95 0,2 3,640 0,2 0,2264 | 256,73 0,4
n-C;Hy, 469,62 0,02 3,363 0,1 0,232 311,00 0,4
neo-CyHy, 433,75 | 0,02 3,195 | 0,05 | 0,232 | 311,00 0,3
n-CeHys 507,54 | 0,2 3,028 0,1 0,233 | 369,82 1,5
cyclo -CgHy, 553,64 0,03 4,075 0,05 0,272 309,42 1,0
n-C.Hyg 539,86 0,02 2,721 0,1 0,234 428,27 0,4
n-CgHyq 568,76 0,2 2,486 0,1 0,232 492,37 1,0
CeH, 561,80 0,02 4,880 0,2 0,301 295,51 0,4
CeH,CH, | 591,72 | 0,2 4,115 | 0,2 0,292 | 315,55 1,0

of the errors indicated are based on the accuracy of the original works and disagreements in
the data of different workers, chosen as the base data. For n-hexane, octane, and toluene,
the errors in Te and p, are chosen on the basis of a comparison of the results of similar

measurements for other substances, carried out in the works indicated [52, 56, 63], with the
data in [44, 55, 59].

Thus, as is evident from Table 8, at the present time, we have reliasble values for the
critical parameters of the basic hydrocarbons determined with an accuracy sufficient for
solving various theoretical and applied problems.
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