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1 .  Before relating the results arrived at in this investi
aation I shall have to aive a short account of the course b b 
of thouaht which led to the choice of the subject. b 

My experiments on the conduct of mixtures 2 ) are 
based upon the theory of Prof. vAN DER WAALS 3). VAN 
DER W AALS "describes'' the properties of mixtures by 
means of an isothermal surface, the coordinates of which 
are the com position of the mixture x (0 < x < '1), the 
volume v, and the free energy t/J(t/J = E - t)1 ; < = energy, 
)1 = entropy, t = temperature). On this surface there 
appeal '  plaits 4), which determine the coexistence of two 

1 )  Read before the Physical Society on May 24, 1 895. 
2) KuENEN, Archives Neerl. XXVI. pp. 354-472 ; Zeitschr. 

phys. Chemie, XI. pp. 38-48 ; Verh. Ron. Akad. Amsterdam, 
passim ; Communications from the Labor. of Physics, Leiden, 
Nos. 4, 7, 1 3. 

3) V AN DER W AALs, Archives Neerl. XXIV, pp. 1 -56 ; Zeitschr. 
phys. Chemie, V. pp. 1 33- 1 73.  

4 )  For the nomenclature used in this treatise, cf. KoRTEWEG, 
Wien. Ber. XCVIII. pp. 1 154 - 1 191 ; Archives Need. XXIV. 
pp. 57-98. 
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or more phase. Those points of these plaits which have 
a common tangent plane represent the phases which 
may coexist at the temperature for which the surface 
is constructed, and at a pressure indicated by the slope 

of the tangent plane (p = - ��} The double curv
.
es 

traced out by rolling the tangent planes over the plaits 
are the so-called connodal curves. It may happen t h at 
the plaits terminate on the surface itself (i. e. b etween 
the planes for which x = 0 and x = 1 ) . In that case 
the coexisting phases approach each other  and at last 
coincide in a so-cal led plaitpoint. In studying the p laits 
on the surface, one may u:oe the projection upon the 
x-v plane. T h is projAction consists of the .x-axis between 
x = 0 and x = 1 ,  the two v-axes for x = 0 and x = 1, the 
connodal curves with or without the plaitpoints. The 
points of the connodal curves belonging together may 
be joined by straight l ines. The ratio of the parts into 
which these l ines are divided by a line perpendicular 
to the x-axis , say for x = x1 , represents the ratio of 
the quantities of the two phases which will be formed 
when the mixture x1 is taken at the pressure at which 
the two phases may eoexist. Keeping this in view. it is 
easy to derive the condensation and critical phenomena 
of a m ixture. 

2. We shall only discuss the very simple case here, that 
there is only one plait on the surface, the vapour-liquid 
plait , which determines the coexistence of a vapour
phase and a l iquid-phase. The plait , roughly speaking , 
has the direction of the x-axis ; its plait point , which 
wil l make its appearance if only we raise the tempera-
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ture to a suf!1cient height, need not coincide with the 
end of the plait, i. e. with that point of the connodal 
curve which is nearest to one of the t/-'v planes (in the 
projection = v-axis). The latter point was called critical 
point of' contact 1 ) .  Now in deriving the critical pheno
mena two cases have to be distinguisheJ depending on 
the relative position of these two points, which we shall 
call P antl R. Either P is situated nearer to the t/-'X 
p lane (x-axis) or this is the case with R. 

3. In the first case the conuensation of a mixture has 
the following character. Below a definite temperature 
(plaitpoint-temperature = T"), different for every mixture, 
thP quantity of the uenser phase increases regularly 
during compression ; the pressure rises, anrl both the 
composition and the volume of both phases change 
continuously. Above another temperature (temperature 
of the critical point of con tact = critical temperature = 
T,.) thet·e is no condensation possible. At  temperatures 
ranging between T, .  and T,. the condensation will have 
the fol lowing character : - With con1pression the quan
tity of the appearing liquid first increases, reaches a 
maximum value , and after that decreases til l  it dis
appears. This was called retrograde condensation of the 
first kind (r.c. l.) 2 ). The nearer we get to the plaitpoint
temperature the lar�er becomes the quantity of the liquid 

I) KuENEN, Arrhives Need. XXVI . p. 379 ; Communications 
from the Lab. of Physics, Leid£n, N•. 4, pp. 7 sqq.; Zeitsclwift 
phys. Chemie, XI, p. 44. 

2) KuENEN, Archives Yeerl. XXVI. pp. 37 1 -379 ; Comnnm. 
N•. 4 ;  Zeitschr. phys. Chemie, XL p. 44. 
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and the smal ler the difference between the p!Jases, appar· 
ent from a less distinct liquid surface betweeu the phases. 
A mixture, therefore, has a critical region insteaJ of one 
critical point, lying between two critical temperatures. 

4. The phenomena predicted in this manner were then 
observed by me in mixtures of carbonic acid and methyl 
chloride 1), and afterwards of carbonic acid and air 2 ) .  The 
deviation from what had been observed by former experi· 
m enters, viz., the flattenin� and disappearing of the liquid 
surface throughout the critical region without retrograde 
condensation, was explained by retarclation 3), which 
was annihilated in my experiments for the first time by 
means of a small iron stirring-rod within the tubes, 
which was moverl by an electromagnet ontsirle the tubes. 

5. If p lies on the other side of R there are again 
two definite critical temperatures, T, and T R '  for every 
mixture ; but the process of condensation beween those 
two will be different from what it was in the first case. 
By compression a new phase appears of a larger volume 4) 
this time, i. e. a vapour-phase, which begins by increas
ing, then reaches a maximum, and then agai11 dimin
ishes and disappears. This was cal led retrogmr.le con-

' )  KuENEN, Archives Neel'l. XXVI. pp. 382-385 ; Cmnmun. 
NO. 4 ;  Zeitschr. phys. Chemie, XL p. 4 7. 

2) Commun. N°. 7,  p.  6. 
3) KuENEN, Archives Neel'l. XXVI. pp. 376 --377,  380-382 ; 

Commun. N•. 4 ;  Zeitschr. phys. Chemie. XI. p. 47. 
4) In order to make the volumes in our figures decide about 

the situation of the phases above each other, we should take 
the volume of the unit of weight as the unit of volume. In 
doing so a phase of larger volume is a lighter phase at tho same 
time, and will therefore appear in the upper part of the tube. 
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densation of the second kind (r.c. H .) 1 ) .  Near the plait
point-temperature T, the liquid will be very fiat and 
indistinct, and more so at the beginning than near the 
end of the condensation. Below T" the condensation 
is normal. 

6. This second case has never been realized till now. 
I have been considering whether it might be, and the 
choice of the subject of this paper is the outcome of my 
reasoning. In explaining this I shall use a different 
graphical representation, namely the p-t figure. In a 
recent paper 2 ) 1 have decluceci the general features of 
the p-t curves in the problem before us from vAN DER 

W AALS's theory. The figure obtained consists of ( 1 )  the 
two vapour-pressure curves of the component substances ; 
(2) the border-curves 3) for the mixtures (x = constant) 
having the form of loops ; (3) the plaitpoint-curve, being 
the envelope of the border-curves and connecting the cri
tical points of the two substances. The point of con
tact between a border-curve and the plaitpoint-curve 
corresponds to the plaitpoint P of VAN DER WAALs's 
surface ; the critical point of contact R is the point in 
which the border-curve has a tangent parallel to the 
p- axis: W hen going along the border-curve, starting 
from 1ts lo·wer branch, we may either first reach R or P. 

1) KuENEN, Archives Nee1·l. XXVI. pp. 388-389 ; Zeitschr. 
phys. Chemie, XI. p. 45. 

2) KuENEN, Kon. Akad. Amste1·dam, 29 Sept. 1 895, pp. 90-91 · 

'Communications', &c. N•. 13 .  
' 

• 3) A_ bo�der-curve f�r a mixture represents the conditions (p, t) 
m whiCh

. 
1t may coex1st with a second phase. 

-
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These two cases correspond to the two cases men

tioned above. If P is situated beyond R we have r.c. l .  
(figs. 8, 9); i f  R lies beyond P we  have r.c. Il. (fig. 1 0) .  

Keeping in view the connexion between border-curve 

and plaitpoint-curve, the question whether the second 

case can be realised comes to the same as whether the 

plaitpoint-curve or a part of it may rise, while the border

curves are situated on its left side (fig. '10) .  Now it 

appears that there are different cases in which such a 

situation must occur. If the critical points of some of 

the mixtures lie outside the critical temperatures of the 

two substances, a part of the plaitpoint-curve will answer 

'?'R 

to the above postulate. Rut this is not a necessary 

condition. If the substance of the higher critical tempera-
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ture has at the same time larger vapour-pressures than 
the substance of the lower critical temperature, the 
plaitpoint curve wi ll have the same property. This case 
is represented in fig. 1 .  R lies beyond P. Between the 
two temperatures T" and TH the mixture, the border
curve of which is drawn in the figure, must show re
trograde condensation of the 2nd kind (r.c. II .) .  Even 
if the curves are more complicated than is supposed in 
the figure, the curve cl c2 will nevertheless fulfil the 
condition at least for a part of its course. 

7. There is only a small number of combinations of 
two substances which appear to answer the purpose. 
Substances of low critical temperatures mostly have high 
critical pressures and high vapour-pressures. When this 
is not so, the differences are often too small to promise 
striking results. My attention was at last drawn to 
ethane, a substance of low critical pressure (+ 50 atm.) 
and a critical temperature of + 34° C. Combinations of 
this substance with HCI, C2 H2 , N20, especially the last, 
promised good results. 

For this combination I expected to find a case such 
as is represented in fig. 1 .  It will appear that my ex
pectation has been surpassed in so far as these mixtures 
happen to offer some interesting properties which had 
never been observed and require a more complex re
presentation than fig. 1. At the same time the phenom
enom (r.c. II.), to find which was the starting-point of 
the investigation, has escaped observation till now. 

Preparation of Ethane (C2H6). 

8. The ethane was prepared by electrolysis of a con-

centrated solution of acetate of sodium. Ry this process 
a number of other substances are generated, especially 
C02, 02, C2 H4 , and some esters 1 ) .  The gas was washed 
in sulphuric acid and a solution of caustic soda, and 
collected in a big glass bottle (45 litres) again containing 
a solution of caustic soda. In this manner the C02 was 
absorbed entirely. By aid of a mercury compressing 

machine of CAILLETET, which belongs to the set of appa}

atus of the Leiden Laboratory for experiments at low 

temperatures, the ethane was liquefied in a small copper 

vessel. In this operation it passed again through fuming 

sulphuric acid, caustic potash, and phosphoric anhydride. 

In order to expel the permanent gases, the liquid ethane 

was cooled by solid carbonic acid and made to boil. 

In filling the tubes the gas was afterwards taken from 

the liquid . 
This method of purification at low temperatme has 

been formerly applied by me to C02 and CH3 Cl 2 ) .  

Preparation of  Nitrous Oxide (N20). 

9. This substance was taken from a commercial bottle ; 

it was led through high-pressure tubes containing chlor

ide of calcium and caustic potash and afterwards dried 

over P 2 05 • The purification was conducted as in the 
former case. During the boiling of the liquid N?.O the 

tube could be connected with an air-pump, a sort of 

1) KoLBE, Lieb. Ann. LXIX, p. 279 ; WIEDEMANN, Electricitiit, 
II. p. 5 74. 

2) KuENEN, Archives Neerl. XXVI. pp. 356, 359. I discovered 
lately, that 0LSZEWSHI applied this methoJ of purifying gaseous 
substances before me. 
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mercury-valve being interposed in order to prevent air 
from returning to the liquid. 

Pr·eparation o( the Mixtures. 

10. The substances thus purified could be mixed in 
any proportion by mflans of my mixing apparatus, {or 
the description of which I refer to previous investiga
tions 1). At present the whole apparatus consists of glass 
and copper only : the exhaustion was effected by a 
mercury air-pump. 

Method of the Observations. 

11 .  For the observations I made use of DucRETET's 

apparatus 2 ) .  The glass tubes in which the gases were 
to be compressed were connected with the above appar
atus by means of ground joints, and repeatedly ex
hausted and filled with the gases. 

12. The temperatures, all of them ranging between 0° 
and 40° C., were obtained by means of a continuous 
current of water through a tube surrounding the exper
imental tubes. 

13. My stirring apparatus 3), which was continually 
used during the observations, had been slightly modi
fied . The little piece of iron with its knobs of enamel 
within the high-pressure tubes was the same as before ; 
but the electromagnet, which used to slide over the 
tube and accordingly within the water-vessel, had been 
replaced by a larger bobbin sliding over the outside of 
the water-vessel .  In this manner the influence of the 

1) KuENEN. l. c, p. 369. 2) L.  c. pp. 357, il66. 3) L.c. pp. 372 sqq. 

1 1  

temperature of the bobbin upon the temperature of the 
water, the eonstancy of which used to be Llisturbed 
during the actiug of the apparatus, was removed. The 
bobbin is worked by four  Bunsen cells or two accu
mulators. 

Results obtained with Ethane. 

14. In order to test the purity of the substances they 
were at first investigated separately.  The gases appeared 
still to contain a little impurity : there was a slight 
increase of pressure during the process of condensation, 
for the ethane at 20°, 0.56 atmosphere. The amount of 
impurity of a gas corresponding to a definitfl increase 
of pressure at a definite temperature is difficult to decide, 
and entirely depends upon the substance itself and the 
admixture. In preparing the gas a second time, the 
l iquid ethane was cooled in liquid ethylene boi l ing at a 
low pressure (- 110° C.), itself being connected with an 
air-pump as in the case of nitrous oxide. The ethane 
obtained in this manner was found to be a little purer 
still : the increase of pressure was 0.43 atm. at the same 
temperature 1 ) . 

15. The critical temperature of the gases was determi
ned very carefully : as with the mixtures, a stirring
rod had been put within the tube, and so the determi
nation could be conducted according to the principles 
explained in the account of my observations with 

1) ANDREws, in his experiments on carbonic acid, observed 
an increase of pressure of more than two atmospheres in a 

similar case. 
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C02 1) . The critical temperatme for the two samples 
of ethane amounted to 3 1 °.95 C. and 32°.05 C. respecti
vely . This would point to a critical temperature oi 
+ 32°.3 for pure ethane. By admitting a little air ( (  to { 
per cent) into the last tube the increase of pressure at 
20° C. rose to 2.7 atm. ,  i. e. more than six times the 
former value ; while the critical temperature had gone 
down to 31°.25 C. This would point to ± 32°.2 C. as 
the real critical temperature of ethane. The admixture 
in my ethane seems to lie far below 0. '1 per cent. 

16. It is not impossible that, in filling the tubes, a 
little air remains in the gases, because they have to pass 
through some long tubes connected with joints before 
entering the experimental tube, and the air has to be 
expelled by means of exhaustion. I might probably have 
got a still purer gas by filling the tube more directly, 
but I preferred to apply exactly the same method which 
I used in preparing the mixtures, in order to be war
ranted against mistakes resulting from differences of 
purity. 

·1 7. The critical temperature of ethane as determined 
by former observers is somewhat higher. DEWAR 2 ) gives 
35° C., 0LSZEWSKI a) 34° C., HAENLEN 4) from 32° C. to 
40° C. , probably 34°.5 C. ln his experiments retardation 
has played an important part, and his gas cannot have 

1 ) KuENEN, Ron. Akad. A msterdam. 29 Oct. 1893, pp. 85-90 ; 
Communications, cC·c., N•. 8, pp. 1 1 ,  1 2. 

2) DEWAR, Phil . .Jfag. [5] XVII. p. 2 14. 
3) 0LszEwsKr, Bulletin A c. des Sciences de Cmcovie, 1 889, p .  27. 
') HAENLEN1 Lieb. Ann. CLXXXII. p. 245. 
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been very pure ; otherwise one finds a definite critical 
point, not a critical region as he does. He prepared the 
gas by the method of GLADSTONE, TRIBE, and FRANK

LAND 1) from C2 H). 0LSZEWSKI obtained ethane from 
c2 H5Zn. Both HAENLEN and 0LSZEWSKI purilied the gas 
by cooling and boiling at a low temperature. 

I caunot tell what is the reason of this discordance 
between the values for the critical temperature. Perhaps 
it has some connexion with the different ways of pre
paring the gas. I am going to repeat the experiments 
with ethane prepared from C2 Ll5l .  But the difference 
may be due to the methoJ of determining the critical 
state as wel l .  In my experiments the retardation is 
entirely annihilate<! by carefully stirring the gas, which 
may have lowered the critical temperature. 

Results obtained with Nitrous Oxide. 

18. Similar results were obtained with this gas. The 
increase of pressure, however, was still less. At 20° C. 
it amounted to 0.15 atm. = 11 cm. of mercury. The 
impurity of the gas may be estimated below 0.0002 : for 
the critical temperature I obtained 35°.95 and 36°.05. 
The true value will be 36° . 1  C. probably. 

19. VILLARD, who has prepared pure nitrous oxide by 
a similar process 2), fixes the critical temperature of his 

1) J. Chem. Soc. XL V. p. 1 54 ; XL VII. p .  236. 
2) VrLLARD, C. R. CXVIII. p. 1096 ; Journal cle Phys. [3] 

IlL Oct. 1894. In  a letter Dr. VILLARD tells me that his estima
tion of the critical temperature has been too high. In turning 
a tube with N20 at 36° .5 C., the liquid surface disappeared aud 
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gas at 38°.8 C. But th is value was obtained by the 
indirect method of measuring the densities. The l iquid 
surface disappeared below 38° C, but he does not 
mention an exact value. This gas must have been very 
pure, judging from the regular phenomena obtained near 
the critical point, and the purity of the carbonic acid 
prepared in the same manner. VILLARD states that in a 
U-tube, in which two quantities of liquid N2 0 were 
separated by a column of mercury, a pressme of a few 
centimetres suHiced to l iquefy one of the portions com
pletely. But this test is not so rlelicate as the one given 
above, viz. tbe entire increase of pressure from the be
giuning to the end of the l iquefacLion 1 ) .  

20. The constancy of  my results with the pure sub-

the tube filled itself with a blue mist. Now as stirring comes 
to the same as repeated turning, it is quite natural that I 
obtained a value for the critical temperature below 36°.5 C .  I 
have not noticed the blue mist more than 0°.2 or 0°.3 above 
38°.0 C. At any rate the disagreement between VILLARD's result 
and mine has been reduced to a few tenths of a degree. But 
it appears from VILLARD's measurements of the densities of N20, 
that the behaviour of this substance near its critical point is less 
normal, so to speak, than the behaviour of carbonid acid. One 
feels inclined to ascribe this to the influence of minute impurities. 

') In filling a tube with a gas, which is compressed to a liquid 
afterwards, one works under unfavourable conditions for obtain
ing a pure substance compared to what can be obtained with 
liquids. The isopentane prepared by Prof. YouNG (Phi!. l\lag. 
[5J XXXVIII. 1894, pp. 569-572) is remarkable in respect to 
purity. Here the increase of pressure appears to have disappeared 
entirely. Experiments by BA'l'TELLI and others prove that even 
a pure liquid is not easily obtained. 

l'i 1: 11 
J. 11 
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stances and the smallness of the admixture left, justi�y 

me in accepting an influence of the admixture upon 

the behaviour of the mixtures of a similar small 
amount. 

Results obtained with the Mixtures. 

21 . The number of mixtures i nvestigated was five. 
The composition (x parts of ethane in thA volume in  
the  gaseous state at  one atmosphere) amounted to 0.18, 
0.25, 0.43, 0.55, 0.76 respectively. The pressure and 
volume at the beginning and at the end of the conden
sation as observed at different temperatures are given 
m Tables I-VII. The values of the volumPs are only 
approximate. They are expres:::ed in parts of the volume 
at 1 atm. and oo C. For N2 0 and C2 H6 only one value 
for the pressure has been given . Tables VIII-X give 
the volumes for the temperatures 20°, 25°, and 26° C. ,  
as determined by graphical interpolation from the values 
observed. 

TABLES I-VU. 
--� ---I l .-N2 0. I I I I t. p. v �_,. V j. 

4.8 I 35.2 0.0206 0.0022 

1 3.3 43.4 0.016 1  

1 9.9 50.8 . 0.0 125 

25.4 57 .4 5 0.0103 0.0027 

3 1 .5 65.4 0.0076 0.0031 I 36.0 7 1 .9 I 0.0047 I 
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Tables (continued). 

I II .-C2 H6 .  =1 -----t-. 
-- I --p-.-- I ----v,-.

. 
----.,-� ----

V
-

t
·-

5.85 
10.65 
1 5.4 
22.4 
29.35 
3 1 .0 
32.0 

t. 

2.85 
1 1 .8 
1 9.05 
23.2 
29.8 

5.4 
1 3.2 
18 .3 
22.2 
26.9 
27.6 
28. 15  

9.8 
1 4.3 
1 8.6 

27.4 
30.45 
33.8 
39.7 
45.9 I 

0.0248 
0.02 15  
0.0 184 

1 0.0033 
0.0034 
0.0036 

0.0140 0.0038 
0.0103 0.0046 
0.0089 0.0049 5 

0.0064 
-

47.6 

__ 1 48.8 
-------------------

IlL-Mixture 0. 18  C2 H6 . 

Pt · 

35.34 35.55 
43.57 43.91 
5 1 .48 51 .81  
56.40 56.57 

65.32 

------,--1-v,,. Vt· 

0.0205 
0.0143 

0.0026 5 
0.0029 

0.0094 0.0031 
0.0052 (?) 

IV.-Mixture 0.25 (?) C2 H6 . 

37.48 
45.08 

38.07 
45.59 

50.53 5 1 .22 
55. 1 2  55.63 
6 1 .38 6 1 .35 
62.87 62.93 

40.59 
44.96 

63.36 

45.57 

0.0 1 77  
0.0 13 1  

0.0027 
0.0029 

0.0 1 1 1  0.0031 
0.0094 0,0032 
0.0066 0.0038 
0.0065 (?) 0.0043 

0.0150 
0.0130 

0.0046 

0.0030 

0.0034 
20.5 5 1 . 75 52.29 0.0096 I 0.0035 

I 24.6 56.67 57.01 o.oo73 o.oo4t 1 
__ 26.o5 

___ ___
_ 5

_
s._42 ___ __:__ 

___ o
_
.o
_
o5
_

5 (?) __j 

I 
I 
� 
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Tables (continued). 

1- VI.-Mixture 0.55 02 H6 . 
[----t

.---.,-� --P-t · 

_
_
_ 

j 
35.59 
40.02 
47.02 
54.87 

6.4 
1 1 .35 
1 8.4 
25.4 
26.05 56. 1 2  

1--------�------

36.86 
4 1 .05 
48.06 
55.46 

0.0195 
0.0164 
0.0126 
0.0084 

VII.-Mixture 0.76 C2 H6 • 

5.25 
1 2.4 

3 1 .3 1  
36.99 

32.86 
38 .54 

1 8.4 42.22 44.05 
2 1 .95 45.81 47.05 
26.0 50.25 5 1 . 1 1  

0.021 7  
0.01 73 
0.01 40 
0.0 1 1 8  
0.0092 

Vt· 

0.0036 
0.0038 
0.0043 
0.0050 

0.0060 

0.00355 
0.00375 
0.00405 
0.00425 
0.0048 

I 27 . 15  5 1 .55 52. 1 6  0.0083 0.00

-

53 I 1 27.85 52.55 o.oo66 
--------�--------------�-

TABLES Vlll-X. 

l VIII.-Volumes at 2--,0_0 __ (_fig_._3,---)_. ------,----1 
.r = o.o. I o . 1s .  o.25. o.43. o.55 . I o. 76. I 1 .0. 

--------'-------0.0125 I 106 I 102 I 985 1 13 I 1 30 . I  1 55 
0.00255 30 32 35 426  41 5 375  

-------�----� 
IX.--Volumes at �5o (fig. 4) . 

------�----�---1 �� 1 �� 5 I :�5 I ::5 I :�5 I 0.01045 
0.0026 5  

0.0101  I 
0.00275 

X.-Volumes at 26° (fig. 5). 
85" I 73 I 585 I 69 I 92 I 34 37  5 1  58 48 

1 26 
40 

99 I 47  

The results are laid down in fig. 2, and, figs. 3 ,  4, and 5 .  
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22. The axes of coordination in fig. 2 are p and t. 
This figure may be compared with fig. 1 ,  which repre
sented the curves as they would have been if the phe
nomena had been as little complicated as possible. 

The curve 02 H6-C1 is the vapour-pressure curve for 
ethane, N2 0-C2 the same for nitrous oxide. C1 and C2 
are the critical points. 01 ABC2 is the plaitpoint-curve. 
The curves of the shape of loops are border-curves for 
the mixtures. 

23. There are two striking differences between fig. 1 
and fig. 2. 

( 1 )  The critical temperatures for a part of the mixtures 
lie below those for the components. By adding C2 H6  
(32°) to  N2 0 (36°), the  critical temperature i s  lowered 
to a disproportionate extent. For a mixture containing 

... 

T 2 1  

± 0.1 of 02 H6  the critical temperature has goue down 
as far as to 32°, the c. t .  for pure ethane. All mixtures 
containing more ethane than 0. ·1 have critical tempe
ratures below 32°. Addition of N20 to C2 H6 therefore 
makes the critical temperature decrease instead of in
crease. The lowest critical temperature ( ± 25.8) belongs 
to a mixture containing ± 0.5 of ethane. 

A �ase like this has never been observed till now ; 
VAN DER W AALS'� theory shows the possibility of the critical 
temperature lying outside those for the components 1). 

24. (2.) There is another difference between fig. 1 and 
fig. 2. The border-curves of the mixtures do not

' 
all of 

them lie between the vapour-pressure curves of C2 H6  
and N2 0. Some of  them lie above the  N2 0 curve. It 
follows that at every temperature there is a maximum 
of pressure for one of the mixture�. From the figure it 
appears that this maximum lies somewhere between the 
mixtures the composition of which is 0.18 and 0.25, 
say ± 0.2. The border-curves of the mixtures 0.18 and 
0.25 differ only very slightly and in the figure almost 
coincide. The meaning of this is that the maximum 
belongs to almost the same mixture at al l temperatures 
represented in the figure. If the mixture for which the 
pressure is a maximum varied quickly with change of 
temperature, the border-curves of the mixtures in that 
neighbourhood would intersect at perceptible angles. If 
we tried to draw the curve giving the maximum pressure 

1) There is one instance of a mixture, the critical temperature 
of which lies above those for the components, opserved by DEWAR, 

namely, of C02 and C2H2 (Proc. Roy. Soc. of Lond. XXX. p. 543). 
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at any temperature, it would lie a very little above the 
border-curves for x = 0.18 and x = 0.25, and be about 
parallel to those. This curve we shal l call the maximum

curve. 
25. There is another remarkable quality of the border

curves in this region near the maximum, viz. the narrow
ness of the border-curves, i. e. the very small increase 
of pressure during the condensation. The value of this 
increase amounts to 0.2- 0.3 atm. for the first mixture ' 

which is only a very little more than what stil l  re-
mained in the pure nitrous oxide itself 1) .  We may 
therefore almost take it equal to zero. This agrees with 
what follows from the theory of mixtures. In a maximum
point (and also in a minimum-point) the two coexisting 
phases have the same composition (x) though different 
volumes (v), and there is no increase of pressure during 
the condensation. In order to determine the exact value 
of the maximum, a large number of mixtures lying 
about x = 0.2 should be investigaterl : only the small 

1) The increases for the second mixture (0.25) are somewhat 
higher, viz. + 0.6 atm., which must be due to a somewhat 

larger impurity of that mixture. Probably the pressures of this 

mixture are therefore a l ittle too high at the same time. The 
maximum will therefore be nearer to the first mixture (0. 18). 
That is why I have put it equal to + 0.20. On the whole the 
values for the increase of pressure are a little irregular, which 
is quite natural considering the difficulty of these observations 
with mixtures. From the observations one might, perhaps, con
clude that the maximum with rise of temperature shifts a little 
towards the .r 2 0 ;  but as this seems rather uncertain, I prE'fer 
taking it constantly equal to 0.20. 

I ... 
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admixture in the components themselves would of course 
impede the fixing of the maximum-curve. 

�6. In itself the existence of a maximum (or min imum) 
pressure is not a new phenomenon. GuTHRIE :) , KoNo
WALOW 2), and others have found the same with different 
mixtures. Only, so far as I know, a maximum (or mi
nimum) has never been traced up to the critical tem
perature. In KONOWALOw's mixtures the maximum appears 
sometimes to shift with change of temperature, and 
accordingly probably to disappear below the critical 
temperature. The above results prove that this need 
not be the case at all. This fact may be expressed in 
this manner : the maximum-curve need not reach the 
vapour-pressure curve of one of the substances. In my 
experiments it reaches the plaitpoint-curve, near B. 

27. These results will be much better understood by 
inspecting figs. 3, 4, 5. The curves in these figures give 
the relation between the composition of the mixtures 
anrl the volumes at which the condensation begins and 
at which it ends (vid . § 1 sqq.), and may at the same 
time be considered as the projection of the connodal 
curves of the plait  in VAN DER WAALS's surface upon 

the v-x plane. The figures belong to the temperatures 
20°, 25°, and 26° C. respectively. 

28. If the phenomena were such as would correspond 
to fig. 1, the plait with rise of temperature would get 
narrower near the C2H 6  plane (x = 1 ). At 32° C. the 
curve would loose itself from the v-axis for x = 1, whilst 

1) Phil. Mag. [5] XVIII. p .  5 10  et sqq. 
2) Wied. Ann. XIV. p. 34. 



24 

forming a plaitpont there ; above 32° C. it would with
draw towards the N2 0 axis (x = 0) , where it would 
disappear at 36° C. (critical temperature of N2 0). 

29. However, this is not what really happens. With 
rise of temperature the plait becomes narrower some
where near the middle. Consequently, at a temperature 
far below 32° C., near 25°.8 C. the plait divides into 
two parts. At that moment two plaitpoints appear (P1 
and P2 ) ' ) .  The two parts into which the plait is divided 
henceforth withdraw towards x = 0 and x = 1 separately. 
At 32° C. the right-hand plait disappears at x = 1. At 
36° C. the left-hanc.l plait disappears in x = 0. Above 
36° C. there is no plait left : the surface is ronvexo
convex henceforth, and all its points represent stable 
phases. 

30. A maximum pressure (or minimum) manifests 
itself in the v-x figure in the position of one of the 
lines connecting the pairs of coexisting phases being 
parallel to the v-axis. The lines on both sides of the 
maximum line will be turned in opposite directions 
(with a minimum the direction in which the lines turn 
is the opposite of what it is here). But the angles of 
the l ines are very small in the case of C2 H6  and N2 0. 
On the right-hand plait the lines differ more : the in
crease of pressure is accordingly larger on that side of 

1) In  two interesting papers ( Wien. Ber. XCVIII. pp. 1 154-91 ; 
Archives Nee1·l. XXIV. pp. 57-98, 295-368) Prof. KoRTEWEG 
has derived the geometrical properties of the plaits and plait
points. The case occurring here, Yiz. the formation of two plait
points of the same kinll at the same time, is discussed on pp. 
303-305. 

I .... 
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the surface. In the figure the turning to the lines had 
to be exaggerated in order to show their direction. 

31 . The critical phenomena of the mixtures were 
much simpler than I expected to find them. All the 
mixtures showed normal condensation up to the critical 
point, and a difference between plaitpoint temperature 
and critical temperature could not be determined with 
any certainty. The probable cause of this disagreement 
I shall refer to after having deduced more completely 
the theoretical consequences of the experimental results 
laid clown in fig. 2, and figs. 3, 4, 5 (vid. § § 40-43). 

Theoretical Conclusions to be drawn from the 
Experimental Curves. 

32. A. Maximum-Curve. - It may be proved that 
the border-curve of a mixture for which the pressure 
becomes a maximum touches the maximum-curve with 
both its branches. This is represented in fig. 6. In every 

point of the maximum-curve a similar meeting of three 
curves takes place. If the maximum-mixture does not 
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change much with the temperature (as we found was 
the case with 02 H6 and N2 0), the border-curve of thfl 
maximum mixture must have nearly shrunk to one curve 
coinciding with the maximum-curve. 

33. Apparently the p-t figure is not at all convenient 
for showing the situation of the border-curves near the 
maximum-curve. The border-curves for the mixtures 
situated on both sides near the maximum-mixture cover 
each other in the figure. In a case l ike this it is much 
better to add as a third axis of coordination the x-axis, 
and to draw the p-t-curves for the mixtures each in 
its own plane. The curves together in this manner form 
t�e p-t-x-surface. Sections of the p-t-x· surface perpen
dicular to the t-axis again give curves having the shape 
of loops (p -x-curves), which may be considered as an 
extension of KoNOWALow's curves 1 ) : he only gives the 
upper branches of the p-x-cunes. A complete p-x
curve is given by Prof. VAN DER W AALS in his treatise 2) .  

34. The maximum-curve meets the plaitpoint-curve 
in B. Fig. 7 shows on a larger scale, how the maximum-

F:i-3. 7. 

1) Wied. Ann. XIV. p. 34. 
2) A1·ch. Need. XXIV. p. 2 1 .  

-
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curve comes to an end in B, in which point it touches 
the plaitpoint-curve 1) .  

35. B .  Critical phenomena. The plaitpoint-curve (fig. 2) 
consists of three parts, being situated between the criti_cal 

R 

r 

�P. 

point 01 and 02 and separated by the two points B (§ 34) 
and A.A is the point, where the plaitpoint-curve has a 
vertical tangent and the critical temperature reaches 
a minimum 2). 

1) In my paper in its original form (Phil. Mag. 40, August 1895 
p. 1 89) it was left undecided whether the maximum-curve would 
touch the plaitpoint-curve in B or not. In the meantime Prof. 
vAN DER W AALS has proved (Verslagen Kon. Akad. van Wet. 
Amsterdam 1 895f96 p. 20-30, . . .  ) that the plaitpoint-curve is 
continuous in B and that therefore also B is the point of con
tact of both curves. 

2) In my paper in the Phil. Magazine I accepted the existence 
of a singular point of the plaitpoint-curve in A, as suggested 
by the experimental curves. Prof. VAN DER WAALS in his paper 
quoted above (note § 34) proves that the plaitpoint-curve is 
continuous on its whole course. My supposition as regards A 
lead to some erroneous conclusions and figures, which have 
been omitted in this paper. 
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36. I n  the part 02 B the relative position of plait
point-curve and border-curves is like fig. 8. P lies in 
the direction we called beyond R, and the border-curves 
touch the plaitpoint-curve on its right side. The mixtures 
having their plaitpoint between 02 and B, i. e. containing 
less than 0.2 02 H6 • therefore must have retrograde 
condensation of the first kind (r.c. I . )  between the tem
peratures t" and tn. 

37. In the part 01 A the curves are situated as in 
fig. 9. The border-curves lie on the left-hand side, but 

I I ,  : I  
, ,  I '  , I  
1 1 
1 1 
1 1 
I '  , I  

i p '  'R 
the plaitpoint-curve falls. P lies beyond R. The mixtures 
having their plaitpoint here, i. e. containing more than 
0.5 02H6, must also have r.c. I .  between t1. and tn. 

I 
I 
I 
I I 
I I 
I 1 �f.! I ltR 

29 

38. The part BA, however, · fulfils the condition for 
the existence of r. c. U., as is shown in fig. 10 (vid. § 6). 
The plaitpoint-curve rises, and the border-curves lie on 
its left side. R lies beyond P. In this region lie the 
mixtures the composition of which is between 0.2 and 
0.5 02 H6 . 

In consequence of the complexity of the curves as 
compared to fig. 1, the region of r. c. II. is a great deal 
smaller than it would have been according to fig. 1 

(BA instead of 01 02 ) .  It is easy to see that this was 
the only thing which could happen : r. c. II. could not 
disappear entirely. 

39. These rather stranp;e conclusions are entirely made 
clear by figs. 3, 4, 5. These represent exactly the same 
phenomena, only in a different manner. If P lies above 
R we have r. c. I . ; if it lies below R, we have r. c. l l .  
A t  first, after the d ividing of the plait, the plaitpoints P1 
and P2 lie on opposite sides of R1 and R2 in the two plaits. 
This corresponds to the existence of r .  c. I. below A, and 
r. c. II. above A in fig. 2. While with rise of temperature the 
plait P2 R2 shrinks together, R2 approaches the maximum
line. P 2 approaches R2 at the same time, and at the moment 
that the maximum reaches the end of the plait, P2 and 
R2 coincide. At that moment there is no retrograde 
condensation . The mixture x = 0.2 behaves at its crit
tical point like a pure substance. P2 , however, now 
continues to move upwards, and henceforth lies a little 

above R2 • That explains the existence of r. c. I .  between 
B and 02 • If there had not been a maximum, r. c. II. 
would have existed all the way from A to 02 • 

40. How is it that in my experiments the mixtures 
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diu not show any of those critical phenomena, and almost 
behaved like pure substances near their critical points ? 
(§ 31  ) .  The reason lies at hand : I have pointed out the small
ness of the increase of pressure, i. e. the approximate pa
rallelism of the straight lines in fig 3 (§ 30), and the exceed
ing narrowness of the loops (border-curves) in fig. 2 (§ 25). 
Accordingly, as will be noticed in both figs. 2 and 5, 
the two critical points P and R lie close together, and 
the distance between the temperatures of the plaitpoint 
and the critical point of contact (t,. and tn), for the same 
mixture, can be very small only. An estimation from 
the original figure 2 gives ± 0°.1 C. at the utmost for 
the distance between t .. and tR, and in some parts of 
the plaitpoint-curve-for instance near B- much less still .  
Now in order to fix so small a difference the tempera
ture ought to be perfectly constant for a long while, 
which was not the case in my water-vessel. There were 
slow changes, which of course did not prevent the 
determination of the critical point taken as a whole. I 
think this circumstance may be taken as a sufficient 
explanation of the disagreement between theory and 
experiments. 

41 . However, there is another cause which must have 
cooperated in confusing the pure phfmomena, viz. the 
influence of gravitation. It was GouY 1) who, in the case 
of pure substances, first pointed out the importance of 
this factor near the critical point, where the substances 
become so highly compressible. In the case of mixtures 

1) Compt. Rend. OXV. p. 720, OXVI. p. 1 289 ; cf. KuENEN, 

'Communications, etc.' N° .  8, p. 10. 
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the influence of gravitation is · not of a quite simple 
nature. The result is this : near the plaitpoint there is 
a small region in which the complete process of the 
condensation is confused ; namely in this manner, that 
with compression at a certain moment the liquid surface 
between the phases disappears at some distance from 
the ends of the tube. In this manner the process of 
retrograde condensation is cut off halfway ; and if the 
distance between the two critical temperatures is very 
small, the phenomenon may perhaps disappear entirely '). 

This suggests the use of horizontal, or at least nearly 
horizontal, tubes for experiments on the critical phenomena. 

42. Now in this region, where gravitation plays an 
important part, the stirring of the substance cannot be 
of any avail ; on the contrary, the equilibrium, which 
is very much influenced by gravitation, is spoilt rather 
by mixing together the different layers. So in this 
region the only thing we can do is, to wait a long time, 
and Gouy's experiments with an almost pure substance 
show that "long" means "days" here ; and of course 
that would be of no use unless the temperature and 
the volume could be kept absolutely constant, which is 
practically impossible. 

43. Though the special critical phenomena predicted 
by means of VAN DER WAALS's theory have escaped ob
servation so far, there is no reason to doubt their reality 
or to see any contradiction between them and my ex
perimental result, I believe. 

1) KuENEN, Verslagen Kon. Akad. Amsterdam, 25 Mei 1895 ; 

Communications etc. N ° .  17 .  
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44. Some of the results arrived at in  this investigation 

may be enumerated here once more :-
1. The mixtures of C2 II6 and N20 containing more than 

0.1 of C2 H6 have critical temperatures lying beneath 
those of the substances (§ �3). 

�. The pressures of the mixtures lie partly above those 
of N20, and accordingly show a maximum situated near 
0.2 C2 H6 (§ 24). 

3. The maximum does not d isappear with increase of 
temperature, hut remains up to the critical region : the 
maximum-curve reaches the plaitpoint-curve (§ 26). 

4. The mixtures ranging between 0.2 and 0.5 c2 HG 
have r.c. II . ,  the rest r.c. I .  

I intend now to  investigate mixtures of acetylene and 
carbonic acid, a group of which according to DEWAR 1) 
has critical temperatures lying above those of the com
ponents. If I should be able to confirm this result, I 
shall treat that combination in the s�me manner ex
perimentally and theoretically as I have done the com
bination of C2 H6 and N20 in this paper. 

The experiments described in this paper have been 
carried out in the Physical Laboratory Leiden, to the 
Director of which, Professor KAMERLINGH 0NNES, I am 
indebted for continuous and invaluable advice and help. 

1 )  Pl'oc. Roy. Sor. of Lond. XXX. p. 543. 
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