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Physics. - "lnvestigation of the equilibrium liquicZ-vapou1' of the 

system a1:qon-nit1'ogen". By G. HOLST and L. HAMBURGER. 

(Oommunicated by Professor H. KAMERLINGH ONNES.) 

t Oommunicated in the Meeting of October 30, 1915). 

SUltIMARY: I Introduction. 11. Preparation and analysis of the gases. 1. Pre
paration. 2. Test of purity. 3. Methods of analysis. lIL Tempera/ure measttrement. 
IV Detm'mination ofthe end-points of condensatwn. 1. Apparatus. 2 Vapourpressures 
of oxygen, lIitrogen and argon. 3. Mlxtures. V. Determznation of the points -of 
beginning cond_nsation. 1. Apparatus. 2. Measurements. 3. Equation of state of 
the mixtures. VI. Tx· and px-diagrams. VII. Resttmé. 

1. IntrocZuction. 

Owing to tlIe development in recent yeal's of the incandescent
lamp industry the problem of the technical preparation of argon 
haH come to the front. For tbis pUl'pose it was natural that beside 
chemical methodb the cl'yogenic method should draw the attention. 
As it is a simple matter to obtain mixtures of argon and mtrogen 
by chemically removing the oxygen from oxygen-nitl'ogen mixtul'es 
which are rich in argon, an investigation became desil'able of the 
behaviour of argon-nitrogen mixtures at low temperature with a 
view to collecting useful data for a pOBsible al'gon-nitl'ogen l'ertification. 
This investigation has been cal'l'ied out oy us and we have determ- ' 
ined tlle romposition of the lIquid and vapolll' phase as a function 

1 

of tempel'ature and pressure in the cOlTebpondmg range of tempel'atures. 

Il. Prepamtion and analysis of t!te gases, 

1. P1'epamtion. 
The preparation of the gases was in genera] carried out in glass 

apparatus which had been previously exhausted with a merrury 
pump and liquid air to a pressUl'e of 0.0003 to 0.001 mmo and 
subsequently washed out with pure gas. Fo!' the ealibration of our 
thermometer the vapour-pressure of pure oxygen was used. 

a. Ovygen. 
This gas we prepared from recrystallised" dry polas&iulll per

manganate; the first portion of the gas evolved was drawn away 
and the rest of the oxygen formed was condensed; the middle 
fra:'ction of the condensed gas was used. 

b. Nitr'ogen. 
This gas we prepared from ammonium sulphate, potassillm 

clll'omate and sodiurn J1itrite; in tlle purification special attention 

-- ------------
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was given to the l'emoval of nitric oxide (glowing ropper) ; fol' 
further details we refer to a paper which wiJl appeal' elsewhere. 

In this case, as weIl as in that of oxygen, tbe pl1l'ity of the gas 
was proved inter alia by the equality of the vaponr-pressul'es óbtained 
at the begillning and at the end of condensation. 

c. Argon. 
For this gas we could start from the strongly argonous gas

mixtmes which the fil'm of LINDE has recently bl'ought into the 
market. The final pUl'ification was efl'erted by means of HEMPEI:S 
mixture 1) in a manner similar to thnt given by CROMMEUN 2). The 
only modification whieh we applied in our appal'atus eonbistécl in 
each tnbe containing chemical substances which might develop im
purities, such as water-vapoUl' etc., Ol' converse!,}' lllight react with 
them, being ilanked at each end by cooling tubes immersed in 
liqnid oxygen. Care was taken, 111oreover, th at during the complete 
eirculation-pl'ocess the gas should be at a higher pressure than the 
atmosphere throughout the whole apparatu.E>. 

Again in this case the final pl'bduct wa:; found to satis(y the teRt 
of equal pl'essl11'es at the beginning anel the end of condensation. 

d. 'l'fte 111 i,du1'es . 
Tl1e mixtures were prepat'ed by adding nitrogen to LINDE'S at'gon

nitl'ogen mixtures aftel' these had been freed ft'om oxygen !Jy means 
of glowing coppel'. The nitrogen had been obtained from air by 
liberation ,from oxygen. We gladly acknowlödge our indebtedness 
to Mr. H. Frr,IPPo JZN. fol' his kind collaboration in thiEl part of our 
work. In a few Icases use was made of the method of climinishing 
the percentage of nitl'ogen of LINDE'S mixtures (down to about 5%) 
by means of a fraction-apparatlls constrllcteo by Mr. FIUPPO. 

2. TeiSt of p~l1'ity. 
'fhe gases and mixthres were tested for lhe following impUl'Ïtie~ 

or, if necessary, simultaneously ti'eed ft'om them. 
a. fVate1'-vapOltl' alld carbon diotdde were removed ft'om the gases 

whicb were kept above water, freed from air by boilll1g, by passing 
them previously to the measurements throllgh a couple of cooling 
tubes immel'sec1 in liql1icl oxygen . 

. h. Byeb'ocarbons. It was fonnd that these were not present: a 
thin spiral wire of tnngsten wl1ich was made to glow in the gas 
mixture was found not to change in resistallce 3). • 

1) W. M. HEMPEL. Gasanal. Methoden, 3nd E'dition p. 151. 
~) C. A. CROlllMELIN. Di~sert. Leiden 1910. 
3) Comp. L. HAMBURGER, Chem. Weekbl. 12, (1915) 62. 

56ik 
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c. o.vygen was completely removed with ye]Jow phosphorus. 
d. Carbon mono.ride. The gas was tested for this by means- of 

I~051): ,it was found not to contain more than 1/60 %, 

e. Hyclro.qen. In testmg for this gas we used the method giyen 
by PRIJ,UPS ~). The gas contained 1ess than 0.01 oio of hydrogen. 
We may add, that the gases were al ways condensed before they 
were used in the ~leaSUl'eme\lts and that the hquefied gases were 
th en made to boil under l'edlV'ed pl'eSSllre; the vapour that was 
drawn off must have contained thE' last traces of hydl'ogen present 
and the small ad mixture of neon must also have been for the 
greatel' part removed in this way. 

Finally we may give the following data' as providing a measure 
of the purity of the gases. 

A. 0 x y gen. The gas was analysed by means of copper 
(Ïlnmel'sed III an ammÓJllacal Sollltion of ammomum carbonate), 
later on with sodillm hydl'oSlllphite. It Vi'aS fonnd to con tam more 
than 99.9 Oio of oxygen. 

B. Ni t rog e 11. Observations were made with nitrogen, obtained 
from air by'removal of oxygen, which corresponded completely to 
those made with chemically pl'epared nitrogen, taking into account 
the . percentage of argon in air nitl'ogen. 

This correspondence, with such \Videly different methods of 
preparation, may glve us addJtional conti den ce that our gases were 
satisfactorily free from impurities. 

C. Ar go 0. This subr,tance was tested for absence of nitrogen 
indirectly by means of the determination of the preSSllre at fhe 
/1eginning and the end of condensation, but also more directly by 
Îneans of glow-dischal'ges in potassium vapour (comp. 3) in which 
no diminution of volume could be detected. (Comp. albo the deterrn
ination of sperific gl'avÎty § 3c). 

3. Met/wds of analysis. It follows fl'om the above that the onIy 
gas besides argon which could be present in the mixtmes which 
were intended for the measurementb was nitl'ogen. This fact made 
it possible to determine the percentage of nitrogen by means of a 
baroscope. It appeared, however, that the sensitivity ,of the available 
balance wac; not, so high ar, we should have wished, in consequence 
of which these detel'minations, at least in the most unfavourable 

1) Comp. DENNIS, Gas analysis (1913) p. 231 and 235, 

2) Am. Chem. J. 16 259 (1894). 
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case, are not more accurate than fo about 0.2 %, Fortnnate]y we 
wel'e able to carry out the analysls more accurately by a chemical 
method, which enablecl us to attain an aecuracy of 0.1 %

•
1

) We 
shall begin by a def:,('ription of the latter method. 

A. Determination ol the percentage ol nitl'ogen in A1'-N miretures 
by mertns ol glow clischrtrges ia potassiU1n vapOU1'. 

It has been long known ~), that in electl'ic dischal'ges through gases 
sueh as nltl'ogen, hydrogen etc. a clwmieal reaction may oecnt", 
especially between the matel Ial of the cathode and the ral'lfied gas. 

MEY 3) ,pointed out, that this provided a means of liberatmg rare 
gases ti'om admixtul'es. Tlns method was fUl'thel' developed by 
GEHLHOI!' 4), who sllcceeded by means of glow dlseharges through 
potaesillm vapOllr in preparing spectroscopically pure rare gases 
comparati\'ely r~pidly - aIthough not in large quantities. 

In order to adopt this method to a quantitath e anal;vsis of Ar-N 
mixtm'es the followll1g apparatus was constl'llcted by us. 

A definite quantity of the gas-sample WhlCh is collected above 

flg 1B. flglA 

1) The readmgs migbt-have been further ;efined by the use of a cathetometer. 
but we did not adopt this method, as an .lccuracy of 0,1 0/0 was suf/kient fol' 
our purpose. 

2) Oomp. G. SALET, Pogg. Ann. (158) 332, 1876. L ZEHNDER, Wied. Ann. 
(52) 56, 1894. 

S) MElY, Ann d. Phys 11 127 (1903). GEHLHOFF and ROTTGARDT, Verh. d. D. 
phys. Gec;, 12 411 (1910), 

4) GEHLHOFF, Verh. D. phys. GeEl. 13 271 (1911). 
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mE'rcury (fig. 1 B) was drawn into the burette a (fig. 1 A). Previously 
the absorption-apparatus band the TÓPLER-pump c had been exhausted 
by means of the mercury pump k; tap e was then closed and by 
opening cl the gas was transferred from the bllrette mto b by means 
of the mercury column in C. On the bottom of the absorption
apparatus (fig. 10) is the potassium, which is now heated to 200°0. 
by means of a small electrir furnace. Au induction-coil is used to 
send a glow-discharge through the evolved potassium-vapour. 

Aftel' a few honrs - the time l'equi.red depends on the percentage 
of uitrogen in the mixture - the unabsorbed portion is transferred 
uack to the burette by means of Ihe TÓPLER-pump. ~ 

In using the method the questIOn arises, whether the potassium 
which may be depo&ited from the vapoul' on the coole!' parts 
of the absorption-vessel 1

) may possibly ahsorb argon at its large, 
fl'eshly formed surface. It is weU known, that sublimated metals 
rnay absorb at their finely dlvided surface even the rare gases. 
Fortnnately argon of ten doe'3 not show the phenomenon 2). It appeared, 
moreover, that in our case an absol'ption of this nature was impro
bable, from the fact that, aftel' the nÏtl'ogen had been absorbed, 
there was ,always a residlle of gas left which did not show any 
fmther contraction however long it l'emained exposed to the glow
c11Schal'ge. In the ll1ean time the potassium goes on evaporating and 
depositing on ihe colder surfaces, &0 th at the metallic surface is 
constantly being l'en~wed. If an appreciabie absorption of argon 
took pI ace, it would have been impossible to obtain a constant 
final volume. It may finally be noted, that a sample of the pure 
argon which we had prepared did not &how any contraction in the 
absorption-apparatus. 

W· e have also tried to lltIiize for the purpose of analysis the 
method of binding nitrogen recommended by STARK 3) (electric dis-' 

\ 

charge through mercllry vapour). It was found, however, that for 
a suffic~ent rute of absorption we had to work at much lowel' 
pressures - even when the electl'odes were placed opposite each 
other in the middle of the \'esse!. With potassium on the other hand 
every gas-mixture, howevet' high the percentage of nitrogen might 
be, COl.1Id be made to l'eact witil the metallic vapour at relativcly 
high preSSUl'es, 4) 

1) As well as the compound which is formed. 
2) TRAVERS. Proc. Roy. Soc 6{t 44.9. Comp. also KOHLSCHUTlER, Jahrb. 

Radioakt. 9 402. (J 912). 
8) Phys. Zeltschr. 1913 p. 497. 
l) It is very probable that the l'eaclion is in general started by the splitting of 

) 

-
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B. Detm'mination 0/ the percentage of nitro!!en 'by rneans 0/ a 
ba1'oscope. 

For th is purpose use was made of the ditferenre in the upward 
)Jressure produced by tJle gas-mixture on a glass body (volume about 
300 c.m. 3

) which was suspended from one arm of a balanee as 
compared to an open glass vessel of an equal outer surface on the 
othel' arm. 

The appal'atns was arranged in sueh a manner, th at by the 
turning of a propel'ly shllttmg glass tap the al'l'esting arrangement 
of the balance conld also be put into action in a high vaeuum. The 
pressures VlTet'e read by rneans of a cathetometer. 

The following data 1) we re used fol' the baroscope-determinations: 
density of air, fi'ee from water-vaponl' and carbon dioxidE', 45° N.L., 
sea-l~vel, 0° and 76 cm. 0.0012928 

nit1'ogen (RAYLEIGH and LEDuc) 12514 
argon (WATSON) t 7809 

0. Results. 
The following table (p. 878) (column 1-6) gives a survey of 

different detel'minatiolls by methods A and B. 
In dedueing the mean (column 6) we haye att1'Ïbuted a double 

weight to the determinations by method A. 
When the mean of the results by rnethod A is compared with 

those by method B, a systematie deviahon wil! be seen to exist 
which increases wrth the percentage of argon in tbe mixture. As 
the baroscope had been previotlsly calibrated with other gases (carbon 
dioxide, nitrogen, air) with satisfactory results, we were led to 
conjecture that the atomie weight of argon, respectively its specific 

the nitrogen moleculps by the electric discharge, the atoms which are formed 
combining with the potasslUffi. STRUTT, (Proc. Roya! Soc. Serie A 85 219 and 
subsequent volumes) found that the re-combination of the N-atoms to molecules 
(which' do not react with the polassium) is much accelerated by an increase of 
the pressure. This was tbe main ground, on whlCh we chose the dlmensions of 
the absorption·vessel large as compared with those of the burette. lThe low 
pressure also facihtales the production of the discharge). The fact explams in 
pal'licular, why the time of absorption in our analyses increases with the percentage 
of mtl'ogen lD the mixtures lt IS also known (STRUTT I. c. comp. also KOENIG 
Zeltschr. f. Electroch. 1915. 1 June), that metallic vapours acce!erate the molisa· 
lion of nitrogen aloms. (An afterglow on interrupting the discharge was therefore 
entirely absent 1D OUt' apparatus). It IS of course possible thal mercury has lbis 
property to a higher degree than potassmm, allhough a different affinity of mer· 
cury towards N mayalso play a part here; lhis might be one reason for the 
stronger reaction of the polassium vapour 

) LANDOLT-BóRNSTEIN Phys. Chem, Tabellen. 4th ed, , 
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gravily, as at present assu med, was probably not entit'ely accnrate, 
and we made preparations foL' an accurate detel'mination. A prelimi
nary meaSUl'ement gave the normal density ~ 0.001783 4

• 

TABLE 1. 

I Method A Ofo N. I Method 
Number Method 
of the 

Assumed B. Final 
B gas- Ist de- 2nd de- 3rd de- value. modified value. 

mixture. termina- termina- terminal 010 N. 

I value. tion. tion. tion. 

I 

I. 82.6 82.6 - 82.5 82.6 82,6 82.6 

11. 65.2 65.3 65.4 65,(j 65.25 65.2 65.3 

lIl. 31.4 31.6 - 31.3 31.45 ' 31.65 31 •. 5 

IV. 9.9 9.9 - 9.76 9.9 10.25 10.0 

V. 74.2 74.0 - 73.7 74.0 73.8- 74.05 

VI. 52.9 52.8 - 52.4 52.75 52.7 52.8 

VII. 24.4 24.25 - 23.8 24.2 24.2 24.3 

Pure ~ 0.0 - -O.~ 0.- 0.0 0.0 -argon. -

1. I 2. I 3. I 4. I 5. 
I 

6. 
I 

7. 
I 

8. 
I 

, 

The account of our investigation had ,ah'eady been written, when 
a paper appeared hy H. SCHUI,TZE 1) in wlüch the specific gravity 
of argon is given as 0,0017R376. When we use this value, we 
obtain Ihe results given in columns 7 and 8 of the above table. 
The mean difference between the determinations with the baroscope 
and those by method A is now only 0.04%' in other words thel'e 
is no sign now of a systematic deviation bet ween the two methods. 
This result proves on the one hand the reliability of method A and 
may on tbe other hand be taken to confirm SCRULTZI<:'E: result. We 
hope soon to be able to publish the results of a more accurate 
direct detel'mination. 

lil. The temperrat~t1'e meaS~t1'ement. 

The measurements were made in a bath of liquid oxygen. In 
the construction of the cl'yosiat as weIl as of many other parts of 
OUl' apparatus we conld avail ollrsel\'es of the expel'ience gained 
in the Cl'Y0genic Laboratol'Y at Leiden, where one of us had the 
advantage of working fol' seve..al years under the gllidance of 

1) Ann. d. Phyi:iik 48 (1915) p. 269. Heft 2 published 14 Oct. '15. 
.. 
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Professor H. rÜl\mIU,INGR ONNES. The temperatures were measured 
with the aid of a platinllm resistance-tbermomeleJ'. Tbe wire was 
about 0,1 mmo in diameter and was wound bifilarly on a small tube 
of l\1al'quardt-material on w hieb a double spiml groove had been 
cut. At tbe ends of the tube stouter platinum wires were auto
genieally sealed on; to these wires fhe four copper leads were 
soldel'ed. Hefore using fhe thet'mometel' it had been treated thel'mally 
by a tenfold immel'sion in Iiquid air, each time followed by glowing 
at abont 700°. By that means a constant zero-point was obtained. 
On tbree different elays tlle resistance 'Wo was fOllnd equal to 
18.4695 ,2, 18.4697 Q an,d 18.4695 $1. respectively; it was measllred 
witb a elitfel'ential galvanometer by KORI,RAUSCH'S method. 

The calibl'ation of the thermometer took pI ace by Ilsing tbe vapol1l'
pressUI'es of oxygen as eletermined by IÜl\fERT,INGR ONNES and BRAAK, 1) 
in the appal'atus in vvhich the end-points of the condensation were 
detel'mined, If II represen ts the vapollJ'-pl'eSslll'e in mms., the relat;oIl 
betweell Tand 'P in the range ~3,!l° and 90° abs. is: 2) 

369,83 
T= . 

6,98460 - lop. 'P 
W 

Tlle ratio - was detet'mined at t11e same time. 

W 
Fot' the Leiden standard platinllrn thermometer Pt'l the ratio-

Wo 

as a function of tbe temperature in tile range of temperatures in 
qllestion is accurately Jmown. It is thel'efore possible to calculate 
the value of the constant a in the linem' relation whieh according 
to NERNST holds for different thermometers: 

~(~)=a(l-~). 
Wo Wo 

With ti = 0,00121 onI' thermometer conId be redllced to Pt\ anel 
this constant was therefore used in calculating the temperatures. 

To test the apparatlls which served for the determination of the 
points of beginning condentiation fOl' Hs utility, tbe boihng point of 
oxygen was a1so detel'mined in it. The pressm'e was 762.4 ;mm. 
According to the vapOllr-pl'eSsure formula this corresponds to a 

temperatm'e of 90°.15; the ratio ~ gave ~wo.16, wbich agl'ees vel'y 
Wo 

'closel)'. As a was com pal'atively smaH fol' onl' thermometer 3) and, 

1) H. KAMERLINGH ONNES en BRAAK. Comm. Leiden No. 107a. 
2) G. HOLST. Comm. Leiden No. 14Sa. 
S) H. SCHIMANK, (Ann, cl. Phys (45) 706, 1914), gives 0.1-0.2° as the 

uncertainty for (I, = 0,03. 
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TABLE 2. 

Pmm I T 
I (~) I (~rPfl I 

a 
I 

758.1 90 10 0.25258 0.25166 0.00123 

757 6 90 09 0.25251 0.25162 0.00119 

593.2 8782 0.24273 0.24184 0.00118 

751 2 90 01 0.25220 0.25127 0.00124 

Mean. . 0 00121 
I 

as our platmum was obtamed from HERAEUS lIke that of Pt'l' It IS 
very probable that the tempercltmes as glven by US are corrert to 
about 0,02°. 

IV. Determination of [he end-points of conc!ensation. 

1. The apparatus. The end-points of rondensation were measured 
bl' means of a vapoul'-pressure apparatus provided with a stIrrer, 
as used by KUENEN. The small vessel was placed in a cryo'3tat 
which ron tall1ed, beside the Ieslstance-thermometer, a small pump 
WhlCh provlded a thorough clrculatlOI1 III the oxygen-bath. The tem
pel'ature was regul/ited ny an ad.lustment of the pressure in the 
cryostat. The constanrJ' of the temperature durmg the measurements 
was about 0,01°, 

2 Vapour-preSSltre, of o.xygen, nit1'ogen anc! ar.qon. 
Bebide tlle measurements wInch sel'ved as a cahbratlOn of our 

I 

thermometer we determll1ed' the vapoul'-pressul'e of oxygen at two 
other ternperatures. 

I TABLE 3. 

I 
I TeaIc. from 

T p vapour pressure 
formula 

83.49 357.7 83.47 

78.42 184.3 78.37 

Whereas at 83°.5 the temperature as measured agrees wlth that 
calculated from the \ apour-pressure to within 0.02°, there IS a 
dIffel'ence of 005° al 78°. It w111 thel'efol'e be advisable as a 
precautlOn not to use the fOl'mula for T as a function of log p fol' 
purposes of extrapolation. 
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For mtrogen we found· 

TABLE 4. 

1 I P 

80.88 1138.0 

7850 878.1 

72.10 395.6 

I 
69.29 264.6 

Fo!' argon' 

TABLE 5. 

T 
I 

P 

89.95 1001.0 

87 78 801 7 

87.76 802.2 

I 
84.02 533.9 

83.84 522.6 

83.78 518.7 

83.71 514.1 

83.62 509 2 
I 

and hence fol' tbe tIiple pomt' T= 83°,81 iJ = 521,4 m m. 
We shaU compare these tigllres wlth some recent ones of ot h el' 

observel's 
For oxygen the measul'ements by HENNING 1) and by v SlElUE,NS 2) 

may be used. 

FOL' all these meaSUl'ements we have dl'awn lO,q. p =f(~) The 

1) F. HDNNING Ann. d. Phys. (43) ~82, 1914. 

2} H v. SIEIIfljJNS. Ann. d. Phys. (4.2) 882, 1913. Comp. also G. HOLsT.Oomm. 
Lelden N0. 148a 
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gl'eatest differences with HENNING are about 0.02°, v. SIEMI!:NS'S 
measurements differing a linIe more at .the lowel' temperatures, not 
more than 0.06° however. 

For nih'ogen we ean also compare oUt' measurem~nts with those 
by v. SIEMENS; here again the difference is very small at the higher 
pressures and increases as the ternpm'ature falls. 

At the higher tempera/mes our measurements agree but modeI'ately 
with those of GRO:MMELIN 1), even if we discal'o his 10west pomt which 
he himself considers less accmate. 

The ,'allles which we obtain lOl' the vapour-pressures of pure 
I1ltl'ogen by extravola:Ling the measul'ements wHh the argon-nitrogen 
mixtures are in good agreement with our direct obsel'vations. 

Argon has also been investigated by CROMMÈLIN 2
) in the same 

temperature-range. His resultb cOl'l'espond very weIl to ours. 
There is only a smaIl differenee as regards the triple point. As 

we made a number of observations in the immediate neighbourhood 
of this point (fig. 2) and as our points fall verJ' accuratelyon the 
curve drawn through the othel' points determined by CROMMELIN, 
we think it probable that the triple point as determined by us is 
to be preferred. The differences are for the rest of the order of 
magnitude of the errors of observation. 

"" 
, 

2.700 

70g';;-

~ 
\ 

'0 

'" '" 
, 

'E 

~ 
, 

'0 
C. f. 

~ 

""~ 0 .èj; 
~ T 

2,600 

Fig. 2 

1) C. A. OROMMELIU. Oomm. Leiden NO. 145d. 

2) C. A. CROMMEL1N. Comm. Leiden N°. 138b. 

, ' 
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3. Mixtw'es. 
For five mixtures the pl'essure at the end of the condensation 

was measured at th ree different temperatnres. N ot more than tOl 0 

of the gas was uncondensed. 
The composition of the mixture:; was given above. 
The results ale contained in Table 6: 

TABLE 6. I 
Mixture J. 82.6 Ofo. N. Mixture III. 31.5% N. 

I 
-

I 
T Pmm T P 

82.63 1218 1 86.55 1162.3 

78.53 781.5 83.47 852.2 

74.02 
I 

451.0 ,78.46 487.8 

! 
ol 

Mixture Il. 65.3.010 N. Mixture IV. 10.00J0 N. 

T 
I 

P T 
I 

P 

83.49 1175.9 89.86 1198.6 

78.53 686.5 87.69 972.0 

74.53 424.2 83.53 631.2 

I 
Mixture VIII (atmospheric nitrogen 99.- Ofo N. (baroscope». 

T 
I 

P 

81.06 1151.6 

78.435 863.5 

71.295 350.9 ~ 
1 

When lo,q. p was drawn as a function of - fOl' argon, nih'ogen 
T 

and the mixtures, a set of straight Iines was obtained whjch converg'e 
""' at higher temperatl1l'es. The values of 17 and T wbich wiJl be used 

later on fol' the construction of the 13.'c- and là:-diagl'ams were taken 
from this graphic repres~ntation. 
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V. Deterrnination oj the points of beginm'ug condeJisation. 

1. Appamtus. 
The apparatus used fol' tllis purpose was àl'l'anged in the manner 

of a constant volume gas-thermometer. lts vessel had a volume of 
about 142 cc. and was provlded at the 10wel' end with a small 
appendix 8 mms. long in which the liquid gas collected. In order .~ 

to make sure that eq uilibl'iullJ was attained the liquid could be 
stirred by means of' /:t small steel balI, which on closing a CUl'l'ent 
was drawn up in the field of a smal! electro-magnet with pole
pieces eut at 45°. In calclllating the ch.anges of volume.of the vessel 
the coef:ficient of expansion was taken as 0.0000212, the mean of 
the results obtained by TRAVERS, SI~NTJ!)R and JAQUEROD 1) and by 
KAMERLINGH ONNES and HEUSE 2) for Thul'Îngen-glass bet ween 0° and 
-190° .. 

Tbe measureroent was conduct.ad as follows: a measnred quantity 
of gas was tl'ansferl'ed to tbe vessel and the pl'essul'e read at a 
definite temperatIlre; a second quantity of gas was then measured 
and transferred to t11e vessel, and the pressul'e was read again, 
etc. etc. until condensation set in. The vapour-pl'eS&Ure was then 
measured at incl'easing densities of the vapou'r. 

For a convenient measurement' of the quantities of gas whirb were 
added, the manometer-tube on the vessel-side was pl'ovided with t1. 

scale-division and had been acclll'ately calibl'ated. Fol' the reading 
of the' preSbUl'eS a cathetometel' was sometimes used, sometimes a 
vertira,l comparatol' with steel measuring-rod. In the Îatter case the 
accuracy is smaller, but not smaller than abont 0,1 mm. 

2. Tlte meaSU1'ements. 
. pv 

For each mixture at three different temperatm'es - was now 
, 760 

determined as a function of the pressure, whel'e p is the pressure 
of th~ mixtlll'e in mms. and v the volume of the gas in the vessel, 
divided by tbe theoretical nOl'mal volume of. the same quantity. 3) 
The point, where this curve shows a discontinpity, is the point of 
beginning condensation in questioJl. 

Fot' each quantity of gas which WtlS addéd the norma] volume 
was each time calculated i this volume was diminished by the quantity 
contained in the dead space and the capillary in order to obtain 
the quantity of gas in the vessel. 

1) TRAVERS, SENTER and JAQUEROD. Phil. Trans. A 200. p. 138. 
9) H. KAMERLINGH ONNES and W. HEUSE. Comm. Leiden No. 85. 
3) H. KA:liIERLINGH ONNES and W. H. KEESOM. Ene. d. Math. Wiss. Comm. 

Leiden Suppl. 23. 
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TABLE 7. 

Mixture V. 74.05 % N. 

T=83.'54 I RT= 0.30595 
11 

1 =78.°62 
1 

RT;:= 0.2879 
, 

'lJr pv pv vr 
I 

pv pv fJ=- P , 760 -160+RT '0=- P 160 -160+RT 
7Jthn vthn I 

0.4424 513.5 0.2991 0.00685 0.6956 308.9 0.2829 0.0050 

3541 637.7 2973 0.008J5 0.4421 482.1 0.28065 0.00725 

2853 786.4 2954 0.01055 0.35405 597.4 0.2785 
I 

2423 920.4 2937 0.01225 0.35405 597.1 0.27835
1 

2117 1044.9 2913 0.01465 0.2849 630.4 0.2365 

1854 1079.8 2635 - 0.28495 629.2 0.2360 , 

1854 1079.0 2633 - 0.2419 650.9 0.2073 

1713 1088.9 2542 -
16825 1099.1 2435 -

I 
Mixture V. 74.05 010 N. Mixture VI. 52.8 % N. 

T=73.078 I RT=0.2702 T= 85.°93 I RT=0.3147 
I . 

0.8861 228.6 0.2661 0.0035 1.3663 169.7 0.3123 0.0024 

6954 290.0 2655 0.0047 0.6310 373.0 0.3099 0.0048 

5657 327.8 2443 - 0.2316 989.0 0.3016 0.0131 
~ 

44135 349.35 2031 - 0.2144 1053.'9 0.29745 -
3530 363.2 . 1688 - 0:2078 1061.6 0.2905 -

0.2004 1065.3 0.2811 -

Mixture VI. 52.8 % N. 

T=800.89 I RT= 0.29625 

11 
T=76°.225 I RT=0.2791 

/1 
1.3979 159.8 0.2941 0.002J5 1.3964 1 150.6 0.2769 0.0022 

0.94595 235.5 0.2933 0.00295 0.9439 221.7 0.2755 0.0036 

0.7125 311.5 0.2923 0.00395 0.11225 293.0 0.2148 0.0043 

0.4697 468.4 0.2897 0.00655 0.6303 330.2 0.2'141 0.0050 

'0.4047 541.8 0.2887 0.00756 0.56285 340.5 0.25235 -
, 

0.37425 584.1 0.2878 0.00845 0.4690 357.5 0.2208 -
0.3465 606.6 0.27675 - 0.40385 379.8 0.1966 -
0.3069 624.0 0.2521· - , 

0.2807· 636.0 0.2351 -
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TAB L E 7. (Continued). 

~ 

Mixture VII. 24.3% N. 

T= 90.11 I 

I 
RT= 0.3300 

11 
T=85.36 

I 
RT=0.31265 

vr p (~~) pv vr p (fa~) pv 
v=- -760+ RT v=- -760+ RT 

vthn vthn 

4.0803 , 61.1 o 3280 , 0.0020 4.079 57.7 o 3101 , 0.00255 

0.5666 434.7 0.3243 0057 2 073 114.0 3110 00165 

0.3170 766.0 0.3197 0103 1 0943 215.3 3102 00245 

0.2959 819 6 0.3191 0109 0.4327 534.3 I 30445 0082 

0.2011 1186.7 0.3142 0158 o 3437 669.3 3029 00975 

0.1928 1228.4 o 3118 - 0.3174 7228 3021 01055 

0.1882 1232.7 0.3054 - 0.3108 737.6 3018 01085 

0.1795 1236.7 0.2923 - o 3048 752.5 3018 01085 

o 2956 756.2 2954 -

0.2867 758.6 2864 -
0.2743 762.5 , 2754 -

T=80.53 I RT= 0.2950 
11 

T=80.53 I RT=0.2950 

4.078 54.6 0.2931 0.0019 0.5961 5 368 0 0.2888 0062 

2.072 107.6 0.2935 0015 o 4923 429.5 0.2785 -

1.0942 202.9 0.2923 0027 o 4444 438.7 o 2567 -
\ 

0.8446 261.5 0.2908 0042 0.4324 439.3 0.2502 -
0.5961 5 368.0 o 2888 0062 0.4212 439.45 o 2437 , -~ 
The first column of the above table 7 contains the volume of the 

vessel v" divided by the theoretical normal volume VI/tl! of fhe 
quantity of gas which it contams. 

Vn 
Fol' argon we assumed - = 0,9992 1) 

VLlm 

" nitrogen" " ,,= 0,9996 ~) 
for the mixtures InLel'mediate values wel'e faken. 

I 1) H. KAMnRLINGH ONNES and C. A CROMMELIN, Comm. Lelden 118b. 
I 2) Recueil des constantes p. 189. 
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The second column gi yes tbe pl'esslll'es m rnm mercury, all 
po 

l'educed to the same tempemtul'e, the tllll'd column glves aud 

the last (PV ) - l~ 7' for the gaseous state 
760 

760 

pv 
In fig. 3 - is dl'awu as a fuuction of 11 for earh of the 

760 
mixtures for the pUl'pose of detel'mming the pressure at which the 
condensatJOn begms. 

0,3200 

0,3000 

0,2800 

. 
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0,2400 

0,2200 

0,2000 

~ -r--
~ t--t--
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,... fG>1 IS r-- I--to I- JOjl 

-- re-
~ rs-- r-,., ai 

r----r--
-v- f.!7 ""'";f 599 

<>-:- on 

~ t--r--. -, S1 
33'. 

0;;;;; F= [-0-; 4' 

~ 

~ 

Pmm 

JOO 200 300 400 soa 600 700 800 900 1000 1100 1200 

Ftg3 

Table 8 contains these pressures and tbe correspondmg temper
atul'es; it a}so glves the volumes of the saturated vapolll' expl'essed 
in the theoretical nOl'mal volume as unit. 

When log. p was l'epresented as a functIon of ! (}, ), a set of 

stl'algbr lmes was obtained, m tlus case a1so. As bef 01'8, the values 
which sel'\red fol' the constructlOn of the final dtagrams were derived 
fi'om these curves. 

It may be mentioned, th at with the last mixtm'e of 24.3 % Nat 
a tempel'atm'e vet'y littie below 80°.50 the solid began to separate OLIt. 

57 
Proceedings Royal Acad. Amsterdam. Vol. XVIU. 
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T ABLE 8. 

Mixture V. 74.05 Oio N Mixture VI. 52.8 Oio N 
~ 

J I 
vp 

I I I 
vp 

I T P 160 v T P 760 

83.54 1052 0.29185 0.2107 85.93 1053 
I 

0.30075 
I 

1 

78.62 597 0.27875 0.355 80.89 599 0.28795 

73.78 3165 0.2652 0.638 76.225 330 0.27415 
I 

-
Mixture VII. 24.3% N . 

( 

1 
I 

p I 
vp 

I v 760 

90.11 1228 5 I 0.3138 0.1942 

85.36 754 0.30175 0.304 

80.53 427 0.28785 0.512 

3. Equation of state of the mixtw'es. 

Fig. (3) shows on Înspection th at pv IS a linear function of j 
760 

preferabIe, howevel', to choose ~ as the independent val'labl 
v 

equation of state for the mixtures undel' investigation in the 

I 

..EL -R T 
760 

, 

lil 

11 

O~ 

\1 111 

60 

tI 
:? 

.téf :?' Uv 
IIID 

52,87. N 
4 

Y 
V 

V 
/ 

IOID ~DII 

1i;4 

/ 

L 
/ 

\ 

o ~gJ 
-~ .... 
• 76)1,1 

.L v. 
fC/1 
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in question can then be represented in the farm 

( B) 1) 
pv = R'l' 1 + -; . 

1 
In fig. 4 pv-R T IS represented as a function of - for mixture VI. 

v 

We have computed the valueb of B in this equatian and have 
obtained the following results 

TABLE 9 . . 
Mixture V. 74.05 Ofo N. Mixture VI. 52.8 0J0 N. 

-
T I B T I B 

8354 - 0.0100 85.93 - 0.0096 

78.62 - 0 0113 80.89 - 0.0103 

73.78 - 0.0118 76.22 - 0.0108 
I 

Mixture VII. 24.3 0J0 N. 

T I B 
\ 

90.11 - 0.0100 

85.36 - 0.0107 

80.53 - 0.0122 

Unfortunately so far determinatlOns of B-values far al'gon at 
these low tempel'aiul'es ha "e not been pu blished 2). For nih'ogen 
measurementb by BESTELMElER and V ALEN rINER 3) are available. 

These meaSUl'ements gwe B = - O.OlJ 6 at T = 81.4 in good 
agreement wlth our results as l'egal'ds the ol'del' af magnitude. 

Tl1e equation of' state finally enables us to calculaie the volume 
of the satul'ated vapaul'. TlllS calclllation we are, howevel', oblJged 
to defer. Table 8 gives the volumes of the satlll'ated VapOlll' fol' the 
points which were experimentally deterrnmed. 

1) Camp. H K.A.MERLTNGH ONNES and W. H. KBESOM Ene. d. Math Wiss. 
Comm. Lelden Suppl. 23. 

2) Weundel'stand that the measurements ofB fOL' al'gon undertaken hy KAMERLINGH 
ONNES and CROMMELIK in the Lelden Lahoratory wIll not he eompleted for a 
eonsiderable time. 

S) A. ~ESTELMEYER and S. V ALENTINER. Ann. d. Phys. (15) 61, 1904. 
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VI. 1:v- ancl p,v-dia,qmms. 

Tbe data fonnd above enable us to derive temperatllre-composition 
as weil as pl'essure-composition diagrams. The values wbich we 
obtained al'e arranged in Table 10 on page 891; by means of these 
a few T.'l.'-curves were drawl) (fig. 5) and the px-diagram for 
T = 85°.11 (fig. 6) 1). 
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It wIIl be seen, that tlle d,ft'el'ence in compositlOn between tlle 
liqUld- and "aponr-phases is a lIttle smaller on tlle nitrogen- than 
on the argon-side. A glance at the figure furthel' shows, tbat in the 
preparation by means of fmcLionation of al'gon from mIxtures 
containing only n few hllndredths of argon no great advantage ean 
be gained from raising the pl'essure, altbongh the advantage::; of a 
bettör exchange of cold at the higher pl'eSSlll'es must not. be lost 
sight of, where a teclmical methoc! is concerned. 

rbe change of tlle romposition of the gas-pbase with tllat of the 
liqnid-phase satisties the relation 2) : 

1) The Tx curves for p = 50 have been dotte::l on the argonside, as the soM 
makes its appearance here. 

2) LEHFELDT, Phil. Mag: (5) 40 397 (1895). 
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log r' ,a f blog r 

whel'e r ' l'epresents the ratio of the components in the liquid and 
l' the -same quantity in the \'apoUl'. 

I 
, 

TABLE 10. T -x-diagrams. 
, 

I 
Tp = 50.0 Tp = 76.0 Tp = 100.0 Tp = 150.0 

xO/oN. " I e.m. e.m. e.m. e.m. 

0 0 0 0 
0.0 83.45 87.26 89.93 94.18 

- 10.0 81.42 85.25 87.98 92.32 
End 

3).5 78.65 82.40 85.055 89.29 
of 

65.3 75.86 79.41 81.95 85.97 
eond. 

82.6 74.82 78.30 80.76 84.70 
I 

I 100.0 73.87 77 28 79.71 83.57 

Beginn.· 24 3 81.79 
I 

85.46 88.04 
I 

92.15 

of 52.8 79.41 82.97 85 40 89.33 

eond. 74.055 77.21 G 80.66 83.08 86.93 
I 

End 

I 
I , 

of 99.- 73.94 77.35 79.78 

I 
83.64 

eond. I 
/ 

I p-x diagram for T= 58J ll 

I x 010 

1 

p. e.m. 

0.0 60.28 

10.0 74.75 
End 

31.5 100.5 
of 

65.3 137.9 
eond. 

82.6 156.2 

100.0 174 3 

I 
Beginn. 24.3 73.18 

of 52.8 96.78 

eond. 74.05 124.2 
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TABLE lI. . -

~ 

, 

Ir 
, 

p=50.0 cm. p =76.0 cm. -

a=- 0.545 b = 1.08 a=-0.496 b = 1.06 
I -

T /. r' realc. 
/ 

rfound T 
/ 

r' reaIc. 
/ 

rfound 

76.00 1.74 5.36 5.37 80.00 1.34 3.87 3.85 

78.00 0.605 2.01 2.01 82.0Q 0.534 1.64 1.65 . 
80.00 0.247 0.879 0.869 84.00 0.227 0.725 0.718 

82.00 0.0695 0.269 0.270 86.00 0.0593 0.205 0.206 .. " p = 1000 cm. p= 150.0 cm. 

a = - 0.451 5 

/ 

b = 1.04 I a=-0.3965 

/ 

b = 1.035 

82.00 1.825 4.82 4 81 86.00 1.85 4.32 4.32 

84.00 0.7065 1.94 1.93 88.00 0.750 1.83 1.84 

86 Oll 0.3055 0.869 0.8725 90.00 0.346 0.866 0.866 
I 

88.00 0.1086 0.323 0.3245 92.00 0.134 0.348 0.348 

T=85°.l1 
I 

, 

I 
I 

-
a=-0.466 b = 1.11 

Pem. I 
r' 

I 
reaIc. 

I 
rfound 

Î 

, 
80.0 0.164 0.516 0.513 ! 

Î 

100.0 0.446 1.27 1.26' . 
120.0 0.942 2.49 2.49 , 

140.0 2.0675 I 5.06 5.06 , 

As appears from the above Table 11, the values of a and b in 
the several Tx-diagmms change with the pressllJ'e, In each diagram 
taken separatE'ly' the agreement behveen the calcnJated and found 
values ii::J very good. ' 

The result that_ the. liquid-curve in the p,v-diagram (especially on 
I , , 

I 
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the nitrogen side) is onIy ~ery faintly cUl'ved 1) had been found 
before in a series of unpnblished preliminary detel'minations and 
may be looked upon as an indirect confirmation of our obsel'valions 
l'esvecting the vapour-pl'essul'es of nitrogen (IV. 2). I 

, The p.1'-diagrams shows that especially on the nitrog-en-side, the 
values of the composition of the liquid and vapour phases do not 
differ much from each othel'. This would lead to the expectation 
that the fi'actionation, especially of the mixtures with little argon, 
will not be a vet'y easy matter. 

When the change with pressure of the composition of the phases 
is taken into ronsideration, it follows th at the diffel'ences in com
position increase Witll diminishing pressme, so that a comparison of 
the T-,'(] diagram for argon-nitrogen at 76.0 ems with BALY'S dia
gram 2) fol' the fractionatiçm of air pnts the problem of the frac
tionatiol1 of the mixtures in questioll in a less unfavourable light. 
At the same time it follows from 01.11' l'esults, that t11e use of mixtures 
with little argon will give considerable difficulty. 

VII. Resumé. 

1. A method was worked out enabling us to determine the 
compositioll of al'gon-nitrogen mixtl1res with an accul'acy of 0,1 °10 
Ol', if need be, higher. 

2. A systematic diffel'ence was found between the resuIts of the 
determinations with the bal'oscope and the method I'efel'red to under 
1, w hieh led us to the eonclusion. independently of SCRUI.TZE'S work 
(l.c.), th at the atomic weight of aI'gon hithel'to assumed might not 
be quite exact. As this systematic difference disappears wh en 
SCHULTZE'S value is adopted, the Jatter is thereby rendered highly 
probable. A preliminary direct detel'mination gave a value in good 
agreement with SOHULTZE'S result. 

3. New measurements of' \'apour-pressures fol' oxygen, argon and 
nitrogen are published and critically compared with those of pl'evious 
observers. The triple point 'of argon was determined with greater 
accuracy. 

4. The end-points of condensation of the argon-nitrogen mixtures 
were detel'mined with' an aecuraey cOl'l'esponding 10 0.02° in the 
tem pel'at nre. 

1) Pointing to a simple behaviour of argon towards nitrogen. 

2) Phil. Mag. 49 (1900) p. 517. 

\\ 
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: .. 5.... At :fhé·, p'oirits of begirining condens.átion the á.ècuracy is' abol 
the same. The saturated yapour-v'ollluies are 'ghten,: ,",; 

,6'. Tue' ObSel~Yations with the mixtures are comp,ared with: tb 

!'lqlJation of' st.até: ,in . the f~r~ . pv: ~' ' Ill.' (1 +~). ", TI~e ,'ac~urac 
'" " . '. 760·· .. v ' , ~ ~ . 

" \ .' 

: ',pv 
In - was found to ,be about' 0,1,0/0:. 

760 j' ::. : 

\ " • p 

, .. 7: . Within" the range of temperatures in vestigated .log p for .th 

mixtures can be.l'epresented as a .lineat' function (/~, both for't6 
• • , ,I -;,' " ; . l' _ ' ' 

points :~f beginning c~ndensation a'nd: for the end-points.':· , 
, 8. 'J'hè, p,v- ~~d ·T.v-diagl'a.ms are e~tablished. As' regards ,tlle coir 
position 'of the gas-phase Cr) 'and the )iquid~phase'C?"rHieY'Wel' 
four~d . to satisfy the l;elation log/'" \' a' + blog 1', ','. 

9. Çoï\clnsion's were drawn f~'om ·tlle shape"of' the, cürves in~ .. th 
çliagrl:\,ms "in COJlnection with a ppssible fi'açtional' çlistillatipll' C 

argon-nitrogen mixl·ures. 

) 
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