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BQUILIBRIA INVOLVING CARBON AﬁB”KQEROGEH.

PART I.
INTRODUCTION.

¢]$@'Int:o&u¢tary.
 One phese of this subject, viz. the thermal decom-
égéittion of hxdroearbons hag received the attention of a

?fgxtat many investigatore., Ag long ago asa 18&9 Dalton and

’fayaxy gtudied the deocomposition of methane and ef‘othylone
: Continved

,{whua gub jected to the eombined motion of electric aparka.

EZE”t one hundred yesrs later, W. A. ‘Bone is foroed to aay

f ,are gtill far from understanding the precise modes of
ﬁbmgosition of even the simplest hydrocarbons, whilst the
gal elucidation of the question as it affeste the higher
faxa of the varioue series will probably tax our experi-
8l resourcea to the utmost for many years to acma.“
S It ie characteristic of the majority of the earlier
fi##ﬁétigatara. thet they attempt to explain the mechanism
 aaa¢mpos1t1on’ and it is quite natural that the earliest
iiaf wag that the hydrocarbon was ultimately regolved into
k slements. But in 1839, &arehanﬁ obtained large guan-
tiea of methane by the decomposition at $thylene at red

8 and anf aad Raiswana cbaerved that whan a platinnn
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f;fw&ra was electrically heated to dull redness im ethylene,

";gas was decomposed yielding carbon and much methane

:kaut an sppreoisble change in volume, The suggested
sohanism was

) CyH,— C + CH,,

From that date to ;ha present we find suggested

‘ gy:vaziaﬁ k@ehaﬁimma, gome of whioh are reviewed in the
é;wakat paper. |

St C
Berthelot after s comprehensive study of the be-

]]ﬁawier of hydrooarbons at high tewperatnres summarised his

“1 [Qwa in the following passage !

see l8 deuompaaition imwediate d’un ocsrbure 4'hy-

7‘&fﬂsono ne repond pas T résolution en elements, mais &
1aﬁranatermatiaa en pelymeraa ou en oarbures plus cone
pth‘# avee perte A'hyﬁrag&na. Cette traneformation ne
Utﬁﬁta point d'ailleurs & une température absolument

‘&; st @emparﬁbla 8 celle d'sbullition d’un ligquide; mais
ﬁa‘093ra pendant un vaste intervalle &aﬁtamyé:stara GOM=
ﬁ?antrs le rauge sombre et le rouge blanc: durant cette
%mwvnlle le ocarbure est aecempasa en proportion 4'sutant
8 forte et aveo vitesse d'autant plus grande gue la
p‘réture est plus élevée ....... Rantre chaque genre de
tg%ieﬁ et la réaction réoiproque 11 8'etablit fr‘quommon%-
de sorte d'equilibre mobile, werisble aves la température

#géarﬁu/atz,&nftrauwnnt en pxéaeaee,féqnilihrcvnnalagno
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:fxai qui se produit lore la dissocoiation dee aomp@aén

With regerds to the four hydrocarbons, methane,
hene, ethylene and scetylene he euggests the following
: mﬁéﬁanisma:

ﬁﬁtheaa is decomposed either into aoatylsne and

;ihaﬁregnn or into ethsane and hydrogen,=-
- 2 CH, — C,H, + 3 &,
; 2 CH, —-vﬂ.ﬁ‘ + Hg.
; R&haaa yielde either ethylene snd hydrogen or scetylene,

800 snd hydrogen,~
| | CyaHy —> CoH, *+ H,
: | 2 0,0, —>3 CH, + C,H, + H,.
v‘hyiene yiel&s either acetylens anﬁ hyéragan or socetylene
;a%hama.
= C,H, — CpHy + H,
- 2 Oy, —> CaH, + Cyllys |
: iia to be noted that he }ogarﬁad acetylene as the ultimste
;jpxwénat of thermal daaampaﬁition.

Thorpe and ?oung, however, ug 8 result at their

 ét1gat1e5a concluded that the primery decomposition of
yaraffid did not naae&aarily involve loss of hydrogen;
d Armstroag and Millar drew attention to the almost OOm~

’q absanea of aaenylsns in the praéuats 0f the mapufso-

) of 01l gss from petroleum.

t IR - .
V. B. Lewes from his work upon ethylene, concluded
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hat athylana is primarily traneformed iato equal Yolumes
»»@£ gpgtylena and methane thua:

e | B0, = 20,5, + 2 CH,

’;;anéAthat the acetylena is aubﬁequantly either polymeriaea
i?er ﬁaaamyésuﬁ rnrther into carbon snd hydrogen.

; : Hahar in a paper on the decomposition of the higher
%ikyﬁraaarhcne vigorously attacked Berthelot's and Lewes’

: &iyxﬁ, He investigated the decomposition of n-hexane and

' ylé#iﬁ aeuélnsivaly‘that it decomposed primarily into meth-
‘nxiaiaﬁd an alefine, & change which he regurded ae typlosl
;jaf thﬂ higher hydrocarbons,

The most thorough work upon the aaeampaﬂition of

hvﬁraaarhone hae been done by Sir Wnm, Bone and his stu-
ﬁta. and on agcount of its importance, it will now be re-
fwu& in some datail,

“ Bone and Jordan e proved that math&ne i the only
'7&§aaarben formed syathetiaally from its elements at tem-
°‘tnxaw between 1000° and 1200°, and this result wes con-
ﬁq@ﬁfﬁy Bone anéleaward.f’ The vaelidity of this direct
ﬁ@ﬁia was‘qnaéfioaéa by Barthelot,?* Pring and 3utﬁan.i‘
RE Mryer and Altmﬁyer,i"bat further work by Bone and
yurd ' @nd partioulsrly by Coward ssd Wilson & proved
alusxvaiy that methane was aatually,aygtﬁaaxsadEfrom its

,amants at these tamperaturas,.

'1 Bone aaa 6ﬁward éavaﬁed thoir sttention in p&xtiw

a“tha saaampaaitiau of methans, athang. athylena and
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tylene st temperatures renging from 500" to lﬁﬁﬂgg and
’,6 §pea1a1 attention to the influence of the time faotor
5;Q§fthe various decompoeitions. Bone remariks with reference
fﬁéfﬂbrk of previous 1nvaatig@torai " Whereas the influence
;Eéﬁytempazature on the nature and sequence of the changes in-
;féﬁlfaa has received considerable attention, the equally im~
‘f§§£$aﬁt factor of time hes been largely disregarded.”

‘;;, The main conclusions reached by Bone and Coward may
(:gﬁiaummarieeﬁ ag follows:

(1) Methane which is the most stable of the four

”’xéaarbcns examined is the prineipsl produot of the decom-
‘fypgitiun of the other three, especially above 800 . It
ff&ggompoaea directly into earbon and hydrogen und the process,

fﬁ%ﬁah,ia probably revergible for all temperstures, is chief-

»;;3,5 surfaece phenomenon.

(2) The decomposition of the other three hydrocarbons

f\ fﬂét & surface effeot but tukes place throughout the body

e (3) Acetylens is & principsl product of the decom-
fﬁ@sitian of ethylene but not of either ethane or methans,

(4) At comparatively low temperatures scetylene ex-
ibites e stroag tendency to polymerise, so that where it is

;ﬁﬁﬁd by & primary decpmposition, there is slways & marked

fggéaadary formation of aromatio hydrooarbons at low tempersa-

Sy e ,
_p@gya‘ Above 600 , this temdency diminishes rapidly.
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~ (5) Both scetylene and ethylenme tend to combine with
?egsn at low temparatnraﬂ to form ethane but thie factor
;ﬁb diminighes =e the temperature rises.

- | (6) One of the principal factors operative at BQO°
gfﬁaﬁ_higher i the éiraat hydrogenation of suoh residues s

CH, :CH,, end possibly -CH, to methsne. In this way
;ﬁanly. eaa the very greast produatian of methane during the

ﬁ{&agwm@oaitioa of the other three hydrvcerbons be socounted

?&Qé&;* The assumption of this factor explains also the

ann@axiar atability of methane over the other hydrocerbons.

1?3% 811 temperstures examined. .

(7) The mode of decomposition of any partiocular

; ﬁﬁ@}@éarban oannot be expressed by meany of & aingle chemi~

% #@ijequatioa.

W 38, (s) The aeaempoeitiaaa of ethane, ethylene and acet-
:gyiant may be raprsaantad by the followiag schemes, the dotted
0 "aa reprasantiag the tendenecy to dlsesolve the bond between

rhan atoms whiﬂh becomes affeativa at the higher tempera-

HE H (8) CoH, + H,

k,ﬁa.&‘,.é.‘. a@(:cﬁa)-er;;u (b) 2C + g2H, + Hy
ﬁ; i ﬂ | (e) plus B, = éen‘
Eéh&an
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\
: B! & (a) CuHy + Hy
 Ethylene (e) plus 2H, = 2CH,

(a) 80 + H,
H.C. C.H = 2(.CH)= |b) plue 3H, = 2CH,.
Aaé%yleﬁn J |
!
- Polymerisation

In the preceding pages the writer has rgviawaﬁ brief-
’Q1x,the mechanieme suggested by various investigatore. Of
;ﬁ#im, and of the experiments which suggeéted them it esn be
f§§$§ only that they give & t&ir‘inéiaatioa of whet actuslly
' §§kaa place.
| It is epparent that ia no osses were the experiments

;@ﬁntinued uatil a etate of neutral equilibrium wes reached.
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h‘mkgarptieal aohaiaowatieaa.

In the following treatment the writer has oonsidered
¢ subject from the stand-point of gqualitative and quanti-
jative equilibria.
: If we consider the thiae hy&re@arbaqs, mathane, eth-
  §ac,an& ethans, it is quite conceivable that we might have
wuyiér all af.tha following resotions, praaaeaing either
 ‘§;§a1taneaus1x or succesgively .

Saa (1) CH,wC + 28,

(2) 2CH, v C,H, + BH,
(3) 20H, & C,H, + 3H,

(4) GoH, » BC + 21,

(B) CuH, ® C,H, + H,

(6) BC,Hm C,H, + 3H,

(7) C,H, = 2C + 3H,

(8) CuH, » C,H, + H,

(9) CoHy = CuH, + 2H,
(10) BC.H,»= CH,

eta, ‘ '

In the above equatiocuns the writer has indicated a

ffwﬁkiaa of equilibria iamvolving the three hydrocarbons, meth-
\ ethylene and athane asnd in sddition, acetylene snd ben-

?';; Now it 1= quita yoasihle toga@piy the Thaze Bule to

;aguilihria.  The maxim&m nambnr of phaeaa is 2, the

'ﬁnh the #olid,,the veriante are fixed ae jemperature
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sd preseure; and the number of components is evidently 2.

#@'the equetion ¥ - R+ 2 = V, is satisfled. (ﬁ = no.

»,bivﬂomponenﬁs R.= no, of pheges aﬁd Y = the vuxiants). Qhe
v ¢aas1nsiaa is xeaehaa therefore, that whether the initisl
iiayatam be methane, ethylene or ethane, the finsl ayatem muat
;hgjane in squilibrium., Thir system may coneist of any or
 &11'0£ the substiances indicsted, but aaah of these compounds
:vnﬁaﬁ be present in such a proportion as t@ pregent & syme-
'_,;_fpkmy of equilibris smonget them sll.

i The quaatian now arises, whether it is nossibla to

_ngﬁéiut the quantitative compogition of ths aquilibriam aya=-
3ltam for & definite temperature and pressure. To answer

:ﬁzhia question it le necesnary to turn to @hermadyuamioé for

»1taxia of eqnilibrium and the simplaat ig evidently the
_!#@a energy 1&&&%10&. @ibbe in his paper on Heterogeneous

iiEQRiliﬁria gtates that for any isothermal and isopleatio

k. 50
ah&ﬁga in a8 system in aquilibrium
: *_as>o

4

?i»u. the free energy 1s continually tending towards a minle

f?ﬁnmt and finslly far s system in neutrsl equilibrium the

ffﬁ?#& energy chengs 1@ Z8Y0,

How if 1t were paaéiblg-te caleculate the fzaa‘aﬁetgy

'hraaae attending the eynthesis ax'aach of the hydrocarbons

;\giﬁarea above, it conld be wald that where that dewreame

%his.is renlly Gibbe' Thermodynamic potential.
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; V;yﬁeitivo, the finel systom is the £imsble one; and where
ﬁ;&gftha other hand, the free energy had inoressed, it would

,Mﬁaaeasaxy to stﬁte‘th&t'tha\fiaal eyatem wae an unstable

; Qﬁe; This free anergyﬁdaQreaea involved in the synthesis
t!ﬁﬁra comoound is & meagure of ites stability;- it ie s mesmsure
!f§£7$he\a£11nzty‘ef‘tha olemente to form the partieular oome
*~§anna, Indeed, in place of thé'tarm froe aﬁergy. many Buroe
;fpaan writers mse the equivalent texm - affinity.

G.N.Lewie and hie aollabaratars havn done much during

;éﬁﬁﬁaﬁt yosrs to provide tables of Free Energles of Formation
Qf§§;$wwpannae, anslogong to tables of Heats of rormatiougé‘
if???%tho writer's purpose, however, the only useful infors
”fﬁ@@iﬂﬂ obtainable from these tablee is thaet the free energy
:4't§rnaaa ( «AF) for the eynthesis of methane from graphitio

iléakkan aa& hydrogen, is 412,800 calories., This Lewis haa

‘ x5 ' S
}ﬁa&lﬁnlatsa from the work of Pring snd Fairlie' on the meth-

: %n& Qqnilihxium at temperatures sbove 1200 G' Thie means

ply thet methane iz a atsbls compound, a faet borne out
fynﬁmgraux experimental investigations, ,\
: | But 1t'1a not necessnry to stop at this point, The
f;i?ﬁa energy of such & reaction as

 BA 4 DB A4 mmmmet 0F 4 £F 4 cmcee

P
' given by the axpzaaaion~‘

~4aF = BT (4 hp- Zf;’,‘"
4 I3

'uhiah ag shown involvee the equilibrium constant, If now,

%#ﬁ#ﬁtéﬁgiﬁgﬁitinp;in'tha gecond term within the bracket
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o ssch arbitrerily msde equsl to 1 atmosphere, the expres-

» eimplifies to

| -AF = BT 1n K.

; 30 that we have in the equilibrium congtant, & ori-
' €Qr&an for the stability of emch of the various systems un-
 ;&§#‘¢¢¢¢&¢¢13¥165. '

o Agéia the Van't Hoff Bquation

AR
a1n Ky = —x- - ar

(

‘;aﬁ@nla ansble K@ for & given reaction to be caleulated when

7};&&;;ths incresse in heat content sttending the remction is

3;¥§éwﬁa But the sbove relation 1¢ really & differential equa-
/_v'an snd it® integration will involve some unknown éoaataut
; 9£ integration. At the present time the bast golution 1ies~
1fia zha uge of approximate expreseions, of which the Haxntt
f $y§r@ximatien * hae been most sucacessful,

S AR
108 K = wvewe=a= 4+ TV 1, ?51@5 T + Zv0.

4,571 T

AR = inexaaaa in heat content of the system ss writ-

7‘taa in the thermochemicel squation,

§ v = change 1n the number of moleculea formed by the

fﬁwlaatioh
: gvC = the summatioa of the ohemical oonstents of

i_,&&{reaoting gubstences existing only in the gaseous msdate.
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ﬁ}f*f'T. Table I gives the values for Ep et d1fferent tem-

;éturea for esch of the equilibria coneidered above, The
ba for AH were caloulated from the heat contents of the

i axiéna compounds involved.

able I.
" Reaction Approximate ,
et AH Keoo Koo Kyo0 Kseo
e - . d '
(1) OH=C+2H, 18,900 6,4x13° 3,2x10 13 142

i T -il - -
| B0H,eC,H +2H, 52,400 a.lxw” 8,9x10 " 1.2x10 2,4m0

-lh

. 1y 1e 18 1§
&0 R 480, -32,600 1,3x10 8x10 5.1x10 2x10

e il wd ¥ - -
) C,B,2C,H,42H, 81,400 3x10 1.7x13 6.emb 7x1d
t ]

t § L 3 t %
B0,HC B, -163,000 2.6x10 32.1x10 < 7.6x10 10

It must be emphasized that no eingle reaction may

k‘ﬂ‘ﬁt be considered as being vitally interrelated, and the

,aible gyatons, ,
A consideration of reactions (l) (2) and (a} showa
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e { e d T wid : - b
(8) 20H2C,H,43H, 95,900 1. m}.o 6.4x10 -~ 2310 1.2x10
o < 10 ]
(4) CuH2042H,  ~14,600 ,5..9113 1.2710  1.2x10° 4.8x10
(8) O,H.eC,T,9H, 43,500 3.3x7  6.3x10 1.8x10" 2,7x10"

’ C,F,%C*ZH, 25,500 6.7  2.2x10° 4x10° l.2x10°
Y -l -l s |
@_);e.; FC,H +H, 37,900 8.7x10 2,8x10 2.1x10, 1.9x10

ﬂ§§)¢aaaidated exolugively by itself. All the ebove resctions

mleted values for Ky must be reviewed with respect to all

‘the sole teadaaay in the temperature interval 200 - 30& c.
1 ;:j£er the initisl system methane to pags to the final system

2.



fiquilihrinm)'mathana, anYbon and hydrogen.

 ‘Reaotions (2), (4), (5), (6), (8) ehow that the inin
al aystem ethylene tends to pese to an equilibrium system
?@xviug methane, benzene, carbon, hy&rogen and ethane.

. Resctions (1) (7), (8) and (9) ahow that the initial
;;~;yatam ethane tends to pass to sn equilibrium ayeten, msthana.
’;1aarbaa and hydrogen; but ethane is evidently fmirly stsble
ffu@;ta 400 .

e | There iw 1ittle tendenoy in these three eystems to

va,aaatylana #0 that the equation (10) need not be considered,

| The gquestion now arises whethexr benzens will de
f} t&ﬁl& over this temperature intexrval,

e C,H, # 6C + 2,

Kpoo = 2.5 x 10 '

Keoo = 5 x 10

These velues indicate that bengene should not exisgt

v thie temperature interval. In this connection it is

i ‘ .
gﬁxﬁatiﬂg to note that Sabatier = etates with respect to

'5tha direot hydragaaatien of buazaae in the pr@aaaga of me-
_s%allie niekel that sbove zaa and ewpeciaily ' eu dela de

f{ﬁﬂﬂ , Qne partie du benzene ast hyﬁragenaa en methans, at

}f 1}3~a depat d4'un pen de charbon sur le niek&1§
It oust be emphasized agaln that the sbove deductions
fhaaed oa the aseumption that sufficient time elapses to

iw§,an»aguilibxinm gtate., This time way be one gegond or
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4.

" The final consclusion from the above consideration
ffﬁfféQuilibfium congtants iy that whether the initisl cystem

Zﬁbéynkthana, ethylene or ethane, the flnsl eguilibrium system

fﬁwiii»he methane, carhon and hydrogen in the proportione
fﬁxéqkira& to satiefy this equilibrium., But man kann nicht
fﬁa&h@m&tiaaﬁ beweizen, duss die Natur so gein muese, wie aie
ifi&i;f Can the above be showa experimentally?

 ' o ?irxtiy, ie it posalble to find evidence of the
ifﬁ?ﬁth of these deductiones in the work of other investigators?
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u Decompogsition of Methane and ite Synthesis from the
Elements - Roaview.

I\ That methane ocould be formed synthetically by direct
ion of aarhon and hydrogen was first demonstrated by Bone

; uﬂﬁJordan. in 1897. They heated pure sugar oarbon in a

fﬁaurrént of dry hydrogen in s porcelain tude at 1360 C: and
% abtaiaeﬁ about 14 of methane in the producta. Berthelot
‘ atﬂ§mptad the same synthesis, but could ohtain no methane,
* 3§!aﬁtr1bnte& the methane obtained by Bone and Jerdan to

'wiu kr1t1aﬂ contained inétha¢aarb9a used by the English

»,?tstigatora.
: However, Bone and Gowa:ﬁ , 1a a8 geries of axparimontn

_5a£uxtiug with very pure carbon and hydrogen, succeeded in

anging 754 of the carbon into methane, confirming there-

Laf‘ $he direct ayhthaaia of methane from the elementws,

50 (]
Pring fognd that at 1200 C, the resction velocity
k “[wary glow:- 22 hoﬁra were required to form 0.35% meth-

‘Under these conditions, the rate of decomposition was

~sne.
L , ° :
,fa,ﬁa‘slcwarﬁ At 1500 C,, after 2 hours the percentage of

ffmathane wag 0,17%.

~ Pring and Pairlie - found that below 1000 C. and
;¢§§gb$mospherie presgure the resction was extremely slow,
ﬁ;;ﬁQn in the presence of a catalyst like platinum.

. ,
Purther work by Pring and Fairlie‘ showed that

Ny v o
rhbon and hydrogen combine to form methane Between 1200 C.

c n
1500 C. while ethylene forms st temperstures abova~l?ﬁeac.
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In the presence of nydrogen either ethylens or ssetylene

[+]
2 methane at temperetures above 700 C. They attempted
g@ply Hahor'a‘equation to the methane equilibriumi

QQ logeT ;W .Q‘ K
: 1653K TR om0 “+ - o
R¢ R R R
(¢H,)
¢ J AR o o -

o | . |
~and at the tempersture of 1200 C., this gave the equilibrium
]f?ﬁﬁja

o  (en)

L wmeneny = 0,07,
T, ' v

f;;'?ir work may be summeryized sas follows,

» 1. Agetylene &é not formed below 1&00“6.
| 2, Methane forms sbout one hundred times as rapldly
ngﬁkﬁﬁhylene" ‘ |
L At’l&oa°e., the ratio of ethylene to methune is

At 1&5906. acetylene appesars,

= 5. Methane probably forms directly from the elements.
fﬁhéynfauué further that Kigh pregsure hastened the attsinment

‘;gifQQuilibrium. Under a pressure of 30 ~ 50 atmospheres

) ‘gilibrium wag resched at the end of 2 houre with a tempera-
fLlaT °o )
~ ture of 1200 - 1300 C. and &t the end of 15 minutes at 1400 C,,

}‘ﬁi@h,or,witheut a catalyat, The reastion wes etill more

&t other pressures.
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. .
"8abatier and 8enﬂerans' by the action of hydrogen

:5f§u intimate mixture of carbon and nickel obtained by
étion of ite oxide at 250 - 300 C. mscertained that
'fmgﬁh&ne wag formed at 25ﬂoa..but a8t the same time there was
f;féimatiaa‘nf water vapor. After gsome time, however, the
§ hydxagan ceased to react. The same ahamiata fuund.no methe
:ﬁﬁaa when the temperature was raised to 400" ¢,

‘ Mayer, Heneeling, Altuayer snd Jacoby = experiuent-
‘viag wlth the effects of catalysts on the syhthaaia of

 hans. found nickel, oabalt and ‘iron effivient in the ore

fiﬁﬁﬁ‘givan.

Fos It is necessary now to oconsider investigations ocar-
Egriad out from the other side, i.e, raaation& igvolving the
f?a«nampoaition of methane.

L ¥ .
Rone and Cowsrd, working at temperstures between

;?&06 c. and 1200 €., declered that the rate of decomposition
. ; ia spprecisble st temperatures below 700 G. unleas a
f:? Ex‘larga gurfzoe was exposed by pscking with porous maters
 fi§1;Q[$hay believed decompsvition to be largely & surfacs
,iﬁiﬁat‘aaﬂ ae such affected by the deposit of carbon. Peck-
 §;gg)w1th quicklime resulted in a more rapid attainment of
;#gﬁiiibrium. An analysis of the products from an hour's

ting st 103006. revealed the decomposition of sll but
\iief methaae.
81&%&2 1n1t1ataa an iavaaﬁigatioa to determine

-;,u%ﬁar thn rate @f dissooiation of methune anpandaﬁ upan
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; hfﬂ@hyaiaal and chomical nature, se well &8s on the amount,

f]ﬁaafing gurface exposed to the gas. On the baeis of Aige
gooistion in em empty tube it was found that gilica, meg-
7?_;513; slumine and baryte siowed up the reaction, while
 fqu£9k11ma,~qoppaf@ e&rbofﬁndnmﬁjgraphita. charboal and ironm
;faaaaluxatad the decomposition. Heated with powdered iron at
3&@ c. for ten minutes, & geas &naiyaing 99.4% methsne gave
;ja @zaauat th&t was 73.1% hydrogen. Slater conscluded thet

ssoh gubstance exerte a gpecific influence on the rete of

*aanpaaiﬁian which therefore depend# upon the naturs of
,5%‘6yuubstaaee ag whll as on the emount of the hesting sure
3§f&¢a.

| Magar and Altmayar" gtudied the methans squilibrium

f?ﬁﬁltﬁe presence of cobaslt and niokel catalysts, ueing & dy-

f;@é&ia method., These investigatore derived the following

p;gﬁfma&ynamic equation?

18,607 PCH,
7121.1 t mwmwe= - 5,9934 10T - 0;602935T = Rlosmwes
? PH,

'f$hay then state: Duroh beliebiges Tinestzen der Temperatur-
'unxtg T konnen wir dle Gleichgewichtskonstante p berechnen.
hfﬁicrans gind mit Hilfe einer guadratiechen Gleichéng die
ylkiaiehgawiahtawerta fur CH‘ und H, su ermitteln.

Their caleulsted aquilihrium values for tamperaturea

rom 600 C. to 800 C. are here reproduced.
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Table 1I.
iinmpurature °c. % CH, 4H,
800 21.68 68,32
700 11.07 88.93
800 | W 95. 59

850 1.59 98.41

. sy
They attsok the observations of Bone and Jordan

;iﬁhatkin thsir experiments upon the synthesis of methsne at

63'0» they obteined 1 - 2 ¢ of methana, The sbove resulte
aam to indicate that methane ocaunot be formed from earhou

;5tnﬁ hyarogea at 1200 ®a. However, the later evidence pro=

duwed by Bone and Coward ** {s incontrovertible. The explans-
! én’at this epparent disorepancy will be given at & later
;‘paiat in thie peper.

. Coward and Wilson - L alao using & dynamic method atu~.
34 the methane equilibrium at the following temperatures!
Ce s l@@ﬁeﬁ‘. x190°a¢ and obtained the eguilibrium concen~
f t?§txaas given below. These experiments waie carried out,

“}w:tﬁ and without the prewence of a nickel catalyst.

Table III.
' & . .
Temparature C. % CH, % Hy
880 2.8 97.8
1000 .1 98.9
1100 0.6 99.4
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. %he Deeempasitian of Eﬁhylene - Review,

: Dalton way the first to notice that oarbon snd hye-
asun were 2armed from ethylene by heat ﬂaaampasitian.'
/‘vf March and Megnus ' observed that ethylene decomposed
i*éan heating, not only into oarbon and hydrogen but also iato
'ffmathane, Be:thalat ° raparta& aleo ethane snd socetylens,
k ” ~ Magnus found that the products of the decomposition
'ffﬁtféfhylane.et 8 red hest contained 904 methane sud that al-

'itlpuxe hydrogen was obtained at a white heat, Berthelot

,a geriee af papara reported similar results,

Day  sums up tha work at the previous ianvestigators
‘f{kijk&y;pgz "It seems clear that at the highest temperatures
e ﬁyldﬁe’aeparatee directly into its elemente. Below this

. ’ﬂiht marah gas and oarbon are amainsd ( O,H‘ - GK‘ 4 G).

. h&ﬁ margh ges and several liguid produets among th&m benzene,
tyrsne, eto. undar certain ¢an&ition&. Day eiruulateﬂ othew
a‘thr@ugh a ghagp tube heated to various temperatures
ﬁiffaren@ 1engtne of time, and found little resction up
ft@ &9@ C. At this tempersture 132 cc., of ethylene contracted
ftﬁ 65 8c. in 171 hours. No hydrogen was present in the finmsl
;;§$$5whioh wag & nmixture of 23,4 ec¢. mothune, 24,8 cec. ethane,

) 215.6.ac¢ ethylene or other olefines.

Horton and xoyea" pagged ethylenms elowly through

iaae tube heated to red heat, and passsed the producta of

smbuetion through bromine, whence they isolated solid
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”°°§ﬁﬁa&a of the composition C H Br. The gas collested oon-

lod of methane and ethane, Norton aud Noye® believed t
that the formation of the bromides wee due to the reaction
. 5 2 G H, — C,H, + H,y. |
Bone and GQwarﬁ“ éaxri&d out what was probably the

;_ﬁn&t vslusble 1ayawtigatién on the thermal reections of eth-
‘yzaﬁa, They ciroulated ethylene for a perlod of £ 1/8 houre
'"*ﬁnugh a tube heated to 570 - 880 C. Acetyless, ethans, -

hana and hydrogen were produced but the guantity of oar-
,_yaayarate& wes negligible. Wethane sccumulsted during
iftha firet 60 minutes and then decreased slightly, acetyleune
fgvaxiod irregularly from 124 of the gas sfter 2 minutes haat-
_ ;ng.t9 6% of the gases at the end of the sxperiment, The
if#@ﬁhaaism that they suggeet has slready been considered,

The importance of the time factor is shown especi-

’7ly well by the followiung table taman £rom their wurk*un
ﬁn_ﬁaaﬂagﬂaitian :6f ethylene at SGQ C.

Table IV.
o Temperature - 809°aa
 Time in mimutes 1 5 15 60
% C,H, 3.00 23.9  5.86 il
% C,H, = 57.28 1.4 9.65 0.9
% CaH, 3,25 5.0 1.3 ail
4 0B, . 29.4 53.4  64.45 67.1
ﬁn. e 7.1 17.0 20,785  3l.4
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' sthylene wes heated to 950 C., 90 per cent decomposed
thin one minute, and all was aaéampasea after 156 minutes,
mall smounts of aromatic hydrocarbons were produced, but
%gQ.quautities of carbon separated. The gases were neth-
| ﬁa aad hyirogen. At 110000.. ethylens was rapidly and
‘ffaamplatsly deeompeaea into carbon, methane and hydrogen.

' Lealia, in summing up the work on the thermal de~

k!ﬁﬁﬁyaéitien of ethyluna makes the etatement! Whila‘it muat

 fk hé&mittu& that the work of the above mentioned iavestigatoras
f not entirely olsrified the course of the resctlions in-
,$1¥a& wm== it gan at least be said thet we are possessed

;fl¢f5£a£r indications s@ to the ﬂature of theae reactions.

Sabatier and @anaerena ha?a gstudied the thermal

 1ﬁ¢naupoait1en of ethylena in the presence of catalyats.
| When ethylene was peesed with moderate rapidity,

ver nickel obtained from its oxide by hydrogen, and hested

-]
%0 a temparature not exceeding 385 C., the iseuing gas was

,# &13£&:9 of 10 volumes of hydrogen with sbout 60 volumes
- of
f;ihﬁ prepartiau of ethane dimished and only traces pemained

tthane and 30 volumes of methane. At higher temperatures

' haa the temperature wae that of red hest. It appesred that

ﬁ@fﬂirst change in the decomposition was the formation of
Maﬁﬁan and ethane, the latter at higher temperatiure decompo=-
ff#ihg.iato carbon and hydrogen. Direct experdments showed

- ethane wasg paﬂﬂyally decomposaed by niakol at 525¢ and

3
methane was decompozed especially above 390 C.
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Sahatier also makes the statement, - ”ﬁvue une ocoloane

ﬂﬁ longue de nickel xeduit, ou un aaurant suffisanment

, t a' ethylena on peut arriver des @2& 8 une tr&naiarmaw

| _&;aﬁ'k peu pres eamplete en formene, mela d'un peun a'hy&ra~
 f gena; Il serait beaumcoup moins aied d’attendyre la ddcare
f*ébaxatiaa totale dm tnr&en@ aalla«ai n ataat pas encore tres
'ﬂ{tayiaa an xaagg sambxa. Tha following statemeut should sleo
k;ihn qnetea a8 it ha& & nanfﬁrm&tary bsaring upon the theore-

‘“'e&l eoneluaiaasz

“ Le gaz reocueillés ne contiennent pas en proportion
_ eppreciable de gas sbsorbsbles par le brom, et ne domnent
_ pas de réaotion avec la solution ammonlscal de chlorure

- ouivreux: 1ls ne renferment donc auounes dose mesurables de

i / / ’ / ) v}
. earbures ethyleniques ou scatylenigmes, Ile sont conatituss

o

P i ’ ) ) , ”
. par un melsnge d’hydrogene at de carbures formenigues,
& Agein deans suoun ocsW, ~--- nOoug n’svons pu condenser

fuéa‘parasptibla de produit liquida,"

. _i  ~ Pinely divided pletinum and copper have no agtion
[;aa ethylena below 400 ¢., but cobalt sbove 300°¢C. partislly
f;éaaamPaaﬁa 1t into ethane, methane and hydrogen togethsr
y'wit& earbon, but without any &catzlene. Iron above ﬁéﬂ C.
5}&&& 1ess acticn but decomposes & smell part of the gas 1nto

® haae, hydrogen and carbon.
: | When a mixture of hydragan with an excess of ethyleue
V i& paaseé over reduced niokel heated to & temperature not

~ exoeeding 150 » ethane #8 the sole product of the resetion,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This reduction of ethyleuns to‘othana at 15o“u. far-

T_Qs an interesting example of the utility of the oaloul-
Qé equilibrium oonstants in prophesying the courss of a
Q&atiun.

ﬁ.ﬂg i* a'E‘ + K‘ - 37 ¢QWA

P
Kiiﬂ = nmgaaﬁnnggn 2 8 X 10
PQ,H. |
‘r“%kﬁt e, tha aumerator i axaaaaiaqu amall, indicating com-

tg trensformetion to ethane.

The writer has teuted out this resction to &atermina'

1_,whcthar it i possible to obtain wuch & complete conversion.

,Lpna&anred volumes of ethylene and hydrogen were passed back

i;tanﬁyfarth between two burettes over metallic niokel at 150°C.

';ngﬁil there was no further chenge in volume. The finsl gas

‘:gggfthan anslyzed and the hydrogen gone to form ethane detere
‘ﬁﬂ. The resulte are given in Table V.

Table V.
Tempersture - 150 C.

V=4V Vo Yi-V, Anslyeis of Final Hydrogen
: TS L% Ges gana ta
S - CaHy C.H, H,
B ‘j"jﬂ‘ﬂ ¢ co, e, co. OC, G&&ﬁq A Vo
335 200 135 36,3 63.7 0,0 187
306 1986 110 45,7 54.3 0.0 106

300 195 106 0.0 b2.4 47,6 108
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vﬁha Deoconposition of Hthane.

Tha thermal decomposition of &thane has bheen the
;ggat of few inveetigations. The work of Bone and
fﬁﬁﬁﬁ#x&" i# the only expsrimantatian of importance. Hol~
lfiiags and Cobb'  Yave confirmed the sbove work. In one ex~
:gaximaat ethane was circulated through a tube heated to
&?&éﬁ; The results of thie experiment are given in Table VI,

Table VI.

Temperature - 6?566‘

»1§§‘1a noure Analyais of gawm
i CeHly  CyH,  C,H, CH, Hy
s 61 247 347 8.4 28.1
& L3 5.1 24,1 9.8 19.9  4l.1
8.0 2.8  16.4 7.8  32.9 40.6
60 1.9 0.7 2,0  54.5 40.9

G
At 800 C. ethane decomposes rapidly., In one min-

 Ht¢f# heating the gaes had the composition acetylense 1.9%,

'"§§§y1aae 11.2%, ethane 17.9%, methene 31.3% and hydrogen
‘5$¥g¥%. After one hour's hesting only methene and hydrogen
: ?#miiaaa. Similar resulte were obtained at the higher

temperatures.
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’iﬁaanlaeiamg Drawn from Revhew (3, 4, 8).

L A oareful perussl of the above review of the work
f@nwmﬁthane, ethylense snd ethsne ghows that the conclusione
;Jﬁﬁtﬁh in Seection 2 are supported by experimental investiga-
 ?ti¢ﬁ* As Bone hag pointed out, in the majority of inves-
 {tigatians, the time factor hee been neglected, Hie own
 ;i£f¢ﬁt1gat1ané however, show that with inoressing time the

Wiinitial gystsm approaches nearer and nearer to what W. L.

‘7f13r" oalls ‘newtral equilibrium,’
o The statemeut by Sabatisr quoted on p., eeems to
3,‘$ntraaiet gome of the conclusiong in Section 2 with res-

ﬁ peut to ethane. Thie required experimental investigstion

?ithﬂ rvesulte of which are to be found in Section

>[?g?$ha Methane Equilibrium. (Amorphous Carbon)
T Only two inveatigations seem to have been oarried

V'\ﬁt on the methene equilibrium at tamperaturas balow 1000 c.

 Mayer snd Altmeyer & studied it from 300 to 600 C. They
  &§¢$§ad'an squetion based on the integration of the Van't
  3§¥£ 1sochore snd used their determined eguilibrium constants
‘;ta aaluulata the constant of integration. Then, makiug use
ﬁ»Gi thie equation viz.

W 18,507
;_,,21 L 4 ===-= = 5.9934 lal - 0.0029%6 T » R 1u Kp,

derived value# for K? for temperstures from 25@ to
f,z and from these aonstaute aalaulataé the eguilibrium
4§trgtibaa of methane and hydrogen for the glven tem-
atures. Ehaﬁeiﬂaneentratiaﬁ ﬁaluas are reproduced in

in Table VIL.
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Table VII.

vfbmparatnre °a. % CH, % H,
250 - 98,79 1.81
300 94,90 3.10
250 9318 . 6.88
400 86,16 13.84
450 76.80 23.20
500 62,573 S B7.4T
550 - 46, 69 53, 81
600 29.40 70. 60
650 . 19.08 80. 97
700 107 88,93
750 6. 08 93,92
800 4,41 95, 59

850 1.59 98.41

They attack the observation of Bone and Jaraan':
7;§ﬁ§ﬁ iﬂ their experimente upon the synthesis of methans at

L R
1200 €., they obtained 1 - 27 methans.

8
On the other hand Coward and Wilaen§ gtudied the
i : [} [+]
- eguilibrium from 850 to 1100 C. with and without a nickel

qa?nlymt; and were &ble to ob%ain constants for these tem~
yeturee, They claim that below the lower tmmperature

.3 , o , .
;Gy,yQQ§ilihria&‘Qaﬁﬂﬁ%‘b@ attained withiu any reassonsble
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: od of time. They say, It ie not concluded that 1t

iyaaaible to prepare carbon in =« sufiiciently aetive |
,§ 30 sttain eguilibrium =t this tempersture (6&G”¢.)
;iﬁhﬁitha claim of Mayer and Altmayer %0 huve succeeded at
i[kiill lower tamparaturaw is much wenkened by the faet that
_ they record no attempt to dlscover whether their gaseous

; §rﬁ&aat$ contained earbon monoxidae.

¢

yﬁakad carbon monoxide much of thedr #o-called methane may
ré hud no actusl existence. That there must have been

a;egxkan monoxide prewent in their producte osn scarcely be

aﬁ‘éﬁ&f&& in wiew of, first, the vpresence of large amounte
P3¢$:ﬁitrmgen and second, their use of gsomewhat Large amounte
4;ﬁffmiaka1, which ag is known, iz difficult to obtaln free

fjﬁ&n& niczel oxide by the reduction of the latter &t & low

Mhﬁéﬁéar&tnre.

ﬁk“' Their a@g&rent total dissgreement admite of a simple
Tiﬁﬁgianaticm, figyer and Altmsyer in the ecuation derived by
}%&ém‘aéaﬁ the value 18,807, wihich 1g the heut of formation
  §£3mathana from gravhitic carbou, whersus both thay and

 Coward and Wilson were using amorphous carbon. The haat

,ﬁ?ﬁfform&tinn of methane from snorphous sarbon and hydrogen
21,730 ecalories, ocuzleulated from the mean of Thomsen's

&nuiﬁartnelot‘e velues,
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On secount, however, of the aontraaiatbry claime

§h¢ two sets of investigators, it is necemsary to have
q;critcrion of what the equilibrium concentrations resl~
;ﬁé[#ra‘

: ﬁauaﬂaxs ® by the spplication of the Nernst Heat
i@h&arem éavalapad the following equation for the methane
'aquilibrinm anﬁ ahawea that it gave resultes in egreement
iwi%h Meyer end Altmeyer's determined values,-

log Kp = f-.-?i - 1.75 log T + 0,000630 T = 0.7,

3£ﬁ§iixtant of the agreement of this equation with Mayer and

’@ ?iayer'a values is shown 1in Tauble VIII,

Table VIII.

L}
T K. log Ky log Kp
calod, exptl,
600 2,45 2.5
800 0.45 0.40
90{3 "’Qo 21 “‘G; 37
1000 ~0.74 -1:0

The writer has used Saunder's Bguation to esaloulate
el ' o
;ya;nﬁa of Ep between 500 and 1100 €, for
C + 2H, # ca.. + 21,730,

e

ane are givau in f&ﬁle 1X.
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Table IX.

g, 1 K, Ep
500 s il
600 873 0.95
700 | 973 0,23
750 | 1023 0.17
800 1073 0.086
850 1123 0,053
900 | 1173 0,086
w000 1273 0.018
1100 1373 0. 010

Table X oontaine the equilibrium concentrations of
g@ﬁﬁ‘ and H, calouleted by the writer using the values for
;fK@ given in Teble IX. The method of csloulation will be

&iﬁaat from the following.

C + 2H, # CH,.

fﬁwt zx = mela of hydrngun in the equmlibrium mixture,
‘ 1 - x= mols of methane.

'{Whanae 1-X
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Table X,

;_Qémpagatnre 4 OH, % Hy
500 63.9 36.1
600 37,9 62.1
700 16.3 83.7
750 13,0 87.0
800 7.5 92.5
850 4.5 95,5
900 3.6 96.4

1000 2.0 98,0
1100 0.8 99.2

, The above table reconcilee the results of Mayer and
Altmeyer, Bone and Coward, Bone and Jordan and of Coward

:;#ha,Wilaon; It is evident however from Coward and Wileon's

_Q?kﬁ that Mayer and Altrayer were partieculsrly fortunste
| ]fabtaiaiag very sotive cstalysts, That it 18 quite pos~
;Rﬁbig‘to obtain such an sctive catalyet will be shown later

4in the deseription of the writer's experimental work.
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f#pe of the Present Investigation.

 The investigation initiated by the writer hed the
allowing ob jecte:

1. To show, if poesible, that whether the initial
} ﬂ&atam were methane, ethylene or ethane, the final system
* {f§h¢ya geogca) waui& be methane, carbon and hydrogen. in
f;fﬁggiiibrium concentratione,

2., To determine the eguilibrium constents for a

. N
The aqus.tiaa eﬂ;aﬁﬁ + 2H, sccurately expresses
ky

o e, 17 08, :
}ethu methane equilibrium., It is evident that the

’fraﬁs of decomposition of methane is proportionsl to the
fig@ngqatration of the methane at any instsnt; while the re-

‘jfyﬁxas reaction proceeds &t a rate proportionsl to the square

ijxhe concentration of hydrogen.
o In the following trestment

x = deorease in partiasl pressure of methane at

z@,gségggasag in psrtial pressure of methane when

#quilibrium hes been remshed.
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The following table is then self-explanatory.

Pime , Partisl Pressures

| CH « C + 2H,
0 8 b
-t | CES 4 bt2x
R a~x, be2x
- 4(b+ex)
Then mmsomm = Ea(eex) - Ky (be2x)®,

ax

Mtqnilibrium 0 = k,(a~x,) - ko(b+2x)",
. éx | z

-~ dt
“(x,x) [k, + 4, (bx,0x)]

| K
= &k‘(xﬂmx} «»n:“ L 3 b + xx + x]‘
| &k,

; .’A
k - s
Bﬂt n:: = g = fgin .
B Poy,
. ax- | " TE |
tr e vemm =W 3&;(1‘,*1) - n b + x‘p + XJ *
at 4

Pat (- + B+ x,) =

v ix
o B aon By (xxlimp),

L N '
wu—tm-ﬂwunmu*ﬂ ﬁ ak,dt;

(= *::)(:mp)
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» when integrated and the constent of integration added

(=+p) '

10 mwmemen = 1o £ = 2k, (x +3)t or
(% ~x) x -
(x4p)

108 mmmmme = l0g £ = 2ka (%, 4 )% x 0.4243
(xn"‘x} b P
(xtp)

log =wws== « log L ow 0,8686 ky(x *ﬂ)t (1)
(x “z) Xo b

 whenoe k, ocan be determined for any valus of t, when x and

The meaaing of x and of x,requires careful conside-
These are changes in the partial pressure of meth-
-,aga; rgspbati?aly at time t snd when oquilikrium hag been
fﬂ?aneh«ﬁ.

- From the equation CH, & ¢ + 2H,, it is evidant that

ffwh@n the partial preseure of methsne has decreased by x the

W ta&al preseure has beoome 1l+x, Thus x and x_, are not values
seured under atmospheric pressure byt under s pressure of
| i@tmeapharhe, It is ueual, however, in experimentsl
'¥1:ugi%a allow the volume to change while the preseure is
22 :§tkéanktaat‘at one atmosphere. The partial preasures ob-
T;tainﬁa under these conditions sre obviously such that the

? *ftal pressure lie one stmosphere. Yet the values of x snd
fl_gyaan be calculated from analyticsl data for atmoséharlo

"

;gﬁ eggure., The “phyeia&l corrsction for the partial pres-

e of hydrogen determined under & total pressure of one
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o 21 oo
“apharo 18 given by the squation ~wwe = PH,» but in ad-
lx .,

“« L1

iian it 18 necessary etrictly to apply & ochemiosl agor-
reotlon as well, This will be apparent from %ﬁe following

Q_aaaaretu example.
: ?or 1@00 Ce, the equilibrium concentrstion of hydroe
 :§éﬁ, caloulated by the method given below, is (.98 atmoapheres

2x.
m——— = 0,98, whanme x = 0,96,

14x

' igi;'tha partisl pressuree of hydrogen and methane raapaé»
7uly are 1.92 and 0.04 atmospheares unﬁsr a total pressure

;;ai 1.96 atmoepheres,

f,

But =w=2 = Kpi and it ie evident that the value of
PeH,

;fﬁha‘axpxesaion on the left hend side of the squation tends

f@fiﬁara&se, agsuming no resction to take place. Therefore,
_Testore the squilibrium ratio Kp, combination of hydrogen

th oarbon must ocour to form methune. In the present ex-

 fam@1e; let y = this decresse in partiasl pressure of hydrogen,.

o {1.92 - y)* - °
- Then  -e----ono- = Kp = 55.5 (for 1000 C.).

ﬂ,&;bg trial ie found to be between 0,02 and 0,03. Siace,
‘Hﬁwavor. the velue 0,98 caloulsted for thelquilibrium con-

Jtmation of hgarngan ig itaalf in erxrox a% at laast the

faamant ghtsina& by sgylying this gsaond anrtaatiag (in
‘1£ stxistly neanxata) would be aalely 1%&61&&3?; %ha
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6.

T has therefors used the expression

2%
, T
:Vf?ﬁa'a first spproximstion to detarmina X5+ In the csme of
ﬁff%ha determination of x, the phyai@al correction is the
‘f ¢n1y one that can be applied.
o It 1is poseible now to teest Equation 1 by data for
O+, given by Bone and,ﬂowazﬂ.‘ Table XI gives the re~
lte of a series of experimentes in which méthane wasg ghut
0 hested tubes (unpszoked) at stmospheric pressure for

ferent periods of time,

Pable XI.
gggéxatuza 985 985 1000 985 985
6 in minutes 1 5 15 30 60
' C,H, 0.6 0.5 nil ail nil
Calle 0.3 0.5 1,3 0.3 nil
cH, 90.4 75.4 65,25 61.85 48.2
1, 8,8 23.6 3.3 33.8 51.2

For puxpawaﬁ af amiaulatian we oan call the tem=

;$hana at aquiiibriam. The value of K reqnire& for

, E°ﬁa$;9n 1 ie the reciprocal of the sbove, i.e. 18 equal
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; x,; may be caloulsted Lrom

2x.
~ . 9’98‘ x = ﬁtg$ﬂ
I4x,

Agein in this series of experiuenty b « 0 20 that

. BB.S
p* —wmonsn N Q{.Qé e l’i s 86,
4

It ie necessary now to osloulate the wvalues of x
,iJm&rrwmamnﬁ to the snslytiosl d«ts of Tuble XI. Thene

,),iws;mm sre given s follows,

pe (mine.) 1 5 15 30 80
D.0868 0,174 0,200  O.B41 0,348

:‘ fset that % at the end of 60 miuutee ir 0,348 wh.ué Xoo
0&9!& is in fteelf sufficient evidence M‘ the ulowness a:i'
l_iv"ﬁm | Mampaaztian 0of methane,
- Equation 1 msy be rearranged sy follows!
e 3 {; B B i]
Ky ® womewcvmamwnn [LOF wone o LOf o=

0., 8688(x 48/t X_x b P
,_ﬂmmw of kg obtamined by veans of thie eguation using
(j;*\m duts of %b:w X1 are g&vw in Tuble XIX.

Table XII .
if%ﬁmﬁ {mina.) 1 5 16 B0 60
e ¥ 10" L7 0,96 0,88 0,32 0.32

i~,_u evidentiy amwmwm;w s oonstsnt veine withia the
ighhw%aa of 0,88 x 1:‘3 ’
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. Bone and Coward emphasize the fact that an asbnore
period ogcours at the gtert of the remetion; this in

ir opinion being due to the reaotion taking place at the -
‘walle of the resction tube, After these have beon covered
??ithpaarbon, the resotion proceeds, to s greater degree nor-
,ghxly. Table XIII gives the values for k, x10 osloulated
fﬁgfh‘%he fifth minute consijered as the zero point.

e Tuble XIII.
Pime in minutes 1 5 15 30 60
K4 10° mew  aew 0,26 0,16 0,15

?@%@f&graement is much better,
j” | For the present investigation of equilibrium con=-
}ﬁiﬁiaaa, it is deeirable to determine the time requiwed for

f$h¢kpartial presgure of methane to f£all to anamhalt ite

iginal value, i.e. to fall from a total pressure of one

i&&phare to one~hslf an' etmosphere, the total pressure

lr&m&lﬁing congtent,

&x
P R Q'ﬁ‘ x Lo 0.333‘
1+x
1 x+ B
t T e oo " O . > 1Gg - - lﬁs -
0,8686 ky(%4p) | x,7x Foo

; 0
;ané for x = 0,223, ky = 0,15;<10 ¥ for 985 C. becomes

ﬁnqual to 93 minutes,

Obviously, the time required for lower temperatures
would be #0 grest sa to preclude the possibilities of resoh-

 §&111bx$gm,wi&h methane ag the initial eyetem in the
se of a satalyst,
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PART II.
EXPRRIMENTAL.
f}ﬁ; The Catalytlc Decomposition of Methane.
. From the considerstione dealt with in GQhapter 9,

fit41ﬁkebvieus thet any attempt to determine the equilibrium
‘?Eeiéﬁagtm‘t of the system represented by ¢ + 2H, +# CH,, wilh

W8 h@aa as the initial gyetem, will require the use of a

y:affiniaut‘aatalyﬁt. The present section deals with
Qi@@iimanta aa&fiea out by the writer in the search forx
Vh'a catalyst. _‘ '
(1) e Materisls Used.

;ﬁ#ﬁhsaa - The methane ueged was prepared by ths well-known
Q#?ﬁﬁﬁioa
= CHyCOONa + N&OH — Na, 00, + OH,.

kaaa obtained by thies resction is not pure and containe

aidsxabls hydrogen. This however, is of 1ittle conse-
: éae~for %heae éxperimanta, 8% we are concerned in fact
'fwith s system which itself conesists of methsne und hydrogen.
flatkaﬂe ebtalneﬁ by the eabove reaction analyzeﬂ ag an aver-

z;ﬂgu value 90 - 924 CH,, 6 ~ 10% ﬁ,, after corrections had

yeen made for any fortuitons nitrogen.
e Contact Materials,

(a) Quiok-line. This wes ordinsry ocalcium oxide,

oked into the resction tube in 1/4 inch lumpe,
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(h) Ordinary bone bluck. This wae given no es~

f&l treatment.

(¢) Cu-Cu0, This wes prepered by reducing granular
:fﬁy neansg of puziiie&’hydragea* The hydrogen was pasged
_ over the Cu0 for 1 hour et 300 C.

:’: | (4) Pe-Fe,04. This was prepsred from precipitated

‘Po(0H), by igniting and then reducing the oxide in the

*f a&e‘way as ueed in the prepsration of catalyst (e).

:  (e) Silica gel. This was prepared socording to the
L ,_%h°d described by Patrick. a

, (£) Wood eharcosl, Thies was ordlosry wood charcosal
'f f§;wae given no espeoial treatment.

. (g) Mn0,. This wss prepured by precipitating NM(OE).
?szram.ﬁaﬁﬁ. golution. The precipitsate was colleoted on a

‘”fziiﬁar and sllowed to oxidize ia the air for several daye.

It wee then dried snd ignited at & dull red heat,

(2) Apparatus,
?ha'heating unit was 8 oylindrioal eleotrie
aaca with & l&mp bank in oireuit for regulating the cur-

Elxektfta give any desired tempersture. [The furnuce was cali-

«f\hxateﬁ by mesns of an iron-constantin thermogouple with

J Qiilivoltmetar. go thet the temperature coryesponding to a
. itn ourrent waes alwaye kaown.

: The gseometer containing the methane was cosnnected
}i‘;#ama of two lsrge csleium chloride tubes with the reao-

§ wh1ch.it#§1f»waa of fused milioa.
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e s@x. accordingly, peeged from tha'gasoma@ar thyrough the

ﬁéa gnd then through the remsction tube, after which it
i& through &nothor pair of eslcium chloride tubee into
:ja uecaaé gpagometer, These gasometers were large glase bot-
TQtiea 111taﬁ with large separatory funnels snd drains where-
¥ by the pressure was regulated. The sdmiselon of water

x thx¢agh the fuanel of the firet bottle increased the pree-

 flurn on the eonteined gas, and the opening of the drsin of

hu»aaaenﬁ bottle removed water and lowered the pressure,
: étapaf regulation gse could be transferred from one to
?gigﬁféthar at any desired rate, The daleium ohloride tubes

~ were provided to keep the gases in the reaction ohsmber free

¢§X?¢m water,

(3) Bxperimental Method.

The furnsde was heated to the desdred tempera~

ure by the use of the full curreant. The time required for

;ﬁ%&iﬁ was ﬁa?a&miﬁaa by & previous series of experiments.

Jf%h& regquired raaiatanae for the given temperature was then
* 1&§¢:$¢& and the furnuce wag allowed to remsin untouched

jf!ﬂr 2 hours to be certain thet it was in temperature equi-

lbrium., Nitrogen wae then pasged at & rapid rate through
10 whole eystem excepting the two gssometers. Following
8 the two gaeometers were connected im their proper po-

?,”ﬁ jons and the methane paesed through the reaction tube
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&anta of 1-2 liters per nour. After about 3 liters
methane had passed through the tube the experiment was
1topped, the gusometers disconnected from the furnace, and

 the resulting gas mixture was snalyzed.

(4) Method of Analysis.
| The gas wae analysed for C0,, unsatursted
' &3§raaarbanai 0o, and CO by the ususl abgorption methods.
The

8 bright red-hest, by means of granulsr Cud contained in

percentsges of CH, and H, were deteruined by combustion

fi?}gaaxtz tube of about 3 co. ocapacity. From the reactione
S 4 Cuo + CH, (g)—>C04 (8) + 8 HyO (1) + 4 Cu

. oo + B, (8)—Ee0 (1) + Cu,
?fiitii éviaant that th; contraction sfter combustion is equal
i §¢‘£he ac. hydrogen, and that the contraction after treat-

;ﬂﬁsgt'With KOH ie equasl to the cc., of methane.
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(6) Experimental Results.

See Table XIV.

The analyse2 given have been calculated to &

ifh,%fegan~frea bagis for purposes of comparison.

:i{;gfa Catalyst

~ None
Cal

Bone black
Cu~Cud

Wood oharoosl

Table XIV.

Anslyses Gxiginal Gon
60, C.H, Oy CO CH, H,
0,0 0.6 0,0 1.3 LB 6.9
0.0 2.1 0.8 0.6 85.0 12,0
0.0 1.4 0.0 2.0 85,5 13.1

No increase

o inoresse

in volume obtained.

in volume obtained.

’99

None 0.0 1.4 0.0 1.1 95.6 1.9
760 None 0.6 0.0 0.0 0.0 92.9 6.5
Pe-Fe, 0, 0.0 1.4 0.0 D.0 83.5 9.1

Silica gel 0.0 3.5 0.0 0.0 89.5 7.0

MnO, Fo incresse im volume obtalned.

e It ie evident from the above table that none of the
amﬂtaat agents used sre efiicient catalysta. 'It remaing
': ﬁaenaaary, now to consider the a&talytia sction of the cata-

| 1yst WA-N10. A niokel catalyct was used both by Neyer end

- &y e
 Altmayer and by Coward and Wilson in their raspentiva
invastigafioﬁa of the methmne equilibrium, » \

Coward and w1laan prepared thelr nia&sl;a&talyat thus ¢

“Gnﬁfgxam of pure carbon was intirately mixed with 1 gram of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43,



~ Anmlyses Pinal Gasw

@*a 1.2 0.0 0.9 88.9 8.7
0.0 1.1 0.0 1.1 83,5 14.4
o 0.0

0.0 80.0 17.8

1.0 87.6 10.4
0.3 886.7 l12.2
2.2 8l.4 13.8
1.6 0.0 0.0 835 142
9&# not analyzed.
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plekel oxide obtsined by igniting the nitrate and the mixture
heated to aoo°c. in hydrogen until no more water vapor formed.?
On the other hand Mayer and Altmayer used & catalyst which
contained considerable nickel oxide,
The following expsriment threw some light on this
niekel catalyst,
The writer prepared a catslyst counsisting of about
% srams of nickel oxide on sshagtos and reduced it at 2?506.
over 9 days. On the ninth day the reduction gave 0.0305 g.
of water., It is excesdingly difficult to free nickel oxide
completely of oxygem at a low temperature. In passing, it
msy be mentioned that much polemicsl discussion existes aas
. to whether the go-called nickel catalyst is niokel or aickel
oxide. The writer is inclined to the view expressed by Lang-
mﬂir“ that it ie necessary to have both the metal snd the
oxide phese presant,
The following epxerimsnt taken from & previous psper
by the writar‘i teste this view., A éatalyst wug prepared
by distributing nickel oxide on asbestos. A mixture of C H,
and H, was then pagsed back and forth at 1§0°c‘ over this
catalyet. For 45 minutes néthing happemea;vthan guddenly
a reduetion in volume occurred and at the ssme time water
vapor was evolved, Hvidently ae soon s the metallic phase
made ites appearsnce, the cataslyst became scotive,.

Aocordingly, the writer's technique in mekiuag up a
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nickel catalyst wes to take say 10 grams of nmickel nitrate,
couvert it to the oxide, disvolve this in nitric soid, evap-
orate to drynees, take up in water and evaporate to dryness,
take up again with watarg‘aﬁ& sgbeatos fibres and ignite the
dried material to the oxide. The catalyst then consisted of
ssbeetos impregnated with nlockel oxide. This was then reduced
for 1/2 to 3/4 nours with hydrogen, und was then ured as a
catalyet. | | |

Table XV gives the resulte obtained by the use of
tnis materiel se a cstalyst for the decomposition of methane.
It is amphén&sed that the same éampqusf eatalyst was used

for all the experiments tabulated ih-thia tables .

Table XV
Hi«N10 sc catslyst.

Teup. Catalyst Original Gas n
°gi ) Qﬂ' G‘H‘ ‘3‘ . ﬂ{) GK“ ﬁ‘
600 Hone 0.0 0.8 0.0 1.3 91.2 8:9

Fi-F10 0.0 1.7 0.0 0.0 88.0 10.3

' Bi-N10 0.0 . 1.7 0.0 0.0 88.0 10:3

700 KNone 0.0 1.4 0.0 1,1 95,6 1.9
¥i-Fi0 0.0 0.4 0.0 0.2 91,0 8.4
Ni-N10 0.0 0.4 0.0 0.2 91.0 8.4

780 Ni-F10 0.9 4,0 1.3 2.4 83.5 7.9

When the values for CH, and H, &n Table XV are compared with
the eguilibrium values given in Table X, it is evident that
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Final Ges.

0, C,E, O, co CH, H,
0.3 1.2 0.0 0.9 88.9 8.7
1.6 0,0 0.0 0.0 81,2 17.8
0.5 0.0 0.0 0.5 81,3 17.7
0.3 0.7 0,0 1.0 87,6 10.4
0.0 0.0 0.0 0.8 55,0 43.28
0.0 0.0 0.0 0.0 2.0 37.9
235 0.0 0.0 1.9  23.6 71.9
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the probability ie great thst equilibrium may be obtained,
“when methans is used s# the initiel asyatem. Chepter 1l
desoribes the experiments carried out by the writer in the

endsavor to rsach this equilibrium,
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i1l. The Methane Equilibrium with Methane as the Initial
syatﬁm‘ ‘ .

(1) The Materiels Used,
Hethane - The methane used in theze experiments was prepated
from ethylene. The ;thylene i§5e1£ wag prepared by the de-
hydration of ethyl:sleohol by phosphorio acid, The gas ®so
prepared after being washed by cold water and concentrated
~gulphuric acid anslyzed 96 - 98% O H,. The methane was pro=
pared from this by pssesing the sthylene back and forth sever-
8l times over the Ni-Ni0 catalyst in a fused silica tube -
kept &t about 550 C.

(2) Apparatus,

The apparatﬁa‘nsaa w&s with one exception that
already deseribed in 10. The exception consisted in that
the furnace used wae now one in which the resgtion tube fit-
ted fairly tightly, %he ends of the furnace were packed
with aabeataa.fibrs sbout the resetion tube. By this means,
it wae possible to obtain s uniform temperature for abautA
gix inches 0f the reaction tube. Thé furnace was calibrated
ag before and wae reaalibrataé frequently during the course
of the investigation. The temperstures are sccurste to 10
degrees or better.

(2) Bxperimental Method.

This differed from that desmeribed in 10 in
the following: | ,

The gaseous resction produets were passed backwards

and forwards over the ostslyst (itself slways placed between

4
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2 asbestos pluge, in the &pace of uniform temperature) until
fhera wae no further inaraaéa in volume, indicatiang the ap-
proach to equilibrium. The products were then passed in the
game way at least another half-dogzen times. The final gas-
eousg product wss then snalyzed,

Qe a#aiﬂ the presence of much nitrogen, pure dry
hyd:ogen wag used for the preliminary weehing out of tho‘
ayparatna,

| The gareous productg were 1in all cases collected
over & 1:1 mixture of glycerol and water.

(4) Method of Anelysis,

Thie was identlcal with thet desoribed in 10.

(5) Experimental Resulte. See Table XVI,

Table XVI,

Temp. Catalyst Original Gas

°g, co, C,H, ©0, €0 CH, H, N,
565 None 0.0 6.3 0.0 1.2 25.8 58.4 8.3
565 Ni-Ni0 0.0 0.0 0.0 2,6 50.4 38.8 8.5
670  Ni-K10 0.9 0.0 0.0 1.8 36,1 57.7 5.5
670 Ni-Ni0 1.0 0.0 0.0 2.1 55.8 34.6 6.5
770  Ni-Ki0 0.0 0.0 0.0 1.5 22.6 72.2 3.7

The difficulty of reproducing a given atate ig well known,

. 54
Lewis and Randall make the following etatenient,-
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Pinal Gas
c0o, C,H, 0, €O CH, Hy N,
0ud 0.0 0.0 1.6 24,4 644 9.8 ---
0.5 0.0 0.0 1.4 32,7 58,9 6,5 0,95
0.5 0.0 0.0 L9 24,0 68.8 5.3 0,51
0.0 0.0 0.0 2.7 20.4 69.0 7.9 0,43
0.0 0.0 0,0 1.2 9.2 85.9 37 0,12
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"ﬁany g0olid subetences obtained by eudden precipita-
tion from solution or from a wapor, or in & reaction cham-
ber, belong'to this type. One of the most important of the
aumerous subestanceg ~---- ig the so-cslled gas carbon, Char-
goal is another substance of this type, in which the arrange-
ment of the purticles is due largdly to the previous con-
figuration of the substance from which the chareoal was pro=-
-ﬁuaad.’ How it is doubtful whether it would be possible to
find two semples of gas earbon precisely alike, and great
caution must therefore be used in disoussing such aubstances
tharmodynamieally."

In view therefore of the asbove, the constante ob-

- tained in this series are taifly‘aatisfactﬁry‘ They are
8lso in very fulr sgreement with the calculated velues. In
8 later part of this paper these values will be compared

~with thowse obtained using ethylene as the initisl syatem,
with the caionlated values, and with thoge obteined experi-

mettally by Mayer and Altmayer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12, The Catalytic Decomposition of BEthylens.
(1) The Materials Used.

Ethylene - The ethylene wag prepared by the
soction of phosphoric acid upon sbsolute aleohol. The Ras
80 prepared, after being washed with concentrated sulphuriec
aeid and cold water, analyzed 96 - 98% CO.H,.

(2) Contact Materialse.

(a) N1-Ni0 - Thie waas prepared sccording to
the method desceribed in the §xesgﬁing chapter.

(b) Thallium sulphate - Prepared by impregna-
ting asbestos with & solution of thallium sulphate in the
nanney already desoribed.

(e) Cerium 6xide ~ Prepared by impregnating
sgbestos with cerium nitrate and then igniting the impreg-
nated meterial.

| (3) The Apparatus,

 This consiested of a "trein’ similer to that
described in the previous chapter. HFor temperatures up
to 35@90., 8 pyrex glase tube heated in s gus oven was used
a8 the resction chamber, The temperature of the tube was
taken by thermometers and the temperature of the gas oven
could be controlled esemily.to 5 degrees., For tewperstures
above 36003. the electric resistunoe furnace wae usged.

(4) BExperimentsal Method.

In the early series of experimente the gus
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wae passred but once over the catalyst; but in those experi-
mentes designed to test the stability of ethane at various

. temperastures, the gaseous pxaﬂuéta were passed backwards
and forwards over the catalyst s varying aumber of times,
at the rate of 1 - 2 liters per hour. Hydrogen wae used for
the preliminary washing out of the aﬁp&xatua.

(8) Method of analysis,

Carbon dioxide, unsaturated hydrocarbons, oxy-
gen and carbon monoxide were determined by the usual sbsorp~
tion methods,

Hydrogen was determined by combustion at 270 - 50006.
with Cu0 in & small quartz tube, heated in & small gas oven
the temperature of which could be controlled easily. To ag-
glst the rate of combustion of hydrogen, some metallie éap—
per wae slways present at the start of the eombuation,” The
reﬂunti&n in volume after combustion was equivalent to the
ee., of hydrogen in the gsaa,

It was found, however, that when the percentage of
hydrogen in the gas wse small, there was some loss due to
the combustion of some ethane. This wae 0vVercome by in=-
creasfing the partisl preseure of hydrogen by sdding 15 to
20 ce. of pure slectrolytic hydrogen. Tests then showed
thia mathog to be satiefactory. The temperature for rapid
snd complete combustion of the hydrogen alone varied slight-
1y with the quérts tﬁhea naad. For the tube finally used

-]
in this series, the averuge temperature was 280 C.
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. 52

The following amotusl snelyses show the relisbility
of this method. - |
Test 1. The gae ﬁés a mixture of CH,, C,H, and H;.
Volume of gus tuken = 27.0 ce.
Volume of pure hy&rageng added = 33.4 cec.
| - Total volums = 60,4 co.
The burette@agtainibg the gas was conneoted through capil-
lary tubing with the quartz tube containing the copper
oxide which in turn wae oonnected with a gas pipette ocon-
taining phosphorus. The gas was passed into the phosphorus
pipette and ellowed to remain there for B minutea to abaordb
oxygeé. This was done 3 times. fThen the gus was passed
backward and forward ten times through the quurtsz tube heat~-
ed to 3oo°c. There wae no change in volume after sbout the
8ixth passage., The guartz tube wss then cooled to room tem~
parétﬁra by ﬁauring water upon it, and when temperature equili-
brium had been &btainaa the new volume wae determined. In
this caee it was 24.0 oo, |
Reduction in volume = 60.4 - 24.0 = 36,4 ecc. and
26.4 ~ 33,4 = 3,0 cc. Hy in the originsl gas, ussuming no
methane or ethane have burned. |
To determine whether sny COy wus 1o the gag it was
pagsed into KOH solutlon,
| Volume before KOH = 24.0
Volume after KOE = 24.0

- -

co, = 0.0
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Teat 2,
Volume taken = 23,0 co. (methane and ethane oanly,

| no hydrogen. )
Volume H, added = 15.4 co.

Totsl :-ég:;*;e.
Volume after combustion at 3000ﬁ. = 23,0 ca.

(1) Reduction in volume = 185.4 co.

Volume after KOH = 22.8 ¢e.

(2) Reduection in volume = 0,2 co.

Many more teste were made of the method, 8ll of which proved
thet it was quite satisfactory. No gresater volume of CO,
than 0,3 oo, was ever found, In tests where CH, wasy the
only hydxacarbon preseat; no CO, was ever found &fter the
freetional combustion,

Methane und ethane were determined in the residue
from the combustion of the hydrogen, The guartz tube wsas
heated directliy by a free fleme some three inches wide; snd
theltamparatuxa was that of a bright red hesat.

From the equations

4 Cud (&) + CH, (g)— 00y (&) + BHoO (1) + 4Cu (u)

] X C06. X 0C.
7 Cu0 (o) + C,H, (g) —>2C0, (g) + 3H,0 (1) + 7Cu (8)
yoc. 2y oo.

it ie evident that the incrsase in volume after combustion
equsale y co. u'ea. of C.H,.
And agsain
x + By = o¢., 00y, from which x ie esglly deter-

mined.,
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(6) Pxperimental Resulte., See Table XVII.

Theee shalyeses have been caloulsted to nitro-

gen free. Where no anslysie of the originml gas iz given

it iz to be assumed that "pure " C,H, was used.

Table XVII.

Temp. Catalyst Analyses of Products

g, co, OC,H, 0y 00 CH,
150 None 0.4 B85.4 G*é 0.0 0.0
200 None 0.4 88.2 0.0 0.0 0.0
260 None 0.0 88.4 0.0 0.0 0.0
300 None jife changa in volume. Gasg not
150  Ni-Fi0 0.0 830 0.0 0.0 0,0
150  Ni-Ni0 0.0 87.4 0.0 0.2 0.0
150 Ni-Fi0 = 0.0 85.6 0.4 0.0 0.0
200 Fi-§1i0 0.0 81.3 0.0 0.0 0.0
200 Hi-N10 0.0 80,0 0.0 0.2 0.0
250 Hi-Fi0 0.0 46.4 0.0 0.6 ¢
250 NWi-Ni0 0.0 40.4 0.0 1.0 ¢
250 Ni-Fi0 0.0 67.5 0.0 1.4 2.5
200 Ni-N10 0.0 4.4 . 0.0 0.9 5L.9
00 Hi-Ni0 0.6 1.6 0.0 1.3 322.9
300  Fi-N10 0.5 0.5 0,0 1.3 44.4
325 Ni-Ni0 2,8 0.0 0.0 0.6 B56.0
326  Fi-Ni0 0.8 18.4 0.0 0.8 33,1
325 Wi-T10 0.4 5.9 0.4 0,8 20.5

CoH, H,
0.0 14.2
0.0 11.9
0.0 11.7

snelyzed, |
6.0 11.0
3.1 Fe3
4.9 9.1

10.2 8.3

10.4 9.4

? ?
? ?

22.3 6.3

31.8 11.0

47,0 16.6

38.5 14.8

32.2 8.4

£29.9 17.0

40.4 11.6
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160 Thorium Leak dsvelopsd, Gag analyzed but showed
Bulfate no gatusated hydrocsarbonse

200 Thorium 0.0 %2.4 0,8 0.0 0.0 3.7 23.1
Sulfats

285 Thorium Q.4 74.1 1.3 0.0 0.0 6.2 18.4

. Sulfate ,

150 Cerium Produot contained no saturated hydrocarbons
Oxide , '

285 Cerium Product contained no satursted hydrocarbons
Oxide
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6.

It e evideat from Table XVII, that above 35000., methane is
formed in addition to athahe by the aatalytia deoompogition
of ethylene. Ethane, however, apnesr? to be stable even up
to 35690.; and thie is in direst contradietion to Sabatier’s
statement that with 8 sufficiently long tube or = sufficient-
ly slow rate ethylene might be completely decomposed iato
methane, hydrogen and aaxban." It was aaeeé&axy to test
the validity of this view sg it confliotes directly with the
theoretiocsl conclusione drawn in Chapter 2.

‘The following experiments establish incontrovertibly
the #tsbility of ethane up to 5&0?6. in the pm@aaéea of
nickel eétalysﬁ. | |

Bthylene analyzing 95% C,H, was passed back and
forth from one gasometer to anathér over Ni-Ni0 cetelyst II
(see Teble XVII) hested to 560 C.

The data obtained were sy followsie
Volume of G,H‘Auaeﬁ - 2300 co. \

Pate - about one litre per hour

Totul time gae being circulated - 5§ hrs. 15 min.

Volume of resulting gae ~ 1800 co.

Decrease 1n volume - 500 co.

The experiment was cosntinued tie following day.

Pinsl volume of resulting gas - 1800 cco.

Potol additionsl time gas being clreulsted - 3 hxs. 156 min.
Potal time - 8,5 hrs,
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Anslysis of Pinal Product

(oaloulated to nitrogen free)

o, 0.0
CoH, 0.0
0, 0.0
0o 0.7
CH, 68.2
C,H, 25.2
B, 5.9

| It would be useless, therafore, th attempt to deter-
mine the equilibrium constant for the methane, carbon, hy-
drogen system st or below asn“c., when ethylene was usged
a8 the igitial gystenm, | o

To test the stebility of othaue at highef temparéu
ture, clrenlation experiments wers performed at 510°C. and
55&96. The rezulte obtained were za follows,

PTemperature 510°¢. Mo catalyst.

Volume of C,H, - 2800 ec., Volume of product - 3900 co.

Time ges circulated - B hours,

Analysis of Product.

Co, 0.0 o 1.3

Calle 6.9  cH, 28.2

Os 0.0 Csll, 0.0
H, 63.6
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$8.

[ ]
Temperature 565 C. Ko ocstalyst.
1+
Gas used -~ produnet obtained at 510 C.
Volume of gas used - 3200 ce.  Volume of product - 2250 co.

Time gae cireulated ~ 4 hours.

Analysise,
Co, 0.4
CyHy 0.0
0, 0.0
co 1.8
CH, 28.9
CaHy 0.0
Hy 70.9

O
Temperature 565 C. To entalyst.
Volume of ethylene used -~ 28000, Yolume of product - 4450,

Time gas cireulsted -« 5 hours.

Anslyaie.
CO, 0.0
CeHy 0.0
04 0.0
co 1.3
CHy 14.8
CeHy 0.0
Hy 84.1

]
These experiments show that above 500 C, methane

and hydrogen are the chief products of the decompositiong
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but the concentrations of methane and hydrogen in the finsl
gas ere o far from the equilibrium values (eee Table X),
that it would be hopeless to attempt to reach the eguilibrium

gtate in the sbeence of z catalyst,
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13, The Action of Garbon Monoxide on the Catalyst,

An examinatioa of Table XV shows that the final gss
ocontained up to 3% oarbon msncxiﬁ@. Coward and %ilsanhr
aleo noted the prewence of earﬁoﬁ monoxide in their finsl
gas and raised the question ng to whether carbon monoxide
might not play some important pert in the synthesies of meth-
sne, They egay,- “1% 1e Just conceivable, slthough contrary
to the rssults of other 1nvaﬂtigatiems“, that carbon monoxide
would be reduced by the large excess of hydrogen present
to methane andé water; the latter woula regenerate carboan
monoxide by restion with earbon. If cerbou monoxide acte
&g & catalysl in the synthesis, then the two resciilone -
whatavax they might be precisely - indicated s@ 2 and B in
the scheme

¢ —>CH,

A /3B

co

would esch be favt in comparivon with the rate of the dir~
eot synthesls., Hence the scouwmulstion of es. bon monoxide
exhibited in the experiments would only be poseible provided
thet the reversion of methene to carbos snd hydrogen were a
very repild reactiocn indeed whan the methane wss increased-
ebove 0.7 per cent. That tihie is pot the csve i ghown by
experiments un-n.on the decomposition of methane =t 1100°G.
“he carbon mounoxide is thoréﬁara produced as & swide reaction
between carbon and watexr wapour, sand plays no part in the
formstion of et least the great proportion of the methane

formed,
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But there 1s another side to this question viz.t
what ig the setion of cerbon monoxide upon tha Ni-M1i0 ca~
talyet? Carbon monoxide is well known as a ocatalytic poi-
gon, and where & catalyst 1im used continunoualy as in the
experiments tabulated in Table XV, this continued aection
of the carhon monoxide formed mayvr@sult in a considerable
legsening dn ths efficisncy of the aataxyat.so

Thig poisoning setion of earbdn monoxide on & nickel-
nickel oxide ostalyst was olearly shown by the results obe-
tained from an experimeat in which & leak developed. The
data of this experiment are tabulsted below:

Tamparsatare ??000. Ni-Ni0 Catalyst.’
Volume of original gas-850 co. Volume of product - 1080 co.
Time gas ciroulated - 5 hours 15 minutes.
Analyses

Orizinzl gas Pinal gsae

co 1.5% £o 11, 6%
CH, 32.9 cH, 10,8
H, 58,1 Hy 50.5
N, 7.8 H, 27.7

The catalyet erm this experiment was used for &

- oiroulsetion exparh@ght with ethylene ss the initisl syetem.
The temperature of the furnace was 615QG., for which tem-
perature the equilibrium concentratione should be approxi-
mately 384 H,, 624 CH,.
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It wae soon evident, during the course of thie ex~
periment that the remetion was not proceeding normally.
The volume incwesses following each sueceeding passage of
the gsseoue products were about one-fourth of those ordi-
narily obtsined, snd as the experiment prooseded the in-
oreases hecame more and more sbnormal. The data of the
whole experiment sre given below,

Temperature 615 C.
Catalyst - Ni-Hi0 from preceding experiment.
Volume of ethylene used - 600 ecc. Volume of product - 1350 oo
Time gae oiroulated - 5 hours.

Analyeis of product.

0o B.4%
CRy 50,4
H,  41.7
x; 4,5

As these values are still far from the equilibrium
concentrations the circulstion of gae was continued for
another 3 houre, There was & further smsll incresse in vol-
ume after esch passage of gas, but it was quite evident to
the observer that the aataiyat was functioning with very
little efficienay. 'The further data for the experiment were

a8 follows:
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[
Temperature 815 C, Ki-Ni0 catalyst.
Volume of gas unsged - 1100 ca; Volume of produet - 1250 co.

Time ga2 circulsted ~ 3 hours.

Analyses,
Original gas Pins)l gas
60 - 3.4% oo 3. 6%
CH, 41.7 CR, 40.7
Hy 50.4 Hyg 52,0
N, 4.5 Xy Ba

g.

These valuee give ~§§‘* = 1,50 ae egeinst the caloulated
P
|

value K oo = 0.95.

It ie perhspe significant ﬁhat the CO content rose
in thie experiment to the highest rescorded for any experi-
ment other thanm that in which the lesk developed.

The results of these experimentsfdemonstrate the ne-
cesgity of ueing a freahly prepared nlokel-nickel oxide aa-
talyst for esch eguilibrium experiment. This procedure or
a slightly modified form of it was followed in the experie

mente to be desceribed in the next seation.
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14, Nethane Equilibrium with Ethylene as the Inltial System.
The apparatus used was the gsame sy that already de-
soribed in 12. The ethylena was prepared in the ususl way
from abasolute aleochol by the dehydrating action of phosphorio
scid. The experimentsl method, however, wag varied slightly.
Preliminary experiments showed that the succesaeive
analyses of the produoct differed after sach passage evef
the catslyet until a point was raaahaﬁ where the analyses
remainegonitzﬁtnntil tha equilibrium point waeg resched.,
Thie wes found to aorrespond fairly well with the point
where further pasecages produced mo further incresse in vole
ume, Accordingly the gas wse passed until the change in
- volume became zero, and wag then oiroulsted for £ to 3 hours
in sddition. It wae felt phat in thie way equilibrium wes
undoubtedly obtained., Aw & metter of faot, s will be
shown, 8 eingle pssesge of ethyleus over the}apseial nigckel=-
nickel oxide eatalyat'proéuaea a gystem very cloge to equi~
librium whereas in the sctual experiments reaordedvth@ pPro-
ducts circulsted from 9 to 15 times depending upon the tem-
perature,
The ostalyst consisted of the specinlly prepared
niockel~nickel oxide on asbestos., At the end of an experi~
- ment, before the next one was started one-half of the oata~
lyet was removed and repiaced by frgghly prepared msterial.

It was hoped that in this way, not only would the life of
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the oatalyst be lengthened, but aleo that the percentage of
carbon monoxide in the gas would be reduoced.

The method of snalysis wag varied slightly. After
& preliminary anslyeis to determine the absence of ethane,
the analyeis was ropeated using the direct combustion method
for the determination of methene and hydrogen.

Experimental Results.

The following results gshow how closely equilibrium
is approximated following only one passags of ethylene overx
the catalyst: |

Table XVIII.

Temp, Analyses Eggﬁ* K, (oalo.)
C.  ©0 E, OC,H, OH, pf S

510 1,0 48.0 8.1 87,6 1.8 3,9

565 0.0 60.0 0,0 33.8 0.9%¢ 1.3

615 0.0 84.5 0.0 29.86 0,72 0.87

870 0.0 76,4 0.0 19,9 0.34 0,38

¥ CyH, not conwsidered,

It seemed probable thet ocountinued cliroulation of the
gaseous bra&uete would lead to lower values for Kp than thome
oaleulated upon the baeis of smorphous carbon alone, It s
inevitable that some graephitisstion of the ocarbon will‘onaur
when it i# subjected to 8 high tempsrature over & loug pers
104 of time.‘;

In the sotusl equilibrium expsrimente, every sttempt
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woe made to reproduoe ag nenrly se possidle the 2ame system
in the duplicate experiments,

The exparimdutal'raaulﬁs folliow!
Table XIX.

P
Temp. Anslyses ;Qﬁ* E.{oalc.
°." co, "6 ""c0 om, & P, Tploste.)

510 0.0 0.0 2.6 B0.4 38.5 3.4 3.9

810 1.0 0.0 2.1 58.8 B4.6 4.6 I.9

565 0.9 0.0 1.8 38,1 57.7 1.1 1.3

615 0,0 0.0 1.8 22,6 72,2 0.43 0.67
615 0.9 0.0 0.0 20.3 T7.1 0.34 0,67
670 0.0 0.0 1.2 128.6 B81.5 0,19 0.35
670 0.0 0.8 0.9 12.3 82.7 0.18 0.35

* Presh aatalyst\raylaeaﬁ gll of the old contaoct masteriasl.
It 18 interesting to note thut the variation between the do-
tormined value, and thet oaloulated on the basis of asmorphous
garbon slone inoreasses with inoreasing tempersture, Thie
i exsotly whut one would axpaet." .

Table XX is & summary, in which th? writer's wvalues
{(C) are compared with the average values af Mayer and Alte
mayer (M & A)., The initisl syetem is specified in esch case.
Wo'caﬁpleta the table, oslouluted values sre given (smor-

phous ¢srbon), a2 are also the determined wslues of Coward

L+ ]
and Tileon (C & W) for temperstures above 800 C,
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Table XX.
tt‘gg?. Calo. Ky HKaa | ¢ Caw
508 - 3 3.6 R -—
506 e 1.8 ; - o
510 3.9 — 3.4 ——
510 3.9 - 4.6 —
536 ——— 2.8 — ———
536 -——- 1.7 e —
565 1.3 - 1.1 —
565 1.3 — 0,95 ———
1.7 wom 1.9 - PP
567 ——— 1.3 —-—— —e.
5717 - 0.78 - a—
607 - 0. 57 — —rn
6156 0.67 J— 0,43 -
615 0.67 - Do 34 e
625 - 0. 34 . ———
870 0.35 - 0.43(F)  ww=
870 0.35 ——— 0.51(2?)  we-
870 0.35 - 0.19 -
670 0. 35 - 0.18 w—
770 0,12 - 0.12 ——
850 0,08 -—— R 0.085
1000 0,02 ~m= —— 0,011

6T.

Initial

Byatem
CH,
C«+H
Celly
CoHe
CH,
¢+ H

C,H,

CH,
cH,
C+H

c 4 H

c+H
C,H,
Cal,
¢+ H
CH,
cH,
Cally
Celly
CH,
cH,

6+ H
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1000
1000
1100
1100

0.02

0.02
0.01
0.01

-

e -

-

-

-

.-

0.018
0,011
0,006
0. 006

6%

C+H
CH,
CH,
C+H

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9.

Table XX shows that Mayer.and Altmayer's raéulta
are of the same order as thowe aatawmiaua by the writer.

In sddition, it shows that the determined resulte are as &
rule somewhat lower than the ocalouluted,

The resulte obtained with ethylenme a# the initial
gyetem probably reprevent the equilibrium between amorphous
easrbon, methone und hydrogen wore closely thanm any of the
‘other values, These results are strictly compsrative. In
‘gach of these experiments fresh catalyst wae used &o that
the g0lid4 phase wae sctuslly amorphous osrbon rather than
partially graphitised material; although it pust be admitted
that some graphitization may have taken plsce averﬁtha loang
period during whioh the geses wsere oliroulsated. In figure 1,
the wvelues for log Kp for these expafim&nta are plotted e~
gainet ~§».\ The linesar relationship obtained i& very suatise
faatory.y Teble XX1 gives the values of log Lp and uzw used
in the construetion of the graph.

Table XXI.
Temperature Kp log Kp ~§~
510 3.4 0. 5315 0. 00128
510 4.6 0, 6628 0. 00128
565 1.1 0,044 0. 00120
565 0,95 -0, 0228 0, 00120
615 D.43 -0, 3665 0.00112
815 0.34 ~0.4685 0.00113
670 0.19 ~0.7218 0. 00106
670 0.18 -0, 7446 0. 00106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14, 'The Free Tnergy of Formetion of Methane from Amorphons
Carbon ead Eydragaq*

The Van't Hoff Bguation etates that
AR
4 1ln Ep = ~§§; « 4%,
aﬁd<ﬁﬁ, the increase in heat contont may be expressed in
terme of the hseat cmpsoities of the substances involved, viz,:
d (AH) = AC.47 | |
where AC represente the difference in the heat capacities
of the produote and the reactants,
AC osn nlways be expressed in the form
AC = ACo # 4T 4 T # =mmmm |
If we mubstitute this valﬁe for AC in Pguation (2)
and intogrﬁte we have |

; f
Al = AHg 4 ACT + %w’ ‘ ‘?éfe ¢ m—— (3)

Again the Pree Bnergzy expreseion for the Second Law

of Thermodynemics is given by

(-4F) AR

| wsmasanss W huded N ﬁ?
T T

(=AF) ™ s ar
OF § wowma = QK” % Aﬁﬁﬁ - éﬁ' “+ QT - wmn} -y
T 2 o] T

é‘!’ Aﬁﬂﬁw A <3
™ Aaﬁ"‘"" 4§ mamomon o W ‘\'dw -+ *3."4: ag? t e
i T 2 3 |

AF Ale

L
£10m WhiOh = wew ® = === 4 ACe 10T + 37 4 21 4 I
T T 2 &
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1.

#0 that the Pree Energy Deorsesse
N ’ ‘
-4F = AR + ACJROT + 27" 4 %m 4 1T (&)
2
Dixon, Campbell and Perker = determined the Cp/2

curve for methane and gave the llnear equation
ﬂg = 3,47 4 0,097
to raprésaat their results. Thies eguation is used in ghe
saloulstions givan below, |
For hyarogen Co' " = 6,52 + 0.00044T Lae)

Lo (s4)
For carbon eg ?. 1.1 + 0,D024T = 4.0x107 7" "

Thig lstter equation givee the wslue a;& for the
atomic hest of carbon st ordinsry temperatures., The atomic
heat of amorphous ocarbon at ordinary temperstures is Z.6.

. These values give
ACe = »10,67
&« = 4 0,01572
B o=+ 4X107
tgain Ecouation (3) maey be written

= ~AH = 10.67T + 0.00786T + 107 7.
[+
Por T =« 293 K, ~AH = 21,730 osloxies.

» ' — - 3
ey = 21,730 - 10.87-293 + 0,00786<Z9% + L0~ 293 -
- 19,280 oalories.
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Bquation (4) then becomes
~AF = 19,280 - 10.6771aZ + 000786 + 0.6x10 7' + IP (8)
The walue of I the constant of intagxaﬁian may now
be determined from tha values of ~ AP ﬁ&laulataa fyom the
detormined equilibrium constants,
Teble XXII gives theee values of I.

Table XXII.

Tempersture °3. I
510 «l6.9
510 16,8
565 : -16.1
565 -16.1
815 «15.3
615 «18,5
870 -14.7
670 wlt,7
770 - =»13.6
850 -13.8

1000 -1l
Average «15,0

There ie evidently u trend of I with the tewperature.
This ssme trend in the wvelue 6f I is encountered when it is
caloulated from Pring snd ?alrlis‘a equilibrivm aanwtautag.‘
for the ecuilibrium botwna% methane, hydrogen and graphite.

In the present omuse, the trend ie no doubt due to the gradual
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trangition from amorphous carbon to grephite, for the de-
viation from the aversge #&&ue inoresses with inoreasing
temperature. The average vslue, ~15, hae been ueed however
to osloulate the value of ~AF for 29804&*
<AF = 19,280 - 10,677 la® 4 0,00786T + 0,00000067
4 15T

which gives for T = 298 thet ~AFy,, » 12100 omlories. Lewis
asnd ’z’mnﬁall" have onloulated -»Af’,,. for the resction

C (greph) + B8H, = OH,; ~AP,,, = 12800 celories

C{emorph) « 2H, = mz;; «AFype = 12100 oalories.
Prow whioh for the mmﬁm

¢ (amorph) —C (graph), «APy,s ® =700 calories,
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PART 11I.
BUMMARY.

1, Csleulstione of ecuilibrium conetentas for the pogmible
reactiong involved in the decomposition of methans, athy-
lene and ethane indliosted that sbove émﬁa the final sys-
tem ahould be one of methane, carbon and hydrogen, irreg-
peotive of which hydroosrbon wag ueed as the initial

pysten.

2. A review of the literature ou the decompogition of these
hydroourbone, both by hest slone and in the presence of
ostalysts, showed that the experimental resultes of pre~
vious investigators were in huarmony with the conolusions

drawn from the csleoulated eguilibrium constante.

3. Ao equation was developed for csloulating the resotioa=
rate oonstants k, and k; for the forwamrd sud reveree
reactions of the equilibrium CH,« 0 + 2H;, The velidity
of this egustion wue confirmed by mesany of Bone and Co=

ward's experimental results,
4., Use of the sbove esquation indiosted that it would be hope-

less to sttempt to study ths methspe eguilibrium in the
renge aoaa- aagﬁ, in the absence of a catalyst,
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6.

T

8.

9.

- The spparent dimagreement of otheyr investigators with

&
regard to the stability of methune sbove 850 wes re~
conolled by esleoulation of the equilibrium cocncentrations
of methane and hydrogen in equilibrium with smorphous

aarbon.

Various oatalyste were uwed experimentally in the attempt

to socelerate the decompogition of methsuse., The failure
of the contuet agents tried led to mn exsmination of the
nickel catalyet used by Mayer and Altmuyer; snd by Coward
and Wileon, The results of these two sets of invemtiga-

tore are in direoct contradiotion one with the other.

Experimesntal evidence wes obtelned thut the most effi-
clent nickel catslyst would be one contasining both the

metsal and axiﬁe phases,

A speclally prepared nickel-nickel oxide osatslyst proved

most efficient in promoting the decomposition of methsne,

Equilibrium conetante for the yesction C (amorph) + 2H,
&= CH, wore determined with methane ses the initisl sys~
tom by ciroulating the gaveous producte repeatedly over

' tﬁ@ gatalyst, These were in very fuiy sgreement with

thore csloulsted for the above system, but were ou the

whole rather high.
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10.

i1.

1z,

13.

14,

15,

76.

The oatelytic decomposition of ethylene wa& gtudied and
it was found again that the speciasl nickel-nickel oxide
catalyst was most effective in bringing sbout this de~-

compogition,

Up to 250 C., ethene was the only satursted hydrocarbon

formed in the ocataslytie decompowition of sthylene.

Abovs this tempersture methans also made 1te amppearance,
the psroentage of methane following one passage of the

gas over the catalyst, ineremsing with the temperaturea.

Experiments in which the gaseous produote were passed
repeatedly over the cutslyst proved conclusively that
ethane was stable in ths presence of & nickel catalget

up to 5%06ﬁ

Experiments in which ethylene wes pugsed through s heated

Q )
tube a8t 500 and the gseeous producte were repesutedly

- pasged thrangﬁ the tube ghowad thset the final geweoun

producte were almost entirely methazne snd hydrogen; but

in proportions very far from the equilibrium wvalues.

Yxperiments in whioh the guseous producta of the cela-
1ytia decomposition of ethylens were cirouluted repested-

1y over a nickel-nickel oxide ostalyst showed that the
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mothane aqnilibrinm ghould be sttsined in this manner.

18, The sotion of aurbon monoxide on tha uatal&at wae studied
and it wae shown that ite continued sotion rendered the

~oatalyet ineffioclsnt for the methaune equilibrium,

17. Eguilibrium caaafaat& for the mathane aquilibrium were
obtained by repestedly aireul&ﬁing the products of the
catalytio decomnasition of ethylane over the nickel
catalyst., These conatante sre on the whole somewhst
lower thun the ocsleulated conatante, and aro lower than

thogse obtained with methane szs the inltisl syeten.

18, The logarithms of the equilibrium conatante obtained
with ethylene se the initisl syetom plotted apgalnst
the reciprocal of the sbsolute temperature gave a

atraight line.
19. T™e free energy decresre attending the formation of

@
methune at 25 <£Lrom amorphous osrbon and hydrogen wese

ealoulatsd to be 12,100 osalories,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

T



BIBLIOGRAPHY,

1. Puil, Trane. 99, 446; 1809,
2. J. C. 8, 93, 1197; 1308,
3. J. pr. Chem, 36, 478; 18485,
4. Annslen, 113, 129; 1880.
6. Ann, Chim, Phys. 67, 53; 1863 (111)
9, 417, 455; 1866 (iv)
iz, 5, 1228; 1887 (iv)
16, 142, 1&8, 15623, 1623 1869 (4iv)
6., Ann, Chim, Phys. 9, 471; 1868 (1iv)
7. Proc. Roy. Soo. 21, 184; 1872,
8. J. Co 5. 49, T4; 1686,
9. Proc, Roy. 8oec, 85, 90; 1894,
57, 394; 1895,
10, Ber. 829, 2691; 1896,
11, J. €. 8. 71, 41; 1897.
79, 1042; 1901,
93, 11973 1908,
93, 19753 1908,
97, 18219 1910,
12, J. C. S. 71, 41; 1897,
79, 1042; 1901,
13, J. €. 8. 93, 1975; 1908,
14, Compt. rend. 40, 908; 1905,
tnn. Chim. Phys, 6, 183; 1908 (viii)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15.
1é,
i7.

19.
20,
21.

2z,
23,

24.

28,

£6.
27,
28,
£9.

30.
al.

3E,
33,
34.

J. @. 84 89, 1B91; 1906.

Ber. 40, £134; 1907,
J. C. B, 97, 1219; 1910,
Je C, 8. 115, 13803 1919.
Je Co 8, 93, 11973 1908,
Thermodynamios, p.9%1l. Lougmens & Co., 1906,
Lewis snd Esndull, Thermodgnamics, p. 807. HeGrawsl14i11
Co., 1923,
Ibid., p.B72.
J. €. 8, 101, 91; 1912,
Nogyes and Sherrill, Chemical Principlea, p. 239,
Haomillan , 1985,
Nernst, Experimentaslle und theoretische Grundilugen des
neuen Warmesatzes; Halle, 1918.
La Catelyee en Ghimim Organique, p. L71. Berangexr, 13920,
J. ¢, 8, 71, 42; 1897,
Ann. Chim, Phye. 6, 183; 1905 (viii)
J. €. 5. 93, 1975; 1908, u
97, 1219; 1910,
J. C. 8. 97, 498; 1910.
Jo Co 8. 89, 1591; 1306,
99, 17963 19il.
J.C.8. 101, 91; 131z,
Bull. (4) 1, 107; 1907,
J. Quebel, B2, 166, B3B8, B05.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

19



Z5. J. C. 5. 93, 1197; 1908.
36, J. €. 8. 109, 180; 19314,
37. Ber. 40, B134; 1907.
38, J. €. 3. 115, 1830; 1919,
39, Poge. Ann. 90, 1 L8B3,
40, Liebig Ann. 139, 277; 18686,
41, Sams e S.
42, Am. Chem. J. 8, 153; 1836,
4%, Am, Chem. J, 8, 183; 1886,
44. J. C. 8. 93, 1197; 1908,
45. Motor Yuels, p. 305; fTthe Chemloal Catalog Co. 1983,
4%, Compt. rend, 124, ﬁlﬁ, 13583 1897,
’ 131, 267; 1900,
47, J. C. 8, ég. 1197; 1908,
48, Oas World 60, 879; 1914,
49. Chem. Rev, 1, 318; 1924,
50, J. Phye. Chem, 28, 11b5l; 1924,
51, J. &, C. 8. 42, 92453 1380,
52. Vide Benton and Bomett, J. A. C. 5. 48, 632; 13I6.
832, ¥,A. Thesie, University of Toronto, 1322,
54, Thermodynnnmios and Free Znergy, p.ld.
56, Pesse and @bylér. J. A. €, 8. 40, 21793 1921.
56, Bone and Coward, J. €, 8, 93, 1987; 1908,
8%. Lewis and Rand 11, Therwofynsmice, p. BH72.
58, Prooc. Roy. Soec, 100 A, 1; 1921,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53, Lewls s0d Randlll, Thermodynamics, p. 569,

80, Vide Chakravarty and Dhosh, Cuart. J. Indian Chem. Soc.
2, 150; 1385,

1. J. Co 8, 101, 91; 1912,

62, Thermodynsmiocw, p. BH7E,

63, Vide Ruff et al,, 2., anorg. allgem, Chem., 148, 313; 1925,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

-8l



