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l'REFAC E. 

Although the nature of the products of thermal 

decomposition of oil'shale has attratted the 

attention of both scientist 4nd industrialist, 

oil shale possibly ranks as one of the least 

—investigated substances which occur naturally 

and which 'yield valuable products on decomposition. 

'Scientists may upproach the subject of oil shale 

from different aspects;-for.instance, the geolo-

gist may be interested in its rock structure and 

stretiography; the chemist may explore its funda-

mental character, or the nature of.its'decomposi-

tion; while the botanist may be required to explain 

its origin. The interest of the industrialist is 

aroused because the decomposition products of oil 

shale have extensive commercial value. 

Unfortunately, most of the published work on oil 

shale has been based on geological observation 

or microscopical examination, and while these 
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investigations have produced interesting data, 

very little information is available on the pro-

perties of oil shale, per se, and of its reac-

tions during decomposition. 

_ As frequently observed in processes of similar 

nature, industry has progressed. without obtaining 

full knowledge, of the structure of its raw mate-

rial and the types of reaction which oecur during 

the commercial process. - Especially is this so 

In the oil-shale Industry where practically every 

operation is based on empirical knowledge. In 

order to achieve an effective end economic proce-

dure, it is necessary to have a clear understanding 

of the nature of the raw substance and of the reae-

tions which occur during its decomposition. In 

the present case, this knowledge should include as 

much information as can be made available on the 

chemical and physical properties of oil shale and 

a knowledge of the reactions which take place during 

the decomposition of oil shale , to produce oil, gas 

and residue. 

The results here presented are offered as an attempt 

at such a study of one oil shale - The New South 

Wales Torbanite - in the hope that the industrialist 



end the scientist will proeress together in the 

development of one of Austruliess potentitIlly .  

rieh rlsources - 011 Shele. 
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The invostitions contained in this thesis were 
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reason, the writer was unable to obtain all the ovor-
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equipment were not procurable in this country. Further-

more, ua a combustion furnace and . a rofrcctomoter were 

not available in the writer's laboratory and Ilad to be 
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indioes are not given very frequentlY. 

The writer wishes to thank those libraries and in-
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The work contained in this thesis reprelents entirelj 
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veri little specific information has been taken from the 

8. 



work of others. 

All refo-emes to literature have been quoted in the 

apL ropriate places, and hay experimental work, other thun 

that or the writer, has reoeival due acknowledsement in 

the text. 

P. small liortion of the investi c:atian, together with 

other results not quoted herein, has been published in 

current scientifie litoraturei reprints of these papPrs 

are enclosed inside the buck covor of tEis thesis. 
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FORNWORD, 

The broad outline of the investitions embodied in 
this thesis was envisaced while the writer was carrying 
out 4„ost-eraduate work in the Department of Chemistry 

in the University of Tasmania. The major portion of the 

work MA undertaken between the years IS9 and 1944 $  during 

which time the writer was member of the technical staff 

of National Oil Proprietary Limited at Glen Davis, ::ew 

South Wales, C•rtain portions, namely those dea/ing with 

X-ray diffraction, thermal oonductivity, oxidation und 

certain electrical properties, were carried out in Vol-

bourne in 1944 and 19 ,Tj, 

The writer AMS fortunate in that the nature of his 

duties and looal oonditions in Glen Davis allowed him to 

devote nearly "full-time research" to the subjeet, but 

because of company policy, the type of work varitid.con. 

siderably from time to time. However, the subject matter 

contained herein has been arr nged to follow a locioul 

sequences, 



OUTLINE. 

• This thesis is divided into four sections; 

Section I A study of oil shale in gennrel end the • 

New South Wales. terbunite in particular, 

'their geographical distribution and pro- 

perties. 

Section II A detailed invnstigution. of the chemical 

and physical properties of the Kamilaroi 

Torbunite. 

Section III A study of the reactions which . occl , r dur- 

ing the decomposition of torbanite. 

Section IV Conclusions and References to literature. 

The first section is abridged; as the field is 

lerge and part of .  the information is available elsewhere, 

although admittedly very scuttered. Furthermore, inasmuch 

as the bulk of the subject matter of this dissertation 

must necessarily come from personal experience, that pert 

of the report dealing with the overseas deposits will be 

•treated in a summarised form. 

The second and third sections have been subdivi-

ded into:- 

Section II 	Part A Physical Properties of 
Terbenite. 

Part B Chemical Properties of 
• Torbunite. 

11. 



Section III Pert A The Physical Nature of the Decom- 
position of Torbanite. 

Part B The Chemical Nature of the Decom-
position of Torbanite. 

NOM7NCLATURE, . 

avoid later confusion it is desirable. to point out 

that some doubt exists in regard to the classification of 

oil shale in general and cannel coal in particular. 

A true cannel, although often having a high oil. yield, 

- consists mainly 'of plant maperals, whereas an oil shale, 

as the word tshale ,  implies,. contains a large amount of 

_mineral matter. In Australia, on the other hand, the term 

icannell usually designates an oil shale having a low oil ' 

yield, a black streak, and of which the ratio of Volatile 

matter to Fixed Carbon is less than unity.. For this reason' 

It is preferable to give the term "Torbanite" to the rich 

. Australian oil shale of the Kamilaroi Basin, as this sub-' 

stance olosely resembles the "Boghead Cannel" of Torbanehill, 

(Scotland) commonly known as'TOrbanite, in fact many au-. 

thorities consider that the 'kerosene shaleslof New South 

Wales shOuld not be.described as oil shale, and therefore 

any distinct division is somewhat confusing. 

If a definite demarcation, .be6edon physical features, 

Ae made betWeen an oil shale and a Torbanite, the important 

deposits of the latter are few and areltmited to Australia, 

Scotland, South Africa Franc's and Kentucky. 
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SECTION I. 

OIL snuns AND THEIR DISTRIBUTION. 
DEFINITION. 

An oil shale may be . defined as en argillaceous or 

arenaceous sedimentary rock, having an organic origin, 

the organic matter of which decomposes at elevated tem.." 

peratares to yield substances of lower molecular weight, 

all three phases being represented, liquids, solids and 

gas • The liquid products are similar to petroleum and 

are not contained in the original shale. (The term toil 

shale' is used here in its widest sense.) A rich oil 

shale which resembles that discovered at Torbanehill, 

Scotland, may be referred to as a Torbanite, 

DISTRIBUTION. 

• Oil shale occurs more frequently than is usually be-

lieved, haying been found in' widely scattered parts of 

the world, and in no particular ceOlogical age. 

The main deposits of oil shale (including Torbanite). 

are found in:- 

. Estonia, Australia, Smith Africa, Scotland, Lmericai. 

Other deposits occur in Manchukuo (49), France (62), 

Sweden (30), England (36b), Italy (9), Germany (64 ).. 

Norway (3) 0  Russia (37), Spain (24), and Czechoslovakia (61). 
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The following brief survey covers the main deposits 

mentioned aLove •  

• 3stonia, ------- 

krobably the most extensively developed oil shale in 

the world. is that of nstonia, and unl-r Government control 

these deposits hart received eareful inv1.3tie,atien, both 

from the economic and scientific point of view. 

This oll shale has a calcarscros 9ke1eton and otwurs 

in the ordoviclun limestone of north-eastern " ,:stonia. It 

is unnecessary to eive any details here, 63 eirasy Gspect 

of this materiul L46 been treated by TJuts in his mono,!14,.ph 

"Der Wandisohe Brennsohiefr EUkersit, seineChemis, 

Technolodis und Analyse.", published in nstonla in 

However, u few of the salient fN,tures may be men-

tioned and the fallowing properties are taken from Tiuts 

(loc. cite) 

Specific Gravity: 
Voisturo: 
Carbon Diotide: 
Ash: 
Oil Yield: 

Usually buff but may vary' from reddish 
to t yellowish-groen, 
1,3 to 1,8 
10 - 14f 
8 . 17;0 
30-40 
20 - vrr (of raw shale), 

;_sh Lnalysis: 	5104 	29- :,1:i 
Fexua 	7 - i,s! 
Al203 	7 - llf 

. CaO 	• 	43 - 40f 
SO3 	9 - 8f 

2 
Ka0 + Na20 3 .. 44 

(thee,  ficures Nave ben vmnied off for 
convenience.) 
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Scotland. 

The oil shales of Scotland occur in juxtaposition to 

coal, with which material they are often confused. About 

twenty-two seams are found interspeeed with other rocks, 

such as limestone, shale, and clay. The deposits are vari-

able in composition and consequently a single discription 

will not suffice to cover all types. The Scottish shale, 

as distinct from torbanite, ie a derk grey , well-laminated 

rock, easily cut with a knife and slightly elastic. In 

macroseopic features it resembles that from Mt. Kembla In.. 

Australia, El description of which is given later. 

Nevertheless as the Boghead Cannel closely resemLles 

the torbenite of New South aeles, this is the only deposit 

which will be treated in any detail. 

Althaueh Boghead Cannel was known some years previous 

to 18i3, it Was not until this date that the min*ral came 



into public 1,rominence, due to a lawsuit (Gillespie v. 

lassel) which ensued over a controversy regarding the 

_exact nuture of the material. The Cannel was found at 

Torbane Hill near &thgate'and has since become known as 

,Torbanite; this name has now been extended to cover all 

oil shales resembling the above. Oiling to its valuable 

nature the deposit at Torbune Hill is no longer in exis-

tence, having been entirely removed by extentsive exploi-

tation. This original Torbanite occurred in the Carboni-* 

feroas stratum and is a fine-grained,. masnive.rock, jiel-

ding on vrolysis over one hundred gallons of oil per ton; 

it. has a 'conchoidal fracture and it varies in colour from 

'dark brown. to black. Microscopical examination reveals a 

large amount of, macerated plant debris, composed of minute 

bodi9s, the predominant entity of which being usually re-

ferred to as "yellow bodies,", which have been shown to be 

algal remains. The yellow bodies, together with other 

organic macerals which are present, will be treated in 

some detail in the section dealing with the nature of the . 

torbanite of New South Wales. 

16. 
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America. 

The occurrence ond nature .  of the North American oil 

shales have been .described more fully than ony other de-

posits. The Bureau of Mines of the United. States, in con-

junction with different American Universities, tee published 

several bulletins on the local deposits, the more informa-

tive of which are;- 

"Oil Shale by M. J4 Gavin. •31111. N° 210. 

• "Studies of Certain Propertiee of Oil Shale and 
Shale Oil" 

by B. Guthrie, Bulletin I* 415.. 

imether important contribution is the American Chemical So- 

•ciety Monograph "Oil Shale" by R. i. MoKee. 	Vow- 

graph N° 25, 1925. 

The American shales ..occur in about fifteen states of-

the'Uhited States of America and in about eight.provinces 

of Canada, They are found in many different,geoleicel 

streia and vary in thickness from two feet to six thousand 

feet or more.. However, their oil yield 'does not coMpere 

with that . of the . Australian.torbanite and the present pre- . 

duction otoil frar them is practically nil. These deposits 

have been .fully covered in previous publications and no 

useful purpose Would b. served. in describing them in the 

present treatise. 
In addition to the vast deposits mentioned above, 

rich torbanite occurs at Beaver Dam (Kentucky) analyses of 
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which vary between: 

Moiature: 0.40 - 0,770 
Volatile Matter: o3.70 - 63,620 
Fixed Carbon: 42.35 - 27.050 
Ash: 3.55 - 	8.660 
Sulphur: 1.000 

Oil shale also occurs in most South American countries 

but mainly in Brazil, Peru and Chili. Unfortunately the 

available information is very meagre, and it appears tht., t, 

with two exceptions, the shale is of poor quality. The 

two exceptions are the Merahuito found in Bahia, and the 

Olyoca in Espirito Santo, both in Brazil 

Africa. 
Oil shales occur in the southern portion of Africa. 

Although the majority of deposits are of medtum grade, the 

deposit of torbanite which occurs at Ermelo yields over . 

a hundred gallons of oil per ton. From the available in-

formation it would appear that the South African torbanite 

closely resembles that of New South Wales. 

Literature* 

S. •L. Neppe: 	A Technical Studj Of Transvaal Torbanite. 
Jour. Inst. Pet. 27, 31, 1941. 

H.Cunningham . Craig: The Torbanites of 3:.uth Africa. 
' 	Jour. Inst. Pet. Tech: 16, 620, 1930. 

du Toit: 	Oil Shale in South Lfrica. 
South African Jour. Industries 4,346,1921. 

Asia. 

The only deposits in Asia which have received any 
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attention are those of Western Siberia end Manchukuo. De-

tailed reports on the former bre not available but the 

latter has received extensive ,  considration in recent years. 

The Fushun (Fuchu0 deposits of Manchukuo are of very 

Poor quality but as they overlie beds of good 0081, the. 

shale overburden has to be removed and :therefore its ex-

ploitation is warranted. The shale le of a coaly nature 

and yields on an averbee atout eleven v'llons of oil per ton. 

A small deposit of torbanite occurs at-Hiteohl (Eazuda 

Province) of which the followitig analysis is given by 

Godfrey (2e.):- 

Moisture Volatile Matter = 72.34% 
Fixed Carbon 	 = 18.80fJ 
Ash." 	 u 840%; 
Sulphur 	 = 0.66 

France, 

. Two outcrops oecur at AutUn and Buxlere-lea-Mines 

•and have been exploited for many years. There are two 

distinct' seams, one in the Permian and the other in the 

• Carboniferous stratufn. The oil shale Is of medium quality 

end oil yields up to fifty gallons per ton havebeen,recor-

ded. 
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The oil shales of Australia and New Zealand may be 

.divided into different structural types, but will be trea-

ted under the following'headings, from the point of View .  

of their geographical distribution: 

New South Wales. 
Tasmania. 
Queensland. 
New South Wales (excluding the Upper 

Kamilaroi Torbanitee). 
Elsewhere in Australia. 
New Zealand. 

New South Wales. 

Very extensive an& rich deposits of torbanite occur 

in the Kamilaroi Basin of New South Wales. Individual 

treatment will be given to these in a later section. 

Tasmania. 

The unique shale of Tasmania, termed Tasmanite q11) 

and (34)),has been classified as a "spore shale" by Down 

and litmus (19b). The oil-producing substance when viewed 

under the microscope, appears as roundish discs, their 

diameter being given by Singh (63) as ybrying between 

20O-53 pm. When not damaged the spores are circular in 

shape but it appears that during fossilisation they have 

been distorted and ruptured. The general opinion is that 

they are innumerable sporangia, and Johnson (32) suggests 

that they are closely allied to Iorcopodiaosous macrospores. 

The shale itself is grey to brownish black in colour with 
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a well-laminated appearance. The specifie gravity varies 

from 1.72 to 2,62, hi3.e the spore case material, which 

may be liberated by flotation, has a specific gravity of 

1.1. 	Reid (57) gives the following average proximate 
analysis:- 

Moisture: 0.80 
Volatile Mutter: 30.84:6  
Fixed Carbon: 5.80 
Ash: 62.50%; 
Sulphur: 2,50 

The Oil, yield is low and the oil is particularly dif-

ficult to refine. 

Two deposits of rich oil shale have been found in. 

•Tasmania and closely resemble the torbanite of New South 

Wiles. These deposits occur as lenticular formations in 

the Greta series of the Coal Measures, at Mt. Yelion and 

Iireolenna and ProximatevAnalyses or them' LaVe been given by 

Ward (76) as 'follows: 

Preolenna' Mt. Yelion, 

Moisture: 1.25) 0.40 
Volatile Ma tter: 42.C* 01.10 
Fixed Carbon: •51.0%; 44.31: 
Ash: 5.80 4,2%,  

Literature: 
The Oil Shale Resources of Tasmania. 
Tasm,GeoliSurvey (Mineral .Resources) 

No. 8, Vol. 1, 1924. 

The Oil Shales of Tasmania and New South 
Wales. 

Unpublished, D.Sc..thesis, University of 
Tasmania, 1933. 

Studies in Tasmanite Shale Oil. 
Pap. Prec.Roy.Soc. 'UM., 23, 1940. 

Kurth: 

R.F.Cane: 
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E.E.Ktrth and 	"Tho Oil Shales of Australia" 
L.J.Rogers. 

	

	"Oil Shale and Cannel Coal". 
Inst. Pet. Tech. p.193 1  1938. 

Queensland. 

The oil shales of Queensland may be divided into two 

distinot Lgioups, (a) The Tertiur, deposits ocuring in the 

Port Curtis District, and at Strathpine near Brisbane. 

(b) The torbanites of Alpha, and Plevna. 

The Port Curtis  and  Strath2ine Shales; Maorosoopically the 

• shale has the ap- 

pearance of a brown clay with a brown shiny streak, lamina-

tions are perceptible, but fracture irregular. There are 

many intrusions of hird material, formea from fossil sedges, 

although the shale itself is quite sectile. The highly 

fossiliferous nature of the shale is due to two entities, 

leaf tmpressions and innumerable rentiform bodies, the latter 

considered by Ball (1) to be the remainegatrecois, such as 

Cypris. The material is of very ioor quality and the oil 

producA. is dissimilar from that produced from Torbanite. 

Contrary to all shales so far examinedi samples from these 

deposits showed a distinct porosity for, although the speci-

fic gravity in hand specimens varied between 1.3 and 1.5, 

the powdered shale was much heavier. This was illustrated 

by the fact that the whole .mass of a finely powdered sample 

(100 mess I.Y.M.) sank in carbon tetrachloride (LG. = 1.6), 

whereas hand samples did. not. The result would indicate that 

the organic matter in this type of shale is totally different 



or Tasmanite 
from either that of Torbanit94 or a -most intimate binding 

between the organic and inorganic constituents. 

The results shown below were obtained by the writer 

from samples kindly supplied bj the Government of".`neens-
land. 

Proximate Analysis. 
S211212_91 Q7 Q8 

Moisture _ 	5.80 5.70 6.40 
Ash 66.4 70.0 71.0 
Volatile Matter 21.9 19.3 18.3 
Fixed Carbon 5.9 5.0 4.3 
Specific Gravity 
	1.37 - 1.46 

Sulphur 
	1.4 (avr.sample) . 

Nitrogen 
	0.3 (evr.aemple) 

Graz_King AssaL. (18) 

Weight Balande. 
Wt. Shale 	1000. Wt. Residue  

Wt. Distillate 19.3 ' 
Wt. Gas 	. 4.7 

Distillate: 	• 10.90 Oil 
6.40water. 

Oil Yiald: 	20.8 gallons per ton. 

Literature. 

L.C.Ball: 	"Oil Shales of the Port Curtis District. 
tad. Gov. Min. Jour. 191S, 14, 73. 

L.C.Ball: 	"Tertiary Shales of Baffle Creek, Port Curtis 
• District." 

Q1d. Gov . Min. Jour. 1914 15, 2-2.. 

L.C.Ball: 	"Oil Shale at Strathpine". 
Qld. Gov , Min. Jour., 193Z, 33, 221. 

(b) The Torbanites of Ala and Plevna: 	In contrast 

to the oil shales of Queensland mentioned above, the de-

posits at Alpha and Flevna may be classed as true torba-

nites. 

23 
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The Plevna deposit is comparatively small and of 

poor quality, yielding between 20 to sn ixlions of oil 

per ton. The oil resembles that from the normal torba-

nite, except that sulphur and tar acids are high. 

The Alpha torbanita an& the oil produced therefrom 

cannot be classed apart from those of New South Wales. 

The oil yield is ti:Ji and reaches nearly one hundred gal-

lons per ton in some portions of the seam. 

The sample suplaied yielded the following essay re-

sults: 

Moisture: 
Volatile Matter: 
Fixed Carbon: 

•Ash: 
• Oil Yield: 

4.20 
53.20 
14,30 
27.30 
74 gallons/ton (Gray King). 

Literature. , 

E.I.Jensen: "Oil Shale" 
Wland. Gov . Mining Jour., 1921., p.92. 

J.U.Reid: 	"The Tertiary Oil Shales of Plevna-Eungella 
. 	District". 

qtland. Gov , Min. Jour., 1941, V.43, p.2. 

A.Wade et. al: "A Note on the Plevna Deposit." 
(eland, Gov. Min. Jour,1941.V.42, p.94. 

J.H.Reid: 	"Oil Shale Deposit of Drummond Range- 
• Alpha", 
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New South Wales is:Eluding  the 11222r Kamilaroi  Torbanitsl.  

A peat-like deposit is fOnd at Vt. Kemble on the 

South Coast and is the only material so far examined, ra-

sembling a true Scottish oil Shale. The macroscopic - 
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features of this oil-yielding substance are different 

from those of the normal torbanite associated with the 

coal measures of New South Wales. 

The rook is a dull-black, argillaceous material *  

finely laminated *  with indistinctive fracture ad greasj 

to the touch. In structure it is vny soft anl noticeably 

flexible *  the streak being dark black and shiny. 

•The oil yield 13 higher than would be expected from 

its appearance wad the Gray-King assay yield 11123 seventy-

eight gallons per ton of a light gravity oil (S.G. m 0.831). 

The results of a Proximate Analysis of a sample were: 

• 

It is interesting to note that this deposit was one 

of the first to be discovered in Australia. 

Four deposits are found in the LOW1R Cool Measures 

et; Yuswellbrook *  Vurrurundi and Greta in the North and 

at Clyd River in the extreme South. Their occurrence in the 

MICR Coal Mea3ures is exceptional and they may be classed 

apart from the Upper Kamilaroi Torbanite. 

A sample of the Greta material was not available but 

the following analysis has been quoted by Came (8): 

Moisture: 0,4941.,  
Volatile Vatter: 43.010 
Fixed Carbon: 19.970 
Ash: 	S 36.530 
Specific Gravity: 1.463 
Sulphur: 0.29 
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Moisture: 1.470 
Volatile Matter: 53.80 
Fixed Carbon: 27,95 
Ash: 15.87 
Specific Gravity: 1.30 
Sulphur: 0.91 

The Murrurundi deposit occurs at the extreme north-

eastern base of the Coal Peasures and ia aosociated with 

volcanic agglomerates and basalt, In appearance it is 

more coal-like than the normal torbanite, and the streak 

is black and shiny; normally thia fact would inlicate a 

poor oil-yield, but the evidence is misleading as the 

nuteriul is comparatively rich; this feature may be explained 

by the peculiar conditions of deposition. 

Only a small sample was available for investigation 

and the results obtained are shown below: 

Moisture: 1,800 
Volatile Matter: 68.09 
Fixed Carbon: 11.90 
Ash: 18.21 
Specific Gravity: 1.191 
Sulphur: 0.93 
Oil Yield: 153 et:att./ton. 
Sp. Gr. of Oil: 0.858 

Elsewhere in Australia. 

Isolated *notches of oil-yielding materiel occur in 

the Vorthern Territory and Western Lustrolis. 

Llthough the occurrence of true oil shales has not 

had authentic verification.in South Australia, a sapropelic 

deposit d a gummy nature occurs in the Coorong district, 

and also on Luke Martagallup in Western Australia. 

Coorongite (79) as the South Australian deposit is 
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known, orleinvtes in an alL;e1 e;rowth which has been 

identified bj Blackburn (5) es Botryococcus braunii 

(Kutzing)). Coorongite decomposes on heating to yield 

an oil stailar to certain shale oils, e.c. that from 

Strathpine, ',u9enslund, but dissimilar from that pro-

duced from Torbanite. Specimens examined by the writer 

were yellow to brown in colour and varied in texture from 

a soft kelp-like nature to hard chips. Proximate Analysis 

of the sample of Coorongite gave the following results: 

Moisture: 	1.64,  
Volatile Patter82.13 
Fixed Carbon: 	6.91 
Ash: 	9.3396 

(a small amount of send grains are 
included in the ash). 

Fuel Ratio: 	__u_ 
On retorting in the Gray-King apparatus one sample 

yielded 106 gallons per ton of pungent oil, the specific 

gravity of which was 0.886. 

A.3.T4f. distillation of the oil was as follows: 

I.B.P. 	37°C. 
57') 

 
71°C. 

10f 	112°C. 
20f 	178°C. 
3096 	220°C. 
40f 	247°C. 
50f 	275°C. 
60f 	298°C. 
70f, 	341°C. with decomposition. 

When quite fresh, Coorongite is soluble in aromatic, 

solvents and in carbon bieulphide but its solubility de-

creases to a few percent after keeping for some time. 

VM = 11.9 
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Some specimens of the a ed material showed both a rubbery 

nature and "swel1in3" in benzene, indicating thread-

molecules, probably fromed from the fatty acids present 

in the fresh materiel. 

Literatre. 

A.C.Cumming: 	"Coorongite - A South Australian Elaterite". 
Proc,Roj.Soc.Vic. lb, New Series, pt.I,134 0  

1902. 

L.K. Ward : 	Geolopical Survey of S.A. 
Bull, No 2, lb, 1913. 

H.R.J.Conacher: "Coorongite and its Occurrence." 
Oil Shule end Cannel Cool, 42 *  1938. 

New Zeal nd -4-- • 

The occurrence of oil shele of me ium quality has been 

reported in several isolated places in New Zealand and 

comparatively large deposits are found in the Nevis Valley 

and at Orepuki. The writer obtained first-hand information 

on the Orepuki deposit and the results were published else-

where, portion of which will be quoted herewith:- 

"These deposits occur in the upper coal . measvres of 

the Permo-cerboniferous age. The exact extent of the de-

posit is not known; it is of tie order of one million tons, 

but systematic boring may reveal a greater extent. A few 

attempts have been made to exploit this seam but without . 

success, partially on account of the nature of the oil 

itself. The scam is about 44" thick and has a thick seam -

of brown coal underlying it. 

Vsical Characteristics end MicE2222212_gyucture. Yecro-

vically the rock is wen laminated and of dark brown 
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colour, with conspicuous speckled appearance, due to the 

presence ot numerous whitish minute crystals of micaceous 

habit, lying along the beating p'ene. The gravity of 

a representative sample of the shale is 1.41, measured 

on a bulk sample, The streak is brown-black and in 

moderately shiny. , 

Proximate Ana1y21s. A representative analysis would show:- 

Ash-free Basis. 

Moisture: 3.1T 4.06 
Volatile Matter: 62'.9 80.2f 
Ash: 32.7 
Fixed Carbon: 10.3r,  15.2' 

Results_11_211z-Kin.q_Amm (20 grm....21.2212_taken.) 

Description 

Charge 

Weight f 

100 

Coke 52.8 
Oil + Water 34.0 
011 23.8 
Water 10.2 
Naphtha 6.9 

Total Yield, guls./ton 80.2 

as Mls. at 20°C. and 760 ram. 1180 

Specific Gravity: 
Oil 	0.900 

Gas (air = 1) 	0.892 

Torbanite has been reported at Mongononui (69), the 

proximate analysis of which is given es: 
• 

Moisture:  
Volatile Matter: 87.33 
Fixed Carbon: 7.92 
Ash: 4.24 
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the valley below". 

The presInt writer hcs had an opportunity to see 

block of tortan1te bit cne cubic yard in size, carried 

about two hundred yarls in one heavy storm. 

DistribuMon . 

The great accutiul.J,tion of Torbanite found in New 

South Wales is situwbed in th3 Kumilaroi Basin and covers 

an area of arproximcte", three thousand square miles 

(see map opnosits). This field is made. up of a number 

of deposits which very in size from about seven equaref 

miles to isolated imall patches; as many as thirty-tl'iree 

deposits have been described in tte litercturg snd it 

ses protc le th.t many more exist under the llawkesbury 

sandstone. howevlr, owinc to the rough natnre of the 

terrain, exploratoz,y surveys a e difficult, In some laces 

the sheer rugccd iiefs with eY.posed Paces over on thou-

sand feet high rflb03. 7,tody of the geck,iraphical and 

stratigrabhical distrIbliti)n 	ousj task s  but .1n other 

loculities the arrarzel!inht is by no means easy to follow. 

Charles Darwin, writing in 1690 (13) says:- 

"These valleys which so long presented an insuperable 

barrier to the attempts of the most dusikerprising of colo-

nists to reach the interior are most remarkable. Great 

armlike baje expend at V., eir up;:orand, other branch from 

the main valleys end even leave in them treat almost iso-

1ated masses..... the moat remarkable feature of this 
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struct.re  ia Crut althsz!.h sevaral miles wide at their 

heaA they :enerally contruct towurds their mouth to such 

a degree as to becore impazisible 	 ....When cattle 

are driven into the Val/ey of the Weigel% by u path 

(which I,descended) they cannot escatle; for this valley 

Is in over"' part surroundd by,perpendiclAar cliffs end 

•eight miles low , )r down it contracts from an av -!ruge 

•width of u half u mile to a mere chasm impassible to 

mui n and beast." 

The torbanitos of the ELmilaroi Basin LIKE:ear close 

• to the western murgin of the Uppor Coal nu -Airco and 

extend for nearly 250 miles north and south. Rau -1,4 

speaking they can beuaid to occupy an acute triangle 

with the deposits of Ulan end 'Beeremi as the base line 

and Reedy Creek WEI the verte4 (see ma 1). From a stratio-

craphical viewpoint, the variouu deposits are widely 

dispersed, with nearly three hundred feet between the 

Ilford d posit, which is less than 30 feet be1c4 the 

Triassic Hawkesbury sendstons plateau and the roma 

Parsden deposit in tha lowest coal horizon immediately 

above the rerangarso Conglomerate. The majority of the 

known deposits, which are usually lentinulc,r in shape, 

occur fairly slooe to the coal horizons, but there are 

isolated examples, such as those at Bariccal and Katoomba 

(Vortls Upper Seam). 
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prigki...2f_Torbanite. 

There seems little doubt that tprbsnite is of vdigetsble 

oric;in, and thut the aboriginal matter wss of algal nature. 

athoui;h this work is concerned with the present structure 

of tOrbsnite, and not with its genesis, a discussion of .  

Its origin is tnportont inasmuch as• it helps to elucidate 

the present constitution of the substance. 

• Investigations into the mode of ori6in of torbsni•e, 

and e oil shale eenerslly, began to receive serious con- 

• eideration following the tamous . Torbune Hill case In 

und from this year Onwurds many theeries have been 

put forward uscribing various orLins to the material. 

These theories have resulted mainly from microsopieal • 

and geological inveJtiestion, and often led to greater 

Confusion than before. 

Although much hss been done by the miorciscopiet In 

explaining the origin of torbsnite, insefsres : the present 

problem is concerned, it _,.rovides practically no evidence 

ut all of its 1:rel7ent structur ,), sn& it is Obilaus that 

the . orieinul . nature of the material has „been so changed 

by Metamorphism and geologic pressure as to . rendr.  it 

nearly unrecognisable. It is ,justifiable, therefore, to 

.assume tbut no useful purose would be served by analysing 

the various theories that have been postulated. 

When examined,microscopically, torbunite is resolved 

into a hetero6eneous structure in which yellow, orange and 
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red particles are seen distributed throughout .a brownish-

black, opaque matrix. The yellow particles, usually 

termed 'yellow bodies', are predominant, and the exact 

nature of these 'yellow bodies' and how they originated 

has led to the confusion above mentioned. They have been 

identified variously as spores, pollen grains, spore cases, 

partially bitumenised• matter resins, waxes end hydro-

carbon material, 

In 1892 Bertrand and Renault (4) published a paper. 

which made the first important contribution to 6 knowledge 

of the origin of torbenite. Bertrand and Renault stated 

that the,lyellow ,odiest were the remains of algae, and la-

ter papers have given further proOf of their. contention. 

In. 1936, Temperley (71) gave very strong evidence that the 

algae were identical with,. 	very similar to, the now-liv- 

ing Botryocopous braunii found'in Coorongite. 

. . The general theory of the mode of origin of Torbanite, 

as held by the present writer, is as follows:- 

Torbanite originated in a specific type of Colonial 

'microscopic algae which'flourished in the transitional 

era between the Permian and Carboniferous ages. Along the 

western margin of the Coal Measures existed a series of 

lakes or lagoons in which algae flourished under excellent 

conditions but with more or less' seasonal changes. The shal-

lowness of these lakes is shown by fossils of Glossopteris, 

in which the plant is still in the living position'. • 



36. 

Silt, clay and other finely divided material contai-

ning small amounts of humus wer7. carried by istreams into 

these lakes, and formed a muddy ooze on the bottom of the 

water in which the a,I4:ae were growing. 

After the death of the Elle al colonies, ,vossibly caused 

by regular seasonal chancls, the deotying matter sank 

through the Y;ater to produce a layer of sapropel on the 

bottom of the lake. 	• 

Owing to climatic changes, the lakes dried up and. 

'VA) algae, together with the inorganic material, caked to-

gather to give a thin lager. This cycle was repeated 

until an apprciable deposit was formed,-consisting of a 

band of material of laminated structure. 

Separating the laminated bands of oil shale were 

layers composed almost entirely of inorganic sediment 

(shales etc.) or vascular plantsapropel. 

This phenomenon, as yet without the repeated 

cycles over long periods, occurs at the present 

• time in South Australia (see Coorongite) and also 

in other isolated places in the world, These 

• sapropelites are of algal t:enesis end Botryococcus 

braunii occurs in nearly all of them. Zalessky (78) 

• gives the composition of the material from Lake 

&abash (Siberia) as:- 
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• Carbon 73.76r_ 
Eydroken . 10.61 
Sulphur 1.03 
Nitrogen 0.56 
04Ygon 13.74 
Phosphorus Trace 

Specific Gravity: 0.995 

Leh: 	3 - 5f_ 

Pollowin the deposition stage, the decaying matter 

was covered with overburden and then, over geological 

times and with the pressure of the overlying strata, the 

gummy material polymerised to a hard MUSS1Y0 rock. The 

subsided rook was brought to the surface in later Tertiary 

elevation and the fissures in the country exposed the 

material as it is found to-day. 

There is little evidence that other than plant matter 

took part in the formation of torbanite, but animal remains 

tave been identified in certain oil shales. The plant 

matter t includes mins,r amounts of spores and remains of 

higher plants in addition to the bleu*. In order to re-

duce.the plant remains to a macerated mass and to explain 

the lack of cellulose derivatives in torbanite, it seems 

probable that the decayik; algae were acted upon by some 

type of subaquatic bacteria. 
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S7CTI(11  II 	PLRT A. 

PHISICLL 1iW.7,RTI14:3 OF TC:RBANIn. 

INTA,DUCTIO. 

Torbenite contains two distinct and dissimilar types 

of matt,)r,,the proportions of which Mbj vary greatly, be-

tween any one sample and another; the orgio12 portion 

which consists of small translucent particles:, and the 

ipaen12 portion, composed of clays, sends and other 

adventitious mineral matter. Therefore, all physical pro-

Parties and, to a less ext,nt, chemical properties, are 

function of the amount of each component s  ana these 

properties will vary-Letween limits determined by the maxi-

mum permissible amount 0? either which cen.be preSent. 

When the .  1“.o12erties of the orL;unic portion are to be con-

sidered v and to obtain data which may be correlated on a 

common basis it is desirable th t all properties be'red ,uced 

to an 'ash-free' basis. 

It may be said pt the ou 4 set that, apart from intrinsic .  

variations due to changes cause by the amount of mineral 

matter 'pr.,, sent, no single factor may be taken as sufficient 

criterion for the identification of any one deposit from 

anothr. Examination of the restate obtained from tl7e in-

vestigation of very many sumvles from ov -ao seventeen de-

posits, and the oil obtained therefrom, does not reveal 
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any v:irticular property Which 'would serve tiS2Ii means of 

demarkation or identification. Certainly, torbanite 

which produces over one hundred and seventy gallons of 

oil per ton is not likely to be found in the Glen Davis 

deposit, but there are several localities from which stiM .• 

ples may be obtained producing this amount of oil, e.g. 

at Coolaway, Joedja, or Weller; on the other hand, it is 

impossible to differentiate between a poor sample from 

Coolaway (which is usually outstanding for its richness) 

and one from Glen Davis,A2 the latter were 'particularly 

rich, 

-Several attempts have been made to effect L-, n identi-

fication bi means of certain properties, but reported ob-

servations have been based on hand-specimens and not on 

the deposit as a whole. It may be stated, with the reser- 

vations above mentioned, that variations within one deposit 

may be, and often are, as great asthe variations between 

any two deposits, which renders valueless any observation 

• as a means to identification with regard to locality of 

origin. 

The variations discussed here are caused, in the main, 

by differences in the ratio of organic to inorganic matter 

• and' not by changes in the constitution of the kerogen_  

(the term applied to the oreanie matter in oil shales and 
torbanites) as a whole, the composition.of which.is remar-

kably uniform when considered as a separate entity. Al-

thoUgh microscopic examination reveals that kerogen has a 
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heterogeneous structure, variations in the amounts of the 

different cow onents seem to have little effect on macro-

scopic properties when these properties are reduced to an 

lash-free' basis, and in certain sections of this work 

the organie matter will be trc,..ted GS b uniform chemical 

body. Although an explanation of the constitution of the 

organic matter of torbanite is an extremely oomrlex prob-

lem and as yet hes not been elucidated, it is evident that 

one is dealing with the same underlying chemical structure 

in all deposits. 

The removal of the inorganic matrix of torbanite, 

while leaving the oranic portion unchanged, is no easy 

task; physical methods, bused on the different densities 

of the two components will remove the large mineral frag-

ments, but have no effect on the microscopic particles of 

clay etc. which are intimately bound up with the kerogen 

itself. Chemical attack is a little more si.tisfactory as 

frequent w,shings with hydrJchloric and hydrofluoric acid 

will reduce the ash content to b fivi percent, but under 

these conditions it seems doubtful whether the organic mat-

ter would remain unchanged. Fortunately a small lens of 

extremely rich torbanite was discovered at Parangaroo 

(New South Wales) (lob), the ash content of whioh was less 

than that normally associated with the livinc altae, and 

this material was of great value in this investigation. 

Amine Gnalitz_of  Torbanite.  

The specific gravity of torbanite increases from bn 
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observed minimum of 0.973 to an indefinite maximum of 2, 

but most samples will way between the limits of 1.1 and 

1.4. It is difficult to designate a maximum specific 

gravity us this depends on the limitations of the defini-

tion of torbanite, as distinct from oil shale, but it is 

rare to find specific gravities in excess of 1.5 for a 

true torbanite, except in the case of silicified material 

when the specific gravity will sometimes reach 2, but 

rarely exceeds it. 

3321.11121q41. 
Small test blocks were used to datermine specific 

gravities, a Nicholson hydrometer being emplojed, and 

the determinations carrieA out at 20°C. or corrected 

thereto. A small amount of methnol was used as a wet-

ting agent. 

The ash determin,tions followed the method set out 

in the D.S.I.R. Bulletin "The Analysis of Coal" (18). 

. The results obtained, together with a few analyses 

from other sources are shown in Table 1 and in the graph 

opposite. 
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TABLE 1. 

LEStatz  assu12Anyalt Ash Content. 

Marangaroo 	0.973 	1.81 
Coolaway 	1.033 	6.64 

1.075 	10,01 
1.043 	7.73 
1,154 	18.06 

Wollar 	 1.071 	9.89 a 
1.032 	3.52 
1.164 	20,43 
1.074 	11.05 
1.126 	. 25.88 

38.99 a 
Airly 	

1.334 
1.115 	14.03 
1.148 	16.55 
1,136 	25.07 
1.116 	12,40 p 
1.359 	36.67 p 

Glen Davis 	1.193 	21.41 
1.228 	29.32 
1.274 	27.21 
1.308 	31.09 
1.155 	19.63 

Barigan. 1.217 	29.45 a 
1.193 	19.81 
1.231 	24,61 
1.170 	20.41 p 
1,173 	20.81 
1.241 	27.53 
1,148 	19.80 
1.028 	5.45 p 
1.198 	24.97 p 
1.23/ 	24.91 
1.198 	20,03 
1.170 	20.41 p 

• 

Tong Bong Mt. 	
1.256 
1.384 	43.05 a 

29.80 p 

• 1.357 	37,79 
1.368 	39.21 

Ulan 	 1.110 	12,56 a 
. 	Ilford 	 1.235 	30.37 a 

Wondo 

	

	 1.072 	8.55 p 

(a) data from Dulhunty (15) 
(p) data* from Carne (8). 

Extrapolation of the plot to zero ash-content leads 

Newnes 

Jpadja 

Baerumi 



43. 

to the conclusion that the specific eravity of pure !terogen 

Is about 0.9 .G* 

.Rich samples were chosen for the above correlation, 

aa this 'choice tends to minimise any discrepancy caused 

by changeb in the constitution of the mineral matter per se* 

Statisticul Analvis of Results* 

A brief outline of the method. used in analysing the 

results set out in T6b10 1 is elven below* 

If A is tte quantity which, by meuns of many °boor-

vations, is shown to be relLted to another quantity 

B, then the degree of correlation (m) is given by 

the expression: 

tAIBI 
•••• •■■•■•••■••0•0•1..MM 

where it = the number of observations *  
= standard deviation of A 

OlB = staddard deviation -of B 
Al= deviation of A from the mean* 
JP= deviation of B from the mean* 

If a and p cre the deviation of A end B respectively 

from arbitrarily chosen mean values of the two, 

then 	
= Yaci 	F 

where a = 	Einu 
it 

= 
it 

also (re a /EY . a2  
it 

4._B2 = 1.22  F2 
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	 na 

a a2 )(E22 - 132)  n 	IL 

= YAIBI 
EMT- 

Eaf3 

therefore with respect to the arbitrary mean values; 

44, 

gropeFtles_of  m 	
m 	.1 

When m = 1 or -1, the two variables are eonnected by a 

linear eque+ion and all points would fall on that straight 

line. When m = 0, A and B are entirely independent of one 

another and no correlation is possible. It is necessary 

to apply a corraction factor (p) to the coefficient of 

oorrelation (m) when the number of observations is small 

and this correction is given by: 

1-=.22  if p > m there is no correlation. 

. Let A denote specific gravity and B denote the ash 

content, and let the chosen arbitrary moan values of the 

two equal 1.20 and 20.00,c respectively, then the first 

two columns given in Table 2 represent the deviation of 

A and B from 1.20 and 20.00. 

Then the following derivations may be obtuined:r 

a = 	= 0.0225 and F = 	= 1.166 

• 

2 
TA = 

2 
1:(1 a) 2  = 0.0107 - 0.0005 

= 0.0102 

T- B
2  

= 1,22 
() 

2 = 108.15 - 1.26 
= 10607 



/ AB = I: ap - n.dp 

= 38.913 4: 40(1.166)(O.028o) 

= 39‘9b2 

39._952  
Pal••••■ .••••• 	 = 0.957 

4 V671-07-17151T017 

45. 

= 0.002 

Coefficient of correlation- evale 0.9? t 0-002: 

-.Th .ig indicates a clOse relationship Letween apsOific 

gravity and t.sh content for the r1ch:1r •torbbnites. 
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TABLE 2. 
2 

A PIO■•••••••••■■ 	
a
2 

 

-.227 -18.19 .0515 330.09 + 4.129 
-.167 -13,36 .0279 178.50 + 2.231 
-.125 - 9.99 60156 99.80 + 1.249 
-.157 .42.27 .024C 150.55 + 1.926 
-.045 - 1.94 .0020 3.76 + 	.087 
-.129 -10.11 60166 102.22 + 1.304 
0..168 -16.48 4282 271.59 + 2.769 
-.036 + 	.43 .0013 0.18 -.0 0.015 
-.126 - 8.95 .0159 80.10 + 1.128 
-.074 + 5.88 .0055 34.57 .0 0.435 
+.134 +18699 •0180 360.62 + 2.545 
. 0 085 - 5.97 .0072 35.64 + 0.507 
-.052 .- 3.45 .0027 11.90 + 0.179 
-.064 + 5.07 .0041 25.70 - 0.324 
-.084 - 7.60 .0072 57.76 + 0.638 
+.159 +16.67 .0253 277.89 + 2.650 
-.007 + 1.41 .0000 1.99 .. 0.010 
+.028 + 9,32 .0008 86,86 + 0.261 
+.074 + 7,21 .0055 51.98 +0.534 
+.108 +11.09 .0117 123.00 + 1.198 
..045 - 0.37 .0020 0.14 + 0.017 
+.017 +9.4 .0003 89,30 + 0.161 
-.007 - 0.19 .0000 0.04 + 0.001 
+.031 + 4,61 .0010 21.25 - 0.143 
-.030 + 0.41 .0009 0.17 - 0.012 
-.027 + 0.81 .0007 0.66 + 0.022 
+.041 + 7.53 .0017 5600 + 0.309 
-.052 ... 0.23 .0027 0,04 + 0.010 
-.172 -14.55 .0296 211.70 + 2.503 
-.002 + 4.97 .0000 24.70 4. 0.010 
+.039 + 4.91 .0014 24.11 + 0.182 
-.002 - 0,03 .0000 0.00 t 0.000 
-.030 +0.41 .0009 0,16 .. 0.012 
+.056 + 9,80 .0031 96.04 + 0.549 
+.184 +23.05 .0339 531.30 + 4.241 
+.157 +17,79 .0246 316.48 + 2.793 
+,168 +19.21 .0288 369.02 + 3.227 
-.090 . 7.44 •0081 55.35 + 0.670 
+.035 +10.37 .0012 107.54 + 0.363 
«6128 -11.65 .0164 135.72 + 1.491 

Ifi +46.65 ct1-  .4283 1(4325 4 01 IQ? +38 913 
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aletion of Specific Gravitz_to Oil  field.  

General relationship of splcific_aravity: It has been shown 

in the preceding puges that in the case of rich material throe 

As a distinct relationship between the ash content of a 

given sample and its srecific ravtty. As t , e oil yield, 

apart from retorting variables, depends on the amount of 

organic mutter present, by deduction therefore, one can 

GSSUMO that the oil yield would vary with specific gravity. 

This is true althou6h, on account of the greater complexity 

of the factors involved, to a lesser degree of correlation 

than in the previous case. If it were possible to define 

a standard retorting technique on evon closer correlation 

might be expected. In order to make this statement clear 

it is first necessary to define what .  is meant Ly 'standard 

conditions when Lppliea to retorting technique, 

Let the followint:; conditions be assuMed:.* 

• (1) Uniform and predefined time-temperature rise 

throughout the retort charge. 

(11) Constant size of torbanite-particles. 

• (111) Standard and reproducible retort and furnace. 

• (1v) Predefined degree of packing of the sample 

into the retort. . 

thus., the possible variables in the treatment of any number 

of samples ure minimised, but are not obviated. This is 

more readily realised if the nature of the thermal decom-

position is  examined in detail, for it will be seen teat 
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it is impossible to so atandardise a retorting procedure 

that each bnd every partici receives the care treatment, 

for i.nstanoe, if a .eterting run on a rich sample is 

arrested L -yeo.'e eompl -ktion, and the charge e, - mined Lefor's 

• it has laud time to cool, all stages in decomposition will 

be observed, no matter how 'uniform the hating may have 

been. The intermediate•p!•ilses are represented. by a frothy, 

tarry ms S which is more or loss free-flowing, and. running 

between the interstices Of the tori.=anite particles, and. 

between the charge and the retort walls. To so arrange a .  

retorting technique that a given amount of this sem1-114d . 

0.6SZ flows in a certain direction, say, along the retort 

wall and thus receives a different treatment, is obviously 

impossible. 

A mathematical analysis VI shown in Table 3 below of - 

ei_tty-five Gray King assays (18) for oil Yield. 

Table 3. 

Lrbitrary mean values; 
Specific Gravity 	1.25 
Oil Yield: 	= .130 gals,/ton. 

Sample Specific Oil 	 2 
ro. Gravity Yield 	a 	L. 	a 	) 	at2 

1 
2 
3 
• 

1.27 
1.24 
1.18 

• 
1.21 

142.9 
127.7 
142.1 

• 

, 135.6 

+.02 
-.01 
,-.07 

• 
• 

-..04 

+12.9 
- 2.3 
+12.1 

• 
• 

+ 5.6 

.0004 

.0001 

.0049 

.0016 

166.4 
5.3 

146.4 

31.4 

' +0.258 
+0,023 
1.0.847 

-0.224 

= - 5 90 	= 73.4 	Lct2  = +0.1611 	= 8781 

ra) = -16,48 
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a = - 0.0106 	crA = 0.0428 

	

= + 0.8635 
	= 10.13 	m -0.426 

Degree of correlation = - 0.426 t 0,089 

(These tiSSbj3 were not performed by the writor although 

.caried out und ,n• his supervision.). 

From the analysis it can be seen that, as might be 

expeeed, there ia 6 fair degree of correlation between 

ecific GetAvitj and oil yield. 1,tter-spts were made to 

es whether any precise exression could. e deduced to 

enable oil yield to be calculated. from specific gravity, 

with 6 reasonable degree of accuracy but results. were . 

unsatisfactory. 

Fracture. 

When broken, rich torbanite exhibits a superb broad 

conehoidal fracture, whilst the gractre of poorer 

siecimen tends to be' haekly. .CleavaGe along the ;:edding .  

plane is quite comron,,and all toranites slIow ag;7eater. 

iireak-resistanee "across the bedding plane than alOng it, 

Torbanite can i.e flaked with a kalfe but attempts to saw 

it, although auccassful, will always dull the blad. be.

cause of the silica preent in the mineral matter. tor-

banite is o=t2emely tau t_t an& is much more resistaat to 

•impact than coal. When struck with a hareloblect it 

rntaits a hollow wooden note, and e hammer rebounds from 

it with considerable force. 

Structure. 

dich torbanite appears homogeneous to the sight and 
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eivas no evidence of its laminated structure, althYugh 

poor specimens show distinct laminations. When heated, 

rich torbanite tends to open up along the bedding plane, 

Vie providing a means of aseertaining the plane of bedding 

o visually homogeneous specimens. In eenaaal, the tex-

ture is smooth, although very poor specimens bre rough 

to the touch. Torbanite is brittle when out into thin 

strips but demonstrates a certain ameunt of bending elas-

ticity before fracture. The tenaile strength is approxi- 

mately 	Kg./sq.mm. (10 . , ash and parallel to bedding plane) 

and Rockwell V. hardness is between rn and 76. It is inte-

resting to note' that the spherical indentations arotuaed 

by the Rockwell penetrator gradually disappeared, end • 

after eleven days no depression eould be found when chocked 

with 6 micrometer. 

YierOsoapie_Featares. 

d1 -7,en viewed in thin sections under a microscope, the 

dark MSS of tora.hite is resolved into an opaque matrix 

in whiah are embedded many translucent ellipsoidal bodies 

of more or less fibrous internal structure, ranging in 

colour from yellow to red. The oreanic bodies are not 

homogeneous bet their variation is regarded as more of 

quality than of charadater. Theee•entities are scattered 

throughout the material in no fixed manner except that 

their lone axis is generally orientated towards the bedding 
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plane. The major portion of the. organic ratter is y , llow 

in colour and is often so concentrtted ba to crowd out 

nearly all the othor constituents. 

The present chemical constit.tion of the organic bodies 

is still indefinite but, es will be shown lLter in this 

work, it seems like4 thit they tire resins. The torm 

is ' ..ore employed to dosignato highlj •polsrerissd 

comr,ounds such Ls polystyrene, or the modern synthetic 

resins tnd ab-s net ref)r to the gum/ exudations from 

certain treos, such ts that fr,m the C9tUS Pinus. Trims 

writers have identified the 'yellow bodies' with bitumens, 

hydisocarson cjotules and 11,4tura1 resins (sesin); however, 

tleir almost complete insolubility in Loth aliphatic Lnd 

Lromatio solvents shows thbt theee premises are felleclaus. 

Other writers havo aug4;ested that the lyello bodies' bre 

fossilised pollen i;rains, 'spores, or rembins of thoU higher 

plbnts, but it soors inpyobable t!:at con.6itiwis were con-

ducive and localised to such Ln - extont as to roduco the 

tile of deposit wo find at the .ro-3ent tire. The lenticu-

lar nature of the deposits, their sli6ht dip to the hsri- 

ontal tali their ltrintted stmoture, L11 auest an 

aguLtio form of plant life of all oriein. 

PetamorpiAsm has 00 ,tJterld the structure of the 

original substance tLat all inwlstitions carried out on 

torbanite with the Lid of the microscope must certainly 

be deductive, and as such, of little assAstance in the 
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• presrxtroblem, which is concerned with the actual compo- 

sition and reactions of torbanite as it is found to-d y. 

The f_ct that torbanite consists of two very dissimilar 

components - organic and inorganic - and that te properties 

ofAho material Eis a whole ure dterrind by the amount of 

each present, is well i lustrated in the following ljages 

dealing with the thermal prolerties. 

In oome portions of this work, erroneous results were 

ottuined, caused by decomposition of the eariple und ,r test • 

at onlj moderate te7;peratures; for instance, in expansion 

tests, and this difficulty Was on): overc,Ime by using 

sub-zero temeratures as one teTperatre limit. 

jkTI7:71C rifT F TORB,reirl. 

The specific heat of pure torbanite kerogen is 0.34 

gram.cals./grm./ 0 C. and decreases linearly with increasing . 

ash content. 

The experimental details of the work were as follows:- 

The calorimeter was of the normal type containing a 

vacuum flask, accurate thermometer with telescope and 

stirring device, - the cooling constant of the apparatus 

was 0.00187 . (Newtonian formulation).. Neighed. quantities 

of organic liquids such as carbon tetrachloride and nitro-

benzene.wer -y used as heat media as they were good wetting 

a•,ents and had low specific heats. This practice was the 

Only deviuticw from the normal laboratory technique on 
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Apparatus f'or._.Ex.pansion . .Expe..r.iments 
Figure N° 1. 
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specific heat determinations. 

:Small sample LlOcks were cut from sleeted pieces of 

torbanite*and maintained in an air-oven at constant ter:. 

;perature. At the end of two hours they wre weighed and 

then replaced. in the (Area. When four hours had elapsed 

they %lore quickly tri&nsferred to the calorimeter .(the 

calorimeter was placed close to the oven) and on recching 

equilibrium the temperbtuxe was :recorded. Aftr the ope-

ration Wti,S concluded'un.ush determinotion'wel made on ea.ch 

sarplo. 	chock on the above technique the fol3owing 

two variations were tested; 

(1) adding hot liquid to cold. torba.nite. 

(11) Adding cold liquid to hot torb,nite tnrersei 

in hot liquid s  the two liquids beine 

identical. 

Duplicates varied by e few percent brt this could 

'have been due to . ezperimental error, us equilibriux tem-

peratures were found. with difficLltt, owing to the low. 

thermal conductivity of the torbanite* Yo.correction WbEI 

muds for 'heat of wetting'. , 
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Table 4, ..............— 
Th2_3ec1f1c Heat of  Torbanite. 

Sample No. 
Ash 

14 
22,2 

7 
32.3 

23 
56.4 

42 
86.2 

Wei:;ht of Sample, 	rms. 40.21 45.45 28.33 38.62 
Weight of Liquid,grms. 647 655 868 660 
Sp. Heat of Liquid 0.342 0.367 0.203 0.342 

Water Tquivalent of:- 
a.0alorimeter 57 57 37 37 

Liquid 221 240 176 226 
Tot:.1 Cala, 276 297 233 283 

Temlnratures ° C*((orr.) 
InitittIo 	bemple 49.8 80.1 51,4 50.8 
Initial of Liquid 19,3 28.9 21.1 19.7 
Equilibrium Temp. 	- 22.6 31.2 22.1 20,7 

'Specific, Heat 0.318 0.301 0.278 0.242 

Temperature Rance 20-30 30-80 20-50 20-50 
Liquid erployed BzNO2  BzNO2  001 4  BzW02  

Water equivalent corresponding to a liquid 
level of 550 ml, in vacuum flask. 

These results are illustrated in the graph 2 and eXtra-

poletion shows that pure kerocen has a spocific'heat of 

0.34 cals./grm, 

A theoretical aproach to 	frlbjeot may I.e made 

from the rule of Dulong and von Kopp on the additive ch6rac-

ter of specific heats and from this a check may e obtained 

on the experimental results given above. 

Although the exact oomponition of the mineral matter 

in torbanite is not represented by an ash•analysis, the 

results obtainel from Table 5 are taken as sufficiently 

accurate to illustrate the aplaioation of this method. 

The composition of a sample of ash from the Glen 
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DbViS deposit is shown in Table 5 below:- 

• Table 5, 

Chemical 
Cgmaaition 	iercenture 

Specific 
Heat _ Product_it_lc 4.4Ht.) 

Si02  67.3 0.191 12.85 
Fe 2 0 5  3.9 0.155 0.60 
Al2 03  22.0 0.1.84 4.05 
CaO 0.9 ' 0.181 0.16' 
Mg0 0.5 0.220 0.11 
SO- 2,6 0.18 0.47 

Alice]. „tie Oxides 2,8 0.2 _0156 

18.80, 

ape'cific Ftet of shale ash: 0.19 cal,/grm./°C. 

The specific heat of the orgunic matter in oil 'Thule 

may b) approximated in the sume manne, from the percen-

tage composition•of the kerogen and the atomic heats of 

• the constituent atoms (see Table 6). 

Table 6, 

2ercentage Composition ( 53). 
C 	1, H = 10,6; 1  S = 0.50, U = 1., 0 = 2.3 

• 

Specific He/at: 0.38 igals,/grm. 

TIY,s, for dry shale containing 5Cy .,  mineral matter, 

the specifie hest may be calculated as: 

0.38 + 0.19 
2 

= 0.28 cule.Lgrm. 

Analysis 
Percentade 

., , tomic 
Heat 

iktomio 
Wei ght 

e r 	_Atomic keentaL:e X 	7Ieat 
ii°671{7176717fit. 

C:85.1 1.76 12 • 12.5 
II: 	10.6 2. 1 24.38 
S: 	0.5 • 5.54 32 0.09 
N: 	1,3 3.42 14 0,32 
0: 	2.5 3.48 16 0,54 

37,8 



56. 

To this figure of C,28 cals. p:ae gram, 6 correction 

should te adled for moistl:re and certain other inorganic 

volatile matter lost during .the usLing process. 

A graphical represent4tion of the results ob 4-ained 

is shoivn in erLph 2 and from tho eralL it c1.1 to seen that 

the calculated and oosurvold value, of the spec:ifi c heat 

63 L;i1v-,:n in Table 7, do not at„ree. In adclition, the cal-

culated No%lres m1.63t be re ',..rded s Ln approximation orly, 

because of th3 mani•factors which vst 	considered. 

Linetir .('olationships 1)...tt':een specific heat Gni. ash 

ccntent z_re found wh..-9n dealint; with substanc -, s of 

natw.s - coal and oke 	e:owing th .) oame correlation, 

Tale 7. 

Sample 	1,sh 	Specific 	Specific Let 
•Numtor lercuitage 	Hoot 	(c.10.) 

•obs.) 

14 
7• 	,0 

• • 

•. 25 	56.4 

	

42 	86.2 	. 

0.318 
0.bel 
0.'478 
0.242 

0.536 
0.316 
0.271 
0 0 214 

For purposes of comparison the specific !leets of some 

imeriean oil shales are Elven in Table 8 below: 

Table 8 

Source of shale 	Specific 

 

Wthoritj. 
.41. 

    

    

De Bogue 
Purachute l eolorado 
De Bowe 
Shale residue 
De Bogue 

Gus Coil]. 

U. 
0.242 
0.275 
0.223 
0.280 

0.314 

U..3.1.1ureau of ?Tines (70) 
U.3.12urealu of Vines (75) 
PcKce and _74ydlr ('1) 
U.S.Eureew of Mines (75) 
rens and 14yder (41) 

Smithsonian In.3t1tute 
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Vtriation of aeeifie Peat with Tenor-tura. 

The geneal relationship between specific het and 

terper.ture is eiv ,n cy:- 

C t 	= Cc + at + bt. 

where 	Ct 	= speeifie heat at t c. C. 

C o 	a, specific heat at 0Co 

b !Ind b 	are constants.. . 

fs torb‘,.n1t.e dnomposes when heated it is impossible 

tl dotlrnine its Folciflo hat at elevated tempertures, 

but :;,n, 1d•, ,,a of the values involved may be etaineft in the 

followin manner, 

.Assumino the temperi..ture coefficient of - ehtngc of 

socifie heat of the inor6anic matter is siMiltr to nate-

rial suc:h as silica brick or fire brick, 4 eene'al squation 

for the specific heat of the mineral.  matter at any temperat-

ure (VU) is elven by:- 

ueut = U.22 + 8 x 10 1 t 	...(i) 

3omo difficulty is found in arrivine.r a fire for 

kerogen. However, when compared with semi-ooka and coal, 

tn incet:se in apeelflo Heat of c;.eti cals./grm, may be ex-

posted with a tomi,erature Ms-) of 4(:,C('C. an the following 

cenJrul equation is Sugested:-.; 

4eat = 0.338 +.1,25.x 10 -4 t • ********* o.....(ii) 

Ls.torbtnite.bogins to ci:Com:i.cse at me-swc.tble velociti 

over 2q:0QC,,.equation (1i) is on1;i applicable over a 

limited temperature -ranee. 

Combining equations. (4) and (11), the following 
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equation gives the specific heat (Ct) in terms of ash con-
tent (Alt) and temperLture:- 

A 
C t  =0.338 - wrov 0 .115) + 1.25 x 104.4 t(1 	.003A)...(1ii) 

For torbanite containing 20,s ash; 

5,ecific Heat = 0,32 cals./gm. from graph, observed between 

20°C. and 50°C. 

= 0.34 oals./grm. calculated from equation 

(lit) at 200°C. 

, Thermal Ex2t012B4 

• At the outset it is necessary to differentiate between 

• true thermal expan ion and swelling. In order to make 

this .statement .  clear, the behaviour of a strip of torbanite 

may be traced from sub2ero temperatures. to the point of de-

'composition. AS the temper,ture •increases the torbanite, 

expands in the normal manner, with a coeffieient of expan-

sion similar to most h/ghly polymerised auLstanoes, e.g. 

Bakelite. When about 106°C. is reached there is usually 

sudden change in the continuity of the expansion and this 

tee_perature possibly corresponds to the second ordr trans-

ition point. Tbe second-order-transition-point Is exhibited 

by most high polymers end is the tempefature at which many 

physical properties show an abrupt change in continuity. 

This change is caused by the polymer ceasing to act as a 

rigid solid and tending to exhibit rubber-like churacteris-

$ics. No allowance has been made for the second-order-

transition-point in this work, is from the nature of torba-

nits it seems reasonable to assume that this temperature. 

Is outside the temperature limits of the determinations 
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(cp. second-order-transition-point of polystyrene = 82°C.) 

At temperatures in excess of 200°C. the term expan-

stiln loses its meaning when applied to torbanite, and it 

is preferable to give the term "swelling" to any further 

increase in dimensions. Between 20°C. and the temperature 

of deoomposition there is a more-or-lees regularmtswelling", 

until a point is reached where it is impossible to measure 

any further increaae, owing to the softening of the.mate-

rial, caused Iv its decomposition. 

Dulhanty (16)•has. recorded the fact that there is a 

permanent deformation of the torbanite when it has been hea-
ted at elevated temperaturea, and then cooled to atmospheric 

conditions, 	lie fincl.s that there is an incraase in dimen- 

sion normal to the bedding plane and a decrease parallel to 

the bedding plane. Dulhunty introduces some confusion by 

•giving the term "expansion" to any increase in length between 

•atmospheric temperature and 500 0C., when it is obvious that 

• at these high temperatures decomposition is taking place 

at a rapid rate, and true therm . l expansion cannot be 

measured 	'swelling' would be abetter tArm in this case. 

HoweVer, it must be remembered that this swelling is a 

property of the organic portion only, and that poor speci-

mens will sh 	 o ow this phenomenon only to a small degree. In 

rich samples the swelling takes place with considerable 

for4”I being sufficient to open a small container, e.g. a 
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tobacoo tin, f the charge is well packed before heating. 

In order to determine acourately the true coefficient 

of thermal expansion of torbanite, it was decided to cool 

the torb-nite from a given terperature, rather than to 

heat it. ffith this end in view an apparatus was construc-

ted by which the dimensions of a standard block of torba-

nite could be mea:lured at atmospheric conditions and also 

determined at the temperature' of solid carbon dioxide 

(-78°C.). The al4aratus is shown diagrammatically in Fi-

gure 1. Thus it may be seen that the change in dimensions 

is measured over a temperature range .where no chemical 

change would occur. 

The apparatus was constructed of Pyrex glass hnd fi-

bro-cemint, all joints being made rigidly. The outer 

casing was of Pyrex glas8 and the four bearings, (a), (b), 

(0) and (d) were of 1L4" fibro-oement, turned on a lathe 

so as to fit tiehtly inside the glass tube. The mouth, 

(M), was blown in the side of the tube and was closed by 

a cork during determinations. This cork carried a toluene 

thermometer. Rods (R) and (R ) were of 1/4" fused quartz, 

and were kept pressed against the test piece (T) by two 

rubber bands,. (not shown) tattbohed to hooks fused to the 

apparatus. The teat piece was supported in the centre of 

the tube by a small platform. The whole apparatus was 

lagged with flannel cloth. 

The experiment wascommenced by placing the test piece 

in position and allo ,Ang it to stand at atmosphoric tempera-

ture for as long as convenient. The distance batween the 
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remote ends of the quartz rods was moasIzred, by means of 

a 6" micrometer (Starrett No. 226), and the temperature 

of the thermometer noted. By placing a standard inch 

test-block in place of the test-piece, the dimensions of 

the torbanite could be obtained. Following this, the 

cork was removed from the mouth in the tube and powdered 

solid carbon dioAde.("dry ice"), was poured into the 

vessel through this mouth, end packed firmly in place. 

The dentrazttion of the test block was mesured and the 

final reading taken when equilibrium Was obtained. 

Any corre;!tions to be applied to allow for contracr 

tione of the glass, quartz etc. were found by substitu-

ting a red of pure silver for the test piece, be repea-

ting the experiment under the same conditions. 

Blocks of torbanite were cut from specimens of each 

of four deposits, the faces of the blocks beine oround as 

nearly Darallel as possible. L small:murk Was scratched 

on the centre of'each face to show the plane of bedding. 

The dimensions at two temperatur .3s ware obtained, 

as outlined above, and the coefficient of thermal :xpan- 

sion between te , Terature intervals of .78°C, and + 22°C. was 

obtained by this means, the results being shown in Table 

9 below: .  ' 
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Table 9 * 

Thermal Flx.ansion of Torbanite 

Parallel to Bedding Plane. 

Locality Dimensions (corr.) in inch , s 
at 

Coefficient of 
;:xparipion 

■•■•■■•••••••■■■ •••■ 
-78°C. + 22°C. X 10u  

Wo liar 1.166 1;176 85.8 
Glen Davis 1.393 1.403 72.8 
Coolaway 1.425 1.438 91.2 
Marangeroo 0.387 0.391 103.3 	• 

Normal to Beddinc Plane 

Wollbr 1.148 	1.156 69.7 
Glen Davis 1.028 1.036 77.8 
Coolaway 1.158 1.167 77.7 
Marangaroo 0.540 0.545 	. 92.6 

Thus it is seen that the coefficient of expansion 

varies with the richness of the sample and reaches a maxi-

mum of about 105 x 10 	pure kerogen t  -a figure very 

similar to thut shown by solid paraffins. 
of expunalon 

The difference between the coefficients/in a direc- 

tion normal and parallel to the bodding plane is e:Tlained 

if on bears in mini the microscopic structure of the 

materiul. 

Thermal Conductivitie 

The experimental detlrmination of the therm 1-conduc-

tivity of torbanite was unsuccessful and no reliable data 

were obtained, rle main reason for the look of informa-

tion WbS the fact that sarplos decomposed on the heated 

face. 
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Experiments, using the radial heat flow method, were 

unsatisfactory but results indicated th,..A the - thermal 

conductivity of torbanite lies somewleee between 0sCi004 
2 

and MC08 cals./cm. /sec./°C./cm. thickness. 

Heat of Combustion. 

The heat of combustion of torbenite varies with its 

'richness', as do other properties,'and it will be shown 

that the gross beat of combustion of the pure organic mut-

ter is approximately 10,000 pals./grm. of kerogen. 

The determinations were carried out in & Parr Oxygen 

Bomb Calorimeter, With simple jacket (contrast adiabatic' 

jacket in later works . ) The operating procedure -was :that 

given in the British Standard Specifications, &s outlined 

In "'Methods of Analysis of Coal and Coke-- IX, Determina-

tion of CalorificjalueT, but with the following modifida-

tions:7 

(.i) The bomb used was the two valve self-sealing, Parr 

Oxygen Bomb. 

(ii) The platinum-cotton ignition system Was replaced 

by a special Parr fuse wire of known heat of 

combustion 2.6 . cals.,/cm.. length), 

The000ling correction used was not that Of 

Regnalilt-Pfaundlor but that due to Dickinson. 

(iv) A smaller amount of water was 'toed, 

.Corrections, 

Calorim,?ters using the simple jacket, even though well 
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• insulated, always need some corrections when accurate re-

sults are required. The following corrections were applied 

in the present work:- 

(1). Scale Correction. 

National Phisical Laboratory correction factors 

for errors in Thermometer calibration, therrometer 

36AW 3196 NEL37; standardised "immersed to 

reading". No correction was mde for emergeant 

stem. 

(ii)Radiation eorreetion. 

To account for heat leakage from the contents of 

the calorimeter to the surrounding atmosphere. 

These were taken from the results of Dickinson, 

published vmd)r A.S.T.M designation D271, and 

were read from nomographd punished in Iarr Bul-

letin No, 117. 

Lcid Correction; In the determination of heat of combus-

tion the combustion of organic matter takes place in an 

atmosphere of oxygen under pressure, and undar these con-

ditions, appreciable amounts of the sulphur and nitrogen 

compounds are oxidised to the oorresponling acids. There- . 

fore, corrections have to be applied to take in this effect. 

The correction to be applied in the case of the nitrogen 

compounds is the h -eat of formation of aqueous nitric acid 

and corresponds to 1..:3 calories par ml. of N/10 acid. 
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The sulphur correction. is L"rived. Lt by del etim-, 22.5 

culs./grm. for etch 1 per cent of sulphur present in the 

sLnple e  this reyrelenting the differences z.etween the 

ht involved by oxidiation of the sulphur to sulphur tri-

oxide with formution of dilute sulphuric Lcid, tsnd the 

oxidkAion of the suliAlur to sulphur dioxide, 

Correction for Pune Wire; 14 deductinc thelimount - of un-

burnt residuul . fuse wire from the oricim.1 leneth s  6 cor-

rection of 2.8 oLls.Lam.. length of burnt wire is L.pplled._ 

Atter_aninlent;. The w0-er nquiv0.ent of the etaerimet-

ric sistom wLs detnerlited td,  the comtstion of 3.1).11.. 

"Sn61Lr" ..aenzoic 1014, 

Six IlterminLtions ware ot.rried out end tLi results ob-

t inol i,re given in Tt.ble 10 on the following po.cles 
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Table 10. 

Heat f Combustion  of Torbanite. 

Parr Bomb N°. 	BB93 
Thermometer N0 . 	3196 
Therometer Range 	0 - 50°C. 

Mater Equivalent of Calorimeter 484 grm.cals. 

Experimental Results. 

14 18A 23 . 20A 51 Sample No, 	 16A 

Wt. of Sample, grms. 	1.5385 1.9654 1.3667 1.1894 2.0605 2.1000 
Initial Temperature °C. 	22.29 25.19 23.12 28.82 25.18 26.26 

.ge True Initial Tempera- 
ture °C. 	22.29 25.20 23.11 28.85 25.19 26.28 

Final Temperature °C. 	27.14 31617 26625 30.64 27.80 28.24 
* True Final Temperature, 

°C. 	27.12 31.20 26.27 30.68 27.82 28.26 

Corrected Temperature 
Rise °C. 	4.83 6.00 2.96 1.83 2.63 1.98 

Mass of Water, grms. 	2000 2030 2173. 2005 2005 2003 

Total Water Equivalent 
grm.ca1e. 	2484 2514 2657 2489 2489 2487 

Total Heat Liberated,c61412023 15084 7863 4555 6546 4924 

. Corrections: Sulphur . 	10.8 13.4 7.3 8.4 14.7 11.1 
Fuse 	3.5 19.6 10.1 369 37.0 39.2 
Acid 	1.4 11,8 2.4 1.6 3.0 7.5 

Net Heat Liborated,Cals. 12007 1 .5039 7843 4541 6491 4866 

-Heat of Combustion(gross) 7804 7652 5738 3819 3150 2317 

Ash 0 	 21.1 2262 44.0 69.1 61..5 76.2 

-ix True Initial (or Final) Temper,Aure obtained from Initial 

(or Final) Temperature by edible scale correction and radia-

tion 'correction. 



7000 8000 
Heat or Combustion srm-cal jgrm. 
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A graphical interpretation of these results is shown 

in graph N. 34 the dotted portion of the line indictes 

the sAtrapolation to zero ash content, and it can be seen 

that the value . of : the float of combustion of pure kerogen 

is approximately. 10,000 cals./gra. 

If . it is assumed that the ultimate analysis (from 

Table 13) or kerogen is given by:- 

Carbon 
hydrogen 
Tolphur 
Nitrogen 
Oxygen 

64.2 
11.9 
. 1.0 
0.3 
2.6 (by diff.) 

the calculated hiat of combustion is 10,680 cals./grm., 

figure very similar to that of crude oil. 
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OF WETTING" OF TOliiii.,NIT!.4 

The physical St ucture of torbanito end. the nature of 

its origin would indicate that torbanite possesses a 1Grge 

internal pore surfuce, similur to th,A founi in coal. 

. As in the case of coal, the internal surface manifests 

itself in an exothermic reaction when the solid is "wetted". 

• The 'Teat of Wettinc" is, therefore, the energy °heal, tlhich 

occurs when the solid-vacuo interface in the pores is re- 

. placed by a solid-liquid interAico, and the heat evolved 

is a meaoure of the surface area of the material. The exact 

'translation of the Gmount of heat into terms of -rokA betted*. 

, is ,omewhat unsatisfactory, but the rosults give a ce:g1 in-

dicati;n of the porosity of the material .under investigation. 

From the rults of Vagcs (81), it may Le apaumed that, 
for coal ercite and Wlarcoal, 10.8 square metrls of inter-

nal pore „rea is required to produce one calorie, and this 

figure will 	taken in the study which .  follows. 

Torbanite from WollGr wtls used in the experiment, the 

aetails of whioh 	as follows:- 

The cA,orimeter coneisted of a small vacuum flask s.:!r-

rounded by . a . thermostatioally-entrolled Irk,ter bath, the 

temPerre of which could be maintained constant to within 

+ 0.WT. The temperature rise was measured. by a precist:n 

calorimeter thermometer and .  telescope capable of reading 

to 0.02(T. 

The sample was finely powdered., dried and then autcossed 
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under b VtarlIUM of 10 mm. Ile. The sample, before out-

gassing, was placed in a smull ha38 Lulb which was sealed 

durine the final atals of the evacuation trettment. 

The sanple %OAS placed in the vacurm flask which con-

tained u stirrer, and nethil alcohol; the cork and item)- 

motor wire nlaced in position and the whole allowed to 

come to thermal equilibrium. Lftr equilibrium had been 

attained t. the bulb was broken in situ and taly rise in tem- 

perature noted. Corrections were made for radiation losses, 

und the valves obtained are shown below. Llio included in 

S.ble U. are the valw's of the "Heat 'of Wettine calculated 

fro M the ten-erature rise and the "falter equivalent of the 

oalorimeter 134 ,:rm„ 

Table 11. 

Heat of_Attlang_2f Torbanite. 

Ti e(mins.) TemE2rature 0Licalmated) allid2Me . 

0 19.05 
3 19.07 0.7 
6 19.16 	5 . Z.4 
.8 19.18 S 4.4 
10 19.21 5.4 
18 19.22 5.8 
14 19.20 6.1 
18 	. 19.23 6.1 

The il , at of riet 4.ing, determined by expeiment is 6.1 

cals./erm., from which G value of 66 m/gm. is obtained 

for the interml ourface of torbanite. The value of thq 

Eeat of Wetting of torbanite is v rj low when compared 

with similar substances (Table 12), and althou0 repeated 

determinations gave no higher value, it 18 felt that the 
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ex.otrimental r7su1t9 re low; tl'is may be oaused by the fact 

that the vacuum tret,tment Wb3 not sufficiently rigorous. 

Some authorities stt:te thbt a VbOUUM of ‘.,,t leant 10 mm,. 
w3 

is neoessary for e,Inclusive restlts, how:msr e  10 mm. wan 

the b st.vacum tht.t oould bl obtLinel'with .the available-

equipment. 

Tbble 12. 

Heat of Wettingof Various Substances. 

Substance 

Sugar Chi_rcoal 11.5 
Animz,1 Charcoal 17.6 

Graphite 2.2 
Coal 
	

18.6 
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OPTICAL THaRTIF3. 

Colour. 

ill torbanites so far examined vary from grey to black 

be *reflected light, and from orange to red by transmitted 

light. Different shades of greenish grey, bluish black 

etc, have been describA from time to time by various 

. writers, but these vague terms are only arbitrary sub. 

division S which may be interpretoted as the observer sees 

fit; although sometimes a brownish hue is definitely appa-

rent. Generally speaking, 'poor torbanite is grey; and the 

. colour deepens to glossy black in rich specimens. The 

• extremely rich lens in the Marangaroo deposit is an excep- 

tion to the above, the newly exposed surface bein:: deep 

•green by reflected light. From this observation one may . 

infer that the colour of t!-.e pure organic matter, en Masse, 

Is dark green. 

• Powdered torbanite alwa.)s shows a lighter colour than 

the bulk specimen, and the powdered sample (1001KM) from 

the Maranguroo deposit mentioned above was a pale yellow. 

By transmitted light, torbunite appears dark red in 

comparatively thick sections, but the colour progressively 

lightens to yellow as thinner sections are viewed. 

tffect of Heat on Colour. 

• . Ls the temperature of a piece of torbanite is raised 

the colour .darkens, finally becoming black. This effect 
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is not due entirely to physical reactionsois .  samples heated 

in VUOUb showed less tendency to darken than samples heated 

In the atmosphere. If the powdered sample is heated in 

the laseence of air,. the u,Ter portion becomes darker 

before Cie lower levels, and this reactian is acc.ompanied 

by the absorption of oxygen, showini; that some chemical 

chane involving oxidation is octeurring. 

The preDent writer disagrees with DUlhuntyls state,,  

merit (16) that "In each .  deposit one colour predominates 

Independently of v.,:riations of qucTity or te.4ture",*for . 

thecolour is 30 Much.a function of quality, and.the per- 

• small errr ia so ,2reat in distinguishing minute irriations• 

of hue, tht it is well. nigh'iMpossible to apply colour 68 

a - criterion for the separation of one deposit from.another. 

Lustre. 

Lustre varies with the amount of organic mutter in 

the torbanite, samples with u laree amount of mineral mat-

ter possessing a. dull, non-shiny lustre with a•grained 

appearance; while a rich specimen shows . 6 1164re  which 

has been described varioUsly.as "silky", "resinous" or 

satiny". As lustre depends on the nature of the reflep. 

tini surface this means ., .as might be expected, that poor 

samples break with a microscopically-irregular surface, 

and rich sarples, when fra.ctred, leave the exposed sur-

facos.emooth. 
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Refractive Index, 

The refractive index f rich torbenite is epIxoximetely 

1,543 (measaed with a Bausch and Lomb Refractometer Lbbe 

type und using .white light). Dulhunty (L.)) records that 

the refractive index f gelosite (the principle constituent. 

of Torbanite) varies between the limits 1,536 end 1.550, 

while other constituents have rofradtive indices between . 

1.625 and 1.545. Other optical :phenomena such as optical • 

activity huve . not'been invoatiguted, but 3Julhunty4 

cit.), has reported that gelosite is enisotro to with re-

gard to light. 

The specific refration equals 0.222, :alcul,ted from 

n = 1.54, specific gravity = 0.973 and Lorenz-Lorentz for-
mula. 

Fluorescence. 

Torbwiite is characterised by a distinct golden-yellow 

fluorescence, when examined under ultraviolet radiation, 

Coal and cannel, on the other hand, have no observable fluo-

rescence and this serves as e useful means of separation. 

of these meterials. Exemination of specimens under ultra-

violet light enables one to distinouish clearly, veins of 

non-torbanite matter in smiles, and it ia interesting to 

note that even the richest materiel, which appears perfectly 

homogeneous under visible light, shows smell streaks of 

canneloid or coal, when viewed in ultre-vtolet light. 

The intensity of the emitted radiation decroeses with 
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the weathering of the sample and newly frbctured surfaces 

bre noticeably more fluJrescent then those which have 

been in contact with the atmosphere for even a few days. 

The distinction between the visible fluorescence of tor-

banIte and the inactivity of cannel and coal must be con-

nected with some fanciamentbl difPerence in structure. 
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X-RAY DIFFRIiCTIONIATTERN OF MOGgN. 

The X-ray diagram of kerogen, using the 'powder' 

technique is a halo-pattlrn, characteristic of nearly- . 

amorphous substances and of many high polymers, both 

natural and synthetic. 

The diagrams were taken in collaboration with the- 

.M.G. Research.Iaboratory, Melbourne (to whom apknow- -  

ledgement is made) and El reproduotion of the pattern is 

given on the next page. Although X-ray methods.of analy-

sis of high polymers leave much to be desired, three im-

portant deductions may be made from the results of this 

method when applied to kerogen. 

(i) It excludes the conception that kerogen is 

composed of high molecular, weight paraffin 

waxes. Waxes give sharp rings, especially 

one at 4.6X, which appears to be the mean 

effective diameter of the molecule. 

(ii) It places .  kerogen among polymers such as 

• plastics and synthetic rubbers which give 

indistinct amorphous rings. 

(iii) It indicates a more-or-less random distribu- 

tion of the particles, although it shows 

• that most particles are about the Same size. 

In addition to the photograph, there appears 

photometric curve. The pattern was measured with a Hilger 



Photometric Curve of X-ray Diagram 

of Torbanite 

Graph N° 4. 
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non-recording micro-photometer, and on the gral„h the gal- 

vanometer deflection 10 plotted against the woNe-lengths 

in Angstrom units, the wave-lengths b e ing calculated by 

means of the Bra ge equation and the linear displacement 

of the rings us read from the photometer. 

While the photgraph reveals only two distinct 'halos' 

at 1..87 and 5.0X, the photometer shows deflection steps 
0 

at 3.061, 2.541, 2.091. 	The particle size is 15A calcu- 

lated from the Debye.Scherrer equation, viz., 

ps = CN E 000 0. 

Where 	p 	angular broadening (in radians) at 
half intensity. 

= edge lengtil of crystallite. 

= wove-length = 1.787 X 
Cobalt Km  

0 = 2ragg detraction angle. 

C = Constant (0.94 (Scherrer)) 

Radius of camera = 28.5 mm. 

As a detailed examination by means of X-rays is aut-

side the scope of this work, no attempt was made to'cor-

rect the calculations for background scattering, moreover, 

as a particle size estimation in the case of long-chain 

polymers is subject to many errors, no useful purpose would 

be served in extenling the calculations. 

The photometric 'peak' &t 15.8A probably measures the 

average cross thickness of the molecule and this is supported 
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by the particle 31feet estimation of 15.1. The latter result 

Is likely to be a unidirectional estimation because of 

the elongated shape of the molecule* The spacing at 5% 

would appear to be the distance between two long chains 

9 and is to be comp 	 ne ared with the interplanar spaoi at 4.6a 

found in paraffins. 
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EL3CTRICLL PAC1RTI -S. 

Torbanite acts as an insulator against electric cur-

rents, the electrical resistance of rich torbanite (60 

ash) was 6 0 3 x 109  ohms/cm.
3 measured with a resistance tes-

ter, employing an E.M.F. of 800 volts D.C. 

The specific inductive cL,pacity is approximately 8.8, 

determined with a General Aadio Corporation Impedance 

Bridge. Because of the nature of the test, the value of 

the 3 I.C. given above should be accepted as merzly an 

indioation of the figure involved. 



CHEMICAT, 1ROP51RTIES. 

INTRODUCTION. 

The results of the preceding section have demonstra-

ted the salient physical properties of the Australian 

Torbanite. The physical properties seem to indicate 

that the underl'ing structure of Torbanite kerogen is, or 

resembles, a highly polymerised hydrocarbon, with sulphur, 

oxygen and nitrogen playing small but important roles; in 

the present section this theory will be further.substan-

tiated. 

The greut difficulty enoaantered in the chemical 

treatment end analysis of torbanite is caused by its al-

most comDlete inertness to chemical reagents. It seems 

that torbanite is attacked only by those reagents which 

so destroy its chemical structure thet vory little of the 

original configuration is .recognisable; however some hope 

of final elucidation of this problem comes with the use 

of alkaline potassium permanganate oxidation. 

One inherent diffieulty in the analysis of kerogen 

is the removal of the inorganic portion of the torbanite 

• while leaving the organic matter in its origintl form. 

Up to the present, little 311000018 has been obtained by 

dissolving the mineral matter with successive treatments 

of hydrochloric and hydrofluoric aclds; furthermore it 

seems doubtful whether this method is without criticism, 

inasmuch as some attack on the kerogen would be expected. 

The actual structure of kerogen is still t matter 

79. 
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of enquiry and,up to the present, inormation on this sub-

jeet has teen very rare. Yost of the available information 

apertaina to oil shales, bs distinct from torbanite, but 

there seems little reason to doubt that the fundamental 

structures of' both are alike. 

From the chemical point of view, torbanite may be 

classified as en w:Thaltie pyrobitumen. AspY,altic pyro-

bitumens may be defined hs naturally ocol,rrine 3ubstbno -s 

of dark.colour, comaratively hard, nearly insoluLle in 

organic solvInts. They are composed mainly or tydrolLr-

bons and are nearly free of oAygen. They are usually asso-

elated with mineral matter and the organic portion does 

not melt, but decoiposes on heating.' 

L.74:r41313. 

Ultimate analyses of torbanite sEow L C/H ratio much 

• lower than that of coal, but similar to that of crude 

petroleum. Several ultimate analyses are given in Table 

13 following, and all results have been taken from the 

•original literature and ton 'alc,)lated to a dry aW;-free 

(D.L.F.) 



x en( b Diff.) C/H Ratio Ash /6 on_original 	Authorkly. 

7.06 1.9 48 
6.25 6.55 14 
8.74 16.11 14 

7.95 18.38 59 
7.10 7 5.00 390_•  

7.70 27.26 47 

8.14 2,2.96 59 	•• 

7.87: 27 

6.94 101.^41M. 78 

6.44 110-••■ 38. 
8.33 38 
15.64 4.9 65' 

, 6•61 WO ONO 52 
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Table 13 

of .  Torbanite 

Source 

N. S. W. 

Carton_pWodel_t_ Nitrogen 96 _Sul2hur 

Mar-gragii75o 84.20 11.93 0.31 1.02 
Joadja 80.60 12.90 0.3:3 0.30 
Greta 78.21 8.95 0.32 1,10 

Scotland 
Arigaini--  80.52 10.13 0.7 '7 0.34 
Pumpherston 71.78 10.11 4.54 0.25 

S. Africa 
TrTailigi-  80.15 10.40 1.05 1.38 

"Australia" 
82.53 10.13 1.05 0.56 at statia 

not stated 81.85 10.28 0.81 0.66 

Other Su.bstances. 

Balkash Sapropplite 73.76 10.61 0,56 1.03 

• Scottish Shale 80,5 12.5 1.2 0.3 
Kukersite 76,7 9.2 0.4 1.9 
Bitumenous coal 86.0 5.5 2.5(+S) 
Crude petroleum 84.00 12.70 1.70 0.75 

One of the outstanding features of Table 13, is the uni-

formity of composition shown by the pure kerogen substance. 

It is granted that both sulphur and nitrogen (anA therefore 

oxygen) show comparatively large ranges of variation, but 

sulphur and nitrogen are only present in such small quan-

tities as to have little effect on the analysis as a whole, 

especially when it is remembered that these two elements 

have larger atomic weights than the other determined. ele-

ments (oxygen found by difference). Converting the ulti-

mate analyses to an atomic basis, it can be seen that, 
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taking the first analysis as an example, a molecule of 

su4hur occurs only once for about four hundred hydrogen 

atone, or two hundred and thirty carbon atoms; nitro :2en 

occurs even less, and the exact role of these two elements 

18 somewhat problmetticali 

The presenoe of thiophenes and heterocyclic nitrogen 

compounds in the crude oil in no way proves that these 

two elemente are present in ring structures in the origi-

nal substance, for just as carbocyclic ccrpounds may be 

formed by ring closure under severe cracI:in : ; conditions, 

so heterocyclic) compounds may be formed under similar con-

ditions. 

There seems to be one important difference between 

the combinations of sulphur and nitroeeniin that hydro-

gen sulphide is among the Initial oases to be evolved 

during torbanite pyrolysis, whereas ammonia only appears 

during the final stages of decompocition, Thus it appeariv 

that some sulphur atoms, at least, are 'very loosely held, 

while the nitrogen (forming N113 ) is released only at 

high temperatures. 

For the purpose of explaining its general c-hemical 

structure it maj be assumed that the kerogon molecule is 

aosel;tially hydrocarbon in composition and the nearest 

approach to the pure natural substance is that described 

by Cane (10i, the analysis of which appears at the top 
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of Table 13. The carbonOydrogen ratio of this material 

is 7.06 and, neglecting the oxygen, nitrocen and sulphur, 

its empirical formula is approximately (C w 7-12)n or more 

exaotly (CH171  ) 	The e WE( ratio distinguishes the struc- 

ture pf kprogen from that of coal, the latter showing a 

more benzenoid character. 

Previously it was supposed that; "The low hydrogen. 
content in an oil shale has been stated as 
a reason for the unusually high percentage 
of unseturates in shale oils. It is explained 
that the kerogen 	material of 
the shale does not contain sufficient hYdrogen 
to produce saturated compounds with a ortion 
of the - carben in the hydrocarbon vaporised 
during the pyrolysis of the shale" (67) 

Actually, it will be seen that this statement requires 

qualification, in view of results shown in this , treatise 

(see Section III). * 

If. thedecomposition of torbanite is as it must be, 

regarded as ta cracking reaction from start to finish, then 

no matter how saturated the primordal substance, the pro-

duct will always be less saturated. Ti.  is statement may te 

followed from the point of view of the simplest splitting 

reaction. 

CnHen + 2 	On Hn +2 
7 

paraffin 	paraffin 4. olefin' 

Therefore, EcKee is correct in stating that shale oil is 

eomparatively unsaturated, but it does not necessarily 

follow that the reason for this is the low hydrogen content 
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of oil shale. To illustrate this point, an evnryday ex-

ample may be taken, e.g. in the commercial cracking of a .  

pure paraffinic stock. The resulting cracked product is 

about. 3O unsaturated, carbon is found in the heater tubes 

arid. reaction chamber, and a certain amount of free hydro-

gen in the stripped gases, This fact also explains why 

slow gentle retorting produces a more saturated oil then 

.rapid treatment, for, in the former case, the cracking is 

less sevlre and consequently there is lee tendency for 

cracking of paraffins to yield paraffins. and olefins. 

Thus the presence of free carbon in the retort resi-

due does not Irove that the kerogen must be regarded as un-

saturated, as such, and in addition,it is obvious that for 

extremely complex substances o such as korogenoimiile nomen-

clature is not sufficiently specific for use without some) 

qualification, An applioximate determination of oil Yield 

may be made from the WE ratio and amount of ash d'ontained 

in the shale, but as retorting technique plays sucli an im-

portant part in any oil assay, .any information on oil yield, 

gleaned from q/n ratio, would have little/i lraqiiea,1 

tion without ether qualifyin6. 1:12fottestion. 

One objection which might be railim4  against' thee re-

marks is that the specific gravity/oka 	a',Wdoes not 

vary very much from start tn 	a/retortalig operation; 

this may e een-from Table 14 below. in thpe'rt,ble specific 

gravities of oil sEglpien col le oted 	e i*e retorting 
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tempera 4ures are tabulated against 

as measured in the shale mass. 

Table 14. 

the temperature range 

Temperature Range 
retorting 

of • Specific Gravity 
of 011 at 

°C. 20°C. 

- 450. 0.88 
450 - 470 0.89 
470 - 480 0.89 
480 	490 0.90 
490 - 500 	, 
500 - 510 

0.90 
0.90 

510 - 520 0.90 

	

520 G. 530 
	

0.90 

	

530 - 540 
	

0.91 

	

540 - 550 
	

0.92 
550 4. 

This uniform gravity may be explained by the following facts:- 

• (i) the oil is truly uniform with regard to density as 

the retorting progresses 

(ii) the effect of the increasing amount of lighter 

fractions (from the greater cracking) is counter-

aeted by a corresponding increase in the amount 

of heavy residuum produced simultaneously. 

• By analysing the results obtained from distillations 

of the various oil samples it will be shown that both roe-

sons are partially correct. It appears that the oil is 

fairly uniform in character - as the pyrolysis proceeds but 

due to secondary-cracking the distillation range increases, 

although the specific gravity does not alter very much. 

These statements have more detailed treatment in Section 

III B o  under "Some Factors in the Thermal Decomposition 
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of Torbanite." 

It must be remembered, nevertheless, that in a retort 

where the oil is liable to be ref luxed. over end over acain, 

due to the retort design, the specific gravity will rise, 

as true distillation will be the controlling factor. 

Regarding the deoomposition purely from the point of 
ciar bop/ 

view ofAhydrogen ratio, the percentage of carbon in the 

residue indicates that some portion of the molecule con-

tains cyclic structures, for even though a study of the 

free energy equations of paraffins shows that tley decom-

pose into their elements at moderate temperatures, the 

reaction velocity at these temperatures is so very slow, 

that paraffins may be cracked at temperatures up to 550°C., 

without appreeiable formation of carbon. On the other 

hand,torbanite may be almost entirely deeomposed at tempe-

ratures not in excess of 400‘C., giving oil, and a oarbo-

naceous residue. From this one may infer that the free 

carbon indicates aromatic ring structures in a portion of 

the kerogen. 

A variety of Carbon/Hydrogen ratios may be seen in 

Table lb, this table having been inserted for purposes of 

comparison. 



Table 15. 

The C Ratios of Various Substances. 
rom ygnEi—gaii7417------  

StbstLnoe•• Etta_inittA/ 
Anthracite 
Coal (Semi-bitumencus) 
Coal (Bitumenous) 
Co]. Tar (Paris) 
Oilsonite S 
Cracked Residuum 
Trinidad asphalt 

$1.3 
20,1 
15.6 
10.6 
8.9 
8.7 
7.8 

: 
: 
: 
: 
: 
: 

1 
1 
1 
1 
1 
1 

1 
Torbanite (averae,e) 7.6 : 1 
Torbanite (ftrangaroo) 7.1 : 1 
Shale Oil 6.9 : 1 
Petroleum 6.6 : 1 

Anthracene 16,8 1 
•Benzene 12.0 : 1 
Isoprene 7.5 : 1 
Heptadiene 6.9 : 1 
Olefin 6.0 : 1 
High Mol. Wt. Paraffin 6,0 : 1 
Methane 3,0 : 1 

• Elaeostearie Acid 7,1 : 1 
Linoleic Acid 6.7 : 1 
Oleic Acid 6.3 ; 1 

An inspection of the above table shows that the 

structure of kerogen is leris aromatic than that of coal, 

i.e. kerogen contains more aliphatic carbon-carbon link-

ages. Generally speaking, therefore, it may be said that 

the constitution of kerogen may be regarded as intermediate 

between coal and petroleum. 

• 
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Proximatl_Antlzsiss 

In addition to the Ultimate Analysis discussed in 

the previous section, there is another assay which may 

be used to classig'y torbanite, coal and allied substances. 

This aasay is termed "Proximate Analysis" (the term ap-

pears to be a corrution of "apFroximate analysislo and 

serves as a useful guide in determining the fuel value 

of coal, shale, tor'.anite etc. From the results of the 

Proximate Analysis, a derived' index termed the "Fuel 

Ratio" is obtained and equals the ratio of the percen-

tage of volatile matter to the peroentage of fixed carbon. 

The analytical method for detsrmining the Proximate 

Analysis is given in detail in "Iretl-ods in the A-nalysis 

of Coal and Coke" 0,8) and Only an outline of the method 

will -o given here; 

Moisture is determined as percent loss in weight 

of the sample when maintained at 108 t 2°C. 

in an inert atmosphere till the sample 

reaches constant weight. 

Volatile Matter, is determined as percent loss in 

weight of the sample maintained for seven 

minutes at 925 1 25°C. The conditions of 

the furnace atmosphere are such that oxi-

dation is reduced to a minimum. 

Ash, the percent residue after oxidising the sample 

to constant weight in a muffle furnace. 

Fixed Carbon, is the difference between one hundred 

and the sum of the results of the three 
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determined factors. 

In the ea's of torbenite it is doubtful whether the 

volatile matter should be deterrined et such a high tern-
. 

• perature, as this temperettre is far in excess of that 
used in normal retorting practice, However, 68 925°C. 
is widely employed In coal assays it is perhaps desirable 

to maintain e uniformity of technique. Ono of the widely 

used criteria for distinguishing torbanite from coal is 

that the fuel ratio of the former should be greater than 

unity. 

StbiTaiiK , 
Moisture Volatile Ash Fixed 	Fuel 

Matter - 	Carbon Ratio Atthartty. 
------.............----alg-t..L.  . 

Table 16. 

Proximate Analysis of Torbanite and Allied.. 

Sample 

......eln avavmatermam• 

Torbanite (max.) 
Toranite (rich) 
Torbanite (me- 

. dium)- 
Torbanite (poor) 
011 Shale 
Ctnnel 'Coed . . 
Wood (dry basis) 
Coal (Bitumenous) 

(dry) • 
'1Lthrecite (dry) 

, 
0.3 93.0 2,0 4,7 19,8. A.F.C. 
044 .81.3 10.6. 7.7 10.6 R.F.C. 

0.9 67.3 22.6 9.2 T.3 .R..C. 
1.3 37.4 48.9 -  12.4 3.0 R.P.C. 
7.5 19.5 67.8 5.2. 3.8 67 
3.8. 23,8 43.4, 29.0 0.62. 17 

. 80 trace 20 4 65 

35 5. 60 0.58 65 
- 10 4. 86 0.12 65 
••■■•■•••••■■•■1■ 	•■••■,■■■•10 

Visual analysis of the results given in Table 16 indi-

ottes the followind points;- 

(i) The fuel retio of torbenite is greeter 'then unity 

and for coals the ratio is less than one. The fuel 

ratio of torbanite increases from unity to nearly 

twenty. Of sixty-one samples with volatile matter 

greeter than 60,6, examined by Came (8) the fuel 
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ratio was erecter than 4.9, while tve eighty-three 

samples with volatile ma..ter,between 4 - CCr, 

had a fuel ratio in excess of 2.7. 

(it) The amount of mineral mutter does not t..poiaLly .  

influence the fuel ratio. This my be seen by 

comparing the Pro4imate Analysis of Scottish 

shale with that of torbanite. The Broxburn depo-

sits stow a general Proximate Analysis (moisture- 

free): 
Volatile Patter 	25 
Fixed Carbon 
Ash 	70f. 
Fuel Ratio 	5.0 

and this entiaysie mw be conpured with the results 

given in Table 16, 

(iii) Mxamination of mbny analyses.reveals the fartt that 

there is b strong tendency for .an incrot$6e of mois-

ture with bp increase in mineral matter. Utend-

ing this typothesib e  it does not seem impoositle" 

thf,t pure kerotAn would have practically vero 

moisture content. 

vein in a einglersample it con be shown that the 

Diner particles contain the grebter moisture, i.e. 

on powdering there to e tendenci for the richer 

particles to resist crushine. This effect is 

shown in Table 17 below, 
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Table 17. 

Effect of Partille'Size on Mineral Matter. 

(a) Sample crushed in roll jaw crusher so that whole 

sample passed through 1/2" mesh screen. 

Site: 1/2" - 1/4" 	Yield: 91 4 ;a1lons per ton. 

1/4" - 1/8" 	69 gallons per ton. 

1/8" 	 86 gallons per ton. 

(b) Mines Department Sample 41/2597 (17) 

Sieve Portion (Whole) - 30+60 

• 

It also appears that the ash from the richer tor-

banite has a lower fusion point and a higher iron 

content. 

A Proximate Analysts cannot be correlated with oil 

yield nor will it tiAntify any one deposit but it will 

serve to indicate possible sources, and the remarks made 

in the introduction to the section on physical properties 

are applicable to the results of Proximate Analyses. The 

following table shows the recorded variations in "Proxi-

mate' Analyses" of Torbanite, from different sources. 

. Examination of this table reveals the fact that varia-

tions in Proximate Analyses are great enough to render 

. useless any classification based on these results. However, 

Moisture 0 	1.94, 1.79 
Volatile Matter012.60 26.72 
Fixed Carbon 0 	14.30 18.50 
Ash It- 	61.16 52.99 

-60+100 -100+150 .  -150+200 -200 

1.90 1.96 2.03 2.07 
26.10 24.68 23.88 21.75 
17.10 15.42 14.51 13.77 
54.90 	. 57.94 59.58 62.41 
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the table does indicate that certain deposits appear to 

have limiting values and 80 enables certain distinctions 

to be made; for example Wondo, Joadja and Hartley Vale 

have high "Volatile Matter" and this would differentiate 

these deposits from, say, the Ilford Deposit. It would 

be inadvisable to extend this hypothesis too far as no 

deposit has been fully examined, end further exploration 

may reveal richer or leaner, sections of any one deposit. 

Graph No..5, on the next page, illustrates the ob-

served maximum and minimum ash values which l - ave been re-

corded for Torbanite from various localities and this 

graph further aubstantiatet the above remarks. 



• co tzr Cra 

larly 

Barigan 

Capertee 

Hartlgy 
Vale 

Ilford 

Joadja 

Katoomb 

liarangaroo 

Mt. Victori 

Scotland 

Wolgan 

Wondo 

Variation of Ash vs. Locality 
Graph No 5. 



Ash 	SEecific Gravity 	Sulphur. 
min. max. 	minT------Eax.. - 	 mm.  

36.7 1.116 1.359 0.505 0.906 
29.9 1.129 1.348 0.164 0.549 
29.8 1.170 1.256 0.357 0.469 
53.8 1.148 1.563 0.412 0.535 
12.0 1.072 1.111 0.453 0.642 
37.5 1.146 1.314' 0.521 0.809 
27.6 1.008 1.198 0.384 0.837 
56.4 0.973 1.351 0.343 0.586 
69.7 1,613 • 0.381 0.601 .  
28.5  1.050 1.290 0.524 0.837 
26.5 1.097 1.245 0,398 0.466 
31.3 1,144 1.341 0.401 0.813 
77 1.617 2.227 0.5 -3.1 

12.0 
12.8 
20.4 
19.8 
8.5 

17.5 
4.6 
1,6 

41.8 
6.4 

1..1.9 
: 

19.9 
' 5.8 

93; 

Table 18 

Proximate Analyses of Various Torbanites from main seam i (various sources and authorities) 
About 230 asmeystaken. 

' 

' 

Locality Moisture Volatile Matter Fixed Carbon 
min. max. min. max. min. mta. 

Airly 0.3 0.6 ' 	47.1 79.9 7.6 23.4 
Capertee 0.3 0.9 52.3 70.7 7.6 16.1 
Barigan 0.4 0.7 59.4 69.9 .7.3 10.9 
Wolgan 0.3 1.8 37.2 67.9 11.2 15.6. 
Wondo 0.1 0.7 70.2 75.6 15.6 18.9 
Mt. Victoria 0.5 1.7 44.6 67.4 . 	6.6 21.-3- 
Joadja 0.1 1.8 	' 52.8 89.6 5.3 25.0 
Marangaroo 0.2 1.8 29.3 93.0 3.9 29.3 
Ilford 0.9 1.7  19.0 36.6 8.9 19.5 
Katootba 0.3 1.1 51.3 79,8 	. 12.6 29.8 
Hartley Vale 0.2 0.6 41.0 78.1 6.1 10.3 
Torbane 0.4 0.8 53.1 69.7 8.0 10.7 
Scottish Shles .0.6 2.2 15.8 37.2 1.9 8.9 

The amount of sulphur has also been shown in Taole'18, 

although not strictly included in the "Proximate Analisis". 

This series of data also illustrates the variation which may 

be ex:)ected over a wide range of samples. 

G 41N3RAL DISCUSSION. 

To clarify the discussion which follows it is desirable 

to enumerate the special features of torbanite which the 

rich material has been shown to possess;- 

Mechanical Properties: extremely tough and resilient. • 

Fr5cture: 	conchoidal. 

Powder: 	 very hard to powder and grind. 

Colour: 	reflected; green. 
transmitted; red to yellow. 

Fluorescence; 	golden yellow. 



• Optical properties: 

Specific Gravity: 

Specific Heat: 

Heat of Combustion: 

Coefficient of 
Expansion: 

refracti ,re index, 1.i-A 

0.973 min. (observed) 

0.34 cals./grm./°C. 

10,;CO cals./grm. 

1.05 x 10-4  

94. 

Filectrical Resistance: Hi.,211. 

9', Carbon:. 	84.20 Rounded avora cm values, 
Hydrogen: 11.93 • 
Nitrogenl 	0.31 

15 Sulphur: , 	1.02 
16 Oxygen: 	2,54 

Solubility in Organic 
Solvente: practically nil. 

The fats loading to the presentation of a satisfa-

tory chemical structure must agree with 'the abovo obser-

vations and With the extreme.chemical stability of torba-

nite. 

The high oil yield and low.  solubility of the pure 

su-stance indicate - s high degree.of polymerisation. That • 

torbanite has no appreciable swelling in hydrocarbon sol-

vents, whereas the first product of its decomposition does 

swell (see later). indicates initial large interatomic 

forces which are reduced &Iring thermal breakdown.. Assu-

ming, then, that the structure of torbanite is that of: 

an eucolloid of enormous molecular weight, it does not ap-. 

pear unlikely that the structure is that of a . three-dimen-

sional macromolecule with extensive cross-bridging. The 

cross-bridgings are not stable under the. thermal conditions 
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• of pyrotysis and a proportion of the linkages are destrojed 

in the initial stages. As no trace of terpenes has ever 

been found in the oil, it may Le concluded that a terpenic 

structure does not exist inside the molecule. 

Ldditional evidence to swport the above hypothesis 

on the otructure of toroanite, is shown in the mechanical 

pror.erties of the material. On charateristic :roperty 

of highly polymerised matter, whether natural or artificial, 

is its resistance to mechanical shock and powdering. This 

property is well-known in torLanite, and it is interesting 

to compere Ostromisaleuskile (•0) remarks on the general 

properties of polymerised c-metastyrene. Ostrmmissleuski 

records that a-metastyrene is "a wastance which ie tough 
and permanently transparent, and may be practically 
colourless. It shows a dull fracture and may be 
cut with a knife to form thin films or parings. 
It has a high refractive index, 1.5 - 1./5. Its 
specific gravitY is approximately 1 00, hardness 
determined on the hardness scale for minerals, 
approximately 2 - 3. The product is substantially 
stable under the action of sunlight and weatherine. 
It will withstand relatively strong blows with a 
hammer and is ground to a powder with great dif-
ficulty. In solution it does nbt deco:aortae a 
3 per cent solution of bromine at On. It shows 
substantiallj no change under prolonged action 
of hydrofluoric acid." 

Comparin6 these observations .with similar ones on 

torbanite it can Le seen that the properties are verj simi-

lar. The major contradiction between torbanite and highly 

polymerised synthetic hydrocarbon resins is specific 

gravity. The low specific gravity of torbanite, compared 

to other highly polymerised material, points to 8 nucleus 
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of low molecular weight, or small degree of polymerisation. 

For instance, the tetramer of polymethyl styrene has a 

specific gravity of 1.0C and the octamer, 1.07. In contra-

diction to this, the low soluLility of tortanite indicates 

high degree of Dolymeriaation and at present the exact 

explanation is not at all clear, 
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20_2111112/LITION  OF  TOIC6LEITE 1OGEN. 

Torbanite is a natural prodlAct and, therefore, the 

kerogen which it contains must have been produeed by natu-

ral causes; these causes are:-,  living ort;taiisms, pressure 

ObIlSea by overburden an4 geological changes, time and tem-

perature. 

It must be assumed, a priori, that the original sub-

stance of kerogan was rroduced by the metabolic proces3es 

of living mutter, and tor this reason it would be as well 

to study what information can be.gained from a discussion 

- of the biological background. 

• Biolcwic61 Baelaround 

In 1936 Blackburn and Temperley (5,71) published a 

paplr . dealingwith the algae Botryococcus braunii, and 

its relation to the origin of torbanite. . In that .paper 

the authors showed conclusively that the matter responsible 

for the ocourrehee of Coorongite and similar sapropelites 

was identical with the algae B. braunii. Furthermore, 

they sugested that the, algae responsible for torbanite 

is the same 68 that responsible for Coorongite. This 

algae beloncs to the Chlorophyceae.and the authors state 

that it "is a polymorphic species and is Ai most striking 

examje of an oil, producing algae 	and that slight 

compression causes oily drops to exude from the colony 

matrix." The fatty mutter is soluble.in organic solv,nts 

and is unsaturated. 
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The algae contains carbohydrates includinir cellulose, 
a little starch, proteins, carotenes and .an abnormal 

amount of fat. As mentioned under 1 C - orongitet, the 

fresh algae is quite soluble, but its solubility decreasea 

with aging. 

Un(t'r the conditions of deposition, as described 

in 3ect1on I - Origin of Torbunite - the supropel would 

decompose due to bt.cterial action and this action would, 

i;resumably, cause breakdown of the carbohydrates and 

proteins to water-soluhle Compounds, and would. hydrolyse 

the fats. 'Yarcusson (45) has observed that the.decompo-

sition products of algae contain strongly hydrolysed glyce-

ride fats, and that i tn such decaying zatter,there was 

slow formation of true waxes by deoarboxylation of the 

free fatty acids. Followting these reations, the high. 

pressure of the overburden, contact catalysis, time and 

temperature, would:effect so great metamorphosis of the 

matter that very little of the original structure would 
remain unchanged. 

The above hypothesis oolverr.ing.the origin of kero-

gen is similar to that propounded by 'Agler to explain 

the origin of flow oil. Engler, in his theory, assumed 

that all oil originated in fatty matter, these fats de-

composed by hydrolysis or saponification to form free 

acids which gave rise to hydrocarbons, which then polyme- 

rised to an insoluble bitumen. The bitumen ndepolymerised" 

to forth.Oil. One of the main disadvantages of the Engler 
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theory is,that it supposes a thermal ndepolymerisation" in 

the later stages of formation. • 

The two chief differences between the hypothesis here-

in put forward and that of Engler are that, in the forma-

tion of kerogen, 

(i) the acids have been polymerised to form a solid 

and not thermally decomposed to produce a liquid. 

(ii)no explanation is needed to cover gas formation, 

as gases are not found associated with torbanite. 

The fatty acid theory seems the most acceptable 

in the present case. 

This contention is  supported by the waxy nature of 

the crude oil which shows that the kerofaulrose from 

hydrocarbons containing long chains of carbon atoms tor ,  

although various_toes of hydrocarbons Ety_122_produced 

from praffinsi waxes have never been produced by_the ther-

mal breakdown of other hydrocarbon types.  Furthermore, as 

these long chains are still unruptured and the kerogen is 

insoluble, it shows coLiclusively that at no time could 

the temperature have exceeded 150°C. 

In this section the following points are brought for- 

Ward: 
(i) Kerogen had an algal genesis. 

(ii)The algae responsible for kerogen possesses an 

abundance of fats. 

(iii)From a study of the nature of the crude oil, 
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kerooen must contain low; chain structures. Post 

•plants contain appreciable amonntp of fats in the 

form of triglycerides. These fats will hydrolyse 

to produce fatty acids poesessin the required ' 

long chains. 

(iv). Decarboxylation of the acids will produce long , 

chain aliphatic hydrocartons. - Mxperimental evi- 

• den('e that polymerised unsaturated long-chain 

futty eids may be deciarboxylated to produce "paraf-

finic lubricating oils" is cited later. 

The followinj widitional points may to added: 

(v) No ethers or ketones have been reported in crude 

oil, indicating the absence of alkOXY or carbonyl 

groups in kerogen. 

(vi) Goorongite, which does produce an aliphatic oil on 

pyrolysis s . is formed from algal remains. 

Followint,; these important points, it is necessary to 

postulate the exact nature of the fatty tr6Aeri61 

took part in the reations7 this is executed in the fo?low-

ing ptwes. 
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THE NATURE OF THE FLTTY MATTER. 

The green algae (Chlorophyceae) of which b. braunii 

• is a member, often contains large amounts of ':Iatts,  matter 

and, as usual in nature, the acids pre -;ent in these fats 

are mainly of the C 16  and C . 	The living algal 

tissues are vary unsaturatel, and this unsaturation decreases 

as the material ages. This woul& point to a rolwmc)risation 

, of the unsaturated compounds. 

Apart from saturated acids, four 0 16  acids will be 

considered from the possibility of their occurrence, althorgY 

doubtless C16 acids are: 	present; 

Oleic Acid 
	

0 17 jH33 -CCOH 

Linoleic Acid 
	

C1731 H 400H 

Linolenic Acid 	C17  H29 40011 

Elaeostearic Acid 	Or/ 11294(OH 

• ,All thess acids are unsatured, possessing one or more 

double tonds. ;All are found in the vegetable kingdom end 

all possess the desired-long-chain structure. Lovern (82), 

dealing with the fatty acids from green alga*, states "The 

degrees of average unsaturation of.the C 16  and 016  acids 

are Unusually high", and Takahashi (83) has isolated oleic 

and.linoleic acids from marins algae possesing unsaturated 

acids, 14‘,4 of which contained twos three or four double 

bonds.' Although saturated fatty acids occur in addition to 

unsaturated.members the former s  because of their resistance 
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to polymerisation would presumablj remain in their mono-

merle state. 

Of the four acids above mentioned, the first and 

second named possess one and two double bonds respectively, 

and for this reason it is unlikely thut they themselves 

would polymerise under the conditions of preservLtion, 

although thej might act as copolymers. 

Linolenic and Maeostearic acids possess three double 

bonds each which, in the ce of elaeostearic acid, are 

In the conjugated arrangement i.e. it possesses the resino-

phore group -C=C-C=C-C=C-. Linolenio held (9:12:15:octa-

decatrienold hold) does not poldmerise as readily as 

elaaostearic acid, but under suitable conditions the double 

bonds are rearranged into the conjugated position and poly-

merisation proceeds in the normal manner. 

Mlaeostearic Acid (9:11:13-octudeestrienoic acid) ex-

ists in two forms, a-vAaciosteurie acid and p-Elaeostearic 

acid, the former is thought to be the trans-cis-cis isomer 

and the latter, the cis-cis-trans isomer. In this discils-

sion, no differentiation will be made between the two 

isomsrides. 
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TEE PGLYMERISS.TIGN F UNS;.TURTD n'TTI 

During recent years much information has been made 

available on the polyTerisation of unsaturated A.tty acids 

(78,713,2). The results of these researches may be sumed 

•up b3 follows; 

CO Acids possessing two or mere double bonds in 

the conjucated vsition polymerise to viscous 

liquids or solids ;41 metans of a Diels-Llder 

reaetion,:to.give derivatives of cyclohexene 

which then mayie dehydrogenated to produae cr 

•pounds possessing bemene rings. 

This ring closure has reeived experimental eon-

firbation by . Petrov (54) who has observed cyclic 

compounds in the polyuvrisation products of fatty 

• acids.. In addition, Hurd states (31) that, by 

close vacuum fractionation, cyclic monomers eon-

taming six-carbon rings may be isolated from 

the polymer* 

(2) Non-conjugated 'systems are transfOrmed into con-

jugated systems by bond mieratin, following 

which transfeence they polymerise in the manner 

described a,ove (60). 

(b) During polymerisation, the unsaturation decreases *  

the'Diene number and Bromine number maj roach 

zero, and the specific oravity increaras. These 

chances indicate a gradual transformation from 
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en unsett!roted compound. to a more saturated one 

containing ring structures, and it is interes-

ting to note that when three double bonds are 

present, the increase in Speeific gravitY is 

much :7reester than the corresponding increase in 

acids with only two double bonds. This effect 

Is °busied by the formation of dicyclic structures 

in the former case, whereas only monodyclic rings 

are produced from acids with two double bonds. 

(4). Polymerisation does not.depend on the presence 

of oxygen, for Bauer and Liao (2) . have . formed 

a Solid polymer frpm elaeosteariC , acid when the 

reaction was carried out In an/tmosphere of 

oarbon dioxide. 

(b) The , oarboxyl group retains its identity during 

polymerisation. 

(6) For acids, other than eleaosteario acid, the 

volYmerieation is slow at ordinary temperatures. 

However, the reaction'rete is incre,sed by ultra-

violet radiation, the presence of certain mine-

ral acids (77), pressure' and contact with infu- 

. soriul earths.. 

On account of the foot that cyclic compounds 

have less molecular volume than the corresponding 

alipl-,atics, the effect of pres3ure is to promote 

• 	 ring formation, 

In the light of the above findings it is now possible 
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to postulbte the formLtion of kerogen from unst.turbted 

fat 47 beilS pro1uoed.14 the ori-lnol 



106. 

STRUCTURN OF KNROGNN FROM ALGil, ORIGIN, 

Although, as will be shown later, certain analyses 

would indicate a specific acid taking part in the forma- . 

tion of kerbgen, it seems unlikely that this is so owing 

to the complexity of natural processes. 

In this portion of the work, kerogen is treuted cs a 

continuous solid, whereas, in . actuality, it is composed of 

numerous small, bodies, each of Which is an individual par-

ticle. Each 'yellow body ,  is'imugined as a droplet of oil 

which has xeacted to prodooe the polymerised mutter dis-

cussed herein. 

The different types of particles probably vary In do-

ree 	than character, and all are aSsumed to possess 

the same fundamental composition. The rich torbanite from 

Marangaroo (10b), on the other hand, was shown to contain 

practically only one type (microscopically howencous). 

The variations shown by the 'yellow bodies', howaver, do 

not affect the validit, of this theory. 

Notwithstanding this supposition, in the treatment 

which follows, only one acid will be discussedv as this 

acid provides sufficient information•to account for the 

observed facts, and only small changes would make the 

:theory tenable for similar unsaturated fatty acids. 

In the previous sections the degradation of algal 

fats to free fatty acids was shown to be consistent with 

oi,served proce:)ses at the present.day,and it is now possible 
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to traee t!'e history of the process Prom the  fatty acid • 

to the solid kerogen. 

The first stage in the process of. polymerisation 

would be reached when the atgal mass pL,ssed the decay pe-

riod. The action of decay would raise the temperature in 

the sapropel and this would cause the polymerisation of 

the bold to a jelly-like, low-degree polymer. This poly-

mer would corresliond to the present-day Coprongite and 

the Balkash sapropelite. 

At this juncture it is interesting to compare the 

ultimate analysis of elaeostearie acid with that of the 

sapropelite. 

Sapropelite (78) 	Elaeostecric 

73.8 
N + S + P 	 1.9 

	

10.6 	 10.9 
0 	 13.7 	 11.5 

Elaeostearic Acid = C18 H30 02 

Sapropelite 	= C 18 H31 °2.5 ". approx. 
The next 'stage covers the transition of the set poly-

merto a solid mass. 

Following the first stage, the organic matter Was 

covered with an overburden of sandstone end other rocks, 

causing a great pressure to be exerted an the rubbery MSS, 

which further polymerised to & rigid solid. The effect 

of high pressure has been studied in relation to the poly-

merisation of diolefines, and recent research (12) has 

77.6 
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demonstrated that under a preswire of 1800 Atm., isoprene 
produces tin insoluble non-plastic solid. 

In the case of torbanite s  it has been estimated that 

the pressure exert-c1 by the coveriim rooks would approxi-

mate to 6bC tithe, Under the3e conditions, dimerie and 

higher forms of the acid would further polymnsise to produce 

the rigid polymer which is termed TorbanitC .  a diagram of 

the early stages of such Polymerisation is given on the fol-

lowing-page. The diagram illustrates the polymerisation of 

elaeostearic acid to the trimer by means of a Diels-Alder 

rqaction; both dimer and trimmer contain the rc ,t.ctive conju-

gated double bond system, and further polymerisation could 

then 7)roceed at this point, either with other poly-11r mole 

culea or with further quantities of elaeostearic acid, . 

• 	 The diagram indicates only a flw possibilities, and no 

doubt, under suitable conditions, other reactions would 

occur. In addition to the reactions given above, other oxy-

gen, sulphur and nitrogen atoms take Tart in the polymeri-

sation,' but these elements occur in such small quantities 

tompared with hydrogen.and carbon, that it seems doubtful 

whether they should be included in a study of the polymer 

molecUlei. Possibly oxygen, and to a lesser degree sulphur, 

act as linking elements between two polymer molewaes, as 

Is thaaitt to be the Case in coal. Alternatively, oxygen 

may exist in the form of hydroxyl radicles produced by. 



C5=C-C=C-C=C-C7-COOH . . . (1) 

2( C5=C-C=C-C=C-C7-COOH 

C=C-C=C-C7-COOH 

C4  C=C-C7-COOH 
Dimeric 

form 	C4 
Monocyclic 

C=C-C 7 -COOH 

C =C -C7 -C OOH 

Dimeric form 
Monocycle 0 C 4  

C7 -C O OH 

Dimeric 
form 

C4 

Dicyclic 

411 	+(,) 	 

Monomeric form 
Monocyclic . . from (i) 
Internal condensation 

C= C -C=C -C 7-COOH 
C7 -COOH 

Trimeric 
form 

Dicyclic 4  

-C=C-C7-COOH 

nucleus 
dehydrogenation 

Dimeric'form 
Monocyclic 

C7COOH 

C7COOH 

	

Cyclodiene 	Aromatic 

	

S tructure 	structure 

(cbrbon skeleton only; strain angles neglected) 

• 	THE POLYMERISATION OF ELAEOSTEARIC ACID 
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ring close of terminal cartoxyls, tas in the Pittig and 13rd-
man (2) synthesis, thus; 

CE=C11.-CH2 —C C O4 

Mstimation of hydroxyl in the raW materlia cuve zero result, 

but as phenols ure present in the, crude oil, the above reac-

tion does not seem unlikely, although Carlson (84) sugcests 

that free oLrboxyl oroups are present in kerogen and that 

they give rise to portion of the carbon dioxide formed on 

pyrolysis. As mentioned in the earlier portion of this work., 

sulphur apparently occurs in two combinations, in one, the 

. sulphur atom is loosely held.and appears as hydrogen Sulphide' 

in the ebrly stages of the decomposition, and in the other 

held in primry valencies whieh gives rise to thicplAmes. 

It ia. probable that nitrogen originates from the protein 

materil and occurs in complex formation; on thermal decom-

position of the torbanite the nitrocen appears in combina-

tion in heterooyclic rings and as amines and armonia. 

The theory given above receives very strong support 

from the work of Chowdhury (85) and his co-workers, who 

deoarboxylated the polymers of elaeostearic and linoleic 

acids by thermal treatment with metalli(: salts to produce 

viscous oils "resembling paraft71nio lubricating oils" cp. 
shale oil. . 
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Solubility_g_lorbanite la_gzonie Liquids:  
One of the most characteristic features of torbanite 

is its stubborn resistance to dissoluMn organic and in-. 

organic liquids: This feature serves as one criterion in 

distingutshing torbanite fro other products, similar in 

spl;earance, s1.2ch as asphalts, bitumens and pitches. 

Apart from those which actuslly attack it, and these 

•re few, no solvent has yet btln found which.has anw appre- • 

cabbie action on torbanite e. The low solubility of torbanAte, 

ard of shales in genera]., bus been's subject 

by varios writers, and Sll are seaweed that the solubility 

of kerogen .  is limited to a.few percent. Some. workers have 

reported Increased.solubility in certain high boiling sol-' 

*vents but . it  As doubtful whether this increa:sed solubility 

is not this to some.chemics1 effect. 
The solvents :which have been employed may be broadly 

divided into: 

(a) Pure hydrocarbon solvents; these are not 

. very effective: 

(b) others; such as heterocyclic nitrogen 

baseS oxygenated substt_noes and halo-

genated solv4nts: 

(a) Pure_gerocarben 3olvents bre probably the only liquids 

in which true aolrition is effected and for that reason the 

amount of material dissolved from the torbanite is negligible: 



(b) All other solvents probably have certLin chemical .  action. 
It is well known that the high solvent activity of li-

quids suches pyridine e on coal t - is due to its peptising 

action on the colloid, and Tideswell (70) thinks that the 

action of pyridine as a solvent should bo regarded as that 

of 'loosening ,  the colloid mOe, Furthermore, the. greet 

difficulty encountered in attempting to removethe last 

traces or pyridine from extracted torbanite, end the beha-

viour of the redispersed pyridine residue, gives evidence 

that pyridine exerts an action more than that of a pure 

solvent.. 

. However, it is reasonably safe to.asume that most low- 

hydrtwarbon solvents'have very-little chemical 

. action on the torb nite. The question.then arises whether 

. the solute represents foreign materiel, such as resins 

which have been .introduced in minute amounts into the 

kerogenous matrix, or assmall portion.of the kerogen which 

has been dissolved out in the normal .manner. The problem 

has Leen solved in the case. of extracts of Yew Brunswick 

shale, by McKinney (43)0 VeKinneyextracted . two hundred 

and seventeen kiloprams of shale with acetone and then sue-

ceeded in demonstrating that most of the extracted material 

consisted of hydrocarbons beloneitz to the paraffin and 

.cycloparaffin series, extending from a C 12  fraction upwards..- 

. A small amount of non-hydrocarbon material ';as istaated but 

not examined.. Similar results to the above were obtained 
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by Petrie (3) on the extracted products from New South Wales 

torbanite, who records that the extracted matter "consists 

of saturated hydrocarbons of high Lolling point, together 

with a'amall *quantity of other compounds of high specific 

gravity." The properties of the extract obtained by Petrie 

are given in.Table 19 following:- 

Table 19 0 :. 

CheMical  Pro erties of 3xtracted 011 
from /. .N. Tomanites  

2 
Specific GravitY4 0  = 0.916 
Refractive Index at 20°C. = 1,5338 
Setting Point, °C. = 30 
Carbon 51: 	, = 85.27 
Hydrogen . =,11.62 
Not detaimined = 	3.11 

The limited amount of soluble mutorial that can be 

obtained from the N.S.W. torbanite and overseas shales 

Is shown in Table 20.'_ 

Solvent 

Table 20 

Solubility of Torbanites and Shales, 

on_Ary weight of sample. 

LooUity.  
Nei-Bruns.-More65-37Afrioun ES:W. Tor- 
wick (43) (40) Torbanite banite (this 

(47) 	work)(ex Glen 
Davis1R.F.C. 

Acetone 2.6 1.48 

•■■■•■■•11.00.14.0 . 

0.42 	1.51 
Chloroform 2 0 2 -. 0.60 1.34 
Benzene 3.2 .. 0.60 1.00 
Carbon BI- 

sulphide 2.8 1.00 0.54 .- 
73ther 2,2 .- 0.36 0.93 
Carbon Tetra-

chloride 2.6 OP OM 0.47 . 	1.04 
Alcohol 1.5 1.43 -- 1.40 
Pyridine 2,6 2.04 2.05 46.- 

as See special paragraph. 
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The solute in most cases consisted of a sticky semi-

solid to solid tar which varied in colour from light orange 

to dark brown. 

In orier to asoertain whether any correlation existed 

between nature of solvent, the torbanite deposit, and the 

amount dissolved, a series of extractions were carried out 

on torbanite samples fromiifferent localities, using a 

variety of solvents. The following are the experimental 

details:- 

Euerimental. 

The sample was usually a hand-picked one which was 

ground in disc pulveriser to pass 60 rmr mesh. The pow-

der was "cone-and-quartered" in the usual manner, and then 

dessicated in an air oven at 10°C, for a short time, 

usually about four days. A pre-eitracted dried Soxhlet 

thimble of known weight was used to contain the sample, 

ibich WE'S then extracted in the normal Soxhlet extraction 

'apparatus; the apparatus used Was of the ground-glass-joint 

tjpe•and made of Vyrex glass. After extr:.etion, for a 

certain time interval (alwejs in excess of that requtred 

to produce a colourless overflow in the extractor) the 

thimble was removed, dried to a constant weight and the 

loss in weight found. At a later stage in this section 

of the work a greater amount of extract was required and 

larger extractor of the same type was used, 

The following table shows that there appears to be no 
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correlation between the nature of the solvent,the amount 

of soluble mi4erie1, 

Locality 
of 

Sample 

r the source of the sample. 

Table 21. 

Weight of Loss in Loss Loss /6 w/w 
Sample. Weight %. wZir dry ash-free 

Solvent 	grms, 	grme. dry 	basis. 
busis 

Coolaway 	Eentene 7,5839 0,0624 
Marangaroo Benzene 3.2146 0.0022 
Marangaroo Ethanol :3.5618 V  0.0498 
Mount Kemble. 

(1) 	Benzene 	3.3816 	0.1081 V  
Glen Davis Ether 	4.9011 0.0338 
Coolaway 	Ether 	4.4683 0.0416 
Coolaway V  Chloro- 

form 5.7177 0.049B 
Coolaway' Acetone 	5.0259 	0 0759 .  
YarangL2roo Carbon 

Tetra. 

0..82 0.88 
1.00 Y1.04 
1.40 1.46 

3.19 '5.03 
0.69 1.03 
0.93- 1.00 

1.34 1.44 
1.51 1,62 

chloride 6. 806 	0.062 	109 
Coolaway .  

Plevne (2) 

Carbon 
Tetra- 
chloride 3.4536 

I:wizens 4.0342 
0.0349' 1.01. 	1.08 
0.3367 	8.36 	27.23 

(1) Vt. Kembla -A true laminated oil shale. 
(2) Plevna - k tertlary shale from ,.tueensland 

containing much moisture end 
' foreign matter. 

••••■••■•••...MO./....■ 	 ••••■•••• 	 1.7••■■■• •IMF 

AtteEpts Were madoHto . oktradt.the tiirbanite with 

hihor.boiling . tiolvonts t .such'as phonel t .a-Phellandrene. 

furfural, cyclohexanone..with little success'. Similar 

reox:Alts have boon reported .  with. coal (86). Storch re-

'cords that certain high-boiling solimits : hold the extract 

tonaciausly and are extretely difficult toremove t .for 

instance.  aniline has tendency to combine' with the =- 

tract and.it is inv)ssiLle.to.remove ii., In the Obae. of 

phenol the evolution 'Of hydrogen sulphide..from.the 

exit .of the extrotor condenser showed decisively that 



some deeoriposition WEIS taking place, and after extracting 

for 18 hours, the thimble commenced to disintegrate. When 

stimi)la was extr-oted with a-phellandrene the.re3idue 

allowed a zain in weight, even after vacuum drying. Further 

extracti n with benzene failed to convert this gain into 

loss, as shown below; 

Table 22, 

Extraction of Glen Davis Torbanite with a.Phellandrene, 

Weight of thimble 
Wt. of thimble and shale 
Weight of shale 
Weight after extraction 

Time of extraction 
. Weight increase 

Weight after re-extraction with ben,ene 
Weight increase 

Extraction with en. lohexanone, 

= 1.7400 grins. .  

= 6.0725 grins. 
= 4.3325 grins. 
= 7,8015 (vac. 

dried) 
= 11,3 hours. 
=40.096 
= C.137i; grins. 
= 1,5 cab. 

on original. 

Cyolo-hexanone has recently (53) been rel_orted as 

being a eood solvent for kerogen, but the pre5ent writer 

could not succeed in separating• the solvent from the solute 

and the sample showed a gain in weight of 5.60. The cyclo-

hexanone extract• was 4 hard orange solid which had to be 

clipped from its container, in appearance it was vgry much 

like shellac. This residue was soluble in benzene, from 

which solution it was predlipitated as a brown powder by 

adding excess of petroleum ether, 

andine Extraction of,Torbanite. 

As mentioned In the beginning of this section, there 
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seems little doubt that the elation of pyridine is more than 

• that of a pure solvent, and it is probable that its action 

on torranite resembles its action on coal, i.e. that of 

a peptising agent, Another point mentioned was that it 

is extremely difficult to remove the 1t.st traces of pyri.. 

dine from both residue and extract. To illustrate this 

latter point, a sample of Glen Davis torbaniti (powdered 

to pass a 1C0 IPM screen) was extracted with pyridine for 

53 hours, and then dried La vacua at 1(0°C. The residue 

was weighed at intervals and the observations below show 

, this point conclusively: 

Table - 23. 

Time 

0 

2124121_—_-_am 8 4,  
Weight . Rate of Loss 0 

6,9921 original weight 
1 6.9396 0.7a 
3 6.9035 1.27 .21 
5 6.8817 ' 1.58 .15 
6 6,8671 1.79 .13 
8 6.8531 1.99 0 07 
12 6.8489 . 2,05• .01 

• 16 6,8491 2.05 

• In order to demonstrate whether the pyridine extract 

had a uniform composition, a larger amount was prepared 

and treated along the lines of the Bone and .Wheeler (80) 

- technique, in which coal is extracted by a series of selec-

tive solv,mts and by this means the soluble portion is 

divided into resins, ulmins, cellulosic and other groups. 

The actual technique employed in *bi-(' present ease 

Was after Stopes and Wheeler (68) and is illustrated below 
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.in the skeleton flow sheet; 

•Torbanite (100 wr mesh) 

1 extract with pyridine 

• Pyridine Insolubles 
a form 

pyridine Extract 

Insoluble in CHC1 3  
p form (cellulosic) 

a brownish powder  

extract with CHC13  

Soluble in CH61 3  
0 form (resinic 

and oily) 

extract with 
pet, ether 

r------  Insoluble in pet ether. Solui, le in pet. ether 

extract with (C2H5 ) 20 
IlLdrloartons 
- 01, form 

Soluble in (0 24)20 	Insoluble in (C2 115)2 0  
02 form 	• 	0 3 form 

(far gamma read theta (0)) 

The following observations were made .  during. the ex-

tractions:- 

a form; consisted of the mein bulk of the powder (97.2,!; w/w) 

and was not examine& further, except to note that whereas 

- the oriinal powdered sample had a dull apearance, after 

extraction by pyridine the r9sidue (the d form) Was strik-

indly shiny. • This phenomenon. is observed with some flake 

micas.- 

The Paidine Extract (1.4%,  Vw on original) was u.trown 

sticky solid, which could be moulded between the fingers. 
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The _.yridine solution was deep-red in colour with an olive.. 

.green fluorescence. 

2 form (1475 wiw on.original) was a dark brown powder 

which swelled on heating, 4t the 'name time giving off 

LLorid vapours, There was no perceptible melting point. 

0 form a dark rown waxy oolid with a faint smell, 

which was separate& inte:7 
• 

• 0I form: 	;orange waxy solid, m.p. 48 0C., no 
fluorescence, Unsaturated. 

	

02 form: 	a, light brown. powder. 

	

.0 3  form: 	a dark brown Powder. 

General Remarks. 

Summing up these results, it may be said that the 

chemical structure of the pure kerogen of torianite is 

such that its eblubility ls practically nil and there ap-

pears to 1e no correlation between the tjpe of solvent 

and the small Lmount that it dissolves. In all cases the 

solute consists of orange to brown sticky semi-solid. It 

will be shown later in this work that although raw torba- 

nite is nearly insoluble, its solubility increases greatly 

as it begins to decompose, and that this increase in solu-

bility is not de to oil formation, but to the presence 

of an intermediate heavy tar which acts as the precursor to 

the crude oil. 

It is usis-Ae  to find a naturally_eccurring_substance 

• which will...Veld on paseleas over  ninety_arcent of its 

•weight of a 	petroleum-like oil  and. yet 	inert to 
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chemical reagents.  However, if the underlying structure 

of kerogen is proved to be that of a highly polymerised 

hydrocarbon, many of the anomalies would disappear, for 

even certain low polymers are most insoluble, for in-

stance the heptamer of polyoxymethylenedi-acetate, and 

the oct4mer of polyoxymethylenedimethyl ester have solu-

bilities of only 42 x 10 and 4 x 10-5  grms./ml. respec-

tively. Thus, when it is realised that artificial resins 

have been produced with a degree of polymerisation of 

over a hundred, and that E 	eräteY temperatures favour 

high polymerisation, the insolubility of torbanite may be 

readily understood. 

Although torbanite itself shows no tendency to swell 

in organic solvents, the primary produotsof its decompo-

sition has this power to a certain degree, and this fact 

indicates that at an early stage in the pyrolysis some of 

the cross-linkages have been ruptured, permitting a cer-

tain amount of solvation of the long-chain structures. 
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Analvis  of Ash. 

• The inorganic matrix of toranite contains silicon and 

•aluminium in large amounts, but over twenty elements have 

been found. -The mineral matter may be divided into two 

portions; 
• • .(1) The adventitious, clayey matter introdiced during, 

and subsequent to, deposition. 

(ii) The fundamental inorganic matter of the algae, 

• The ad antitious argillecleous detritus consists of 

aluminium silicates, silica, iron compaunds and the usual 

minerals associated with material of this nature. In ad-

dition to the above-mentioned compounds, comparatively 

large amounte of pyrites (Fe5 2 ) and imisure talc are -found 

associated with torbanite in some lef!alities of New south ,  

Wales. The relative concentrations of the various ele-

ments vary greatly from deposit to deposit and in diffe-

rent spots in the same seam. This variation will be -  es-

pecially noticed in exposed seams which have been burnt; 

localised patches of ash will have a bright red colour, 

denoting high amounts of ferric oxide, whereao patches, 

on4 a few inches away will be pure •white in'eolour. 

As a general rule, the fully ienited ash of torbanite 

As white, ut variations from El dull red to a dirty yellow, 

may to etaected (cp. ash from Strathpine (Veensland) 

si,ale which is town, and aah from Crepuki (New Zealand) 

which is always isink 
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The analyses which follow iniicate the 0.4treme varia-

tion to be found., rather than typical resAts, but never-

theless, alumina and silica constitute t'e Main rortion. 

Table 24. 

Analais of_Torbanite Ash, 

Locality Maransaroo Wollar Bong Tong Rewnes Barigane 
rt. ' 

Analysis 
S102 68.19 37.48 77.37 66.82 80,67 
Al2 03  15.24 54.15 16.30 30.09 13.36 
Fe20 3  ' 11.53 3.92 4.04 . 2.88 5.11 
Ca0 1.69 1.42 1.04 2.56 0.37 
MgO 1.11 0.31 0.18 0.92 0.25 

Although the elements .given in Table 24 constitute 

, almost 981(J of the total mineral matter, the residual two 

perCent.contains numerous other elements., both metallic 

and non-metallic. The spectrograms opposite were taken 

with u fully-automatic Hilger large quartz spectrograph 

with an exposure of thirty seconds, arcing .between carbon 

eleotrodes (acknowledgement is made for the co-operation 

of Miss Blakney In taking these spectrograms). 

,5:2polrogram 1 shows the.speatra of (reading from the Lot-

tom of-the . triplet.in  each case); 

(a) iron arc, 

(b).ash from rich torbanite from Parangaroo. 

(c) Raies Ultimes powder. 

A and Bare the sane specimens taken over different 

ranges of wave-lengths. 

Speotrocrum 11 is the arc spectra of:- (reading from the 

bottom), the ash of: 
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(1) Strathpine shale (aleensland) 
(2) Orepuki (New Zealand) shale. 
(3) Mt, Kembla shale. 
(4) Bon,; Tang !"duntain torbanite. 

• (5) Ilford torbanite. 
(6) Mudgee torbanite. 
(7) Glen Davis torbanite. 
(8) Airly Torbanite 
(9) Coolaway Torbanite 
(10)Ra1e:1 Ultimes powder. 
(11)repeat of (9) • 
(12)Iron 

ft 

if 

In Speetrocram I, the following elements were identi- 

fled: 

•Ma t;nestum +, Vanganese4 Zinc +1 Lead +; Iron +; Cal-

cium +, Tin; Silicon; 1,hospYorus, Iridium, Vanadium;+; Ti-

tanium +; Antimony; Bismuth; rolybdinum; Beryllium; Sodium +; 

Silver; Nickel +; Chromium +; Vercury; Aluminium +; Copper. 

Those •lemtnts marked with the + sign have boon found 

in the ash of Sapropelite (28), together with Arsenic, barium, 

Boron and Strontium. 

Although most of the above elements undoubtedly occur 

in the adventitious mineral matter, the occurrence of 

metallic ions in organo-metallic complexes must not be 

overlooked. When the origin of the organic matter is con-

sidered, the occurrence of chlorophyll, end other complexes 

must be taken into account. Porphyrin complexes in the 

form of iron and vanadium salts have been found in 'oil 

shales (73) and sterol have been reported to docilr in 

bitumenous shales (.A., ). These results are interesting, 
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not only from the view-point of phyto-chemistry, but alSo 

from the fact t17;:,t they Drove that, at ro time, has the 

tlmpor,iture to which the shales has been'suljected, risen 

much above 100°C.• 
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TH3 OfdD:.TIeN OF TORELUIDT:. 

Analyses by ehemical methods are mainly decraitive, 

in which the unknon matrial is brolvnl down into simpler 

molecules which may be identified. From a lmowlede 

the Simpler units a picture is obtained of the orieinal 

material as a whole. 

Unfortunately, torbanite is so inert, and the matter 

so unreactive, that the drastic treatment neeeslory for 

Its complete decomposition - provides little evittance of 

its entira structure., 

The only method of chemical analysis which has pro-

vided.appreciatle information is that of alkaline perman- .  

canate oxidation. Down and litmus (19e) have published re-

sults of ulki-lina permanganate oxidation of various shales. 

and found acetic, oxalic and various benzene cart oxylie 

a.7ids in the oxidation products. Alkaline permanganate' 

oxidation of Balkash sapropelite (87) gives no benzene 

carboxzFlia &Ode but mnobasie . and dibasic aliphatic earl,- 

(wile aelds, including formic, propionie, butyric and 

eaproic acids, and oxalic sucoinie pir:elic and adipio 

acids. 

These acids can urine from the oxidation of fats and 

it is interestine to note that the last mentioned.is 

easily formed from thl oxidation of cyclohexane. These 

facts are to be contrasted. with the oxidation of oil 
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shale from which aliphatic acids higher than acetic .  have 

not been reported. L11 the above facts are in accordance 

with the theory of the formation and structare of torba-

nite, put forward in this thesis.- 

.:112rimental. 

A finely-powdered sample, weighing approxtmatelY 

eighty grams (19.68 t:rms.) was suspended in six litres 

of water to which had been added,caustic potash, so that 

the mass-ratio of KOWkerogen was 1.6, the suepeinsion 

under reflux was kept at boiling pAnt ror 196 hours 

Durint7 this pe:Aod, solid potassium permanganate was added 

so as to maintain-  a peemanent pink colour, and distilled 

water was added to maintain constant volume. 

After tl.e period of oxidation, the liquid Was fil-

tered to remove unrob - ted torbanite and oxides or manga-

nese. The, ael'ant of torbanite which was oxidised by this 

treatment was 7.3. 

• Tie filtrate was acidified and. stam distilled, 

This procedure divided the organic, acids into two portions; 

(b) the steam-volatile acids. 

(b) the non-steam-volatile acids 

L'pertion of the Jteem-Voltile acids was converted 

into their ammonium aalte ar.:d evaporated to dryness. Fur-

ther oting of portion of the residue produced the . 

• odour of crude acetamide. A further portion of the free 

acids Was converted to the ethyl ester, from which the. 
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anilide was produced. After recrystallisation, the melt-

ing point of the anilide was 110*C., melting point of 

•cetanilide 	 = 114'C. 

$16 nitrogen found 	= 10.0 

calculated 	= 10.3 

The non-Volatile acids were concentrated 4nd the pre-

sence of oxalic acid confirmed by precipitation as calcium 

oxulate. Another portion of the non-volatile acids was 

converted to their potassium salts .,nd the solution evapo-

rated to dryness. The residual solids were dirty yellow 

in colour und showed on'y a slight tendency to crystallise. 

Owing to the small amount of benk.enoid acids obtained, no 

further tests were undertaken on the bulk oxidaton of 

torbanite. 

A carbon-balance oxidation was oarriaA -,u4, the experi-

mental details of which were taken from the work of Down 

and Himus'(190). After toiling for 93 hours, only 0.7 

. of the torbanite was converted into soluble material and 

only 7.2 ml. of 3,6 potassium permanganate was colls-Jmeds 

In view of the stability of the sample and the small 

amount of oxidation which occurred, it yes thought inadvi-

sable to obtain quantitative data or to pursue further this 

line of investigation. 



• 

127, 

0NlIaLL DISCISSIGN_OF TiE STRUCTUAE  0? yltoGnr. 

The analyses which are to be discussed in relation to 

the general structure of•kerogen ma.; te grouped under the 

following two headings; 

(i)Ultimate knalysis. 

(ii)General Features. 

For the purposes of - the discussion which follows, 

the material found Lit Yarangaroo in New South Wales and 

described ,by Cane (lob) .  will .be.acoepted as pure korogen, 

formed under ideal c4nditions. 

Ultimate Analysis. 

The ultimate analysis of kerogenziven in Table 13 

is: 
Carton 84.20 	. 
Hydrogen 11.93 
Nitrogen O.:a 
Sulphur 1.02 
Oxygen 2.t.:01 	(cliff.) 

In taking this analysis La typical kerocen, some criti-

cism ;:.as ben received because of. the low oxygen figure, 

when rIpared wit l other. analyses. The mein reasons for 

assuming that pure kerogen woUld show a low oxygen figtwe 

. 	given in the two points wYich fo2low;- 

(i) 1,1thoush certain analyses have be?.n performed on 

sutstuntially pure kerogen, this materiel has been prepared. 

by drastic Chemic61 treatment, and it appears unlikely that 

no charkA ha n occurred in the substance, Furthermore, ero-

gen prepared in such manner is in a finely-divided state 
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and, in this condition, shows a strong tendency to oxidise. 

Kerogen prepared by the U.S. Bureau of Pines, containinp 

less than 107 ash "will ignite spontaneously in un oven at 

104°C., if not stirred thoroughly and freqc.ently.,.. The 

kerogen seems to oxidise and cenerate heat to ebah a tem-

perature above that of the oven" (27b) (cp. high stability 

of tor;.anite from Yarangaroo 	2%, .ash), Nevertheless, the 

U. 3. Bureau of Mines raxAts given in the .;;ulletin (27b) 

are based on samples dried  in an  air-oven (the emphasiS is 

mine - R.F.C.) and for the kerogen of Australian torbanite 

they obtained; 
Carbon 81.20 
Hydrogen 10.20 
Oxygen 6.35 
Nitrogen, 0.80 
Sulphur 0.65 
Ash 0.80 

result differing little froin that taken in this work, 

,Ath the excation.of the higher oxygen content. • 

(ii) •There seems a generkd tendency for the. oxygen con- 
. 
tent to . lecreae with increasing oil ;laid. Whether this 

iation can be oorrelated with ash, oris an intrinsic 

quality of the Or8anio matter, is a debatable question. 

It is the of)inion of the writer that oreania matter formed 

under favourable conditions (hi e3h oil yield) and allowed 

to polymerise undistlirbo, would have 6 lowar oxygen figure 

than material which, during the time ofdeposition t .was dis-

turbed Wlixture with lilt and irgillaceous tletritus. 

In ordsr to Inbi:1:e a comparison or oxygen content with 

concentration of mineral matter in.torbanite, the following 
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figures, taken from Table 1Z:, have been a:erfinged in de-

creL,31ng oxygen percentace. These analyses have been per-

formed on t7:- e cwm t:,rial and calculz-ted bhc% to an "esh-

froe" basis. 

Table 26, 

S)urce 	2.-V-61-4.1' 	Ls !' '6  
.Varangaroo 2.54 1.9 
Joadja 5.87 6,55 
Transvaal 6 .99 27.26 
Greta 9.53 16.11 
Armadale 8,24 18.38 

O. Analysis on pure kero6en ty chemical tret„tment 
• (27) 	6.35 	• 0.8 

Z4,2 (on origi.ral) 

On the other hand,. 8 oomkensatine factor for false 

high oxygen fi,urs is obtained by calculating back to 

en "ash-free" basis, those analyses carried out on the 

raw material, for such analyses wake no allowance for 

water given off from . dehydration of the hydrated aluminium 

silicates, when the lots of water ()emirs at high terpera-

tares. This is a source of two errors, first the ash con-

tent be given by ignition to constant weight does not re-

prsent a true figure for the mineral matter, secondly, 

evolved wator of hydration is included in the water formed 

by oxidation of the hydrocon. 

These points illustrate the diffiettlty encoUntered 

In arriving at a true oxygen figure for low quality torbcnite, 
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when this quantity is calculated "by differebee", notwith-

standing it is felt that the ultimute analysis given of 

the Marangaroo torbanite should be accepted as typical of 

nearly pure or2anic kerogen which has been formed by natu-

ral processes under ideal conditions. 

Accepting the analysis given in Table 13, the follow-

in2 empirical formula may be caleuleted. In theae calcu-

lations nitrogen and sulphur are neglected, as they aggre-

gate on3y 1.35', of the whole. 

Wel,7ht Atomic_Tropostiona Calc,_to_Cis_ 

earcon 84.20 7.02 18 
Hydrogen 11.93 11.64 30.7G 
Oxygen 2,54 0.16 0.41 

98,C7 

• e. C18 H30 01/2 

which may be written: 

(C18 113010  
op. Elaoostearic Acid: 	018 H30 
and Balkash Supropelite 

able. from %ullesky (78): ( 018 HZ0 02)2 0120  46.  

(the grouping of Lydrogen end oxycen in the place marked 

if. is not to to taken ao written - it is only convenient 

means of making a comparison ztwoen the throe formulae.) 

The foreeoing taLtajSiS and three otharc will to 

taken as constituting typical analyses for torbanite 

kar,gen. 



Table 27 

Ruirical Formulae  of  Kerog :g.n. 

Ultimate Analysis (from Table13). 
, 	 As comparison. 

Marangaroo Joadja "Australia" Armadale eostearic 	-FUEFFIFFEan 	Broxburia-TIIE7--  1 •__ 	2 	3 	4 	. 	linolenic ucids. 	5 	6 ______________________ ____________ 	 ....._.................______ 
Carbon 	84.20 
Hydrogen 	11.93 
Oxyeen. 	2.54 . 
N. and 'S. 	1.33 

	

80,60 	81.85 

	

12.90 	10.28 

	

.5.87 	6.40 

	

0.63 	1.47 

80.52 
10.13 
8.24 
1.11 

100.00 

 

	

/1.78 	 76.3 

	

10,11 	 10.9 

	

13.32 	 10.3 
.4,79 

	

100.00 	 100.00 

 

100.00 100..00 	100.00 

 

      

       

Ultimata Analysis .(Ii. and S.-rree)' 

Carbon 	85.33 	81.11 	83.07 
HydrOgen 	12410 	12.98 	10.44 
Oxygen 	2.57 	5,91 . 	'6.49 

81.42 
10.25 
8.33 

77.6 
10.90, 
11.5 

	

75,39 	 78.2 

	

10,62 	 11.2 

	

. 13.99 	 10.6' 
100.00 , 	100.00 	100.00  . 	, 100.00 

•Ultimate Analysis (atomic 5) 
100.00 	 100.00 	 100.0' 

 

 

  

Carbon 	7,10 	6.75 	6.92 
Hydrogen 	12.00 	12.78 	10.32 
Oxygen 	0.16 	0,18 	0.41: 

C/H ratio 	7.05 	6.25 	7.96 

6.78 
10.16 
0.52 

. 7495 

18 
30 

• 2 

7.1 

6.28 
10.54 
. .87 

7.1 

6.5 
11.1 ' 
0.66 

7.0 

Empirical 
Formula:. 

(CIB basis) C18 1134 0 .5 	910127 01.1 0102701.4 C18113002 C 1eH3002 . 5 	Ci'libl02 	• 
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The variation in empirical formulae shown in Table 27 

is small when the mode of formation is considered, and may 

be caused by; 

(a) variation in the constitution of the monomer. 

(b) variation in the degree and/or type of polyme-

risation with subsequent side ieuctions: 

(c) addition of small amounts of other compounds. 

High C/H ratios are usually accompanied by hich oxycen. fi-

cures and this may be caused - by the oxidation of kerogen. 

As in the oxidation of linolenie adid i  the reaction probably 

initially takes place with the formation Of a peroxide at 

the double bonds, and as the divalence of oxygen corresponds 

to two.atems of . hydregen,any oxidation which occurs will 

dorresiond to a decrease in the Tpotentiall:hydrogen con-

tent. 

• Hearin 'in mind the above facts, the third and fourth 

examples may be regarded as kerogen whioh, s owing to speci-

fic conditions, has been !lightly oxidised before' complete 

polymerisation. As in the case of sulphur,' it appears 

likely that oxygen occurs in two kinds of aombinations,.in 

the first place, intermolecular cross-bridging in which .  

each oxygen atom has its valency bonds attached to dif-

ferent molecules. This type of oxygen-bridge occurs in 

some polymers. and coal, and. gives rise to !II-resistant 

properties,: Secondly, intra-molecular combinations of 
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oxygen, arising from partial oxidation of the monomer or 

dimer, - no alcohols or furans have been reportedlo - occur 

An shale 01 0  

Mhough the preceding remarks have been based on the 

assumption thet:only.one menomeric compound-took pert in 

the formation of kerogen, this is probably not true. In 

nature, the production of a Single specific compound is a 

rare occurrence, and this rule would apply in the present 

easei Nevertheless, it seems likely that the CA acius 

predominated, although the degree of unsaturation and sub -

sequent polymerisation probz„bly varied. The first analysis 

quoted exemplifies an ideal condition (extremely high oil 

yield) and the VII ratio corresponds nearly exactly with 

the assumed monomer, whereas the se ,zond example would corres-

pond to near-itleal conditions in which two (or more) mono-

mers co-uolymeriSed'under nonekidising conditions, The 

third and fourth examples correspond to mixed polymers 

formed under non-ideal.conditiona, with partial oxidation. 

1211 these remarks are applied to low-ash torbanite,.and 

any oxyg3n arising frOm the mineral matter is neg lected.. 
The Re le of Sulphuisnd NitrodesAn , Kerocen. 

As a general rule,. the amounts of sulphur and nitrogen 

in New South Wales torbanii>e are low, and. when viewed from 

an atoll() basis their concentration-is insignificant. Never-

•heless, although their concentrations are small, sulphur 
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and nitrogen have important effects on the oil produced. 

.Ficm the chemical inertness of keror!en, it is impro-

bable that nitrogen or sulphur occur in the end groups of 

the polymer, and the only satisfactory explanation for 

their presence is that they are "foreign elements", intro-

duced. into the kerogen mass, either within the polymer or 

In separate molecules. • These elements probably originated 

In the protein matter of the algae and were "imprisoned" 

during polymerisation. Ammonia occmrs in the !as formed 

during the decomposition but is not foundAn the initial 

sta,les of pyrolysis. The amount of ammonia present in the 

gas varies from about 0.02 « 0.1 grms. 	and the concentra- 

tion varies with the rate of decomposition 'and also with 

the richness of the torballite. 

Actually, the effect f the richness of the material 

is an indirect one, inasmuch as more mineral matter neces.:1- 

tates "deeper" nsacking and "deeper" cracking causes an in-

crease in the amount of .ammonia at the expense of other 

nitrogenous compounds. 

The mode of occurrence of nitrogen 'and sulphur in the 

oil - acyclic and heterocyclic - suggestsdiverse forms of 

comLination for both and, apart from their protein origin, 

no sug:eotions can be made. 

General Features. 

The extreme stability of kerogen indicates strong 

Interatomic and intermolecular forces. This stability is 
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exhibited both with reaard to natural weatilring and in its 

reaistance to chemicalttteck. 

If the properties of kerogen are c:!mpared to aimilar 

properties of hieh molecular-weight eynthetic resins, it 

is seen that there is a striking resemblance between them, 

and this resemblance is manifested in most chemical and 

physical properties. ' In order to i11ustra 4e ttle similarity. 

which exists, the followine table has been dmwn up, giving 

the co- p neon between kerogen and polystyrene; 

Table 28. 

krolmEt/ 	 
3f6FITIE-Gravity 
Refractive Index 
3peciric ileat 
Thermal '5 .:panblion/00. (linear) 
Tensile 3treni;th 
Rardne (Rockwell Y) 
Volume Rest7;tivity (01. ,  

700 17 .) 
lffoot of aater 
,Ifreet of alkalis 
faect of 'weak acids 
Solution in Ork;unic liquids; 

lipha tic 
Lromatie. 

Lging 
roister° aLsorption 
Fluorescence 
Irl2w7bt Property 

Kerma__ 
0.97 - 1.06 
1.54 - 1.62 

U.'ee 
90 2C l(r6  

3000 - 4000 
• 70 	75 

1010  

none 
• none 
•none 

insol. 
insols 
el it 
none 
yellow .  

toue,11 

.221aILESEt. 
1.054- 1.070 
1.59 -- 1.60 

0.V.2  
60 - 60 x 10.6 	2 

5000 - 9:-00 lbsOn. 
85-93 „ 

10" ohm.cm. 

none 
none 
none 

slightly eol. 
8°1. 

slight 
none 
blue 
tough.. 

Furthermore, the low temper,-ture of f)rmation walld tend 

to create •lar,:e molecules with high intormolecular forces; 

these forces are shown in the insolubility of the material. 

Staudini;er ha e studied the solubility or polymerides in re-

lation to the molecular eonfturation, ant has found that 

unlimited swellin indicates thread -olecules with little 
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or no cross-linkaces,. whereas molecules with a hi tt netting 

index (many cress-linkaeos) have only limited swelling, 

an1 three-dimensional macromoleolles so,xcely swell at ell. 

The property of swellim in organic liquids may to corre7 

lated with some mechanical properties, for instance, those 

%)elyrers with unlimited swelling eensist . of.  thread mole-

cules and often have high resitienee (elatuMlrs). Ls the 

nettth index increases, the,subatance loses tts rub,ery pro-

ortils, .ocomea harder, oKA its mechanical strength in-

creases; rinalZy when the =6.Am-1in1ages are .  menj w. the 

. material Lepomee . trittle or "glassy". "Tree-dimensional 

polymers deconpese at relatively high temperatures and the 

brea:AJwn is acoompanita by increased plasticity (op. "Rub-

Loroll" later). With kerogon thn relatively hteh arose-

linking is shown in the general toughness of the material, 

ee eciallf it -  resistance to pulwriaing. 

If the properties of ?erogen are vielsod in the light. 

of the ai;ove remarks, and those preceding them in this 

thesis, it is eeln that the assumed constitution is.consis-

tent with the obsrved fats, and t!lexTt 4"ore IcerootI•rby Le .  

aceepted 83 ta high pel.mer, formed by u natural. Trecese 

from natural products. The natural process Vibe the degra-

dation of fatty matter formed by the metatollam of certain 

.algae, and the natural Products consisted in the fix-A 

plaee, or f,ljoerides of unsaturated, long-chain, l'atty 

acids. 
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S 	SECTICN III PAR1 A. 

THM PHYSICAL MTURM OF TI E TrWAL DMCOMPOSITION 

OF TOREN!TE. 

Although a relatively largo amount of work has been per-

formed on. the decomposition of shale to oil, nearly all the • 

available information has dealt with the .relationship of 

oil yield to other variables, with the idea of utilising 

the results obtained in 'retort design. 

.Many hundreds of retorts heve'beon patented, eaCh in-

corporeting devices based on the oridinators 1  ideas of the 

. nature of the thermal break-down. of shale, end although many 

Ingenious devices have been suggested, little information 

has been Made available on the fundamental changes which 

occur during the pyrolysis. 

• In order to inve8tieate the nature of the decompo i-

'tion, theollowing studies were carried out:- 

(I) A determination of the -limiting minimum tempera-

ture at which the decompobition.was noticeable. 

(ii) The ,  ehetical nature of the decomposition and of 

the products obtained during this decomposition. 

• -(iii) The rate of dedomposition. 

(iv) The quantity of heat involved during the-decom-

. position. •

The Minimum_Temperature of Decomposition. 

•Previous to 1920, it had been generally supposed that 



the break-down of keitragen to oil occurred in one stage 

only, and thLt each molecule of kerogen yields, in itself, 

the whole range of products .found on retorting. 

• Alternatively, it wan held that the kerogen decomposed 

progressively, 'So that the first products of decomposition 

resembled gasoline, but as the retorting progressed, the 

products increased in gravity until tar end semi-solid mat-

ter was obtained. This latter hypothesis gave rise to the 

theory of "Fractional Eduction", which formulated that it 

• would be posSible to obtain different products according 

to the temperature of decomposition. The U. S. Bureau of 

trines (27) showed that this theory was untenable and that, 

although the gravity did alter during retorting, the reason 

for this WAS not as postulated. above. VeKee and Lyder (42) 

were the first investigators to show conclusively that the 

break-down did not occur in one step, and they showed that 

the Primary product of decomposition was not an oil but a 

semi-solid bitumen which, under .  the conditions of retorting, 

further decomposed to produce oil. These workers made an 

tmportant step in elucidating the mechanism of the decompo-

sition but, as will be shown later, their work waivincom-

plete. 
VoKee and Lyder stated that "the kerogen has 0 deoom-

position temperature which Is 'quite definite to within 10°C., 

and they gave the lowar limit of this temperature as 400°C. 

Later work by Franks and Goodier (22) showed that 

Veliee and Lyder were incorrect in their assumptions that 
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the primary decompOsition of kerogen did not occur below 

4GOn. and Fzanks and Goodier demostrated that the. primary 

bitumen could Le producied in quantity at temperatures as 

low as 300°C. While Luta (38) 'states that, In the case of 

llstonian shale, the decomposition becomes noticeable as 

low as 275°C. 

In order to e:scertain conclusively, in the case of 

torbanite, the lowest temperature at which the decomposi-

tion teco-les noticeable, a vacuum heating of'torbanite %MS 

carried out, It was assumed, b priori, thut any oil' formed 

world tend . to remain in the shale mass until the temperature 

was high enough to vaporise it, turthermoreit seemed pro-

bable that this temperature (1,e. the boiling-point of the 

hotivy oil) would be An excess of that required for the 

Initial decomposition. 

Wiht-this fact in MAnd, it was further reasoned that, 

while high vacuum would not have much effect on the decom-

position temperature, low pressure would enable any oil. 

and gus.whieh.were• formed to be reMoved from the sphere 

of their formation and thus tender their .  detection an easy 

matter. 

732gerimental, 

The apparatus consisted of the 'standard Gray-King tube 

• and furnace, which was placed in a vertical positin. The 

side arm of the tube was connected to 6 .  small distilling 

flask and thence to a Cenco gyvac Pump. A.pH test paper' 
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and a aper impregnated with lead acetate were suspended 

into the mouth of the retort tube. The scheme is shown 
in a diagrammatic form below. 

Finely-powdered moisture-free torbanite (ash 6.60) 

Was introduced into the tube, the s,stem was closed and 

the whole evacuated, The current it the furnace Wb3 turned 

on and the sample slowly. hoated. The observations made are 

,shown in Table 29 below. 

Table 29, 

Va0UUM Heatins of Torbanite. 

Weight of •Torbanite Charge = 20.038 grm. 

Time 
mine. 

Temperature 
°C. 

Remarks, 

0 -93 
15 131 Slight vapours. 
30 200 pH = 2 
45 275 pH = 2 
55 311 HO 
56 327 Oil? H2 5 confirmed, 
58 336 Oil confirmed. 
60 Run finished, 

Loss of weight of sample 1.2 
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This experiment shows conclusively that the decomposi-

ti.:41 commences at comparatively low templratures and that 

oil formation occurs at terperatures less than 350 0C., but 

under normal conditions it is not noticed owin to the 

small amount produced. 

The presence of hydrogen sulphide in the gas, evolved 

before the formation of oil, Mb' arise from one or both of 

two causes; 

(i) Reduction of sulphides. 

(ii) Decomposition of the organic matter. 

In order to determine whether the eLs evolved at low 

temperatures was caused by (I) or (ii) mentioned above, a 

very rich sample W69 heated in vaaue under gentle conditions. 

In experiments such as these it is a difficult matter to 

measure small volumes of tras but it is a comparatively easy 

task to determine the pressure drop in the system and then 

calculate the volume of the gas by application of the Gas 

Laws, 

The retorting Was carried out in the normal Gray-King 

apparatus, with this modification, that the as collecting 

system and condenser were replaced by a sensitive manometer 

In which could be measured differences in level correspon-

ding to less than 0.b cc. of gi-s. 

Twenty 'crams cf powdered vacuum-dried torbanite were 

place& in the tube and the system evacuated. The furnace 

was slowly heated and the volume of as given off calculated 
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from the drop in pressure. The resul+s are shown in Table 

30. 
Table 30. 

Vacuum Heating of  Torbanite. 

Weight of Torbanite Charge = 20.636 grins. 

Time 	Temperature 	Volume (male.) 
mine. 	°C. 	mls. 

	

0 	159 	0 

	

40 	212 	0.6 

	

55 	245 	1.3 

	

60 	261 	3.1 
275 	5.3 

	

70 	292 	34 

	

75 	308 	48 

	

80 	322 	64 

The above results should be contrasted with thoseob-

tained when torbanite is heated in the presence of air for, 

In the latter case, oxidation of the material caused a dimi-

nution in volume of the ambient atmosphere which effactively 

masked any small amount of gas evolved at this terperature. 

(oxilation of heated torianite will te dismussed later). 

The volume of &Is produced in the above run cannot LA, ac-

counted for by the decomposition of the mineral matter which 

amounted to out 400 mg. Therefore, it can be taken that 

the t.J. S produced arises from some chemical chunge within 

t e kerogen molecule without the formation of oil. That this 

fact is true has been shown, and that the evolution of small 

amounts of as indicates the first state in the decomposi-

tion of kerogen, will be dismissed later, 

It has been proved that torbanite will decompose at 
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low tlmpen.turen, provided it is heet. ed.for a sufficient 

length of time, and it will be shown in the section entitled 

"Fectors in Retorting", that over 25,t of the . evaileble oil 

may ,e obtainA. at temperatures less then 36C 0C„ provided 

the time of heeting is sufficiently long. The question 

then arises,. whether there is a lower limit to the .ter, rere-

tare required for decomposition, or whether given sufficient 

time, the organic matter would decompose at normal tempera-

tures, 

The Rate of Ihe_2222222sition of xtr.204.. 

rent and lvder (42) have sbown that the primary Produtt 

In the break-down of kerogen is not ,an oil but a semi-solid 

bitumen which is soluble in benzene,. The ea-e phenomenon 

Is been shown by Cene . (10a) to occlAr in the rbw South Wales 

tOrbenite, end therefore it seemed desirable 	detrmine 

wether the transformation of the kerogen into the benzene-

sOluble intermediute produet, obeyed any law, und if so 

to get quantitative data .on the amount of soluble product 

formed. Preliminary experiments on heating the torbenite 

in the presence or air indicated that oxidation. oecurred in 

the first instance end. caused side reations. The total 

amount of soluble material formed increased to reach a 

maximum and then deereased (this soluble material will be 

temmed bitumen hereafter, although it is not true bitumen, 

as will be shown in Section III B.) 	This is understand- 

able, for as the bitumen is progressively decomponed to 
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form oil, this oil will escape in the vapour phase and will 

not be included in the decomposition .products. Eight - runs 

were carried out in the presence of air, and the results 

obtained are given in Table 31. 

The experimental details were as follows:- 
S. 

The heating medium consisted of a gas-heated lead b th, 

thermostatically controlled for any given temperature. The 

bath was lagged on the outside and provided with & lid with 

the appropriate holes. The temperature was measured by 

an accurate A.S.T.M. thermometer immersed in the medium, 

close to the sample tube. Preliminary experiments indica-

ted that there were two:sources of error which could be ap-

proximately corrected by calculation and previous data. 

(i) The time  lag before the sample reached thermal eqUi- 

librium with the lead bath, and a corresponding lag 

An removal from the bath. Th) heating-up time lag 

amounted to about 3-4 minutes end was compensated to 

a certain extent by immersing the hot tube in cold 

water after heating. This had the effect of rapidly 

cooling the peripheral portion of the sample while the 

central portion, which was slow in reaching the tempe- 

rature of the lead bath, maintained its 119at for a 

little time. A graphical representation of such hea- 

ting and cooling 'is' given in graph No.6 opposite. From 

experimental data and calculation (private communica- 

tion from Dr. J.C.Jaeger) an additional 2-1/2 minutes 

Was allowed to correct for the time lag i.e. Timing 

started 2-1/2 minutes after immersion of sample in 

lead bath. 
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(ii) Differential Temperature across Sample. It was 

found that the central portion of the sample 

seldom reached tile outside terperature; this 

temperature difference was a few deereas only . 

and a correction was made by maintainine the 

lead bath one decree hieher tten the desired 

temperature. 

The sample was powdered to 60 IrM mesh, dried, and 

placed in a smell-diameter q7.artz tube, which was then 

'placed in tte molten lead bath. After a.Efiven period of 

• time the sample e, 'as withdrawn, cooled, .and the amount 

solable in ;;eneene determined by Sohxlet extraction. Len- 

one, and not carbon bisulphide, Was used as the extrac-

tine medium NS it has been shown (58) that the latter is 

particularly affected by small traces of water. 

Table 31, 

Eeating of Torbanite in Mx. 

Temperature of Sample 4000C, 

Run Timeyof Heating im ins. 
Amount nxtracted. 

• 

1 8 8.1cA 
2 le 16 0 3 
3 25 27,49b 
4 30 3 3.5f 
5 34 57,7p 
6 40 41.0f- 

50 
8 60 

• The above tale shows that the results obtained by 

heatinf/ in air are of no value for determining reaction 
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rates, because the volatile matter formed during the decom- 

position esca lies to the atmosphere, und to allowance can be 
Made for this loss. There are two means of owrcoming this 

error; 

encicme• the reactants in a sealed tu e so that no 

loss can Occur, This method is undesirable on ac.-

count of the high gas preaure glnerted. 

(ii) meesure the loss incurred by• the escape of oil va-

pours and aid to it•the 'amount of product obtained 

•ty . extraction.— 

A1tha4ch no quantitative deta wore obteined ;f.'rcm Table 

31,, several important observations wore made. 

In the first place, the residue after, extraction WbS 

dissimilar from the original sample, for whereas the )rigi- -  

. Jaal sample was .hard and brittle, the residue, after extra°. 

tion, was•a -soft rubbery mess with a;opreciable elastic pro -

perties. !hen rubbed between the fingers it tended to dis-

integrate. 

• Secondly, when the powdered sample was heated, the up-

pa molt portion rapid/g . darkened, This derkening was much 

lessA.ntense - when the oepTle was irotected against atmos-

pheric oxj;en, by carbon dioxide. By connecting the outlet 

of the sample tube to a water Manamater.it was .  shown that 

oxygen was being absorbed during the first period of heating. 

For •xa)mple, the following observations wore taken with the 
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manometer in position s  

Table 32 

Oxidation of T -)rbanite on Heating. 

Manometer 
H20_ 

Time Temperature 

0 339 0 
11 339 -36 
17 339 -37 
27 340 -45 
37 341 -40 
40 338 -27 
45 341 -9 
50 340 +2 

These preliminary experiments indic,te tluA the decom-

position of korogen to form oil occurs in ta series of break-

down re,ctions, giving products of decreasing roleoular 

cmplexity, the first of which is a semi-solid "bitumen". 

The cracking of oil to form gasoline occurs in the same 

manner with the formation of intermediate hydrocarbons. 

In order to determine the true rate of formation of 

the bitumen it is, therefore, necess::.ry to stop the escape 

of the volatile products or make a determination of the 

amount lost. With this in mind the followin: experimental 

procedure was found satisfactory. 

Eauerimental. 

The heating bath and controlling apparatus was the 

same as described previously, with the exception thet the 

• quartz containing-vessel was replaced by hard glass, narrow-

diameter test tubes which wore destroyed during the experiment. 
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The powderel torbanite smple was blanketed from.ltmospheric 

oxygen ty carbon.  dioxide, generated 	the sublimation of 

"Dry Ice", 

The calculation of the experimental results are best 

, illustrated by means of the following numbered operations; .  

(i) Weigh an empty dry test tube (w1) 

(it) Ldd the sample -and raweigh (w2 ) 

• pleicht of sample = 

Heat in.bath under the ,predefined conlitions c  

remove test tube, remove with razor blade' 

traces of lead adhering to exterior, and fol-

low bY iMmersion in nitric k:cia, wash ani dry 

tut-m, :Weigh again (w3 ) 	Loss in weight ty 

less of vapours = 7 3  - W20 

(iv) Piave test tube in Boxhlet thimble, Lieak tube 

• in situ, remove an clean glaos fragments (this 

explains V117 !,4 is lezs than w3 ) and weight 

Weight of depomposed,torbaaite and thimble and 

remainder of tube = w ai t 

(v) Extract thimble and coLtents with benzene, 

usually overnight, dry in air oven and weigh (w5). 

Use in weight by extratttion = w 4  w5  

Iota loss in weight (W) = ( w3 	w2) 	(w4 	ws) 

• Percehtfwe .decomposed = 	W100 
w2  wl 

In all, twenty-five runs were carried out undr the 

experimental conditions given above. The experimental 
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results of these determinations are given in Table 33. 

re runs my be divided into two groups; 

Tbble 34; Group I at constant temperature. Runs 2,6,2C,n,24. 

Table 35; Group II at various temperatures. Rune 7,9,11,14,15, 
16.1/,1E,18a, 
19,19e,20. 

The first feature to be noticed is that temperature alone 
on which 

is not sufficient criterion/to state the amount of conversion, 

but that time must be taken into consideration, For purposes 

of analysis the results are arranged in their respective 

. groups in the two tables following;- 

Table 34, 

Rate of Decommition of Torbanito  at Constant 
111122E(2ture. 

Run No. 

20 
24 

8 
22 

2 

Temperature Time of Keat12B ....._ Loss 
°C. 

368 
388 
388 
388 
368 

mins, 

30 
45 
60 
75 
90 

5t 
16.5 
22.9 
29.6 
36,6 
40.8 

Table'35. 

18 338 160 5.7 
18a 340 370 11.7 
19a 360 30 4.5 
19 376 30 ' 10.1 
15 398 39 46.7 

, 	9 
16 

405 
410 

30 
60 

41.2 
69.8 

7 425 30 68.6 
14 427 18 57.8 
11 436 19 74.6 
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I 
Tt.ble 33 ,j ...,... ____ 

Run Weiel!t of "'Nei&ht of · 'le·igh t . or We1 .. ::;ht · ··Lose of !Loss w, ofter Loss on Loss Tot&l Time of Te.rr.pore-
11o. Ta~t Tube Tube ~;md S&mp1e etter heat- VoltJtiles : 7~ w, extrc.~t1on axt.rbcth>n '1- LOSS Hebtine tu re 

W1 ·Semi) le Wa · w2 .... wl 1ng w3 · w3 - w2 = w5 ~ m ins. oc. 
'· --- ~- -~---....-----··· --:-- ----.... er;.----~....,_._-- ------= ~ .... ---...---~----~ 

7 8.5193 '10.5286 ' 2.0093 10.2614 0.2672 jl3.3 9 .2;~23 . 9.1112 0.1111 55,3 68.6 30 425 
9 8.0194 9.2272 1.2078 9.1729 0.0543 I 4.5 6.2481 5 .• 8048 0,4433 36.7 41.2 30 405· 

11 e.29?Z 10.08.09 1.7836 9.8208 0.2601 1141.6 9.4667 8.3976 1.0691 60.0 74.6 19 436 
14 . 7.9137 9.7206 1.8069. 9.54J01 . 0.1805 10.0 9,8602 8.9958· 0.8644: 4?,8 67.8 18 427 
15 ?.8923 9.8474 1.9651 9.7147 0.1327 6.8 9 •. 9437' 9.1624 0.7813 39,9 46.7 39. 398 
16' 8~16'77. 10.2697 2.1020 10.06'71 0.2026 9,6 9.1391 7,8731 ' ~.2660 60.2 69.8 60. 410 
·17 9.5097 11.3832 2.8735 11.4161 0.0:529 G~in 630 207 
18 e.co9l 9,6741 1.6650 9,6559 n:cm 1.1 5.9116 5.835i ' 0,0765 4.6 5.7. l60 338 
1Sa 7 ,'4:793 8.7400 1.2607 8.'7039 0.0361 2.9 8.4902 8.3788 0.1114 8.8 11.7 370 340 
19 7.8410 9,1500 1.3090 9;.1239 o.c261 2.0 9.2761 9.1693 0.1068 8.1 10,1 . 30 376 
198 8.1CG9 9.3477 . '. 1.2468 . '9 .332'7 ' 0.0150 1'.2 9.313&1 9.3450 0.0411 3.3 4.5 30 360 

20 rr.931'7 9,030S l.09B1 s-.9835 0.0473 4.3 8.6110 8.47~9 0.1341' 12.2 16.5 30·' 388. 
24 8.2081 9,782fJ le5'744 : 9.69'43 ' o.0£92 5.6 8.990'7 8.7189 0.2718 17.3 22.9. 45 388 

8 '7.8623 9.8634 2~0011 9. 73~"';;) 0.1301 6.5 8.7273 6.2652. 0.4621 23.1 29.6 60 388 
22 '7.9939 9.4571 1,4632 9.3518 0.1053 . 7.2 9.1420 .8.7117 0,4303 29,4 36,6 70. 388 

2 8.1Z2G 9.7484 1.6158 9,5620 O.lGtA: 

1

1C.3 9.3352 8,8427 0.4925 30.6 40.8 90 388 

• 
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Discussion. 

Several factors and assumptions govern the b(rnITUOy .  

with which the ex_eriments may 1.e performed, for although 

corr:11,1tion has been made for the amount of volatile mate-

riallost t  no allowance is made for .any polymerisation 

which right occur with the formation of benzene-insoluble 

product's, or for.any decomposition reaotions aecompanied 

by the formation of free clain. In other words, one has 

to assume that the amount of material remaininc after the 

extraction with bemene represents the undecomposed kero-

gen. In wtlition, the met.od makes .  no allowance for any 

retft!Wn..'Which may occrr .without the formation of u soluble 

product.. 

In the ce of the pyriaysis of a Pure hydrocarbon, 

• an. analysis of ex:erimental data.is oomparativelg easy, 

for in this oebe the reactant is a pure compouni and the 

evaluation of the q;tantity of prod -Jot is not diffieult. 

• Tilioheyev (72b) has examined the deoomposition rates of 

paraffit .G. and Yk.11 shown thut the craokine'velocity is 

nlurly independent of the extent of convIrsion, und that 

the reaotion is essentially a first order reaction. The 

cruoking of.naphttenes above .certain tempon,tures is also 

*6 reation of the first order, 

The composition of puffin -base flow oil i 83398- 

k 

tially that of bmixtrl of sturt.ite& hydrocarbons and it 

is not unceasonable to deduce that to overa•l cracking". 
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reaction-velocity will be of the first order, and this is 

found to to true. The cracking velocities of certain 

pto ks are given in Plate II.. 

In the pyrolysis of kerogen, several factors have to 

taken into account, namely; 

(1) In torbanite the reacting molecules may be of diffe-

rent weight and stability, but certainly less dis-

similar than those of crude oil, so that the velocity 

constants found by experiment will be mean values. 

(2) When the reaction has been allowedto proOeed fer 

considerable time it As found that, not only are the 

ptoductsdissimilat from those broduced It the reac-

tion 10 of shorter duration., but the reverse action • 

becomes alOvecia le because of Musa action. . 

(3) Over. long periods, polymerisation and side reactions 

give products which may or may not be soluble in . 

benzene. 

These difficulties may be minimised by keeping the 

reaction times reasonably 'short, choosing a suitable cri-

terion for. differentiating the reactant and product 'and 

keeping the reactant in an inert atmosphere. 

The amount of soluble pioduct formed under different 

.conditions has' been found, and now an attempt may 'be made 

to determine whether the rate of reaction obeys any of 

the laws of chemicalkinetics. 
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It will be shown later that the decomposition of 

torbanite to form oil occurs in a series of consecutive 

reactions which, although when taken EIS a whole are not 

step-wise but concurrent and continuous, may be separated 

into stages. The main stages ere; 

• (i) Rigid Torbanite --A, Rubbery Material 	Bitumen. 

(ii) Bitumen to Heavy Oil. 

(iii) Heavy Oil to Crude Oil, Gas and. Naphtha. 

Therefore, the reaction rate discussed in this work is 

either that of the fastest reaction or the effective mean 

velocity of the overall reaction. The free energy equations 

of the cracking of paraffins indicate that, as long as 

any torbanite (assumed paraffinic) remains in its original 

state, the experimental values represent the rate of reac-

tion (1). In addition, it has been shown (72b) that the 

cracking reaction rates or paraffinic hydrocarbons is 

also of the first order and therefore it would be expected 

that reation (ii) would be a first orler reaction, al-

though its velocity would be less than (i) at the same 

temperature. 

From this discussion it is seen that the velocity 

constants given in Tablo 37 will be substantially these 

of the decomposition; 

Rigid insoluble torbanite --1■- 	soluble bitumen. 

but these data will be slightly low because they have been 

affected by farther decomposition or the bitumen to oil. 
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However, as the reactint; substance is practically homoge-

neous and, from the information at hand on the pyrolysis 

of hitl molecular weight hydrocarbons, the evidence would 

indicate that the reaction velocity would be of the first 

order. It is now necessary to determine whether this is 

30. 

The integrated equation to ,a monomolecular ret;otion 

may be written;- 

.k = 1 	log, 	a ) 
- (a - x) 

where k = reaction velocity at . r, 

• t = time (in seconds), 

= concentration of reactant, 

• x = decrease in concentration of.reactanti 

m concentration of product. formed in time t 

at temperature T°. 

In the pyrolysis of hydrocarbons "a" and "x" are de-

fined in concentration of crams end usually "x" is mea-

sured as the amount of material boiling .elow a certain 

tewperature. In the present case ma ll  is defined as the 

amount of kerogen in grms. and "x" is defined as the 

amount of the bewene soluble material plus the amount of 

volatile matter in grms. 0. 

Rewriting Table 34 in a convenient form; 

Temperature of Determination: 388°C. 

Concentration of Reactant: 	95.80 
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Time in mins. Productt 
a 7  x . x0 

.30 16.5 79.3 
45 22.9 72..9 

.60 29.6 66.2 ' 
75 36.6 • 59.2 
90 ' 40.6 .55,0 

kx 106 

106 
101 
103 
107 
log 

The reproducibility of the velocity constant is remar-

kable, and at the time of its determination (Feb. 1943) 

the writer believed that it was the first occasion on which 

this constant had been evaluated for the decomposition of 

kerogen; furthermore the experimental data w.lre shown to be 

consistent with a first order reaction, before a survey 

was made .on cracking kinetics. However, subsequent ta this 

section of the research being completed, it was found that 

a similar investigation had been carried out on the Ameri-

can Shales (44) the results of which will be cited later. 

As it has been shown that the pyrolysis of kerogen is 

monomolecular, it is now.possible to evaluate the velocity 

constant over a seried of different temperatures. 

The details of the calculations are shown in Table 36, 

and the results set.aut in Table 37. 
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Table .11. 

Variation of Veloeitx Constant with Tmlert_ture. 

Temperature 
°C. 

Volosity,Constant Value from Graph 7 
■..11111,1114.!1.11.01.1■■■70111m.0.111M*41............VO 

338 0.064 x 10" 0.0,6 10" 
340 • 0.059 0464 
360 . 0.27 0.22 
376 0.62 0.5E 
388 .  1.05 1.2 
398 2.6o n i o 

• 405, 3.12 W,2 
410 3.62 3,7 • 
425 6.99 769 
427 8.55 06.6 

• 436 - 13.21 14.7 

• •From these results 6 curve •may Lo oonstrt.eted, from 

whiAl it is possible to find the Velocity Constant Gt any • 

tempen.ture. This is shown in 'Graph No. 7. The results 

of these 3xper1mente havo:seYeral very important applica-

tions. 

•(1)• They show that, in the primari and secondary st.ges 

•at least, the deoomposition of kerogen is stmilar 

to the cracing of flow spill, anl the deeomposition 

is essentially paraffinic in charGiqer'(mh less 

likely naphthenie). 

(2) If it is ussumed that benzene ringa care ettaae at 

these.terr,perz,tures and therefore the primurj bitumen 

formation is essentially a paraffin C-C rupture, the 

ficuresindie:AN, usinc.the resul'A of .Til1chrjev 

(72a), that some of the side chains contain more 
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- than thirtycarbon atoms 
k4 25 = 5.3 x 10 -4  for C30H62  

This statement is supported by the waxy nature of the 

crude oil, and by the results of Bragg (6), who found 

• that the cracking velocity of a mixture of paraffins 

of molecular weight 337 was 1.90 x 10 -4  and 5.85 x 10-4  

at 420°C. and 436°C. respectively; kerogen being more 

complex would have greater values. 

(3) It is now possible to calculate the temperature coef-

ficient of the pyrolysis, The temperature coefficient 

is defined as the ratio kti+ 10/kt , and it varies 

with t. In petroleum technology, the temperature 

coefficient is often defined as the temperature rise 

(°C.) necessary to double the reaction rate e.g. in 

the cracking of oil the rate is doubled for a 14°C. 

rise at 450°C. and for a 21°C. rise at 600°C. For 

torbanite; 
Temp4. necessary to • 
•double reaction rate. 

350 	1.83 . 	11°C. 
400. 	1.68 	14°C. 

(4) • By the use of the Arrhenius equation; 

(logek = 	+ C).. 	 .(1) 
RT 

it is possible to determine the energy of activation 

of the decomposition reaction. 

The energy of activation over different temperature 

ranges has been calculated from the equation; 

°C. kt + 1o/kt. 
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19gekl = E  (! 	(n.)- 
k2 	R 2 T1 

(C assumed constant) 

and the results are given in Table 38 following. 

Table 38. 

.Energy_of Activation  of the Decomesition of 
Kerogen. 

Tetperature Range 	Heat of Activation. 
ouT7 	--Bin77giE:EM 

360 	375 	48,200 
375 - 400 	48,900 
400-- 425 	47,900 
350 - 400 	48,500 

Taking the value of the energy of activation calculated 

from equation (11) and substituting it in equation (1), the 

value of the integration constant (C) may be obtained. 

Thus k350  = 0.12 x 10
_4 

-4 
1c400 = 2.2 	x 10 from graph 

	

= 48,500 	from eqnation.(11) 

	

= 27.5 	_from equation (1) 
mean value 350-400°C. 

C 350  = 27.9 

C400 = 27.0 

The value of C for-torbanite should be compared with 

the values obtained for similar decompositions; .  

C = 28.8 Crude Oil (25) 

= 33.5 Estonian Shale (38) 

= 16.7 Paraffin wax (6) 

The results obtained by Maier and'Zimmerley (44) agree 

closely. with •he present work. These workers determined 
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the reation velOoity of the decomposition of Americal oil 

shale in a siml1r manner, with the exception that the 

experiments were carried out in sealed tubes, which preven-

ted the loss of volatile material, (the pressure effoct 

should be nil if the reaction is monamoleou)ar). In the 

published results of Maier and Zimmerley (44), the velocity 

constant is given in terms of ;I) per Your, but the follow-

ing results taken from their paper have been converted in-

to per second. 

TaLle 39. :  

Vdlocity constant of the Decomposition of Kerogen 
from American Shales. 

Temperature . 
-6-C7 
300 	0.012 x 10-4  
325 	0.057 
365 	0.269 
400 	1.3 (extrapolated. from 
425 	3.15 	their results). 

Lute (38), in his monograph on the Nstonian shales, 

quotes the work .of Puksov concerning the decomposition of 

Kukersite, Puksov also dotirmined the re;Aetion rate by 

extraction of the soluble products. AlthoT.,gh only one 

determination is given in detail it agrees closely with 

the results in the present work, 4nd those of Maier and 

21mmerley. 

In order to show the comparison which exists between 

the results obtained fror three veri dissimilar shales, . 

%Lie 40 has ;.eon.drawn up, in which the velocity constants 

/ 	1% Velocity_220tant %sec. -  / 
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have been celculeted from the published experimental data. 

Table 40. 

Velocity Constants of Decomposition of Shale. 

k x 10-4  

Temperature 	Cane 
	Maier and Zimmerley 	Luts 

(this wort 
	

(44) 
	

138) 

350 0,033 0.056 
360 .0.22 0.22 
390 1.3 0.81 
400 . 2.2 • 1.3 

(interpolated) 

0.087 
0.46 
2.5 
4.4 

(cale, from ex- 
perimental date), 

, These figures are similar to the cracking velocities of 

crude oil, and may be compared with the decomposition of the 

higher.paraffins e,g. C 32-66' of which the velocity.constent 

of decomposition at 400°C. is 1.22 x 10
-4 

The cracking velocities of aromatics and olefins are 

of a different order, end this supports the earlier state-

ment that the decomposition of kerogen is of the nature of 

nparaffinic split". 

The Energy of Activation given in Table 38 compares 

favourabaky with similar work published overseas. The two 

sources of information on reaction velocities of decomposi-

tion of oil shale mentioned earlier give the energy of 

•activation calculated from their respective experimental 

figures, and for purposes of comparison, the individual 

results are given in Table 41. Included in this table 

are figures for similar decompositions. 
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Table 41. 

Heat of Activation, from various sources. 

E. cals./grm.mol. 	Material Tempez'ature 
Range OL 

Reference. 

 

.1=1■•■■•■•••■■•■•••■•■•■•■•• 

    

     

48,500 
41,500 
49,956 
59,b00 
46,500 
53,400 

Torbanite 
U.S.A.shale 
Kukersite 
Paraffin Wax 
Heptane 
Crude Oil 

350-400 
300-325 
39 0-44 0 
425-450 
625-650 
430-700 

this work. 
44 
38 
72b 

.51 
25 

The foregoing results and the discussions arising frOm 

them have been based on a gentle pyrolysis of kerogen in 

the absence of oxygen.. These conditions a"Thould be con-

trasted with the decomposition of kerogen under retorting 

conditions in the presence of oxygen. 

In the decomposition ofa rich torbanite at mild tem-

peratures, and in the absence of air, It. can be shown by 

a consideration of the free energy equations of the reac-

tions which may occur, that C-C scission will predominate, 

especially towards the middl& of the molecule, so that, 

assuming a paraffinic reactant the product would contain 

olefins and paraffins in approximately equal proportions, 

and the olefins which are formed would be mainly mono-ole-

fins, cp. composition of crude oil. 

On the other hand, with a lean torbanite, end in the 

presence of air, not only has the effect .  of oxygen to be 

considered, but the presence of appreciable amounts of ash, 

(containing alumina and ferric oxide) may introduce a cata-

lytic effect which may tend to cause paraffin dehydrogenation, 

and this is especially so in the presence of hydrogen sul-

phide. . 
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In aidition, as in the crkim: of oil, three main 

• facqore, time, tempeatnre•and .pressure s . ha .ve to te con-

silere•; however, except for special oonditions the last 

mentioned may be neglected. 

It is impossible.to predict, a priori, the mechanism 

of the reactions .which occur at retort OperatVg teipera .- 

tures, • (t0b 1390 the re4.ztions will be so conl)lex. The pre-

sence of free carbon produced from side reactions would 

weaken C-I1 bonds, and the presence of oxides from the mine-

ral matter may have appreciable eff'ect. 

At temper tires Lpproaching the end of the decomposi-

tion ( -0°C.), polymerisation, carboid form.tion, and cot-

plete rottak;-down of strutures, have to be considered. The 

increasing amounts of hydrogen in the es evolved as the 

teNperature is increased, point to such decompositions; 

polymerisation would be extensive and the formation of com-

plex T)olycjclic bemenoid compounds w uld be possible; doub-

1W of simple aromatic structures would occur and, in all, 

no analysis of the problem would be possitle. 

Decempo21Ilon in the_Atmos2here (Retortino Conditions) 

In order to elt some general ides of the rate of pyro-

lysis under retorting conditions, as compared with the 

academic approach :teserib ,1 in the previous ;es, a series 

of experiments were carried out under the f' ,Alowin,1 ?onditims; 

j,locks of terbt.lnite we e heated und-n• approximately 
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isothermal conditions, end thn rate of evolution of volatile 

mutter was measured. 

The ap;aratus comprised a torti.m balance, Is furnace 

and an indicating device. The tortion balance resembled 

the normal laboratory model, with the exception that it 

was of vary rugged construction. The balance Was construc-

ted from mild steel and consisted of a length of channel • 

18" x 7" x 3", this acting as a rigid base. On this base, 

• running along the centre, .a notched bar was welded; on 

this Was stretched a piano wire. The layout can best be 

seen by examination of the figure. The piano wire carried 

two cross members at its mid-point. 

One eraae member was upright and carried Et mirror, 

while the other, about 8" los, was horizontal and carried 

the sample. The sample WEIS suspended from the end of the 

horizontal member. 

Lny alteration in the mass of the sample produced a 

corresponding movement of the mirror, which was indicated 

by the movement of an optical beam. The linear deflection 

of the beam was calibreted in terms of grams, by means of 

known masses on the sample pan. 

The furnace was Ilaced in an upright position, the 

ends -ere lightly closed, with the exception of a smell 

hole in the upper blank, and the interior filled with 

carbon dioxide from "Dry Ice"; The conditions being simi-

lar to a retort with a lean air supijy. The furnace was 
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brought up to temperature, the sample place& in the pan, 

and moved into position, in such a way that it hung down 

the centre of the muffle. 

The deflection of the beam was noted over given time 

intervals. The experiment was repeated, using different 

sizes of sample and different temperatures. In all, eight 

runs were carried out, four at 400°C., and four at 450°C. 

The sample sizes were of definite measureilents and were 1 

cm., 2 mm., 3 cm., 4 cm, edge cubes in each run. The re-

sults obtained are shown in Tables 42 and 45 and graphs 8 

and 9. 
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Table 42. 

Rate of Evolution of Volatile Matter, 

Temperature 40°C. 

Results expressed es loss of weight 

Time 	Run I 	Run 2 	Run 3 	Run 4 

22 mins. 
23 
24 
26 
28 
29 
30 
32 
34 
35 
36 
38 
39 
40 
43 
45 
47 
48 
49 
50 
52 
53 
54 
67 
60 
63 
67 
68 
70 
71 
76 
84 
89 

3 4  
5 	3.5 
6.5 	. 3 
9 	 7 	 3 

4.5 	
4 	

4 13 	11 	6 
16 	12 	7 	5 
19 	13 	8 	5 
25 	19 	10 	

1
8 	. 

28 	21 	13 	1 
3 2 , 	24 	15 	10.5 
37 	26 	17 	12 
41 	31 	20 	15 
43 	33 	22 	17 
44 	34 	24 	19 
47 	39 	29 	23 
48 	41 	32 	26 
49 	45 	

3 

	

35 	29 
52 	47 	36 	30 
55 	49 	37 	1 
53 	50 	

43 	
37 

39• 32 
54 	52 	41 	34- 
55 	53 	 35 
56 	54 	44 
57 	54 	48 	40 
59 ' 	56 	51 	43 
59- 	57 	53 	46 
59,5 	el 	54 	49 
59,5 	57 	5 	

57 	
52.5 

	

66.5 	50 
59.5 	.57. 	Si 
59,6 	57.5 

	

57.5 	55 

	

59.5 	57 • 5 
58.5 

Run No. 

Run 1 
Run 2 
Run 3 
Run 4 

Sie of &lull. 

1 o.em, 
'8 o.em. 
27 0.0m. 
64.e.om. 



saq.nuTui KILT.;  
09 	09 

0  Fx- 

•0000t, 	eartuurecItcrej, 
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Table 43. 

Rate_of nvolution of Volatile Metter, 

Temperature 450°C. 

.Reeulte expressed as loss 'of weight %. 

Time Run 1 . Run 2  Run 3 . 	Run 4 

10 mins. 3 t . 
12 4 1 
13 5 1 
14 6 1 3 
15 9 5 1 4 
16 15 7 2. 4 
17 21 9 3 5 
18 26 13 4 • 7 
19 32.5 17 6 .  '8 
20 45 .  23 7 10 
21 51 24 '8' 13 
23 54 29 12. 15 
24 56 32 14 20 
25 57 37 16 22- 
26 58 38 18 24. 
27 59 40 20 26 
28 60 42 25 28 
29 '60 44 30. 30 
30 60 45 34 31 
31 61 47 36 32 	' 
32 61 50 37,5 34 
33 62 51 39 36 
34 62 52 42 37 
35 62 54 45 39 
36 62 55 47 40 
37 62 56 49 41 
38 63 57 '50 43 
40 63 58 '52 46 
41 63 58 .  53 46. 
42 63 58 54 47 
43 63 59 54 49 
45 63. 60 56 50 
47 63 60 57 52 
49 63 61 57 54 
51 63 61 58 56 
54 63 6g 58 58 
56 63 62 58 60 
58 63 62 58 61 
60 63 62 58 61 
63 63 63 58 63 
67 63 58.5 63 
69 63 63 

Run No. 

Run 2 
Run 3 

Size of Unit) 
--I—a7om, 

8 0.0m. 
27 ()sem. 

_ eorrt _ 
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Rate of pyrolysis 
Percent loss of Weight vs. 

Temperature = 450°C. 
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The main feature of these determinations is to Indic

how voriations in retorting temper:Aures , can affect the rote 

of oil formation. 
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HEAT BALANCE OF THE DECOMPOSITION REACTION. 

The Heat Balance of the pyrolysis of shale to produce 

oil (hereafter termed the Heat of Decomposition) is so 
fundamentally important that one would expect this subject 

to be fully covered in other investigations, but this is 

,not the case. Only meagre information of douttful value is 

available and no' published results deal with the decomposi-

tion Of-torbanits. The data on the reaction velocity men-

tioned earlier show that the reaction is endotherthie, but 

as the heat of activation is expressed in molar concentra-

tion it gives no information on p mass basis. 

Asa preliminary toe quantitative estimation of the . 

neat of'Depomposition an attempt was made to determine 

whether there was any definite thermal reaction over the 

whole retorting temperature. Hollings and Cobb (29) have 

shown that in the decomposition of coal, no consistent 

thermal reactiOn occurs but .during the decomposition the 

direction of the reaction varies from endothermal . to  exo-

thermal and beck again, over two cycles. In order to de-

termine whether such was the case with torbanite, a simi-

lar series of teats were carried out. 

The experiment consisted in slowly heating the tor-

banite in juxtaposition with a control sample and deter-

mining whether any temperature difference occurred between 

the two materials. The details were as follows;- 
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The heating medium was a tcular furnace, and in order 

to obtain even tempr,,ture conditions a 1" diameter iron 

tube was fixed in position coaxial with the furnace and 

the radial distance etween two wells was about one and a 

half inches. ris Yad the effect of :roducing El hot-air 

jacket around the inner metal tube, and by this means a very 

uniform temperi.ture Was obtained inslde the inner tube. 

The sample and control vbflre paiked in two short silica 

tub ,33 which, side Ly side, just fitted into the metal tut.e. 

The temperature difference between Ves samples was measured 

differential bavmetal thermocou - )le terminating inside 

the samples. In addition, another ttermocole was placed 

between the tubes to measure the actual temperature. rne 

actual temperature was measured by a direct reading milli-

voltmeter and the differential temperature was measured by 

sensitive Leeds and Northrup null-point bridge potentio-

meter. The layout of the tubes is shown in a diagrammatic 

fom below. 

-  
Absolute 	

- 

.")  
Differential 

ermocouple 	
73 	- 7  Thermocouple Leads _ 

-ads 	
- 

	  Iron  Tube 

Furnace dell 
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In order to check the effectiveness of thl experimen-

tal arrungement, a preliminary run was curried out with 

ignited Fullers eurth in both silica tubes, and within the 

limits -Ai' the instrument, no temper,Aure differencls were 

noticed -n the potentiometer. 

In the actual determination, one tube was packed with 

powdered torbanite and the other with ignited Fullers earth. 

The temper-ture of the fursome was raised at the rate of 

about 150°C. per hour, and the read1ng ,3 expressed in the 

form of la graph, where actual temperature is expressed 6s 

the ordinate and the thermal directin of the reaction ex-

pressed as the abscissa. As no quantitative expression may 

be derived from thisexperiment, the tempera ure difference 

data are expressed in terms of the galvanometer deflections 

onlY. 

The following table 

(in scale units not mm.) 

in the other column. 

Temperature 

gives the galvanometer deflections 

obtained at the temperatures shown 

Table 44. 
. ------Ualvanometer Deflection 

from zero. 
27C. 0 

;73 

300 -8 
350 *3 
360 -2 
380 +12 
390 +11 
400 +15 
420 +6 
430 ±0 
440 + 
450 + 
460. +4 
470 -6 
400 -20 
525 +1. 
540 +12 
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From graph No, 10, it is seen that the reaction is by 

no means regular, and distinct endothermic and exothermic 

reactions occur. 

The change in direct on at about 300°C. is probi,bly 

connected with sore molecular rearrancomont of the kerogen 

molecule before oil formation commence. The most impor-

tant point, hownter, is the abrupt change in direetion et 

400°C., o point where oil formation occurs et appreciable 

rates. A3 these oxperiments were carried out in the pre-

sence of air, it is . ossible that up to 400°C. oxidation 

gives rise to the exothermic reaction, but as the oil va-

pours progressively exclude the air, this oxidc.tion is 

..i.Arrested. 

• The thermal discontinuity of the reaction during oil 

formation from shale has received the attention of a few 

• workers, and it is inter sting to note that most shales 

show a revereal.at . about the same temperature. 

• The reSultb of . the present inVostioation, those .of 

ireKee . and Goodwin (40,) and those of Luta (38) are shown: 

together in . ,, ,zaph 11 on the following page 

Having shown that, in the presence of air, the continu- 

• ity of the thermal decomposition of torban te.is by no 

means regular.. the next step in theinvlstigation ie : to 

Ltiempt:to Measure the amount of heat involved during the 

transformation l in the absence of free air. 

• Cane (10a) has shown that in the Gray-King assay, the 
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• overall heat b6lance . is very small. The accuracy of the 

calculation is questionable, on account of the very mny 

sources of error 3;re4ent. In the G .cay-Kine assay the re-

tort tube.is initially filled with air and es.it has been 

:shown that in the decomposition of kerogen rantt oxida-

tion occurs An the initiul stapes, this exothermic reac-

tion would tend io produce very low results for the.ver-

all endothermic heat-balance, 
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Heat Balance of Puolysis of Torbanite •  

The amount of heat required for the pyrolysis of 

•kvrosen has been a controversial sqbject for war twenty 

years and o es yet, no really satisfactory figure has been 

presented. As far as is known, only threo relorts of 

this determination have appeared in print, and none of 

these has been a:thormyt analysis. The first record is • 

that of McKee and I4yder (42) 4  presented in 1921. These 

investigators decom'posed shale iv:means of the heat deve-

loted:by azx electric ,cUrrent.' The aptaratus consisted 

of a calorimeter in Which was immersed a small, lagged 

' .brass cylinder containing the. shale. The amount of added 

electrical enerd was detgrminedjv measurement -of the 

Voltage and the :current, aid. the excess heat by absOrp.:. 

tion in water. :  It is unfortunate that these investiga-

tors give no. indication of the extent of. the decomposi-

tion, nor the amount of - .charge•in the 'retort'. The 

source of c-krrent Was a battery of Forlison 

. of which was .measured by a voltmeter. Although the volt 

meter was capable of reading to 00,01 of .a volt, the pub-

lished results show sudden changes greater than 0O times 

this value, in less than half a minute. This fluctkzution, 

when considered. with the fact that the current is practi-

cally constant, .indicates some serious sadden increase 

in the electrical resistance of the eircait, the actual 
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change in r:'.sistance being over 18,4 Thus it seems ques-

tionable whether their stated accuracy of 0.13 per cent is 

strictly correct. 

Another important point whick has not been mede clear 

In their paper s  is where the 	VV3 meawlred; the com- 

paratively lerge currents they used would cause an appreci-

able voltge droc along the leads and, to quote the quthors, 

"The method was subject to several errors which could not 

be. eliminated". 

However, it m-L.st be said. that theirs Was the first 

method which indicated quantitatively any figure for the 

heat necessary for thedecomposition, although it appears 

that they measured the heat necessary for only u certain 

degree of pyrolysis. . The authors point out that the value 

published by then is only a:Tlicable for "the first stage 

of decomposition, from 1:erogen to shalc? oil". This value 

vuried from 298 cals4grm. of product for Colorado Shale, 

to 484 cals./grm. of product for Canadian shale. 

• 

	

	 The second investigators approached this problem from 

b different aspect. In 1924, Paler and. gimmerly (44) 

showed that the velocity constant of the decomposition of 

kerogen to the primary heavy oil followed a mnamolecular 

reaction, and from this, with the at of the Arrhenius 

eglit.tion, they showed that the primary decomposition to 

bitumen was endothermic, und 41,500 cals./grm. mol. was - 

the heat necessary for the transformation. Actually, it 
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is impossible to so limit the decomposltion that any one 

stage is produced to the exclusion of any . cther. 

No confirming evidence was 01 4-ained to support Lyderts 

statement that it Is possitle 41) prodrce bitumen withot 

t e simultaneoue production of oil. However, •t.is possible 

to produce titumml without producing appreciable amounts of 

light rc,terial. The bitumen always centains some heavy oil; 

only, when the bitumen becomes sufficiently dilJted with its 

con products of decompoeition, does the oil phase predomi-

nate. 

Therefore, the figure of 41,50 cals./grm. mol., ob-

Aained by :Mier und•Zimerley,.47eprosents an average Value' 

taken over the decomposition and its prodlJets. 

. The important contributions of this paper w.,,re that It 

'showed;- 

(I) thestontinuity and finalitj of thdecomposition. 

'(iA) that the decomposition obeyed definite chemical 

laws. 

• 	 (111).the Pyrolysis did not commence at 6 definite tem- 

perature as asserted by VoKee end Lyder, but 	. 

only became measurable 6t these elevated tempera-

tures. 

(iv) the effect of air must be taken into consideration 

when arriving at s figure for the tjpe and rate 

of decomposition (cp. remarks on pace 171 and. 

tables 31 and 32). 
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Wier and Zimmerleyls paper is .importunt inasmuch bs 

the points .enumerated above gilt, some definite information. 

:However, 88 the approach to the determintion of the "Heat 

of RetitAiin"" is an indirect one, and no eorreCtion has been 

made for secondary reactions . , the figu2e arrdvod at cannot 

be'regarded us accurate. 

The third contribution cam. from Estonia, in 1928, 

in an article by Puksov, but uhfortunatIly it is not avail-

able in the common '3uroPean"languaees. i'uksov's researches 

are alluded, to by Kogerman (=)ea, ho (Zo2;3rrun) . quotes .  

:•a value. of 38e0 ouls. per Kg. of oil .produced. 

• In addition to the work-of. Puksov, other workers, 

practically exclUsively.Russian and 'AstoniaA, have dentri-

buted.short eapers onthis subject. .tnfortunLtely'all 

these - have been published in their native language encl o se 

fur, are not available in this country. 

This it can be seon that the availLble information on 

• this pertinent subject is particularly meagre and further-

mere, those results which have been published ire of ques-

tionable accuracy, 

In view of the above facts and the necessity for having 

reliable information on this topic, an attempt to determine 

this value is,described herein. 

Auaratus,* 

The design of 	arats suitable for this investi t;ation 

was of primary, importance and upon it depended the,succeos 
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or failure of the determinations 

The points to ekept in mini during the designing 

were; 

(i) The retort proper must be highly conductive on 
• 	 the outside shell, but well insulted on the in 

 surface of the interior. 

(ii) The water equivalent of retort, heat absorbing 

system and calorimeter must be kept at a minimum, 

(iii) The retort must be fairly substantial and capable 

of withstanding a maximum internal temperature of 

600°C. 

.(iv)The peat losses of the calorimeter must be very 

small and accurately knoWn. 

The final aoarstus consisted of 6 silver decomposi-

tion vessel, hoated by an 6.e. electric current and bus-

penpd in a. Dewar flask, the flask telne:kept under adia, 

batio oonditions 1.y means df a diffelential.thermoregula-

tor.- The apparatus 'was an improved eutimatic form of the 

Parr Adiabatic Calorimeter. . 

The Decomposition VesseLiflat 	Plate.III1 

The decomposition *sum' was made by Esdaile and Sons, 

Sydney, to a special design. The apreretus was of silver 

And the int riorsurfaces were chromium plated to resist 

sulphl;r corrosion, . 

The vessel lould be divided into three .portiOns; 

(i) An upper portion which was a water eendenser, A, 



Figure No 7. 
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whose outlet was at the top (a). The effluent water 

from the condenser collected in the circular trough (B). 

When the water reached a certain level the overflow 

siphoned over through a glass tube (not shown) and 

sprayed over the ail collecting pot (C); by this 

roans the top and bottom portions were kept cool. 
The cooled eus from the decomposition passed through 

the central tube (b), through a metering :tevice, thence 

to waste. The top portion was vapportld by three 

struts and thescentral'gas offtake. 

(ii)The midile portion (D). This section was made in 

two parts, joining in 6 gus-tight fit et.(d). The 

lower portion wus removable and by this means the 

vessel was filled with the powdered shale charge. 

This portion Was lagged on the inside and top .walls 

with several layers of tabpstos paper, leaving a 

cylindrical space about 27 mm. die:met:1r, and 43 mm. 

high. This inner chaMber . eontained a heating ele-

ment of seven tarns Of 22 B. and S. gauge nichrome 

wire s . mound so that five turns occupied.a linear . 

space of 2 ems. The upper end of the heating coil 

waslearthedl to the 7essel and the lowrne end was 

held by light silv3r rod, taken thnough an insu-

lated silver binding post to the exterior at (e) 

the top, A sliding-fit di3c at (f) and a sliding-

fit circular disc had the function of retaining the 

torbanite charge in position when the vessel W48 
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upright. The oil produced during the pyrolysis ran 

down between the discs and finally collected in the 

oil-collecting pot (C). This pot screwed on to the 

base of the middle portion at (8). 

The water equivalent of the whole apparatus may be 

calculated as follows;- 

Table 45. 

Water Equivalent of AmEEIRs. 

Water equi- 
valent. 

Wt. of silver and shield, grms. = 1969.• 

Specific heat of Silver 	= 0.056 	= 	11.0 

Wt. of Heating Element 	= 2.6 rms. 
Specific Heat of Nichrome rms. = 0,104 	. 	0.3 

Wt. of Laggin4;. 	27,o grms. 
Specific Heat of Lageing 	= 0.2 	= 	5.5 

Wt. of Siphon Tube 	= 	2,01 grms. 
Seeeifie Hatt of Glass 	= 0.121 	= 	C.2 

Water ),Iq ivalent of Decompooition Vessel 	17.0 cal. 

Water 11q1,1valent of Stirrer and Thermometer. 	2.4 eels. 

Total 	19 	eels, 
••■ .11001•M■• .00 1••■•■• ■••••••■ 

Calorimeter. 

The oelorimeter 'vessel was an efficient Dewar flask 

whose dimensions.were as folloWs;- 

• Internal Diameter 	= 9.7 ono, 
Heieht 	=17,4 ems. 

* Thickness of Inside Wall 	7. 0,2 ems. 

In ti class vessel partially filled with liquid it 

•I/ 	
will be 7auzid that there is a variation in water equivalent 

* This dimension was meas,...reft some mone . s later when the 

vessel was.aceidently broken. 
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(depending on the liquid level innide the container) caused 

by the low conductivity of the glass. However, with con-

stant level of liquid inside the flask, the water, equiva-

lent is relatively constant. 

The calculated value of the water equivalent for the 

hemispherical bottom is 9,3 calories, to which is added 

an additional 1.9 cals. pr  cm, ihorease in liquid level 

in the oylinlrical portion. With a liquid content of 501 

ml" .  this gave a total water-equivalent of 16.5 cals. for 

the vessel, the "retort" being in place', and a further 2.5 

calories increase per 100 ml, of cooling water in exessa 

of 500 nil. AsSumin: .  that 60 grms. of condenser water 

were used for a run, and that seven grars of shale were 

used, the fo1lowiti.7 . addition shows the water equivalent' of 

the whole apparatus; 

Retort, stirrer, etc. 	19.4 cals. 
Vsssel (600 ml. water) 

	= 19.0 " 
Shale Charge' 
	= 	2,1 ff 

Water at 23°C. 	= 498.8 ." 

639.3 mils. 

Total water equivalent (for 
600 ml. H20) 	= 639 cals. 

Water equivalent of apparatus 
(less water) = 40 cals. 

In order to provide a check on the caloulated magni-

tude an experimental value was determined. 

The standard method of mixtures was used, and the re-

sults sttained aro shown below; 
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&ter Esuivalent of Calorirr.eter. 

Weight of Water in Calorimeter = 300 grms. 
Initial Temp. 	= 23.54 

Correction = -0.02 23.52°C. 

Final TemperLture 36.44 
• Correction +0.01 35,45°C. 

Weight of added water. = 312 arms. 

Temp. of added water 50.31 
Correction (inc. 
• .cooling) 	0,21 	 50.52°C. 

Water Equivalent (for 60' ml. H 20 level)=39 cals. 

It is now necessary to indicate how the tedious task 

of applying corrections for radiation and other losses was 

obviated. 

• The initial idea originated from an examination of 

the Parr Adiabatic) Calorimeter. The usual calorimeter 

consists of a central vessel, and aseries of inaulating me-

dia around it. With all calorimeters of this type a radia- 
• 

tion correction is necessary and the.application of this 

corre'tion is rather complicated. It mak however, be 

overcome by one of two methods; 

(i) Complete thermal insulation of the oalorimeter 

by suitable lagging. This is practically impos-

sible, and at best. it only redsices the heat 

losses to mush a degree that they may be esti-

mated with a reasonable degree of.accuracy or 

neglected. . 

(ii) Maintaininc: the ambient temperature of the 
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calorimeter equal to the internal temperature dur-

ing the whole of the test. 

It will Le appreciated that the second method has . 

many advantages to recommend it and it was adopted in the 

present inveotiction. 

The general plan of the apparatus is shown in figure 8. 

The thermos flask has been fully described under the 

heading of ”calorimeter". This was supported in a polished 

copper jacket, by means of shaped corks (e) '?ixed to the 

sides. In the jacket was the heating element (A), the 

meehanioal stirrer (B) and the thermoregulator helb (D), 

The thermoregulator was designed expressly for this work 

and will be desoribed in detail. 

Two vapour capsules were employed, dne in the surround-

ing liquid in the jacket, and the other in the atmosphere 

above the liquid inside the calorimeter. The two leads 

from these capsules terminated in two horizontally-opposed 

sensitive metal bellows (taken from a Vicromax recorder). 

These two bellows were eonneoted in opposition by a metal 

. link, so that when there was equal pressure in both cap-

sules the link rested in zero position, but when the pres-- 

cures were unequal, the link moved from zero position and . 

actuated a moving arm, which closed. an  electrical circuit.' 

In later experiments the bellows were replaced by a diffe-

rential manometer with contacts (see fig. 8). The circuit 

contained a sensitive relay (hot wire type with mercury 
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switch) whose output worked the heater (A) in the bath. At 

one stage, 	two-waj circuit Was contemplated, including a 

reversing motor und valves carrying hot and cold water, so 

that cooling, as well as heating, could be effected, but 

provided sufficient care was taken with the cooling water 

to the condenser, this was found unnecessary. No provision 

Was muds for cooling the water in the 128Iha  tutowtmg. to . the 

slight time lag in the internal capsule, the tarperature 

Inside, the calorimeter waS always slightly hotter than that 

of the water in the bath, Actually there was nearly always 

• a•constant difforenee of 0.6°C. between the-inner and outer 

•liquids. This represents a maximum figure, as the tempera-

ture of the atmeephere it the inner top of the vacuum flask 

was slightly less than the contained water. 

' Therefore, &examine a constant temperature difference 

of 0.60 C.'botween.the.insi4e of the ot,lorimeter and the 

ambient liquid., it was necessary to ascertain what losses 

were incurred by omitting to apply corrections for this 

temperature difference. 

The rote of coolinG was determined, then by applica-

tion of liewtones law of cooling, an estimation of the re-

quired figure was obtained; 
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cosupg_alle of Thwar Flask, 

Time 
mins. 

Interior 	Ambient 
Temp. 0 0. 	Temp. 

*No 

Temperature 
Difference. 

Ki  X 10
3 

(sae eq-Ation 
following) •••■•••■••••••■■■••••••••••■■••••■••• 

0 87.6 190 67.9 
10 86.4 20.1 66.3 2.38 
20 85.0 20,0 65,0 2.18 
30 83,7 19.9 63.8 2,07 
60 80.9 20.0 6 0.9 1.81 
79 76.8 19.7 57,1 2.19 
09 74.8 19.9 54.9 2.14 
121 72.6 19.8 52,8 2.08 
165 67.5 20.0 47.5 2.16 

63.0 20.1 32.9 1.91 

Mean Value K1 = 0.0021 

Mean Value K = 0.0021 cals./°p./min./calorie water equivalent. 

Maximum.Loss from data 	= .8 Nilerie per minute, 

Working loss 	= .6 cals per minute. 

It will be notioed that K is expressed ler unit water 

equivalent, this being derived from the Newton femmula; 

. K(91 - 02 ) 
dt 

where K = cooling constant (Newton) 

01 = temperature at any tine t 

02 = ambient temperature (atmospheric) 

= temperature at t = 0 

Then, Wde = -K (el - 02) Let 	- 
W 

ty integration, logo 124_:_221 
• ( 00 - U 2 ) 

= t.loge  (0 1  - 02 ) 

T-67-7  7) 
-K1 
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Therefore, assuming a constant te!:per= ture difference, the 

loss may be expesned as 0.6t wtere, 

t = time in minutes for retorting procedure. 

The Cooling Water FOR TE7 Condenser was fed from a constant 

level device, from a graduated container, a greduated screw 

clip on the tubing enabling the flow to be accurately con-

trolled, or set to a predeterminedxate. During the deter-

minatio'Es t -the flow was adjusted. *so that a slow tererature 

rise Wd9 maintained in the calorimeter. 

The teMperkAures were taken by.mercury-in-glass 0 - 

50'C. thermometers placed in three positions to measure; 

(i) the condenser cooling-,water temperature. 

(1i) the temperature of the water in the calori- 

meter. 

(iii) the temperature of the jacket water. 

These thermometers were standardised against a P.P.L. 

.standard,.and the corrections to te applied are given in 

table 40, 
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Table 45. 

Thermometer Corrections, 

Reading °C. 

Thermometer Desicnation. 

N ad. L. NOW,11•111.1.111•11■■■■••••1101■0011...m....111•111411.110.■■■■■■••••■•Neeng. 
1 	2 

aosAMM. 

10 -0.01 -0.03 +0.09 -0.005 
15 -0.02 -0.03 +0.06 -0.020 
20 -0.02 -0.01 +0.04 -0.035 
25 -0.02 +0.02 +0.02 i0.000 
30 -0.03 +0.03 *0.00 -0.035 
35 -0.01 +0.02 -0.02 +0.015 
40 +0.08 +0.04 - 0.01 -0.010 
4o +0.14 -0.01 +0.00 . +0,145 
50 +0,12  :0,02 -0.195 
55 +0.13 -0.04 -0.01 

The Electrical Circuit and Heating Moment. 

Ow) of the main problems.. t this 4nvestigation was to 

provide a suitable source of current to generate the heat. 

Naturally the first question to be decided Was whether a.c. 

or d.c. was to be Wiled. Although some advantages of d.es 

were obvious, for instance steedj current over reasonable 

time intervals, and ease of accurate metering, there are 

some disadvantages In attempting to measure the quantity 

of heat when using direct current, After weighin“ both 

sides of the question, it was decided to us alternating 

current taken from a stepdown transformer. In order to 

measure the quantity of electrietty used in a determina-

tion, an accurate watthour meter was employed. The cir-

oit used is shown in the figure herewith. 
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Nxamining this circuit it will be seen that the volt-

bee coil of the meter is connected across the high tension . 

robins, and the elltrent coil is connected in the low tension 

circuit, so'thet the meter . (M) reeds a meny times larger 

quantity than actually used. A factor (K0 ) was determined 

so that the meterf.reading divided by K o  gave the quantity 

of electricity used by the retort (R). 

The Transformer ( .11 was a 200 watt radio transmitter trans-. 

former with heavy-duty low-tension windings. 

The Wattheur meter (M) was a specially corrected type made 

by Emmce Meter Company of Sydney,. No, 01C2470, and deli-

breted to an accuraoy of 0.1$.. The oelitration figures 

for . diffe'ent . loediugs and cycles are shown in.the.table 46. 

Table 46. 

Calibration of Watthour Meter (Power Factor 0.8) 

Current. 
Amperes 

Rate 
=' fast 

+0•4%) 

Frequency 
cxcles 

.48 

Rate 
+ = rust, 

.5. 
1 t0.09F; 49 -0.1296 
5 • 50. 0.000 

10 +0.2gt 51 +0,129t 
20 +0,5% 52 	. +0.25%) 

mroM110.W•wr o 	....ea 	W... 

• The Resistance(R1) was the retort wiring. 

The Ammeter (A) was .a commercial .panel-mounted meter reading 

Q - 20 amps. This was kept in the circuit to indicate any 

sudden changes of. current (short circuits etc.), and in 

this way w!ted us a safety 'device. The potential diffe-

rence across the ammeter Was considered negligible.. 
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Calculation of Redu2jn5 Factor 

This factor is perhaps the most important figure in 

the whole investigation, as on it depends the accuracy of 

all the succeeding determinations. In addition, by main-

taining all conditions in the determination of this value 

as identical as possible to the actual retorting runs, it 

is possible to minimise any errors caused by meters, resis-

tances and radiation. 

In the table following, all figures have been correc-

ted, using data from the previous two tables (Nos. 45 and .  

46) The first three runs represent conditions under which 

the current was switched off at a predetermined reading on 

the watthour meter, while the other three runs are taken 

at random. No corrections have been made for heat losses, 

as they amount to less than the required accuracy. 

The calibration consisted of heating the deomposition 

vessel (filled with dried retort residue) for a given pe-

riod, measuring the change in heat content of the system 

and the apparent electrical input, and determining the 

'natl .() of the two measurements. 
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Table 47 

The Reducim Factor _K 

, Run 6 Run 8 Run 9 Rmn 4 Run 2 Run 5 

Initial Tempera- 
ture, °C. 31.83 30.96 31,24 01.66 32.95 31.82 

Correction, +0,03 +0,03 iO40 -0.01 *0.01 -0.01 
Corrected Initial 

Tamp., °C. 01,86 :30.99 31.24 31.65 32.94 31,81 
Final Temperature 

'QC, 41.21 40.27 40.58 41.92 44,93 48.42 
Corroction +0.03 +0.03 -0.01 -0.01 *0.00 -0.01 

Corkeeted Final 
Temp., .°C. 	' 41,24 40.30 40,7 41.91 44..93 48.42 

Reading of iktthour 
Meter: Initial . 30469 30914 31317 29366 26807 29807 

Final 	. 30872 31317 31720 29807 27327 30469 
Correction ;4 +0,1 +0.1 +0.1 +0.1 +0,1 +0.0 

Corrected Watt .  Hours 403 403 • 403 441 	520 662 
Apparent Input cals. 346,580 346,580,146,580 92F,C 4412e0 569320 
Water Equivalent v . 	• 

1103 
9.31 

10,269 

• 33.75 

. 	Cals. 	. 
Actual Temp.Rise °C.:.  
Actual Heat Input, 

cals. 
'Fa''tor KO  = Apparent 

1097 
9.08 

10,290 
1  
03.68 ActiT2I- 

1099 1097 2102 all 
9,33 10.26 11.99 16.61 

10 1,2,54 11,2 13,219 16,791 

43,79 33.70 33.83 33.90 

Mean Value = 30,78 
4014■11.1110 

 

Metworof...10111.1.1...■ 	 pl• 

 

  

Accuracz of Determination of K. 

The "Reducing Factor" may be written as an algebrt;ie ex-

pression containing the three directly observable variables, 

Ko  = 860 W 
BO 	where W = watt hours. 

E = water equivalent. 
0 = temperuture rise, 

for Run 4 860 x 441(1 * 0.0011) 
INV x 06117T1 * 0.0b3l 

33.70 + .12 

Taking Run 4, the value of Ko  may then be expressed 
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as 33.70 t 0.12, and taking an average over the rams the 

mean value may be expressed as 33.78 t .05, using the 

"root mean square of the mean" expression. 

Torbanite Chem. 

Selected sam i les of torbunite were ground to pass.  a 

3 mm mesh screen. These samples were "quartered and coned", 

.bulked, dried in an air oven, end placed in a large air-

ticht glass jar, for immediate use: This bulk sample eon-

3tituted the standard charge for the retort. In order to 

obtain en idea of the ultimate oil yield which night be ex-

pected, EA Gray-King assay WAS performed on the sample, in 

addition to a proximate analysis. These results are shown 

below; 

Table 48 *  

Graz:Kind_Ass8y_(111. 

Wt. of Shale'Charde 	17.16 	grms. 	100 
Wt. of Liquid Product 

	11.04, 	arms. 	64.0 
Wt. of Shale Residue 	5.38 	grms. 	31.40 
Wt. of Gas and Loss 	. 	0.7C 

	4.20 

Proximate Analysis. 

MoistAre 	0.030 
Volatile Matter = 74.020 
Ash 	 = 14.430 
Fixed Carbon 	= 11.520 

Euerimental Procedure. 

The different st.r.g3s in the determination have been 

numbered below in chronological order;- 

(1) Place dry retort (with asbestos lining, weight 
. in place) in air oven and weigh (W1) 

(a) also weigh oil pot separately (W2) 
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(2) fill decomposition chamber with charge, replace 
oil pot and reLh (w3 ). 

(3) Place retort in position in cork, make water and 
electrical connections (Let IC = water equi-
valent of calorimeter with retort in posi-
tion). adjust cooling water supply. 

(4) Pill external jacket and plats, all three thermo-
meters in position, 

(5) Allot.; apparatus to come to thermal •vilibrium 
(overnight if possible). 

Read and record; 
(a) co,A.ing rater.temperature (e1) 
(b) calorimeter temperature I' 

(c) jacket temperature (0 3 ) 

(d) watthour meter (02) 

Switch on Circuit and open cooling water valve, 
. adjust water so that there is a steady rise 

in temperature of calorimeter, rate/ling' 
action of thermostat all the time, 

(7) When suffibient time has elapsed .to • ocamese tor-
banite4'sritch off current. 

(6) Read anl record; 
(a) coAing rater temperature WO 

(b)Maximum.calorimeter teeperature (0k) 

• (41) jacket temperature (0!3 ) 

(d) ratthour meter. (es ) 

(9) disconnect_rater and electrical connections. 

(10) open up calorimeter, remove retort, making sure 
• that no cooling rater is spilt, and deter- 

mine weight of cooline water used (W) 

(11)place retort in air-oven to remove last traccs 
of moisture, 

(12) weigh retort (w4) 

2) 
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Table 50. 
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Run No. 4 6 7 

Heat absorbed by Deoom- 
position (Hi - 112) 3,479 1,676 3,074 2,074 	2,703 

Wt. of Shale Charged, 
grms. 5.569 3.878 5.767 4.076 	6.132 

Wt. of Shale decomposed 
grins. 	((talc.) 4.995 3.102 5.538 3.424 	4.906 

Wt. of Oil + gas, grins. 3.369 2.137 3.794 2.368 	3.393 

Heat of Decomposition of 

696 

'1035 

540 

, 	784 

555 

810 

606 	551 

869 	797 

-torbaRTIK- 
per grardiTEE5Beed 
per el-um of Oil + gas 

produced. 

Run Ho. 

Heat absorbed by Decom. 
position (H1 	- 3,987 2,867 2,408 3,176 	4,724 

Wt. of Shale Charged, 
grins. 6.026 5.467 4.807 5.008 	6.261 

Wt. of Shale decomposed 
grmse 	(calo.) 5.604 4.319 4.326 4.457 	5.823 

Wt. of Oil + Gas, grins. 3.859 2.952 2.904 3,039 . 3.991 

Heat of Dee 	ion of 
Torbunite. . 

per gram7—liEBETBsed 
per gram of Oil + Gag 

• 	produced. 

696 

1033 

664 

971 

557 

829 

713 

1047 

811 

1184 



Run No. 

(5)Weight of Apparatus 
Weight of Lagcing 
Weight of Retort 
Weight of Retort + Charge 
WelEht of Charge . 	(w3 

3 

197.010 
27.740 

224.750 
230.319 

5.569 

23.691 
25.344 
1.653 

32.771 
-31,439 -  

1.332 
2.985 

230.319 
229.935 

6.384 

1.478 

(4)D1tto + Residue 
Weight of Residue 

(m i 	13 ) = (m 3 )= 
(m3 - ( 01+ P)= 

29.218 
31.439 
2.221 

WEIGHT BALANCE (Shale Charge = 1000) 
Weight percent of Oil 	= 	53.7 
Weight percent of Gas 	6.9 
Weight percent of Residue 	= 	40.0 
Sum of Products 	. 	= 	100.6 
Retorting Efficiency 0 	88 

Weight of Oil Pot 	(w2 )= 
Ditto + Oil 	(w5)= 
Weight of Oil 	(we - ,w2)' 
Weight before Extraction tm2)= 
Ditto after Extraction  
Weight of Oil (extracted) 

(m2 - ma)= 
Total weight of Oil 

Weight of Retort + Charge (w3)= 
Ditto after Run 	(w4)= 
Weight of Gas 	(w3 	w4)= 

Weight of Thimble 	(ml)= 
Weight of Thimble + Lagging 

4 6 7 

203.516 198.456 199.581 
' 	27.416 25.243 27.601 
230.932 223.699 227.182 
234.810 229.466 231.258 

3.878 5.767 4.076 

23.609. , 23.704 24.003 
24.521 25.465 • 24.588 
0.912 1.761 0.585 

• 31.684 30.189 32.664 
30.765 28.542 31.235 

0.919 1.647 ' 1.419 
1.831 3.408 2.004 

234.810 229.466 231.258 
234,504 229.080• 230.874 
. 0.306 0.386 0.384 

1.613 1.417 1.888 

29.029 26.560 29.489 
30.765 28.542 31.235 
1.736 1.982 .1.746 

47.3 59.1 49.2 
7.9 

44.8 
6.7 

34.3 
.9.4 
42.8 

100.0 
80 ' 

100.1 
96' 

101.4 
84 

11 

193.629 
24.8E15 

218.514 
224.540 

6.026 

23.757 
25.388 
1.631 

29.887 
28,313 

1.574 
3.205 

224.340 
223.686 

0,654 

. 	1.253 

26.138 
28.313 
2.175 

533 
10.8 
36.1 
100.2 

93 

12 

199.045 
24.685 

224.030 
229.497 
' 5.467 

23.835 
24.707 
0.872. 

30.176 
28.539 

1.637 
2.509 

229.497. 
229.054 

0.443 

1.339 

26.024 
28.539 
2,515 

45.9' 
841 

46.0 
100.0 • 

79 

13 

'194.909. 
26.628 

221.537 
226.344' 
4.807 

23.671' 
. 25.055 
1.384 

31.046 
29.863 

1.183 
2.567 

226.344 
226.007 
' 	0.337 

1.404 

28.032' 
29.863 	• 
•1.831 	• 

•53.4' 
7.0 

38.1 
..98.5 
90 	• 

15 

203.336 
25.242 

228.578 
233.586 
5.008 

23.786 
.24.767 
0.981 

29.777 
28.235 

1.542 
2.523 

233.586 
233.070 
'0.516 

1.023 

,26.265 
28,235 
1.970 

50.4 
10.3 
39.3 

100.0 
89 

16 

199.012 
17.501 

216.513 
222,T74. 

6.261 

23.711 
25.500 
1.789 

22.986 
21.257 

1.729 
3.518 

222:874 
222.401 

0.473 

1.493 ,  

18,994 
21.257 
2.263 

56.2 
7.5: 

36.2 
.99.9. 
93 

8 

199.565 
24.734 

224.299 
230.431 
6.132 

23,692 
25.164 
1.472 

30.546 
29.042 

1.504 
2.976 

230.431 
230.014 

0.417 

1.538 

26.272 
29.042 
2.770 

48.5 
6.8 

45.2 
100.5 

80 

Notes: (1) Water Equivalent of Calorimeter (Dewar flask, retort 
etc.) will vary slightly with the shale charge, 
liquid level in flask, and accessories. 

(4) Weight of Internal Lagging plus Residue plus partially 
decomposed shale charge. 

(2)Temperature of inlet water to top of condenser. 	3) Temperature of cooling water in flask at end of run = 
temperature of retort at end of run.. 

(5)Weight of Decomposition Chamber varies slightly due to changes 
in heating element, shield etc. 



Run No. 

CALORIMETER WiTER. 

3 

721 

4 

681 Weight used, grins. 	(W) 
(2)Cooling Water Temperature; 

Start O. 	(91) 29.00 23.52 
Finish °C'. 	(0i) 28.86 23.28 

Average Initial Temperature °C.. 28.93 23.40 
Correction °C. +0.03 +0.01 

True Average Initial Temperature °C. 28.96 23.41 
Final Temperature °C. (Oa) 41.72 41.43 

Correction +0.11 +0.10 
(3)True Final Temperature °C. 41.83 41.53 

Corrected Temperature Rise 12.87 18.12 
Increase in Heat  Content,. cals. 9251 12303 

CLIJORIMETER. 

(1)Water Equivalent, cal's. 	(E) 43.5 42.0 
Initial Temperature ° C. 	(e2) 28.67 24,62 

. 	Correction -0.02 
True Initial Temperature °C. 28.64 24.60 

(3)True Final Temperature °C• 
Corrected Temperature Rise, °C. 

41.83 
13.19 

41.53 
16.93 

'Increase in Heat Content 534 711 

Total Increase in Heat  Content 
9785 13014 iH21-UiIi7 .  13074 11061 : 15f.:89 

'962 770 	759 

6 

631 602 

8 

0.8 

8413 13885 

10605 11305 12249' 

- 813 . 802 901 

11418 - 12107 13150 

12 	 13 

498 

15 

514 

16 

451 

23.42 25.81 24.91 
23.00 26.13 24.49 

23.21 25497.- 24.70 
4.0.01 +0.02 +0.02 
23.22 25.99 24.72' 
44.45 47.93' 51.84 
+0.13 +0.12 +0.12 
44.58 48.05 51.96 
21.36 22.06 27.24 

37.6 37,7 . 	35.1 
22.97 26.79 26.31. 

,0.02 -0.02 
22.95 .26.77 •26.29 
44.58 48,05 51.96 
21.63 21.28 25.67 

' 

26.46 
26.50 

89:53 
2941 

29.35 
2 9.55 

26.48 29.47 29.40 
+0.02 +0.03 +0.03 
26.50 29.50 29.47 - 
49.79 49.88 46.05 
+0.12 +0.12 +0,14 
49.91 50.00 46.19 
23.41 20.50 '16.72 

14727 12304 10302- 	' 

40.8 40.1 40.5 
26.35 30.87 27.48 
.0.02 -0.03 -0.03 
26.33 30.85 27.45 
49,91 50.00 46.19 
23.58 19.15 18.74 

11 

396 602 

23.28 24.78 
23.71 24.88 

23.50 24,83 
.+0.01 +0.02 
23.51 . 24.85 
42.94 46.38 
+0.13 +0.14 
43.07 46.52 
19.56 	. 21.67 

7723 	13006 

35.0 39.9 
23.37 25.26 
.4402 ,0.02 
23.35 25.24 
43.07 46.52 
19.72 21.28 

. 

•690 	849 

ADIABATIC JACKET 

Initial Temperature (cp. 0 
Final Temperature (cp. Oa) 

WATT-HOUR METER. 

. 	28.39 
41.10 

32,612 
33,133 

521 

13,264 

3,479 

24.27 
41.79 

33,133 
33,730 
• 577 

14,690 

1,676 

Initial Reading (el) 
Final Reading (e 2 ) 
Watthaurd used 

Total Heat Added (Hi ) cals. 

Heat absorbed by Torbanite 
Charge (H1  - H2 ) 

30.41 
50.02 

27.1 
47.00 

_23.81 
43.28 

. 	24.88 
46.50 

22.81 
44:81 

26.16 
48.03 

26.40 
51.54 

34,948 
35,543 

32,065' 
32,612 

36,604 
36,091 

36,181 
36,839 

38,081 
38,508 

38,559 
39,031 

39,043 
39,595 

595 547 487 658' .427 472 552 

15,148 • 13,764 .  12,400 16,752 	' 13,826 15,283 17,874 

2,074 2,703 3987  2,867 	. 2,408 ' 	3,176 4,724 

26.32 
49.31 

33,730 
34,467 

737 

18,763 	. 

3,074 
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The expe - imentally determined values of the Heat of 

Decomposition of Torbanite are given in Table 50 end vary 

. between 540 ca1s./grm..and'810 .!als./grm, of material decom-

posed, or c3tween 780 cals,/grm. and 1180 cals./grm. of 

.'slAd product. The variation obtained dos not necessarily 

represent experimental inaccuracies (statistical enulysis 

of the primary observations showed .a maximum probable error 

of 3. per cent) but indicates variations in the degree of 

decomposition or 'depth of cracking'. For instance, in 

Runs 11 and 15 a high value was obtained for the heat of 

decomposition but this may be explained by severe cracking 

conditions with consequent high gas MIAs (10.8 per cent 

and 11.3 plrcent respectively). On the other hand, Runs 

3 and 16 show figures with low gas yields. In no ease was 

the gas yield as low as that obtained in the Gray-Kine ana-

lysis given in Table 48, . fm which it may be Inferred, that 

all //altos given in Table 50 are higher than would. Le ob. 

. tained if the experiments were carried out under gentle 

conditions, simijt,i to the . Gray-Xing assay, However, the 

.figures given in Table 50 may be compensated -for excess 

oil-tO-gas orackinc by subtracting . one calorie per milli-

gram of excess gas; this figure being employed in cracking 

thermodynamics to calculate excess decomposition in the 

conversion of oil to gasoline. .Tho adjuste& values are 

given in Table 51• 

The values for the Heat of Decomposition of terbanito 
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are noticeably hiehr than those obtained by McKee and 14yder 

.(42), namely 2:,;8 to 464 cals. Per gram of product,, but as 

.their experiments irere . con`lined to the first stage only of 

the decomposition, a comparison .is not possible, nor is it - 

with the energy of activation quoted earlir in this thesis, 

as this latter quantity is a measure of the reaction in 

which appreciable oil formation does not Oodur. 

Table. 516 

Heat of Dscompwiition of-Torbanite. 

Corrected for excess *racking to 5 gas yield. 

Run No. 	Heat of .Decomposition per gram.cL oil 
+..1221 (corrected to 5f"....gas.1 -  

	

.3 	 927 
4 . 	 672 
6 712 

	

..7 	 689 

	

8 	 686 
680 

	

• 12 	 '801 

	

13 	 732 
781 

	

16 	 - 1024 

An inspection of Table 51 shows a reasonably constant . 

value. for the Heat Of Decomposition of 7orbanite and, neo.,.  
lectia: the first and last runts; the values of which are 

abnormally high, this value is approximately 70C calS./grm. 

of fluid product for 5s gas. 

During the eiperimental work on the above section,' 

-many important obseriations were r- ade ln'the chemial nature 

of the decomposition and of theintermediate j'oducts. The 

next section wil! des-ribe these otw)rvationg and discuss 

the nature of' these products. 



• THE (=VIC, L NTL3 	?F .TE THRLL D'03(10 1•SO9ITICN 
OF TORLYNITn. 

• It May Le . stated at tie outset that the production of 

oil from- toranite'does not occur in a single stage, nor .  

does it decompose in El two-sage.rea tien t  as formerly sup-

posed, tat - at least four sUges may be observed. These 

Stages may•be repreented as follows;- 

Rubberoid- 	-. - 

•r Bitumen--,--,- 	Oil. 

: Engler, in 1913, was the first worker to notice that 

oil was not .formed by a direct-decomposition of kerogen. 

He showed that the 'solubility -of shale in organic solvents 

1noreased, on heating -, butmade.no mention of ‘ un attempt to 

iSolote the intermediate material. In 1C/21, YcKee and "Vder 

(42) proved the presence of anAmtermediate atage and stated ' 

that'"The first -product of decomposition was found to be a 

heavy semi-solid or solid bitumen which is 3olutle in ben-

we.and carbon biaulphide.. ." 

That YeKee and Lyderts statement is not true in the 

case of the New South Wales Torbanite at' any rte, will be 

shown in the proceeding pages. rarthermora,thetthe BItu 

menu is entirely soluble in paraffinie so1v9nts, such as 

n-heptane, as well as aromatic solvents, shows tht:t it Is 

• not a 'bitumen in the true sons° of the word, but is u'heavyi 

aliphatiC oil which acts as a preourlor to true "crude oil". 

In order to clarify the work which follows, a short 

description will be given of the nomenclature used in 
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describing the break-down products. 

Keralin i  is the original raw kerogen as found. It is a 

rigid solid, mechanically tough, and orange in 

colour by transmitted light. 

Keroeen11 may be rerded as a subdivision which occurs 

before the formation of Rubberoid. It is not 

sharply defined from Kerogen i i Kerogeni i  is 

soft but still solid, tends to crumble when 

rubbed, and is darker in colour than kerogeni. 

Kerogeni  and Kerogenii. are chemically inert end very .  

- insoluble in solvents, with which they give no measurabls 

swelling on immersion. 

Rubberoid is the next sharply defined stage in the.decom-

position and, in-appearnee, it resembles semi-

vulcanised rubbers It is black in colour and 

On.deformatien by mechanical means, it returns 

to its original. shape. Actually the reversion 

. is slew and more or less incomplete It poss-

esses elasticity but is ruptured on slight elon-

gation. 

Rubberoid exhibits swelling characteristics siml-

lar to other elastomers - possessing thread mole-

euIes,' 

iAtumen. although not a bit men in the chemical sense 

of the word, resembles it in appearance. It Is 

a v-3ry viscous or semi solid sticky mass, which 
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on warm days is just free-flowing. -  It re-

sembles cracked residuum excePt that it does 

not possess the aromatic nature of the latter. 

Oil 	is the crude oil in the normal sense of the 

word. The oil is an unsaturated waxy liquid, 

the properties of which vary somewhat with 

-. the manner of production.. 
• 

V7P INVVniiTr 1110DITCV 

Following along the lines of McKee end tyder s work, 

on the isolation of bitumen, it was 'decided to prepare a 

laree quantity of this .material and perform a detailed 0X8- 

minbtion of its properties. With this aim in view, many 

small 'portions of rioh torbanite were . eated for extended 

periods. . Under these conditions, a minimum of oil forma- 

-tion occurred, and the bitumen produce& was not sabjeeted 

to apl,reciable thermal disintegration. The products from 

this treatment were extracted with benzene in a large 

'Soihlet extruction apparatus and the solutions were bulked. 

'rho bulked. solutions wire Concentrated on a steam bath, 

followed LI VbiTMME drying at atmospheric temperature. 

• The black semi seild residue was ebneidered - as bitumen. 

The residue from the extra-tion consisted mostly of 

a,rublery mass but varied from a powdery solid to almost 

raw kerogen. 

The bitumen obtained by the above procedure was a jet-

black, semi-solid which, on warm days, was converted to a 
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10 	very viscous liquid. 

The properties of this Litumen were;- 

Specific Gravity at 60°F. 
Molecular Weight (Rest) 

= 0.931 
=590 

Aniline Point = 74 - 77°C. 
Solubility in H 2 80 4  = 73.2%e 
Ultimate Analysis (48) 

86,50 
10.8%? 

, 
Ash 

2 	0 
Refractive Index ND° 

0.9 
0,5,6 
0.1P 
1.2% by diff. 

1.517. 

The as21ne Gravity was determined by usins a small spool-

fie gravity bottle in the normal manner, 

The Aniline Point was curried out in the method prescribed 

under AS TM Designation D611-41T. 

The Molecular Weight was determined by the method of Rest 

(56) using MAR camphor (supplied by the C.S.I.R.) ' The mole-

cular depression of meltling point was taken as 498, and the 

depression found in the experiment Was 8.1°C. From this 

value a aalauleted molecular weight of 589.6 was obtained, 

or 590 to the nearest whole.number. Actually, the mole-

cular weight of the bitumen means very little as its magni-

tude depends entirely on the degree of decomposition.of 

the kerogen which has preceded it. 



201« 

DETWINLTIO OF WOLF,CULAR  WIGHT. 

• 1) Weight of glass capsule 	= 8 1348 grins+ 

	

11) 	ditto, 	plus camphor 	=8.5989 rms. 

Weight of camphor (W) 	= 0.4041 grms. 

	

111) 	(11) plus bitumen 	= '8.6434 grme. 

Weight of bitumen (w) 

M.P. of Camphor 

M.P. of Solution 

= 040445 

= 1?3.5°C. 

= 165 .4 C. 

K x 100w 	c 
W T  

=8.1°C. 
=498: 
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• The determination of solubility in 871,  sulphuric acid 

i.e. the amount of unsaturution, W4S no easy task, and 

'several methods were tried until success was obtained. 

McKee and 14yder (42) stated that the.bitumen they of: tained 

was entirely soluble in sulphuric. acid, but from the fol-

lowing dismission it appears that they were misled by the 

experimental difficulties and by the awkward nature of the 

material.. Unless the bitumen 4s dispersed in some solvent .  

it is tmpossible to separate the two layers formed on acid 

• treatment, because of the tarry matter produced. . 

In the present tnvestigation s  about one and one half 
• 'grams of bitumen wore dissolved in normal heptane (previously 

washed With concentrated'sulphario acid). The'stlation was 

washed with equal volumes of l096 viv, caustic soda and then 

acetio,acid,• to remove phenols and tar baees respect-

ively, but no tar acids or bases could be detected. The 

residue from this treatment was washed with successive ten 

percent volumes of 8"7 sulphuric acid' Until the acid layer . 

remained clear.. 

Thebulked'acid solables were hydrolysed with'super- 

• heated steam, whereuponia d4rty l greenishai-gr8y oil was ob-

tained. This oil was not further investigated. 

The heptane - layer was washed. with dilute sodium car-

bonate solution, followed . by a water wash. The rosalting 

solution which had a superb blue fluorescence, was concen-

trated on a steam bath until a sticky,yellowish oil remained. 
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The residual oil was extracted with a propane-cresylic acid 

mixture as in the commercial DuoSol treatnent of oils. 

The propane layer containing the paraffinic portion was 

allowed to evaporate, and on evaporation a small amount of 

white wax remained. 

The cresylic acid layer was neutralised with caustic 

soda, liberating an orangeisticky solid. This solid wes t  

as would'be.expected, of aromatic nature, and gave rise to 

the blue fluorescence mentioned earlier. 

.Thus it can be seen that the bitumen produced was a 

mixture of several hydrocarbon groups and therefore the 

molecular weight obtained represents an average value of the 

compounds present. 

Having shown that bitumen is a hydrocarbon mixture of 

high molecular weight, the next step in procedurp is to 

determine whether this material acts as the progenitor of 

the erude oil, and that such is true is shown in the folloW-

in experiments; 

A Gray-King assay was curried out on Bitumen to deter-

mine what yield of oil could be obtained. .Actually the 

results were not as high as expected when compered with 

the rich Torbenite described by Cane (lob). 

The weight balance of the assay was; 

Weight of oil 	= 82.2r,  
Weight of Residue = 
Weight of Gas 	= 	6,20 

The oil oi ..tained was similar to crude oil produced in . 

the normal manner. 
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GRkJ'.KING ASaki ON idTtr'IN. 

Weight of Retort Tube 
Weieht of Retort Tube and Bitumen 

Weict't of 431tumen 

WeiCht of Tube uni Residue. 

Weight of, Receiver 

WeWht of Oil. una Receiver 

Weight of 011  

108.327 pins. 
119.017 grme. 

10,690 

109.677 

79.357 

= 
8.779 

_J2! 222t. 

weieht of Bitumen 	- 10.690 

Weight of Oil 	= 8.77( crre. e2s2f' 
Weieht of Residue= 1.3i)0 	12.6, 

Tot4.1 	= 10.129 

GL,s and Loss 	= 0,361 	5.2 
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Thus, having shown -that Bitumen will produce oil the 

next step in the procedure is to determine by what means 

oil is produced. With this aim in view, two. distillations 

_Were performed, one under atmospheric pressure, and the 

other under vacuum. The experimental details are given 

on pages 206 and 207. The distillations were Carried out 

in A.S.T.M. distillation equipment, with the exception 

that the metal condenser was replaced by a glesd one, also 

-the charge was reduced from 100 ml. to 20 grins. 

. The dibtillates from these experiments were divided 

into two fractionsi- 

• 	Fraction I: 	Temperuture range 	- 350°C. 
. Fraction II: 	Temperature range 	350 _4000 C. 

A straight Engler distillation of the Bitumen is,given 

tn:Table52. 

Table 52. 

Distillation of .Bitumen. 

Tenerature Rano 	Distillate. 

- 250°C. 
250-.275 
275-300 
300-- 325 
325- 350 
350- 375 
375--400 
400- 

5.57/v 
'5.0 	- 
8.9 

- 5.7 
15.4 . 
13.3 
7.2 
remainder. 

'itmosatric Distillation. 

The two fractions were. examined, and the results ob-

tained for each are given in Table 53. 
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AT)OSPIMiie DISTILLATION OF BITUMAN. 

Weight of Bitumen end Flask = 71.734 grins. 
Weight of Flask alone = 50.438 

Weight of Bitumen = 21.296 

Weight of Flask end Residue = 57.741 

Fraction I 

• 	Weight of Receiver = 30.266 
Weight of Receiver plus Oil = 39.343 

Weight of Fraction I = 9.077 

0 Fraction I = 42.6 

Fraction II 

.Weight of Receiver = 30.267 
Weight of Receiver plus 0.112 	. = 34.780 

Weight of Frction II 4.513 

Fraction II =21.2 

Total Distillate , 	.= 63.80 

Weight ttdance of Distillation, 

Weight of bitumen 	= 21,296 grins. 

Weight of Fraction I 
	

9,067 grms. 42.60 
Weight of Fraction II 

	
4.513 • 	21.20 

weight of Residue 
	

7.393 	34.70 

	

Total 	20.973 
Ilmainwir■■•■•■■■• 

	

Gas and Loss 
	

0.323 	1.5f, 
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=WM   PTTrIsL4I 0N OF BITUMEN. 

Weight of Bitumen and Flask 	 = 121,150 rms. 
Weight of Flusk alone 	 = 93,166 

Weight of Bitumen 	 = 27.984 

Weight of Flask and Residue 	= 110.900 

Fraztion I 

• Weight of Receiver 	 = 23.240 
• Weight of Receiver plus Oil 	 = 33.515 

Weight of Oil 	 = 5.275 

% Fraction I 	 = 18,9 

Fraction II 

Weight of Receiver 
Weight of Receiver plus Oil 

Weight of Oil 

• (1,, Fraction II 

Total Distillate 

:eight Balance of Distillation; 

Weight of Bitumen 

= 32,703 grms, 
= 37.414 

= 4.711 

= 1608 

= 35.70 

:= 27.984 grms, 

Weight of Fraction I 	= 5,275 grms, 18.9 
Weight of Fraction II 	= 4,711 	16.8 
Weight of Residue 	17.734• 63.40 

Total 	27.720 

Gas and Loss 	0.264 	0.90' 
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Tie. 

Properties of ittmeateric Distillations from 

Frantion  I 	Fraction II 

Temper-ture Range 	 . 350°C. 	350 - 400°C. 
Weight 	of cut 	 -42.6 	21.2 
Specific Gravity (60°F.) 	0.8523 	0.8532 

- Aniline Point °C. 	0  52.8 	58.2 
Colour 	 Dtwk red 	red 
lInsaturation 	 , 41 	46 

. Refractive Index 20° 	 144800 	1.4887 
Nature 	: 	 Non-waxy .  at 15PC.. Way at lo0C. 
Initial Boiling Point of 

Fraction when redistilled. 	156°C, 	259°C. 

An analysis of these figures shows conclusively that 

Bitumon.is unstable at temperatures below 400°C. brut at 

.these temperatures Bitumen decomposes.  to yield oils of lower 

molecular weight, and of varying chemical constitution. The 

general neture.of the oil formed is the 86MO as that pro-

duced by the retorting of torbanite. 

Vacuum Distillation of Bitumen.. 

The effe‘'rt of vacuum would be' to lower the boilite point 

of those hydrocarbons Present in a free state in the bitumen, 

while havine little action on the cracking tamPerature. Thus, 

the net result'of'a VtiOUUM distillation would be the removal 

of thoie.hydrocarbons present, as such, in the mixture, 

while leaving the original matter Unaffected by the thermal 

treatment. The apparatus used was essentially the SEIMO as 
that employed in the atmospheric distillation, plusa perm) 

Uyvac pump maintaining the vacuum. As in the AtTospheric 

distillation, two fractions wee collected, corresponling 



Fracti2ELI 

- 350°C. atm 
18.9 

0.8450 
	• 

52.4 
Dark orange 

23.9 

taction II 

•350-400°C. atm. 
16.8 

0.8987 
64.8 
Orange. 

.10 

1.4678 	1.5G01 
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to 350cC. and 400°C. at atmospheric pressure, and their 

properties examined. 

Table  54. 

gmerties of VaCUUM DistillLAion  from  BlIumen. 

•Temperature Range 
Weight of Cut 
Speeifio Gravity (60°F.) 
Aniline Point 0 C, 
Colour 
Unsaturation 
Refractive Index at 2O ° C. 
Nature 	 Clear liquid, 	Solid. 

By comparing Table 54 with the previous table, the ex-

tent of the bitumen decomposition may be juded. The points . 

to be noticed in the'comparison are; 

(i) the difference in the specific gravity between Frac-

tion II (atm.) and Fraction II (vac.), indicating that 

the former contains much material of a cracked .mture. 

(ii) the higher aniline paint of Fraction II (vac.), show-

ing greater paraffin content compared with Fraction 

II (atm.) 

(iii) The differ 	 Fraction Ience between the ratios of 	for 
Fraction II 

the two distillations, being nearly two and one for 

. the atmospheric and vaouum respectively. 

Although strict quantitative estimations are not possible, 

it ia interesting to note that, by lifference in Tables 53 

and 54 the two fra2tion3 may be split into; 
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- 350°C, 	18,9 straight distillate. 
. 23.7 cracked distillate. 

	

350 - 400°C. 	4,4 crocked distillate, 
16.8 straight disti!late. 

(percentage on 'original), 

These figures indicate that bitumen becomes very un-

stable with rise in temperature. 

Discussion. 

It has now been shown thEt Bitumen will decompose to 

produce oil, and that the oil produced dltring this decompo-' 

sition may be regarded as a partially craced product. The 

decomposition of the Bitumen'is rapid at temperatures approa-

ching 4)0°C. i.e. the temperature at which it (the Bitumen) 

Is produced. In other words, it is impossible, or apparently 

so, to produce Bitumen and Bitumen alone without producing 

oil at the.same time. Whether this statement is true at 

very low temperatures over hundreds of'hours heating-time 

Is not known, but from the work on reaction velocities des-. 

• ciibed earlier, 	seems unlikely, 

Therefore, the 'bitumen must be regarded as an interme-

diate stage before.  oil formation. The oil produced by the 

mild eracking of the bitumen may be regarded bs crude slAile 

oil in all respects, with.the exception that, whereas in 

• normal crude oil light hydrocarbone are present, no lie?!t 

gasoline frar:!tion ws produced In. the preoedinz experiments. 

The question then arises whethr the light Tractions 
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ure produced by severe 'cracking of the bitunen, or by a 

further pryolysis of the' crude oil. 

' To ascertain whether, given sufficient time, the bitu-

men will produce light ends at temperatures near 4C'0°C., 

the following experiment was carried out. 

DepompOsitiOn under eflux u2_to'4C000. 

A Gray-Kind furnace W4S arranged in a vertical position 

and :the retort tube (containing the Bitumen) clamPed tn, 

such a -way'that any'oil formed W6E3 refluxed back into .the 

hat bitumen. .The.reflux condenser at the exit of the Gray-

King tube was kept t 100°C, and by this means any light 

hydrocarbons which were produced-passed.out and were eoIlec-

ted ina receiver connected to the outlet of the condenser, 

This receiver was packed with "Dry Ice" . to be quite. sure of, 

collecting any hydrocarbons from the 03 fraction upwards. 

The temperature of the,furna ., , ewas raised from 350 0C. to' 

- 400°C. Oyer a period of throe hours, and on inspection of 

the chill Ureceiver, no light distillate could be. found. 

After cooling, the furnaee was-tilted into an :inclined.posi-

tion se that the crude' oil coniensate would not 1).0 returned 

'to the retort tube', The temperuture was raised to 300°C., 

• when 12.90-of cracked distillate wUs obtained. 

It is evident from this experiment that gentle pyre- • 

Veis of Bitumen attemperatUres'up to 400°C. will not pro-

duce hydrooarbons boiling belown-heptane ( the initial • 

•boiling point of tho - distillate'wae.91°C.) although 



Weight of 
'Weight of 

Weight of 

Weight of 
Weight of 

DECOMPOSITION UND71  RITMX_LP TO 
-105vC. 

Retort Tube 
Retort Tube and Bitumen 

Weieht of Bitumen 

Tube and Residue 

weight of Residue 

Oil Receiver 
Oil Receiver and Oil 

, Weight of Oil 

7c'.272.grms. 
92.294 

13..022 

90.13L 

10.8.62. 

53.300 
54.995 

1.695 

Atight_palanoe. 

	

Weight of Bitumen 	= 10.022. 

Weight of Oil 	1.695 rms. 13.CW 
Weight of Res1dueMD.863 S 	*83.t 

Total 	12.558 

Lois 	= 	0.464 	34696 
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DWOYP03ITION UND"R R3P7,1X UP TO 500°C. 

Weight of Retort Tube = 78.580 grms. 
Weight of Retort Tube and Bitumen = 95.510 

Weight of Bitumen = 16.930 

Weight of Tube and Residue = 83.870 

Weight of Residue .x.,* 5.290 . 

Weight of Oil Receiver = 53.311 
Weight of Oil Receiver and Oil = 634950 

Weight of Oil = 10.639 

Weight Balanee. 

Wei z7ht of Bitumen = 11.930 

Weiht of Oil = 10.639 62.8f::‘ 
Weight of Residue = 5 , 290 314.3r) 

Total = 15.929 

Gas and Loss = 1.001 ,  



213, 

comparatively large quantities of middle oil were obtained. 

Another similar experiment was performed at 500°C., with no 

yield of light hydrocarbons, although the yield of oil was 

In this latter experiment the pr-?sence of ammonia 

was confirmed in theexit gas. 

40 fur, all attempts to produce light hydrocarbons 

from bitumen have been without success'. In contradiction 

to this, in the Gray-King Assay of raw torbanite, appreciable 

quantities of such hydrocarbons are formed and it is neces-

sary to note where the conditions of pyrolysis of torbanite 

differ from the above experiments. 

Using raw torbanite; 

, 	1) The oil-producing substance is dispersed in an inor- 

ganit matrix with posSible •atalytio action. 

11). The oil vapours on formation have to:pass through 

the mass of the :shale particle which is at 6 higher 

temperature. 

111) The -heated oil vapaurs'are in motion t :Whereas . it 

seems likely that under the-preSent eiperiments a 

Condition of eqtilibriuM . stratification may exist 

where the. rate of vapour production may equal the 

'. rate of liquid reflux. 

1v),The bitumen stage is of very short duration and it 

may not have iufficient time to attain chemical 

equilibrium. 

In order :to  reproduce to some extent the kinetic con-

ditions of the oil vapour in the Gray-King pyrolysis and 
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to ensure that cracking occurs in the true vai.our phase, 

bn experiment was carried out, the details :f whioh are 

as follows:- 

' The bitumen Wta3 placed in a distillation flask with 

thermometer. The side-arm of the distillation flask was 

oealed to a lone piece of Pyrex tubing and this elongated 

side-arm was held coaxial with Gray-Kind tube, by an as-

bestos plug (see figl;re b4low). 

The outlet of the Gray-King tube was connected to 

two U-tubes in series. The first U-tube wad maintained 

at cold water temperature and the second one was packed 

with "Dry Iee". The flask oontaining the bitumen was gradu-

ally- heated with Ea gas burner and, as far as possible, the 

temperature of the Gray-King furnace wasmainteined ,bout 

the same as the vapour temperature of the boiling bitumen. 

The maximum terperatvre reached was 500°C. 
• 	 At the end of the run; both condensers were inspected 

and liquid was found in each. 

Condenser 1 (at water temp rature) contained 62.1 of 

oil and Condenser 2 (at -?8°C) contained 4.6V of light 

hydrocarbons. The Boilaway Temperature of the latter was 

+4°C, 
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THE.VApOUR 	OR:CXING OF BITUMT VAI:OURS. 

Weight of Flask 
Weight of Flask and Bitumen 

= 38.210 grrls. 
= 50.498 

Weight of Bitumen = 12.288 

Weight of Flsk and Residue 	' = 41.172 

Weight of Residue 2.962 

Weight of U-Tube I = 57.103 
Weight of U-Tube I and Oil ' = 64.728 

Weight of Oil 7.625 

Weight of U-Tube 2 = 55.735 
Weight of U-Tube 2 and hydrocarbons a 56.304 

Weight of light hydrocarbons 	= 0.569 

Weight of G-K tube before experiment 	= 92.108 
Weight of G-K tube after experiment 	=92.448 

Weight of Carbon' 	0,340 

Weieht Balance. 

Weieht of Bitumen 	 = 12.488 . 

Weight of Oil = 7,625 grms. 62.10 
Weight of Naphtha = 0.569 4.60 
Weight of Residue = 2.962 24.11t 
Weight of Coke =0.340 2.8 

Gas and Loss = 0,792 6.40 
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It appears, then, that volatile hydrocarbons are pro-

duced only when the newly-formed oil is subjected to rela-

tively high temperatures, and that Bitumen alone on gentle 

pyrolysis does not yield measurable quantities of light 

materiel. These findings are in accord with the free energy 

equations of the cracking of'hylrocarbons and cracking 

kinetics, 

Up to the present, no mention has been made of "Rubber-

oi6:", and the part it plays in the decomposition. "Rubber-

old" us has been described earlier, occupies an interme-

diate position between the solid kerogen and the liquid 

Bitumen. The occurrence of "Rubberoid" was noticed during 

the investigation on the reaction velocity of the decomposi-

tion and., at the time, it was thought that "Rubteroid" Was 

not a distinct entity but was composed of unreacted kerogen 

"Stewed up" with polymerised bitumen... It was not suntil 

later, however, that it was realised that "RubLeroid" reDre-

sented distinct stage in the decomposition and that its 

properties were dissimilar from .toth the raw kerogen and the • 

liqiitd bitumen. The presence of "Ruberoid" produces the 

pliable condition of heated torbanite noticed by many workers 

in this field. 

• 	 It is interesting, to note that no previous mention has 

been made, either here or overseas, of the occurrence of 

this intermediate substance but this is understandable when . 

one Considers the amount of mineral matter present in 
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overseas shales. Many workers h.ve noted the gradual soften-

ing of shale before decomposition but n;rie has been fortu-

nate enough to obtain either shale or torbanite of such rich-

ness that the reactions of the material as 8 whole may be 

•considered as that of the pure organic material. 

During the experiments on reaction velocities, it was 

observed that the residual material, after extraction of 

the soluble bitumen, was a soft black rubbery mass, which 

could be deformed by finger pressure, after which deformation 

• it showed a strong tendency to revert to its original shape. 

This material (named "Rubberoidn in this work) represented 

a phase in the decomposing kerogen before the formation of 

bitumen, although some bitumen m,s always formed at the same 

time as the "Rubberoidn. 

During the decomposition of kerogen to "Rubleroid", a 

small amount of gas is given off, indioatinz that sone 

chemical reaction is occurring. This gas contains relatively 

large amounts of hydrogen sulphide and olefins. Although 

• no gbs analyses are available on the decomposition Kerogen-- 
4 

nRubberoid", the following figures gingas unalysis for 

	

the change Ebrogen 	Bitumen. 

Table 65. 

allneuses of Various Stages. 

B 

	

+ CO2 	9.1%) 	2.40 	3.10 

Olefins 	10.8 	2020  
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A Represents the gas given off initr: oFrige, 

'Kerogen-...›. Bitumen. 

represents the gas given off towards the end ' 

of oil production. 

repre5ents a tYpical unalysie of a Grey-King 

assay. 

It is apparent . .that, in the early stages .  of the decom-

position, dehydrogenation of the . kerogen is occurring, and 

• for this reason it is thaueht.that sulphur ta!:es an active 

part in the early reactions, and that sulphur titans in the 

noledule may be .comLined in two ways. One type  of sulphur 

• atom is looselY held and gives rise to the hydrogen sul-

phideAm the e4rly stages of pyrolysis, and the other type. 

occurs within the organic. structure and breaks down to cy-

clic structures such.ae-thiophenes. 

In order to determine the general macroscopic proper-

s ties of the "Rubheroldn u e quantity Of rich torbtnite fres 

Marangaroo (10b) was -heated to incomplete decomposition and 

the'resulting.bituman removed by extraction with 400  - 60° 

'petroleum ether. 

The residual "Rubberoid" was a dark .., soft solid.exhi-

biting the ,properties.of semi-vulcanised rutber. Although 

it showed a certain amount of'resilience to compression tests, 

it ruptured fairly i easily under tension. When small cubical 

blocks were out out by a razor blade and soaked in benzene, 
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"RubLeroidn exhibited "swellingnphenomena, characteristic 

Of natural rubber s  and certain other elastomers, 

Having described the various stages which occur in the 

decomposition of kerogen to oil, and having indicated the 

order in which they occur, it is c,essible . to show the decom- 

•position in Et diagrammatic form, which is as follows4- 

CO2  

Oxygen Absorbed. 	H2S 	HiP . . 	. t. 
kerogen17-77-2,p-Keroe •RUb ciero id -4- Bitumen 

• dehydrogenation'  

cracking 

1 	>Oil 

There seems little doubt that 

Gas 

EPhthe 

Carbon. 

he. entire decomposition 

cracking. 

from the b tumen stage onwards is a cracking reaction, but 

•the exact nature of the reactions preceding the formation 

of the bitumen *  is still not clear. This change cannot be 

entirely one of depolymerisation, for some gas is evolved; 

this gas contains an areciable amount of olefins. As un-

saturates are easily formed In the first stages of cracking, 

this would indicate that the primary breakdown, in addition 

to those which follow, is one of cracking; fIrtherrr.ore, the 

presence of HO and H20 will activate any catalytic action 

Lossessed by the metallic oxides in the inorganic matrii. 

If the structure of the kerogen in assum^d to be essentially 

paraffinic in character, further evidence to support the 
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above hrPothesis is provided by the presence of water vapour 

in the gas in the early stages Of decomposition, the water 

being formed 	the dehydrogenation of paraffins in the 	• 

presence of air. 

However, the initial . softening of the material in the 

kerogeni. -ar Kerogenil reaction may b a partial dipolymeri-

sation, similar to that which is thaaght to take place in 

rubber. With rubber, a .similar reaction Occurs with gradual 

softening and absorption of oxygen*. 

(C 5H8)2n . + 02 	2(Cisg8)n0 

The amount of combined oxygen Is small but as jt can be 

seen from. the equation, the reaction will have 4 definite 

• effect on physical properties, 

• If the decomposition of keragen to bitumen were a true 

depolymerisation the carbon/hydrogen ratio of the rea7.7tant 

and the product should remain unchanged; on the other hand,.. 

If the retion were that of cracking, the carbon/hydrogen 

ratio of. the product would be higher than that of the reac,. 

tent,- Referring talk to TEble ,  13 and the ultimate analysis 

of Bitumen on page 200, it can to seen that the data ful-

'fil the second condition, being 7,06 in the case of kerogen, 

and 8,01 for bitamen, 

A consideration of the above facts toe s  the evolution 

of hydrogen sulphide,'carbon dioxide and 7;ater ; the increase 

in C/H ratio and the physical changes occurring during the 

•decomposition, leads to the conclusion that the break-down . 
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'Kerogen---vi. Bitumen is not one of "depolymerisation" as 

postulated by Engler (21), but rather one of gentle crack-

ing. This contention is supported by the known facts on 

the cracking of heavy oils, during which reaction, the hea- 

vy material does not decompose in one stage to form gasoline, 

but decomposes in a gradual manner by means of the formation 

of intermeliate stages. These intermediate fractions further 

decompose with the formation of lighter oil and gasoline and 

the reaction would proceed in extremis with the production 

of hydrogen and free carbon only. 

Invostigations carried out overseas by . ranks (22) and 

Luts (38) give further evidence that-the Te,--tions occurring 

during the thermal decomposition of kerogen are those of 

cracking. Frans, in his paper, says "The evidence from our 

work is 611 oosed to such a hypothesis, (i.e. 3nglerls 

depolymerisation theory) but indicates that the reaction 

which is identical with, or:at least resembles a slow 
.jflg ? n, n o  

Luta, when referring to the decomposition, makes these 

remarks -"What shall this phenomenon be Called? Is it a de-

polymerisatiQn? This conception is false." 

• 	The facts given in the preceding discussion .  must lead' 

to the acceptance of the theory that the whole reaction from 

start to finish 1 one of thermal cracking. .This being so, 

little information on the structure of kerogen would be 

gained by an analysis of the products of the decomposition, 
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and for this reason, no specific investieations wereper-

formed on the chemical constitution of the crude oil itself. 

However, several, general deductions may be made; 

The lurge amount of wax and the aromatic content of the 

crude oil indicate that the kerogen molecule must contain, 

In its structure, several long-chain paraffin radicles, 

and also aromatic rings. The aromatic compounds in the 

oil would not have been formed by ring cloaure from normal 

paraffins under normal temperatures as no straight-ohain 

paraffin (except n-C1024 ) has been reported to yield aro- 

mLtics in measurable quantities under normal orackine (20), 

On the other hand, the presence of polyoyclic condensed 

benzene nucleii cannot be taken to indicate -that these struc-

tures occur as such in the kerogen, for simple molecules 

such as benzene ant toluene will yield diphenyl, stilbene, 

naphthalene and heavy solids, under temperature conditions 

commensurate with those of retorting. 

• The oil :roduced from the thermal decomposition of 

kerogen contains a diverse collection of hydrocarbons. All 

types are found, paraffins, mono-olefins, dioiefins, napt-

themes and aromatics. In additisn to these hydrocarbons, 

sulphur, nitrogen and oxygen compounds are present. 

The occurrence of paraffin waxes in the crude oil 

leaves no doubt that lOng.ahain paraffin structures are 

present, as slush, in the kerogen molecule. Vt,rthermorei as 

the number of carbon atoms in the wax may reach thirty, it • 



223. 

must be concluded that the kerogen molecoAle contains an 

equal or greater number of carbon atoms in straight ctains* 

The aromatic hydroccvibons may arise from two sources; 

(1) from aromatic ring structures in the 

kerogen. 

(ii)formed by ring closure and dehydrogenation 

from Other hydrocarbons (except n-Taraffins), 

A study of the optical properties of kerogen, leads 

to the conclusion that aromatic rings do exist and further-

more, it indictee that more than one ring exists in each 

moleeule. As the pyrolysis of kerogen is a cracking reac., 

tion, the occurrence of naphthenes and olefins needs no 

explanation. 

An interpretation of molecular structure from_21_,E2- 
duct* of decoslioSition has little value in this OEWO be-

(muse of the.complexity of the original molecule.. Apart 

from the complexity of the material Itself, 0 t1 many variables 

occurring during the decomposition must be considered. The 

rate of temperature rise, presenea or absence of air, final 

temperature, and nature of retort, all have an effect on 

the oil produced... 

Nevertheless, a general picture of the reaetions which 

occur, and the main structure of kerogen, may be eummed uP 
as follows; 

In the original knrogen, the molecule consists of many 
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units each COW:4121W J.210 or mo re bemene nucleii ,vonsessina 

lene side chains. These 314,:. chains 	in the main, satu- 

rated, but ethjlene linkuces (re found in certuin members. 

In addition to the lone side chains e 'each b mem) nucleus 

hus a few short rudicles. 

• Is the kerogen 13 heutea a slight oxidutin thkes pluce 

-followed by the initial decomposition, causing l;;ss of aul- 

Phur uO oxygen lorros9ondint3 to the disazt:.earance of !;Ime 

.cross linkages. 

The result 017 :these . reatins 13 clneral softening 

of the keroeen, uocompanied:14 evolution of hydrodni 

phide wad' carbon dioxide.' 

As tho .  rltion proceeds cross linkuzes bre procres-

eiyely rupti.4teci - Ttuitil i Eitte :As reached where the macro- 

•molecule nolonc:er exists. The tree-Itnensionta structure 

hus disappeared and most. of the.individtal unit structures 

occur In the froe . state. T0 be sure, u fe,4 cross linkages 

etill exist but thej are not of auffictent mmter to OTC 

rioldity to thq 7,ateria1 4-s a' 1.:ho1e. 

The few retinin !! cross lAnlee dina t ,Leur in tte 

nest tuije 	tha Aine ttthe faze side 	1ns tuve re- 

ceiAd sufficient a-tivution to treu uwag frch the pcaaent 

•ring. 

The scis 1..1. of tte side ct*inct hty oeorx in severbi 

places, eitheT individually, concurrentlj or consecutively. 

If the side chuin 18 unsuttrate, it Ml47 decorpose with 
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•formation of methane and a diolefin, thus; 

CH3 -CH=CH.CH2 -C1t2 -R--} C114  + CH2  =CH-ClirCH-R 

or if it is saturated it may form a paraffin or olefin, 

• CH3 -CH2-CH2 -CH2-R--.0- C2H6  + CH2 =CH -R 

• CH3-CH2-CH2 -CH2 -R---",  CH4  + CH2 =CH-CH2 -R 

• or scission may occur at the centre of the chain. The de-

ciding element depends largely on the electropositiveness 

(or negativeness) of the remainder of the molecule. 

This stage would correspond to a semi-decomposed state 

In which small fragments of the original structure Co-exist 

with long-chain paraffins from the side chains; olefins 

from the °reeking of the paraffins, and cielio structures 

from condensation, or ring closure, etc. This heterogen-

eous mixture constitutes the "Bitumen" discussed earlier. 

From this sta-:e onwards, no general plan i3 followed. 

Cracking would occur in the normal manner and those laws 

• found to apply to the cracking of flow oil muld be equally 

tenaae tram the Bitumen stage until the decomposition is 

complete; the final products being oil, gas and carbonaceous 

residue, 
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Sang FACT,TelS IN THE Ti:NRVAL D'neYkOSITION 	TormLri-iR.  

This section makes no attempt to be a discussion of 

• the many faetors affecting the oil yield duringretorting. 

Only those factors which have a direct bearing on the pre-

TiOUS discussion will be ooLsidereds Such variables ea 

rate of temperature rise, particle size, effect of steam 

have been considered in detail elsewhere, and will be 

• treated only in so far as they affect the preeent disease-

Jen, 

Exprimental 

The experiments described in this section of the work 

were performed in a small stationary retort with El some-

what refined oondensing apparatus. A des!ription of the 

equipment follows. 

The Heating Furnace was an electric tube furnace consist-
4-'1a 

ing of a twoxinch diameter . silica tube wound. with . nichrome 

*ire the windins -.eine such as to give a maximum current 

of 3.0 emPa.._withne'external resistance, The tube and. 

windings were encased in a rectangular  box, the dimensions 

. of which were large eneugh-to allow Lt least 3-1/2 inches 

• of 65%,  magnesia lagging to be peeked between the tube and 

•' the external casing. An ancillary resistance lox allowed 

the cUrrent to be adjusted from 1.6 amps. to the maximum, ' 

in taps of about 0.2 amps, 

- The Retort was made from a short length'of seamlesa :,011er . 

tubing, the external diameter of which was 2 inches and 
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thickness 18 inch. The steel tube was closed at one end 

except for a screwed plug, and at the other end it was 

flanged. 

The sealing cap WLS a blank flange with six periphe-

ral holes to allow 1/4 inch bright steel bolts to hold the 

Llank flange to the other rlange, The blank flange cell ,  

tuined a thermocouple-well so that the terperatare et the 

centre of the retort could be measured. The oil escaped 

by a,smoll 3/8 inch piee welded to the steel tube in 

position, close to the flanged. end. In order to connect 

. the exit tube to the condensee, this ta;.e terminated in a' 

3/1: inch hexagonal bras union, 

The Condenivinfankm may be divided into three portions; 

(i) the oil oondenser. 

(ii)the centrifugal separator, 

(iii)the freezlr, 

The oil condenser was of the norm L1 design and consis-

ted of a bulbed central tale, 16 ems. long, se/grounded by 

a water jacket. Thn condensed oil flowed down the central 

tu'e and collected in a graduated veseel (oil collector) 

attacLed et the remote end. This reoeiver was an ordinary 

1C0 ml. graduate, the top of whioh d ben cut of and 

the remaining edge ground end smooted. The uneondensed 

vapours passed from the oil reoeiver into the centrifual 

plarator. This separator coneisted of seven tarns of 6 mm. 
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pyrex glass tubing aund to.form a helix. The helix was 

10-ems. - in height and 8 ems. in •.ameter.' 

• • The three devices, oil condenser, oil collector and. 

oentrifugal Separator, produced an efricient system for 

the removal of most of-the:oil,from the gas. Any oil mist . 

which escaped the oil collector, wt,s removed by the centri- 

. fugal action of the separator. 

' 	After leavini; the centrifugal separutor the gus passed . 

Into the freezer. The freezer consisted of a 30 ml. 

, .

cylin- 

drical tube graduated from fero...te 30 ml. in 0,8 ml. dIvt 

f sions. This tube - termed the.hutane receiver .  - fitted 

snugly into a test-tube, Immersed In a V4OUUM flask centain-

ing "Dry Ice". This arrangement enabled slow temperature- : 

to be maintained for Many hours end, in addition, no trouble 

was encowitered in removing the butane receiver for other 

• operations. 

.. From the freezer the as passed ttrough a flow-meter.. 

to the gaS holder. The flow, meter.was constructea on,the 

arifice-meter pattarn und was ealtLrated ,gainst •U standar-

dised wet s-meter. The gas holde.;.' Wb$ porticm a the 

• standard Gray-King apparatus (18),# 

A diagram of the entire equipment is given in fig. 10 

• All the retorting runs mere performed an a eareful1v 

prepared„ sempl of torbunite.. The toriJanite W4S crushed in 

crus'oer und then screened in two stages. The 

first stage wes through 6.1/8 inch.oesh screen which removed 



the "fines" and ti.en thr.mgh a second screen which removed 

any material larger than 3/8 inch. The resulting sample 

consisted if particles between the sizes of 1/8 inch and 

3/8 inch. The material was mixed repeatedly and finally 

placed in a ba g. This sample constituted the "Bulk Sample", 

the properties of which are given in Table 56. Five retor-

ting runs were carried out, the results of which are given 

on pages 231 to 224 and 236. 

• The islults of previous investigations, and the re-

sults herein, are 'consistent with the hypothesis put for-

ward in this work, namely that the decomposition of kero- 

• gen to oil Is one of cracking. In the Case of the New 

South Wales Torbanite, Guthrie (27)found that, with de. 

creasing rates of retorting; the following effects were 

produced in the oil; 

(1) . The specific gravity decreased. 

(ii) The carbon residue decreased. 

• (iii) The setting point increased. 

(iv) The saturation of the "tops" increased. 

Assulting a given boiling-range, points (i) to (iv) 

Indicate an increasing paraffinicitj of the oil, and this 

• Is what might be expected. Under gentle conditions of 

pyroljsis, there is a greater tendency for portions of 

the original straight-chain structures to exist, as such, 

in the oil than is the case in rapid retorting. Increased 

rates of retorting produce greater inter-particular (and 

intra-particular) gradients of temperature and 

(continued on p. 235) 
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Table 56. 

Pro -oerties of the Bulk Sarah. 

Proximate AnO4SiS. 

Moisture 	0.17.p 
Volatile Matter 	55.510 
Fixed Curbon 	7.31 
Lsh 

	

. 	100.00 

Bulk Specific Gravity of Sample. 

14.138 Specific Gravity of Sample 

.911.4:51126.2,24SZ. 

	

Torbanite Charge 
	= 20.80 grms. 

• Distillate Yield 
Wt. of Water 
Specific Gravity of 'Oil = 
Weight of Oil  
Weight of Residue 
Weight of Gas 

Weiht Balance of Oaation. 

Charge 	100 •  Re*idue 
•Oil •  
Water 
Gas 

47•7rA 
46.27: 
0.9 
5.20 

0.54 
l.350 

9.79 grins. 
0.18 grms. 
0.859 
9.61 grins. • 

9.94 ems. 
1.07 grms. (Ly diff.) 
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Run 1. 

Time 
nins. 

Shale Charge 	180 arms. 

Current 	2.6 amps. 

_TemEeratl)re 0C. 	Distillate ml. 	Manometer 
mkmin. 0its-0e 	insTai.  -navy:Mei GbEl Flow 

0 
10 
20' 
30 

- 40 

:26:28 
98 

169 
226 
281 

30 
41 
52 
70 

50 339 117 7 
60 398 181 1 11 
70 449 246 3 0.1 21 
80 484 315 .19 0.3 276 
90 519 587 55 0.5 491 

100 563 423 80 0.8 398 
'110 581 460 86 0.8 336 
120 
130 

606 
635 

491 
503 

88 
90 

0.8 
0,9 

164 
102 

140 641 522 90.5 0.9 35 
150 650 556 92 0,9 31 
160 654 617 93 1.0 31 

Weight of Shale 	= 180 grms. 
Weight of Residue 
	

81.0 grms. 

Volume of Distillate 	= 93 pl. 

714eight of Water.. 	= 1.8 ems. 

Specific Gravity of Oil = 0.869 

Weieht of Oil 
	

= 79,1 arms. 

weight of' Butane' 
	

0,7 ems. 

Gas and Loss' (by diff.) •= 17.4 ems. 

Welatt Balance. 

Charge 	Residue . 	• Oil_ 	Wa ter 	Gas. 

1000 	45.00 	• 44.40 	1.00 	9.60• 
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Time 
Wins. 

Shale Charge 

Current 

— Tem erature 

180 grins. 

1.2 — 1.5 amps. 

Distillate ___ 
Centre 	Outside Ream 

..a...••■■..• •■•• LiEht ••••••■•■• 

0 22 22 
25 27 74 
65 75• 124 
85 116 191 
120 153 225 
180 227 281 

269 324 4 
278 276 343 18 
300 288 345 29 0.7 
319 291 345 38 0.8 
330 292 346 43 0.9 
365 307 355 54 1.0 
390 311 2i54 57, 1.1 
570 330 368 71 1.4 
615 331 371 74 1.5 
740 354 380 76 1.6 
800 363 376 77 1.6 

Weight of Shale 	= 180 grms, 

Weight Of Residue 	= 101.2 grins. 

Volume of Distillate 	= 77 ml. 

Wei..ht of Water 	= 	2,5 grins. 

Specific Gravity of Oil 	= 0.841 

Weight of Oil 	= 62,6 grms. 

Weiglt of 'Butane' 	= 	1.1 grins. 

Gas and Loss (by cliff.) 	= 12.6 grins. 

11116ht Balances 

' Charge 	Residue 	Oil 	Water 	Gas 

1000 	56.2%, 	35.4 	1.40 	7.00 
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Run 2. 

Time 
Mine. 

0 
20 
40 
60 
80 

• Shale Charge 

Current 

Tem erature °C: 

180 grms. 

2.2 amps. 

Distillate ml. Yanometer 
Flow elLmin. 

•

........... iitTi1e 

30 
181 
203 
237 
284 

InsiTir .  

32 
40 
67 

144 
193 

Heam Tit 	 

100 330 242 2 
120 394 297 3 
140 427 353 1. 16 
160 459 390 6 0.3 37 
180 482 420 14 0.5 73 
280 541 471 68 0,9 85 
240 564 509 .79 1.0 65 
260 698 542 84 1.0 44 
280 •603 578 67 1.2 30 
300 621 606 89 1.3 22 
•320 	• 635 621 	• 90 - 	1.4 18 
340. 641 626 90 1.4 15 

Weight of •Shale 	= 180 grins,• 

Weight of Residue 	= 89,6 grns. 

Volume of Distillate 	= 90 mls. • 

Weight of Water 	2;5 rams. 

•Specific' Gravity of Oil 	= 0,871 

Weight of Oil 	76.2 grms. 

Weight of 'Butane , 	1.0 erns. 

GbEl and•Loss (by diff ) 	- 10.7 grms. 

•Right Balance. 

• Charge! 	Residue 	Oil 	Water •Ges 

. 

 

1009c 	49.896 	• 42.85 	• 	1.4 	6.0fJ 
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Run 4. 
Catalytic Retorting with aluminium chloride. 

Shale Charge 	90 grms, 

Weight of Anhyd. A1C1 3 	9.5 grms. 

Time 
Mins. 

Temper,-ture 
Outside. 

Distillate. 
Eesly _ 

0' 25 
30 205 
40 267 1 2 
50 348 3 6 
60 401 21 48 ml. 

Experiment stopped. 

During this run, much heavy red-coloured gas was pro-

duced. The torbanite charge swelled to a frothy mass, to-

tally unlike that produced in the .absence of catalyst. 

The heavy distillate consisted of a black tar an top of 

which floated 0.6 ml, of clear oil. The tar, on hydro-

lysis with hot water, produced a brown heavy oil. The 

two layers which were formed probably consisted of an up-

per layer of saturated hydrocarbons, and a lower one of 

an A1C13-hydrocarbon complex. The rasidue from the expe-

riment contained no free aluminium chloride. The light 

distillate was sweet-smelling and possessed a faint blue 

fluorescence. 

The action of aluminium chloride on torbanite is so 

violent that little information may be obtained, however 

from the large amount of light hydrocarbons produced, it 

may be seen that the decomposition of torbanite is greatly 

affected iy catalysts and, therefore, this fact opens a 

field for future enquiry. 
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consequently the "nascent" oil h s to pass through a zone 

of relatively high temperature before escaping, In this 

passage, further cracking of the oil takes place, and 

still less of the original structure remains unchanged; 

further evidence of this contention being given in the 

section on the decomposition of bitumen, 

Owing to the extreme com,lexity of the reacting sub-

stance and the high temperature at which these reactions 

take place, little information on the structure of kerogen 

may be deduced from the composition of the oil. Howver, 

a few tmportant points may be made, 

Point (i) 

The general character of the oil does not alter very 

muell during the process of gentle retorting, although the 

boiling-range of the oil does tend to increase progressively 

as the retorting temperature rises, This statement is not 

meant to apply to oil produced under abnormal conditions 

as in Run 3. 

The relative constancy of the boiling-range of the 

oil is shown in Run 5, in which samples of oil were collec-

ted corresronding to different temperature intervals *during 

the retorting process. The retort Was placed in an inclined 

downward position so that any oil which was formed would 

tend to run out of the -delivery tube and away from the hot 

zone, 
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Run 5. 

Retort Centre Temp. 379 422 451 507 554 
Retort Outside Temp. 450 475 500 550 600 

Oil Yield 	. • 7 17 71 95 99 

Distillation of Oil. 
I.B.P. 	°C. 82 87 85 92 91 

• 	10* 
20 

127 
170 

145 
• 194 

119 
155 

108 
116 

96 
126 

30 211 234 206 153 145 
40 242 260 224 240 192 
50 275 273 247 317 242 
60 298 287 312 362 314 
70 313 302 356 380 546 
80 330 326 385 384 400 
90 348 361 411 398 418 

From the results of Run 5 it will be noticed that the 

amount of 'light ends ,  in the later fractions is actually 

greater than those in the early fractions; this no doubt 

being caused by the secondary creaking .of the crude oil to 

lighter material. This secondary cracking of the crude oil 

is also shown up in the gradual increase in the amount of 

'heavy endst, in othor words, as the retorting temperature 

increases, there is a progressive tendency for the distil-

lation characteristics of the oil to ehange from a smooth 

curve to a sigmoid curve, the latter denoting a preponde-

rance of 'slight and hevy ends' with less'middle fraction. 

In vertical retorts especially,and in all retorts in 

general, it is found on many occasions that the oil does 

Increase in boiling-range as the decomposition progresses, 

but this fact should not be taken as a contradiction to 

the above; the explanation of which is as follows:- 

. 
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In most .  retorts, there is a noticeable temperature 

difference between the hot central MSS and the cooler 

extremities, and durint; the retorting process the oil-

vapours partially condense as they leave the hot centre, 

and meet the scold ends' of the retort. .Undr these con- 
oil 

ditions, the condensed A vaporises only when the retort as 

a 'whole . 'reaches B temperature corresponding to the 

final toilins point of the oil. For this reason it aften 

-happens that oil formed . during the retorting process has 

less 'heavy ends' than oil produced during the last stages 

of 'decomposition. 

In a horizontal laboratery.rotort eas used for routine 

testing, the •tampev.ture.gradient along the central axis .  

of the cylinder was as follows;.. 

Table 57. 

ItnArbtdie GrtIlt 111-Al2_12alt°Ei_2112"* 

Distance along 
Central Axia. 	. lemperature 

centre 510 °C. 
.1" off centre 499 
2" n t■ 459. 
3n n n 396 
4" " " 	(exit cep) ' 301 

Kurth (34) has Shown that, as the boiling-point rises, 

successive fractions of oil contain gradually increasing • 

anounts of aromatic and olefinic hydrocarbons, -  a more-or-

less constant amount of naphthenes and a. diminishing amount 

• of paraffins. These facts are in accordance with the 

• present hypothesis in which it is asserted that the 
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paraffins, being thermally unstable at the rr9torting tem-

peratures deoompose to produce paraffins and olefins and, 

as monocyclic aromatics are the most stable hydrocarbons, 

under these conditions, the higherboiling fractions will 

cintain appreciable amounts of this hydrocarbon tjpe. It 

does not seem unlikely that some aromatic's are formed in 

situ durine the distillation test, as the temperature 

reached (350°C.) is quite sufficient to cause ring closure 

of certain unsaturated hydrocac.bons. 

Point 

The nature of the waxes present in the crude oil indi-

cates long-chain structures in the original kerogen. As 

mentioned earlier, paraffin waxes cannot 	produced by 

the thermal decompositionof any hydrocarbon other than 

higher Waxes, From this statement it can be seen that some 

chains in the original material contain more than twenty 

carbon atoms. By repeated "sweating" of a sample of wax 

produced from the crude oil of torbanito, the melting-point 

of the wax was raised from 37°C. to 56°C#; , as docoaane 

(C22 1146 ) has 6 melttng point of 44°C, (74) 0  the wax must 

have arisen from material possessing et least twenty-two 

straight-chain carbon atoms. 

McKinney (43) has proved the presence of saturated 

hydrocarbons up to C26 in New Brunswick oil-shale, 

Point 3 #  

Distillation characteristics of oil produced from 
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different torbanites under similar conditions are remar-

kably uniform and no information on source of oil may be 

deduced from distillation analyses. 

Representative samples of torbanite from Barigan, 

Marangaroo, Glen Davis, Wollar, Coolaway and of the true 

oil shale at Mount Kembla, were retorted under controlled 

conditions (similar to Run 2), following which the oils 

were distilled under standard A.S.T.M. conditions. The 

results of these distillations are given in Table 58, from 

which it can be seen that there is no distinguishing fea-

tUre'between them. There is on exception to this uni-

formity, which is the specific gravity' of the oil from Mt. 

Kembla Shale; although the distillation characteristics 

of this oil are similar .  to the others shown, the low speci-

fic gravity indicatas a relatively small amount of closed 

ring structures,. and confirms earlier statements that the 

oil-shale from Mt. Kembla must be regarded as distinct 

from the Kamilaroi torbanites. 

Table 58.' 

Distillation Analyses of  Various Oils. 

Distills- 
tion 

Analysis' 

Source of Oil 

Mt. 
Kemble 

Barigan Maran- 	Glen 
aroo 	Davis 

Wailer Uoolaway 
IIIMNIIIM.1•11•••■•■•••■•11•■• N  

I.B.P. 83 78 80 85 81 80 
50• 104 115 124 117 137 112 
100 138 158 138 151 181 19 
200 . 185 216 193 181 206 193 
300 233 246 235 242 234 250 
400 273 307 281 270 258 288 
50% 320 337 305 310 306 325 
60re 340 358 334 337 341 346 
700 353 360 360 358 354 356 
800 3/6 375 381 370 371 379 
900 382 400 397 388 387 395 
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labrigftla Moran- 	Glen Wollar Coolaway Mt. 
_61422 Davis 	 Kembla 

Specific 
Gravitn: 0.873 0.876 	0.871 0.875 	0.872 	0.642. 

Point 4. 	 Gas. 

The analysis of the as produced during the progres-

sive stages of decomposition of torbanits gives important 

information on the mode of combination of some of the non-

hydrocarbon atoms. 

It has been pointed oul earlier in this pork th4t 

the three elements, oxen, sulDhur and nitrogen, are minor 

but important constituents of kerogen. Compounds of ell 

three elements occur in the gas as well as in.the oil. In 

. the oil, nitrogen and sulphur occur in acyclic and cyclic 

• organic structures, while oxjgen wo . .ears only in the form 

of phenols, and naphthenic acids; in the 6as they occur 

Substantially as inorganic compounds.

•  • If the gus evolved during the various stages of the 

decomposition is analysed for hydrogen sulphide end carbon 

.dioxide it is seen that the concentration of these consti-

tuents exibits regular variation, irrespective of the 

source of the kerogen. The figures which follow are taken 

•from three. sources (00Uthrie (27) Neppe (47) and the pre- . - 

.Sent work). 
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TaLle 59. 

Lalais for HS and COa_ia_gases during retortiag. 

Hydrogen 
§32121114e 

Carbon 
Dioxide It 

Guthrie . .im 
17.0 17.0 IV 

II 33.5 7,5 
III 54,0 5,5 
IV 32.0 4.5 
V 25.0 V 4,5 

VI 1,0 4.0 

149_22!. 
-- 	00 - 350°C, 

350 - 400°C. 
5.0 
4,3 	. 

15.1 
5.7 	- 

400 - 450°C. 3.5 8.6 
450 - 5250 C, 2,1 6.5 
525 - 600°C. 0.4. 1.8 

600°C. 0.5 4.3 

Cane. 
---"k0 - 325°C. 

325 . 375°C. 
6,8 
4.6 

2.2 
2.3 

37i) - 4C0°C. 3.4 2.4 
450 - 500°C. 1.7 1.1 
500 - 525°C *  0.8 1.0 
525- 0.6 1.4 

No temperuture mentioned 

In the three examples quoted, the concentration of 

both gases dee-eases as the temperature rises, from which 

it m#y be deduced that the sulphur and oxygen atoms giving 

rise to these i2,, sr.s are in weak combination, ancOhie may 

are dienimilar from those producing phonols and thlophenes 

The composition of &is produced appears to have no 

relationship to the scurce of the torbanite, but depends 

largely on the retorting procedure. However, the following 

generul relationships are substantially true; 
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(11) The specific g ,?bvity of the gaa evolved at any tam- .  

porature decreases sharply at retorting temperatures 

• in excess of 500°C* This is cauped by large amounts 
. of hydrogen and methane in the as produced at higher 

temperatures. The hydrogen may arise from the decom- 

position of condensed benzene nucleii formed by poly- 

merisation. • 

• yields given In %, 

End temperature 600°C. 90°C, 

Residue 79.94 78.66 
Distillate 	• 15.49 13,53 
Gh8 	grms* % 4.57 5.61 
Gas • vol. ml . 3623 6581 
3,G 1  gas ,(air = 1) 0.98 0.66 
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(1) The total volume of gas -increases as the decompo-

sition Proceeds.to completion, the rate of evolu-

tion of gas. rises to a maximum and then decreases 

see graph la.. The total volume increases greatly 

if the temperature exceeds 600°C.; for example, a 

sample which yielded 3623 ml. of gaz) per 100 grm.' 

charge at 600°C. end-temperature,•produced a fur-

ther 29.68 ml. of gas tetween 600°C *  and. 900°C. 

The weight balance of these .operations Is shown in 

'Table 80 telow. 

able 60 

Gas Produced Durinu Decomposition (Grm:Kina_AR211E) 
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Table 61. 	. 

• . • Specific Gravitz of Gas. . 

End temperature of Assay 	Specific Gravity 
of Gus (Mr1) ••••••••■••■•••■•••••••■• •■•••■•■■.■41.101.11..0•■■•■••••■• 

• 

• The specific gravities were measured by a Burrell dif-

fusion apparatus which is a U.S. Bureau of Vines modi-

,fication of the Schilling apiuratus; 

(lit) The amount of. gas calculated on an ash-free basis . 

increases with the amount of ash in the torbanite; 

this probably being caused inthAl foliowir wj manner. 

Large amolmts of mineral mutter necessitate high tem-

perature gradients across the retort, also large tem- 

•persture gradients across any one-nartiple of torbe- 

•hits. In rich material, which has nearly completed its 

decomposition, very little mutter remains in the re- 

' tort and consequentlY the.oas does not have to travel 

on Lppreifiable intrepartioular distance before it is 

remoVed from the zone of high tenperaturesi On the 

other hand, the gos produced from the interior of a 

particle of lean torbanite has an appreetable thickness 

of r-sidue to pass through before being liborated, and 

this path is at a higher temperLture than that at which 

the gas was termed. Ten consecutive analyses were 

55C6C. 0.977 
. 	600 0.838 

. 	850 0.697 
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diminish113 at temperatures in exces of V00°C. The ()verb._ 

amount of ammonia varies between 0.01 to 0.1 Emma , of 

torbanite and, in general, lareer yields (on L3h-froe • 

basis) are to be expec+ed from,leaner torbanite; end as 

mentioned under. (iii) this is caused indirectly by the 

large amounts of ash. 

Table 64. 
■■ ,01.110WWWWWW.00 

Amount of Ammonia in Gas. 

in arms. as per 100 grms., Torbanite. 

Temperature• C. -500 600-600 600!-800 800-900 900 - 

Ammonia %, 0.03 0.08 0.07 0.05 0.02 



246. 

CONCLUSIONS., . 

The results contained in this thesis represent an 

investigation into the composition and reactions Of a 

substance on which research has hitherto been extremely 

limited. 

The important features including chemical and physi-

cal properties of the New South Wales torbanite have been 

described in detail. In addition the decomposition reac-

tions of torbanite have received extensive consideration. 

From p study of the properties and:reactionsof ter-

banite, a theory of its origin and formation has been 

.puforward, and it has been shown that this theory is 

consistent with the o•served.facts. 

Finally, It is hoped that the informationcontained 

'in this thesis will suggest further lines of investigation 

to other.research workers and that the appli:2at1on of 

results contained herein will prove of interest to inves-

tigators in this field, and will prove of benefit.to the 

oil shale industry as a whole. 	S. 
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Studies in Tasmanite Shale Oil 
By 

R. F. CANE, M.Sc., A.A.C.I. 

Chemist, National Oil Pty. Ltd., Sydney 

(Read 11th November, 1940) 

INTRODUCTION 

Although the chemical composition of petroleum has received much attention 
in recent years, there is a surprising lack of information from the systematic 
study of any one shale oil, with perhaps the exception of the work of Kogerman 
(1931) in Estonia, Hellsing (1921) in Sweden, and Hone (1935) in Japan, together 
with the various articles which have been published on the Scottish shales. 
However, practically no work has been published on the chemistry of Tasmanite 
oil and very little more on any Australian mineral oil. 

The oil-producing substance of Tasmanite, seen under the microscope, consists 
of roundish discs that can be just discerned by the naked eye, although, as Singh 
(1932) has pointed out, during fossilization these spore cases have been distorted 
and ruptured. The general concensus of opinion is that they are innumerable 
sporangia which are allied to Lycopodaceous macrospores. This spore case 
material is the true kerogen of Tasmanite, and, in common with all shales, its 
pyrolysis takes place in two stages. A primary decomposition occurs, causing the 
kerogen to change into a gummy semi-solid bitumen of highly unsaturated nature; 
this bitumen is unstable at the temperature of the retort, and immediately decom-
poses into compounds of greater stability and saturation. 

The oil taken for this research was produced by a gentle and approximate 
isothermal distillation of the shale, the temperature never rising above 400°C. 
There is little or no hydrogen sulphide produced during this pyrolysis, whereas 
in commercial retorting large quantities of this gas are produced. Assuming 
that the production of hydrogen sulphide is the result of the secondary decom-
position mentioned above, the type of oil chosen for this research should give 
valuable information on the chemical structure of Tasmanite kerogen. 

Research on shale oil presents a more difficult problem than might at first 
be expected; this is caused by the relatively high percentages of sulphur and 
nitrogen making the preparation of pure hydrocarbon mixtures very difficult 
indeed. Another contributing factor is the high olefine content of the oil, 
which causes the formation of large quantities of tarry matter when the oil 
is treated with sulphuric acid, in a manner which is applicable to flow oils 
containing a much smaller amount of this hydrocarbon type. 
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TASMANITE SHALE OIL 

The crude oil possessed the following properties:— 

Specific Gravity ED 15 ° C. 	 = 0.8590 
Refractive Index @ 15 ° C. 	 = 1.4684 
Water 	 = 0.34% 
Tar Acids .. 	 = 9.5% 
Tar Bases 	 3.2% 
Sulphur 	 = 2.22% 
Nitrogen . 	 = 0.34% 
Mercaptan Sulphur .. . .....................= 	0.30% 
Diolefines 	 = 5.7% 
Olefines ± Aromatics . 	 = 56.1% 
Free Sulphur . 	 not present 
Hydrogen Sulphide . 	 not present 
Acetylenes 	 present, but not determined 
Organic Peroxides 	 present, but not determined 

The above values of the specific gravity and the refractive index; and all 
proceeding ones in this paper were determined in the following manner:— 

The Specific Gravity was measured by means of the Westphal balance 
standardized against distilled water. If any small correction was thought neces-
sary, the amount of the correction was obtained from the data published by 
Beale (1937). 

The Refractive Index was found using an Abbe refractometer, and the 
temperature corrections were based on the Eykmann equation and the results 
of Kurtz and Ward (1936). Except where the temperature is given, both of 
these constants have been corrected to 20°C. All volumes are volume per cent, and 
all temperatures are given in degrees Centigrade and are not corrected for the 
emergent stem. 

Distillation 
The oil was fractionated in an iron drum of five gallons capacity, with an 

upright fractionating column at the top. This column was lagged with asbestos 
tape, between two layers of which was wound a helix of nichrome resistance 
wire, to a point 10 cm. from the top and to 23 cm. from the bottom, and by this 
means the column was warmed in the later stages, in order to produce a more 
even distillation. Inside the column, as a packing agent, were hung six one-yard 
lengths of brass chain. Towards the end of the distillation it was found impossible 
to get over the last fractions on account of the heat losses at the sides of the 
drum, and for this reason the last litre or so were distilled in a small apparatus 
of the normal laboratory type. Seventeen litres of the oil were distilled, with 
the results shown in the first four columns of Table I. The colour of the 
fractions varied progressively from colourless, in the first three fractions, through 
pale and dark yellow to nearly black in the last fractions. 

Washing of the Fractions to Determine the Tar Acids and Tar Bases 
100 ml. of each fraction were taken and poured into a stoppered separatory 

funnel, and an equal volume of 10 per cent aqueous sodium hydroxide added, 
then strongly agitated and the two layers allowed to separate out, the bottom 
layer run off, and the procedure repeated until the volume of the residual 
oil remained constant after two consecutive washings. The decrease in volume 
of the oil was taken as the percentage of tar acids. The above treatment was 
repeated substituting 10 per cent sulphuric acid for the caustic solution, and in 
this manner the amount of tar bases was determined. This treatment was 
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followed by a light sodium carbonate treat in order to remove traces of acid, 
then by a water wash, and finally the fractions were dehydrated over calcium 
chloride. The results of these treatments are shown in the Table I. 

The Isolation of m-Cresol in the Tar Acids 

The caustic washings from seven litres of the oil were united and the crude 
phenols liberated by dilute hydrochloric acid. They were redissolved in 4N 
caustic soda and the phenols—free from napthenic acids—liberated by means 
of carbon dioxide. The reddish oily liquid was fractionated using a Young 
and Thomas column. 

Fraction No. Roiling Range. 

183-204 

Density. 

0.9811 

Refractive 	Index. 

1.5346 
2 204-207 1-0119 1.5330 
3 207-217 1.0138 1.5321 
4 217-226 1.0216 1.5287 
5 226-233 1-0285 1.5253 
6 Residues. 

The first and second fractions were united and distilled three times and 
divided into the following cuts:— 

Cut No. 	 Boiling Range. 	 Density. 	 Refractive Index. 

I. 200-203 1.021 1.5201 
II.  203-208 1.018 1.5220 

III.  208-214 1.011 1.5284 

All three fractions were water-white when freshly distilled, but developed 
a reddish tinge after a few days. They possessed the characteristic cresol 
odour, and were practically sulphur free (all thiocresols possess a boiling point 
lower than 200°C). 

Isolation of m-Cresol from Cut I 
This fraction was treated with mercuric chloride in order to remove traces of 

sulphur compounds, washed with water, and purified by ether extraction. The 
purified extract was again distilled, when the major portion distilled over at 
204° 0.4. This was put aside and its characteristics found; density = 1-027 and 
refractive index = 1.5527, and on distillation with zinc dust it yielded toluene. 

Schotten Baumann reaction with benzoyl chloride produced a benzoate of melting 
point 53.1°; this corresponds fairly closely with m-tolyl benzoate of m.p. = 54° 
(Behal & Choay, 1894), and gave no depression of melting point when mixed 
with the latter substance. Another portion was nitrated according to the method 
of Rashig (1900) and the trinitro derivative isolated; this was light yellow 
in colour and melted at 104.7'; the melting point of 2:4:6-trinitro-m-cresol = 106°. 

According to Darzens (1931), anhydrous sodium acetate forms with m-cresol 
a complex 5.CI-13COONa.2CHX6H.OH, which, on decomposition with water, yields 
m-cresol in a high degree of purity. This reaction, so the author maintains, 
is specific to m-cresol. A similar procedure was applied to the purified m-cresol 
from Tasmanit,e, with positive results. The m-cresol isolated had a melting 
point of 10.5° and refractive index of 1.5343 at 20°C, agreeing very closely with the 

•data published by Darzens. All attempts to detect the ortho- and para-isomers 
were unsuccessful. 
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TASMANITE SHALE OIL 

THE OLEFINE CONTENT 

The determination of the correct olefine content is a matter of great difficulty 
in an oil such as this. Owing to the colour of the middle and last fractions, methods 
such as that of Mulliken and Wakeman (1935), involving the use of bromine, 
could not be used, as even the middle fractions had sufficient yellow colour 
to mask completely the very similar colour of the bromine. Moreover Thomas, 
Bloch, and Hoestra (1938) suggest that bromine absorption does not give 
correct values for the unsaturation when diolefines are present, which is 
undoubtedly the case in this oil. The use of the Francis bromide-bromate solution 
(Francis, 1926) was tried in the lower fractions without concordant results, 
probably due to the presence of cyclic olefines, which, according to Cortese (1929) 
give anomalous results. 

After trying several reagents it was decided to employ sulphuric acid without 
the addition of boric acid as suggested by Kattwinkle (1927), as this has been 
shown incorrect by Tropsch and others (1929). It was fully realized that this 
method possessed many inherent disadvantages, such as the formation of 
polymerization products, attack on other substances, also the constitution of 
the saturated hydrocarbons is not necessarily the same before and after the 
sulphuric acid treatment, as new paraffins and napthenes may be formed under 
the influence of the acid (Brochet, 1893). 

OPTIMUM ACID STRENGTH FOR OLEFINE DETERMINATION 
In order to gain some idea of the action of' different strengths of sulphuric 

acid on the oil, a representative fraction was treated with gradually increasing 
strength sulphuric acid, in the manner suggested by Fisher and Eisner (1937). 
The results of this are shown below: 

Acid Strength. 	Residual Volume. 

Vo 	 ml. 
.... 	 100 

Refractive Index. 

1-4812 
70 93.0 F4778 
75 88.0 1-4785 
80 82.5 1-4796 
82.5 80-5 1.4800 
85 76-6 1.4820 
88 60.5 1-4795 
90 58-0 1.4765 
96 51.0 1-4583 

100 44.5 1.4364 
105 39.5 1-4385 

From these figures it can be seen that there is incipient attack on the 
aromatics when the acid strength has reached 88 per cent and that complete 
removal of aromatics and the commencement of attack on the paraffin-naphthene 
mixture starts with the 100 per cent acid. 

50 ml. of the acid and base-free oil were placed in a stoppered separatory 
funnel and treated with an equal volume of 85 per cent sulphuric acid for ten 
minutes with external cooling, the acid layer separated off, and the treatment 
continued until the volume of the residual oil was constant. The results are given 
in Table I. 

The residual oils were water-white, had practically no odour, and did not 
decolourize a weak solution of potassium permanganate. 
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The presence of Diole fines 
The presence of appreciable amounts of diolefines in the oil was indicated by 

the intense yellow colour in some fractions. A certain fraction, in which the 
presence of diolefines was strongly suspected, was placed in a flask with 20 per 
cent of its weight of maleic anhydride and kept at a temperature of 100°C. for 
four hours under reflux. At the end of this period the residual oil was decanted 
off and the crystals washed free from oil; these crystals were soluble in alcohol 
and melted at 145°. To prove that ring formation had actually taken place, 1.5 
gm. of the maleic anhydride compound was heated with 2 gm. of resorcinol and 
1 gm. of zinc chloride for several hours. The product of this reaction was 
an intense red solid, soluble in alcohol, and had a characteristic colour change 
from acid to alkaline solution. The formation of this coloured substance (to be 
assumed of the phthalein type) could only arise from a cyclic structure, necessi-
tating ring closure between the maleic anhydride and the diolefine with the 
formation of an acid similar to terephthalic acid and the subsequent formation 
of the anhydride. 

The Presence of Terpene-like Ole fines 
A series of investigations were carried out in order to determine whether 

terpenes or substances allied to them were present in the oil. It is not intended 
to give a detailed description of the work done in this direction, but to state 
briefly that no conclusive evidence for their presence was obtained, although 
certain lines of research produced promising results, notably halogenation, fol-
lowed by treatment with mercuric acetate. 

THE SULPHUR COMPOUNDS 

Sulphur is always present in shale, and, in general, a similarity exists 
between the sulphur compounds in shale oil and those in petroleum, but it is 
found that aromatic compounds predominate in the oil from shale in contrast 
to the usual aliphatic nature of the sulphur compounds in petroleum. 

An examination of the more important sulphur compounds occurring in 
shale oil will serve to show that they are essentially thiophenic in nature and 
for this reason investigations on the sulphur bodies in shale oil are usually more 
difficult than the corresponding work on petroleum. This is more easily realized 
when the unsaturated nature of the former is taken into account. 

On an allied oil Morgan and Soule (1923) write, 'There is no concentration of 
sulphuric acid capable of removing such sulphur compounds without attacking 
the unsaturates which predominate in the neutral oil. These unsaturated com-
pounds, moreover, interfere with the usual qualitative thiophene identifications, by 
reacting with the sulphuric acid of the indophenin test and with the nitric acid of 
the thalline test to give reddish brown shades which mask the colour reactions, even 
in the presence of added thiophene.' 

The presence of sulphur compounds in an oil which is to be used for 
power purposes has been one of the great disadvantages against the employ-
ment of shale oil in this connexion, for not only does the sulphuric acid formed 
during its combustion have a corrosive effect on the cylinders of the engine, 
but recently Kruser and Schade (1933) have shown that such compounds can act 
as accelerators in gum formation. 
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Challenger (1926) and Schleiber (1915, 1916) have performed important 
investigations into the nature of the sulphur compounds occurring in shale oil; 
both of the above investigators have shown that these bodies are mainly derivatives 
of thiophene, and have succeeded in isolating thiophene itself and certain 
of the lower alkyl homologues. 

EXPERIMENTAL 

Mercaptans 

Mercaptan sulphur was estimated by a modification of the method proposed 
by Bond (1933): The results are given in the first table. 

The Thiophenes 

Five litres of crude Tasmanite gasoline were given a light acid and alkali 
wash and then distilled with the following results:— 

Fraction. Temperature Volume Density Refractive Sulphur. 
Range. mls. @ 18 ° . Index. % by Wt. 

1 -50 9-6 0.6934 1-3834 0-20 
2 50-70 87 0-7037 1.3972 0.53 
3 70-90 457 0-7484 1-4088 1•18 
4 90-110 491 0-7641 1-4207 1-51 
5 110-130 538 0.7884 1.4364 1-97 
6 130-150 593 0-7928 1-4389 2.31 
7 150-160 163 0-8049 1-4469 3-06 
8 160-170 161 0-8112 1-4496 3-58 
9 170-180 115 0-8225 1.4558 3-24 

10 180-190 91 0.8377 1.4590 3.22 
11 190-200 58 0-8400 1.4654 3-02 
12 Residues. 

Fractions 3 and 4 were united and subjected to more exact fractionation, 
thus:— 

Fraction. T emperature 
Range. 

Density. Refractive 
Index. 

Sulphur 
% by Wt. 

3a 70-75 0-7179 1-4003 1-02 
3b 75-80 0-7295 1-4073 1-18 
3c 80-85 0.7583 1-4232 1.48 
3d 85-90 0.7667 1•4180 1-54 
9a 90-95 0.7548 1-4205 1.48 
4b 95-100 0.7585 1.4300 1-49 

The Presence of Thiophene in Fractions 3c + 3d 
A representative portion of these two fractions was again distilled and cut at 

2° intervals. The 83*-85° cut was treated with mtrcuric chloride in the fol-
lowing manner :—Alcohol was added to the fraction until the solution contained 
80 per cent alcohol, and to it was added twice the amount of mercuric chloride 
required to form the mercurichloride (assuming that all the sulphur was con-
tained in the thiophene), and five times the quantity of sodium acetate necessary 
to combine with the liberated hydrochloric acid. It was allowed to stand for 
two days with frequent shaking, and at the end of this period the precipitate was 
filtered off. A portion of this precipitate after purification gave, on analysis:— 

Chloride 	 11-8% found; 11-1 calculated 

Sulphur 	 9.7% found; 10-0 calculated 
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The melting point of the compound was rather indefinite near 179°, and 
at 183° it commenced to blacken. The melting point of thiophene mercurichloride 
is reported by Steinkopf to be 183°. Another portion of the precipitate on distilla-
tion with 6N hydrochloric acid decomposed to produce a liquid which reacted 
positively to the usual thiophene colorimetric tests. 

The Methyl-Thiophenes 

Fractions 41) and 5 were united and distilled three times. 

Fraction No. 	Temperature 	Density. 	 Refractive. 	 Sulphur 
Range. 	 Index. 	 % by Wt. 

MT (i) 105-109 0.7642 1.4246 2.43 
MT 	(ii) 109-117 0.7759 1.4345 2.98 
MT 	(iii) 117-126 0.7808 1.4348 2.27 

Lot MT (ii) was fractionated twice, and the final temperature limits taken 
at 111° to 115°. The volume of this fraction was 67 ml., and it contained 2.99 
per cent sulphur. 60 ml. of this were dissolved in a litre and a half of alcohol 
and agitated with one litre of aqueous sodium acetate (33 per cent) and four 
litres of saturated aqueous mercuric acetate. After two and a half hours a dirty 
yellow precipitate formed; this was removed, and further precipitation allowed 
to take place. At the end of one day the combined precipitates were extracted 
with boiling alcohol and the solute crystallized and purified. The crystals melted 
between 202° and 204°. Steinkopf (1914) states that the melting point of 
2-methylthiophene-5-mercurichloride is 204° with previous sintering, while the 
corresponding figure for the 3-methyl isomer is quoted at 138°. The methyl-
thiophene-mercurichloride was decomposed with hydrochloric acid as before, and 
a portion of the liberated methylthiophene converted into its tribromo derivative. 
On recrystallization a sharp melting point was obtained at 85.6°. The melting 
point of tribromomethylthiophene is recorded in the literature at temperatures 
varying between 87° and 94° but most reliable sources place it at 86°. The 
melting point of the other isomer is 35°, while Gatterman (1885) states that 
a mixture of the two isomers cannot be separated by crystallization and melts 
at '74°. In order to complete the identification a small portion of the purified 
compound was oxidized to the corresponding acid with potassium permanganate. 
The melting point of this acid (126°) clearly corresponded to 2-thiophenecarboxylic 
acid. 

Examination of Fraction 6 for Dimethylthiophenes 

Fraction 6 was distilled several times and finally cut into two lots:— 
6 (a) 130°-135° Density, 0-7854; Refractive Index, 1-4390. 
6 (b) 135°-143° Density, 0-8012; Refractive Index, 1-4468. 

No thiophene derivatives could be found in the first lot. The other lot, 6 (b), 
gave very peculiar results. 60 ml. were treated with mercuric acetate as before, 
and, within a half hour, a large amount of white granular precipitate was formed. 
The mixture was allowed to stand for thirty hours with frequent shaking, after 
which the precipitated mercury compounds were filtered off. An examination 
of the filtrate showed that the whole of the fraction had been converted into the 
mercury compound. The precipitate was washed with petroleum ether, after 
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which it was distilled with 6N hydrochloric acid, whereupon 57 ml. of a sweet 
aromatic oil were recovered. The oil burnt with a very smoky flame, and possessed 
the following properties:— 

Density 	 0.8107 
Refractive Index 	 1.4471 
Sulphur 	 3.0 per cent 

It reacted negatively to the usual thiophene tests. On distillation the whole•
of the distillate came over between 136° and 140 0 , which immediately precludes 
other sulphur containing substances, such as thioethers, thiols, thiophanes, &c., 
none of which have been reported to boil within these limits. In the case of' 
2 :3-dimethylthiophene-mercurichloride, there is a direct covalent link between the 
mercury and carbon atoms, in contrast to the addition compounds formed when 
mercury salts act on other sulphur compounds, such as mercaptans. This latter type 
is split up on treatment with caustic alkalis with the formation of the oxide of the 
metal. It was proved in the present case that the compound under consideration 
was essentially aromatic in nature. However, at this juncture it seems inadvisable 
to assume that dimethylthiophenes are absent, nevertheless it appears that another 
type of sulphur compound is present in such large quantities that the usual methods 
used in the isolation of thiophene homologues are not applicable. It is hoped 
to continue this phase of the research in the future. 

These investigations were carried out in the Department of Chemistry in the 
University of Tasmania during the tenure of a Commonwealth Government Research 
Scholarship (1938 and 1939). 

SUM MARY 

Tasmanite shale on gentle pyrolysis produces an unsaturated oil with a relatively 
high aromatic content. The oil was fractionated and the physical properties of 
the different fractions found, after which the fractions were washed with sodium 
hydroxide solution and dilute sulphuric acid, in order to determine the tar acids 
and tar bases. The isolation of m-cresol from the tar acids is described. The 
degree of unsaturation, as determined by 85 per cent sulphuric acid, varied 
between 40 per cent and 47 per cent, including as much as 11 per cent diolefines. It 
is probable that terpenes, or substances closely allied to them, occur in the oil, 
although their presence was not confirmed. Tasmanite shale oil contains large 
quantities of sulphur, the major portion of which is contained in heterocyclic 
molecules. The cyclic sulphur bodies in the lower fractions were thiophenic in nature 
and the presence of thiophene and methyl thiophene was confirmed. 
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TABLE I. 

Fraction. Temperature 
Range. 

Volume 
ml. 

Specific 
Gravity @ 20 0 . 

Refractive 
Index @ 20°. 

Tar 
Acids. 

Tar 
Bases. 

After Removal of Acids and Bases. 

Mercaptan 
Sulphur. Specific 

Gravity. 
Refractive 	I 

Index. 	I 
01 efi nes 
rer cent. 

36-60 60 0.6799 1.3857 0.0 
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l 0.6800 1.3858 40 0.000 
60-70 414 0.6958 1-4038 0.0 0.6959 1.4039 40 0-029 
70-80 162 0.7199 1-4046 0.0 0.7200 1.4048 46 0-044 
90-100 227 0.7200 1.4060 0.0 0.7195 1.4063 47 0.074 

100-110 125 0-7237 1-4097 0.0 0.7230 1.4098 40 0.101 

110-120 256 0.7425 1.4130 0.0 0.7415 1.4130 45 0.082 
120-130 261 0.7531 1.4205 	I 0.0 0.7528 1.4200 -11 0.115 
130-140 497 0.7630 1.4242 0.1 0.7649 1-4254 45 0.126 
140-150 544 0-7665 1.4284 0.3 0.7665 1-4286 45 0.164 
150-160 529 0.7785 1-4329 0.4 0-7806 1.4330 44 0-232 
160-170 956 0.7934 1.4418 0.5 0.7897 1.4380 42 0.273 
170-180 841 0.8062 1.4468 1.5 0.8004 1.4419 40 0.282 
180-200 910 0.8148 1.4523 2.0 0.8154 1.4494 40 0.226 
200-220 2022 0.8298 1.4607 3.0 0.8277 1.4567 41 0.390 
220-240 1920 0.8461 1.4657 3.5 0.8396 1-4612 40 0-507 
240-260 1873 0.8713 1.4805 3.5 0.8668 1-4758 40 0.224 
260-280 822 0.8779 1.4848 4-5 0-8763 1.4832 40 0.392 
280-300 864 0.8803 1.4932 5-0 0.8764 1-4906 41 0.421 
300-320 778 0.8978 1.4992 5.0 0.9858 1.4974 41 0.438 
320-340 843 0.9161 1.5077 5.5 0.8999 1.5056 40 0.515 
340-360 705 0 9328 1-5183 5.5 0.9311 1.5170 40 0.344 
360- 175 0.9514 1.5227 5.8 0.9500 1-5213 I 	40 0.445 
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The Nitrogen Bases in Tasmanite Shale Oil 
By 

R. F. CANE*  

(Read 13th October, 1941) 

INTRODUCTION AND HISTORICAL 

The type of nitrogen compounds produced during the retorting of oil shale, 
although essentially of a heterocyclic nature, depends on several factors, the chief 
of which are :— 

(i) The rate of heating: 
(ii) The retorting method: 
(iii) The absence or presence of air. 

Although these 'tar bases' are mainly derivatives of pyridine and/or 
quinoline, other compounds of a pyrrole nature have been reported to occur, for 
instance Petrie (1905) recorded the presence of pyrrole compounds in the oil 
obtained from the torbanites of New South Wales, and accounts of the shale oil 
from Colorado giving the same reaction have been reported by McKee (1925). 

The first systematic work on the nitrogen compounds in shale oil was that of 
Williams (1854) on Dorsetshire shale. Williams wrote that they burnt with a 
smoky flame, possessed a very bad smell, were soluble in alcohol and gave a blue 
precipitate with cupric nitrate. He isolated pyridine and some of its lower homo-
logues. Garret and Smythe (1902) working on Scottish shale oil succeeded in 
isolating and identifying seven members of the pyridine series by oxidation to 
the corresponding acids with potassium permanganate and by the preparation of 
the aurichlorides of the bases. 

Robinson (1879) recorded the presence of nitrogen compounds in Scottish 
shale oil bases, occurring in the fractions boiling between 270° C. and 390° C.. 
He proved that they were dicyclic compounds of the iso-quinoline series. In 
reference to the formation of salts, Robinson writes 'attempts were made to get 
crystalline salts from the mixed bases; the double chlorides of platinum, gold, 
cadmium, mercury, lead and zinc were tried but without success, only resinous 
sticky masses being obtained. The same failure in getting crystalline salts was 
experienced when the bases were treated with sulphuric, hydrochloric, nitric and 
oxalic acids '. 

Kogerman (1931) gives a detailed description of the methods used to obtain 
the purified bases from Estonian shale oil, and Makes the statement that 'The 
pure bases, separated from the shale oil, formed a reddish liquid with a quinoline-
like odour, specific gravity-0.9731 at 15° and n D -1.539/19 °  '. He also states that 

*Chemist, National Oil Pty. Ltd., Sydney. 
(5) 
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some of the higher bases failed to give crystalline salts, (cp. Robinson's remarks 
above), and, although he remarks that they belong to the pyridine and quinoline 
series, their presence was not confirmed. Eguchi (1927) has reported the presence 
of pyridine compounds in Fushun shale oil and identified methyl, dimethyl, and 
trimethylpyridines. 

From the above brief summary it can be seen that aliphatic nitrogen compounds 
do not play an important role in the tar bases present in shale oil. These bases 
are, practically without exception, heterocyclic in structure and consist of alkylated 
pyridines and quinolines. The bases found in Tasmanite shale oil were typical 
of the above, members of the monocyclic and dicyclic series having been identified. 
However, a second type of base was found to be present, apparently belonging to 
the naphthenic base ' group already discovered in Californian petroleum. 

EXPERIMENTAL 

The material used in this investigation was not a representative crude oil in 
the true sense of the word, because very gentle pyrolysis was used in its production, 
the temperature being kept at all times below 420° C., a description of the properties 
of this oil has been given elsewhere by Cane (1941). The amount of tar bases 
present in the oil as determined by a modification of the Universal Oil Products 
Laboratory method No. C-78-40 was 3.2 per cent, while an examination of 10° C. 
cuts showed zero per cent in the lower fractions, with increasing amounts to 
nearly six per cent in the higher ones. The oil was extracted with successive 
batches of 10 per cent sulphuric acid, the acid washings removed, bulked, and then 
made alkaline with caustic soda, the supernatant oily layer allowed to settle on 
the top and then removed. The united bases were extracted with anhydrous 
petroleum ether and the etherial layer concentrated. The bases were again con-
verted into their sulphates and the aqueous layer washed with petroleum ether 
to remove traces of hydrocarbons, and finally the purified bases liberated with 
dilute caustic soda solution. The isolated bases were orange in colour with a 
distinct greenish fluorescence, and possessed the following properties:— 

Specific Gravity @ 20 °  C. 0.9717 
Refractive Index @ 20° C. 	. 1.5292 
Nitrogen 8.41% 
Sulphur 0.27% 

Their smell was characteristic of the shale bases; i.e., a mixture of pyridine 
and quinoline together with a faint peppermint smell. The smell of the bases 
lingered on the hands, even after several washings, and the physiological action 
was quite pronounced, the vapour producing the most acute headaches across the 
eyes and at the nape of the neck. 

GENERAL REACTIONS OF THE BASES 
(i.) No carbylamine reaction. 
(ii.) No crystalline quaternary ammonium salts with methyl iodide, but 

after standing for six months in a sealed tube a dark red tarry 
solid was formed. 

(III.) When diazotised and subsequently coupled with beta-naphol a dark 
green material was precipitated, and, when this was washed with 
sodium carbonate solution, a portion of the precipitate dissolved 
to form a deep red solution which dyed filter-paper orange. The 
residue from the sodium carbonate treatment was a green powder. 

(Iv.) No Rimini's reaction and a very faint and doubtful Liebermann 
reaction. 
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(v.) A deep blue precipitate was formed with cupric nitrate. 
(vi.) When the bases were reduced with sodium amalgam and alcohol for 

about 150 hours, a white water-soluble crystalline substance was 
precipitated. 

Distillation of the Bases. The purified and dehydrated bases were distilled 
several times in all glass apparatus of special design, the column was silvered 
and vacuum jacketed, and the packing consisted of single turn wire helices. The 
following were the distillation results:— 

Fraction 
No. 

Boiling 
Ramie ° C. 

Density 
@ 20 °  C. 

Refractive 
Index 

@ 20 °  C. , 

Average 
Mol. Wt. ( 1 ). 

Nitrogen. 

% 

Vol. 

go 

4
 2

 2 4  2 4'  

165-213 0-9270 1.5070 128.3 10-89 5-7 
213-238 0.9518 1.5128 158.1 10.07 32.5 
238-250 0.9778 1.5299 169.9 9.39 22.0 
250-270 0.9803 F5200 174.9 9.10 13.0 
270-290 0-9891 1-5349 171.8 8-89 13-7 

Residues 	and 	loss 	... 	. 	. 	.... 13.1 

The first fractions were colourless, but developed a light yellow colour on 
standing, while the higher fractions varied progressively from light yellow to a 
deep orange shade. All fractions deepened on standing, and it is interesting to 
note here the observations of Delaby and Hiron (1930) 'The alkyl quinolines are 
liquids of strong odour, light yellow in colour, and the colour becomes deeper, 
according to increasing molecular weight. Ethyl quinoline is nearly colourless 
when freshly distilled and under the same conditions butyl quinoline is straw 
yellow, but finally it assumes a brown red colour which deepens according to the 
time of preservation '. 

Fraction B1.—When closely fractionated on a semi-micro scale, the following 
results were obtained. In this work the criterion for the acceptance of any one 
substance from the point of view of boiling point was that all of this fraction 
must distill between the boiling limits of 1° C. 

Fraction No. 
Boiling 
Point. 

Specific 
Gravity 

@ 	18 °  C. 

Refractive 
Index 

@ 20 °  C. 

M.P. of 
Picrate . 

Nitrogen. 

% 

81 	(i) 	... 	.... 	.... 	... 
B1 	(ii) 
B1 	(iii) 

173.2 
198-4 
206.4 

0-9181 
0.9390 
0.9503 

1-4984 
1.5004 
1.5054 

154 
N.O. 	( 2 ) 

N.O. 

11.33 
10.91 
10-24 

The above picrate and all others in this paper was obtained in the following 
manner :—The base was dissolved in 35 ml. of acetic acid, and to it was added 
two grams of picric acid contained in 5 ml. of 50 per cent acetic acid. When the 
crystals were deposited they were centrifuged from the mother liquor and 
crystallised from alcohol, washed, dried, and the melting point found. 

(1) The molecular weight was determined by the cyrocopic method, using cyclohexane as the 
solvent, Muscarelli and Benati (1909). 

(2) Not obtainable. 
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Analysis of the results of Fraction B1 (i) agree closely with reported ones 
for y-collidine (2, 4, 6, trimethylpyridine), but it must be kept in mind that different 
authorities give very divergent values for these constants, and it has been noticed 
that they even differ by as much as 6 °  C. in the case of the boiling points of 
uncommon derivatives. 

Portion of this fraction was oxidised with potassium permanganate in a normal 
laboratory manner, and among the oxidation products the presence of trimesitic 
acid was confirmed. 

Trimethyl pyridine has already been found in Fushun shale oil by Eguchi 
(1927) and also has been isolated from lignite tar by Krey (1895). No success 
was obtained in the analysis of the Fraction B1 (ii). The preparation of 
crystalline precipitates was rendered impossible on account of the formation of•
thick orange tarry masses when the bases were treated in accordance with the 
technique described above. Every case resulted in the formation of this resinous 
mass, no matter how the formation of crystals was promoted, and it is interesting 
to note that Robinson made the same observation. He tried many inorganic salts, 
but the only result was resinous, sticky masses being obtained '. From later 
researches it seems probable that Robinson's, and the present, results were due, 
in part, to insufficient purification, but even Baily (1930), in the last few years, 
has had the same difficulty in the elucidation of the structure of the tar bases 
occurring in Californian petroleum. The last fraction, together with Fraction B2, 
seemed to be a transition stage between, or a mixture of, the mono-cyclic and 
di-cyclic bases. That the next fraction was of quinolinic nature is indicated by 
the sudden drop in nitrogen content and rise in molecular weight. An analysis 
of the boiling points and refractive indices might indicate the presence of 
hydrogenated quinolines, for as far as could be ascertained from the available 
literature none of the simpler alkyl pyridines have boiling points approaching 
any of the above. Even assuming that this fraction was composed of a complex 
mixture of highly alkylated pyridines, the refractive index is much too high to 
allow this consideration, e.g., propyl pyridine (b.p. 178° C.) has a refractive index 
of only 1.4934. Similar statements could be' made with regard to the presence of 
hydro-quinolines. No less than nine alkyl deca- and tetra-hydro quinolines have 
boiling points approaching the above. It may be assumed that, if these fractions 
contain hydro-quinolines at all, the refractive index would surely rise as the fraction 
was. reduced, and with this end in view a representative sample was dehydrogenated 
according to the procedure of Diels and Karstens (1927) :—Five gms. of the base 
and 7 gms. of powdered selenium were heated for 38 hours at a temperature of 
185 ± F5° C. and the change in refractive index noted. 

Refractive index before treatment 	 F5126 
Refractive index after treatment 	. 	. 	1.5128 

From a consideration of the hydro-quinolines, it can be calculated that the 
removal of four hydrogen atoms would cause an increase in the refractive index 
by an amount varying between 0.038 and 0.032, an increase which could be easily 
determined by refractrometric methods. 

Fraction B3.—From this fraction onward it can be seen that there is a drop 
in nitrogen content, while the refractive index and molecular weight still rise. 
The per cent of nitrogen in trimethyl quinolines is 8.9 and molecular weight 1711, 
which are in the range of the above fraction, but there are two important pro-
perties which require explanation, i.e., the low refractive index and density. 

From the preliminary work on a bulk sample, the presence of quinolines was 
confirmed, but members of the series boiling in this range have refractive indices 

■-• 
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greater than 1.58. It was shown, by treatment with selenium as before, that 
hydro-quinolines were not causing this discrepancy. 

The work of Baily and his collaborators on the nitrogen-containing bases in 
Californian petroleum, has shown that another important type of tar base 
(naphthenic base) may occur, and it seems probable that similar compounds occur 
in Tasmanite shale oil. They are apparently tri-cyclic in structure ,and contain 
a piperidine nucleus. Baily's process of a cumulative extraction was applied to 
a representative fraction boiling between 240° C. and 290° C. It was dissolved 
in 1 : 1 aqueous hydrochloric acid and treated with chloroform according to the 
procedure developed by Baily. The aqueous layer containing the hydrochlorides 
of the quinolinic bases was washed with decreasing amounts of chloroform; the 
chloroform layer containing the naphthenic bases with decreasing amounts of 
water. Under this treatment the refractive index of the aromatic section ' rose 
from 1.5321 to 1.5845, and the specific gravity increased to nearly unity after 
five stages of extraction. 

From this it can be seen that we are dealing with exactly the same set of 
conditions experienced by Baily. Furthermore, the values of the refractive index 
and density are now within the range of the tri-methyl quinolines. 

The extracted bases consisted of a sticky, semi-crystalline mass of light yellow 
colour with a greenish yellow fluorescence. The chloroform washings of the 
' non-aromatic ' bases were treated so as to isolate the free bases and their general 
properties found. They were brownish red in colour, with a blue fluorescence and 
refractive index of 1.4985. They gave the normal reactions characteristic of 
pyrrole compounds. It is believed that the structure of these bases is very 
complex, and no attempt was made to elucidate their structure. The quinolinic 
bases were converted into their picrates in solution buffered with sodium acetate, 
purified, and then heated with ammonia, from which the bases separated out as 
nearly solid masses. The bases were further purified by treatment with acetone, 
and then very carefully distilled in vacuo. 

Temperature Refractive Density Molecular Nitrogen. 
Fraction No. Range. Index (a 	15 °  C. Weight. 

@ 20° C. Vo 

Cl 	 . 244-245 F5983 1.0641 142.0 9.89 
C2 271-273 1-5903 0.9953 163.8 8-77 
Cl 277-279 1.5832 0.9307 177.4 8.01 
C4 284-285 1-5742 0.9502 179.7 7-49 

Analysing these results it can be seen that the first two fractions appear to 
contain methyl and di-methyl quinolines respectively, although their presence 
could not be confirmed. Tr-methyl quinoline was isolated from Fraction C3. 
This will be discussed later. 

Great uncertainty exists with regard to the characteristics of these bases, 
and widely divergent values have been reported with regard to the higher alkyl 
quinolines; for example, four different values for the boiling point have been 
reported recently of 2-3-dimethyl quinoline varying between 261° and 273° C., 
so that in these analyses it has been attempted to class the quinolines according 
to the number of alkyl groups rather than to isolate individual compounds. 
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THE PRESENCE OF THE QUINOLINE RING IN THE HIGHER BASES 
A small quantity of the ' non-extracted ' bases corresponding to Fraction C2 

(no more of the purified substance being available) was oxidised very carefully 
with 2 per cent aqueous alkaline potassium permanganate solution for 15 hours. 
Quite an amount of trouble was caused by the bumping of the solution on account 
of the precipitated manganese dioxide. A small air leak introduced into the 
solution helped to minimise this difficulty and also served to inject sufficient 
permanganate solution during the operation. The resulting solution of pale stone 
colour was filtered and rendered acid. This was slowly distilled and the vapours 
condensed into aqueous ammonia solution, and the volatile organic acids examined 
(I.), the non-volatile matter was extracted with benzene in a Soxhlet extraction 
apparatus (II.), and the residue recrystallised from hot water (III.) . 

THE VOLATILE ORGANIC ACIDS 
The ammonium salts of the volatile organic acids were analysed, only the 

presence of acetic acid being confirmed in this solution, although a slight reducing 
action was observed, perhaps indicating the presence of formates, although they ,  

could not be confirmed. 

THE BENZENE SOLUBLES 
The yellowish non-volatile mass was placed in a Soxhlet thimble and extracted 

with benzene for 38 hours, the residue being left in the thimble and extracted 
with water (m.). The benzene solution was evaporated in vacuo. All attempts 
to elucidate the structure of this portion were unsuccessful, but results tended to 
prove that this was due to the presence of the naphthenic bases, which, according 
to other investigators, are extremely stable, both to neutral or alkaline permanganate 
oxidation. 

THE WATER SOLUBLES 
The water soluble material was concentrated and silver nitrate added; this 

caused an immediate dirty white precipitate, which was filtered off and purified. 
The amount of silver in the silver salt amounted to 58.6. Another portion of the 
silver salt was treated so as to liberate the free acid, no attempt being made to con-
centrate this on account of the difficulties encountered by Hantzsch (1882). The 
reaction with ferrous sulphate indicated a carboxylic acid in the a position. When 
this acid was distilled to dryness with lime, the odour of pyridine was observed. 

It has been shown that the nitrogenous base present in the 271°-273° boiling 
range leads, on oxidation, to the production of pyridine carboxylic acids and, from 
the percentage of silver in the silver salt and basicity measurements, gives a 
molecular weight of 23F6 for the acid: this approximates fairly closely with 
methyl pyridine tri-carboxylic acid. Two of these carboxylic groups can be 
accounted for by the disintegration of the 'benzene' half of the molecule. This 
shows that there are two side chains in the ` pyridine ' half of the molecule, one 
of which is obviously a methyl group. 

From a study of the molecular weights of the base, it can be seen that we 
are dealing with either an ethylmethyl or trimethyl quinoline with perhaps a 
small percentage of higher homologues. However, assuming that trimethylquinoline 
is the major component, then there must be only one methyl group in the benzene 
half of the molecule. When the acid was heated and then coupled with resorcinol, 
a deep red substance was formed which had a distinct colour change from acid 
to alkaline solution; this compound, assumedly of the phthalein type, could only 

arise_ &side from an acid anhydride, necessitating two carboxyl groups in the ortho 
position to one another. Further proof of this orientation lies in the fact that it 
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was found, by using formaldehyde, that two and not three hydrogen atoms were 
replaced by carbinol, which, according to the results of KOnigs (1899), will only 
occur when the ortho position to the methyl radicle is substituted, that is, if the 
benzene ring is not acting as the ortho substituent. 

Phthalone formation, requires a methyl or methylene group in the a  or 7  
position. A small amount of the base was heated with phthalic anhydride and 
zinc chloride for five hours at 165°; the resulting compound was a fine deep-red 
solid, which dissolved in boiling alcohol to give a crimson-orange solution. 

The lack of formation of quarternary ammonium salts by methyl iodine may 
well be explained by reference to the results of Decker (1905), who found that 
ortho substituted quinolines exhibit steric hindrance, in that they do not form 
quarternary ammonium compounds with iodides. Oxidation of the base with 
chromic acid gave brownish needles, soluble in hot water, which sintered about 
245°. The distillation of the barium salt gave a' liquid (-1-6053), which on 
oxidation with potassium permanganate, and distillation of the acid thus produced, 
gave quinoline itself. 

SUMMARY OF THE BASIC BODIES 
The only base isolated in the lower fraction was trimethylpyridine, the 

presence of which was confirmed by oxidation to the corresponding acid. 
The compounds in the higher fractions consist, in the main part, of tertiary 

bases of the quinoline series, but results have shown that a second type of basic 
substance occurs, which possesses a low refractive index and probably contains a 
pyrrol nucleus in its structure. 

The presence of hydrogenated quinolines was shown to be impossible from a 
study of the refractive indices before and after dehydrogenation experiment with 
selenium. 

The presence of the quinoline ring was confirmed by oxidation, and from this 
it was shown that the alkyl radicles attached to the nucleus were nearly all methyl 
radicles. 

The orientation of the methyl radicles in one fraction was elucidated, and it 
was found that one of them was in the 1; position, the other in the 2; position. 
The remaining radicle was in either the 5; or 8; position. 

This investigation was carried out in the Department of Chemistry in the 
University of Tasmania, during the tenure of a Commonwealth Government 
Research Scholarship (1938 and 1939). 
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INTRODUCTION. 
The property of oil shale which renders it a valuable and interesting material 

both to the scientist and to the industrialist is that, on the application of heat, 
the organic matter decomposes into substances of lower molecular weight ; 
these include all phases, liquids, solids and gases. In order to achieve an 
effective retorting of the shale it is necessary, in the first place, to have a clear 
understanding of the reactions which occur during the retorting process, and 
of the physical and thermochemistry of the shale pyrolysis. Very little is 
known of the mechanism of the reactions occurring here, chiefly because of the 
fact that the structural chemistry of the kerogen molecule is practically unknown. 
The conditions existing during the relatively small temperature interval in which 
the kerogen molecule decomposes render it absolutely essential to have exact 
information on the magnitude of the quantities involved during this trans-
formation. 

The torbanites occurring in the Upper Coal Measures of Permian age vary 
in colour from black with a satin-like lustre, in the case of a rich shale, to greyish 
rock in the inferior quality seams. These two extremes vary in oil yield from 
210 gallons per ton (specific gravity 1-04) to 30 gallons per ton (specific gravity 
2-31). It is unnecessary to give here a lengthy description of the physical and 
microscopic structure of the torbanite in this region, as this has already been 
given excellent treatment by Dulhunty (1941). 

The principal changes in the microstructure of these torbanites can be 
summarised briefly as follows : up to 350 °  C., no apparent changes are produced 
in their chemical structure but the mechanical properties alter to a slight extent, 
for instance their bending moment decreases, and speaking generally they 
become " weaker " in strength. As the temperature approaches 400° C., the 
organic cell structure of the shale begins to disintegrate. This increases with 
temperature until 450° C. is reached, when the cell structure has completely 
disappeared. 

The Nature of the Thermal Decomposition. 
In order to investigate the mechanism of the reactions occurring during 

the decomposition of oil shale, a small reaction vessel was built, consisting of 
1 in. seamless pipe with flanged ends. One end was fitted with a thermocouple 
well and the other end to a pressure gauge system. The first stage in this phase 
of the investigation was to find the amount of pressure generated by the shale 
during the different stages of decomposition and, from the application of the 
gas laws, to determine whether any appreciable amount of gas was evolved 
before the true pyrolysis, and so ascertain whether the incipient formation of 
the precursor to decomposition was purely a molecular rearrangement or the 
first stage in the breakdown. The vessel was charged with granulated shale 
and the temperature gradually increased until the pressure reached about 
20 lb. per sq. in., whereupon the vessel was cooled, the flanges opened and the 



IHERMOCEEMICAL PROPERTIES OF TORBANITE. 	 191 

nature of the product investigated. This was a most interesting phase of the 
work, as whilst still hot, the shale, after having undergone the above treatment, 
was practically in the liquid phase, resembling a mixture of liquid bitumen and 
molten rubber. 

Following the removal of water vapour and occluded gases the first stage 
of the decomposition is marked by the evolution of carbon dioxide and hydrogen 
sulphide. This occurs at comparatively low temperatures, and denotes the 
initial steps of the transformation into the intermediate bitumen. It is impossible 
to state the lowest temperature at which this " depolymerisation " will occur, 
as, results showed at least minute traces at temperatures approaching 300° C. 
and even oil formation at 360° C., after about three hours' heating. However, 
at 360° C. it was shown that relatively little gas is generated during the first 
stages of decomposition and that the large volumes of gas met with during the 
retorting of shale arise, not from the decomposition of the kerogen, but from the 
subsequent cracking of the pyrobitumen to oil. This pyrobitumen appears to 
be the real origin of the crude oil. The physical properties of this substance 
are entirely in contrast to those of the original oil shale ; for example, the shale 
is tough, rigid and insoluble in most organic solvents, whereas the resulting 
bitumen was of a rubber-like texture and practically entirely soluble in solvents 
such as benzene. 

It appears that the original organic matter of the shale is not the true oil 
producing body, but this organic matter changes, at a temperature lower than 
that necessary to produce oil, into the abovementioned bitumen. Normal shale 
which has not been treated by heat in any way is solid, hard to fracture, and 
practically insoluble in the normal organic solvents (some cyclic ketones, such as 
cyclo-hexanone, appear to be the best solvents), but after it has been heated in 
the region of 380° C. a remarkable structural change occurs, whereupon the shale 
changes into a gummy semi-liquid mass. 

The decomposition of the kerogen in oil shale is regarded by many as 
occurring in steps, as in the distillation of crude oil, so that, during pyrolysis, 
the first oil produced must necessarily be of lower specific gravity than the later 
fractions. However, results showed that after its formation the bitumen 
decomposes and yields, simultaneously, the whole series of products varying 
from the lightest to the heaviest. It has been shown that the crude oil does not 
vary appreciably in gravity as the retorting process goes on to completion, 
and it may be assumed that each kerogen molecule acts independently as a, 
potential producer of oil, gas and coke. 

A sample of shale was slowly retorted, and samples of the liquid products of 
decomposition collected over equal intervals of temperature, as measured in 
the shale mass. A determination of specific gravity was carried out on each 
sample. A microdistillation showed that all fractions contained "light ends ". 
These results are illustrated in Table I. 

TABLE 1. 
Temperature Range 

of Retorting 
Specific Gravity 

of Oil at 
00 20°C. 

—450 0.88 
450-470 0.89 
470-480 0.89 
480-490 0.90 
490-500 0-90 
500-510 0.90 
510-520 0-90 
520-530 0.90 
530-540 0.91 
540-550 0.92 
550— 
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Thus it can be seen that the retorting of shale resolves itself into the con-
version of the organic matter into the bitumen, and the subsequent cracking 
(at atmospheric or slightly subatmospheric pressure) of this bitumen into crude 
oil, naphtha, gas, etc. Taking this point of view, the lighter fractions may then 
be regarded as having no origin in the shale at all, but are produced by the 
cracking of the " nascent " crude oil under the conditions existing in the retort 
at the time of their formation. This does in some way explain the great vari-
ability in the properties of the crude oil produced from the same shale under 
various retorting conditions. Hence, the retort must be regarded, not as an oil-
producer, but as a bitumen former (i.e., the transformation of the organic matter 
in the shale into the heavy bitumen-like product mentioned above). This 
having taken place, the retort from then onwards is simply acting as a cracking 
still. This is emphasised by the fact that shale oils are highly unsaturated, 
and in this way resemble cracked pressure distillates from flow oils. 

The Rate of Pyrolysis. 
Rate of pyrolysis of shale is an important factor in determining the kinetics 

of the removal of gases and vapours from the shale. The rate of pyrolysis was 
determined experimentally in the apparatus outlined below. 

A piece of channel iron 18 by 7 by 3 inches, upon which was welded a bar 
of iron approximately 15 by / inches, served as the base of the apparatus. 
Between the end lugs was strung a length of piano wire, in which tension was 
maintained by two end screws. At the mid-point of this wire, and at right 
angles to each other and to the wire two cross members were brazed, the 
horizontal member of which was 8 inches long and served to carry the shale 
sample. The upright member was 2 inches long and carried a small mirror. 
From the end of the horizontal member a small balance pan was hung by means 
of a thin steel wire. The whole set-up resembled a torsion balance. The 
procedure was as follows. 

A tubular furnace, closed at both ends except for a small hole for the 
suspension wire, was set in an upright position, and into it the shale sample 
contained on the balance pan was hung, and the maximum torsion produced in 
the piano wire was determined by measurement of the deflection of an optical 
beam, reflected from the small mirror attached to the upright. The furnace 
was preheated to the required temperature and the interior filled with an inert 
gas and the rate of decrease of mass of the shale was measured by the decreasing 
deflection of the optical beam as measured on a scale. The experiment was 
discontinued when constant deflection denoting complete carbonisation was 
obtained. The set-up was then calibrated by putting known masses on the pan 
and calibrating the scale reading. A series of experiments was carried out 
with the apparatus above described, the results obtained being interpreted by 
means of graph (see Figs. 1 and 2). 

These results showed clearly that the rate of pyrolysis was a function of 
the particle size. 

Two series of determinations were carried out, at 400° C. and 450° C. A 
series of test blocks were cut from "first quality" shale by means of a rotating 
aluminium disc fed with carborundum powder ; these were, as far as could be 
maintained, in arithmetical progression as regards linear dimensions, the smallest 
one being approximately one centimetre cube (see curves 1, 2, 3 and 4 in Figs. 1 
and 2). 

Qualitative Examination of the Shale Pyrolysis. 
In order to determine experimentally whether the shale pyrolysis was an 

endothermic reaction, as might at first be imagined, several experiments were 
carried out with this aim in view. Following the work of Hollings and Cobb 
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Fig. I.—Rate of Pyrolysis. Temperature 400° C. 

Fig. 2.—Rate of Pyrolysis. Temperature 450° C. 
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(1915), the following set-up was arranged : An iron tube 1 inch in diameter was 
clamped concentric to the wall of a furnace and in it two silica tubes were 
clamped running parallel to one another, resting inside the iron tube. Two 
thermocouples were placed in the silica tubes, so as to constitute a differential 
thermocouple. The silica tubes were lightly packed with dehydrated Fuller's 
earth, the temperature of the furnace gradually raised, and any deflection of the 
galvanometer connected to the differential thermocouple noted. Two parallel 
experiments were carried out, in which one of the silica tubes was packed with 
dry powdered shale. Should the reaction occurring during the pyrolysis of the 
shale mass be definitely exo- or endo-thermic, such direction of reaction would 
show up in the galvanometer deflection. Results of this phase of the work are 
shown in Fig. 3. 

Fig. 3.—Thermal Reactivity of Shale. 

It can be seen that the direction of the reaction is by no means regular, 
and in this respect is similar to other shales, and to coal. [See McKee (1925) 
and Luts (1935).] 

In relation to Fig. 3, the following remarks should be made. The sulphur 
and oxygen containing compounds are the first to decompose with exothermic 
reaction, producing carbon dioxide, hydrogen sulphide and water vapour. 
Apparently the hydrocarbons at once commence to crack with an endothermic 
reaction. Owing to the low thermal conductivity and high end temperature 
necessary for the complete decomposition of the contained organic matter, some 
cracking of the oil vapours to fixed gases will occur, and a certain amount of 
fixed carbon is to be expected at the end of the pyrolysis. Furthermore, in 
commercial practice, as it is necessary to raise the temperature of the shale well 
above this temperature (380° C.), we can expect a greatly accelerated rate of 
cracking even in the most gentle of retorting operations. The relation given 
by von Strache (1922) between the amount of contained oxygen and the heat 
of low temperature carbonisation is that heat of reaction increases with the 
increase of oxygen ; but with a very small oxygen content the heat of reaction 
is negative. The overall direction of the reaction may be found from the 
difference in heat values of the gas, oil and coke, and the heat of combustion of 
the shale. From this consideration Constan and Kolbe (1908) have found that 
the reaction is 7.2% exothermic for ichthyol shales. 
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Thermal Expansion of Shale Oil. 

The coefficient of thermal expansion was determined by measuring the 
expansion of a known volume of the liquid when raised from one temperature 
to another under closely controlled conditions. It has been shown that the 
coefficient of thermal expansion varies inversely as the specific gravity between 
approximately 0-001 for naphtha and 0-0008 for crude oil. The results obtained 
gave close agreement with those of the A.S.T.M. specifications for flow oil, and 
showed that these tables may be used for gravity corrections for shale oil. 
Table 2 shows the mean coefficient of thermal expansion between 20° C. and 
60° C. for oils of different specific gravity. 

TABLE 2. 
Specific 
Gravity. 

Coefficient of 
Expansion. 

0-781 10•66x10-4  
0.794 10.41 
0.804 10.07 
0•825 9-66 
0•843 9.13 
0-868 8.60 
0.883 8•26 
0•895 7.94 

From this table a chart may be constructed from which a system of specific 
gravity correction factors may be obtained. 

Viscosity of Shale Oa 
The effect of constitution on viscosity is too complex a subject to be treated 

here, and no formulaz have been found to be entirely satisfactory in this applica-
tion. However, broadly speaking it is found that, in the case of complex 
hydrocarbon mixtures, the viscosity varies with the specific gravity, together 
with another factor, and several relationships have been put forward connecting 
viscosity with specific gravity and/or other constitutional properties. 

In the case of crude shale oil, it is found that a rough linear relationship 
exists between viscosity and specific gravity as indicated in Table 3. The 
results were determined with an Ostwald pipette viscometer under isothermal 
conditions at 100° F. The individual figures were interpolated from a graph 
resulting from many determinations over a long period of time. This table 
also shows the variation in viscosity with change of temperature of a typical 
crude oil, giving a viscosity index of approximately 150. 

TABLE 3. 

Specific 	Viscosity. 	Viscosity 
Gravity 	Centistokes 	C,entistokes 	Temperature 
at 20° C. 	at 100° F. 	at t° C. 	t° C. 

0-87 5.7 16.0 30 
0.88 8.4 10.8 40 
0•89 11.1 7• 5 50 
0•90 13.9 5.5 60 
0•91 16•6 4•2 70 
0 . 92 19•3 3.3 80 

The Specific Heat of Oil Shale. 
The specific heat of oil shale can be determined experimentally by the normal 

method of mixtures. However, owing to the varying composition of the shale 
and the varying amount of inorganic matter contained therein, one value will 
not suffice to cover all samples of shale. Employing the results of Dulong and 
von Kopp on the additive character of the specific heats, a theoretical approach 
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may be made and the specific heat of the pure organic and inorganic matter in 
shale may be determined. The composition of a representative sample of the 
ash from the Glen Davis deposits is shown in Table 4. 

TABLE 4. 
Chemical 

Composition. Percentage. 
Specific  
Heat. Product. 

SiO, 	.. 67.3 0.191 12.85 
Fe2O3  3.9 0.155 0.60 
Al203  22.0 0.184 4-05 
CaO 	.. 0.9 0-16 
MgO 0•5 

00:821201 
0.11 

S03 	.. 2.6 0.18 0-47 
Alkaline oxides 2-8 0. 2 0.56 

. 	18.80 

Specific heat of the shale ash : 0.19 cal./grm.r C. 

The specific heat of the organic matter in oil shale may be approximated 
in the same manner from the percentage composition of the kerogen and the 
atomic heats of the constituent atoms (see Table 5). 

Percentage Composition : 

C = 85.1%. 

Analysis 
Percentage. 

H 	10.6%. 

Atomic 
Heat. 

TABLE 5. 
S = 0.5%. 

Atomic 
Weight. 

N = 1..3%. 	0 = 2.3%. 

Atomic Heat 
x Percentage 

Atomic Weight. 
C : 	85-1 1.76 12 12.5 
II: 	10.6 2.3 1 24.38 
S : 	0.5 5.54 32 0.09 
N: 	1.3 3-42 14 0-32 
0: 	2.5 3.48 16 0.54 

37•8 

Specific heat : 0.38 cals./grrn. 

Thus for dry shale with 50% minei al matter the theoretical specific heat of 
0 -38  + 0 -19 the sample would be 2 	0-28  cals./grm . For American shales, 

values shown in Table 6 have been found. 

TABLE 6. 
Shale from De Beque.. 0-265 McKee and Lyder (1922). 
Shale from Parachute 	0.242 U.S. Bureau of Mines (Gavin and Sharp, 1920). 
De Beque 	 0.273 
Shale residue 	0-223 , 
De Beque 	 0.280 McKee and Cyder (1922). 

Thus it can be seen that the specific heat increases with increasing "richness " 
of the shale and varies between the theoretical limits found above. 

The specific heat of the moisture-free shale was found experimentally by 
the usual method of mixtures, using an adiabatic calorimeter. It was found 
that water was not a good cooling medium because of the fact that there was 
no effective " wetting " of the surface of the shale. Some organic liquids were 
found to be more effective in this direction, carbon tetrachloride and nitro-
benzene being used. The results obtained are given in Table 7. 
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TABLE 7. 

Specific 	Specific 	Temperature 
Sample 	Ash 	Heat. 	Heat. 	Range. 

Number. 	Percentage. 	(Observed.) 	(Calculated.) 	° C. 
14 22. 2 0•318 0 - 336 20-50 

7 32. 3 0. 301 0 . 316 30-80 
23 56. 4 0. 278 0 . 271 20-50 
42 86. 2 0. 242 0.214 20-50 

By interpolation of these results the specific heat of a shale with a known ash 
content may be found. 

The Specific Heat of Shale Oil. 
The functional relationship between specific heat and specific gravity has 

not been satisfactorily determined in the case of complex hydrocarbon mixtures. 
The specific heat of most crude oils is approximately 0.5 grm. cals./grm./T. 
and agree with the general equation 

Cp = a bt 	ct2 	  (1) 
where a = 0.5 and b = 0.001. 

t = temperature in °C. 
The specific heat of petroleum oil has been determined by Kraussold (1932), 

who suggested the equation Up = 0.5 ± 0.0011 (t-20). From experimental 
work on crude shale oil from the Glen Davis torbanites it has been shown that 
Kraussold's formula is only approximate, and a better relationship is 

	

Up =-- 0•503 +000118 (t-20) 	  (2) 
Assuming that the variation is linear over a limited temperature range we may 
substitute " a " in formula (1) by a function of the specific gravity of !the form 

	 where K is a constant and n is a number less than 1. 
(SP. gr.) n ' 

A suggested equation is : 
0.4915 Up = 

(Sp. gr.20)°*1 
+ 0.00118 (t-20) 

It is interesting to compare this equation with that suggested by Kraussold 
for flow oil, 

0.425 Up = 	+ 0.0011 (t-20) 
(SP. gr-15)* 

Heat of Combustion of cal Shale. 
Heat of combustion was determined by igniting a known mass of the shale 

in a Parr oxygen calorimeter, in which the sample is burnt in an atmosphere of 
oxygen under 20 atm. pressure. The charge is ignited by means of a small fuse 
wire and the heat generated is absorbed in water in the usual manner. If 
samples showed traces of free carbon after ignition, the results were discarded. 
The results obtained are given in Table 8. 

TABLE 8. 

Sample No. 	.. 	.. 	16A 	14 	18A 	23 	20A 	51 
Heat 	of 	combustion 

(cals./grm.) (corrected) . . 7,804 7,651 5,739 3,818 3,150 2,317 
Ash (per cent.) 	.. 21 - 1 22. 2 94-03 59. 09 61 . 52 76. 2 

Isio•o 

This, by extrapolation, gives a value of 10,680 grms./cals. for the calorific 
value of pure kerogen. 
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Corrections for Fuse Wire. 
The sample in the bomb is ignited by a fuse wire which is partially consumed 

during the combustion. The amount of wire taking place in the combustion is 
determined and a correction of approximately 2 -8 calories per centimetre of 
burned wire is then applied. 

Correction for Acid. 
Since the combustion in the bomb takes place in an atmosphere of pure 

oxygen, there is a better chance of complete oxidation than under normal 
conditions. For example, in the normal oxidation of sulphur compounds 
sulphur dioxide is produced. However, under the conditions existing in the 
bomb at the time of the explosion there are appreciable amounts of sulphur 
trioxide produced which, in the presence of water vapour, form sulphuric acid. 
As this is an exothermic reaction, some correction must be applied to compensate 
for it. The calculations are based on the assumption that all the acid is in 
the form of nitric acid, rather than to attempt to separate the two acids. How-
ever, the heat liberated by the formation of sulphuric acid is greater than that 
liberated by the formation of a corresponding amount of nitric acid, and it 
becomes necessary to apply another correction for the heat generated above 
that accounted for in the acid correction. This is the Sulphur Correction. 
Approaching this, as previously, from the theoretical angle, we may arrive at 
the following calculation : 

Assuming C 0 2  CO2  + 94,380 grm. cals. per 12 grams 0 
H 	i-H20 + 34,190 grm. cals. per 1 gram H 
N. 02  NO2  — 7,400 grm. cals. per 14 grams N 
S 02  ---> SO 2  + 69,300 grm. cals. per 32 grams S 

and taking the empirical composition of typical torbanite of this deposit as : 
C = 85.1%. 
S = 
N= 13%. 
H ----- 10.6%. 

gives a theoretical heat of combustion of 10,003 grm. cals. per grm. for pure 
kerogen. 

Heat of Combustion of Shale Oil. 
The heat of combustion of the liquid products of the pyrolysis were deter-

mined in a Parr oxygen bomb calorimeter using the same method as with the 
solid shale. Using different samples of oil, the following results were obtained : 

Sample No. 	.. 	.. 	8 	17 	21 	14N 	18N 
Calorific 	value, 	gross 

(grams/cals.) 	.. 	.. 	10,610 ' 	10,904 	11,018 	10,732 	11,091 
Mean value for liquid products of decomposition : 10,872 grm./cals. 

This value may be checked approximately either by means of the character-
istics of the oil in question or by means of the ultimate composition. 

(i) From the characteristics of the oil. 
Average values of the combustion characteristics of different oils have been 

tabulated, and representative values have been assigned to the heat of com-
bustion when such data as gravity and distillation curve are known. 

Assuming a specific gravity of 27° A.P.I. and "mean average boiling point" 
of 630° F., a calorific value of approximately 10,700 cals./grm. is given by tables 
published by Universal Oil Products Company of Chicago. 
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(ii) From ultimate composition. 
Assuming an average analysis of the oil as 

C = 86 
H = 11 

.3 
.3 0 

S = 0 
N = 0 

.6 

.4 
a theoretical value of 10,737 cals./grm. for the gross heat of combustion is 
obtained. 

The Heat Necessary to Decompose a Known Mass of Shale. 
The theoretical heat for the low temperature carbonisation of shale may be 

divided into the following sections : 
1. The warming of the shale and contained moisture from room temperature 

to 100 °  C. 
2. The heat of vapourisation of the water. 
3. The heating of the shale from 100° C. to the point of decomposition. 
4. The L',at to decompose the shale. 
5. The heat to volatilise the products of pyrolysis. 
Various values have been found for these operations, varying from 

190 cals./grm. for Estonian shales to 480 cals./grm. for American shales. 

"Heat of Reaction" of the Shale. 
By "heat of reaction" it must be understood that this term is not used 

in its common sense, but is meant to convey "the heat necessary to convert a 
given mass of shale into oil, gas and coke under standard conditions ". 

The "heat of reaction " of the shale may be obtained by one of three 
methods : 

1. Direct determination of the heat necessary for the pyrolysis, calculated 
from the application of the Stefan-Boltzmann Law, allowing for radiation and 
conduction and convection losses. However, owing to the great complexity 
of the equations involved, and the many assumptions that have to be made, this 
method of determining the heat necessary for the decomposition is not satis-
factory in the present case. 

2. By the use of Hess's Law it follows that, if we determine the heat for the 
complete oxidation of one gram of shale and subtract from that the heat evolved 
when the total products of pyrolysis are oxidised completely, the differences 
should be the amount of heat necessary to cause the above pyrolysis. It is 
realised that the heats involved on both sides of this equation are comparatively 
large and are quite large in relation to the difference between them (the quantity 
which we wish to determine), and consequently some errors may be introduced 
but this method, although approximate, gave the most reliable results. 

3. Measurement of the heat necessary to cause shale pyrolysis by calori-
metric methods. A quantity of heat slightly in excess of that needed for the 
pyrolysis is added to the shale under consideration, and that measured by 
suitable means. 

Gray King Assay of the Shale to Determine the Heat Balance. 
Two Gray King assays were carried out on a type sample of shale. The 

normal condensing system was replaced by a freezing mixture of solid 00 2 , 
in which a II-tube was immersed. Every precaution was observed to see that 
the weight balance was as accurate as experimental details allowed. The Runs 
(5 and 6) were carried out under strictly controlled conditions, and the results 
are set out in Table 9. 
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Run No. 	.. 	. 5 6 
Weight of shale 	. . 10.314 grms. 11.131 grins. 
Weight of coke 	. . 4.261 	„ 4.766 	„ 
Weight of oil 	. . 5.510 	„ 5-595 	„ 
Volume of gas- 

At 25° C. and 712 m.m. 557m1. 550 ml. 
At S.T.P. 	. . 478 „ 472 „ 

Weight of gas 	.. 0- 547 grins. 0.552 grins. 
Shale (per cent.) . . 100 100 
Coke (per cent.) 	.. 4131 42. 82 
Oil (per cent.) 	. . 53 - 42 52•26 
Gas (per cent.) 	.. 530 4. 96 

100•03 100.04 

Analysis of the gas and coke produced during Run 6 showed the composition 
given in Table 10. 

TABLE 10. 
Composition of Gas. 

°A  
Composition of Coke. 

Run 5. Run 6. 
Acid gases . . 	0.13 Volatile matter 8.14 10.58 
Oxygen .. 	0.17 Fixed carbon 	.. 29.95 27.12 
Olefines .. 	0.36 Ash 	.. 61.91 62.30 
Ethylene 	.. .. 	0.18 
Carbon monoxide .. 	0.18 
Hydrogen 	.. .. 	0.45 
Methane 	.. 	.. 	.. .. 	1.70 
Ethane and higher paraffins .. 	1.10 
Nitrogen 	. .. 	0.68 

4.95 100•0 100.0 
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Heat Balance on Run 6. 
Heat of Reactants : 

Heat of combustion of the shale = 7211.8 cals./grm. (observed). 
Heat of Products : 

Coke— 
Volatile matter.. 10.58 4•53 406.6 cals. 
Fixed carbon 	.. 27.12 11-61 1123-6 	„ 
Ash 	.. 62.30 26.68 

100.0 42.82 1530.2 cals. 

Oil— 
Mean of three determinations 52.26% 5661 cals. 

Gas— 
From gas analysis and 

calculation 472 ml. 4.95% 44.6 cal;. 

Heat Balance. 
Shale .. 	 .. Oil + Gas + Coke. 

100 	 .. 52-26 + 4.96 + 42.82 (weight balance) 
7212 . • 	•a-q- • 	• • §tr + 45 + 1530 + R 

R = 45.  calories/grm. of shale. 
= ger cals./grm. of oil produced. 

G - 
From the above results, which must be regarded as approximate only on 

account of the experimental errors involved, it may be seen that there is only a 
small quantity of heat transfer in the conversion of the shale into oil. The 
comparatively large amount of heat which is found to be necessary in the 
commercial retorting of shale is accounted for by heat losses and the low thermal 
conductivity of the shale. 

The determination of thermal conductivity of shale is a matter of some 
difficulty in the present case as, owing to the low value of this characteristic, 
one face of the shale has to be maintained at a relatively high temperature, and 
this will always cause some decomposition. The thermal conductivity of 
American oil shale has been determined by McKee and Lyder (1922), for which 
they report a value of 0-00086 c.g.s. units. Winkler has recorded a result of 
0-0005 as the thermal conductivity of Estonian oil shale, but he does not state 
whether it is air-dried or moisture free. As an interesting comparison, the 
following equations have been proposed by the International Conference in 
Pittsburgh in 1931 for the thermal conductivity of coals. 

For a coking coal : 
Thermal conductivity =- 0.003 + 0.0016 x 10-3t ± 0.0016 x 6 x 10 -6t2 . 

For a middle gravity coal : 
Thermal conductivity = 0.003 + 0-0013 x 10 -3t + 0.0015 x 10-60. 
Cp. U.S. Bureau of Mines value = 0-0038 c.g.s. units [Gavin and Sharp 

(1920)]. 

SUMMARY. 
Several salient features of torbanite pyrolysis have been investigated, 

and it has been shown that the oil is produced by the decomposition of a semi-
solid intermediate phase, and there is no direct conversion of the original organic 
matter into crude oil and gas. The nature of this reaction is by no 
means regular—the two controlling factors in the nature of the oil produced 
are time and temperature. Values have been found for the following 
properties of the crude oil obtained from Glen Davis torbanite, viz., thermal 
expansion, viscosity, specific heat and heat of combustion, and in most cases 
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values have been determined also for the torbanite or oil shale as it is generally 
known. 
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HYDROCARBON POLYMERIZATION AND A NEW METHOD 
OF DETERMINING CATALYST ACTIVITY. 

By R. F. CANE, M.Sc., A.A.C.I.* 

The process of catalytic polymerization of gaseous hydrocarbon 
mixtures containing a limited amount of olefins, predominately pro-
pene and butenes, consists of the passage of the gases under pressure 
over certain catalysts at medium temperatures to produce a con-
trolled liquid product boiling within the gasoline range. Under 
these conditions. the paraffins remain unchanged while the olefins 
polymerize to a liquid product termed "polymer gasoline," or more 
familiarly, "poly." 

In plant practice, the gases, heated to 425 deg. C. and under a 
pressure of 1,150 lb. per square inch, are passed through reactors 
containing the catalyst, from top to bottom in cascade series and 
continuously cooled. The exothermic heat of reaction for polymeri-
zation is approximately 0.4 therms per lb. mole, and appears to be 
constant regardless of the types of molecules which combine. 

The rate and nature of the polymerization reaction is influenced 
by pressure, temperature, and the moisture content of the gaseous 
charge, and all factors must be kept at optimum conditions in order 
to obtain maximum yields and catalyst life. Efficient operation 
will produce about 80 gallons per lb. of catalyst before it becomes 
non-functional. Loss in catalyst activity is primarily caused by the 
deposition of coke and high carbon tars on the surface of the catalyst 
particle. The tendency to form coke is promoted by the presence of 
higher hydrocarbons and incorrect moisture in the charge. The re-
lationship existing between the liquid yield and the olefin content 
of the gaseous charge is shown in Fig. 1. 

The catalyst itself consists of an active portion, e.g., ortho-
phosphoric acid, and inert supporting material which may consist 
of kieselguhr, or other infusorial earths admixed with inert oxides 
of the alkaline earths such as alumina or magnesia. 

Ortho-phosphoric acid is one of the most active polymerization 
catalysts, but if its temperature is allowed to exceed 450 deg. C., it 
tends to form inactive meta-phosphoric acid with loss of water. One 
form of catalyst consists of white cylindrical pellets, about A t  IBA 
in diameter and 1-5w  inch long, each weighing approximately 182 
milli gramrn es. 

*Assistant Chief Chemist, National 011 Pty. Ltd., Sydney. 
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Fig. 1. Theoretical Liquid Yield Polymer Gasoline. (Data ex. U.O.P.) 

In order to explain the formation of olefins, paraffins, naphthenes, 
and aromatics in the products of polymerization, Ipatieff (1) has 
formulated the following series of reactions as a possible explanation. 

Taking ethene as a simple example :— 
0 2114  H2P03(OH) —> HY03 (0c2H5) 
2C 21-14  + HP0 2  ( OH) 2 —> 11P02 .( 0 C2115) 2 
3C 211 4  + P0(011) 2  —> PO (0C211 5 ) 3 

(II) 11P02 ( 0C2H5) 2 	 C4118 + PO (OH)3 
PO (0C2I-13)3 	—> Cyclo C31312 + P0(011) 3 
Calla ± egils 	—> C41110 + Cale +2112 etc. 

In contrast to the above, according to Whitmore (2) there is no 
esterification in which the phosphoric acid takes an active part, but 
the first reaction is the addition of one hydrogen ion to the molecule 
to form a free radicle which then combines with another unsaturated 
molecule to give a higher free radicle which by loss of a proton 
produces the stable olefin. 

H 

	

If. 	(II) 	1+ 	If 	
H 

I 	
II 

	

–1 	H 	+ CH2  ...- T —1.11 –? – CH. – i +  
I 	' 

C11 2 	 3 	
H 	CH3 	H 

(C2H5– ) 	 (C4H9  –) 

(III) it 	11 	
a 	a 

I 	.6  H - 1 - ca2  - C + 	—4 	H–i–CH=C+H" 
I 	 I 

CH3 	
a 	 CH

3 	
H 

Unfortunately, neither of the above hypotheses gives a true 
picture of the reactions which occur, for 2,4,4,-trimethy1-1-pentene 
and 2,4,4,-trimethy1-2-pentene are found in the polymerization of 
isobutene by phosphoric ,acid, which is not explained by Ipatieff's 
formulation. Furthermore, polymerization will occur in the presence 

(1 ) 
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of the acid anhydride in which no ionization can occur, proving that 
Whitmore's mechanism does not give a true explanation. 

The rate of polymerization, apart from operational factors, is 
determined by the nature of reactants and the catalyst. Assuming 
that the charge and catlyst is of constant chemical composition, the 
reaction rate depends on the physical configuration of the catalyst 
particles and the rate of flow of the reactants and products over the 
active centres. These factors are determined by the size, porosity 
and 'surface area of the catalyst. The fundamental factor is the 
rate at which the reacting molecule leaves the main mass of the 
liquid and is absorbed on and into the catalyst at the active centres, 
polymerizes, and is then desorbed back into the liquid mass. 

The Determination of Catalyst Activity. 
The need for the present investigation arose because there is, as 

far as is known, no published method for determining the poly-
merizing power of a given catalyst sample. The test must be easily 
carried out, reproducible, and not time-consuming. It is impractic-
able to reproduce plant conditions of temperature, pressure, and 
other thermodynamical variables. In addition, the lower hydrocar-
bons are comparatively difficult to handle. 

After some preliminary work, it was found that terpenes were 
readily polymerized by the catalyst at room conditions, and the 
exothermic heat developed by the reaction could be well correlated 
with the plant performance of the same batch of catalyst. 

Some terpenes were tried and a-phellandrene was selected, al-
though it was not the most active, since ease of purification and 
supply had to be considered. The phellendrene was purified by re-
peated distillation ; traces of the /-isomer present did not affect the 
accuracy of the test. 

The test was carried out as follows:— 
Fifty millilitres of phellandrene were introduced into an effi-

cient thermos bottle, of which the water equivalent and cooling 
correction were known. A standardized thermometer, reading 1/10 
deg. C., fitting through the cork, was read after attaining thermal 
equilibrium. 

Twenty grammes of the catalyst sample were introduced into 
the bottle, the contents gently agitated, a stop watch started and the 
temperature taken over one-minute intervals up to five minutes, and 
every five minutes thereafter to 30 minutes. It was found that the 
course of the reaction was accurately represented in most cases during 
the first thirty minutes by the general formula :— 

dO 
= 	 (1) 

where 0 = temperature rise. • 
K,m = constants 

t = time. 
In the case of fresh and moist catalysts the formula held up to 
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150 mins. Assuming that formula (1) is true, it can be seen that 
it is only necessary to take two readings to determine the curve. 

After the reaction, the phellandrene was light yellow in colour ; 
in addition, it was found that the catalyst had changed in colour 
from homogeneous white to a spotted heterogeneous reddish colour, 
the discoloration appearing in a few seconds. 

Equation (1) may be integrated and rewritten in the form—
Q = At" 	 0(2) 

where Q = heat developed in cals./g. 
A,n = constants 

t = time in mins. 
The following terminology is introduced in this paper : The con-

stant A has been termed the activity constant and depends on the 
catalyst activity. The constant n is termed the slope; it is more or 
less independent of the activity and apparently depends on the nature 
of the poisoning (see Table 1). 

It is further suggested that the term activity number (N), re-
presenting the time necessary for a given amount of heat to be gener-
ated (temperature rise in a known vessel), be used to state the 
catalyst activity. It is to be noted that the higher the catalyst activ-
ity, the lower the activity number thus defined, and vice versa. 

The temperature at which the determination is carried out 
(within room temperature) was found to have some effect on the 
activity constant, but not on the slope. Using fresh catalyst it was 
found that approximately .1 unit correction had to be subtracted for 
every 1 deg. C. above 20 deg. C. In all the experiments herein 
described, the initial temperature of the reactants was .maintained at 
20 deg. C. 

Activity of Fresh Catalyst 
The relationship between exothermic heat per unit mass and 

time for fresh catalyst is shown in Fig. 2, curve A. The second 
curve, B, shows the same experiment taken over 5 hours, using a tem-
perature recorder and thermocouple in place of the thermometer. 

Fig. 2. 	Heat of Polymerization—Fresh Catalyst. 
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The plot of the relationship (curve A) on log paper showed a de-
finite linearity ; on account of later evidence this was corrected to 
a straight line with the following equation:— 

Q 6.14 0 	(curve 2; Fig. 3) 
Activity of Moist Catalyst 

The activity of the catalyst after taking up moisture to different 
degrees of hydration is shown in Fig. 3. 

Fig. 3. Heat of Polymerization of Phellandrene with Hydrated Catalyst. 

From the figure it may be seen that the plots are linear and 
nearly parallel. 
1 below. 

Equation. 

The equations to these lines are shown in Table 
Table No. 1. 

Per cent. 
Moisture 	

' Acti\a o  tycZnnb er 	Curve No. 
Fig. 3. 

Q = 6.14 00  fresh . 	3.4 3 
Q = 5.44 01  1.26 4.4 4 
Q = 4.50 t'48  2.00 6.4 5 
Q = 3.12 t114  3.32 14.3 6 
Q = 2.37 04  4.38 26.4 7 
Q = 1.90 04  5.35 43.5 8 
Q = 1.06 0 5  8.70 147 9 
cf. Q = K V t 1 



28.4 

In plant practice, the state of hydration of the catalyst is kept 

	

constant by injecting water into the polymer charge. 	The solubility 
of water in butane is shown in Table 2. 

Table No. 2. 
Temperature, 	 Solubility 

deg. C. 	 w/w(70. 
5 0.0034 

10 0.0041 
15 0.0048 
20 0.0054 
25 0.0060 
30 0.0064 
35 0.0068 
40 0.0069 

The Effect of Oxygen on Catalyst Activity 
The reaction rate, using catalyst with adsorbed oxygen, was initi-

ally accelerated, but slowed down after some time. 
The equation for the heat developed during the first thirty 

minutes only may be approximated by the empirical equation :— 
Q = 7.4 1' 37  

The acceleration of catalytic polymerization in the presence of 
oxygen has been treated by Lehner (3). Lehner postulated the 
formation of an intermediate oxide which then decomposed to yield 
a bivalent radical and free oxygen. 

CH 	 CH2 
11. 2  + 02 	0 + 0‹ 	02 + 

CH2 

02 + =CH2 + aCH2 

The Effect of Nitrogen Compounds on Catalyst Activity 
The term "poison" refers to any substance which will decrease 

the activity of the catalyst, i.e., will reduce the number of active 
centres. In the catalyst under consideration, any basic body will 
have this undesirable effect, but under plant conditions only those 
compounds whose boiling point is less than approximately 20 deg. 
C. need be considered. This includes ammonia, methyl and ethyl 
amine. For the purpose of this investigation, under laboratory con-
ditions, n-butylamine and ammonia were used. 

The catalyst was poisoned with varying amounts of ammonia and 
butylamine, and the activity determined in the normal manner. The 
general form of equation (2) applied only when the introduced 
compound was not in excess of 0.05 per cent. w/w of the hydrocarbon. 

—CH 2 

2 
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The activity numbers thus measured with partly poisoned catalyst are 
recorded in Table 3. 

Table No. 3. 
Per cent. Basic 

Nitrogen 
.1 
.3 

cf. Fresh Catalyst 

Activity Number 
(observed) 

11.4 
18.7 

3.4 
In plant 'practice it is found necessary to wash the polymer 

charge with water to remove ammonia ; four-tenths per cent, by 
weight is enough to render the catalyst inert. 

Other nitrogen compounds were tried qualitatively ; pyridine, 
secondary and tertiary amines, and nitriles had a depressing action, 
while nitro-compounds had little or no effect. 

The Effect of Mercaptans on Catalyst Activity 
The effect of small amounts of mercaptans in the polymer charge 

has resulted in some diversity of opinion ; some workers maintain 
that the only result of mercaptans in the charge is to produce a 
"Doctor sour" gasoline, the liquid mercaptans in the polymer having 
been formed by the interaction of lower mercaptans and olefins. 
Other authorities are of the opinion that the introduced sulphur 
compounds have a direct deleterious action on the catalyst. However, 
it is normal plant practice when recycling butane to give it a caustic 
wash prior to recharging it to the reactors. Using the test described 
in this paper, it has been shown that mercaptans considerably in-
crease the activity number of the catalyst. For example, one-half 
per cent. of mercaptan sulphur introduced into the charge reduced 
the activity 'constant by 2.3 units ; double this amount reduced it 
a further 3 units. 

Thus it may be seen that information on the state of a catalyst 
sample may be obtained by the laboratory method outlined above. 

Whilst not professing to give exact quantitative data directly 
interpretable in lb./gallon catalyst life, this method serves to indi-
cate the amount of useful life which may be expected from a given 
catalyst sample. It is hoped to carry this investigation to a further 
stage. 
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Appendix 
Suggested Standard Test for Activity of Polymerization Catalyst. 

(i) Scope: 
This method of test is intended for the determination of the de-

gree of activity of phosphoric acid catalyst when used to polymerize 
gaseous olefinic hydrocarbons to a liquid product. 

(ii) Definition: 
Activity is defined as the ability per unit mass of a catalyst 

sample to polymerize a given hydrocarbon compound, and in this 
test the activity is measured by the time required to produce a cer-
tain amount of heat, usually ten gramme-calories, the initial tem-
perature of the reactants being 20 deg. C. 
(iii) Apparatus: 

The apparatus shall consist of the following:— 
(a) An efficient vacuum flask of known water equivalent and cooling 

characteristics. A small "thermos" bottle is entirely suitable. 
(b) A closely fitting cork with a suitable hole. 
(c) An accurate thermometer, preferably one reading in 1/10 deg. C. 
(d) A stop watch or clock with distinct second markings. 

(iv) Preparation of Sample: 
(a) Catalyst. The catalyst sample shall be representative and 

free from dust and foreign matter. Tarry material firmly adhering 
to the pellet surface shall remain in place, but individual masses of 
coke may be removed. The sample shall be stored in an air-tight 
dry bottle. 

(b) Phellandrene: The phellandrene shall be purified by dis-
tillation until substantially free from the # isomer and other com-
pounds. It shall be protected from standing in contact with air 
and shall be in an anhydrous condition. 

(v) Procedure: 
(a) A 50-ml. sample shall be measured into the clean and dry 

vacuum bottle and brought to 20 deg. C. 
(b) Twenty grammes weighed to the nearest pellet of the pre-

pared catalyst at 20 deg. C. shall be introduced into the 
flask in as short a time as possible and the stop watch 
started. 

(c) The contents gently agitated and the temperature recorded 
after every minute for the first five minutes and every five 
minutes thereafter until thirty minutes have.elapsed. 

(vi) Calculation: 
(a) A curve shall be drawn connecting the points taken and 

either by observation or calculation the time necessary to 
evolve 10 gramme-calories per unit mass of catalyst sample 
shall be recorded as the activity number. 


