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The history of industry throughout the ages shows that prac tice 
and technique a re generally ahead of science. \Ve observe the result 
first and seel, the rea son afterward, if at a ll. This is quite human. 
Perhaps in no industry has the science lagged so far behind practice 
as in the oil shale industry. Although Young demonstrated that oil 
could be produced from shales as early as 1850, and shale oil manufac
ture has been well established in ScotiaDel for more than seventy years . 
our knowledge of the nature and the actual composition of the organic 
matter from which the oil is formed is but little ri cher than it waE 
sevent.y years ago. Only very recently ha s progress heen made in any 
direction, even toward an understanding of the processes of transition 
through which the llyrobituminous su bstances pass in their transforma· 
tion to oils. Yet these fundamentals may be of vital importance to thE 
succeRS of the oil shale industry in America 

The general purpose of our investigation, th e results of which are 
here presented, was to secure as much .information as possible concern
ing the organic portion 0[ a typical. high grade, Colorado oil shale and 
to study the mechanism of the transition from this material to oil. In 
considering the problem, it see med that th e follOWing steps would be 
necesary to the accomplishment of our purpose: 

1) The determination of a method for the separation of the or
ganic matter, or "kerogen"l, per se a nd in toto. 

2) The separation of th e l,erogen in its original form without effect
ing any change in its composition, if poss ible. 

3) A study of the composition and properties of the l,erogen. 
4) A study of the reactions which occ ur in the transition of kerogen 

to oil, with the object of t esting the validity of present hypotheses which 
attempt to explain the forma tion of oil from shales. 

5) The utilization of the facts obtained in determ ining the most 
suitable conditions and procedure for retorting the shale to secure the 
maximum yields of the best products. 

Obviously, th e success of this plan of attack depends entirely on 
th e fea Sibility, as well as possibility, of executing the firs t step. 

The na ture and composition of th e organic portion of oil shales has 
heen widely discu ssed , especially in connection with theories of orig in. 
Comparatively Ii ttle has come from these dis cussions except a grea t 
difference of opinion. Thus far our knowledg'e is quit e unsati sfactory 

., R e\-i:;ed by tile senior author from a thesis by B. D. Goodi er for the degree 
of Eng in e" r of Mines n t t.he Colorado School of ",1in<" 5. 

1 The t l? rnl k erO CT('H, as uSI.., d in this paper, rnea-ns th e whole organiC portion 
of tbe sha le and no t m r·r0ly th l" oil-formillg const i t lle.nts. That tbere shou ld be 
such a distinc til)n hE'tw t't.... n thes( ' te rm s wil l be e\'l uent frOlTI \vhat comes la ter in 
th e· paper. 



t 

4 COLORADO SCHOOL OF MIRES QUARTERLY 

because it is composed la rgely of deductions from geological examina
tions of deposits, rather than of direct evidence from chemical stud ies 
of the material itself. Microscopic investigations have shed a lmost no 
light on our problem, which is a very complicated one. The s hales 
which have been thoroughly examined under the microscop e are not 
from Colorado. However, we shall discuss the important phases of the 
available information because of their association with our work. 

The general opinion, based upon studies which have been made of 
shales of the Colorado type from various deposits of the world, is that 
the major part of the organ ic matter is of vegetable origin. The present 
properties are explained by different types of metamorphism which 
might have occurred, both during and subsequent to the time of deposi
tion. We do not question this explanation, even though the probable 
modus operandi of the hypothetic metamorphism is not at all clear. 
The results of geologic a nd microscopic studies , together with th e prop
erties of the material. especiall y that of insolubility in ordinary solvents. 
furnish a sound basis for s uch a conclusion. Aside from geologi c evi· 
dence against the a nimal theory of origin, it is hi ghl y improbable that 
animal life was e ve r so abundant, prolific , and concentrated in cE' rtain 
regions as to accoUllt for the enormous amounts of orga nic matte r in 
the oil shale deposits of the world. Neither is it easy to explain how 
the animal remains, mainly fats and waxes, could have ch a nged into 
substances with such properties as those usually obser ved today. Fur
thermore, our deductions are corroborated by examinations of the orig
inal shale and extracts therefrom, which fail to show the presence of 
either fatty acids or their esters. 

Cunningham-Craig's hypothesis that the I;erogen is a residue from 
the inspissation of petroleum previously absorbed and adsorbed by for
mer clay strata, is not at all tenable for Colorado and numerous other 
shales, because of t heir structures , as well as their location and prop
erties. It is imposs ible to r econc:ile the distinct ly laminated structure 
and banding observed in Colorado and similar shales , and the occur
rence of barren sandstone seams between rich stra ta , with a theory of 
origin that r equires a seeping in of a pe trol eum oil and the s ubsequent 
evaporation of its light fractions. The great variations in ri chness be
tween adjacent strata, even though these be very thin, is pos itive evi
dence against th e inspissation theory as it s tands. Additional weighty 
evidence agai nst the theory is available," but this we need not discuss 
here. Consequently we may confine ourselves to a s tud y of the prob
lem with the vegetable mode of origin as a starting pOint. 

From the work that has been done with the microscope in the hands 
of skilled inves tigators we have the choice of three main forms of vege
table substance to account for the body of the organic matter: algae' 
spores,4 and resins3. vVhether anyone or all of these are a.ctually the 
main original, or raw material from which the k erogen of Colorado shales 
was form ed is still very much a question, because the evidence is in each 
case far from conclusive. Certain specim ens examined by C. A. Davis 2 

plainly showed fossil algae, pollen, and spores, bnt th e~e are present in 
too small amoun ts , and the number of Rpecimens examined are too few, 
to justify the conclusion that Irerogen was produced from anyone or all 
of the.se forms of life . Yet even if such i'\ conclUSion could be proved 
beyond a. doubt, our problem wo uld still rema in unsolved because meta
morphism by time, presure, and deca y has so cha nged the original suh
stances that they are widely different from the rema ins we now find. 
Hence there is no aid to be expected from this quarter in determining 
the actual composition of the kerogen or explain ing th e reactions 
throu gh which it passes in th e transition to oil. The experiment of 

, U . S. G 01. Survey Bull. 691-B, pp. 35 and 16; 1918. 
, Be rt ran rl and R E- n il-ult, Bnll. S oc. lIi ~t. ~al. Au t u n, V, p, 159. Davis, U. S. 

Gpo1. SUl" V C) ' B ull. 691 -B , pp. :~.-, ~ n d .J r; . 
., D. R . Stt'll::t n, Mem. G~ol. .:'11,\"·,· " ~nt. , .! 912. p int III, pp. 164-:), "Tile Che m

jotr y of t ll(' Oil Simi (· ,". R e inhard l T !1k.'en , Ec. Geo logy, XVI, 289-30 0 ; 1921; 
"Ol·i.~dn an d C0111posi l ion of Cer tain Oil ~h(lle t; ' J . 

• H . .Fl.. J. Con8ctwr, Trcn ' . Ge o1. Soc. GlaRgow, XVI, part II, 1,7-8J; 1916· 
"A Stu d)' of Oil Shn l,' s and Turhani t ps ". 
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Steuart, ' in which he prepared a product similar to certain shale oils 
by th e distillation of a mixture of 25 pel' cent lycopotlium spore dust and 
75 pel' cent Florida fuller's earth, by no means proves that th e s pores 
are the source of the oiL Other organic materials, if distilled under th e 
same conditions, would probably yield oils of similar characteristics. 

Th erefore. it seems that even though the origin of the shale were 
lmown, it would help but little in th e solution of the probl em before us, 
since we are interested not so much in the substa nces from which the 
pyrobitLlminou~ material may have origInated, as in the nature of this 
substance we now find. From our consideration of the various opi n
ions of others a nd our study of Colorado shales, we a re inclined to agree 
with Conachero that the nature of the major part of the kerogen is 
more or less resiuic. This view s ee ms to be most in accord with'a ration
al consid era tion of tlle facts as far as th ey are known. \Ve a re not at 
all prepared to s tate at present what the rest of the kerogen or organic 
matter may consist of, or what its origin may have be en. 

To Engler and Ledere r6 belongs the credit for th e first attempt to 
sepa rate tile kerogen from oil shales and offer a n explanation for som e 
of th e unusual phenomena associated with the op eration. They first 
comple tely extracted the powdered shale with ben zene , dr ied the in sol
uble residue, h ea ted it in a closed tube at temperatures between 200 and 
400 0 C ., and extracted again. Th e d rying, heating, and ex tracting were 
th en repeated until no further solubl e material was obtained. In this 
manner they we re able to s epa rate from vadous shales considerable 
amounts of a very viscous, tarry substance from whi ch lighter oil s could 
be produced by distillation. Later, Engler an d Tausz 7 demonstrated that 
th e a mount of herogen soluble in ben zene could be much increas ed if 
tbe extrac tions were performed under pressure, and therefore at hi gher 
temp eratures. Engler a nd his coworke rs explained the transition from 
insoluble p yrobitumen to soluble bitumen by ass uming a depolymeri za tion 
during th e heating process. However, th ey did not submit proof that 
such a reac l ion actually occurred but came to th ei r conclusion by rea son
ing f!'Om the analgous behavior of certa in resins and g ums. Since there 
has been con s iderable doubt in our minds that depolymerization ac
counted for the change in solubility of the organiC ma tte r in oil shales 
it became one of the minor obj ec ts of this invest igation to secure evi
dellce. e ith e r in fav or of, or in contradiction to, this h ypothesis. 

Although Engler ancl his colleagues hav e shown tha t the ke rogen 
may be mad e soluble by hea ting to tempe ra tures between 200 ancl 400 0 

C., they clicl not de te rmine the rela t ion be tween the temperature, [he 
time of heating, a nd the a mount of soluble ma terial formed. They did 
not ana lyz;; th e extracts a ncl neg lected to ascertain wh et he r the proclucts 
from s uccess ive heatings and ex tractions a t the same and different te m
peratures varied in their composition; neither was it dem onstrated that 
all the oil f0 1'l1ling constituents were extracted, No exa mination was 
m a de o r the ori g inal shale, or th e residu e after the extraction was sup
posed to hav e been completed; and this resiclue was not compared w ith 
that obtained f rom the ordinary destructi ve distillation of the original 
sha le for its oil yield. Therefore, they co uld not show the rela tion be
tween th e total yield of bitumen by hea ting and extraction , th e yield 
of oil by distillation, and the total organic con tent of the shale. All 
thes e observations are of vital importa nce to a cl ea r understanding of 
the phenomena uncl e I' investigation, Yet in spite of the incompleteness 
of Engler' s s tudi es , the work is the onl y known record to date of suc
cessful attempts to extract comparatively large portions of the kerogen 
f rom shales at temperatures below w hich d estructive distillation occurs, 

The rece nt work of McKee ancl Lyders on th e thermal decompOSi
tion of oil shales is intimately connected with the results of our in
vestigation because thei r work was also done on Colorado shale. In 
their prelimin a ry experiments they hea tecl finely ground shale from 
Grand Vall ey in a closed, rotary furnace for periods of time ranging 

, Eng]pr-Hiifer, "Das E rdol", 191 3, p. 30. Petroleum, 7, 399-403; 1912, 

, Zeit. f. ang0w. C hern ., 34, 308-9; 1921. 

, Jour. Ind. Eng. Chem., 13, 613 and 678; 1921. 
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from one to s ix h ours and at temp era lU res between 390 and 39R' C. 
After t his hea ting process, the shal e \I'as removed from tll e fllrnaCf; , ex· 
amined, and t hen extracte d. 

"It was found that in some cases "'he n th e shale was h eared fo r 
six hours at about 390 0 G. , no a pparen t change occu lTcd. Littl e gilS \I'a s 
given o rf, as \\'a s indicat ed by the fa c t tha t the press ure r ema ined 
at abou t 25 or 30 lb. pe l' sq. in. 81i [l1'1 iil c·(co sP. in S0 711 b ility nus not ed," 
bu t the s hale in g('nera l m Ci intained its hard , 1'l1 bbe l' l i1;e texture. In 
other exp er iment s only a few degrees high er (394 to 398 °) and in one 
case at th e same temperature, d ecided chang es "ere noted. The pres , 
sure s udd enly rose aU I' the shale became heated up, a n d r ema in d 
around 100 lb. pe r sq. in. The proclll ct ", a s a blacl; t a r li kc mas ,; "ith 
the s hale resid ue s uspend ed in it. Upon extraction witb benzen e thi ~ 
yielded 30 to 40 per cent of s oluble material , as comllared to 1.5 to 2.9 
per cent on the original shale. 

"It wa s not ll ossible in these experim ms to keep the tubes en, 
tirely tight, and so me [l as (P, r) 1}(! jJ0 7'S ?{su n l7y (-·scap ,· rI ." Thi s rend f' l't'd 
the results inconclusive. Although a heavy product was obtained, as 
was expected, it could ea s ily hav e been th e result of th e li ght vapors 
having been lo s t by clis tillation, but the r esults did show that a d ecided 
change was ta king place in the Shale. and thi s at a quite de finite t e rn, 
perature. 

"The pyrometer us ed in these d e te rmina ti ons was of th e ord inary 
base metal type a nd was, unfortunate ly, eq uipp ed with a low rOciswnce 
indicator, lchich I'c )uZel'ed the I'<'SIL lts sOIi'('ll' hat qll.estwnab/('* On thi ~ 
account othe r means of stuclying th e changes that were taking place 
were adopted ."9 

The method eventually ado pted by McKee a nd Lyder was to dis till 
the finely divid ed shale at a t mosph eric pre~;s \lre in a small, brass reo 
tort, immersed in a lead bath whi ch "'a~ electricall y h ea ted. Th e shale 
was maintained a t constant temperatures which, howev er, rlifipre d in 
r espective exp erim ents. The ran ge of temperature was from 374 LO 425 0 

C. and the period of heating one hour afle r the desired temperature had 
been reachecl throughout the mass of shale. Any oil th a t di i;li ll f' d duro 
ing the proces~ of hea ting was cond ensed and weighed. A1rC'r the 
heating, the shale was exlracted w ith carbon disulfide which was late r 
evaporaled. The weight of th e ex tract was then det e rmined, Their 
r es ults from fiv e "runs" ar e reproduced below in tabl e 1. We shall reo 
fer to tl1em late r. We also quote th eir conclusions .J o 

"It has been s hown tha t th e pyrobitum ens do not decompose to form 
petroleum oils as a primary product or decomposition, but tha t the fir st 
subs tance ohtained is a heavy solid or s emi·s olid bitumen. This bitumen 
is forme d at quite cJ{'fi.n it" t" 'I1I ])(' ['« ((II·". Pu' ! o n)/ a t i ou tal; i ll [/ 1110(" , be· 
tW(' Ctl, J,(JO awl 410 < C.," in the case of this pa rticular shale. T h o petro· 
pet roleum oils formed from th e shale are the res ult of the decompD:'; itioll 
or cracll ing of the hea vy hitnmen." 

T A8LE 111 
T emp. Light Oil Heavy Oil To tal Oil 

Run °c G. P er Cent G. Per Cent G. P r Cent 
1 37 4 0.85 3.4 1.45 5.7 2.3 0 9.1 
2 385 1.30 5.3 1.62 6.2 2.82 11.5 
3 399 1.70 7.0 1.90 7.9 3.80 14.9 
4 425 4.20 16.8 4.93 10.6 9.13 36.4 
0 410 2.55 10.2 6.40 23.6 8. 50 35.8 

The res ults of certain preliminary experiments of McKee a nd Lyder 
a re not in harmony with the data from most of Engle r 's worl, on for· 
eign s hal es . It is difficult to understand why " no apparent change oc· 
cllrrred" after heating the s hale for six hours; and why only a " s light 
increa.se in soluhility was noted," in spite of the increases in s oluhility, of 

• The italics are ours. 

, Quoted from preceding r eference , 

" Ibid. 

" Ibid. 
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" Arthur J. Franks, Chern. ]II
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" Ibid ., 26, 445; 1922. 
" From unpublished work of I 
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more than 300 to 400 per cent, which were produced by later hea tings 
at lower temperatures and for shorter period s of time (see t a bl e 1) . 
The fac t tha t in the fi rst exp e riments tlie heat ing wa s done in a closed 
tube under press ure (which was not great) s hould not have exerted 
such a trem i?ndou :; influence on the resultil, Engler also heated the 
s hal e in closed tubes; ye t h e usually obsen'ed consid erable increases 
In the amoun ts of soluble m ate r ial formed , eyen at lo"'er temp ratures , 
Also, the fact that "some gas and va pors ufi ually escaped" sho'\v that 
som e chango was taking place and th a t there mu s t have bee n some 

;. decompos ilion of the ke rogen or there would hav e been no va pors 
fonn ed exc ept. perhaps, those of \\'ater, ,Ve have ahva:vs obse rvedd 
the 	distill a tion of small amount~ of "ligh t oil" while heal ing ColoradoI) 
sha les from Ihe sam _ deposit at tpmp erawres as low as 3 ~ 3 to 33 0 0 

5 C. lYe beli eve , therefore, as do :lfcKee and Lyd N, that there may have9 been errors, \'ery proba bl y high readings of th (~ tempC'ru rures as sho wn 
}. by the pyrom e ter, in some of the prelimina n ' wor l; . 

Studies1 2 of residua of cf'llde oils from Colorado shales have a lso 
s yielded strong, yet indir ect evidence to con'obm'a te the theorY that a 
s heavy, unsta ble bitumen is the first product of the thermal deco m po
d sition of the kerogen in its transition to oil. Botkin l3 has recentl]' pre 
)- sentell hi g hly interesting data whi ch show a remarl,able resemblance 

to exist between these hea vy residua and gilsonite. But the actual com· 
position of the major part of gilsonite is still unknown. Furthermore, 
it is yet to be proved by direct evid()llce and actual exp eriments that a 
heavy bitumen is the jlrimary decompositi on product of the kerogen of 
Colm-ado shales , and that all th e oil subsequently formed is produ ced 
from th is intermediate product. vVe shall soon present s uch evidence 

Ll 

a nd experim ents, and demonstrate that the present theory of oil forma 
e· 
1I 

tion is, in gene ral, correct. Perhaps we may also be able eventually to 
explain the na ture ot the re action s which occur in the processes of 

n decomposition. 
'0 The kerogen of Colorado shales is so intimately associated with the 
,d in orga ni c constituents tha t a comple te separation. of one from th e other 
r presen ts a problem of numerous difficulties. In our early preliminary 
Ie experiments we a ttemp ted to r emove the kerogen without e ffecting any 
~ r chemica l changes therein. Extract ions with the ordinary solvents, such 
ir a s ben zene, ethyl alcohol , ethyl ethel', petroleum eth('I', pyridine, and 
e· e ven a strong solution ot potass ium hydroxide were tried three years 

ago," but Wilh small Sll ccess, Only minor amounts of the organic mat
m ter \\'ere di ~solved by these solvents even after tw enty hours' extraction, 
st Sin c . [he kerogen could not be thus removed from the shale, it was 
m th ought possible to dissolve a way the mineral matter by r ejlf'ar ed trea t 
ie ments of the very finely divided sha le, ground to pass a 200 mesh screen, 
o· with hydrofi uoric aCid, followed by washing with wa ter, boiling with 
n sodium ca rbonate solution to dec ompose any inso luble fluorides ,,- hi ch 

mi ght have be en formed, and again wa shing with water, The car
bonates were th en decomposed wi th hydrochl oric a cid and the residue 
wa s hed t horoughl y with water.J 4 II'Iuch inorganic material wa s dis
solved in this way, but even after a number of treatments the product 
still contained sufficient ash to justify us in discardi.ng this m ethod as 
a failure. Although it may be pOssible to remove most of the mineral 
constituen ts in this or a s imilar manner, we do not believ e that a com

9 plete separati on ca n be mad e. The n there is alway s the uncertainty 
and lack of positive knowledge that the reagents did not effect someI ~ unobserved and indeterminable chemical change in the kerogen during 
the 	process of treatment. 

For this reason we abandoned this method of attack and decided to 
study the effe ct of heat on the s hale a t temperatures below which the 
kerogen decomposed to form oiL We hoped tha t the separation and 

Ie 

12 Arthur J . Fran\,s, Chern. Met. Eng. 25, 49 , 731 and 778; 19 21. C. W. Bot
kin, 	Ibid., 26, 398; 1922. 

" Ibid., 26, 445; 1922. 
" From unpubli shed work of t he senio r a uthor, 

http:discardi.ng


' 

8 COLORADO SCHOOL OF MINES QUAR1'ERJ,Y 

study of the primary product of decomposition would throw light on the 
nature of the kerogen itself, as well as on the dAcomposition reactions. 

If Engler's depolymerization theory is correct, the kerogen should 
depolymerize to a large extent and become soluble in carbon disulfide, 
if the shale were heated to a temperature jus t below that at which oil 
is produced by destructive distillation. 'Ve expected the temperature 
at which the reaction occurred to be definite within a few degrees, and 
that a relatively short time would he required for this reaction 10 go 
to completion. 

A few rough experiments soon convinced us that our expectations 
were not to be realized. After hea~ing 50 gram samples of shale, 30 to 60 
mesh, for two and one-halE hours at atmospheric pressure and at 25 
degree increm.ents of temperature between 300 and 375° C., and extract
ing the residue with carbon disulfide, we found that the amount of sol
uble organic matter increased considerably, especially at higher tem
peratures; but that most of the kerogen retained its insoluble form. 
We also observed that although no oil distilled at 300°, increasing amounts 
were formed at tbe higher temperatures . The total amounts of bitumen 
plus any oil formed during the periods of heating varied between 1.50 
per cent, for the raw shale, to 6.01 per cent after heating at 375°. 

These trial experiments demonstrated clearly that 1) if we were to 
study the effects of heat on the kerogen at temperatures below which 
it decomposed to form oil, we would have to begin heating at tempera
tures below 325° C.; 2) that the temperature was not the only factor 
Wllich determined the amount of bitumen formed from the insoluble kero
gen, since lime apparently exel·ted some influence on the results; 3) if 
a de polymerization of all the kerogen was to take place at temperatures 
below 325°, more than two and one-half hOUl'S would be required for 
the reaction to complete itself; a nd 4) if a depolymerization actually 
occurred there was no definite temperature at which the reRction reached 
completion in a short time. From the last three conclu s ions it ap
peared evident that regardless of the nature of the decomposition re
action, equilibrium was attained rather ~lo\Vly at the temperatures with
in which we were required to do our worl\. If this were the case, it 
should be possible to obtain adrl i tionR! amoun ts of soluble ma teria I 
from the kerogen by repeating the heatings at temperatures between 
300 and 325°, and the extractions. 'We thought it might also be possible 
later to heat to higher t emperature.s without form ing oil if t.he soluble 
portion of the kerogen, together with t.he bitumen produced by the heat
ings below 325°, were first removed . 

'With these id eas in mind we varied our mode of procedure. The 
shale was first extracted with carbon disulfide un ti l no furth er soluble 
matter was present. After evaporating the adhering solvent and drying 
th e extracted shale thoroughly, it was heated to 300 0 for two and one
half hours, then cooled, and ag~in extracted complete ly with carbon 
disulfide. This process of heating and extraction was repea ted, once at 
300°, twice at 325 · , and once at 350°. In no case was any oil formed 
during the heating process. In every case an additionel amount of sol
uble substance was formed. The quantity of extract after heating to 
350° was more than half as great as that from the original shale. The 
total quantity of extract was now more than twice that obtained from 
raw shale. Nevertheless, an examination showed that most of the kero· 
gen was still in the shale. 

Since it was desirable to heat at higher temperatures, because the 
kerogen was thereby converted into bitumen more rapidly, it was im
portant to ascertain the maximum temperature to which the shale 
could be heated without causing a decomposition to oil. Another sam
ple of shale was completely extracted, dried, heated to 300° for two and 
one-half hours, and extracted once more. The dried residue was then 
brought to 300° and the temperature gradually and very slowly in
creased. At 350· there were still no signs of oil in the condenser, but 
as the temperature reached 365° oil began to distill. Above this tem
perature oil vapors were evoll'ed more freely and the quantity increased 
with the temperature. 
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The results of these rude experiments indicate clearly the correct
ness of our concl usions. The time factor is very important in deter
mining the amount of bitumen formed since the decomposition reaction 
seems to be very slow between 300 and 325'. If there is a defini te tem
perature at whIch equilibrium is reacher! very quickly, there is no doubt 
that it falls within the range of temperatures in which the kerogen 
simultaneously decomposes to oil. Although some oil distills from the 
shale at a temperature as low as 325', the shale may be safely heated to 
350 0 without producing any oil if the raw shale is first extracted com· 
pletely, then hea ted to 300° for a few hours "nd again extracted. The 
rate of bitumen formation at 3500 is much greater than at lower tem
peratures . IVe could think of no reason why it should not be possible 
to continue tIle production of bitumen by heating, up to and including 
350 ' , and extracting until fill the oil forming constituent~ of the shale 
were removed. IVith these factI> to guirle us, we planned the more re
fined experimeClts described below. 

The shale which we :;tudied was 2. typical high grad e specimen from 
the property of Joseph Bellis, in the Parachute Creek district, Grand 
Valley, Colorado. Three pounds of this shale " ere ground to minus 30, 
plus 60 mesh , and then well mixcd. After a thorough air drying at 110° 
C., the sample was transfcrred to a tightly stoppered bottle. The uni· 
formity of the sample was ascertained by the closely checking results ot 
proximate analyses of small portions tal\en from different parts of the 
large ~ample. Our analysis, which is an a\' e rage of these duplicate de
terminations, appears in table III. 

The shale was hea ted in a retort constructed from a short length 
of three inch pipe. into the bottom of which was w elded a piece of one
fourth inch wfought iron plate. The cover was cf CRSt iron, one fourth 
of fin inch thick, and was fastened tightly to th e retort by means of four 
small bolts which passed through a companion flange that had been 
machined to a thickness of one tourth of an inch. An asbestos gasket 
insured a tight joint. A piece of thin brass tubing was fitted into the 
center of the cover so that a thermometer could be inserted, if desired. 
A small Side neck was brazed to the brass tube to conduct any vapors 
[rom the retort to a piece of glass tubing which served as a condenser. 
Fairly uniform temperatures, meawred by a 500 ' nitrogen filled ther
mometer, were secured by the use of a lead bath held in a bricl;: fur
nace . Two large gas burners furnished the necessary heat. With this 
apparatus a 300-gram sample of shale conld be maintained at tempe ra
tures which were usually constant to within 5° C. 

vVe used c. p. carbon disulfide flS the solvent in all our experiments. 
The extractions were made in a sim pI e, continuous apparatus . It had a 
capacity of 300 grams o[ shale and consisted of a copper cylinder, a 
basket of 100 mesh brass gauze. and a tightly fitting cover in the form 
of a hollow cone . Practically complete condensation of the solvent was 
obtained by passing cold water through the cover. A slow bOiling of 
the solvent was maintained by heat from a steam cone. Extraction was 
continued in each case until the soluble organic matter was completely 
removed from the shale in the basket. The solution was then trans
ferred to a weighed casse rol e, the carbon disulfide slowly evaporated 
on a steam cone, and the last traces removed by careful heating to about 
200 0 on a hot plate. The cassel'ole " 'as finally cool ed and weighed. 

The residue as it came from the basket always contained a con
siderable amount of carbon disulfide. This was distilled away by heat
ing on a steam cone. The residue was finally heated to about 110 0 C., 
with frequent stirring, in order to remove the last traces of solvent and 
any water that may have been absorbed. The dried residue was then 
placed in a tightly stoppered bottle, cooled, and weighed. 

Our plan of procedure was quite simple. We first extracted all 
the soluble substances from a 300-gram sample of the air dried shale. 
The quantity of extract was determined and the residue freed from 
carbon di s ulfide. The dried residue was then heated to 300 0 C. for fOLlr 
hours, the bitumen extracted and weighed, and the process of drying 
the residuE', heating, and extracting was repeated. 
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In th e r ema inder of the worl, th e heatings and eXl ra c tions were 
repeated with only a small number of variations. In a fe w cases th e 
peri od of healing was increas eo in ord e r to de tE' n nin e rIle ffe e t or 
time on th e n mount of bi tumen formed. W e fonnd That pigIll hOll r b eats 
gave t he most fa vorable l'esu lls and ,r e l'f' cOl1\" en ien t per iods to aoop t 
fo r the remain ing experim en t s . .Arte r t h e fir s t t\\·o hea l ings the tem
perature was raised to 323 " , and af ter th e s ev enth h eatin g, to 350 °. 
·Wh en no furiher b iru ITI e was formed at 3:10 °, th e re~jdue ~·:J S 'il lbject ed 
to a te lllpel·at ure of 375 ' a n d 4uO ° fOI · two eigh t ho ur pe riod s of t ime 
to det rmin whe tbeT any addit.ion[J 1 bitumen \\·oul d be In·oducp!l. Onl y 
a small t ra ce was round in ea ch Cllse. T h e results of a ll th e h eatings 
and extra cl ions are presented in table II. 

TABLE II 
DATA FROM HEATINGS AND E XT RACTIONS OF 300 GRAMS OF 

SHALE 
Tt' n1 p t~ ra lure , 'rime oC ,V.. ighl of B H u m en T o tal B itumen 

H eati ng, I~x t rac t, Extrac ted, E X1 t'dcted, Dcg~'~e~ 
H our s Oms. P e r cen t l'e r ('ent 

o 524 1.75 1.1 5 
300 4 1.01 .3 '1 2.09 
300 4 1.38 .46 2.65 
325 16 4.60 1.54 4.09 
325 9 3.50 1.17 5.26 
325 8 2. 79 .93 6.19 
325 8 2.62 .8 ';" 7.06 
325 8 2.49 .83 7.8 9 
350 8 7.08 2.36 10. 25 
350 8 6.11 2.04 12.29 
350 8 5.·q9 1.96 1125 
350 8 4.25 l.11 15.66 
350 8 4. 80 1.60 17.36 
350 8 6.1 0 2.03 19 .29 
330 8 4.61 1.3 3 20.8 2 
350 8 2. 29 .76 21 .58 
3S 0 8 .11 .03 21 .61 
375 8 t race 0 00 2l. 61 
400 8 tra ce 000 21.61 

Tbe fin a l r eS idue, h e reina fter designa ted a s "R", from th e se ries 
of treatme nts just describ ed, was tho l'ou ~h ly mixed, a ir dried at 110' 
an d a sample w ithdrawn for a n a lys is. Determinations [or voTa til e mat
ter, fi X0d carbon, ash, nitrogen , and sulfur \\·e re mad e. Th e results of 
th 8:-; e all a lys8S are giv0n in table III. 

Tb" r emaind er of th e residue was sl ow ly dist ill ed in a small r t' tort 
in the ::;am e manner as the origi nal s hal e was d ist ill ed for its oil Yield . 
Th e lJercentages of \\·ater, gas, residue, or "spent sha le ," and oil were 
so determined. A sample of the air dried sha le was also s lowly di s
ti ll ed in order to ob ta in corresponding datil. If our theory is correct, 
the spent shal e fro m the dis till ation of th e residll e, whi ch w e sha ll call 
" R," should be practicnlly id en tica l with that from the di sti llat ion 01' 
th e air dried soale. The data in ta ble IV show tha t this is a c tually the 
c:ase . 

TABLE III 
ANALYSIS OF AIR DRIED SHALE AND RESIDUE "R" IN PER CENT 

Determ1lla tion 
- -

Vola til e matter 
Fixed carbon 
Ash 

I 
-

Air Dried 
Shale 

- .--
42.0 

3.5 
54. 5 

-

Res id ue 
R* 

37.9'''' 
83 

53.8 

Res idue 
R 

10.1 
12.0 
77 .9 

Ni trogen 
S ulfur 

l.4 8 
2.15 

0.84 
1. 8'1 

1.22 
2.67 

• Calculated t o the baS IS of the ongll1al shale. 

*' B y difference between 100 and the s LI m of the ash and fixed carbon. 
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" Chem. Met. Eng. 25, 50; 
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The residue R, yielded no oil during the process of disti ll ation but 
some gas and wat er. The data from this dis t i!la t ion are presented in 
ta ble IV, togetber with the resulro of the clistillation ot the air dried 
shale for t he yields of oil, water, gas, and residue, or spent shale, and 
th e determinations for nitrogen a nd fixed carbon in this spent shale and 
the residue Rd' 

TAB L E IV 

DATA F ROM D ISTILLATI O N S O F A I R D R IED SHALE AND 


R E SI D U E " R", IN PER C ENT 


Oil 
Wate r 
Gas:::* 
Residue 

Extracts 
Yo!. and 

Totals 

los t 

Air Dried 
Shale 

20. 0 
G.6 

13.4 
61.0 

100 I) 

1 

I: 
Residue 

R * 

l"on e 
3.5 
3.0 

62.5 

21.6 
9.1 

111 \).0 

R esidue 
R 

None 
5.0 
U 

90.6 (R
d 

) 

11)0.0 

Kitrogeni 
Fixed carbon i 

1.20 
12.4 

0.76 
8 3 

1.21 
132tT 

All th e bitumen form ed during th e different periods of !leating at 
a nyone temperature, was combined, giving li S three extrac ts to corre
spond with the three temperaturps: 300. , 325 °, and 350 · . Each of these 
extracts, whicb we shall call "B", " C", and "D" respec tively, and that 
from the origina l shale, which we shall call "A", were dried at about 
HO ° C. and cool ed in a dessicato]'. 

In order to de termine ,\'hether the extracts A, B, C, and D were of 
the same compoSition, we analyzed each of them fO l' nitrogen by a modi
fied Kj e ldahl-Gunuing method'" The data from these analyses appear 
in table V. We thought tha t the percentages of n itr ogen would suffice 
to show whethe r the extracts var ied considerably in their composition , 
in which case it would not be neCE:ssary to make a complete elementary 
analysis for this prelim inary study. 

TABL E V 


PERCENTA G E S OF N ITR OG E N IN EXTRACT S 


E xtract l" itrogen 
A 0.70 
B 1.13 
C 1.6~ 
D 2.23 

Since only a few grams of extracts Band C remained after samples 
were taken fol' analyses, it was not possible to compound a large enough 
sample from th e four extracts, in their proper proport ions, for a sa tis
factory disti llation, But, if we are to submit pos itive evidence that the 
sum of these bituminous extracts is the source o[ the oi l , and the inter
mediate product in the formation of oil, it is necessary to show that the 
extracts yielded oil when distilled. Therefore, we distilled to dryness 
10 grams of the combined extracts, in their proper proportions, in a 
small pyrex fla sk. As close ly as WI'! could determine, th e materia l yi elded 
about 70 per cent oil, 20 per cent coke, and t en per cent ga s . 

• Calcula ted to the basis of the original shal e . 

•• By d i fference between 100 and the sum of the ash and fixed carbon. 

t In the sp ent . shale and the residue, Rd ' 

tt Calculated from fixed carbon in R by di\'iding by 90.6 per cent. 

" Chern. Met. Eng. 25, 50; 1921. 
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The series of treatments resulted in a gradual but definite change 
in the shale. vVe observed no difference in appearance after the ex
traction of the original shale; but after the first heating (at 300 ' ) and 
extraction, the shale was a slight shade darker and the color deepened 
after each heating. The final residue was quite black and friable but 
most of i.t still retained its granular form. The fin a l weight of the resi
due was 207 g rams, wh ich represented 69 per cent of the original shale. 

We always observed the evolution of s mall quantities of gas, wh ich 
had a very disagreeable, su lfurous odor, and water duri ng each hea t
ing of the sha le. In no case did any oil dist ill and no signs of oil were 
detected in the s hale after the heating. iVIost of the gas was evolved at 
the higher temperatures. The quantities of gas and water produced 
during each heat in g were not measured in these experiments , because 
we were interested only in the tota l which, togetter with th e insignificant 
mechanical losses clue to handlin g, :tilloun ted ro 9 39 per cent of the orig
inal shale. This was much greater t han we had anti cipated. 

The extract A, from the original shale, was a very dark brown solid 
a t ordinary temperatures, but it melted to a mob ile li quid on the steam 
bath. ,Vhen cold it had a greasy appearance, a s li ght, dark green fluo
rescence, and was sticky. It possessed the peculiar odor which we al· 
ways associate with the raw sh8 le. Extract B was a littl e darker than 
A, but otherwise Similar to it. Extract C was much darlier and had 
more of 8 tarry a ppearance, but it was quite like A in other respects. 
Extract D was a lus trous black, sticky, semi-solid bitumen which looked 
lil;e a soft asphalt. It was also a mobile liquid at the temperature of 
the steam bath and had the distinctive odor of the heavy residu a of 
Colorado shale oils. All the extracts exllibited a strong, green fluores
cence when in solution with carbon di su lfide. The determination of 
other prope rt ies was left for ultimate study. 

We now hav e at hand suffi ici ent data to indicate clearly the direc
tion in which our in ves tigation is proceeding and to guide us in our fin al 
worlc Although \\"e believe most of this data to be sufficiently accurate 
for quantitative consid erations, we [lrefer at present to consider their 
qualitative s ignificance mai nly, because only one sample was stud ied. In 
either case, the res ults of these preliminary experiments are conclusive 
enough to settle a numh er of important queRiions and to define oth ers. 

There can no longe r be doub t that it is possible to separate all the 
oil forming constituents of 8 Colorado shale without producing oil. Data 
in tables II and IV prove thi s co nclusivel y. ,Ve have a lso demonstrated 
that the heavy bitumen is an intermediate product in the process of 
trans ition of kerogen to oil, because we distilled from this bitllmen an oil 
which had all the external properti es of a typi ea l, crude, Colorado, shale 
oil. This par t of the th eory of oil formation , advanced by Engle r and 
his coworl{ers 6,', and confirmed by 1l'IcKee and Lyder,s and the senior 
autho[l2 is, therefore, correct. 

After careful consideration of our observations, we cannot agree 
with Engler, L ederer and T ausz,6, 1 that the reaction which occurs in th e 
trans formation of the insolu ble portion of the kerogen to bitumen, is a 
depolymerization. The evidence from our worl, is all opposed to such 
a hypothesiS, but indicates that the reaction is a decom positi on which 
is identica l with , or at least r esembles, a slow "cracking". ,'Ve shall 
submit pro of of this contention atter we have discussed what occurred 
during the formation of the bitumen from the l[erogen. 

We cannot reconcile the data in table II with th e conclusion of Mc· 
Kee and Lyder 6 that "This bitumen is formed at a quite definite tem
perature, the formation taking place betw een 400 and 410' C. , in the case 
of th is particular shale." Since we succeeded in forming all the bitumen 
by hea ting our shale, which came from the same depos it, at tempera· 
tures between 300 and 350 0 C., we believe their statement is not correct, 
or else its meaning is not clear to us. From the behavior of the shale 
at the latter range of temperature we conclude, as do Engler and Led
erer,s that the bitumen can be form ed a t temperatures as low as 200 0 C. , 
but of course more slowly. Therefol'e, it cannot be said that the de
composition temperature is definite to within 10 ' C. However, we can 
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conceive certain specific conditions under which the qualified statement 
might be true. 

It is evident from the data in table II, that the rate of bitumen for
mation increases with the temperature. The average rate of formation, 
in grams per hour of heating, was 0.299 at 300 ", 0.326 at 325°, and 0.643 
at 350°. This shows that the rate increases quite rapidly as the tem
perature approaches that at which the kerogen decomposes to form oil. 

Time is a very important factor in the conversion of kerogen to 
bitumen, as table II clearly discloses. Within certain limits, the amount 
of bitumen produced varied almost directly with the time. The quanti
ties [ormed during the eight hour IJeriods ot heating were fairly constant 
in some cases. but less so in others. This may have been due in part to 
occasional temperature fluctuations during the heating process . There 
seemed also to have been a general tendency for the rate of bitumen 
production to decrease after each heating at 325 and 350°. This was 
expected. The curve in figure I illustrates very well the rela tion be
tween the time and the percentages of bitumen formed. 

The phenomena observed during the formation of tbe bitumen, the 
properties of its components, and the character of the residue R do not 
support the supposition that the transition of insoluble kerogen to bitu· 
men is due to a depolymerization. On the contrary, the r esults of our 
experiments point in another direction. We believe the following evi
dence is sufficient to disprove the depolymerization hypothes is: 

1) A considerable quantity of gas was evolved during' the process 
of heating. In a depolymerization of such a complex substance as kero· 
gen, none should have been form ed. The fact that some of the gas, 
evolved during heatings at 350· , was inflammable and burned with a. 
luminous fiame , indicates that it contained ethylenes. These are always 
produced in cracking reactions. 

2) A small amount of water distilled from the shale during each 
heating. Although thi ~ \!l~V have been either water or hydration, held 
in the inorganic constiments of the shale, hygroscopic WaleI', or both, 
it is quite possible for this watN to have been produced by the decompo
sition of the kerogen. 'Water is us ually produced during the decomposi
tion or cracking of complex bitumens and pyrobitumens. 

The comparati "ely large pf'rcentage 0[ fixed carbon in the res i
due (ct. table TV) is strong' evidenc e' that a cracking, and not a de
polymerization of the kerogen, oC(;urred in the formation of the bi umen. 

4) The percentage of nitrogen in the original shale wa s 1.48, and 
the sum of the pel'C eDlagc,; in thf' residue and the extr"cts "'ati only l.27 , 
calculated to t he basis of the origin,d shale . Therefore. the decompo
sition was attended by a nitrogen loss. The total weigh t of ni t rogen in 
the original shale was 4.44 grams, and the sum of that in the residue and 
extracts was 3.82 grams. Ilence, th e nitrogen loss wa~ 0.54 grams, or 
12.36 per cent of the nitrogen in the original shale. This los s, and th" 
large quantity of nitrogen in the residU e help to prove that no depoly
merization, but a cracl,ing occurred. In spite of the large loss of nitro
gen, the odor of ammonia was not detected in the gases e \'olved from 
the shale. This ind icates that the nitrogen escaped in its elementary 
form. 

5) If the kerogen had clepolymeri zed during the decol11 pcs it ion to 
bitumen, the percentages of nitrogen in the bitumen and kerogen would 
have been the same. Of course, this cannot have been the case, because 
the residue R contains 57 .9 per cent of the original nitrogen, that in the 
original kerogen is 3.48 per cent, calculated from tbe nitrogen in th e 
shale, and lh e average perCf'n tage in the bif uminous extrac ts is 1.90. 
Although it may be argued that a part of the l\.(' r ogen depolymer ized 
simultaneollsly with the cracking of the rema inder, the widely differing 
percentages of llitrogen in the extracts (cE. table V) do not support such 
an argument. All thes e observations and deliberations convince us that 
this decomposi lion is a cracldng process. 
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In . reYi ewing the pbenomena which attend this decomposition, we 
were impre,'< sed by til e influence of time and temperature on l.be Quanti
ties of bitumen formed und tbe fact that the amOlln t.s generall? decreased 
after successive heatings at the same temperature. These phenomena. 
and the apparent decrease in the rate of bitumen production after a cer
tain period of time, indica te that equilibrium and the theory of mass 
action may play an important role in the decomposition of the l,erogen. 

Our study of the decomposition has brought to light a few general 
facts relative to the nature and composition of tile kerogen. The data 
from the distillation of the residue R. (cL table IV) and the analysis of Rd 
suggest that the kerogen, or the organic matter of the shale, consists of 
two distinct types of material: 1) tbe oil forming constituents, of wllich 
the bitumen is the primary decomposition product; and 2) the coke
forming constituents whicll yi eld the fixed carbon of the residu e. There 
is no doubt that the carbonaceous matter is produced by the decompo
sition, because miscroscopic examinations of thin sections of tile original 
shale do not show the presence of any appreCiable Quantify of such sub
stance. Although it is possible that tile fixed carbon was produced by 
the decomposition of the kerogen as a whole, the variation in composition 
of the extracts and the large amount of nitrogen (5.52.per cent) in the 
organic porliol! of the residue R, indicate that this is not the case, but 
that tile coke forming' constituents form a. separate part of the I,erogen, 

It is also clear that that part of the kerogen ""hich yields the oil 
cannot be a single substance or compound, but must be a complex mix
ture, If this were not true, the oil forming temperature would not have 
been raised by the extraction of a part of the kerogen , as we demonstra
ted in our early experiments; and neither would the composition of 
the extracts have vari ed to the extent s hown in table V. The low per
centage of nitrogen in extract A indicates that the soluble portion of the 
kerogen is different from the bitumens formed during the decomposition. 

Very little, if any, sulfur must have been lost during.the decomposi
tion, as the pereentages of sulflll' in the residue R, and the original shale 
show (cE. tabl ", III). Extract D, which contained 1.46 percent of sulfur 
was the only one anal yzed. If the sulfur in D is added to that in the 
residue, th e percentage which can be acconnted for is 2.01, calculated to 
the basis of the original shale, Since the res idue R contains 85 .7 per 
cent of the sulfur, it seems that most of this element is in the shale in 
the inorganic, rather than the organic form. This may have an important 
bearing on retorting problems. 

In concluding our discussion. \\'8 wish to mention the possibility of 
applying the methods used in this investigation to a SLudy of tbe tar 
forming consti tuents of coal. By a few rough experiments we convinced 
ourselves that the kerogen of oil shales bears a res emblance to that 
of coal, since we were able by heatings and extractions to produce a 
considera.hle amount of bitumen from it sample of Routt county coal from 
which the soluble substances had been previously extracted. We regret 
that we could not continue th ese experiments long enough to secure data 
worthy of l)resentation, because they should yield information of value 
and interest. 

\Ve have now Sllcceeded in demonstrating the general mechanism of 
the transition 0f the kerogen of a Colorado shale to oil. The kerogen has 
been shown to conSist of oil forming and coke forming constituents. A 
part of the form er is soluble, and the rem3.inder insoluble in carbon 
disulfide. During a decompOSition the oil forming constituents first yield 
a series of heavy bitumens, the intermediate products from which the 
crude oil is produced by destructive distillation, while the coke forming 
wbstance yields the fixed carbon of the spent shale , aud gas. 

Our work shows that these decompositions are not de polymerizations, 
but appanontly cracking reactions; and thai; they do not occur at a definite 
temperature, as formerly supposed, but within a wide range of tempera· 
tures. The rate of decomposition is much greater at higher temperatures. 
as would be expected. 
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vVe have yet to show more specific relationships between th e probable 
origin of the shale and the composition of the kerogen , the various ex 
tracts and the carbonaceous matter in the residu E'_ It would also be 
desirable to repea t thi s work on other Colorado shales of grea ter or 
lesser richness, and shales of diffe rent types from other regions. A 
number of refinements could be made in both our apparatus and tech
nique. vVe hope to mal,€, furth e r studies, in which sllch improvements 
will be made, an d secure ad ditional data, especially on th e yields of 
vola tile constituents during each heating process and the composition of 
the gases evol ved. 

SUMMARY: 

1. Th e theories of the origin of oil shales were discussed in att e mpt 
to throw light on the nature of the l,erogen. 

2. The wor k of Engler, Lederer and Tausz, McKee and Lyd er, and others. 
was reviewed critically. 

3. A preliminary study has been made of the kerogen. or organic matter 
ot a typical Colorado oil s hale, of the mechanism ot the thermal decom
position of this material, and of l.he liquid and solid products formed. 

4. The kerogen was found to consist of two main types of orga nic ma t t er: 
the oil forming and the coke forming consti tuents. 

5. About eight per cent of the oil forming constituents were soluble in 
carbon disulfide. The remaind e r may be dec omposed to a seriE's of hea\')' 
bitum ens from whi ch th e crude oil is obtain ed by destructive distillation. 
The coke forming constituents decomposed sim ulta neou sly to fo rm fixed 
carbon and gas. 

6. It was demon st rated that the primary decomposition does no t occur 
at a definite temp erature, as fO!'l1H' I'ly supposed, but within a wide range 
of tempera tures. In t h is work all the primary product s were forme d 
between 300 and 350 0 C. without producing an y oiL The ra te of de 
composition \\"'.S much greatel' at the hi gher tempera tures. 

7. Conclusive e\'idence was subm itted to show that tb e prim[l]'~' decom
position is not a depolymerization , as was previously aSSUIl1 8(l. but tha t 
th e reaction rekembl ed a very slow cracl, ing. 

8. The bitu!llen ~ produced at the different temperatures we re appar
e ntly not cf th e same compOSition. 

9. The oil forming pa rt of the l{erogen was found to be a complex 
mixture. 

10. It has been sugge~ ted that the method s used in this inveRtigation 
might profi tably be a pplied to a study of rhe tar formiug cons ti tuen ts 
ot coal. 

Chemistry Laboratory, 
Colorado School ot Mines, 

Golden , Culorado. 




