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INTRODUCTION 


The oil shaJe chemist, or the oil shale engineer. as a product of spe' 
cialized and technical education, or as a product of practical experience. 
does not exist. Those who are doing the research and experimental work 
in the present early stages of the oil s1ia.Je industry are invariably men 
who have had experience only in allied subjects. The author of these 
articles, Arthur J. Franks, is a member of the facu lty of the Colorado 
School of Mines in the department of chemistry. As far as general train
ing and study would fit a man to at tack the present chemical problems 
involved in the retorting of oil shale and the refining of shale oil, Mr. 
Franks has been fortunate in his preliminary college training. With 
Professor S. W. Parr of the University of l11inois, he did special wo rle in 
the treatment of coal and oil. Under Professor W . D. Harkins of the 
University of Chicago, he did extensive research in physical chemistry, 
which subject is now recognized as of the utmost importance in the solu
tion of the more abstract problems of hydrocarbon chemistry. Mr. Franks 
has attacked the problems of the industry with enthusiasm, with energy. 
and with a mental ability which characterizes a.ll of his work as of high 
quality and importance. It is indeed a pleasure for the authorities of the 
Colorado School of Mines to combine these a rticles into one pnblication as 
a s mall tribute to the advancement of the oil shale indust ry. 

VICTOR C. ALDERSOX 
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(Reprinted from Chemical Age, Vol. 29 , No.2, February, 1921.) 

Chemical Engineering and Economics In 

Shale Oil Production. 


"It is the object of Chemistry to investigate all changes in 
the constitution of matter, whether affected by heat, mixture or 
other means". Brande's Chemistry, 1826. 

"The 'whole preparation of the engineer for his professional 
worl, makes him exact, precise, honest, efficient, unshakled by 
tradition, aggressive in attacking a problem, sound in analysis 
and judgment, and fearless in execution." 

"The Engineer and His Thinking"·. 
"Economics-the science that investigates the conditions and 

laws affecting the production, distribution and consumption of 
wealth". ,Vebster's Dictionary. 

It is not the author's purpose to panegyrize the chemical engineer. 
He neither needs nor desires the applause of the multitude. Bis eulogy 
is written in the more lasting chara cters of his accomplishments. Yet 
a more intimate knowledge of his place in the scheme of things and a 
closer view of his activities, especially where he must work hand in 
hand with the man of business, is still acceptable. It is to pOint ou t 
his present and future role in the American shale oil industry that is 
to come, and to indicate the mutuality of dependence between the suc
cess of his work and that of the business man, that this contribution 
is made. 

It would be absurd at this time for the author to further expand the 
current literature which paints the fu ture of the industry in colors of 
white and gold, or black and blue. It is the concensus of opinion among 
those who should know, that a demand for shale oil and its products 
is rapidly crystallizing, that the industry is a proximate reality. It lUuSt 
and w ill come; it is inevitable if our present civilization and mode of 
living continue. If the reader does not agree, then let us assume for 
the present, if merely for the salce of what follow s. 

It is the ge nera l aim of any industry to secure profit by increasing 
the utility of a commodity through a change of form, or, by a conversion 
of a raw material possessing practically no intrinsic value into a product 
for which there is a decided demand. Broadly speaking, th is is also 
our purpose: to convert the raw oil shale into products for which there 
w ill be a more or less permanent market, and to do so at a profit which 
will represent at least an ample return on the ca.pita.l invested. 

When one considers how ga.unt is our knowledge of the raw material 
itself, that comparatively little is known of the possible products which 
may be derived therefrom and even less of their character, then the 
problems, each with its mass of detail, appear temporarily overwhelm· 
ing; and we are prone to question the judgment of those business men 
who think that all which is required to establish the shale oil industry 
a re liberal capital, a well organized company, and a "process". Although 
these are indeed essential, and are primary requirements fo r any s uc
cessful enterprise, they a re not suff>icient in themselves. The "process" 
needs to be scrutin ized mOre thoroughly than is the custom, on account of 
the great variations in the initial material and the products obtainable 
from it. Although the technical difficulties are numerous and profound, 
Jet it be understood at the outset that they are a ll solvable. One should no t 

' Chem. Met. Eng. 24 , 561, 25, 49 (1921). 
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be dismayed by their arra,-. After considering these problems we shall 
be better qualified to determine whether the chemical engineer is entitled 
to a part in their solution, and if so, what it will be. 

PROBLEMS OF THE SHALE OIL INDUSTRY 

The problems confronting the shale oil industry might be cla.ssified 
under two heads, viz., (1) economic and (2) technical. But, as will be 
seen later, these two diviSions are so intimately articu lated that a 
separation becomes illogical. Aside from the usual financial obstacles 
encountered in any indu strial enterprise , our problem is of an engineer
ing nature entirely and should be attacked as such. rt is, however. cap · 
a.ble of many divisions whicli are easily classified into three categories , 
only the first two of which will be here considered in detail: 

A. Carbonizatioll of the Oil Sha le. 
B. Refining of the Oils. 
C. Development and Utilization of the BY-Products. 

Although objections might be raised to a classification in which 
the by-products are considered la s t , it is nevertheless a logical and 
sound one. The author is fu lly cognizant of the fact that many industries 
owe their present sustenance to profits from by-products. Yet the es tab
lishment of an industry upon such an unstable basis is to court future 
disaster, because the demand for such materials frequently fluctuat.es 
greatly and sometimes suffers a sudden end. Examples of such occur
rences are all too common to the chemical industries. 

Oil products, on the other hand, are staple commodities for which 
there is always a more or less settled market; and hence, they should 
form the foundation and main superstructure of the shale oil industry. 
Once these are firmly established, the by-products will be welcomed as 
forerunners of certain expansion, and healthy growth. On the basi s o( 
this claSSifica tion, then, let us outline the problems which confront us 
and suggest the methods of solution . 

A. CARBONIZATiON. 

1. Chemical Research and Design 

( 1) Study of the charac ter and properties of the raw material. the 
oil shale. 

Thi s involves physical measurements, prOXimate and ultimate analy· 
ses, and analyses of the ash. From the resu lts of this work may be 
deduced so me of the general characteristics of the organic and inor
ganiC material that constitutes the shale. Isolation and .identification 
of the individual constituents would follow. However, it has not been 
possib le up to the present time to perform either of these operations 
with any success upon the organic material of t.he shale. vVhile much 
work has been done in this direction, no definite conclusions hav e yet 
been obtained. But it is certainly absurd to attempt to work any ma
terial without first securing all the knowledge possible concerning its 
composition and properties. 

(2) Investigation of the properties and com position of all the dif· 
ferent oils and other products which may be obtained by varying the 
conditions that exist during the retorting. 

The results of this research would lead to many generalizations con· 
cerning the effect of physical conditions on the properties of the products 
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from the carboni zation, which would serve to determine plant control 
later. The work necessary in this connection would consist of complete 
a.nalyses of the shale carbonized and the gaseous, liquid, and solid 
products form ed. An adequate record would have to be kept of the 
temperatures, pressures, size of shale, yields of oil, gas, and ammonia, 
and the rate of their evolution , beat supplied, and time consumed during 
the period of carbonization. 

(3) A study of all possible uses to which the products might be 
adapted. 

This would have to be made from the results obtained from the 
previous work outlined in NO. 2. 

(4) Testing the products to determine their adaptability for the 
purposes considered above. 

Here many former possibilities would be eliminated and a definite 
choice of products to be manufactured would be made. The final decision 
would eventually depend upon the economical advisability of producing 
one article or the other. The possible price, local conditions, the marl,et, 
the amount of machinery and apparatus which would be required, and 
many other variables would influence the final decision. This is, of 
course, obvious and needs no further elucidation. 

(5) Determining the physical and chemical properties required in 
each of the products to be manufactured, and establishing standards of 
perfection to serve both as a guide and a goal in plant practice. 

It may be necessary to establish entirely new sets of specifications 
for shale oil products, for while these have in some cases been found 
to serve certain purposes better than pe troleum products, they fail to 
meet the speCifications now accepted for well petroleum and are, therefore, 
looked upon with unjust suspicion. 

It is also to be remembered that conditions attending the use of 
certain substances frequently change, while the specifications remain 
etagnant, or els e lag far behind . ReqUirements are sometimes made 
which are of little or no value, as subsequent research shows. Still 
it is a fact that consumers of all commoditi es are reluctant to change 
their standards from what they habitually have regarded as satisfactory 
or perfect. But a new industry demands new thoughts, new ideas, and 
new methods. The slaves of tradition can never make progress here. 
Only men of originality, initiative, and courage need hope to triumph. 

( 6) Designing a small retort which will satisfy or closely a pproach 
the optimum conditions predetermined by the results of all preceding 
work. 

This is really the easiest problem of all, once the other knowledge 
is available, and requires no particular genius for its solution, It is 
self-evident that a retort designed without a knowledge of the material 
which is to be carbonized, or in ignorance of the fundamental principles 
invo lved, and the purpose aimed at, is doomed t o ultimate failur e. Only 
by the merest frea k of chance could the proper machine be conceived 
in such a manner. 

The required laboratory research will now be complete and it only 
remains to translate the results from the labora tory to a plant scale . 
These problems would be classed under the heading of 

II. M echanica l Research and Design 

(1 ) Design, cons truction, and testing of the first commerCial car
bonizing apparatus to execute the optimum conditions predetermined by 
laboratory research. 

This work must be regard ed a s lUe re preliminary. commerCial scale 
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expe rimentation and not as that of perman ent co nstru ction . In apply
ing the principles discovered in the laboratory to a commercial scale , 
many difficulties are a lways encountered, and the res ults are frequently 
ve ry di sco uraging. Numerous modifications and radica l changes mu st 
often be made, and theor eti ca l co nsid erations sometimes sacrific>ed for 
the sake of s implici ty. durability, and economy of construct ion, as w ell 
as continuity of operation. The ult imate r esult should be a "unit" retort. 

(2) Des ig n , co nstruction and tes ting of th e ultimate comm ercial re
tort and its accessory equiplllent. 

For the solu tion of thi s problem are asse mbled all the results of 
previous r esea.rch es and the befi t e ng ineeri ng ~ l \ill, in order I !1 1 the 
final apparatus be as perfect as poss.ibl e chemically, mechanically, and 
economi cally. Hence, a competent mechanical engineer shoul d be cha rged 
with the design and construction wo rk in co-opera tion with the ch em iu !l 
engin eer. If the re sults of the tes t are sati s factory, the re tort may be 
rega rd ed for the present, as fin L'h ed. 

As in " Carboni zation" the refining probl em also may be divi ded in to 
the same two main parts, viz , chemical an d mecha ni ca l r es earc h a nd 
design . 

B. REFINING OF THE OILS 

I. Chemical Researc h and Design 

(1) Th e dev elopmen t of processes for refi ning the cru de oil into 
the p rod ucts to be marketed. 

H ere must he co ns idere d th e eleme nt ary results obta ined in the 
previous researches and outl ined in A-(l) a nd (2) and (5). Knowing 
the co mpos ition of the oil a nd the constituti oll a nd pJ'ope rti e~ oC it> 
components, as well as the s tandards to be attained for each prod uc t 
it is not a difficult ma ttr- r to develop processes for rem ovi ng l il e und e
Sira bles. or to determ il1e what is lacking and supply i t. The co ns tituen t s 
which must be rem oved mor e or less completely in the refi ning are 
embraced in the following fou ), classes of organic subs tances: a. N it
rogen co mpounds ; b. Sulph ur COlli po unds; c. Oxygen co mpounds ; d. Un
stab le unsatu rated compounds. These all occur in shale oil s in many 
differe nt forms. A knowl edge of their cha racters a nd prope rties obviously 
is essential to the ultimate soluti on of all refin ing probl e ms. They are 
to be subj ec ts for a n umber of papers now in preparation. 

(2) S implifying and perfect ing th e processes economical l~- as well 
as chem ically. 

This ofte n is th e insurmountab le obstacle past wh ich many labora
tory operations may not go . In order to be s uccessful a process must 
not only accomplish its end, but must do so with but little effo rt a nd 
exp ense . Unless modifica tions can be made to secure reliable perform
ance in this manner it is commerciall y use less. 

(3) Adapting the process to large scale m anufact ure. 
This is also a difficulty that frequ ently is encountered. Unless the 

necessary procedure can be r epeated economicall y with large amo un ts 
of material it is doomed to fai lure. Sometimes only a few modifica
tion s ar e re quired to attain thi s end; more often many chan ge s are 
ne ed ed. In most instances it als o is ne cessary to test the process on a 
small commerc ial scale be fo re proceed ing directly to large scale practice. 

II. Mechanical Research and Design 

(1) The deS ig n, construction, and test ing of the firs t commercia l 
s cale appa ratus and standardi zation of the unit of production. 

The same remarks made previously under this head appl y here also. 
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( 2) The des ign , constru c tion, and testing of th e final apparatu s 
y. which is to execute the conditions predetermined by the re sults of all 
e, preceding work. 
ly The culmina tion of th e exhaustive researches thus far outlined and 
st completion of equipment des ign furnis h the knowledge and ins truments 
)r with which to begin production,,ll 

t. Economic Problems Stated 
e· The problem,; ye t to b co n~ idered are mo~ t1 y economic, but their 

correct solution is very essential to th e success ot th e enterprise . Since 
the details are more or lcss evid ent , as are th e reasons re·en for cing the 
suggested, g fme ral solutions , thes e prob lems will only be nlPntioned, for 
this is not an article on ph1l1t manage ment. 

1. Planning, or "laying out" the plant in accordance with sci entific 
principles. 

2. Choosing a sui table plant. s ite and construction ot the plant. 
;0 3, Installation of a clearly de fin ed and simple syste m to guide plant 
d <,pera t ions and to promote clficiency. 

4. Selecting a capab le and loyal organi zation to op erate and manage 
tlI e plant. III this would be included a divis ion for chelJl ical control and 
inspection of the raw materials and finish ed proclucts to determine their 
conformity to set standards for quality. 

5. The establishment of a capable and loyal re search organization, 
the purpose of whic ll "'ould alwa~' s be to strive for il1l jJ rovemen h in tlw 
processes and eqUipment, to discover new pro du cts and new uses for tho~e . 

e already manufactured , a nd to decrease a nd utilize all pl a n t wastes. 
The founding of such an organiza ti on in connection with an industry.E 

means progress and success, 'When plant operation ;;tarts research 
actually begins, special a l ten tion now being given to 

s 
C. DEVELOPMENT AND UTILIZATION OF BY·PRODUCTSe 

t· 	 Fonner investigations were on ly preliminary as compared to what must 
1· 	 now be done. But th e s tucli"s which are to be made hereafter are to 
Y 	 be executed under different conditions and with le% hanclicap since 
Y 	 the plant will now be operat ing an d proclucing, and will, there fore , hav e 

income, The cost of furth er research can now be paid out of the 
Teturns on the products and sho uld be consid er ed as part of the regular 
overhead expense. This was not possib le before, 

It may be SODl e time before the indus try begins to pa y appreciable 
cliv idends . But as time goes on. a firmly founded and \\i(;ll man agedt· 
enterprise gradua lly expands and grows and the profits increase. Greatert 
appropriations can now be made for futnre res earch, the main goal of:I 
which is more eff ici ent utiliza tion of products. by·products, and waste". 
The greater the progress in this direction the greater will be the profit 
and success of the indus try, and the greater the advance of our national 
welfare, 

The picture of the shale oil problem is now practically complete, 
Can anyone be in doubt as to who is to play one of th e two leading 
roles? vVe are concerned with transforma tio ns of matter, and thi s on a 
colossal scale, Determination of the nature of the matter, the new forms 
.lesired and tile means of effecting economically th ese transformations 
summon the application of preCision, honesty, efficiency , initiative, sound 
analysis, judgment, a nd courage. It is the particular work of the 
chemical engineer, and he only possesses the attri butes required for 
its successful ac compli shment. Let those Who believe otherwise turn 
to the failures of the past which have so discouraged many busine ss 
and scie ntific men alike, 
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But utter all, how is the chemical engineer to accomplish this stu
pendous task; and what is the value of its consummation? The mere 
achievement com.es to naught unless it can serve the industry, and hence 
promote the welfare of the nation . Such an attainment dem ands the 
hand of business, which is needed for the t r anslation of technical accom
plishment into industrial service. The great research problems require 
capital as well as knowledge for their solu tion, and further capital for 
the utilization of the fr uits of their solution . Chemistry, engineering, and 
the rela ted sciences are only instruments which the business man must 
use in order to attain his end. Let him choose the right tools then. those 
with the best of temper, an d let him use them well. 

STUDIES IN COL( 
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tillation rate was maintained 
second fo r the 500 c. c. samples 
th e small er on es. The oils weI' 
pe r ce nta ges being expressed by 

' B ulletin 125 . 
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Reprinted from Chemical and Metallurgical Engineering, Vol. 24 No. 13, 
March 30, 1921. 

Studies 10 Colorado Shale Oils 
I 

Lighter Hydrocarbon Oil Fractions Found to Be More Saturated Than 

Heavier Fractions - Method. used in Obtaining Data-Graphical 


Analysis o[ Distillation Cuts, Showing Temperatures, 

Saturations, and Specific Gravities 


'Vi thin the past few years t he American shale oil question as an 
indus t ry has em erged from its pos iti on in nebular speculation a nd is 
now being fast recognized , not as a mere potential possibility but as a 
proximate reality. Realizing the inte ns e scientific as we ll as popular 
interest in s hal e oils, the author is pleased to submit these papers as a 
small contribution to our l,nowl edge , hoping that it will further acce l
e rate the building of an indus try that is rapidly ass uming definite form. 

These investiga tions were made for the purpose of stud Ying the g en
e ral character o[ t he crud e oils and their fr ac ti on s and al so the dis
tribution and chara cter ot the !' a t llral cd. unsaturated. sulphur. a nd 
ni t rogen compounds in these fraction s. Owing to the great difficulty 
attending th e accurate determination of some of th e constituents and 
the identifi cation of others ordinarily found in min e ra l oils this paper 
mu~l be rega rded as tl1 t: r osu lt ot pr el im ina ry s(ucl i e~ only. :110re 
thorough investigations a r e alrea dy planned tor the futur e. 

The oils studied were all obtained in the Ginet retort by low-tem
perature carbonization or s hales found in the vicinity of De Beque, Colo. 
These oil s we re produced during experim enla l operation. As th e shales 
were from clifferent strata and the conditions obtainin g durin g the various 
carbonizations were not always icientical the oils must show consequen t 
differences. It was to classify and if possible explain th ese diss imilaritie s 
that the first part ot this worl, was undertaken . 

METHODS OF ANALYSIS USED 

Sin ce s hal e oil s possess certain inl1erent characteristics which differ 
eni iate thC:lll fr om petrol UlliS. an d fo]' oth er recognized re asons, i t was 
founrl necessary to depart sOlllew hat from a number of th e more or less 
sta nnard meth ods of an<llys is generally used in petroleum technolog-y. 
1n ord er tha t the analyse s g iv en herein may be ot th e most value these 
d8pO rL\ln ~ will be given detai led cons icleration. 

Excep t where oth erwise stated the volume of oil tal,en for a distilla
tio n anal ysis was 500 C.c. A sample of this magnitude yielcled fractions 
lal'g e e noug h fo r a ll subsequ ent investigat ion. Fractiona ti ons were made 
in 1.000 c.c. Pyrex d~stiI1in g fl asl(s, except wbere only small samples were 
ava ilable , in which case a 500 c. c. flask was us ee!. The stan dard fl asks 
recommend ed by the Uni ted States Bureau of illines 1 are not s uitable fOI' 
the anal ytica l distillati on of shal e oils because the hig h necks, especially 
when filled with beads, cause excessive cracking of the heavy tractions 
a nd great irregularities in the la st part of the analys is. Even when pro
ceeding as de scribed above the last oil s can escape undu e de compos ition 
only by meti cu lous regulation of the gas flames by the operator. The di s 
tillation rate was ma intained as nearly as possible at two drops pel' 
second for the 500 c.c . samples, and at a proportionately lesser rate for 
the smaller ones. The oils were distilled into 10 per cent fraction s. the 
percentages being expressed by volume. This system of frac tionation is 

IBulle ti ll 125 . 
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superior to that in which the cuts are made on a temperature bas is, 
because the results with the former are more rapidly and comprehensively 
represented graphically. Except in one case distillations were carried 
to complete dryness. All temperatures are given in degrees Centigrade, 
and are uncorrected for the emergent stem. Bunsen burners were used 
as a source of heat. The naked flame is required. to drive over the last 
fractions of the oil. Since the gas was often poor and the pressure fre
quently variable the temperatures near the end of the distillation some
times fluctuated more or less. In drawing the distillation curves this was 
considered and the mean values taken as the true temperatures. 

The speCific gravities were, in each case, obtained from the Baume 
value by conversion with standard tables, and are always expressed at 
25 deg. C., which is a convenient and practical basis of comparison. 
While it is, of course, understood that the ordinary hydrometer is not 
a very preCise instrument for the measurement of speCific gravities, it 
is nevertheless capable of greater accuracy than is possible in the rest 
of the distillation analysis and is therefore entirely suitable for the 
present purpose. 

SATURATION PERCENTAGE 

The "saturation" of crude oils and fractions is that percentage of 
volume which is not attacked by concentrated sulphuric acid. This is 
determined in the following manner. A 9.8 c.c. sample of the oil is 
measured into a 9 or 18 g. Babcock cream test bottle, the smaller size 
being used when the expected saturation is less than 50 per cent and 
the larger size when it is more. Twenty c.c. of concentrated sulphuric 
acid is then added, the bottle is corked, and the mixture simultaneously 
cooled and slowly shaken until all violent action has ceased. It is then 
thoroughly shaken for one minute. Concentrated sulphuric acid is then 
added until the level of the liquid has risen to the neck of the bottle, 
which is now immersed to nearly its full length in hot water. When the 
mixture is quite warm it is immediately centrifuged for about two minutes, 
the centrifuge running at high speed. Acid is then poured carefully 
into the bottle until its level below the supernatant oil is plainly visible 
above the lowest graduation mark, and the centrifuging is repeated until 
a constant reading is obtained. When the 9 g. bottles are used the per· 
centage saturation may be read directly on the bottle. With the 18 g. 
bottles the readings must be multiplied by 2 to give the correct value. 
In the case of very light oils the warming of the mixture before centrifug
ing is unnecessary and is to be omitted, since there is danger of lOSing part 
of the unabsorbed constituents by volatilization. The probable sources 
of error and the accuracy of the method described are discussed in a 
publication of the United States Bureau of Mines.' 

It has been customary heretofore to determine the unsaturated rather 
than the saturated compounds in mineral oils, this being expressed as that 
percentage by volume which is dissolved by concentrated sulphuric acid. 
The remainder was assumed to be the saturated' hydrocarbons. But 
since it is the saturated portion of the oil that is actually measured , and 
mainly because that part of the oil which is attacked by the sulphuric 
acid is not necessarily composed entirely of "unsaturated hydrocarbons," 
it is incorrect to speak of it as such. This error is especially to be 

'Tech n ica.1 Pa.per 181. 
'There may be some objection to this ternl since aromatic hydroca rbons 

would be included in this classification. 'Wh ile the structure of aromatics 
forces them into the class of theoreticall y uns aturated compounds, th e ir 
main properties show that this is not justified. Charas teristics that indica t e 
the 'saturated nature of aromatic hydrocarbons a re: 1. They do not reduce 
potaSSium permanganate solution in the cold. 2. They are not attacl{ed by 
s tro ng s ulphuric; acid to any marked extent in the cold. 3. They form oub
stitution and not addition products, which is the strongest e\'idence of their 
saturated character. 
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avoided in the case of shale oils, since they contain bases and other 
compounds soluble in sulphuric acid which are not hydrocarbons at all. 
nor are they even "unsaturated." Therefore the author has discarded 
entirely this loose expression and uses and recommends the term "sa tu
ration" to express that percentage of the oil not acted upon by con
centrated sulphuric acid. If it is still desired to express the value 0[ 
an oil for refining in terms of that percentage which is absorbed rather 
than unabsorbed by the ac id , then another term, s uch as "sulphuric acid 
absorption," should be used, especially for shale oils. 

The initial bOiling point (Lb.p.) is herein regarded as that t em
perature at which the first drop is seen in the condenser. For oils con
taining only a small percentage of loW-boiling constituents this is more 
p.early the true boiling pOint than the temperature at which the first drop 
is observed in the receiver. 

The water is expressed in volume per cent and is determined 
during the distilJation. In cases where more than 1 per cent of water 
was present the distillation was carried to about 180 deg. , the water 
separated from the Iightoil and the latter returned to the distillation 
flask. The fractionation was then ca rried out as usual. 

The coke is expressed in weight per cent of the original oil. The 
weights of coke were obtained by weighing the flask s before and after 
the distillation, the differences being, of course, the coke. 

The sulphur is given in per cent by weight , and is th e average of 
duplicate analyses which checked fairly well. The method of de termina
tion (using nitric acid in the decomposition of the oil) will be described 
in a subsequent paper. 

In Table I are found the analyses of the original crude oils. The 
data for the distillation analyses are given in Table II, and the saturation 
of the fractions in Table III. 

TEMPERATURE, SPECIFIC GRAVITY AND 

SATURATION CURVES 


All the data are r epresented graphically by the curves in Figs . 1 and 
2 which portray the properties of the different oils and their fractions 
in a very condensed but interesting form. Fig. 1 contains the cut-tem
perature curves, in which the percentages of oil distilled are plotted 
as abscissce and the tempera tures as ordinates. Since the boiling point 
of a complex mixture of homologous or otherwise related compounds al
ways rises gradually during a fractionation, the curves representing the 
distilla tiolt should be smooth and free from too sudden irregularities. 
Great fluctuations must be due to variations in the source of heat and 
consequently in the rate of distillation. Hence the curves were drawn 
with these considerations in view, their paths being through the mean 
or theoretical values. In Fig. 2 are found the speCific gravity a nd sal1lfa
tion curves, the percentages distilled being again plotted as abscissce 
and the specific gravities and saturations as ordinates. Here, as in 
Fig. 1, the curves are drawn s moothly and s trike the mean values wher· 
ever fluctuations are marked . In almost every case, however, the curves 
pass through or very close to the determined pOints. 

Before discussing and inte rpreting the data from the analyses it is 
advisable to have more definite information' concerning th e individual 
oils other than the general location of the deposits of shale from which 
the oil s were produced. The shale s were all crushed to pa ss a liz-in. 
screen before being carboni zed. 

Oils 1 and 2 were obtained from samples of shale tal,en from the 
same deposit, the exact location of which is not known. It is in th e 
vicinity of De Beque, Colo. , which is the general source of all the shales 

"'Secured by personal cOfnnlu n ica t io n fron1 A. :.vI. Ki,"a r i. 

COLORADO SCHOOl 

t-04,?e-.:JO:.o-:ttn : 0 
Oc-JMtr.lt-O.,o"l j -
M....-Irl~I'"""iC'lG'1 M ! M 

o 
:00 
!C\l 

oocnoof.'J<:'lu:J I."'JO ; 00 
M (.O cn Nli.lOC"l l,(.) ! lOI,.,? 
r-I"""'r-( C'l C'-l M M M ;M I'""I 

: O~~li.l-:ttt- o : 0 
:<"..Oe-.:] '.DOM""'\!) : l..(,) 

. ,......C"I N ,,'):";lM~ : ~ 

~~~~::!~~~ 1~ 
r-~C"I 7" M:":lM7":> : ~ 

~~ 

o ~ o ~ ~~ 
Z g:;; I.(') OOOOOO OlO oOO...-l ~-;' 
::::: s... ~ r-:C'l':'¢..r l,,,:, -.o c-r:-t-oo QC:XO':/C 

0" ....
0.. 0, 



~
 
-

-
-

' 
-

-
. -

::r
'-

--
--

r.
n-

e .
.....
;.
;;
-s
u~

c
.
~

rr
.-
-
o
 
~

ro-
"O

 t!
' 

~
~
 

c=
 -:

::-
ro 

=. 
e:-"-

-~
-
5
~
-
~~

n 
~
 

() 
P5

a;
;:

=..
 .

...
...

.. 
;::

:;-
'1



<t>

 
::>

 
~
 
g

g
 

-~
.~

[;
. 

o
 ::

i' 
<t>

 
::>

" 
2 

CD
 

C
l)

 
CD

 
o 

'""""
! 

0 
~
 

o
g
8
"
~
~
~

~
~
 ~
;
2
~
~
&
~
g
~
~
~
~
~
&
 

o
.
~
g
,
 

..., 
(\

)
::>

 
<t

> 
...

. 
-1

'"
"
"
"
!0

'"
 

'O
(
'D

7
,"

;
, 

...
...

. 


O
il

 N
o

 
T

A
B

L
E

 I
I.

 
3 

3
a 

D
IS

T
IL

L
A

T
IO

N
 

A
N

A
L

Y
S

E
S

 
4 

5 
6 

P
e
r 

c
e
n

t 
.
£
t
~
r
a
c
t
j
o
n
 

5 10
 

20
 

:1
0 40
 

50
 

GO
 

70
 

75
 

7
8

.5
 

80
 

81
 

83
.3

 
84

.7
 

85
 

86
.6

 

lH
 

17
3 

~
2
6
 

~
7
6
 

31
9 

34
0 

31
2 

3
3
~
 

3
:: 

8 

:l
l:

; 

16
0 

22
3 

26
:) 

30
5 

33
4 

3<
17

 
;;

50
 

:1
50

 

29
:)

 

1
3

8
 

16
9 

19
 8

 
22

2 
25

2 
:)0

6 
3

2
5

 
:1

50
 

35
0 

15
0 

T
e
m

p
e
ra

tu
re

s,
 d

eg
. C

 . 
13

5 
10

2 
1 6

4 
1

37
 

20
0 

17
 8

 
2:
l~
 

21
1 

27
5 

25
9 

30
3 

29
5 

33
5 

30
5 

37
5 

34
0 

38
0 

:l
45

 
34

0 
:j4

0 
' 

1
6

t 
18

9 
23

 7
 

28
6 

H
1

 
32

9 
34

2 
34

6 

~
5
l
 

36
0 

20
1 

21
6 

23
1 

25
6 

28
8 

31
0 

33
 0

 
34

2 
:!2

7 

:~
 (i

:, 

28
 0

 

10
7 

12
0 

13
5 

15
2 

1
7

0 
20

6 
26

4 
:)2

5 

:1
40

 

36
0 

19
 2

 
22

1 
25

7 
29

0 
32

2 
33

5 
34

0 
34

5 
34

8 

35
4 

34
3 

16
0 

16
0 

18
8 

24
5 

~
7
8
 

31
7 

34
0 

36
5 

37
3 

37
5 

32
0 

27
0 

Q
 a t:-<

 
a ?;

j 
~
 

I:::
i a 00
 

Q
 ::t:
 

a a t:-<
 

a ">J
 

~
o
 

!,O
.5

 
34

0 
37

0 
~
 

!)
1

 .•
! 

34
G

 
~ 

~
5
 

23
 0

 
t?J

 
%

.2
 

00
 

N
o

. 
o

f 
J

'n
:lc

ti
 o

ll 
J. 2 3 4 6 7 8 9 

0
.7

5
7

 
0

.8
1

6
 

0
.8

5
3

 
0.

88
G

 
0

.8
9

2
 

0
.8

9
2

 
0 

.8
80

 
0 

.8
9

2
 

0
.8

7
5

 

0
.7

5
4

 
0

.8
1

4
 

0.
85

G
 

0 
. 8

86
 

0
.8

9
3

 
0

.8
9

7
 

0
.8

9
6

 
0

.9
0

0
 

0.
9:

10
 

S
p

ec
ifl

 c
 G

ra
v

it
ie

s 
o

f 
10

 P
e 

L' 
C

el
lI

 1
<· 

L'
a.
ct

io
ll

~ 

0
. 7

74
 

0
.7

6
0

 
t 

0
.7

7
0

 
0

.8
2

4
 

0
.7

9
7

 
o 

7
7

l 
0

.8
2

9
 

0
.8

6
3

 
0

.8
3

5
 

0
.8

6
7

 
0

.8
8

3
 

0
.8

6
3

 
0

.8
4

2
 

0
.8

9
 2

 
0

.8
9

2
 

0
.8

8
3

 
0

.9
0

6
 

0
. 9

00
 

0
.8

9
7

 
0

. 8
!1

7 
0

.9
0

6
 

0
.9

0
3

 
0

. 9
12

 
0

.9
0

6
 

0
.8

5
9

 
0

.9
2

1
 

.~
0
6
 

0
.9

0
8

 
t 

t 
0

.9
3

3
 

0
. 8

28
 

0
.8

6
7

 
0

.8
9:

1 
o .

 91
3 

0
.9

2
4

 
0 

. 9
26

 
0

. 9
1 

8 
0

.9
0

0
 

0
.9

7
9

 

O
. 
7
2
~
 

0 
.7

58
 

0
.7

6
3

 
0

.7
8

0
 

0
.8

0
5

 
0

.8
4

3
 

0
.8

8
6

 
0

.9
0

6
 

0
.9

0
0

 
0

.9
2

5
 

0
.8

0
9 

0
.8

3
0

 
0

.8
8

0 
0

.8
9

7
 

0
.9

0
5

 
0

. 8
97

 
0

.8
9

9
 

0
.9

1
4

 
0

.9
1

4
 

0
.7

8
3

 
0

.8
3

8
 

0
.8

7
5

 
0

.8
9

3
 

0
. 8

%
 

0
.8

8
7

 
0

.8
8

 J. 
0

.8
8

1
 

0 
.8

9:
1 

cO
 

C
! 
~
 

?;
j 

"O
J t>:
I 

?;
j t:-<
 
~
 

10
 

*
I)

is
ti

ll
a
ti

o
n

 
n

o
t

t:
>

an
l p

le
 

w
a

s
 

so
 

ca
rr

ie
d

 
to

 
d

ry
n

es
s.

s
m

a 
ll

 
th

a
t 

s
p

e
c

if
ic

 
g

ra
v

it
ie

s
 

h
a

d
 

Lo
 

b
e 

ta
k

e
n

 
o

n
 

21
) 

l)
er

 c
e

n
t 

fl
'a

c
ti

o
n

s
 d

 u
r
in

g
 

th
is

 a
n

a.
ly

s
is

. 

lN
o

 d
e
te

rm
in

a
ti

o
n

 m
a.

de
. 

>
-' 

<
0

 



20 COLORADO SCHOOL OF J1111'ES QUARTERLY. 

8 
:3 

400r---~--1l--~---'~--r---.----r---'----'-~ 

o 350j-----t----+-------j-------1I----~::"........I.-i!.~~~~++_l 


t 5 

{~r--r~r-_b_~~~~~~--~~~ 

o 
b~·--_+~~~~T.r~~--~--~--~~--~9H_+_~~

7 

W~--7r\O,--,W~--~~~--M~--~~h.--~OO~--~70~~OOb----9LO--~ 
"Per Cent. Dhtil\8ct 

FIG . I TEMPERATCRE CCR\'ES FOR CRUDE OILS 

herein mentioned. Oil 3 was produced from shale found in the "rubber 
stratum," on the property of the Monarch Shale Oil Co. Oil 3a is a 
composite of the fractions obtained from the distillation of NO.3. Oil 
4 was mad~ fr?m Mount Logan shale which YIelded 45.3 gal. of oil per 
ton.. No agltatlOn was used during the retorting of this charge. Oil 5 was 
o.btalUed from shale which yie ld ed 38 gal. of oil per ton. The exact loca· 
tJr,n of the shale deposit is not known, since the sample was gathered 
at the foot of a high cliff. Oil 6 was made from the same shipment of 
shale as No.5; however, the condensers were not functioning properly 
dUring the process of .retorting and a large portion of the light oil escaped 
condensatIOn. 011 7 IS a composite of ten samples of oil obtained from 
the secondary condenser, or that section· of the condenser in which the 
light fractions were condensed. Oil 8 is the composite taken from the 
pnmary condenser during the same series of operations. Oils 7 and 8 
were both produced from the same shale that was used in making oils 5 
and 6. 011 9 was the product of the carbonization of another sample of 
shale from the rubber stratum. 

DISCUSSION OF RESULTS 

Little need be said about the temperature curves III Fig. 1, since they 
are self-explanatory. They are all similar In shape, whi ch shows that 
the oils differ in degree rather than in character. It is remarkable that 
all the curves show more or less sharp turning points at about 350 to 360 
deg., which represents the temperature interval within which cracking 
occurs III the .end fractions. The cracking begins as low as 300 deg., 
but IS very slight at this temperature as compared to that at 350 to 
360 deg., which seems to be the range of temperatures in which certain 
constituents of the crude oils are unstable .. It might be expected that 
the oils which do not crack are those of a more stable nature. This sup
pOSItIOn IS substantiated by the curve for oil 3a (already once distilled), 
which shows a less sharp turning poin t and a steady rise up to 380 deg., 
the highest temperature reached by any of the oils. The temperature 
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curves for the other oils tend to 51 

ing that the light oils formed by t. 
of the heavy oils, and hence the bo 
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results must , unfortunately, explode 
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LIGHTER FRACTIO I 

The significance of the result 
fractions, given in Table III, can bl 
in connection with the curves in F~ 
oils are the most saturated is at on 
tion that the saturation decreases VI 

cific gravity, up to the point where 
of all the results which this resea 
knowledge that the cracking of thE 
heavy fractions produces lighter ( 
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tive distillation of crude Colorado: 
the best of the author's knowledge. 
to indicate that the more pronoUi 
increase in the saturation and thE 
tilla tion temperature. This is thE 
drawn from the fact that each de 
followed by a corresponding fall 
rise in the saturation. The consis· 
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compounds from certain types of u 
or in the possibility that the satu: 
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curves for the other oil s tend to straighten out at about 350 deg. , show
ing that the light oils formed by the c rac],ing lower the vapor pressure 
of th e heavy oils, and hence the bOiling pOint fails to rise, and even fall e 
ra.pidly as the crac l{ing becomes more and more pronounced. 

The temperature curves for oils 7 and 8 are of special interest 
sin ce they demonstra te that it is not possible to condense fracti onally 
the oil vapors with any degree of success. This is obvious because the 
product from the fir s t stage condensers (oil 7) contains a considerable 
amount of light oils, while that from the secondary condensers (oil 8) 
contains more than an a ppreciable. amount of the heavy fractions. These 
results must, unfortunately, explode the theories propounded by a number 
of inventors of oil sha le retorts. 

The specific gr_avity curves in Fig. 2 substantiate the conclus ions 
drawn from the temperature curves. The similarity in shape of the 
former is further evidence of the likeness in cha racter of all the oils. 
The more or less sudden rise at the end of m ost of the curves indi cates 
a sudden increase in heavy fractions and a decrease in their cracking. 
Thi s is due to abnormal rises in temperature near the end of the dis
tillation caused by the overheating, which resulted in attempts to main
tain a constant rate of distillation. With more uniform condition s this 
would not have occurred an-d the curves would then have resembled the 
one for oil 3, which is typical for all crude shale oils (from De Beque 
shales ) when properly di s tilled. However, it was almost impossible to 
obtain such conditions with the gas that was used as a source of heat. 
This will be obvious to anyone who has attempted work of this kind 
under the conditions that are given. 

LIGHTER FRACTIONS MOST SATURATED 

The Significance of the results for the saturation of the different 
fra ctions, given in T'able III, can be fully appre ciated only when studied 
in connection with the curves in Figs. 1 and 2. The fact that the lighter 
oils a re the most saturated is at once apparent, as well as the generaliza
tion that the saturation decreases with increases in boiling point and spe
cifi c gravity, up to the point where cracking begins. The most remarkable 
of all the results which this research yielded is now to be noted: the 
knowledge that the cracking of the unsaturated and unstable oils in the 
heav y fractions produces lighter oils of higher saturation.' This phe
nomenon. a stranger to petroleum technologists, occurs in every destruc
tive distillation of crude Colorado shale oils that has been attempted, to 
the best of the author's knowledge. The general trend of the data seems 
to indi cate that the more pronounced the cracldng the greater is the 
increase in the saturation and the fall in the specific gravity and dis
tillation temperature. This is the inevitable conclusion that must be 
drawn from the fact that each depression in the temperature curve is 
followed by a corresponding fall in the specifiC gravity curve and a 
rise in the saturation. The consis tency of these phenomena has caused 
considerable speculation and theorizing concerning their causes, but no 
entirely satisfactory hypothesis has yet been propounded. The only 
explanation seems to lie in the fact that it is possible to obtain saturated 
compounds from certain types of unsaturated compounds, such as resins. 
or in the possibility that the saturated compounds in the crude oil and 
the thick, heavy fractions cannot be correctly determined. The first 
suggestion is by far the most plausible; yet it is difficult to understand 
how such a relatively small amount of cracking can result in such an 
increase in saturation as is found in oil 3a over that obtained for oil 

'Simil a r r es ult s were r epo rt ed o n o th e r shale oil s in a paper by C. W. 
Boti<in befo r e t he Colorado S ect io n of the American Ch emical SOCiety, N ov . 
27. 19 20. a nd in a personal commun ication to the auth or before this work 
W(Lc.: unc1 e rta h:en . 
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3, the gain in saturation being over 100 per cent. Research is now 
under way at the Colorado School of Mines with the purpose of deter· 
mining the causes of and factors that influence the phenomena, so no 
more wil l be said about it at present. The r eader is free to speculate 
with the data at hand, and can draw what conclusions he wilL 

The author takes pleasure in giving credit to C. P. Hackett, who 
made most of the' d istillation analyses, and to J. P. Bacca, who made 
most of the determinations for saturation of the fractions. Thanks are 
also due to Prof. A. H . Low for his valuable cri ticisms and suggestions. 
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'Meyer and Nahnsen, Ibid. 18, 217, 

1906; and Girard, Petroleum 2, No. 3, 
'Mabery and Quayle, Proe. Amer. 
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(Reprinted from Chemical and :\Ie tallurgical Engineering. Vol. 25,49,1921.) 

Studies 10 Colorado Shale Oils 
II 

In a previous preliminary paper' the author presented some funda· 
mental data on a number of Colorado sha le oils which indicated clearly 
the similarity between the different prod ucts from the same type of oil 
shale. It was also shown that the heavy fractions of these shale oils 
are rather easily craciced on distillation at atmospheric pressure. The 
resulting distillates have a much higher saturation than the original 
oil The only plausible explanation sugges ted for this phenomenon was 
that the increase in saturation might be due to the formatio n of new 
saturated compounds from some of the heavy unsaturated material. The 
present commun ication represen ts the results of further investiga tion on 
some of the same oils and their fractions, and deals mainly with the 
distribution of su lfur and nitrogen. 

The unstable, unsaturated substances in Colorado shale oils are very 
complex. It would be a hopei'). s task to attempt to isolate and 
identify even a few of them without first studying some of the prominent 
general properties of fractions in which they occur. The work done thus 
far in this direction only raises further questions instead of answering 
previous ones. Therefore, it was thought advisable to proceed further 
with the preliminary investigation of the same oils' before undertaking 
any general study of different types of oils, or of the specific compounds 
in anyone. It was hoped that s imple dis tillations and analyses of the 
fractions for sulfur and nitrogen , in connection with the results obtained 
for saturation, specific gravity, and temperature, would reveal , or at 
least indicate, some of these fundamen tal properties, as well as shed a 
little light on the phenomenon of increased saturation by cracking. Ob· 
viously, then, the purpose which underlies these preliminary studies 
is to discover the hidd en road that leads to the main highway of ultimate 
investigation. 

Aside fro m its importance in connection with refining problems, the 
distribution of sulfur may yield valuable information on the possible 
composition and properties of some of the compounds present in Colorado 
sha.le oils. In the dry distillation of the heavy fractions of these oils 
a strong' odor of hydrogen sulfide is a lways noted, and indicates a. de
composition of sulfur compounds. Since all of the heavy compounds 
of sulfur decompose more or less on distillation, thi s would be expected , 
and does not give any indication of the possible forms in which the ele· 
ment might occur. Casual examination and tests fail to give much ad· 
ditional information, except to indicate that the usual compounds do not 
seem to be present in quantity. The only sulfur compounds that have 
ever been found in oils, and the characteristics of which are known, 
fa ll into the following classes: (a) hydrogen sulfide ; (b ) carbon disul
fide'; (c) alkyl sulfide' or thioethers; (d) thiophenes"; (e) thiophanes'; 
and (f) mercaptans' . Most of the su lfur in the oils studied does not 
seem to be present in any of these forms but rather in forms suggesting 

'For Analyses see Chern. M e t. Eng. 24, 561 (921) . 
'Chern Ztg. 21, 203. 
'Mabe ry and Smith, Ber. d. Chern. Ges. 22. 3303, 1889. 
'Meyer and Nahnsen, Ibid . 18, 217, 1885; Charitschoff. Chern. Ztg. 30, 476, 

1906; and Girard, Petroleum 2, No. 3, 1906 . 
'Mabery and Quayle, Pro c. Arner. Acad. 41, 89, 1905. Mabery, J our. Soc. 

Chern. Ind. 19, 508; 1900. 
'Hofe r, Erdol u . s. Verw, 2d ed. p . 82. 
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an asphaltic nature and a very complex structure. 'Whatever their real 
nature may be, a' knowledge of the amount of sulfur present will be of 
value, especially as a basis for other researches. 

The accurate determination of small amounts of sulfur in oils pre
sents many clifficulties, especially when a great number of analvses are 
to be made. Although sufficiently precise for most practical purp~ses the 
usual technical methods give results which are not at all exact, even 
though considerable care is used in their application. Some of these 
methods contain such a nnmber of sources of possible error that correct 
values result only by chance. Others are either long ancl awkward or 
require the use of such expensive apparatus that a large number of cleter
minations becomes prohibitive. Since it is beyoncl the scope of this paper 
to cliscuss the relative merits and clefects of different methods for de
termining sulfur, only the two which were actually tried will be given 
considera tion. 

It was realized early in the investigation that the only methods which 
could be utilized in making many accurate analyses on shale oils were 
the modifiecl nitric acid method of Waters' and the sodium peroxide fusion 
method devised by EdingerS ancl moclifiecl by Parr'. Waters' method 
was tried first, and the sulfur in the crude oils" ,vas obtainecl thereby_ 
A brieE outline of the procedure is not out of place. Two grams of oil 
were weighed into a 75 c.c_ casserole ancl 7 coco of concentratecl nitric 
acid (previously saturated with bromine) were immediately added and 
the casserole covered with a watch glass. After all violent action had 
ceased the mixture was heated on a steam bath for about three hours_ 
The crucible was gently shaken from time to time to insure complete 
attack by the acid. The casserole was then coolecl ancl a measure 
(about 8 to 10 grams) of dry, pure soclium carbonate cautiously acldecl. 
The mass was stirred into a paste and a little water aclded, If necessary. 
The mixture was then dried thoroughly on a steam bath and carefully 
ignited to a white melt, which was later dissolved in water and the 
sulfur precipitated by barium chloride in the usual manner. Two blanks 
were run on each new lot of reagents, whiCh are never pure.. 

The greatest difficulty encountered was that of too rapid combus
tion of the organic material when the mixture was fused, even with 
application of extreme care by the operator. The enormous heat de
veloped often caused the volatilization of some of the salts, and in 
some cases considerable loss by sputtering. However, careful duplicate 
determinations often checked fairly well, so that the reliabilitv of the 
method was not questioned, in spite of the fact that results w~re occa
sionally obtained which varied widely. This was thought to be due to 
carelessness. Hence, the publication of the best data for the sulfur in 
some of the crude oils was thought to be justified. Recently, however, 
a large number of determinations has shown surprising vacillations in 
the amount of sulfur present in the different fractions. Since previous 
analyses gave no cause for anticipating such results the reliability of the 
method was finally suspected. Many redeterminations on the same oilS 
proved that our suspicions were correct, and that the rewlts given are 
in error. The author does not attempt to advance any excuse for this 
unfortunate blunder but takes the blame upon himself entirely. It is 
hoped that the present efforts will partly atone for this past mistake, as 
they bring to light the main failures in the method already mentioned, 
as well as those in the sodium peroxide fusion method which was event· 
ually adopted. Since a complete discourse on this subject would be too long 

'Jour. Ind. Eng. Ch. 12, 482 and 612, 1920; U. S. Bureau of Stand. Tech. 
Paper 177. 

sZeit. anal. Chern. 34, 362; 1895. 
'Jour. Am. Ch. Soc. 30, 767; 1908. 
lOloc. cit. 
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to be included here, only the main points will be considered briefly. A
real fuller and more detailed discussion is reserved for a later paper. 
e of A careful study of the rtitric acid method showed that the main 

defects were due to the use of too large a sample of oil (2 grams) Bnd 
pre the use of an insufficient amount of sodium carbonate. 'Vhen the sample 
are of oil was reduced to 1 gram, the volume of nitric acid (and bromine) 
the to 5 c.c., and the weight of sodium carbonate increased to 12 gral1ls, 

,yen concordant results were obtained, although they were still a trifle lower 
lese than those obtained by the fusion method. It has the additio!1al dis
reet advantage of being longer. In case Parr bombs are not available, how 
I 01' ever, the 'Waters method is to be recommended. 
,tel" Even the peroxide fusion method does not give exact results unless 
lper a numb e r of precautions are closely observed. Investigation has shown 
de· 	 that with a good balance and extreme care it is possible to checlc de· 

yen 	 terminations to within one per cent of the total s ulfur present wll'Jn 
this amounts to between 0.5 and 1.0 per cent of the oil. 'Vhen more 
sulfur is present, the differences are, of course, proportionately ,;lTIaJler. 

lich Thus, duplicate determinations on an oil containing 0.75 per ·,ent of
'ere sulfur s hould agree as closely as 0.747 and 0.755. Frequently results
;ion have been obtained which check as closely as 0.748 and 0.752 per cent.
hod These represent very 	accurate determinations since those obtained by 
~ by. the usual methods seldom agree as closely as 0.74 and 0.76, which gives
oil a difference of about 	3 per cent of the total sulfur present. A briet

tric description of the procedure eventually adopted is given in the follow
anel ing paragraph.
had One measure of sodium proxide, 1 gram of powdered potassium
11'8. chlorate and 0.2 gram of benzoic acid are placed in a Parr bomb andtete well mixed by shaking. About 0.5 gram of the uniform sample is
Ilre weighed into this mixture by means of a medicine dropper and a small
leel. weighing bottle. The whole mass is then thoroughly mixed over a piece
lr~' . of glazed paper with a 	 thin glass rod. Any solids adhering to the rod or
Illy falling upon the paper are subsequently returned to the bomb. After
the ignition in the usual manner the fusion is carefully dissolved in aboutQks 50 c.c. of water, the bomb thoroughly washed with water, the inside being 

finally rinsed with about 1 c.c. of concentrated Hel and a little more 
IUS ' 'water, and the solution made acid with concentrated Hel. About 5 c.c. 
'ilh of saturated bromine water are then added to oxidize all the sulfur to 
de- sulfuric acid and the iron to the ferric condition. Ammonia is added 
in until the liquid is alkaline and the solution brought to a vigorous boil 

ate to coagulate the ferriC hydroxide and expel the excess ammonia. The 
the former is then fi1tered off. A small wad of absorbent cotton. placed 
:ca· in the bottom of the filter, hastens the operation and facilitates wash· 

to ing. Four thorough washings with hot water are sufficient. The solu· 
in tion is acidified with 1 c.c. of concentrated Hel , made up to 225 C.C. , 

'el', brought to a boil and 5 c.c. of 10 per cent barium chloride solution are 
in added slowly from a pipette. The boiling is continued until the precipi· 

)us tate is well formed; which operation sometimes requires as much as 
:he twenty minutes. About 200 c.c. of liquid will remain. After standing 

overnight the precipitate is filtered through a close 7 C.m. filter paper 
(iVIunktell's No. 00 is preferred) and is carefully washed until free from 
chl orides. IgnitIon is made in a very small (about No. 000) porcelain 
crucible. The final preCipitate will be pure and white. The sulfur is cal
culated from the barium sulfate weighed. A blank is run for each new 
lot of reagents and the gross result corrected accordingly. 

The corrected results for 'the sulfur in the crude oils, together with 
those from the sulfur in the ten per cent fractions, are given in Table 1. 
The dis tribution of the sulfur is represented graphically by the curves 
in Fig. 1. The sulfur was not determined in the fractions of all the oils 
because the results obtained are so similar that further analyses would 
be of no particular value. The corrected value for the sulfur in oil 
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TABLE 1. PERCENTAGE OF SULFUR IN CRUDE OILS AND THEIR 
TEN PER CENT FRACTIONS 

Oil N o. 3a 
Fraction 


No. 

Crude Oil 0.64 0.61 0.77 0. 61 0.75 0.75 

1 0.48 0.46 0.64 0 .3 0 0.67 
2 .65 .59 .70 .49 .77 0.77 
3 .63 . 59 .6 9 .59 .77 .78 
4 .61 .58 .68 .68 . 76 
5 . 60 .58 . 66 .69 .74 
6 .5 7 .54 .66 .6 8 .71 
7 .49 .50 . 64 .62 .64 . 65 
8 
9 

10 

.38
• 

.41 .54 
.3 9 

.57 

.52
• 

.4 5 

.30 

"Not enough of sample left for an alys is. 

No. 1 is not given in the table, but is 0.72 per cent. A number of 
duplicate determinations are given for those fractions of oil NO.9 which 
furnish the turning pOints in the sulfur curve. The agreement is very 
good. These results alone are indubitably not a sufficient basis for any 
conclusive generalizations; nor were they so intended. Yet, they serve 
to establish a few facts and bring forth a number of important ques· 
ttions. 

A study of the curves reveal a striking regularity in the apportion
ment of the sulfur among the various fractions. Obviously, the 20 to 30 
per cent cut contains the greatest percentage in every case except 
that of oil No.7, which is not a representative crude oil but a fractional 
condensate consisting of a mixture of light and heavy oils. It seems 
rather surprising to find such relatively small differences in the amounts 
of sulfur present in the different fractions. The very light oils apparently 
contain the least sulfur. There is but little variation between the per
centages found in the middle cuts. It is very important to observe the 
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decrease of sulfur in the heavy oils, which is undoubtedly caused by 
cracking. This is evident if the sulfur curves are studied in connection 
with those for saturation, specific gravity and temperature". Whenever 
the temperature ceases to rise, then falls, the speCific gravity of the dis· 
tillate at the same time decreasing and its saturation increasing (these 
phenomena being the criteria for cracking), a lowering is to be observed 
in the percen tage of sulfur; and this becomes more and more pronounced 

llloc. ci t. 
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as the cracking progresses. The lowering is not so great as might be 
expected, however, and there does not seem to be any quantitative rela
tionship between this and other changes in the oils. 

The strong odor of hydrogen sulfide noted during the cracking of 
the heavy oils was an early indication of a loss of sulfur through a 
decomposiUon of at least a part of the complex sulfur compounds. That 
there is a considerable loss is unquestionable, as calculations from the 
analyses show. In order to compute the actual loss correctly, the total 
sulfur in the distillate must be subtracted from that in the crude oil. The 
difference between the average of the sulfur in the fractions and the 
sulfur in the crude is not the true loss at all. Since the falseness of the 
latter process of computation is not always obvious the correct method 
is here given. The total sulfur in the distillate is the sum of 100 times 
the products of volume, specific gravity, and percentage of sulfur in each 
fraction. The total sulfur in the crude oil is 100 times the product of 
volume, speCific gravity, and percentage of sulfur. The difference is, 
of course, the actual loss in weight of sulfur. If the sulfur in the 
distillate of oil No. 9 is calculated in this manner it is found to be 
2.47 grams. That in the crude oil amounts to 3.50 grams. Hence, the 
loss of sulfur is 1.03 grams, or 29.3 per cent of the total amount present. 

The total loss in weight of oil by the distillation is 21.3 per cent, 
of which 11.0 per cent is coke. Now, if all the material that decomposed 
contained sulfur, it would mean that 8.0 per cent of all the sulfur (or 
37.5 per cent of the decomposed material) failed to recombine to oil, 
but either escaped as hydrogen sulfide or remained in the coke. Such 
losses as these would account for the slight difference between the 
sulfur in crude oil No.3 and that in the distillate No. 3a, the high per
centage of sulfur in the light oils, and sugg~sts that it will be impossible 
to eliminate much of the sulfur by cracking distillations. The fact that 
the cracking was always accompanied by a loss of sulfur by no means 
proves that the sulfur compounds only, suffered decomposition, in spite 
of the fact that the phenomena always seem to occur together, and at 
about the same temperature in every case. The evidence merely points 
in that direction. There is no doubt, however, but that practically all 
the material which cracked was unsaturated (regardless of whether or 
not it was composed entirely of sulfur compounds) and that most of the 
saturated compounds were formed from the decomposition of this ma
terial. Another part of this paper has some bearing on the question 
and it will be taken up again later. A careful study is now being made 
of the change in distribution of the sulfur on repeated distillations of 
the oil. The resuns should aid in illuminating this important question. 

The sulfur curves are also significant in connection with the com· 
position of the sulfur compounds present. The fact that the percentage 
of sulfur in the middle oils tends to be constant indicates a series of 
isomers. The pronounced deflection of the first part of all the curves 
signifies the presence in the light oils of a different series of sulfur com· 
pounds from those found in the heavier fractions. The cracking of the 
heavy oils obscures the true distribution of the sulfur therein, but the 
writer is of the opinion that there would have been a regular decrease 
in the sulfur in th ese oils had the cracking been preyented; in which 
case the curves would have approached straight lines. This would indio 
cate a third series of sulfur compounds-a homologous series, in which 
each indiyidual member contained the same number of sulfur atoms. Still 
other series might, of course, occur in such proportions as to give the 
same apportionment of the sulfur as here observed. This is quite 
probable. Much more work will have to be done. however, before any 
of these suggestions can be established as facts. They are mentioned at 
present only for the purpose of pointing out the course of future investi· 
gations , and to stimulate further research. 
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It is a well known fact that the products from the carbonization of 
most bituminous materials contain nitrogenous compounds, and reo 
searches on different shale oils have shown that they also contain such 
substances. Investigators have already isolated and identified a number 
of heterocyclic nitrogen compounds from Scotch shale oils and some 
have been detected in Green River oils. The most exhaustive research 
has, however, been done on petroleum. 

The possible forms in which the nitrogen might occur in Colorado 
shale oils are numerous, but the most important may be classed under 
the following heads: (a) pyridines; (b) pyrrols; (c) quinolines; (d) 
amines; and (e) very complex substances similar in their nature to 
asphalt. Preliminary tests seem to indicate the presence of all of these 
forms. 

Willia ms" has long ago isolated and identified pyrrol, pyridine, 
methyl and dimethyl pyridines, and parvoline in a crude naptha from a 
Dorsetshire shale oil. Morrell and Egloff" have r eported qualitative evi
dence of pyridine and its homologues in Green Rivel' oils. Beilby" has 
done considerable work on the nitrogen in oils from Scotch shales but 
he made no attempt to isolate or identify the individual compounds. In 
spite of the great importance of such knowledge, relatively little has been 
published and the literature is very meager. 

Before making any attempt to determine the classes of compounds 
present in the oils studied or identify the individual members of any series , 
it was thought advisable to investigate first the distribution of the 
nitrogen among the different fractions, since this would yield preliminary 
information of importance. Three typical oils were chosen for this 
work: Nos. 5, 6, and 9. The results obtained were so characteristic 
that further analyses were deemed unnecessary. The nitrogen was 
determined in all cases by a slight modification of the Kjeldahl-Gunning 
method. A brief description will indicate its simplicity. 

One gram of oil was weighed from a small bottle into a 500 c.c. 
Kjeldahl flask and immediately treated with 20 C.C. of concentrated sul
furic acid, Ten grams of potassium acid sulfate and a small crystal 
(about 0.2 gram ) of copper sulfate were then added and the mixture di
gested until a clear solution obtained. This process required about two 
and one-half hours. 'When completely cooled the contents of the flask 
were diluted with cold water to about 200 c.c., again cooled, a few 
glass beads intl'oduced, and a small dropping funnel and a Kjeldahl con
nector were placed in the flask through holes in a tightly fitting rubber 
stopper. Connection was made with a water-cooled condenser, a s tro ng 
solution of sodium hydroxide run into the flask through the funnel 
until the solution turned to a deep blue, and an excess of about 10 c.c. 
of the alkali added. The a mmonia was cautiously distilled into 50 C.C. 
of N / 20 sulfuric acid into which the condenser tube dipped from the 
time the alkali was first introduced until water began to condense. The 
level of the acid was then lowered until it barely touched the tube of 
the condenser. When about 75 to 100 C.C. of water had distilled over, 
the distillation was discontinued, the condenser tube rinsed with water, 
and the excess acid titrated with N /20 sodium hydroxide solution. A 
few drops of cochineal were used for an indicator. The end-point was 
always compared with that obtained by a fre sh titration of equal volumes 
of the standard acid and alkali in order to eliminate possible error in 
judging when the proper color was reached. Each C.C. of sulfuric acid 
neutralized by the ammonia represents 0.0700 per cent of nitrogen in the 
oil. Blanks should always be run with each lot of reagents and th p. 
gross result corrected if any ammonia is found; this is seldom the 

"Jour. Chern. Soc . 7. 97; 1854. 
"Chern. Met. Eng. 19. 95 ; 1918. 
"Jour. Soc. Ch . Ind . 3, 216 ; 1884. 
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case . The pipette (or burette) fr om wbich tbe standard acid is lIl e,lS
ured s hould, of course , be calibrated a~ainst the burette from ·which t;le 
all,ali is measured. 

The co pper sulfate wa s used to acce le rate th e deco mp osition of the 
oil and to se rve as an indicator in Ihe additi on o J' the strong alkali. 
Phenolpht hal e in could not be used (il r the la tter purpose heca use it 
~eemed to induce troublrsome foa ming during t he di : li lhll ion . Tbe use 
of copper sulfllte pormil,,; tbe saving of about one hour in rhe (l ecompo,i
t ion of tbe oil. Abou t three and one-ha lf hours are r equired when it i~ 
absent. The al ka li was introduced in the manne r descr ibed b eca use 
sllgh t 10ti s s of ammonia were sometimes ob lained durin g neutrali zat ion 
at' the ;; oluli on in tilE' usu a l way. This co uld, of course, be prevented by 
greater dilution of the acid a nd tbe use of less cOll('('ntra ted a llmli. Thi s 
would mea n , however, t ha t t he liquid ,vould have to 
a larger flask before distill ation and that a gr a t e]· 
would have t o be distilled over to insure complete 
a mm on ia. Thi s ca uses an unnecessary· waste of time , 
g rea t number of determinations a re to be made. 

be transferred to 
amount of water 
exp ulsi on of the 
e~pecially when a 

N o difficulties were experienced with this me th od and duplica te de
termin a ti ons checked very closely. Agreement to within one or two 
thousandths of a per cent a r e quite co mm on and the difference neve r 
exceeds one bundredth of a per cent wh en analyses are carefuil y m ade. 
The res ults obta ined for the crude oils and their ten per cent fractions 
a re given in t able II. The distribution of the nitrogen is 
g ra phically by th e cur ves in Fig. II. 

TABLE IT. PER CE::-;TAGE OF :"TTH <H ;E::\ 1::\ CHl: Df: OI LS 
TEe;' PJ" R CE:\1T FRACT10-'<S 

<) i I =': n, 
Fracti on .'\ (I 

Crud e O il 1 .85 5 1 . G08 1.501 
I 	 n .3 -1.t 0.-166 0. 361 

0 ..... -1~ 0.8 37 0.721 
1 .23~ 1 .140 1 . 120 

4 	 1 .HI 1.307 1. 232 
5 1 .674 1. 36 5 1. 3 44 
G 1. 65 9 1. ~O I 1 .00 5 

l. 5 -10 1. :.151 1.28:; 
1 .1551 l. :-~ '{ I 1.:nri 
l. ';85 1 .;:SB:1 1. 410 

represented 

A:--1D THJ·:Il{ 

The amo unt of nit rogen in th ese oils is obvio usly compara tively large 
and exceeds that fonnd in most pet roleums. with the exception of some 
[rom Californ ia, Japan and Algeria" . Analyses of the fractions show 
tbaL most of the nitrogen li es in tbe oils boilin g a bove 225 degrees C .. 
a nd that the a mount t.ends to inc rea se as the bailing point rises . A com· 
lJa rison of the nitrogen curves reveal sa n 1I1l1iJpr of irregulariti es, bu t 
[h eY all have the same general shape ; this would be expected from the 
[act t hat th e oils are very s imilar in other r espects. 

As Ih e curves indicate . the distribution of nitrogen in the oils is very 
much dis turb ed by the cracl,ing which/ causes a great loss in the total 
am ount at' nitroge n recover ed in the di s ill ale s. These losses are pro
po rtional to the extent of th e decomposition, as the res ults a nd ca lcula
tions therefrom show. If thi s loss is computed in the same manner 
as that for sulfur it will be found to lJe 41. 2 pel' cent in th e case of 
oil No.9, 43.9 per cent for oil No.6, a nd 35.9 pel' cent for oil No.5 . 
Hen ce, th e total percentage loss of nitrogen greatly exceeds that for SUl
fur und er the sam e (;onditions. This might be expla ined in one of 
lWO ways: either this nitrogen and sulfur a re presen t in a series of 
('ompounds that decompose during th e c raclcing ill such a manner that 

HEngler - "H ofer, "na::~ Errl ol" , 1. 1 !1 13. 
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IllOSt of the sulfur late r recolllbines while the greater part of th e nitrogeu 
fail s to do so, or they are present in separate classes of compounds, those 
containing the nitrogen being the more unstable . The fir s t hypothesis 
seems by far the mos t plan sib le when the relative chemical reactivities 
of s ulfur arid nitrogen are considered, and because it is a general rule 
that a loss in one is a lways accompanied by a loss in the other. The 
high percentage of nitrogen in the heavy fractions is evidence of the 
presence of one or more other classes of nitrogenous co mpounds which 
are quite stable. The data are, of course , too meager to pe rmit the 
deduction of any more definite conclusions as to the possible character 
of the diffe rent kinds of compounds. 

The simult aneous loss of nitrogen and sulfur and gain in saturation 
forms interesting evidence in support of the hypothesis that ullsat urated, 
unstable materi a l is the source of the saturated compound s produced 
by cracking of the heavy rractions of Colorado and similar shale oils. 
That this unsaturated material is made up of a series of unstable com· 
pounds of high molecular weight and rich in nitrogen and sulfur (and 
perhaps oxygen) as the re sults suggest, seems very plausible. In spite 
of the strangeness of the phenomenon it would not be difficult to con· 
ceive how, under suitable conditions, it \vould be possible ror th e mole· 
cules of s uc h nn s table substances to disintegra te completely and ror the 
atoms or groups to recombine immediately to more stable series of com
pounds, s uch as paraffins, aromatics , alicyIics, olefines and their sulfur 
and nitrogen derivatives. It would certainly be unlikel y, if not impos · 
sible, for the resulting product s to be as unstable, or les s s table than 
the original material. The results obtained are, therefore, not con· 
trary to theory. but might almost be anticipated. An enormous amoun t 
of work will have to be done , however. before the suggested hypothesis 
can be conclusively proved. 
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SUMMARY 

The usual technical methods for determining s ulfur in oi ls are found 
to be inexact. A slight modification of Parr's method gave accurate 
results and was used to determine the di stribution of s ulfur in five o[ 
the Oils previously studied. Th e apportionment of the su lfur is quite uni· 
form for all the oils that were in vestigated . and is s uch that there is 
comparatively only slight differences between the amounts present in 
the various ten per cent fractions. The percentage is greatest in the 
20 to 30 per cent cut and tends to remain constant in the middle oils . 
The sulfur is less in the light and heavy oils, and the amount is reduced 
in the latter by cracki ng. This shows that at least part of the com· 
pounds which decompose con tai n sulful'. The total loss of sulfur during 
the distillation was about one·third of the amount present in the crude 
oil. In spite of this, the distillate contain s about the same percentage 
as the original oil. T he distribution of the sulfur as represented by the 
curves suggests the presence of at least three different series of s ulfur 
compo und s. two of which seem to be quite stable. The simultaneous 
loss of sulfur and gain in saturation by cra ck ing indicates that the un· 
saturate<l mate rial , which is the source of the new satu rated compounds. 
contains s ulfur. 

Colorado sha le oils and their fraelions contain much nitrogen, which 
seems to be present as basic compounds and complex, uns tab le, unsa t· 
urated substances of high speCific gravity and moiecular weight. The 

. distribution of nitrogen is similar for each o[ the three oils studied. The 
heavier fractions conta in by far the larger amount s. Cracking o[ the 
latter during distillation effects a great loss o[ nitrogen and masks its 
true distribution. The total loss observed was about 40 per cent of the 
nitrogen occuring in the crude oil. showing that one of the classes or 
nitrogenous substance s is very unstable . Th e simultaneous loss ot 
nitrogen and sulfur and increase in saturation by cracking suggests the 
hypothesis that the saturated oils thus fo rmed are produced from un· 
saturated compounds containing sulfur and nitrogen, which are easily 
decomposed under the conditions that obtain during a destructive dis· 
tillation. and yielcl oil s of a more stable and saturated nature. Work 
is now being done 011 the changes wrought by success ive distillations 
of s hale oils. The results should ~' ield valuable evidence in s upport 0\ 

lhis hypothesis. 

The author tal, es this opportunity to express his indebtedness to 
C P. Hackett. who helped to work out the method for determining 
nit rogen ami Wi10 made the analyses. and to .1. P. Bacca. who aicled in 
developing the me thod for determini ng s ulfur ancl made the determina· 
tions . The writer is also ind eb ted to ProL A. H. Low for his valuab le 
criticisms and suggestions in the preparation of this paper. 
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(Reprinted from Chemical and Metallurgical Engineering, Vol. 25, 1921.) 

Studies In Colorado Shale Oils 

III 

In two recent preliminal'y papel's' under this title the author pre· 
sented elementarY data on a number of Colorado shale oils and their 
fractions. The results of this work have shown that the heavy fractions 
of these oils are unstable and crack easily on distillation at atmospheric 
pressure. The decomposition is attended by the following very marked 
phenomena: (1) a lowering in speci fic gravity; (2) an increase in sat· 
urated hydrocarbons; and (3) a considerable loss of nitrogen and sulfur, 
as well as a cJecided change in their distribution. The increase in satura· 
tion was accounted for by the decomposition of the heavy, unsaturated , 
and unstable compounds containing sulfur and nitrogen, and porhaps 
oxygen. But since such a phenomenon is not in accord with the theories 
and results prevalent in petroleum practice, and because the ~vide~ce 
already presented was not conclusive it was decided to ,;xtend the 
scope of these preliminary investigations in ol'der to secur.e further data, 
either in support of. or in contradiction to. the tlleories alr80ldy sug· 
gested. 

The purpose of the present work was to study, by means of careful 
analyses, the chii'nges produced in th e fract ions of a representative Colo· 
rado shale oil hy repeated distillations at atmospheric pressure, to 
endeavo r to verify previous data with the hope of proving conclusively 
that new saturated hydrocarbons were formed as a large portion of the 
prod ucts of cracking, and that th eir source was the h eavy compounds 
soluble in concentrated sulfuric acid, and , if pOSSibl e, to throw further 
light on the general character and compOSition of these decomposition 
products a nd their parent materfal. 

This investigation was conducted along the same general lines as 
previous studies.' Two series of distillations were made. The first in· 
volved four successive distillations of a single sample of oil into ten 
[leI' cen t fractions. The changes in these fractions were determined by 
the means of measurements of specific gravity. saturation, temperature 
of distillation, and amount Ot decomposition, and by analyses for sulfur 
and nitrogen. On the basis of the behavior of the oil, as determined by 
these changes in the ten per (;ent fractions, conclusions are to be drawn 
as to some of the general characteristics of the oil as well as its probable 
composition. A second series of distillations and analyses were made Oll 
another sample of the same oil to pro ve definitely that saturated C0111

pounds formed a large part ot tlle prod ucts from the crackiug of some 
of the !leavy, unsaturated, and basic fractions, to provide a s ufficient 
amo unt of cracked distillate for examination, and to serve as a general 
check on the first part of this work. 

The oil upon which this investigation was made was chosen because 
it was regarded as representing a typical product from Colorado shales 
of the De Beque region. It was made in a Ginet retort and was oh · 
tained through the courtesy of the Mona rch Shale Oil Compa1lY. A one 
gallon sample was taleen from a ten gallon can of this oil which had 
be en allowed to stand undisturbed in the laboratory for two weeks in 
order to permit most of the suspencl ed water to s ettle out. The sample 
was thoroughly mixed by long shaldng and a four ounce portion with· 
clrawn from analysis. The results of this analysis precede table 1. 

' ( 'i! pnl. .\ret. Eng", ~~, 5G 1 : :!5. 49; (If!~j) . 
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rate ot 2 drops per second . as 
All distillations were made in "Pyrex" distillation flasks at a rate The weigllt of coke was obta ine 

which was maintained constant throu ghout the progress of the disti lla· flask before and after distillati(
tion by constant and extremely careful regulation of the gas flames. of the cuts were reserved for tl 
Naked flames from Meeker burners were used as the source of heat. are presented under "2" in table 
The sizes of all fractions are expressed on the basis of the original The remaining sev en,tentils 
oil volume and not that of the oil distilled. The vapor temperatures were (405 c.c.) were composited and d 
measured by a 400 0 C. thermometer and are uncorrected for the emer· c.c . distillation flask at approxir.
gent stem. The same one was used for all distillations in order that manner as before. Ten per cent
the results might be strictly comparative. the coke determined. Three,sevl 

All specific gravitifls are expressed at 25 0 C. and were obtained from drawn and the same deterlllinal 
Baume values tal,en with a hydrometer . The conversions were made The results of the analYSis appea 
from standard tab les . The same hydrometer was used for a ll the deter· The four,sevenths of. the oil I' 
minations. (217 c.c.) were composited for i 

The water, initial boiling point (Lb.p.L saturation, nitrogen and cent fractions (40 c.c.) from a \ 
sulfur were determined as described in former papers ' . A modified rate of distilla tion was maintain 
Kjeldahl method was used in obtain ing the nitrogen and a 11l0dificatlOr:. second. The usual data were ob 
of tne Parr, sodium peroxide fusion method fOr the sulfur. All analyses a re given under "4" in table L 
of the crude oil and fractions were made in dupli cate with extreme care. 

ANALYSISWhere the results failed to check within r easonable limits the analys es ' 
were repeated and averages taken as th e true values. Sp. Gr., .... . ... 0.909 

Saturation .. , ...... . , .. .. 20.8 per cent In the first distillation it was attempted to separate the oil into 
Sulfur.,.,.,., .... ...... , ..... 0.72
ten per cent fractions with as little decomposition as possible without 

resorting to the use of either vacuum or steam. A 1500 C.c. portion of The second series of distill f 
the well mixed sample was distilled to dryness from a weighed . two different manner. A 1200 c.c. sar
liter distillation flasl, at a rate of about 8 drops a second. When the a 2 liter flask at a rate ('f 4 drops 
vapor temperature reached 300 0 C. hydrogen gas (obtained from a been condensed. The resulting fn
cylinder) was introduced slowly in five fine streams through a per' convenience. The distill<ltion wa
forated tube which extended to the bottom of the flask. As the dis· (hereinaIter designaced as [tactic
tillation continued, hydrogen was admitted at an increaSing rate which then withdrawn for analysis. A ' 
reach ed about 25 liters per 100 C.c. of distillate near the end. The distilled to dryness from a weigl'
rate of heating and the amount of hydrogen used were so controlled per second. The weigh t of coke \ 
that no appreciable amount of vapor issued from the condenser. After Vapor temperatures were read at 
the distillation was finished the Ji(ls k was cooled and weigheu. The in were mad e . The whole distillate 
crease in weight gave th e amount of coke produced by decompOSition of then thoroughly mixed and a sam 
the oil. 

The heavy unstable Oils preSt
Two composites were then made frol1l tw o·thirds (l00 c.c.) a t each tbis distillation and whatever ligh

of the ten per cent fractions; one contained the first three and the have been left in C. Hence, ;]30
other the last seven fractions. The r e ma.ining portions of each fraction 1000 c.c. flask at a rate of 2 drops 
were then analyzed . The results app eal' under "1" in table L The two reached 250 0 C. the distillation IV 
compOSites were then distilled se parate ly to determine their stabilities. a sharper separation of the oil bo 
It was a lso desirable to rem ove the Iight()r oi ls in oru e l' that the the distillation was discontinued. 
changes in the heavy oils might be more marked . The result of such ferred to as "D" and the l'e siuue 
proced ure will be obvious from a glance at the curves in figs. 1 to 4. ondary product formed by the era 

The 300 C.c. light oil composite ",as again distilled at a constant present in "B". 
rate from a 500 C.c. di stillation fl ask into 3 ten per cent fractions of Determinations for spe cific 1';1 

100 c.c. each. The last fraction contained on ly 98 c.c. si nce it was were made on A, B, C, D, and F;. 
impossible to drive over all of the oil. This introduces no appreciable In addition to these analyses, del 
errors in th e analysis , however. The same analyses as before were bases were made in A. and D. T 
made on ea ch fraction. The results given under "2" in t a ble 1. No in table II. The temperature CUI' 

furth er distillations of the light oil w e re made since changes other than from the first series of distillation 
those due to refractionation are not apparen t . The remainder of this The aromatics were detel'luiu 
part of the investigation was conducted on that portion of the oil above veloped by Tizard and MarShall' 
and including the 40 per cent fraction. tween the temperature~ of ll1utua 

containing aromatics, and ot' thOSEThe heavy oi l compos ite (623 c.c.) of the 7 fractions from "1" was 
distilled from a weighed 1000 c.c. distillation flask into 10 p'"l' cent It was first necessary to remc 
fractions of 100 c.c. each . The distillation was carried to dn'n es ,;. at a ·'Ioe. cjt. 


5,Jour. Soc . ell. Ind . 40 , : 11'1', I ~ ! :..: I 
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rate of 2 drops per second. as described in a former communication'. 
The weight of coke was obtained fr om the difference in weight of the 
flask before a nd after distillation . Three-tenths (by volume) of each 
of the cuts were reserved fo r the usual analysis, the results of which 
are presented under "2" in table L 

The remaining seven-tenths of each of the fractions from "2" 
(405 c.c.) were composited and distilled to dryness from a weighed 1000 
c.c. distillation flask at approximately the same rate and in the same 
manner as before. Ten per cent fractions (70 c.c.) were again tak en and 
the coke determined. Three-sevenths of ea'ch of these cuts were with
drawn and the same dete rminations made as for the other fra ction s. 
The results of the analysis appear under "3" in table 1. 

The four-se venth s of. the oil remaining from each of the "3" fractions 
(217 c. c.) were composited for the las t t ime a nd distilled into 10 per 
cent fractions (40 c.c.) from a weighed 500 c.c. distillation flask. Tbe 
rate of distilla tion was maintained at a bout three-fourths of a drop a 
second. The usua l data were obtained on thes e fractions. The results 
are given under "4" in table L 

ANALYSIS OF CRUD E OIL 
S p. Gr .. ,. .. , .. , .. 0.909 Nitroge n .. .... 1. 992 per cent 
Saturation . 20.8 per cent Wat er ,.. .... 0 ,13 
Sulfur .... .... ........ ...... _. 0.72 l.b . p. .... ..... .. 70° C. 

The second series of distillations was carried ou t in a somewha t 
differen t manner. A 1200 c.c. sample of t he same oil was distilled from 
a 2 liter flask at a rate C'f 4 drops per sec. until 30 per cent (360 c.c.) had 
been condensed. The resulting fraction wi ll be call ed "A" for the sa ke of 
convenience. The distillation wa s then sto pped, the undi sti lled residue 
(hereinaf ter designated as ftaction "B") allowed to co ol, and a sample 
then withdrawn fo r analysiS. A 490 c.c. portion of this reSidue was then 
distilled to dryn ess from a weighed 1000 c.c. flask a t a rate of 2 drops 
per second. The weight of coke was obta ined by weighing the cold flask. 
Vapor temperatures were read at every 5 per cent fraction but no cuts 
were made. The whole distillate (llereinafter designated as "C") was 
then thoroughly mixed and a sample taken for analysis. 

The heavy unstab le oils present in B must have decomposed during 
this disti llation and wh ateve r light oil s were thus formed therefrom must 
have been le ft in C. Hence. 330 c.c. of "C" were then distilled fr o111 a 
1000 c.c. fl ask at a rate of 2 drops per second. As the vapor temperature 
reached 250 0 C. the distillation was slightly r etard ed in order to permit 
a sharper separati on of the oil boiling below 254 °, at which temperature 
the distillation was discontinued. This distillate will be hereinafter re' 
ferred to as "D" and the res idue as "E", Obviously, "D" is a new, sec
ondary product formed by the cl'acldng of certain constituents ori ginall y 
present in "B". 

Dete rmina tions for speCific gravity , saturation. sulfur, a nd nitrogen 
were mad e on A, B, C, D, and E. All an a lyses were made in duplicate. 
In additi on to these analyses . de terminat ions for aromatics and organic 
bases were made in A. and D. The data from these ana lyses are given 
in table II. The temperature curves are presented together with tho se 
from the first series of distillations in fig. 1· 

The aromati cs were determined by the "a niline point" method de
velop ed by Ti za rcl and Ma rshall'. It depends upon the cl itf.erence be
tween the temperatures or lllutual solubility of saturated bydrocarbons 
containing aromatiCS, and at those fre e fro m such compounds. 

It was fi rst necessary to remove from the sample to be analyzed all 

·'loc. cit. 

~Jol1r. Soc. Ch. I nd. 40. ~ 1 ,i T, 1~1:!1. 




; 

· 

' 

i 

i 

42 COL()R.4DO SCHOOL Ot' .lllr.-L'8 QCIHTL'RLY. C()LORJ.DO SCHOOL 

:Ml- ..r.-:"?CI'.,J C': 
:CD O OOOOOO~ 
~ O(,O t-oo~ _ 

~ .-I ,....-( rl ,..... .-I '='l 

· ,....::-':> (Ooo~ ''=''I 
: 1- ..... 00 c- ~ : =: 
: o c.o r-ooC) 
; ,....-(...-1.-1.-1,....-( ;.-1 

z 
:t- . C 
~ , 0 

' 0 : r-

C'>C":\...--!e:- lCC'-1(,O o:!" : ='l.....,.. 00 
a:- c:.MC'J r- ...-IC'l"'<l" : ='" 00 00 
It:' C) M -:t l~ r- L- t- ~ 00 C <.:: 

o 

:O ~OOOC'Jr
~ <:..:> ~ (,0 1...":1 In."..[ :0 
' ...-l LOr,\lOOLQ : U':) ::r. 
. t:> <:..:> (,0 l/:) LO '1...":' 

~ c 

f
:r. OOM<:":> O ~ o::t' OOO 

~ C'-1 ~ t-oot-:.J:..(,O<:..:> "<l'" 

'" 
P-;l' If:IC') l- or.>:-':OOt-lt::I 

1""'1 t--:-=--:r--:t--:r-:~~~ 
o 

. 

i oo 
: :"1 

( 

" o 

. . . . . , 
:~-:-;t-McnCJ)
:1.0 ...... ~ MC'l.-1 

~C'lU':)OO-rC 

i ~O':M "'--
! t..":IMM!'?M 

-:r-o ooc -r Oooo 

Me<-lOO M('or.'\lC'JOO 
U':)U";I,=,,: -:r MM-:--l<:'-l 

. . . . . . . . 
,..... e-.:JO :-?L- .-I <:..:> _O 

l.r.' L~ -:' -:-':' ~ ~ ~l r."1 

,':'1 
: .....: 

! OO ....... 


:;....:; 
; _,...... r.-.l 

c~~_ooo 
,.... OOOC'lM l.,) 
OOOO C. Cl;:":C':> 

!o 

I.r. : 0': """" <:..:> ¢-lO : t 
':"1 _ 00 0 1Z'1 M : M 
......., M :OOOOC">Cl.="l- ~ o;"; 


7- '0 
Q) 

. OOOO --- M l..... ~ t.D",., 

r- C')t-IJ:lG. ...... __~ 
r- OOOO'X:OOC'>~ =:.'" 

~ 

0..,., .,
"U":) r-":'-) 
: C": :: C": 

* 
~ 

u:: ~ ~c:::"g 
OOOCC=-O=:;\l-rt-O C"l '::::' 
,, '='"'I~ """' lO;'::'t-oo oo oc ooC"".e. :: 

bases and un sat urated hydroca rl) 
in the cold with a liberal amount 
of !IO pe r cent sulfuric acid . °fh 
to separate. the tar was drawn of 
clean fla sk, and then care(ully 
water. Powdered , anh)'drous ,;or 
neutrali ze any acid remaining 
After s tanding for about a day ti l 
An ordinary washing with eitbe 
be atte mpted in the case or sha 
sions are for111ed 'wbich are sepa l 

:::-u-:::= After obtaining the specifi c! 
l-OCt: .:.:

7' 1 ~ ~:"":' termined 0.1 the sa turateel hydro. 
into a large test tube from a pil: 
aniline from another pipeLte. hI 
complete solubility obtained, the 
termining tbe temperature at whi 
is the ani lin e point . 

The remainder of the satural 
in the cold with a liberal amOullt 
20 to 30 minutes, which treatlller 
carbons were then separated . waE 
line point determined. Tbe pe l' 
obtained f rom the difference in 
prepared by Tizard and Marshal 

....; C - 7' 1 '7'1 ':-.1:-: ~ <:..:> r-OC'1 gra vity of the oil and the speCific 
'f. xoocr.-'X'X.ooooxoo~:;,: were known. the percentage by~ ~ r-

sample was easily calculated. 
The bases were determined b 

"",; ~ l- 00 c- ::: by dilute hydrochlor ic acid. Tell 
:'::'C-:r OO _-r
-t-+ :'l"l c-:l!,,:~ graduated. 15 c.c. centrifuge tube 

4 parts of water) added. The tub. 
trifuged until separation of tne t,

) ~ t'.... Q~U?::::> 
-..:: c l ~ 00 ,.... ..,.. 
++ ~I7'I-=-I~~ the amount of oil absorbed by n 

= ~1 was calculated.-::::: ...... 

>. :.:.= The un sat urated compounds ar 
1..":' X ;";.,,. C't". r - c I.C 00:: ~ :"1 
~ I.!':' r- 0 ':\l L.":" M ~ t- ...... ':'1 -:-: ~ .~~ were calculated as the difference be 
- ,.... '='1 ':'1:-1!'?':\le-.l~:-: :-': 

-- ht. saturated hydroca rbons. 
~.= = Tile data presented in th t. 

C !'ll::' ': IO ~ I.-: 

1- C(I .::: ' C"'-:"T L::: 
 the curves v e rify the results 0[ p 

...... 7'1 :-':";t:::v::-: 

tations. In general it may he sr 
270°C.) are very stable and suffer 
t ion other than tho se due to eh. 

Clt:'::'. "": cu-:cU':"coc::: compounds obtained by a higher 
tractions of the crude oil , on the ( 
a single cracking di st illation, SUErE 

nomenon has already been menti 
papers , and by C. W. Botkin' in f 

portions of the crude oils arc se 
when a large quantity of an inert 
the distillati on. This is obvious J 

the hea.vy oil composite from th 
of the undisti lled residue 'B' . The 
s peaking, about half of the uns tal 
of thi s type. 

After one cracking distillation, 

-_ ':' 1:'1~~"""" 1.C ~1.

"Ibid, 22T. 

'("he m . ;\( e l. E ll". Z ~ , g'G. 


http:C()LORJ.DO


-13 

bases and unsaturated hydrocarbons by means of a thorough treatment 
in the cold with a liberal amount (about 200 per cent by volume in all) 
of !J5 per cent sulfuric acid. '1'he saturated hydrocarbons were a llowed 
to separate, the tar was drawn off, the hydrocarbons poured into a small 
clean flasle, and then carefully washed with a very smal l amount ot 
wate r . Powdered, anhydrous sodium carbonate was then thrown in to 
neutralize any acid remaining in the oil and to take up the water. 
After standing for about a day the oil s hould ])e neutral. clear, and dry. 
An ordinary washing with either water or alkali solution should not 
be attempted in Ule case ot sb.ale oil distillates sinc e persistent emUl
s ion s are formed which are sepa rable only with great difficulty. 

After obtaining th e speCific gravity , the aniline pOint was then de
termin ed 0,] the sa tura led hydrocarbons by measuring a 10 c.c. portion 
into a large test tu be trom a pipette. adding 10 c.C. of freshly distilled 
ani! ine fro111 another pi peite. hea ting and stirri ng the mixtu re un til 
complete solubility obtained, then slow ly cooling and stirring and de· 
termining the temp erature at which it became turbid. This temperature 
is the aniline point. 

The remainder 0[ the saturated oil was then sulfonated by shak ing 
in the cold with a liberal amount of 98 per cent sulfuric acid for about 
20 to 30 minutes, which treatment remov es the aromatics. The hydro· 
carbon s were then separated, washed. and dried as before, and the ani
line point determined. The percentage of aromatics by weight was 
obtained from the difference in aniline points by the use of a curve 
prepared by Tizard and Marshall". Since the saturation and speCific 
gravity of the oil and the specific gravity of the saturated hydrocarbon" 
were known, the percen tage by weight of aromatics in the original 
sample was easily calculated. 

The bases were determined by measuring the absorption of the oii 
by dilute hydrochloric acid. Ten c.c. of the oil were measured into a 
graduated. 15 c.c. centrifuge tube and 3 c.c. of HCI (1 part conc. acid to 
4 parts of water) added. The tube was stoppered, well shaken, and cen
trifuged until separation of the two liquid layers was complete. From 
the amount of oil absorbed by the acid the volume per cent of bases 
was calculated. 

The unsaturated compounds are expressed in per cent by volume and 
were calculated as the difference between 100 a nd the sum of the bases and 
saturated hydrocarbons. 

The data presented in the tables and represented graphically by 
the curves verify the results of .prev iou s wod(, as well as many expec
tations. [n general it may be said that the light oils (boiling below 
270°C.) a re very stable and suffer no appreciable alterations on distilla
tion other than those due to changes in distribution of some of the 
compounds obtained by a higher degree of fractionation. The heavy 
fractio us of the crude oi l. on the other hand, are not stable. and during 
a single cracleing distillation. suffer extensive decompOSition. This phe· 
nomenon has already been mentioned by the author in two previous 
papers, and by C. W. Botkin; in a recent article. The very heavy end 
portions of the crude oils are so unstable that they decompose even 
when a large quantity of an inert gas (such as hydrogen) is used during 
the distillation. This is obvious from a comparison of the analysis of 
the heavy oil composite from the first distillation with the analysis 
of the nndistilled residue 'B'. The data in table III show that, generally 
speaki ng , about haU of the unstable constituents of the heavy oils are 
of this type. 

After one cl'3cking distillation, however, the oils produced and those 

"Tbid. 22T. 
'Chern. ~f€'t. E ll g-. :?~. X7{;, 
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FiGURE 1. T E MPERATURE CURVES. 

escaping decomposition are fairly stables. Yet, further distillations do 
affect appreciable changes in the oils, as the curves and especially the 
calculations from the data (table III) sho,,;'. At the end of four distilla
tions the h eavy fractions (above 270°C.) of the crude oil, with the excep
tion of saturated h ydrocarbons, had decomposed to such a great extent 
that the resultant distillates seellled to be virtually new oils, composed 
largely of products from the cracking of those fractions. It will be shown 
later that this is actually the case. 

The temperature curves (fig. 1) constitute a valuable index of the 
general course of the changes produced in the oils by the s uccessive 
distillations. The temperatures at which 10 per cent cuts were made 
are plotted as ordinates and the per cent distilled as abscissa. These 
and all other curves are drawn through the mea n values wherever the 
points fail to strike a smooth curve . In most cases, however, the curves 
pass through the points determined experimentally. The curve for the 
first distillation lies above the others because of the great rate at which 
the liquid was distilled in the attempt to prevent decomposition as far 
as possible; hence, the fractionation was poor. This is verified by curve 
"2" for the second distillation of the light oil. The curves for the 
products "A" and "C" are repre sentative of results secured by the 
standard method' of distillation adopted in this work. Curve "2" for the 
heavy oils shows that much decomposition and the formation of a 
large portion of the light oils occurred during the first distillation. 
Curves "3" and "4" indicate further decomposition and light oil forma
tion, as well as increased stability of the distillates. It is obvious that 
the 30 to 46 per cent fraction (65-276°) from the fourth distillation 

SB o tkin (Ch e m. M et. Eng. 24, 879) s tates. "Co mpa red with the first dis
tillation , th e decompo si tion during th e second and third di s tillatio ns i s ver y 
s light. occuring on ly a t high e r still tempera tures, when the di s tilling fla sk 
is nearly dry and p roba bl y at a temperature exceeding that indicated by the 
thermomete r. Thi s shows a high s tab ility for the heavy portions of the once-
run oil s " 

'I oc. cit . p. 561. 
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FIGURE 2. SPECIFIC GRAVITY AND SATURATION CURVES. 
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FIGURE 3. SULPHUR CURVES. 

consists of oils produced by the cracking of 
the crude and not present originally therein. 

The specific gravity curves (fig. 2) merely 
drawn from the temperature curves. 
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The curves in fig. 2 representing the distribution of saturated hydro· 
carbons show marked resemblance to the specific gravity and tempera· 
ture curves. This verifies the qualitative relationship (ound in t.he first 
paper" of the series, namely: that the percentage saturation of the 10 
per cent fractions decreases as their specific gravities and vapor tern· 
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peratures increase. This relationship is well illustrated, especially by 
the curves for those fractions near the end of the distillations. 

The sulfur curves in fig. 3, in which the percentages of sulfur are 
plotted as ordinates and percentage distilled as abscissas, certainly con
firm the results of and conclusions drawn from previous work relative 
to the distribution of sulfur and its relation to various properties of the 
distillates. They are very similar in form. This is all the more re
markable when it is considered that all of these curves either pass 
through or strike very close to the points determined by analYsis. In no 
case are the differences greater than possible errors in the analyses them
selves. The curves confirm the deductions arrived at in the preceding 
paper, namely; that the cracking causes a considerable loss of sulfur 
but only a small lowering of the percentage in the resulting products, 
and that if most of the cracking is prevented the sulfur decreases reg
ularly in the heavier distillates, as a part of curve "1" shows. Since 
decomposition began after the 80 per cent fraction the balance of the 
curve is forced downward. The small differences between curves "3" and 
"4" indicate that although most of the cracking had occurred in the 
first two distillations there is still a little decomposition even after 
a third distillation. The amount of sulfur lost by the fourth distillation 
is, however, not great (see table III), which shows that most of the 
unstable sulfur compounds had been decomposed in the first distillations 
and that the new compounds and those remaining are quite stable. The 
fact that all the sulfur curves turn downward near the end shows that 
the very heavy, last oils contain a little less sulfur than the less heavy 
fractions. 

The nitrogen curves in fig. 4, in which the percentages of nitrogen 
are plotted as onlinates and the percentages distilled as abscissas, are 
a great aid in following the course of the changes in the oils since the 
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amount of nitrogen is relatively high, determinations can be ea.sily and 
accurately made, and especially because most of the heavy nitrogen 
compounds seem to be sensitive to heat and easily decomposed. The 
curves furnish further evidence in support of the conclusions drawn from 
the data in the preceding paper relative to the distribution of the ni
trogen and the forms in which it occurs, and also confirm the deductions 
from the other curves presented in this communication. 

It is rather surprising to find the distribution of the nitrogen so 
consistent and the changes in distribution so abrupt. The persistence 
of straight lines which represent uniform increases in nitrogen at four 
different rates in the distillates cannot be ignored although their signi
ficance is not clear. The curves suggest the presence of four diff.erent 
series, or classes, of nitrogen compounds. No other explanation seems 
possible for these sharp turning points in the curves and for the uniform 
rates at which the nitrogen increases in the different fractions. Most of 
the nitrogen in the fractions boiling up to 300 0 is present in the form 
of basic compounds since but little nitrogen is left in these distillates 
after a treatment with dilute hydrochloriC acid. Much basic material 
is also present in the heavy oils but a large amount seems to be 
present in the form of heavy oils containing sulfur and resembling 
the heavy fractions of asphaltic petroleum. Some of these nitrogenous, 
asphaltic oils seem to be quite stable but the others (which are heavier) 
are not. This accounts for three main classes of compounds. Since 
there must be more than one class of nitrogen bases the presence or 
a fourth series is almost certain. Many others may be present in 
such small amounts, or they may be distributed throughout the oil in such 
a manner, as not seriously to effect the general distribution of the 
nitrogen. 

Although the work done thus far is of a preliminary character 
and cannot be expected to yield information that is entirely specific nor 
data which are in themselves sufficient for the deduction of many very 
definite conclusions, it does bring to light a number of prominent phe· 
nomena which are of considerable interest as well as importance. One 
cannot study the curves as a whole without observing certain persistent 
relationships and drawing therefrom a number of conclusions, some 01 
which may be vague, and merely suggestive, while others are quite defi
nite. 

The outstanding combination of phenomena met thus far is that 
of an increase in saturation, lowering of vapor temperature and specific 
gravity, loss of nitrogen and sulfur, and the formation of coke and 
gas that accompanies a cracking distillation of the crude oil and its 
heavy distillates. The various losses as well as saturation increases are 
presented in table III. All calculations are based on a 100 c.c. sample 
of the original crude oil. The coke and gas losses are expressed in per
centages by weight of tlJ.e crude. The sulfur and nitrogen losses are 
given in percentages of their respective total weights present in the 
crude oil. The loss in volume is expressed in percentages of that of 
the original oil. The increase in saturation is given in c.c. in one case 
and in percentages by volume of the original saturation in the other. 
The relationship between the total loss in weight and the total increase 
in saturation, and total losses of nitrogen and sulfur during the four 
distillations is well illustrated by the curves in fig. 5. 

From the calculations in table III and the curves it is evident that 
most of the decomposition, loss of sulfur and nitrogen and increase in 
saturation occurs in the first two disti\lations. More than three·fourths 
of the nitrogen loss, but only about 40 per cent of the sulfur loss occurs 
in the first distillation. In the second distillation only about 11 per 
cent of the total nitrogen loss, but about 25 per cent of the sulfur loss 
occurred. Hence, there does not seem to be any constant relationship 
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between the amounts of sulfur and nitrogen lost during the decomposi· 
tion of the more unstable material. Consequently, the results indica teIe 
that the nitrogen and su lfur in these very unstable oils a re presentm 
in more than one class of compounds. The character of the lossesIi· 

IS 	 ;suggest s that this easily decomposed unsaturated material is probably 
made up of very heavy nitrogen compounds, sulfur compounds, and 
tho se containIng both nitrogen and sulfur. 

;0 

;e 	
The nitrogen and su lfur lo sses in the third distllIation are small and 

practically the same. This suggests that the more s table, heavy oils thaL 
II' decompose contain both nitrogen and sulfur. However, it is practically
Ii· impossible to ob tain any 	definite information from the behavior of the
.It oils on distillation and the loss es, because there is now no doubt tha t 
IS there is a recombination of these elements, as the analyses of the new 
m oils show. Hence the actual amount of decomposition cannot be exactly 
of measured. The losses are merely a measure of the difference between m the totaJ amoun ts recovered and those originally present. Therefore, 
~s but littl e further information is available through a continuat ion of the
11 present methods of investiga tion, 
Ie 

The losses of sulfur and nitrogen in the fourth distillation are lessg 
than those found in previous ones. They tell nothing more than thats, 

') the sul fur and nitrogen compounds present in the distillates after four 
:e distillations, are very stable. Continued distillations under the same con· 
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ditions would probably effect neither greater nor less decomposition of 
these substances than that observed in the last distillation . A study of 
all other losses during the four distillations shows that what is true of 
tlie nitrogen and sulfur compounds is true of any other unstable con
stituents present in the oil. 

T A BLE III PERCE1"TA GE LOSSES AND INCREASES IN SATURATION 
OF D ISTILLATES 

D is tillati o n T o t a l 
Kind of loss 1 2 3 1- 1 B-C 

T o tal 
Coke 
Gas 

iVe ight... 
¥ •••••••••••• • • •• 

9 .20 
4 . 15 
5.05 

5.9 1 
3 .6 9 
2 .2 2 

3.97 
1. 40 
2.57 

1. 82 
0.28 
1. 54 

20. 90 
9. 52 

11 . 38 

16.3 
8.5 
7 . 8 

Sulfur 11 .6 12 .2 3 .4 2.0 29.2 25 .5 
N itrog e n 
V o lume 
Inc r-ea se in :Sa t-c.c . 

32. 8 
7 . 7 

93 . 0 

4 . 7 
4.4 

3~ . 0 

3 .3 
3. 6 

100 

1.4 
1.7 

-4 . 0 

42 . 2 
17.4 

133. 0 

32 .3 
12.9 

106.0 
In crea se in Sat.- Perc. -14.7 ] 6 . 1 5.0 - 2 0 63. S 51. 0 

The calculations for increase in saturation must dispel any doubts 
as to whether new saturated hydrocarbons are formed by the cracking 
of unstable material in the heavy oils and prove that the increase is 
not merely due to a loss of unsaturated substances which WOUld, of 
course, tend to produce the same result. For this reason the difference 
be tween the percentage satura tion of the crude oil and that of the dis
tillate is not a true measure of the saturated compounds formed during 
the distillation. Hence, the actual volume of new saturated hydrocarbons 
was calculated in c.c., and is the sum of 100 times the products of per· 
centage saturation and volume of each fraction. About 70 per cent of 
the total new saturated compounds formed were produced during the first 
distillation, and at the expense of only 44 per cent of the total loss in 
weight and volume. In the second distillation only about 25 per cent 
were produced at the expense of about 28 per cent of the weight loss 
and 25 per cent of the volume loss. In the third distillation but 7.5 per 
cent were formed at the expense of 19 per cent of the weight loss and 
20.7 per cent of the volume loss. In th e fourth distillation there was 
no longer an increase but a loss of 3 per cent of the total saturated com
pounds formed, at the expense of 8.7 per cent of the weight loss and 9.8 
per cent of the volume loss. Hence, there is no constant ratio between 
the loss in weight and the increase in saturation. There is a definite 
relationship, however, in which the total amount of saturated compounds 
formed varies with the loss . in weight of oil according to a constantly 
decreasing ratio. This relationship is well illustrated by the curve in 
fig. 5, in which the total increase of saturated compounds (in c.c.) are 
plotted against the total percentage loss in weight of oil. The maximum 
saturation is shown very clearly, as well as the fact that further distilla
tions would result in a marked decomposition of the saturated compounds. 
It is very important to know that the saturation cannot be increased 
indefinitely by distillations at atmospheric pressure and that the limit is 
reached after the third distillation. Since the first of these distillations 
was made with the aid of hydrogen it is very probable that the limit 
would be reached practically by two ordinary, destructive distillations. 

In order to secure more information as to the extent of decomposi
tion and light oil formation and the general character of the cracked 
oils, the data in table III were obtained. Since there can no longer 
be any question that D is a secondary product not present in the 
crude oil and that it is a part of the distillate formed during the 
cracking of the heavy residue, B, all the compounds present in D must 
also have been thus produced. 

The analysis of D brings to light some rather surprising facts. It 
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of contains 49.2 per cent of saturated hydr6carbons, 2.8 per cent of aromatics, 
of 12 per cent of organic bases and 38.8 per cent of unsaturated compounds, 
of most of which are olefines because the other unsaturated compounds sel

on· 	 dom amount to more than 1 or 2 per cent. Hence, this secondary oil 
contains more saturated hydrocarbons and less olefines than A, a pri 
mary distillate that boils within the same temperature range and has 

ON 	 practically the same specific gravity. The saturated portion of D contains 
6.0 per cent of aromatics. The remainder must be composed almost 
entirely of paraffins because its aniline pOint is over 70· C. The only 
other saturated hydrocarbons which could be presen tare alicyclics, or 
napthenes. They cannot have been present in very great amount; other
wise the aniline point could not have been so high as the one determined. 
Chavanne and Simonu have shown that paraffins may be differentiated 
from napthenes by the temperature above which they are completely 
miscible with aniline. This temperature is about 70 0 C. for paraffins 
and about 30-50 0 C. for napthenes. Hence, the above conclusion is the 
only logical one. 

The lighter secondary oil (D ) contains abo ut 50 per cent of saturated 
bts hydrocarbons and about 50 per cent of other compounds. It is also known 
ing that D amounts to 10.8 per cent of the original oil, or 17.4 per cent of the 

is oilS in B that are not saturated, and that D was formed at the expense 
of of 20.8 per cent of the volume of this material. This accounts for a de

Ice composition of 38.2 per cent of the labile portion of B by a single dis
lis tillation, since the volume of oil lost plus the volume of oil recovered 
lug should be equal to the total volume of oil decomposed, assuming that 
ms no intermolecular changes such as polymerization or depolymerization 
,er occurred. The increase in saturation or E over B is 54 c.C., which means 
of that 54 c.C. of the new saturated compounds in E were formed by the 

rst cracking of B. Hence E also con tains a large amount of secondary 
ill products, all of which can not be exactly determined. But since the 

lllt cracking produced about equal amounts of saturated and other oils in 
lSS D and since the amount of secondary unsaturated and basic substances 
ler in the heavy oils is at least equal to or more than that of the saturated 
nd hydrocarbons, it may be safely assumed that at least 54 C.c. of oil other 
ras than that which was saturated was produced at the same time, or a 
,m- total of at leas t 108 c.c. Hence the sum of all the secondary products 
9.8 	 recovered and the oil lost, amount, in a s ingle distillation, to a minimum 
~en of 55.7 per cent of the labile and unsaturated oils in B. But since the 
ite ratio between the saturated and other compounds in the heavy fractions 
Ids of the secondary oils is probably nearer to 1: 2 or 1: 3 than 1: 1 (accord· 
tly ing to the saturations for the distillates from the fourth distillation 
in above 276 0 

, and assuming the theory to be correct that the greater part 
Ire of these distillates is new oil) it is more probable that closer to 65 or 70 
1m per cent of the labile oils decomposed during the one distillation. This 

indicates, therefore, that at least 44 and perhaps as much as 50 to 60 
per cent of the distillates (aside from the original saturated compounds) 
produced from Band fonnd inC are entirely new oils and were not pres· 
ent in the crude. 

If thl same calculations are made for the oil s for the fourth of the 
first series of distillations the decomposition will be found to have been 
about 70 to 85 per cent of the unsaturated and basic heavy oils. Hence, 
the new oils produced fro m that material form at least 57, and probably 
as mu ch as 85 per cent of the oils from the fourth distillation. 

That the extent of the decomposition is at least as great as has been 
indicated may be confirmed convincingly by a further study of the ni
trogen and sulfur losses. Since the total loss of nitrogen by four 
distillations was 7.65 grams, the weight recovered in the secondary oils 
(to 276 0 

) only 1.96 grams, and the weight in the undis tilled crude (above 

"Comptes rend. 168.1111. 1324; 169, 185, 285 (1919). 
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276 0) 15.68 grams, then the total decomposition of nitrogen compounds 
was at least 61.3 per cent. If the amount of nitrogen in the secondary 
products above 276° could have been determi ned it would have raised 
the amou nt of decomposition to probably 80 or 85 per cent of the nitrogen 
compounds in the crude above 276°, because most of the nitrogen is in the 
heavy oils whereas only that in the lighter portion co ul d be determined 
with certainty. The total sulfur loss was at the same time 1.91 grams, 
the known amount recovered 1.02 grams and that in the undistilled 
crude 4.64 grams. Hence the decomposition of sul fur compounds 
amounted to a minimum of 63.1 per cent of those present in the original 
residue of the crude oil above 276°. Although these percentages are 
perhaps not exact, due to the fact that all the compounds of either nitrogen 
or sulfur may not contain the same number of nitrogen or sulfur atoms, 
they represent averages which are sufficiently accurate for the present 
considerations and help to confirm the calculations made in the preceding 
paragraph and the conclusions drawn therefrom. 

Since it is very important, as well as iNteresting, to know conclu
sively whether the distillates from the heavy oils are actua lly new 
products and whether the decomposition is as great as the results thus far 
attained indicate, another sample of B was distilled in a somewhat dif
fere nt manner than before. The purpose was to disti ll until cracking com
menced, separate the primary distillate, and subject the remainder to 
a slow dis tilla tion in order to crack as much of the labi le material as 
possible in a s ingle operation without attacking appreciable quantities 
of the saturated hvdroca rbons. The secondary oils could then be sep
arated at the temp'erature at which crack ing began. Since they would 
be a lmost free from the primary o ils, a clearer v iew would be obtained 
of the extent of the decomposition and the cha nges produced in the 
unstable substances. 

A 300 c.c. portio n of B was distilled as before with a few exceptions. 
A shorter condenser was used, and it was held in a vertica l position. 
A short, tubular separatory funnel was attached. by means of a two-hole 
rubber stopper, to the end of the condenser tube to ser"Ye as a gas trap 
so that the distillate could be drawn off as desired without permitting 
the escape of gas formed during the distillation. AT-tube, placed in the 
other hole in the stopper and closed at one end with a piece of rubber 
tubing and a pinch cock, conveyed the gas to bottles, where certain con
stituents could be removed. It also served as a safety device to pre
vent the sucking back of liquid from the bottles. The first bottle con
tained a saturated solution of copper sulfate acidified with 10 per cent of 
sulfuric acid. This solution absorbed the hydrogen sulfide and ammonia. 
A second bottle contained a sol uti on of silver chlor ide in ammonia, which 
was used to absorb any acetylene that might have been produced. The 
gas then passed into a large test tube surrounded by cold water and con
taining 10 c.c. of bromine and 4 c.c. of water, to absorb ethylene and its 
gaseous homologues. The levels of the liquids in the various containers 
were so adjusted as to produce a pressure of only about 2 c.m. of water 
in the distillation flask. 

The pinch cock was not closed until the a ir was expelled from the 
flask. The distillation was continued to 320°, wh en a slow but steady 
stream of gas began to bubble through the liquids in the bottles. This 
showed that cracking began in earnest at this temperature although 
bubbles appeared at irregular intervals before 300°. All the distillate was 
permitted to r un out of the trap and into a graduate, where it was 
measured. It was labeled "A"', and preserved for ana lysis. 

The rest of the distillation was made at a slower rate (1 drop every 
two seconds) until there was no further increase in the amount of con· 
densate. The trap was again drained a nd the oils measured. This 
cracked disti ll a te was call ed "C'''. A portion was withdrawn for analysis 
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TABLE I V, DAT.\ FI 
Percent 

Distillate Yield 
A ' 23,3 0.892 
B ' 46.7 O,97R 
C' 33.1 0.882 
D' 198 0,8 '18
E' 133 n,9:12 

Tota) weight lo ss .2 JWl'c e nt (
Loss in vo lum(~ 
Volume of new o il " in D' 

Volume of n ew satu rates in E' ...... 

Yolume of oth er new oils in E', 


Total \'olume of oil decomposed ... 
Original volume of basic and uns" 

in B' 
Total decompO Sition of unsa turnterl 
Secondary, or new oils in C' .... . 
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and the remainder distilled in the usual manner. The oils which came 
ds over up to 320 0 were separated, measured and labeled as "D'''. The 
ry residue above 320 0 was called "E"'. The data from the distillation, to
ed gether with analyses and calculations, appear in table IV. The tem
en perature curves for the distillation appear in fig. 1. The wash liquor5
he will be conside red later. 
ed 
as, 

TAB L E I V. DATA F RO;II DlS TILL A T IOK OF B.ed 
Pel' cr:' 11t 	 P e rce n t T o t a l S '1. ts . 1Veigl1 (ds 

Di s l il late Yi eld Sp . G ravity Sa tu f a i.. ion c.c . GnlS .tal 
A ' 23 .3 089 2 3 2 . ~ 75 208 ,re B' 16. 7 0.97 8 1.1 5 ·j;;7 

en C' 33.1 0.882 3 9.1 1 29 292 
D ' ID.8 0.8 18 47. 4 9 4 168 
E ' 1 :l.3 0.932 26.9 3 5 124 

lIS, 

mt 
To tal weight l o ss: 18.2 percent of o ri g' ina l oil (or 35.3 per ce nt o f E')ng Lo ss in v olurne ..... 13 . G p e r cent of original o il 
V o lume o f n e w o ils in D ' .. 19.8 
V olum e of n e'tv sa turates in E ' .... . 3 . 0 lu
Volum e of o ther ne\v o ils in E' .. .. 8.4 

ew 
Ear Tota l volume of oil d ecompos ed .. . H. p erce n t of origiJ1 a l otl 
lif- Ori g inal v olume o f bas ic and unsatura ted o il s 

in B ' percent of orig inal oi l 

to 
1m

Total d ecompositio n of un sa turated and bas ic o ils in B ' .. 97 percent 
S econ dary, or new oil s in C'._. 94 per ce n t as 

ies The results in table IV furnish incontrovertible evidence of the 
ep truth of previous calculations and deductions and of the theory that 
lId the very heavy oils decompose almost completely into new products. It 
led is also conclusively proved tha t these unstable and unsaturated a nd basiC 
:he oils are the actual source of the saturated hydrocarbons in the secondary 

distillates. There can 'be n o doubt that D', which is 60 per cent of C', is 
ns. a new oil not present in the crude. The same is true of th e 3.0 per ce,l , 
on. of saturated compounds in E ' . The 8.4 per cent of the r emainin g sec
ole ondary oils in E' were ca lculated from the ratio between the new saturates 
rap and the unsaturated portion of E'. Hence it was here assumed that 
ing all of B' decomposed, with the exception of saturates; which seems to 
the be the very question for which proof is being sought. However, the 
ber assumpti on was only m ade for a minor portion of the distillate. It is 
00- jus tified here because the decomposition amounts to 85 per cent even 
ire if the ratio is a ssumed to be 1: 1, which must be g reater than the true 
on- ratio because the latter decreases with increase in the boiling point of 
of 	 the oil and is 1: 1 for the oils below 2540 Even with a decomposition• 

lia. 	 of 85 per cent of the labile oils of B' the ratio is about 1 : 2.4, whiCh 
ieh 	 makes the secondary unsa turated oils in E ' amount to 7.2 per cent. 

Hence the assumption can not be very far from the truth. In either 
case the fIDal results, namely, 97 per cent for the amount of decomposi
tion of the unstable oils above 32 0 °, and 94 per cent for the quantity of 
new secondary oils in this distilla te are sufficiently exact for present con
siderations_ 

The above experiments also establish the fact that there is no ap
preciable cracking of the oils boiling below 320 0 when they are distilled 
at a tmospheric pressure (which is about 615 m.m. in Golden). Decom
pos ition begins in earnest at about that temperature and becomes more 
and more pronounced as the temperature rises. The temperature of the 
oil necessary to give a vapor temperature of 320 0 varies, of course, with 
the rate of distillation and the size and shape of flask used, but was 
about 375-380 0 in this case. 

It may be mentioned here that the unstable bitumens contain oxygen 
in small amounts, in addition to sulfur and nitrogen. This is shown by 
the fact that tiny droplets of water have always been found in th e 
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secondary oils. The water was, of course, formed by the cracking of 
compounds which contained oxygen and hydrogen. 

From what has already been said there can be no further doubt 
that the heavy fractions of crude Colorado shale oils are unstable, un
saturated, contain sulfur, nitrogen, and oxygen, that they are largely 
decomposed by two or three ordinary distillations (or a single slow one) 
at atmospheric pressure and with a loss of much nitrogen and sulfur 
into much more stable products of simpler composition, lower specific 
gravity, and higher saturation, and that the lighter of these products 
(below 276 0 consist mainly of paraffins, olefines and nitrogen bases with) 

some aromatics, diolefines, and compounds of sulfur and nitrogen. Since 
the nature of the labile material is very complex and the products of its 
decomposition so numerous, it is very difficult to advance a satisfactory 
explanation or even a comprehensive hypothesis for the mechanism of 
the reactions that must have occurred. Considering that the loss in 
weight is more than 35 per cent of the unstable oils and that some 
aromatics and nitrogen bases were formed , it seems that a rather com
plete disintegration of the heavy molecules took place with a subsequent 
recombination of some of their parts, rather than a mere splitting-off of 
certain atoms or groups so as to leave the main, catenary, or nuclear 
structure. Perhaps both kinds of decomposition occurred. In any case. 
the resulting products should be of a more stable character, such as that 
actually observed. Hence the formation of saturated and stable com
pounds from unsaturated and labile substances is not only possible, but 
reasonable, in spite of the fact that the cracking of petroleum gives prod
ucts of a lower saturation". The diverse results are merely due to the 
inherent difference in the parent material. As a matter of fact, energy and 
thermochemical considerations would lead one to expect that the more un· 
saturated and unstable the oil, the more readily should it decompose into 
products of greater stability. The results of cracking heavy fractions 
of shale oils are, therefore, in harmony with modern theory. 

It was hoped that some of the data might serve to throw a little 
light on the reactions which occur during the cracking of the unstable 
oils. For this reason, attempts were made to separate ethylenes and 
acetylene from the gases. Since the gas contained much hydrogen sulfide 
and some of it went over into the silver solution, it was necessary to 
;'eclissolve the precipitate in strong HCI and pass the gas through three 
bottles of acid copper sulfate solution, one of sodium hydroxide and then 
into a fresh ammonical silver chloride solution. No precipitate was ob
served in this solution; hence no acetylene was present in the gas. 

Since about 10 c.c. of bromides were formed , the gases must have 
contained olefines. A satisfactory fractionation of such a small amount 
of liquid was, of course, not possible. However, the series of boiling 
points observed during two rough fractionations showed the presence or 
bromides of ethlene, ' propylene, and butylene, and other heavier bromides 
which decomposed during the distillation at atmospheric pressure. The 
presence of these compounds were roughly confirmed by specific gravity 
determinations on three fractions. 

The fact that much of the gas was not absorbed by any of the 
solutions used shows that it probably contained hydrogen and members 
of the met.hane series. 

The presence of ethylenes in the gas indicates that a rather severe 
decomposition might have occurred. The presence of aromatics in the 
distillates confirms this deduction. Yet the absence of acetylene in the 
gas suggests that the aromatics were formed by a splitting of heavy 
polycyclic molecules, or heavy aromatic derivatives, rather than by a poly
merization of acetylene. But then there is also the possibility that the. 

"Rittm a n a nd Twomey, Jour. Ind. En g . C h e rn. 8, 20, (1916). 
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acetylene either polymerized completely or combined with some other 
unsaturated hydrocarbon and, consequently, would not be found in the 

It gas. It is obvious , therefore, that the evidence from these experiments 
1· is far too meager to serve as a basis for any intelligent considerations. 
Y Since the author does not desire to indulge in any mere speculations, a 
) decision of the question must be left for further investigation. 

In concluding the discussion of results from this work the author 
s wishes to make a few remarks concerning the nature of the crude shale 

oils, their distillates, and the organic material in the shale which is theh 
base of these products. It is already well known that true Colorado oil 

s shales actually contain no oil, since only inSignificant amounts ot 
organic matter can be extracted with solvents. A destructive distillationy 
is necessary before oil can be obtained. Therefore, the oil is, of course,If 
different from the parent substance. It has also been established thatn 
the less the decomposition of this material during the carbonization 01 

l' the shale the more unsaturated and unstable, and the heavier is the oil" . 
This is evident from the fact that oils of this character are producedIt 
when steam and inert gases, such as hydrogen, are used to minimizeIf 
cracking, and because only the oils which have suffered extensive crack
ing are at all stable, saturated and contain many of the lighter constit 
uents. The questions are then: where do the light, saturated, and stableIt 

1· oils of the crude originate'? Are they entirely secondary products from 
It the decomposition of the oil, or primary products of the carbonization ot 
j. 	 the "kerogen", or organic material in the shale? Are all the saturated 

hydrocarbons produced by secondary reactions, or does the originalIe 
kerogen contain some of them? Since the oil is more and more und 
saturated as it is produced with less and less decompOSition, there seems1· 

.0 	 to be no doubt that the kerogen itself is very unsaturated. It is the 
IS 	 writer's opinion that the substance which yields the saturated oils contains 

no saturated compounds whatever. If that is the case, then the latter 
were all produced by secondary reactions.

Ie 
Ie The next question which arises is: If saturated hydrocarbons are 

produced only by secondary decompositions, what is the nature of thed 
primary products and how were they formed? If we consider the results 

.0 reported in the preceding pages, the answer seems evident. The primarY 
products are, or are similar to those heavy, unstable fractions of the crude 

Ie 

:e 
·n 	 oil which decompose during distillation. They represent that portion of 

the organic matter in the shale which distilled over without crackingb· 
on account of the lowering of the vapor pressure in the retort by the 
presence of lighter constituents and gas produced during the cracking 
of some of the primary oil. The presence of such large amounts of this 
primary bitumen in the crude oil might easily be accounted for by slow 
rates of the cracking reactions, and hence, incomplete equilibrium under 
the conditions of retorting. 

But these heavy primary oils are soluble in the usual organiC solvents, 
such as carbon disulfide, ether, benzene and the like. The original kerogen 
of the shale is almost insoluble. If it is assumed that this unstable ma
terial has the same, or similar composition as the kerogen, how can this 
difference in solubility be explained? In the writer 's opinion, the trans
formation from insoluble to soluble substances might easily be accounted 
for by a depolymerization, or some similar reaction, in which the com
plexity of the very heavy molecules is reduced without a change in com· 
position. Results of this kind have been observed by Engler and Lederer'" 
who offer the same explanation of the phenomenon. Further research is 
necessary, however, to establish definitely this theory. 

On the basis of the evidence and considerations presented herein a 

)·' Botkin. Chern. Met. Eng. 24,876 (1921). 
"'Engler-Hofer , "Das Erdol," vol. I. 30 (1913). 
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quite satisfactory theory can be formulated to explain the formation of 
oil from shales of the Colorado type. and the manner in which lighter 
and more saturated products can be obtained by cracking distillations of 
this crude oil. The carbonization of the shale must occur in two stages: 
(1) a depolymerization of the organic matter, or kerogen, to complex, 
heavy, unsaturated and unstable oils which do not distill at atmospheric 
pressure without decomposition; and ( 2) a cracking of this primary 
material into simpler oils of lower molecular weight, greater stability, 
and containing up to about 50 per cent of saturated hydrocarbons. When 
the decomposition is only partial the result is an oil similar to the 
ordinary crude oils from Colorado shales. Complete decomposition of 
the primary oil yields a product similar to the distillate from the fourth 
distillations, or C'. By varying the conditions that exist during the re
torting of the shale, oils may be obtained which vary from products 
which are practically entirely primary, to those which are completely 
secondary. Hence careful control of physical conditions will be an ex
tremely important factor in commercial operations. 

SUMMARY 

1. The changes produced in a Colorado shale oil by successive distil
lations at atmospheric pressure have been investigated through a stud y 
of the specific gravities, vapor temperatures, saturation, sulfur and nitro
gen in ten per cent fractions. The light fractions are very stable and 
are not altered to any appreciable e;i:tent by redistillations. The heavy 
fractions are unstable and decompose easily. Most of the decomposition 
occurs during the first distillation. 

2. Each decomposition is attended by the following phenomena: (a) 
the formation of gas; (b) a decrease in the weight and volume of oil 
recovered; (c) an increasing stability of the distillates; (d) a lowering 
of the specific gravity; (e) a loss of s1.lifur; (f) a loss of nitrogen; and 
(g) an increase in the amount of saturated hydrocarbons in the distil
late. After the third distillation has been made the total volume of 
saturated compounds ceases to increase, and begins to diminish. 

3. The light and middle fractions of the crude oil are very stable. 
Although decomposition commences when the vapor temperature is about 
300 0 C., it is not appreciable until about 320 0 is reached . Cracking begins 
in earnest at that temperature, and becomes more and more pronounced 
as the temperature ri ses . 

4. It has been proved that new saturated hydrocarbons are formed 
during cracking distillations of crude oils, and that the heavy, unsat
urated bitumens in the oil (boiling above about 320 0 are the source) 

of these saturated compounds. 

5. The lighter secondary product (boiling below 276 0
) consists 

mainly of paraffins and olefines, together with lesser amounts of organic 
nitrogen bases, aromatics, diolefines. and compounds of sulfur and nitro· 
gen. It is quite similar, therefore. to the primary light oil which is fonnd 
in the crude products. 

6. The heavy, unsta ble bitumens in the crude oil have been shown 
to be very complex substances which contain sulfur, nitrogen (in large 
quantities), and oxygen, but practically no saturated hydrocarbons. Evi
dence has been presentea which supports the theorY that these unstable 
compounds are merely intermediate products of the carbonization of oil 
shales. They decompose easily, and practically completely, when sub-
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jected to destructive distillation at atmospheric pressure, yielding the 
stable, secondary products. 

7. A theory has been presented to explain the formation of oil from 
Colorado shales. According to this theory, heat first effects a depolymer
ization (or some similar transformation) of the kerogen to less complex, 
heavy. unstable and unsaturated compounds which resemble that frac
tion of the crude oil which boils above 320°. These labile oils then de
compose to a varying degree. with the formation of simpler, stable, prod· 
ucts. It is this secondary decomposition which accounts for the pres
ence of the light constituents found in crude oils. 
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(Reprinted from Chemical and Metallurgical Engineering, Vol. 23, No. 24, 
December IS, 1920) 

Action of Steam and Gases on Yields of Ammonia 
From Carbonization of Oil Shales and Coal 

Discussion of the Various Factors and Physicochemical Laws Affecting the 

Ammonia Equilibrium-Synthetic Action of Steam and 


Hydrogen-Removing Action of Inert Gases 

From Decomposition Zone 


The importance of nitrogen to the industrial, agricultural , and mili· 
tary progress of nations has stimulated prolific research in methods of 
production, and especially conservation of this resource. In certain 
localities the principal source of nitrogen lies in the by·product am· 
moni um compounds obtained from the carbonization of coal and oil 
shales; and activities in the direction of bY'product recovery are can· 
tinually expanding in the great countries of the world. 

The steaming of retorts has accelerated this advance toward the 
conservation of the ammonia yield, and steaming practice has been under 
investigation for nearly a century with the view of magnifying its use
fulness. Yet when one refers to the literature for the reactions involved, 
or the ?nodus operandi of the steaming process, only very meager data, 
generally from plant practice (and sometimes of questionable accuracy), 
are found, together with the admission of our ignorance of the princip~es 
involved, or, what is less satisfactory, dubious hypotheses which are 
unable to withstand the light of our present knowledge. 

PRINCIPAL FACTORS INVOLVED IN AMMONIA EQUILIBRIUM 

As ammonia decomposes at temperatures below those of the 
ordinary coal or oil shale retort, how are we to explain the yield which is 
nevertheless produced, as practice shows? Ignorance of the laws involved 
has given rise to many controversies. Some have even gone so far as 
to state that "there is something unsound in your theory , which is not 
a safe guide to follow." It is generally not the theory which is at fault, 
but its misapplication to conditions under which the theory cannot be 
expected to hold. It will be the purpose of this paper to consider these 
various physical conditions, in connection with the effect of steam and 
inert gases on the ammonia yield, and to interpret the phenomena that 
attend in the light of our physicochemical laws. 

It is first necessary to consider all the pertinent acts involved in 
the ammonia equilibrium' 

2NH3 ~ 3H, + N, (1) 
as well as the general laws that govern: 

At or above 780 deg. C., and at atmospheric pressure, the equilibrium 
is displaced completely to the right (in an iron tube and in the absence 
of catalysts)-that is, the decomposition is complete.' 

The dissociation is endothermal, hence the equilibrium is shifted 
toward the right as the temperature rises. 

The decomposition proceeds with an increase in volume and is there· 
fore favored by the reduction of pressure. 

lJellinek. "PhysikaJische Chemie der homogenen und heterogenen Ga s reak
tionen." p. 682. 

' Ramsay and Young, J. Chern. Soc., vol. 45, pp. 88-93; 1884. 
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The introduction of ine rt gases at constant volume has no effect on 
tbe equilibrium. 

Dilution with in ert gases attended witb an in crease in volume dl", 
places tbe equilibrium to the right, or inc1"e(~ses tbe dissociation. 

Increasing the co ncentrations (and hence the partial pressures) of 
either the N, or H 2 , or decreasing that of the NH" will s bift the equili
brium to the left. 

The rate of th e r eac tion to the left is proportional to th e product 
of the concentrations of the decomposition products with a constant 
thermodynamic environment. 

Catalysts have a ve ry pronou nced action on th e temperatures of de
composition and espec ially upon the reaction rate, whi ch is very s low. 

DECOMPOSITION TEMPERATURE 

According to th e ex pe rimelHs of Ramsay and Young pure ammon ia 
is completely deco mposed at 7Sl) de?; . und er the cond itions given. But 
it must be re me mbered tha t th ese conditions do not occur in )lra~tice 
during the retorting of oil shale or coa l. for equi librium is not attained, 
and that temperat ure is th e controllin g fac tor in determining the degree 
of dissociation on ly 1chen c01np l ete c(jllil ibrinm is Te(lchecl . Unless tbe 
3ystem is in equilibrium we h ave no means of pred icting what the dis
30ciation constant will be, li ut the dissociation will, of cou rse, be greatly 
decrea sed. 

Other factors, not con side red in the observations of Ramsay and 
Young, enter during the carboniza t ion process to further co mplicate the 
thermodynamic environmellt. H,once, for our prese nt purpo se, the re
sults of tho se expe rim en t s ale ot little valu e, a nd become les s and les s 
applicable as the n umber of variables in the syste m in creases. 

DISSOCIATION is ENDOTHERMAL 

From the endothermi c ity o( the rea cl ion a nd the pri ncip le of Le 
Chatelie r it is v id ent that h eat a ids the Lli : sociaLi on of amlllonia in to i t " 
elements, a nd t hat the higher the te mpe rat ure the greater is the 
decom position . T he magnit ude of this dissoc.ia tion by hea t is of course, 
greatest at equil ibriulll , but it proceeds a t all tim es to a g reater or 
less degre e, depenLling upon th e nature a nd number of otller variables 

T .	 •\1!:->, C. t. (1 e £;, . C. X Xc 
n~ 700 O.O OOlii 0.0 00J 8~ 

1. on R'] O 0.0 0 0088 O.O OO{' !i 
1 ,2()3 ~ ) 0n 0. 11 1'1011 ·[3 O.o rlIl IJ 12 
1 ,2 ; 3 1. 0 01' O.UOOO32 O.O OO O~!! 

in the sys tem . Tabl e I demonstrates th e eftect of temperature rise on the 
a lll ount of a mm on ia found in an equilibrium mixture of 75 per cent 
hydrogen and 25 per cent nitrogen at one atmosphere pressure, the values 
being taken from tbe observations of Jost. ' 

In thi s ta bl e X is t he volume of N H" per unit volume of mixture as 
observed, a nd X the ca lculated results from Ne rnst 's fOrm of tbe reaction 
isochor:' 

The influence of the presence of other gases in th e mixture together 
;vith the lack of equilibrium would effect a tremendou s difference in the 
"bove figures, b\\t the actual results und e r such changed conditions coulll 
hardly be predicted except within the limits of pure speculation. This is 

'Z. a n org. C h e m., ,·0J. 57, p. 425 (1908). 

' 2 Elel<trochem. (1910), p. 100. 
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[A 
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::' L c w e :-; , Ca r boni za ti on of Coa l, p. 
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on 
clear from results of experie nce in gas manufacture. If the dissocia· 
tion proceeded at the rate given [or the temperatures in Table I nol[~ · 
ammonia would ever be found in the ga s, as it would all be decomposed 
at 800 to 900 deg., the temperature which practice de monstrates to be

of the most favorable' for the greatest ammonia yield.' The explana tion
iii- for such apparently cont rary phenomena can be found only in the ab

sence of equilibrium and the prese nce of gases other than ammonia. es
let pecially hydrogen. The mann e r in which these conditions produce the 
nt a bove mentioned results will be evident from the di scuss ion in another 

part o[ thi s pape r. 
Ie· EFFECT OF PRESSURE AND VOLUME 

Since the dissoci a tion proceeds with a volume increase, pressure will 
act to r everse the rea ction and shift the equilibrium to the left accord
ing to the Le ehateli er principle . Conversely, a re duced pressure favors

lia the di sintegration of the ammonia molecule. Now this action of preSSure
ut is not affected by the presence o( inert ga s es (so long a s the partial
cc press ure of the ammonia in the gas mixture is unaltered). a nd tends to
d, manifest itself whether th e system is in equilibrium or not. Unfor ee tunately. however, carbonization is gen e rally carried out at pressureshe but slightly greater than at mospheric; h ence we can loolc to no aid from
is this s ource to explain away our anoma ly. and th e pressure fact or mayIy be here inafter negl ec ted. 

ld EFFECT OF INERT GASES AT CONSTANT VOLUME 
lIe It is at on ce apparent from Dalton 's law that dilution o[ the r eaction
'e- mixture with indiffer en t gases at constant volume would ha ve n o effect 
5S 	 upon the di ssociation, since Lhe partial p ress ures of the reacting com

ponents would not be so ch ~ll1 ged. But th e introduction of s team and inert 
gases (su ch as are evolv ed during th e carbonization ) cannot be con
s idered a s taking pla ce without a volume change. a s thi s is accomplished 

•e a t prac ti cally cons tant pressure. and Lile gas volum e is Lhe reby in creased . 

t, This gives rise to th e co ndition conside red under th e next heac!. 

Ie 


EFFECT OF INERT GASES WITH INCREASE IN VOLUME:e. 
)r 	 From th e principle lIl enti oned above it would be logically supposed 
lS 	 that dilution a tt ended with an increase in volume would increase the 

dissociation, This is always th e c ase whe re the decomposition is accom· 
panied by a volume increase or where the products of the dissociati on 
occupy a greater volume than the undissociated sub s tance, sin ce th e 
diluti on r esults in a lowe ring of th e pa rtial pressures of the components 
con cerned in the reaction, 

Thn mechani s m of the diluting phenomenon will be clearer fr om a 
study of the fo llowing example, Ass ume an ammonia equilibrium within 
a constant tlle rmo·dynamic en vironlnent. the temperature being that at 

Ie which th" gas es are pre sent in the molal concentrations gi ven in equa
It tion 1 fo ]' ease in calculation. and the presS llre bein g s ix atmosph e res, 

According to the llla ss la w there is a definite ratio at a ll times be twe en 
the alllount of each component of thi s mi xture, from whi ch is obtained 
the clissociation constant K, or from equation 1, 

[N,l [Hzl' = K' (2)[NHs]' , 
where [l signify the vo lume con centration of the component in question, 
Since th e concentrations of the constituents are proportional to their 
respective partial pressures, or to the number of mols present. equation 
2 may also be written: 

"L e w es. Cal'!)onizati u n of 	 Coal , p. 2 59. 
6In an ordinary I1 0 1'j zontal reto r t a nd without stea m. 
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Pi\', (PH,)' = K = 1 (3)3 	= 6 75 (3)(PNH,)' p . (2)' ., 

Now assume a dilution to occur without a change in pressure, so 
that the volume is now two times the original. The partial pressures of 
the ammonia, hydrogen and nitrogen are consequently reduced to one
half their former values and the equation becomes: 

0.5 (1.5)3 _ 1.6875 6 
(4)(1) 2 X - -X- = .75. 

Since Kp is a constant the value of X becomes ~" which means that 
the equilibrium will shift until the concentration (and hence the partial 
pressure) of the ammonia becomes one-fourth of its original value. Thus 
the dissociation would have been increased fourfold by a dilution with 
an equal volume of an inert gas. 

In spite of the above facts and the deductions therefrom it is known 
from practice that the yield of ammonia is increased by dilution instead 
of decreased, as would be expected. This is simply accounted for by 
the fact that part of the diluting gas is hydrogen, which is not inert, 
and that the mass law is valid only at equilibrium; and since the condi· 
tions that exist are far from such a state the law is not expected to 
hold. However, the teridency toward dissociation of course exists, but 
is more than completely overcome by the relatively high velocity of the 
gases through the reaction zone, which, due to the slow rate of reaction 
to the right (in equation 1), causes the ammonia molecules to be re
moved before the predatory actions of temperature and dilution have had 
an opportunity to accomplish much of their evil work, and by the pres
ence of much hydrogen, which operates against the decomposition. 

SHIFTING THE EQUILIBRIUM 

Obviously, this is again an application of the mass law. If the 
concentrations of the nitrogen or hydrogen exceed those required by 
the equation, and the presence of an excess of one or both of these 
elements can be accounted for in ordinary carbonization practice, then 
we will have another part of our explanation for the conservation of the 
ammonia yield. The hydrogen has an especially potent action on the 
shifting of the equilibrium to the left, for, from equation 3, the amount 
of ammonia varies directly as the cube of the hydrogen partial pressure 
or concen tration, assuming a constant thermodynamic environment. For 
example, increasing the partial pressure (at constant temperature) of the 
hydrogen 'from three to six in equation 3 causes a shift in the equilibrium 
until the ammonia concentration becomes eight times the original value, 
as the calculations demonstrate: 

(1) (6)3 54 
Kp = 6.75 = X(2)' = X; or X = 8. (5) 

Following the same reasoning, it is seen that the nitrogen will have 
less effect on the equilibrium, the ammonia varying directly with the 
nitrogen concentration. Here again it must be remembered that while 
the above phenomena occur to the extent shown only at equilibrium, 
the tendency is nevertheless in the direction indicated. 

In order to apply the results of these observations to the retort 
ing of oil shale or coal, the source of the nitrogen and hydrogen and 
their relative approximate concentrations must be determined. This 
must be accomplished for four different sets of conditions: 
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"Lewes, Carbonization of Coa l, p 
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A. Retorting at low temperatures without stea.m. 
B. Retorting at low temperatures with steam. 
C. Retorting at high temperatures without steam. 
D. Retorting at high temperatures witl.l steam. 

RETORTING AT LOW TEMPERATURES WITHOUT STEAM 

Research on carbonization' has established the fact that at low tem· 
peratures (not above 500 deg. C.) ammonia is a primary decomposition 
product and is formed directly from the nitrogen compounds existing in 
the material distilled. Such being the case, the influence of an excess of 
ammonia decomposition products would result in the tendency to pre
vent the equilibrium from going toward the right, since the combination 
of hydrogen with nitrogen is very slow and the reaction to the left would 
therefore be practically nil under the conditions that obtain. 

The ammonia in the gases from the low temperature carbonization (at 
about 500 deg. C.) of oil shales or coal seldom exceeds 5 per cent by 
volume.' The hydrogen in the coal gas, on the other hand, will vary 
between 25 and 30 per cent,' and in the oil·shale gases it will be between 
20 and 25 per cent." The percentage of nitrogen is quite low in good 
gas, and as it has relatively little effect on the decomposition it need 
hardly be considered. The predominance of hydrogen over ammonia 
at these temperatures is therefore apparent, as well as the result. 

RETORTING AT LOW TEMPERATURES WITH STEAM 

At the low temperatures here considered the dissociation of steam 
into its elements is almost zero, as Table Illl shows. 

Also, the amount of hydrogen produced from the action of steam on 

TABLE II. DISSOCIATION OF WATER VAPOR AT ATMOSPHERIC 

PRESSURE 


Tem pera tu re, P ercentage 
Deg. Abs. Dissociation 

1,0 00 0.00003 
1.500 0.022 
2,000 0.59 
2,5 00 3.9.8 

carbon is relatively small up to 500 deg. C'l Hence the steam can be 
considered here to act mainly as a mechanical agent which serves to pre
vent the decomposition of the ammonia by r emoving it from the zone 
of reaction and thus forestalling equilibrium. The hydrogen formed dur
ing the carbonization has, of course, the same action as in retorting at 
low temperatures without steam, but to a lesser degree, due to the 
lowering of its partial pressure by the steam. Any inert gas would have 
practically the same effect as the steam under these conditions. 

RETORTING AT HIGH TEMPERATURES WITHOUT STEAM 

The same general considerations governing retorting at low tempera
tures witllOut steam hold at high temperatures or carbonization (about 
800 to 900 deg. C.). except that the percentage of hydrogen in the gases 
is much greater, being usually from 45 to 55 per cent." Hence its protec
tive action will be much increased. But on the other hand, the destruc
tive tendencies of the elevated temperature will also be more pronounced; 

'Lewes, Cal-bonization of Coal , p. 254. 
' Ibid ., p. 255. 
'Ibid., p. 255. 
' ''From analyses by the a uthor. 
"Nernst, Theoretische Chemie, 6 AufL, p. 68l. 
"Luggin, J. GasbeL u. Wass erve rso rg., vol. 41, p. 713 (1898). 
" Lewes, Carbonization of Coal, p. 16 3. 
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ye t its influen ce is miti gated by the slow velocity of reaction (equatio n 1) 
to the right. It is evid ent that the r esultant of these two oppos ing forces 
could not be predicted with any precision because it is dependent, under 
the given conditions of tempera ture and pressure, mainly upon the 
vel ocity of the gases through the zone of r eaction. So the problem would 
have to be worked out empiri ca lly for any given set of conditions. 

In con nection with the ac tion of hydrogen on th e yie ld of a mmonia 
from coal at high temperatures, the work of Ter vet " will be of intcre5t. 
His experiments s howed that a stream of hydrogen , introduced at red 
hea t into a mass of coa l (rom whi ch the rich hydrocarbon gases had just 
been di s tilled , caused th e formation of ammonia in considerable quantity. 
These experiments were carri ed out with charges of 100 grams of coal 
in a 4'in, iron tube, the temperatures runni ng up to almos t 1,0 00 deg, 
C, The higher the temperature anel the greater the ve locity of the 
hyd rogen thro ugh the tube th e grea ~er was the am (;unt of UJlI1l1 0n ,c, [1<(;' 

duced, 
T e rvet' s exp lana tion of th e act ion of the hydrogen is that " the nitrogen 

existing in coke can be libe rated in the form of ammonia, it being only 
necessary to bring the compound into a state of s train by s ubjecting it 
to the superior affinit y which exis ts between the combined nitrogen in 
the coke and the fr ee hydrogen at a particular tempera ture and in a, 
predomina ting atmosphere, which shall prevent it from subsequent decom· 
position ," Tervet made ex per im ents lI'ith other gases also, and foun d 
that nitrogen, methane and ca rbon diox id e had no action, and (;arbon 
monoxide very little, but th a t coke whi ch had been submi tted for hours 
to the acti on of these gases, whi ch had failed to \\ash out any trace 
of ammo ni a, clirectly a s trea m of hydrogen was passed throug h it yielded 
a mmonia in ab undance, 

If any ammonia had been produced durin g th e carbonization at these 
high temperature's as a IJ1"hnaTY decomposition product, then some of 
it should have been foun d in all the wash gases, at least at high velocities 
throug h the tube, Its absen ce permits on ly one con clusion- that the 
ammonia was synthesized from the nitrogen in the cok e a nd th e hyd rogen, 
the presence of the enorlll ous excess of the latter preventing the reversal 
of the amm oni a reacti on toward the right and increas ing the velocity of 
the reaction to the left, The mecha nism of this phenomenon will be 
elucidated la ter. 

RETORTING AT HIGH TEMPERATURES WITH STEAM 

The use of steam durin g high·temperature carbonization introduces 
a number of complications, s ince it can no longer be assumed to be inert. 
Under tile conditions tha t obtain we have to deal with the system C, 
H ,O, CO, CO" H " and hydr ocarbon vapors, in addi tion to th e system 
represented by the ammonia equilibrium, The reactions and possible 
s ide reactions involved are quite numerous: 

C + H,O :-:::; CO + H, (6) 
2H,0 ~ 2H, + 0, (7) 

C + 0, -7 CO, (8) 
CO, + C ~ 2CO (9) 

CO, + H, ~ CO + H,O (10) 
2COo ~ 2CO + 0 , (11) 

The main reaction is represented hy equation 6, but the others also 
occur to a greater or less extent, depending upon the thermodynamic en
v ironment. The oxygen is not incl uded in the system, because it is always 
in combina tion with either the hydrogen or carbon; and the extent to 

"J, Soc. Chem. Ind" vol. 2, p. 445 (1883). 
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T l'~ :1 

Temp"
Deg: e, H, C( 

6 74 8 , 4 (1,( 

758 22,3 2. 'i 
838 28,7 6, l 
838 32 8 S.f 
861 36, 5 11. ( 
95 4 44.4 32 

1,010 47.3 1:-:; . 
1,0 60 48.8 Ui 
1,125 50.7 '18 
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16Loc. cit. 
"Luggin, J, Gasbel. u. Was. E 
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Jll 1) 
which it combines w ith one or th e other depends also entir ely upon the'o rees 
thermodyn a mic environment.lIHler 

tbe The reaso n for introducing the above equations in to our considerations 
vOlll d 	 is that they must a ll be studied in order to ascertain t.he amount of 

free hydrogen which may be expected to be present in the sys tem under 
a giv en set of conditions, s ince this seems to be the primary factor in100ia 
determining the progress of the ammonia decomposition an d associati on ?rest. 
reactions. As the hydrocarb on vapo rs a re practically all evo lved during~ red 
the fir st part of the carboni zation when the temperature of the materialjust 
being distilled is low, th ey may be dropped fro m t he system at thisltily. 
point. Th e carbon dioxide 	and excess of undecomposecl steam have no coal 
action, anel th e carbon monoxide pract ically none, on the formation or deg. 
ammonia, but act merely as 	diluents and m echa nica l agents for removingtbe 
the amm onia molecules from the zone of reaction before decompOSitionp,o· 
can 'make mater;al progress. Only the hydrogen is left th en fo r consider
ation here. 

ogen 
At high temperatures hydrogen has the effec t noted in r eto rting a1:only 

h igh temperatures without 	Rt. eam, but to a much greater degree due to19 it 
the in~reased amount present, and a lso the syn the t ic action .oL ud ied byn in 
Tervct." An id ea of the 	 amount of hydr ogen formed by the actionill a 
of s team on coke at vario us temperatures may be obtained from T ablecom· 	 III. ,,'. 

ouud 

rbou T he amounts of the various gases are expressed in volume per cents, 

ours and the velocity, V, in liters per second. 

:race It is evident from the table t hat a.t high temperatures the s team is 

:Ided almost entirely decomp osed by th e carbon acording to equation 6, and 


hese 	 TA BLE In C'. \RBON-W_-\TER REAC TI O N A T VARI Ol.1S 
e of 
Hies T e mp. ,
tbe Dcg: \.:. H,

'gen, (} 7 1 .4 
:rsal 758 22. 3 

83 8 28 . 7y of 
808 ~l2 8

I be 861 36. 5 
954 44. 4 

1, 010 ·j 7 .3 
1,060 4. .8 
1 ,12 5 50 7 

uces 

TE'[P.ERATL~

C O 
O. 6 
2. 7 

6 0 

8 . 0 

11. 0 
32 7 
48 , 2 
46. 
48. 

RES 

CO, H." V 
.) . 8 8 ~ .1 0 .9 
9 .2 65. 8 1 .8 

11 .3 vi . 1 3. 7 
12. 1 4 7. 3 . 3 
13 .3 3Q. 2 5 . 3 

5 .7 17. 2 6 .3 
l. 5 3 .0 6 .2 
1 . 3 3 . 9. 8 
O. 6 O. 11 3 

lert. 	 that the sid e reactions occur on ly to a negligible degree. The high per
1 C, centages of hydrogen are also to be noted . During the earli er part of 
tern the carbonization h ydro gen is al so produced in considerable amounts, 
ble and its action at that s tage would be mainl y in the direction of depress ing 

the decomposition of th e ammo nia. As the temperature of the mass of 
coal or oil shal e r ises, mor e and more hy drogen is produced f rom the 
steam, and the Tervet reaction begins, it being more and more pro min ent 
as th e amoun t of hydrogen a nd the temperature increase. Here again 
the high velocity of the gases through the retort and the great excess of 
hydrogen pr"bduced from the use of stea m, together with the slow ra te of 
decom position of ammonia, accou nt for its integrity on the one hand 
and its partial synth esis on the other. 

RATE OF REACTION PROPORTIONAL TO PRODUCT OF 

DECOMPOSITION PRODUCTS 

Experiments show that in gaseous systems within a cons ta nt ther
to modynamic environment the rate of a chemical reaction is proportional to 

"Loc. ci t. 

"Luggin, J. Gasbe l. u. W asserversorg. , vol. 41, p. 713 (1 89 8). 
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the product of the concentrations of the reacting molecular species, each 
concentration being raised to a power equal to the number of molecules 
of the corresponding molecular species entering into the reaction, as in
dicated by the equation expressing the reaction as 'it actually occunr. 
This is Guldberg and vVaage' s law" ot chemical mass action as applied 
to rates of reaction. 'Where the reaction is reversible as is the case 
with ammonia, then the Tesultan t reaction rate at any time is the algebraiC 
difference between the two opposing rates , the sign being considered 
positive when this difference is in the direction of combination, and nega· 
tive when toward dissociation. These facts may be represented very 
clearly by the use of the calculus in the following equations: 

_ ~[NH,J = K[NH,)2 (12)
dt 

_ d[H,] = _ d[dN ,] = k[H
2
J' [N

2
J (13)

dt t 

_ dr[~~,J = _ d[~~,]+ d[~,] = KfNH,J2 - k[H,l'[N.J (14) 

Here the sqnare brackets represent the concentrations at the time t 
:>f the molecular species in question, expressed as equivalents per li ter. 
The derivative of any concentration with respect to the time represents, 
of course, the rate of change of that particular concentration, and as the 
concentration progressively diminishes during a decomposition the sign of 
the differential is negative. However, as soon as the rate of combina
tion exceeds that of decomposition, the sign changes to positive. This is 
evident fr01l1 equation 14, which expresses the j'esultant rate of reaction. 

A study of this equation also renders obvious the fact that an increase 
in the concentration of the hydrogen should cause a tremendous increase 
in the reaction rate (and this in the positive direction) since it is pro
portional to the cube of the hydrogen concentration, and that the rate 
of the 'decomposition" (or the reaction in the negative direction) will be 
comparatively very small because the concentratio;:) of the ammonia in 
the gases is exceedingly low, being less than 2 and usually not over 
1 per cent by volume in carbonization at high temperatures with a liberal 
use of steam. Thus the net result, or the TeS1tltant positive Tate of Te
action, should be relatively high. These considerations furnish the most 
plausible explanation for the Tervet reaction and the prodUction of 
additional ammonia by the use of steam during carbonizR 'ion, when taken 
in connection with the high velocities of the gases through the zone of 
reaction and the natural slow rate of decomposition of the ammonia mole
~ule. 

CATALYTIC ACTION 

Mention has already been made of the fact that the decomposition 
of ammonia into its elements is very slow, as is often the case with 
endothermic reactions. This has been shown experimentally by Perman 
and Atkinson," and by Bodenstein and Kl'anendieck,'" who have investi 
gated the rate of isothermal diSSOCiation at different temperatures and 
found that the rate of reaction is greatly affected by catalysts, which both 
accelerate the decomposition and lower the temperature of dissociation. 
It is the opinion of Bodenstein and Kranendieck that the reaction goes 
on entirely in the surface of the containing vessel, and not in the gaseous 
phase. The conclusions of Ramgay and Young" point in the same direc
tion. 

"Nernst, Theoretical Chemistry, or a ny text On phYSical chemistry. 

" See p. 1,149. 

" P roc. Roy Soc. London , v o l. 74 , p. 110 (1 904). 

2oNernst-Festschrift, p . 99 ( 191 2). 

2lJ. Chern . S oc., vol. 45, p. 88 (1 88 4) . 
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~---Temp eratUl'e. 73 0 Deg-.- 
,----P ., == 14 5 . 6--, , P, == 23 
Time (l\' , --r- 3H, ) dx / dt (N, ·H I-I.) 

0 00.0 0.0 00.0 
5 46.4 4.65 48.S 


10 69.6 2.30 81. 0 

15 84. 4 1.48 102.2 

20 94.3 1. 00 119.9 

25 103.1 0.84 J 33.4 

30 144 

40 121. 0 O. 61 Hi , 8 

50 129 . 6 0 44 180 . 

60 136 . 7 O. 36 

70 14 3 . 4 0 3' ~04 . 

80 212 

90 


100 157.1 0.2 :; :! 26 

120 ~ 11 . 

1~5 
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HM. Tl'autz and D. S. Bhanda l'ka 

"Loc. ci t . 

::';Proc. Roy. Soc. , \'01 . 7 I, p . 11 :) 

" Loc. cit. 
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Table IV shows Bodenstein and Kranendieck's22 determinations ot 
,eh the rate of decomposition of ammonia in a quartz tube at 780 and 880 
les deg, C, and at different initial pressures, by the manometric method. The 
in
rs. 

TABLE IV, RATE OT DECO MPOSI TIO", OF AMMONIAed 
,se T e nlperature, ,80 D e g·.---  ~Tempel-ature, 880 Deg-.- 
de .-----P, = I45 , 6~ ,P, = 235.6--., - P, = 225.5--., ,-P, = 614.6-. 
ed Time (R,..J.. 3H,) dx /dt (N,. - 3H,) dx / clt ("',, -'- 3H,) dx / dt (N, + 3H,) dx / dt 

0 00,0 0,0 00,0 00 00.0 0.0 00.0 0.<1 
5 46,4 4,65 48.8 4.95 60.0 6.0 100.0 10.0 

10 69,6 2.30 81.0 3.20 115.1 5.* 197.9 9.8 
15 84,4 1. 48 1 02.2 2,12 28 3.0 8.4 
20 94,3 1. 00 11 9.9 1.78 1 96 -1.0 352.8 7.0 
25 103,1 0,84 133.4 1.36 
30 11 4.7 1.14 255.7 .0 46 4 .3 56 
40 1~1 .0 O. 61 16 4 8 1.00 292.4 .9 540. 5 3 . 9 
50 129. 6 O. 44 180.7 0.80 H 6.S 2 596.3 2.8 
60 136 .7 O. 36 641.5 2.3 
70 143. 4 O. H 204. 'l O. 60 681. 4 2.1 
80 ~12. 1 0. 39 721.0 2.0 
9 0 746. ° 1.3 

1 0 0 157.1 O. 25 ~:26. 4 .36 769.4 1.2 
1 20 211 .4 .36 
l~5 386.8 ,40 

~r. 

:s, greater rates obtained with the higher initial ammonia concentrations are 
ile noticeable at the lower, and very marked a t the higher temperature,
of as would be predicted from the mass law. 
a
is 

The time expressed in minutes and the amount of N, + 3H, formed is 
expressed in mIn. P, is the initial pressure in mm. of the ammonia at 

n. the beginning of th e experiment, and dx/clt represents the rate of change 
se in the ammoni a concentration, or the rate of decomp osition. 
se Analogous results were obtained by Perman and Atkinson," who 
'0- studied the dissociation in a porcelain vessel at temperatures from 677 tote 1,111 deg. C. They showed, however, that a thin deposit of platinumbe black on the surface of the vessel caused a marked increase in the rate of
in decomposition, as well as a lowering in the temperature of decomposier tion. Iron had also a pronounced effect. In the absence of catalysts and
al at high temperature the reaction is shown to proceed as one of the 
'e first order. or 
st 
)f NH, ~ N + 3H 
ill The union of the atoms to form molecules is probably so quick that 
~f . it is negligible when compared with the rate of decomposition of the 
e- ammonia molecule, This is similar to the decomposition of phosphine," 

which has recently been shown to be a monomolecular reaction. The 
experiments at lower temperatures (about 800 deg.) as well as Bodstein 

n and Kranendieck's" work at these temperatures furnish definite evi 
h dence that the reaction is of neither the first nor the second order, since 
n the values for the dissociation constant fluctuate too widely from that 
i of a true constant. But this is to be expected when it is recalled that 
d the walls of the retaining vessel exert a catalytic act ion on the disso
h ciation rate. The curves of Perman and Atkinson" illustrate this point 

beautifully. 

Bodenstein and Kranendieck" inves tigated also the rate of decomposi
tion of ammonia in the presence of an almost equal concentration of its 

"Kernst-Festschrift, p. 113. 
~ 3Loc. ci t. 
"i\[. Tl'au tz and D. S. BJ1anclarkar, Z. anorg- . Chem ., vo l. 106, p. 95 (19 19). 

"Loc. cit. 

"'PI'O C, Roy. Soc., Yol. 74. p. 115. 

"Loc, cit, 
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dissoc iation products. The results of this work indicate that the con
centration of the ammonia in the mixture is of greater importance than 
that of the hydrogen and nitrogen, the decompoSition rate being faster 
with higher ammonia concentrations, as would be predicted from the 
mass law. The hydrogen and nitrogen do not have the effect which 
would be expected. However, the deviations from the theory are quite 
sati sfactorily explained in their paper on the bas is of catalytic act ion. and 
need not be considered here. 

In substantiation of the deductions already drawn from the works 
of a number of capable investigators, and the applications made thereof, 
the conclusions from the experiments of Ramsey and Young" on the 
decomposition of ammonia may be briefly reviewed. They point out 
that this decomposition begins at about 500 deg. C., but is very small at 
that temperature. and that the magnitude of the dissociation depends not 
so much upon the degree of heat as it does upon the rate of gas flow 
through the reaction zone and the nature and extent of surface with which 
the gases come in contact during their passage through this zone. These 
experimental facts, formerly opaque and obtained at a time when much 
of our present theory and knowledge was lacking, can now be appl ied 
to carbonization practice through the medi urn of our more recent knowl
edge of gas kinetics. The demonstration of this harmony between theory 
anc! practice is ever gratifying. 

SLOW DISSOCIATION RATE 

Application of the principles discussed herein to the explanation of 
the action of steam and inert gases on the ammonia yield during car
bon ization leads to the general deductions that at low temperatures the 
~t eam and gases ac t both to prevent c!issociation of the NH, molecules 
by their presence and to remove them mechanically before material de· 
composition occurs. At high temperatures steam has also a synthetic 
action due to the production of large quantities of nascent hydrogen 
through its reaction with the hot coke and the union with some of the 
nitrogen contained therein to form new ammonia. The low percentage of 
this substance and the high per cent of hydrogen in the gases operate 
to quicken the rate of reaction to the left (equation 1) and wha t is of 
more importance, to depress the rate of decomposition, which has been 
shown to be very slow. Although the depressing effect of the hydrogen 
on the dissOCiation does not appear to be as great in the few cited cases 
as would be expected from theoretical conSiderations, its influence must be 
felt, since it is present in the gas mixture in amounts twenty-five to 
fifty times greater than that of ammon ia. However, the very slow dissocia
tion rate to the right (equation 1) is the real key to our exposition. 

In concluding what may sometimes a ppear as unnecessarily detailed 
as well as irrelevant considerations, the author takes the further liberty 
of emphasiZing a few general facts. In dealing with systems that con
tain such hosts of variables as do the present ones it must be remembered 
that any knowledge, however remote, which sheds even a tiny ray of 
light upon the subject is to be accepted gratefully and applied judiciously. 
There is ito doubt that preCise results could never be obtained for such 
cases as those discussed herein except by purely empirical experimenta
tion with a given set of rigid conditions; nor does this paper Jllake any 
attempt in this direction. The purpose is rather to assemble our perti
nent knowledge with the view of arriving at certain definite generaliza· 
tions and appl yi ng these to the elUCidation and orientation of what before 
was to many a confusion of diverse a nd vacuous facts. If even a partial 
fulfillment of this purpose obtains, then the a uthor will indeed be satis
fied. 

"Loc. ci t. 
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)n· 
SUMMA~Yan 

tel" The various factors and general laws that affect the ammonia equilib·
.he rium have been pOinted out and each discussed in detail in connection
ch with the experiments and conclusions of previous investigators.
ite 
nd The information so obtained has been applied to the exposition of the 

action of steam and inert gases on the yield of ammonia from the car· 
bonization of oil shales and coaL 

ks 
of, The integrity of the ammonia molecule at high temperatures and 
he under the other conditions that obtain in retorting is explained by its 
,ut very slow rate of dissociation, and the remoteness from equilibrium, a 
at condition which is brought about by the presence of steam and inert 
lot gases, these removing the ammonia before decomposition can make any 
)W marked headway. 
ch The steam is shown to have a synthetic action at high temperatures,
'se and the modns operandi of the synthesis of ammonia from the nitrogen
ch contained in the coke is elucidated. 
ed 
1'1· The author takes this opportunity to express his profound gratitude 
ry to Dr. S. C. Lind for his many valuable suggestions and criticisms, and 

for his kindly aid which was al ways so gla.dly given. 
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General Summary 

1. Produc tion of oil from American shales presents a host of prob
lems, many of which will have to be solved before the industry can be 
placed upon a stable and profitable basis. The engineer and financier must 
solve these problems together if the best results are to be obtained. 

2. A complete preliminary study has been made on some typical 
Colorado shale oils. This study has yielded fundamental data which not 
only permit a more intelligent insight into the r eal nature of the oils 
and the material from which they are produced, but also point Ollt the 
course of future investigations of more specific problems. 

3. Oils from rich Colorado shales are similar in character. The ex
tent of any differences depends mainly upon the conditions which existed 
during the carbonization of the shale. Hence. were it not for the fact that 
different r etorts fail to maintain the same conditions, all oils from the 
same shales would be alike. 

4. Oils from Colorado shales contain relatively low percentages of 
sa turated hydroca rbons because of the peculiar nature of the oil shale 
itsel f. 

5. The lighter fractions (boiling up to about 300 0 C.) of crude Colo· 
rado shale oils a re very stable towards heat and are not appreciably de
composed by distillation at atmospheric pressure. Most of the satura ted 
compounds are found in the lighter fractions. The heavier fractions con
tain only small a mounts of saturated hydrocarbons. are unstable, very 
compl ex, and are eas il y cracked by distillation at atmospheric pressure. 

6. Cracking of the heavy, unsaturated fraction s produ ces lighter oils 
of higher saturation and greater stability. 

7. The distribution of sulfur in crude Colorado shale oils has been 
studied. The apportionment of the sulfur is quite uniform. The lighter 
fractions contain the mos t sulfur. About one- third of the total amount of 
sulfur present in the crude oil is lost to gas and coke by a distillation at 
atmospheric press ure. 

8. The usual technical methods for determining snlfur in oils were 
found to be inexact. With a number of modifications. Parr's peroxide 
bomb method gave excellent results. 

9. Colorado shale oils and their fractions contain mu ch nitrogen 
The heavier fractions contain by far th e larger amonnts. About fort y 
per cent of the total nitrogen in the crude oil is lost to coke and gas when 
the oil is dis tilled at atmospheric preSsure. 

10. It has been proved conclusively tha t new saturated hydroca rbons 
are produc'ed by the cracking at a tmospheri c pressure of the heavy, un
stable, and unsaturated compounds found in crude Colorado s hale oils. 

11. A study has been made of the changes produced in a crude Colo
rado shale oil by successive distillations at atmospheric pres sure. Most 
of the decomposition has been found to occur during the first distillation 
After the third distillation the amount of decomposition is not great. the 
oil is very stable, and there is no further increase in saturation, but a 
~ Iight decrease. 

12. The light, secondary product (boiling below 276 0 C.) from the 
cracking of the heavy portions of crude shal e oils is very s imilar to the 
primary oil a nd consis ts mainly of paraffins and olefines, together with 
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smaller amounts of organic nitrogen bases, aromatics, diolefines, and 
nitrogen and sulfur compounds. 

13. The result of these s tudi es leads to a theory which explains the 
formation of oils from Colorado shales. According to this theory crude 
"hale oils are not produced fr0111 the organic material in the shale by a 
single operation. The decomposition occurs in two stages. The c rude 
oils are mixtures of primary and secondary products formed during these 
two steps of the decomposition. 

14. A profound s tudy has been made of the action of steam and inert 
gases on the carbonization of oil shales and coal. Th e subject has been 
elucidated by the application ot modern theori es to the results obtained 
in practice. 
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