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ABSTRACT 

Shale oil, produced at Rifie, Colorado, by the lllreau of Mines 

through NTU retorting of oil shale, has been examined by a coni:>ination of 

the following techniques: distillation, extraction with a solution oon-

sisting of a metal chloride dissolved in concentrated hydrochloric acid, 

silica-gel percolation, extraction with urea, and infrared spectrometry. 

Hydrocarbons constitute 39% of the shale oil, and compounds of ni-

trogen, sulfur, and oxygen account for the renai ning 61%. The hydrocarbons 

are 6% normal paraffins, 6% normal ole fins, 5% isoparaffins plus naphthenes, 

12% i800lefins plus cycloolefins, 4% monocyclic aromatics, and 6% poly­

cyclic aromatics. The non-hydrocarbons are 36% nitrogen compounds, 6% 

sulfur compounds, and 19% oxygen compounds. 

The compoSition data suggest that some hydrocarbons are formed 

during retorting of oil shale via the steps: kerogen-:) nitrogen compounds 

~isoparat!'in8 plus naphthenes -~iso~lefins plus cycloolefins --~aro-

_tics. 
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OOMPOSITION OF SHALE OIL 

William E. Cady & Henmn S. Seelig 
Research Department 

Standard Oil Co. (Indiana) 
Whiting, Irxiiana 

INTRa DUCT ION 

The oil-shale deposits of the United States are a potential source 

of tremendous quant.iUes of petroleum substitutes. The most important 

deposit is located in Colorado, Utah, and WYoming and is called the Green 

River fornation (17). The Mahogany Ledge of this formation covers 1000 

square miles in western Colorado, is about 100 fect thick, assays 25 or 

more gallons of oil per ton, and contains 126 billion barrels of oil (2). 

It is this Mahogany Ledge that is being 't()rked by the Bureau of Mines at 

Rifle, Colorado, in its program of mining and retorting oil .shale and re-

fining shale oil. 

Because shale oil is unlike crude petroleum, specific knowledge of 

its composition is essential for the production of usable products. The 

composition of shale-oil naphtha has been reported by Ball and a'ssociates 

(1, 5); they have also reported progress in the analysis of shale-oil 

fractions in the 200-3250 C range (6). Nottes and Mapstone have analyzed 

the gas-oil fraction, boiling from 240 to 32()OC, of Australian shale oil 

(1.3). Fragmentary data on individual organi~ compounds and hydrocarhon 

isomers or types in variou.s shale oils exist (3). No comprehensive in-

formation on the composition of shale oil has yet been plblished. 
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The shale oil used in thh study was obtained by retorting Mahogany 

Ledge oil shale in an NTU retort (8) at the Bureau of Mines Oil-Shale 

Demonstration Plant at Ritle (17). Inspection data are tabulated in Table I. 

This oil is considered to be characteristic of the pl"Oduct that may SOlIS 

day be produced in large quantities. 

EXPERIMElJTAL 

The analysis of shale oil involved six steps: 

a. Distillation of lOOisture-free shale oil at hl8h vacuum 

into five successive 10% fractions and a. 50% residue; 

b. Extraction of the fr3.ctions and residue wit h ferric or 

zinc chloride dissolved in concentrated hydrochloric acid; 

y c. Silica-gel percolation of the raffinates from (b); 

d. Urea extraction of the non-aromatic hydrocarbon eluates 

from (c); 

e. Infrared analysis of some of the extr~cts and raffinates 

from (d), and of sele cted monocyc1ic-arornatic concen­

trates from (c); 

f. Microfractionation under vacuum of the urea extracts from 

(d) • 

On the app-opriate samples obtained during the six steps, tests were run 

for unsaturation by bromine number or iodine number and for conjugated 

dio1etins by maleic anhydride addition. Essentially all samples were 

analyzed for nitrogen, sulfur, and oxygen. Modified micro-Kje1dahl 

metho~ (!~, 10) were used tor nitrogen analysis, the cc.nventiona1 bomb 
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method tor sulfur, and a modified Unteraaucher technique (7) for oJCYgen. 

Molecular weights of many s!.lDples were determined by boiling-point eleva­

tion in either a Menzies-Wright ap}:8ratus (12) or a sani-micro apparatus 

described by Matteson (11). Determinations ot refractive index, specific 

gravi ty, and specific dispersion were made on mst ot the s!IIlples. 

&. Distillation. A partial sep!.ration by molecular we18ht was 

effected by distillation. Atter removal of about 0.5% water by heating 

to 20~C., six kilograms of shale 011 were distilled at 0 .. 1 to 0.3 nun. 

into five successive 10% fractj.ons and a 50% t'esidue. There was no evi­

dence of decomposition; the recovsry was 99.4%. The specific gravities, 

moler.ular weights, and elemental analyses of the fractions are presented 

in Table II. Nitrogen ~ontent increased with IOOlecular weight; sulfur 

was a1m:>st unifonnly distributed; maximum oxygen content oc~urred in the 

20-30% fraction. 

b. Extra.ction with Metal-Chloride Solution. The distillation 

fractions were treated with a metal-chloride solution to separate t.he 

hydrocarbons from. the compounds containing nitrogen, sulfur, or oxygen 

(14). These non ... hydrocarbons are referred to as NOO compowrls. Rafti­

nates from metal-chloride extraction are called hydrocarbon concentrates. 

The extraction reagent was a concentrated hydrochloric acid solu­

tion containing either 30% zinc chloride or 33% ferric chloride. (A 

number of other metal chlorides were found to be less effective.) Batch 

extractions were performed on 25 grams of the 20-)0% fr~ction, and on 200 

to 500 grams of the other tractions. For ease in handling, the 0-10% and 

10-20% fractions were diluted with three volumes of technica~-grade ren­

tane; the other traotions were diluted with seven volWIBs. In each case, 

two volWle S of the resulting solution was treated with one volwne of the 

metal-chloride reagent. 
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Yields, molecular weights, elemental analyses, and compositions of 

the hydrocarbon concentrates are listed in Table III. The extraction 

proved to be most specific tor the nitrogen compourxis. The compositions 

of the hydrocarbon concentrates from the five 10% fractions were relatively 

constant; the 50-100% concentrate contained less than half as much hydro­

carbon as the five 10% concentrates. Hydrocarbon content ot the distilla­

tion fractions declined as molecular weight increased. No attempt was 

made to identify the compounds that formed adducts with the metal chbr­

ides. 

c. Silica-Gel Percolation. The silica-gel percolations of t.'1e 

hydroca'rbon cOr¥:entrat'3s a.ccomplished three separations: (1) hydrocar­

bona from the NSO compourxis not removed by the metal-chloride extraction; 

(2) non-aromatic h\~rocarbons from aromatics; and (3) monocyclic aromatic8 

from polycyclic aromatics. 

Samples of 100 to 300 grams of each of the five hydrocarbon concen­

trates were dissolved in 0.5 to 1 liter of technical-grade pentane. The 

solutions were passed fir st through a tapered column containing 1000 

grams of 2S-200-mesh silica gel and then through a smaller tapered column 

containing 400 grams of the same type of silica gel. The sr.mples were 

eluted successively by 7 to 11 liters of pentane, 4 to 5 lit-ers of ben­

zene~ and 1.5 to 4.5 liters ot methanol. Eluates, in multiples of 0.4-

liter, were collected. The eluants were removed by distillation am. the 

refractive indices, specitic gravities, -and specific d~I2rsicns of the 

residues were detennined. Hydrocarbons were oomposited by type as indi­

cated by refractive index and specific dispersion. 
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In most cases, a sharp separation of high-purity non-aromatic hy­

drocarbons was achieved. The aromatic composites were essent ially free 

of nit rogen compounds, but they contai ned some oxygen compounds and 

higher concentrations of sulfur compounds than were present in the hydro­

carbon concent·rates. Good separation of monocycl1c aromatics from poly­

cyclic aromatics was obtained. A typical adsorptogram is shown in Figure 

1 in lobich refractive index and spedfic dispe rsion are plotted as func­

tions of the weight ot product eluted. The eluants employed are also 

indicated. The breaks in the curvas when abcut 60% of the sample had 

been eluted are due to the appearance of monocyclic aromatics; the trans­

itions in the vicinity of 70% indicate a shift from monocyclic to poly­

cyclic aromatics. 

The 20-30% and 50-100% fractions were handled diff erently than the 

other tour tractions. In the case of the 20-30% fraction, a time-con­

suming silica-gel percolation on a large scale had been oompleted before 

the metal-chloride studies were begun. The benzene eluate, consisting of 

aromatic hydrocarbons, had been further percolated through Fh')risil, a 

synthetic magnesium silicate (16), to complet e the separation of the aro­

matics from the nitrogen and oxygen compourrls and to separate the mono­

cycli·:. aromatics from polycyclic aromatics. The 6S% of the fraction eluted 

from :silica gel by pentane and benzene was considered equivalent to a hy­

drocarbon concentrate as obtained from metal-chloride extraction. The 50-

100% hydrocarbon coneentr,lte was subjected to an addit ional percolation 

through 5CO grams of FlorilSil in series with th e silica gel in order to 

separate a dark material -- persumably nitrogen and oxygen compounds 

trom the non-aromatic hydrocarbons. 
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fibe distributions ot the adsorption composites by hydrocarcon ty~8 

are ~esented in Table IV. Most of the adsorption composites conta.ined 

NSO compounds. 

d. Urea Extraction. Straight-chain hydrocarbons were separated 

trom branched-chain and cyclic hydrocarbons by urea extraction (18). 

Samples of 40 to 170 grams of the non-aromatic hydrocarbons from the 

percolation experiments were diluted with 0.5 to 2 liters of pentane 

and reacted for 2.5 hours with 100 to 900 grams of urea in the presence 

of 50 to 150 ml. of methanol activator. The urea adducts were removed 

by filtration and decomposed by hot water. The diluent and activator 

were removed by distillation. 

The results of the urea extractions are summarized in Table V. In 

the five successive 10% fractions, the str~ight-chain-hydrocarbon content 

almost doubled; the unsaturation of the branched and cyclic lvdrocaroons 

remained oonstant, and the unsaturation of the straight-chain hydrocarbons 

vas essentially constant in the first four tractions and lower in the 40-

50% fraction. The 500-100% fraction differed unexpe ctedly in that it con­

tained less straight-chain hydrocarbon than the three preceding fractionsj 

turthel"lllOre, the unsaturation of the branched and cyclic hydrocarbons was 

only half that ot tho 0-50% fractiorus. 

Hydrocarbons containing 20 or more carbon atoms and having a methyl 

branch near the end of the chain also fonn adducts with urea (15). Inae­

much as the hydrocarbons in the 20-100% portions of shalf' oll contain 

more than 20 carbon atoms, ~. a >.nctracts of these portions might be ex­

pected to contain nethyl-branched hydrocarbons. Results of infrared 

analysis ir¥iicated that nethyl.branched hydrocarbons were absent from the 

adducta. 
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e. Infrared Analysis. Selected straight-chain hydrocarbons and the 

corresponding branched plus cyclic hydrocarbons from the urea extractions 

were examined to determine the olefin types present. Certain of the IOOno­

cyclic-aromatic concentrates from the silica-gel p:trcolations also were 

examined to determine the types of ring substitution. Except for the 

straight-chain terminal and trans-internal olefine, infrared analysis 

yielded only qualitative data because of the complexity or the samples. 

Qualitative results of the examination of the straight-chain hydro­

r.~rbons of the 0-10%, 20-30%, 40-50%, and 50-100% fractions are summarized 

in Table VI. Terminal and trans-int ernal olefine 'fare present. Tertiary­

terminal and tertiary-internal olefins were not detected and would have 

been J:I"e sent only it appreciable quant ities of branched hydrocarbons had 

been extracted by urea. Conjugated diolefins were not detected; this re­

sult agrees with the values previously reported for the Iretal-chloride 

rafflnates (Table III). Of the three ole!in types that cannot be identi­

fied by infrared, non-conjugated dio1efins may have been present, quater­

nary olefine would not be expected in urea extracts, and cis-internal 

olefin, probably were present. Thermodynamic equilibrium data (9) indi­

cate that the concentrations of 01s- and trans-internal oletins should be 

aoout equal. 

Quantitative data on the distributions of tenninal and trans-internal 

olefins in the stl'8~ht-chain hydrocarbons are shown in Table VII. With 

a doubling of IOOlecular weight, the trans-internal-olefin content increased 

and the terminal olefin content decreased, so that the ratio of trans­

internal to terminal ole fins increased three fold. The total olefin con­

tents from infrared analysis agreed very well with those calculated trom 

bromine numbers; both methods showed a maximum in the 20-30% traction. 
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This agree;ment indicates that cis-internal oletins were present in r!la­

tively smUl amounts Uta t were tar trom the!'lOOdynamic equHibrium. 

Examination ot the branched plus cyclic hydrocarbons yielded the 

tollowing qualitative observations: In comparison with the spectrll ot 

the corresponding straight-chain hydrocarbons, the intensit y ot the ab-
, ~ 

sorption at 13.8,.11'/ , which is characteristic ot long straight chaw, 

was waaker ; at 7.3//' , characteristic ot Jrethyl groups, it was stronger; 

and at 10.0 and 1l.0./-.! , which are characteristic ot terminal CJletins, 

it was weaker. The observed absorption in the region ot 8.5 /~j was due 

to branched structures, and that in the region of 1«1 could bfl due to 

tertiary-internal ole fins. 

mnocyclic-aromatic concentrates trom the silica-gel p!rc:olatlons 

ot the O-l~, 20-30%, and 50-100% tractions were a lso exmned in the 

regions of II to lyl for benzene-ring substitution. Ot the substituted 

ring types, the tara-substituted were p:'edominant and lesser tunount of 

the meta-substituted were J:l'esentj the complexity of the s!lJtlple spectra 

precluded the possibility of estimating the ortho-substituted rings. 

&no-substituted rings were present to about the same extent as meta.-

substituted. As expected, the aromatic-ring content decreased with in-

creasing IOOlecular weight; the r.orrespondil.g increase in siete-chain car-

bons is accounted tor primarily by an increase in the length of a. side 

chain rather than by an 1ncroa~e in the number of short side chains. No 

substitution on the alpha carbon ot the side chain on the nlOno-substituted --
aromatic ring was found in any traction; this indicates that aromatics are 

not alkylated during the retorting process. All the monocyclic-arolMtic 

concentrates analyzed contained trans-internal olefin bonds in about the 
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same volume concentration; An increase in the molecular concentration of 

aromatics having trans-internal-olefinic side chains seems to occur with 

increasing molecular weight. 

t. Microtractionation. The boiling ranges of the shale-oil trac­

tions gave onlY an approximation of the carbon-number distri butions. The 

molecular weights of the h1droearbon concentrates were ot limited ass!et.­

ance in further detining the average molecular weight, because ot the NSO 

compounds vhat were also present. However, straight-chain hydrocarbons 

obtained by urea extraction were suitable I18terials for detennination ot 

the carbon-number range of shale-oil hydrocarbons. 

The straight-chain hydrocarbons from the five 10% fractions were 

fractionated 1n miniature Hyper-C41, Podbielniak concentric-tube, or 

Piros-Glover spinning-band columns. Samples of abuut 35 ml. were charged 

to columns operatirlg at 1-20 1IJn, the pressure depending on the fraction 

being distilled. At total reflux and atmospheric pressure, these columns 

have an etficiency equivalent to about 60 t heoretica l plates. From the 

distillation data and the molecular '((eights of rela'l:. ed tractions J the 

carbon··number distributions of the urea extracts were es\ ....mat~d, with the 

results p-eaented in !O'igurc 2; the yields and average carbon nwrb ers ot 

the distillation residues are also sholG. As the ir molecular weight in­

crea~ed, the tractions coverod a wider carbon-number range. Adjacent 

fractions overlapped extensively. 

METHODS OF CALCULATION 

From the data obtained, the hydrocarbon content 5 of shale oil and 

its tractions can be calculated with considerable certainty, the type 

compositions of the hydrocarbons with reasonable aseurance, and the dis­

tributions ot aromatics according to ring content with less assurance 
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Although the total Noo-ocnpound contents of shale oil and its fractions 

are known with considerable accuracy, the distributions or the nitrogen, 

sulfur, and oxygen types are uncertain. 

To calculate the composition of shale oil it was Mcessary to make 

numerous assumptions concerning the separation processes, methods ot cal­

culation, molecular-weight relationships of hydrocarbons and NSO compounds, 

and the concentration of poly-NSO compounds. Thos e assum}:tions related to 

separation p-ocesses or to the methods of calculation are tabulated and 

discussed in Table VIII. 

Initially it was arbitrarily assumed that the hydrocarbons and NSO 

ccmpounds in the same fractions h,~d the same molecular weight, but this 

~r1elded inconsistent results. The IOOlecular weights of the shale-oil 

distillation fractions (Table II), of the hydrocarbon concentrates (Table 

III), and of the non-aromatic hydrocarbons (Table V) were detennined ex­

perimentally. Mole cular weight s of the Noo compounds were then calculated 

trom the results of these eXP3riImnts. It was assUlIIld that the aromatic 

and non-arohGtic hydrocarbons in a given fraction had the same molecular 

weight. The mnlecula.r weights of the hydrocarbons, of the Noo compounds, 

and ot the total tractions are shown in Figure 3. NSO compounds in the 

0-5C% tractions had much lower molecular weights than the corresponding 

hydrocarbons, but, for the 50-100% fraction, the Noo compounds had a. much 

hi8her molecular weight than the hydrocr-rbons. 

In the p-eli.m1nsry calc'llations of the MOO-compound content 5, it 

was assumed that the Noo compounds contained only one atom of nitrogen, 

sulfur, or oxygen per molecule. However, when the IOOlecular weights ot 
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the NSO compounds and the elemental analyses of the samples were ueed to 

calculate the percentage ot these oompounds present, the calculated values 

were always higher than the experimmtally observed values. The calcu­

lated values could be high only if poly-NSO compounds were pre sent.. There .. 

fore. it was necessary to express the non-hydrocarbon contents in tems ot 

lIX)no-NSO and poly-Noo compounds. 

To arrive at the poly-NSO content, tw assumptions were made. The 

poly-NSO compourns could contain t~, three, or more atoms of nitrogen, 

sulf'ur, or oxygen, but in the absence of spedflc knowledge concerning 

these materi&l.s, it was assuued that they contained only two of these 

atoms per molecule. Such di-NSO compounds could contain nitrogen, sulfur, 

or oxygen atoms in like or unlike p:!.irs. It was also assumed that the 

nitrogen, sulfur, and oxygen atoms doubled up to an equal extent. From 

these assumptions, the percentage of di-NSO compounds in any sample wa~ 

calculated by subtracting the experilmn tally observed ~rcentage of NSO 

compounds from the calculated percentage , since the following relation­

ships hold: 

% NOO compounds ( calc.) - fID"no-NSO f 2 (%<ii-Noo) 

beoause the calculated percentage of NSC' compounds counts aU di-NOO 

lIX)l.ecules twice, and 

~ NSO compounds (expt.) = ~ mono-NSO f % di-NOO. 

SHALE-on. COMPOSTI'IO N 

Shale OU - On the basis of the pre s ent studies, the composition ot 

shale oil is ~s given in Table IX. With increasing molecular weight, the 

non-hydrocarbon content of shale oil increases and the hydrocarbon content 

decreases. The increase in the non-hydrocarbon content is due pr:iTIW'ily 
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to the nitrogen compounds. In the first five 10% fractions the increase 

in nitrogen compounds is almost exactly matched by the large decrease in 

isoole fins plus cyclo6lefins and the small decrease in isoparatfins plus 

naphthenes; n-paratri.'1s, n-olefins, and total aromatics are essentially 

constant. 

Shale oil contains 61% non-hydrocarbons, pf 'Itlich aoout 60% are 

nitrogen compounds, 10% sulfur compounds, and 30.x oxygen compounds. Only 

39% of shale 011 is hydrocarbons. Isoolef1ns plus cycloolefins are pre­

dominant and constitute one-third of the total hydrocarbons. The r emain­

ing two-thirds is divided almost equally among the other ty~~ • 

. ' m.-hydrocarbons - Lit t l e is knC"',;n of the nature of the non-hydro­

carbons. Ball ha s shown that nitrogen may be pre sent a s pyrroles, pyri­

dines, and quinoline homologues; sulfur as thiophene homolo~Jes; and 

oxygen as phenols and f atty acids (1). Distribution of non-hydrocarbons 

according to eletll3ntal and molecular tyte s is given in Table Xe The 

lower-boiling half of shale oil contains 34% of the NSO compounds and, 

accord1ng t., the calculations, all of the mono-NSO compounds and 7% of 

the d1-NSO compounds. There appea r s t o be a IMXilnum in the co nc ent rat. ion 

of d1-NSO compounds in the 20-30% fraction. Because t he highel'-boiling 

half apparently contains only di-NSO com9Quoos, the r e must be a distinct 

increase in the percentage of these IMter1als as t oo mole cular weight in­

creases. It i s le ~~ likely that the high er-boiling h."l. lf actually con­

tains exclusively di-NSO compounds than that mono-, tri-, and tetra-NSO 

compoundp are also present. In total shale oil, . Ie non-hydrocarbons 

appear to be 30% m:mo-NSO compounds and 70% di-NSO compounds. 
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H.ydlycarbons - The distribution by weight ot the hydrocarbon classes 

in the ehale-oil fractions, exclusive of NSO compoums, is shown in Figure 

4'11 In the first five 10% fractions, the normal }:6rai'i'ins double, the 

normal olefins &ld polycyclic aromatics increase slightly, the isoolefins 

plus cycloolefins dec~a~e by 40%, am the isoparai'fins plus naphthems 

decrease slightly. The 50-100% fraction reveal s an unexper.:ted increase 

in isoparaffins plus naphthem s and decreases in the isoolefins plus 

cycloolefins and polycyclic aromatics. In total shale oil, only the 

monocyclic aronet ics are constant. 

CONCLUSIONS 

The observation that the isool.efin plus cycloolefin and the i50-

paraffin plus cycloparaffin contents of the first five 10% fractions of 

shale oil decrease as the nitrogen contents increase leads to the conclu­

sion that, in the degradation of kerogen during the retorting of oil 

shale, the yield if iso- plus cyclic compounds depends primarily upon 

the denitrogenation of nitrogen corupourxls, am that this is less complete 

tor compounds of higher molecular weight. However, in the higher-boiling · 

half of shale oil, an unexpected increasi3 in the isoparai'fins plus naph­

thenes and the decreases in iaooletins plus cyclooletins and in poly­

cyclic aromatics suggest that the sequence of steps in the degradation 

of the nitrogen compounds originally famed from kerogen during retorting 

is as follows: nitrogen compoums to isoparaffins plus naphthenes, to 

isooletins plus cycloolefins, to aromatics. These results also suggest 

tMt the polycyclic na}ilthenes of higher molecular weight do not dehydro­

genate as readily as those of lower molecular weight. 
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The constancy of the hydrocartY-ln composition of the lower-boiling 

halt of shale oil leads to the oonclusion that kerogen consists ~dom­

inantly of homologues of a complex. structure that upon degradation yield 

hydrocarbons having the SaD'.e dbtribut ion vf structural type s. 

The trends in molecular-weight distribution of the hydro carbons, 

the NSO cOIDpc'· tnds, and the total shale-oil fractions suggut that there 

are no hydrocarbons in the higher-boiling portion of the 50-100% fraction 

of shale oil. It the hydrocarbon mole cular-weight curve in Figure 3 is 

extrapolated to 490, which is the average molecular weight of the hydro­

carbons found in the 50-100% fraction, this m:>l.ecular weight corresponds 

to a distillation point of 60% and all these hydrocarbons \IJOuld be eGa­

tained in a 50-70% fraction. Therefore, approximately the highe at-boiling 

30% of shale oil must contain essentially no hydrocarbons. 
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TABLE I 

Inspection of Colorado Shale Oil 

Specific Gravity, 15.6/15.60C. 

Distillation, °C. 

Init ial 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
$0% 

E1emen t.a1 analysis, wt. % 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen 

Total 

H/e Atomic ratio 

0.934 

182 
262 
301~ 
345 
380 
413 
445 
470 
483 

8/-1- .25 
11.41 
2.02 
0.72 
1.61 

100.01 

1.61 



TABLE II 

Characterization of Distillation Fractions 

Specific Ele nent a 1 Composition, 
Fraction, Gravity Molecular wt.! J-I wt.% 15,6/15,6&C Weight N S 0 c.. - - -

o - 10 0.851 192 1.14 1.00 1.40 
:"-,0 'I 

10 - 20 0.881 221 1.3.3 0.80 1.72 .7 

20 - 30 0.902 250 1.84 0.80 1.88 V.I 
30 - 40 0.919 280 1.99 0.77 1.50 g ,'. Y I 

40 - 50 0.922 .3.30 1.94 0.68 1.12 '-/. I 

50 - 100 0.984 586 2.42 0.75 1.22 t/ 



.' 

TABLE III 

Characterization of HYqrocarbon Concentrates 

Calculated Composition(b), 
Element al Analzsis I wt.% 

Unsaturation(a) 
Gonjugated wt.~ Metal Yield, Molecular 

,. , Diol~fins, Hydro-Fraction Chloride ~ Weight ..1L S 0 wt.% wt.% N cpds S cpds 0 c pds carbons - --,-

0-10 ZnC12 84 200 0.13 0.88 1.13 81 0.3 1 4 11 SL. 
10 - 20 ZnC12 79 235 0.10 0.90 1.14 86 0,0 1 5 12 82 

20 - 30 ZnC12 63 280 0.15 0.75 0.65 92 1.0 2 4 8 86 
30 - 40 FeC13 62 325 0.11 0.94 0.99 100 0.0 2 6 14 78 
4O-~ FeC13 59 375 0.13 0.78 1.12 100 0,0 3 6 19 72 
50 - 100 FeCI3 34 540 0.18 0.94 1.02 101 0.0 8 18 38 36 

(a) From bromine numbers. 

(b) Assuming one N, S, 0 atom per molecule, 

L 



TABLE IV 

Distribution of Adsorption Composites by Hydrocarbon !lEes 

Hydrocarbon Types (a) I wt. ! 
Non- Monocyclic Polycyclic 

Fraction aromatics Mixed Aronatics Mixed Aronatics 

o - 10 62.3 (l00)(b) 5.5 (98) 8.0 (77) -- ---- 15.8 (66) 

10 - 20 59.2 (100) 3.2 (92) 7.4 (78) 4.8 (77) 15.8 (60) 

20 - 30 60.8 (100) --- --- 21.4 (81) 9.0 (69) 

30 - 40 54.6 (100) 5.2 (89) 8.2 (84) 1.3 (81) 24.3 (67) 

40 - 50 56.8 (99) 5.6 (88) 7.5 (72) -- -- 25.2 (50) 

50 - 100 47.8 (97) -- --- 10.4 (56) -- -- 22.9 (21) 

(a) Based on refractive-index and specitic-dispersion data. 

(b) Parenthetical figures indicate the actual concent~tion 

cf hydrocarbons in the composite. 

NSO 
ComE!;!und! 

8.4 (0) 

9.6 (0) 

8.8 (0) 

6.4 (0) 

4.9 (0) 

18.9 (0) 



TABLE V 

Urea Extraction of Non-aromatic HYdrocarbons 

Extract Raffinate 
( Straight-chain (~anche<l plus 

Charse !!ldrocarbons ~ ezelie ~~roearbonsl 

Molecular Unsaturation, Yield, Unsaturation, Yield, Unsaturation, 
Fraction WeMht wt,L- ~ wt, % wt. % wt. % 

o - 10 220 73 34 54 66 81 

10 - 20 257 71 36 55 64 80 

20 - 30 315 71 45 59 55 81 

30 - 40 359 69 57 58 43 81 

40-50 415 60 58 46 42 SO 

50 - 100 490 42 42 47 58 40 



TABLE VI 

Infrared Examination of Straight-Chain Hydrocarbons 

Identifying 
J.l Olefin TYpe Formula Absorption Band, Result 

Terminal R-CH:CH2 10.0, 11.0 Present 

Trans-interns 1 ~ R-CH:CH-Rl 10 • .35 Present 

Tei~iar,y-term1nal R-C.CH2 11.25 Not detected 
I 

Rl 
Tertiary-internal R-C=C-Rl 11.8 to 12.5 Not detected 

I ; 

H R2 

Conjugated diolefin R-CHaCH-CH.CH-Rl 6.2 Not detected 

Non-conjugated R-CH:CH-( CH2)n-CH--CH-Rl None 
diolefin 

Quaternary R-C:;9-Rl None 
I , 

R2R.3 

Cis-internal W. R-CH:CH-R1 None 



Fraction 

o - 10 

20 - 30 

40 - 59 

59 - 100 

TABLE VII 

Olefin Content s of Str aight-Chain Hydroc arbons 

Olefin Content(a) , mole % 

Infrared Bromirle Number 

Mol, Wt . Trans-internal(b) Tenninal (b) T2tal 

220 16 37 5.3 54 

.315 26 37 63 59 

415 24 27 51 46 

490 25 21 46 47 

(a) Calculated as mnoolefins . 

(b) EstinBt ed accuracy of f 10% of the value reported. 



TABLE VIII 

Assumptions Required for Calculating Shale -Oil ComP9sition 

Separation Process 

1) Distillation - - -
of tot al shale oil. 
of urea adducts. 

2) Extraction with metal­
chloride solution. 

3) Silica-gel adsorption. 

4) Urea extraction. 

Method of r~lculation 
1) Experimental NSO­

compound contents of 
distillation fractions. 

2) Distribution of N, 5, 
and 0 compoun~~ in non­
hydrocarbon portions of 
distillation fractions. 

3) NSO-compoand contents 
of tractions from ad­
sorption expe riJrent s • 

Assumption 

Proportional distribution 
of losses. 

100% recoveries. 
No extraction of hydro­
carbons. 
Negligible chemical re­
action with the hydro­
carbons. 

Proportional distribu­
tions of losses or gains. 

Proportional distriou­
tions of los ses . 

Corrment 

Wt. % recovery of 99.43. 
Vol. % recoveries of 92.0 
to 97.7. 

No recovery of extracts. 
Demonstrated experimentally. 

Low chloride contents of 
raffil12.t e s. 

Wt . % recoveries of 96.5 
to 100.9. 

Wt. % recoveries of 88.8 
to 99.9. 

NSO-compound content equals 
sum of: (1) material removed 
by metal chloride; (2) com­
pounds separated by percola­
tion; (3) compounds found in 
mixed ~rcolation fractions. 

N, S, and 0 compounds are 
present in atomic ratio of 
N, S, and O. 

All NSO compounds have the 
same molecular weight cal­
culated for the total NSO 
compounds in the particu­
lar distillation fraction. 

Oxygen content s of non-aro- Infrared spe ctra show no C.O, 
mttc tractions equal zero. O-H, or -CH2-O-CH2-. 

Nitrogen contents below 
0.05% equal zero. 

Represents lower limit of 
sensitivity of method. 



Method of Calculation 

4) Hydrocarbon content of 
any fraction. 

5) straight-chain-hydrc­
carbon conte:nts. 

TABLE VIII (Cont'd,) 

Assumption Comroont 

100% - % Ns) compounds, Always gives a minimum value. 

Urea extracts consis t only Extraction of some methyl-
of straight-chain hydro- branched hydrocarbons is 
carbons. possible. 

6) Olefin contents of urea Only monoolefins present, 
charges, adducts, and 

High values if diolefins 
are pre sent. 

raffinates . Molecular weights of 
extracts and rafi'1nates 
same as those of charges. 

7) Non-aromatic and mono­
cyclic-aromatic con­
tents of mixej adsorp­
tion fract ions. 

6) Isoolefin plus cyclo­
olefin contents of cer­
tain mixed adsorption 
f .. ~actions • 

9) Monocyclic-and poly­
cyclic-aromatic con­
tents of mixed aromatic 
adsorption fractions. 

Based upon average re­
fractive indices and 
sp3cific dispersions, 
some literature and some 
'3xIErimental. 

Non-aromatics are iso­
olefins plus cycloolefins . 

Unsat urations of the frac­
tions range from 92 to 133%. 

Monocyclic-polycyclic splits 
based on literature values of 
refractive ind'3x and specific 
dispersion of mono- and dicyclic 
aromatics. Effect of NSO corn­
pounds on physical pro IE rtie s 
of aromatic fractions eliminated 
by calculation. 



". ,. ' . 

TABLE IX 

Composition of Shale Oil 

Fraction Q.:lQ ~ 20-lQ 30-40 40- 50 0-50 50-100 0-100 -
Non-~~dro~arbons, wt. % 

N Compounds 12 14 21 26 33 21 ~jl 36 

S compounds 5 4 4 5 5 5 7 6 

o compounds g 11 18 ;tl J.£ 16 ~ 12 -
Total 29 35 43 48 54 42 80 61 

Hydrocarbons, wt. % 

n-Paraffins 8 8 8 8 10 8 3 6 

Isoparaffins plus naphthene s 7 6 4 3 3 5 5 5 

n-Olefins 10 9 11 11 9 .loU 3 6 

Isoolefins plus cycloolefins 31 25 19 14 12 20 5 12 

Monocyclic arorratics 6 8 6 6 5 6 2 4 

Polycyclic aromatic .:i. ..2. .:i. 10 .:J. ...i .2 6 - -
Total 71 '" b ~ 57 52 46 58 20 39 



TABLE X 

Non-hYdrocarbons in Shale Oil 

El.elrent al Type Mole cul.ar Type 
Distribution. wt.! Distribution. wt.! 

Fraction N S 0 Mono-NSO Di-NSO 

o - 10 41 17 42- 97 3 

10 - 20 40 11 49 94 6 

20 - 30 49 9 42 79 21 

30 - 40 54 10 36 81 19 

40 - 50 61 9 30 87 13 

o - "0 50 12 38 87 13 

50 - 100 64 9 27 0 100 

o - 100 59 10 31 30 70 

I 
--1 
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F IGU RE 2 

DISTRIBUTION OF STRAIGHT-CHAIN 
HYDROCARBONS BY CARBON NUMBER 
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FI GURE 4 
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